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Anthrax is an acute zoonotic bacterial infection 
caused by Bacillus anthracis, a gram-positive, 

spore-forming bacteria that is thought to survive for 
as long as decades in the carcasses and burial sites of 
infected animals (1). Anthrax is transmitted to humans 
through handling or eating meat from infected animal 
carcasses, contact with their products (e.g., hair, wool, 
hides, bones), or by breathing in spores (1,2). 

Human anthrax infection is classified into 4 
forms, depending on the route of exposure, each with 
a different incubation period: cutaneous (1–12 days), 
inhalational (1–60 days), gastrointestinal (1–6 days), 
and injectional (1–10 days) (3). Cutaneous anthrax is 
the most frequently reported form of human anthrax 
infection, accounting for up to 95% of cases (4). Both 
cutaneous and gastrointestinal anthrax outbreaks 
have been associated with handling or butchering 
infected animals and consuming their meat (5). It is 
estimated that each year 2,000–20,000 human anthrax 
cases occur worldwide (6). Most reported anthrax 
outbreaks occur in endemic areas in sub-Saharan Af-
rica and Asia (1). 

On April 20, 2018, the Kween District of Uganda 
reported to the Ministry of Health 7 suspected cases 
of cutaneous anthrax from 2 neighboring villages, 
Kaplobotwo and Rikwo. We investigated to verify 
the existence of an anthrax outbreak, determine its 
scope, identify possible exposures, and recommend 
evidence-based control and prevention measures. 

Methods

Study Area
Kween District is located in eastern Uganda (Figure 1). It 
is one of the so-called “cattle-keeping corridor” districts, 
where cattle-rearing is a major agriculture activity. 

Case Definition
For this study, we defined a suspected cutaneous an-
thrax case as onset of skin vesicle or eschar, ≥2 cu-
taneous signs and symptoms (e.g., itching, redness, 
swelling), or any cutaneous sign or symptom plus 
regional lymphadenopathy, that occurred in a resi-
dent of Kaplobotwo and Rikwo during April 11–25, 
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On April 20, 2018, the Kween District Health Office in 
Kween District, Uganda reported 7 suspected cases of hu-
man anthrax. A team from the Uganda Ministry of Health 
and partners investigated and identified 49 cases, 3 con-
firmed and 46 suspected; no deaths were reported. Mul-
tiple exposures from handling the carcass of a cow that 
had died suddenly were significantly associated with cuta-
neous anthrax, whereas eating meat from that cow was as-
sociated with gastrointestinal anthrax. Eating undercooked 
meat was significantly associated with gastrointestinal an-
thrax, but boiling the meat for >60 minutes was protective. 
We recommended providing postexposure antimicrobial 
prophylaxis for all exposed persons, vaccinating healthy 
livestock in the area, educating farmers to safely dispose 
of animal carcasses, and avoiding handling or eating meat 
from livestock that died of unknown causes. 
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2018. A suspected gastrointestinal anthrax case was 
defined as the acute onset of ≥2 signs or symptoms: 
abdominal pain, vomiting, diarrhea, or sore throat. 
A confirmed case was a suspected case followed up 
with a clinical specimen (blood or swab from skin le-
sion or vesicle) that tested positive for B. anthracis by 
real-time PCR (rPCR).

Case Identification 
To identify anthrax cases and possible fatalities, we 
reviewed medical records from the 3 health facilities 
nearest the affected communities, Ngenge Health 
Center III and 2 private clinics. We also conducted a 
house-to-house search for cases in all 57 households 
of the 2 affected villages with the help of village lead-
ers and members of the village health team. We de-
veloped a list of patients with details about age, sex, 
residence, date of onset of any signs or symptoms, 
treatment provided, specimens collected, results of 
laboratory tests conducted, and date of discharge if 
the patient was hospitalized. 

Descriptive Epidemiology and Hypothesis Generation
We determined the epidemiology of the outbreak by 
date of symptom onset, location, and demographic 
characteristics of patients. To identify potential expo-
sures leading to illness, we interviewed 12 suspected 
anthrax case-patients using convenience sampling 

in Kaplobotwo. We also conducted key informant 
interviews with village leaders. From interviews we 
learned of the sudden death of a cow owned by a 
resident of Kaplobotwo; the cow was subsequently 
butchered and eaten by some villagers. 

Retrospective Cohort Study 
We conducted a retrospective cohort study in the more-
affected village, Kaplobotwo, where 96% of the cases 
occurred, focusing on exposures, which we identified 
using the methods described. Using a standardized 
questionnaire developed by the team, we interviewed 
villagers present in the area at the time of the outbreak. 
We evaluated the association between exposure to the 
dead cow and illness onset separately by form of an-
thrax illness—cutaneous, gastrointestinal, or both. We 
computed the attack rate (AR) and risk ratio (RR) for 
each activity that resulted in exposure (e.g., butcher-
ing the cow, eating the meat) to assess the association 
between each individual exposure and subsequent ill-
ness. Using modified Poisson regression, we also eval-
uated the total number of cutaneous exposures for each 
person interviewed relative to the risk of cutaneous an-
thrax to assess the dose-response relationship (7). 

Laboratory Investigations 
We collected 6 skin lesion swabs from patients with 
cutaneous-form anthrax and 8 blood specimens 
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Figure 1. Area where anthrax outbreak occurred in April 2018, Kween District, Uganda. A) Location of Kween District in Uganda; B) 
Kween District, showing outbreak area. 



Outbreak of Anthrax Associated with a Cow, Uganda

from patients with gastroenteritis-form anthrax and 
shipped the samples to the Uganda Virus Research 
Institute (UVRI; Entebbe, Uganda) for testing. The 
skin lesion swabs and blood specimens were tested 
at UVRI using rPCR following standard protocol (8). 

In addition, upon revisiting the village 1 month 
later, we tested a specimen collected from the dried 
hide of the dead cow using the Active Anthrax De-
tect test (AAD; InBios, https://inbios.com). AAD 
rapid test, a novel lateral-flow rapid diagnostic test 
that detects the capsular polypeptide of B. anthracis, 
was developed as a point-of-care test for presumptive 
human inhalation of anthrax spores and is available 
as an investigational use only– or research use only–
product (9, 10). We suspended the sample in 600 µL 
of sterile phosphate buffered saline, vortexed for 10 
s, and, after pipetting the solution multiple times, ap-
plied 10 µL to the AAD cassette. 

We shipped a specimen from the same dried 
hide to the US Centers for Disease Control and Pre-
vention (CDC; Atlanta, GA, USA) for confirmatory 
testing. DNA extraction on the specimen was per-
formed using a QIAGEN Blood Mini Kit (QIAGEN, 
https://www.qiagen.com), and the resulting DNA 
was tested using real-time reverse transcription PCR 
for B. anthracis from the Laboratory Reference Net-
work (https://emergency.cdc.gov/lrn) (11). A for-
malin-fixed sample from the dried hide was routinely 
processed, embedded in paraffin, and stained with 
hematoxylin and eosin, Lillie-Twort gram stain, and 
Warthin-Starry silver stain. Immunohistochemistry 
assays using mouse monoclonal antibodies targeting 
the B. anthracis cell wall and capsule were performed 
by using an immunoalkaline phosphatase polymer 
system as previously described (10,12).

Trace-Forward Investigations and  
Environmental Assessment
We conducted in-depth interviews of the district 
health officer, the village leader, and the owner of the 
dead cow, as well as a convenience sample of 15 vil-
lagers who participated in the processing of the dead 
cow. The interviews were conducted to investigate 
the circumstances surrounding the death of the cow, 
identify people who participated in the butchering, 
and determine where the meat was distributed and 
how many people had received the meat. We also 
walked through the entire village to evaluate evi-
dence of any other dead or sick livestock in the area. 

Ethics Considerations
The Office of the Director General of Health Services, 
Ministry of Health of Uganda, gave the directive and 

approval to investigate this outbreak. The Office of 
the Associate Director for Science, Center for Global 
Health, US CDC, determined that this activity was in 
response to a public health emergency and not hu-
man subjects research. We obtained verbal informed 
consent from respondents ≥18 years of age or from 
their parents or guardians if respondents were <18 
years of age. We stored all completed questionnaires 
in a secure location and stored the electronic data in 
a password-protected laptop to avoid disclosure of 
respondents’ personal information. Data were not 
shared outside of the investigation team and when 
being shared within the team, all personal identifying 
information was deleted in advance. 

Results 

Descriptive Epidemiology and Hypothesis Generation
We identified 49 cases of human anthrax, 46 suspected 
and 3 confirmed by rPCR testing. No human deaths 
were reported. The mean age of the 49 patients was 
30 (range 1–84) years. Of the 49 cases, 13 (27%) had 
cutaneous anthrax only, 16 (33%) had gastrointestinal 
anthrax only, and 20 (41%) had both cutaneous and 
gastrointestinal anthrax. Among the 20 patients with 
both cutaneous and gastrointestinal anthrax, 3 had 
photophobia, and 2 of those 3 also had neck pain or 
stiffness, suggesting possible meningeal involvement 
(13) (Table 1). 

Key informant interviews indicated that a cow 
had died suddenly on April 11, 2018, at the residence 
of a Kaplobotwo resident. Subsequently, the dead 
cow was skinned and butchered. Most of the adults 
in Kaplobotwo participated in the butchering and 
handling of the meat, and many villagers took the 
meat home to eat. Some of the meat was also sold 
to neighboring Rikwo. According to local leaders, 
Kaplobotwo had a total of 234 residents and Rikwo 
a total of 120 residents. When we analyzed the geo-
graphic locations of the cases, 47 (96%) occurred in 
Kaplobotwo (AR 20%, 47/234) and 2 (4.1%) occurred 
in Rikwo (AR 1.7%, 2/120). In Kaplobotwo, all cases 
were within a 600-meter radius of the site where the 
dead cow was skinned and butchered. 

The epidemic curve showed that, after the death 
and processing of the cow, cases began to appear on 
April 13, and the number of cases rose, peaking on 
April 15, suggesting a point-source outbreak. After 
that, the onset of cases declined, the last being on April 
25 (Figure 2, panel A). When the epidemic curve was 
stratified by anthrax forms (Figure 2, panels B–D), 
the intervals from exposure to the peak of the epi-
demic curve was 3 days for cutaneous and 2 days for  
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gastrointestinal. The interval from the initial expo-
sure (April 11–12, 2018) to the end of the epidemic 
curve was 12–13 days for onset of cutaneous anthrax 
and 8–9 days for onset of gastrointestinal anthrax. Of 
the 12 suspected case-patients who participated in the 
hypothesis-generation interview, 100% carried and 
ate the meat of the dead cow and were involved in the 
cutting or butchering, 50% participated in the clean-
ing of the waste site after the carcass was processed, 
and 33% participated in skinning the dead cow  
before butchering. 

Retrospective Cohort Study Findings 
In our retrospective cohort study in Kaplobotwo, we 
interviewed 141 persons who resided in the village 
during April 2018 and therefore could have been ex-
posed to anthrax. Among these 141 villagers, anthrax 
developed in 47 (AR 33%); cutaneous anthrax devel-
oped in 33 (AR 23%), and gastrointestinal anthrax 
developed in 34 (AR 24%). By anthrax form, the ARs 
were 9.2% for cutaneous-only, 9.9% for gastrointesti-
nal-only, and 14% for combined cutaneous and gas-
trointestinal anthrax. 
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Table 1. Clinical manifestations of anthrax by form in patients during an outbreak, Kween District, Uganda, April 2018 

Signs and symptoms 

No. (%) patients 

All cases, N = 49 
Cutaneous-only, 

n = 13 
Gastrointestinal-only, 

n = 16 Both, n = 20 
Cutaneous      
 Skin itching (pruritis) 35 (65) 12 (92) 0 20 (100) 
 Skin reddening (erythema) 25 (51) 12 (92) 0 13 (65) 
 Skin swelling (edema) 26 (53) 11 (85) 0 15 (75) 
 Skin vesicles 17 (35) 8 (62) 0 9 (45) 
 Skin eschar 9 (18) 3 (23) 0 6 (30) 
 Regional lymphadenopathy 15 (31) 4 (31) 0 11 (55) 
Gastrointestinal      
 Abdominal pain 37 (76) 2 (15) 16 (100) 19 (95) 
 Diarrhea 28 (57) 0 12 (75) 16 (80) 
 Bloody diarrhea 9 (18) 0 6 (38) 3 (15) 
 Sore throat 13 (27) 0 6 (38) 7 (35) 
 Vomiting 10 (20) 0 3 (19) 7 (35) 
 Swollen neck lymph nodes 2 (4.1) 0 1 (6.3) 1 (5.0) 
Systemic      
 Fever 25 (51) 2 (15) 8 (50) 15 (75) 
 Lethargy 24 (49) 1 (7.7) 9 (56) 14 (70) 
 Anorexia 13 (27) 0 6 (38) 7 (35) 
 Difficulty breathing 5 (10) 0 1 (6.3) 4 (20) 
 Cough 5 (10) 0 1 (6.3) 4 (20) 
 Headache 3 (6.1) 0 0 3 (15) 
Other      
 Photophobia 3 (6.1) 0 0 3 (15) 
 Neck pain or stiffness 2 (4.1) 0 0 2 (10) 

 

Figure 2. Distribution by date of onset of cases in anthrax outbreak that occurred in April 2018, Kween District, Uganda. A) All anthrax 
cases; B) cutaneous-only cases; C) gastrointestinal-only cases; D) cases of both cutaneous and gastrointestinal anthrax.
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Male residents had a lower AR than female resi-
dents for cutaneous-only anthrax (6.5% vs. 13%); 
however, this difference was not significant (p = 0.175 
by Fisher exact test). Conversely, male residents had 
higher ARs than female residents for both the gastro-
intestinal-only form (16% vs. 3.1%; p = 0.012 by Fisher 
exact test) and the combined cutaneous and gastroin-
testinal form (19% vs. 7.8%; p = 0.039 by Fisher exact 
test). The cutaneous-only form affected adults more 
than children, whereas the gastrointestinal-only form 
affected young children (≤5 years) and older adults 
(>30 years) more than older children (5–17 years) and 
young adults (18–29 years). The mixed cutaneous and 
gastrointestinal form affected all age groups approxi-
mately equally (Table 2). 

In the retrospective cohort study, certain activi-
ties were significantly associated with developing 
cutaneous anthrax: carrying the dead cow from the 
place of death to the place of butchering (RR 4.3, 
95% CI 2.4–7.8), participating in the skinning of the 
cow (RR 4.2, 95% CI 2.6–6.7), participating in cut-
ting and butchering of the dead cow (RR 4.9, 95% CI 
3.2–7.9), participating in the removal of the organs 
(RR 3.5, 95% CI 2.1–6.0), carrying the skin of the dead 
cow from the butchering site to homes (RR 4.5, 95% 
CI 2.9–6.9), carrying the cut meat from the place of 
butchering to homes (RR 4.3, 95% CI 2.4–7.8), and 
cleaning the waste site after the butchering (RR 4.2, 
95% CI 2.6–6.7). The number of cutaneous exposures 
for each person ranged from 0 to 7. Of the 141 persons 
who participated in the cohort study, 99 (70%) had no 
exposures at all, 6 (4.3%) reported only 1 exposure, 
22 (16%) reported 2 exposures, 4 (2.8%) reported 3 
exposures, 2 (1.4%) reported 4 exposures, 1 (0.71%) 
reported 5 exposures, 2 (1.4%) reported 6 exposures, 
and 5 (3.6%) reported having all 7 exposures. For each 
additional cutaneous exposure, the risk for cutaneous 
anthrax increased by 30% (RR 1.4, 95% CI 1.3–1.5). 

Eating meat from the dead cow was significantly 
associated with gastrointestinal anthrax (RR ¥, 95% CI 
4.3 ¥ by Fisher exact test; p = 0.00). Of the 95 persons 
who ate the cow meat, eating meat that was boiled for 
≤30 minutes was significantly associated with gastro-
intestinal anthrax (RR 2.5, 95% CI 1.5–4.1); we found 
that boiling meat for >60 minutes was protective com-
pared with the shorter cooking time (RR 0.34, 95% CI 
0.18–0.67) (Table 3). 

Laboratory Investigation Findings
Of the 6 skin lesion swabs collected, 3 tested positive 
for B. anthracis DNA by rPCR at UVRI. All 8 blood 
samples were negative for B. anthracis by rPCR at 
UVRI. It should be noted that, at the time of specimen 

collection, all patients had already started and some 
had completed antimicrobial treatment. A sample 
from the dried hide of the cow, taken 1 month after 
the initial visit to the village, tested positive by AAD 
in the field and was confirmed to be positive for B. 
anthracis by both rPCR and immunohistochemistry 
at CDC. 

Trace-Forward and Environmental Investigation 
According to the village leader, after the cow died 
on April 11, 2018, a total of 10 residents of Kaplo-
botwo participated in butchering, skinning, and car-
rying meat from the cow, and most of the villagers 
ate meat from the dead cow. Environmental investi-
gations found that the village was near the Panupe 
Game Reserve. Piles of animal bones were found in 
the livestock grazing fields, indicating past animal 
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Table 2. Anthrax attack rates by age and sex for each form, 
Kaplobotwo, Kween District, Uganda, April 2018* 

Anthrax form 
Total 
cohort 

No. 
cases AR, % 

All anthrax 141 47 33 
 Sex    
  M 77 32 42 
  F 64 15 23 
 Age range, y    
  0–5 30 12 40 
  6–17 27 6 22 
  18–29 27 7 26 
  30–59 40 16 40 
  ≥60 17 6 35 
Cutaneous-only 141 13 9.2 
 Sex    
  M 77 5 6.5 
  F 64 8 13 
 Age range, y    
  0–5 30 1 3.3 
  6–17 27 1 3.7 
  18–29 27 3 11 
  30–59 40 6 15 
  ≥60 17 2 12 
Gastrointestinal-only 141 14 9.9 
 Sex    
  M 77 12 16 
  F 64 2 3.1 
 Age range, y    
  0–5 30 5 17 
  6–17 27 1 3.7 
  18–29 27 1 3.7 
  30–59 40 5 13 
  ≥60 17 2 12 
Cutaneous and gastrointestinal 141 20 14 
 Sex    
  M 77 15 19 
  F 64 5 7.8 
 Age range, y    
  0–5 30 6 20 
  6–17 27 4 15 
  18–29 27 3 11 
  30–59 40 5 13 
  ≥60 17 2 12 
*AR, attack rate. 
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deaths. Interviews with community leaders revealed 
that these were remains from animals that had died 
suddenly and were abandoned in the grazing fields. 

Some of the meat from the dead cow was report-
edly sold to 2 neighboring villages, Rikwo and Tu-
kumo. Due to resource limitations, we were unable 
to conduct house-to-house searches for cases in these 
2 villages; instead, we contacted the village leaders 
for case finding. In Rikwo, a family of 2 bought the 
meat from a meat broker, and gastrointestinal symp-
toms developed in both family members after they 
ate the meat. The owner of a bar in the same village 
also bought the meat, boiled it overnight, poured out 
the broth from the boiling pot the next morning, fried 
the boiled meat, and sold it to 28 patrons the next day. 
None of the patrons reported any gastrointestinal 
symptoms. In Tukumo, the meat was sold to a bar, 
a restaurant, and an unknown number of individual 
families. The village leader was aware of 23 persons 
who bought and ate the meat; however, he did not 
know of anyone who had reported gastrointestinal or 
cutaneous anthrax symptoms. 

Discussion
On the basis of epidemiologic, laboratory, and envi-
ronmental assessments, we determined that this was 
a point-source cutaneous and gastrointestinal human 
anthrax outbreak associated with handling and eat-
ing meat from a cow that had died from confirmed 
anthrax infection. Results from this investigation 
were consistent with those in other anthrax outbreak 
investigations in which anthrax patients were infect-
ed through contact with diseased livestock or con-
taminated animal products (14–17). 

In our study, although the cause of the cow’s 
death was unknown at the time of death, subsequent 
laboratory testing confirmed anthrax in the dried 
hide of the cow. In this area, when a cow is butchered, 
it is customary to share meat with all households in 
the village. In this case, this custom exposed the en-
tire village to anthrax. Butchering anthrax-infected 

animals and disposing of carcasses and waste in envi-
ronments where ruminants live and graze, combined 
with limited vaccination of livestock against anthrax, 
enables further environmental contamination with B. 
anthracis spores and propagation of anthrax outbreaks 
in animals and zoonotic transmission to humans 
(18). Findings from this investigation are consistent 
with findings from a previous study in Kuwirirana 
ward, Gokwe North, Zimbabwe, in which anthrax 
also resulted from contact with and consumption of 
anthrax-infected carcasses (19). 

Among people, anthrax infection is typically an 
occupational disease, most common among farmers 
and workers with occupational activities that involve 
handling animals and animal products, such as the 
herders, butchers, and others. Infections may also 
occur among persons who consume infected meat 
(4,20,21). In this outbreak, cutaneous-only anthrax af-
fected adults more than children, probably because 
adults were more likely to have been engaged in han-
dling and processing the dead cow. 

Spores of B. anthracis are refractory to inactivation 
by boiling and, in this outbreak, eating undercooked 
meat was significantly associated with developing 
gastrointestinal anthrax. Conversely, boiling meat for 
>60 minutes appeared to be protective among per-
sons who ate it, possibly because that length of time 
could have allowed the heat to rise to a temperature 
sufficient to inactivate a portion of the spores. Wheth-
er or not this actually occurred is unclear. Findings in 
this study are consistent with those found in a study 
in Bangladesh in which high rates of cutaneous an-
thrax but few gastrointestinal anthrax cases occurred 
in a community that had cooked the meat longer (22). 

In addition, the risk for gastrointestinal anthrax 
remained high even when the meat was well cooked 
(AR 31%) or boiled for >60 minutes (AR 22%). Ac-
cording to World Health Organization guidelines, 
“any animal that is sick, behaves strangely or has 
died suddenly should not be used for food or for 
making any product, as it may have succumbed to an 
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Table 3. Retrospective cohort study on anthrax risk factors by form during outbreak, Kaplobotwo, Kween District, April 2018 

Form 
Cases  

 
Attack rate, % 

RR (95% CI) Exposed Nonexposed Exposed Nonexposed 
Cutaneous anthrax       
 Carried dead cow 37 104  54 13 4.3 (2.4–7.8)* 
 Participated in skinning 10 131  80 19 4.2 (2.6–6.7)* 
 Participated in cutting/butchering 10 131  90 18 4.9 (3.2–7.5)* 
 Participated in removing organs 10 131  70 20 3.5 (2.1–6.0)* 
 Carried the skin of the dead cow 8 133  88 20 4.5 (2.9–6.9)* 
 Carried cut meat 37 104  54 13 4.3 (2.4–7.8)* 
 Cleaned the waste 10 131  80 19 4.2 (2.6–6.7)* 
For every additional exposure*      1.4 (1.3–1.5)* 
Gastrointestinal anthrax       
 Ate meat from dead cow, total 95 46  35 0 ∞ (4.3–∞)* 
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infectious disease” (23). Following these guidelines 
can safeguard both animal products and persons in-
volved in handling them. 

This study had some limitations. In this outbreak, 
B. anthracis was confirmed by rPCR in 3 of the 6 skin-
lesion swab specimens, as well as from the dried hide 
of the cow. However, the 8 blood specimens from pa-
tients with gastroenteritis were negative for B. anthra-
cis by both rPCR and culture. These negative findings 
might be explained by the fact that all patients were 
already under antimicrobial treatment at the time of 
specimen collection. Whereas clinical and epidemio-
logic characteristics strongly suggested gastrointes-
tinal anthrax, we were unable to provide definitive 
proof without laboratory confirmation. Clinical signs 
and symptoms of both cutaneous and gastrointestinal 
anthrax are nonspecific; therefore, some of the identi-
fied cases found might actually have been noncases. 
In addition, the dried hide of the implicated cow test-
ed positive by AAD rapid test. There is great utility 
for a rapid diagnostic test for presumptive diagnosis 
of anthrax under field conditions, but care must be 
taken when interpreting the results of this test. Recent 
work has identified that the specificity of this assay 
decreases with carcass age (>24 hours after death), 
so parallel confirmatory testing is critical when inter-
preting results from this test (24). Also, trace-forward 
investigation indicated that some meat from the im-
plicated cow might have been sold to neighboring vil-
lages, but no house-to-house search was conducted 
in those villages, possibly resulting in undercounting 
of cases. 

This investigation highlights an outbreak of hu-
man cutaneous and gastrointestinal anthrax among 
persons handling and eating meat from a cow that 
died of presumed anthrax. As a result of our findings, 
we made several recommendations to the communi-
ties: routinely vaccinate livestock; continue education 
and mobilization for anthrax; administer antimicro-
bials to all persons identified with anthrax and pro-
phylaxis to exposed community members; use rapid 
diagnostic tests at the district level to quickly provide 
presumptive evidence of anthrax in animal carcass-
es; and safely bury carcasses under supervision. For 
burial, carcasses should be disinfected at the site of 
death with 12.5% formalin solution and buried in 
a pit >6 feet deep with the bottom of the pit ≥3 feet 
above the water table. We also recommended build-
ing capacity and the awareness of healthcare work-
ers to obtain samples from patients before beginning 
drug administration. 

The investigation team worked with the district 
to conduct community health education on these rec-

ommendations and about the dangers of eating meat 
from animals found dead. We also provided antimi-
crobial treatment (ciprofloxacin and doxycycline) to 
all identified patients, offered postexposure antimi-
crobial prophylaxis to carcass-disposal team mem-
bers and exposed community members, replenished 
antimicrobials at Ngenge Health Center III, and pro-
vided personal protective equipment and training in 
its use to the carcass disposal teams. Finally, we advo-
cated for prompt reporting of suspected anthrax cases 
to the district health office, district veterinary office, 
and the national One Health coordinator. 
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The bacterium Mycoplasma bovis is an economi-
cally important pathogen of cattle that contrib-

utes to the multifactorial bovine respiratory disease 
complex. In addition to causing respiratory disease, 
this bacterium can cause polyarthritis, mastitis, oti-
tis media, and a chronic pneumonia–polyarthritis  

syndrome, impacting beef and dairy cattle world-
wide (1). Despite increased recognition of its role in 
economic loss in the cattle industry, M. bovis remains 
a clinical challenge because of a common carrier state 
in clinically healthy animals, variable disease expres-
sion, intermittent shedding, and the lack of rapid ac-
curate diagnostic assays (1,2). 

Clinical disease is not considered necessary to 
maintain M. bovis in populations, and M. bovis is com-
monly detected in asymptomatic adult feedlot cattle 
(2). Although the upper respiratory tract mucosa is a 
primary site for M. bovis colonization, presence of the 
bacterium in the lung is variable in occurrence and clini-
cal manifestation. In 1 study, M. bovis was detected in 
46% of cattle with normal lungs, 82% of cattle with acute 
fibrinous pneumonia, and 98% of cattle with chronic 
pneumonia (3). Manifestation of M. bovis–associated 
respiratory disease is particularly common in the wake 
of stress (e.g., from transportation, comingling, feedlot 
entry, and harsh temperatures or conditions).

In the early 2000s, M. bovis caused several high-
mortality (case-fatality rate 45%) epizootics in bi-
son (Bison bison) in North America (4). These events 
raised concern about emergent virulent strains, and 
research began to characterize isolates from different 
host species (5). An important difference between 
outbreaks of mycoplasmosis in bison and cattle is 
that, in the former, few or no co-infecting bacterial 
or viral pathogens are consistently detected (4,6–8). 
Although M. bovis virulence factors are poorly de-
fined, evasion of immune response is implicated in 
maintaining chronic infection (9). One study found 
that that up to 79% of bison herds in western Cana-
da have >1 M. bovis–seropositive animal and that 8 
of 11 herds with no history of M. bovis disease had 
seropositive animals (10). These findings suggest 
that host response to M. bovis varies; some exposed 
bison become subclinical carriers and might also  
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Mycoplasma bovis is 1 of several bacterial pathogens 
associated with pneumonia in cattle. Its role in pneumo-
nia of free-ranging ungulates has not been established. 
Over a 3-month period in early 2019, ≈60 free-ranging 
pronghorn with signs of respiratory disease died in north-
east Wyoming, USA. A consistent finding in submitted 
carcasses was severe fibrinosuppurative pleuropneumo-
nia and detection of M. bovis by PCR and immunohisto-
chemical analysis. Multilocus sequence typing of isolates 
from 4 animals revealed that all have a deletion in 1 of 
the target genes, adh-1. A retrospective survey by PCR 
and immunohistochemical analysis of paraffin-embedded 
lung from 20 pronghorn that died with and without pneu-
monia during 2007–2018 yielded negative results. These 
findings indicate that a distinct strain of M. bovis was as-
sociated with fatal pneumonia in this group of pronghorn.
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indicate a strain variation in M. bovis that influences 
the severity of disease.

Despite its recent recognition in bison, docu-
mented cases of M. bovis in free-ranging ruminants 
are rare. M. bovis was reported in farmed white-
tailed deer (Odocoileus virginianus) (11) and observed 
in free-ranging mule deer (Odocoileus hemionus) (P. 
Wolff, Wildlife Disease Association, pers. comm., Au-
gust 2019). Pronghorn (Antilocapra americana) are the 
only extant member of the family Antilocapridae and 
are native to expansive ranges in the western United 
States, southern Canada, and northern Mexico (12). 
Approximately 0.5–1.0 million pronghorn exist in 
North America (12). Herds are commonly sympatric 
with range cattle and ranched bison. In this article, 
we document M. bovis as the cause of a high-mortality 
outbreak of respiratory disease in a new free-ranging 
host, using a widely employed multilocus sequence 
typing (MLST) scheme to characterize associated le-
sions and the allelic profile of M. bovis.

Materials and Methods

Diagnostic Workup
Carcasses, tissue samples, or both were obtained 
from the site of the outbreak comprising a ≈20-km2 
area northeast of Gillette, Wyoming, USA (Figure 1). 
The samples were submitted on behalf of the Wyo-
ming Game and Fish Department (WGFD) for a diag-
nostic workup. For 2 of the 9 cases, an entire carcass 
was submitted and a detailed postmortem examina-
tion was performed by a board-certified pathologist, 
including histopathologic examination of tissues. 
For 7 of the 9 cases, limited tissue sampling was 
performed during field autopsy by WGFD. In all 9 
cases, fresh or fresh frozen lung tissue was received, 

and M. bovis was detected by PCR. Bacteriology (aer-
obic and anaerobic culture) was performed on fresh 
or fresh frozen lung from 5 of 9 cases; 4 cases had 
advanced tissue autolysis and were not cultured. 
No consistent bacterial co-infections were detected 
across multiple cases (Table 1). Because Mannheimia 
spp. and Histophilus spp. were detected by culture 
in 1 case, we performed PCR for both agents on all 9 
cases, yielding negative results. Molecular virology 
was performed on fresh or fresh frozen lung from 
all 9 cases; PCR assays included bovine herpesvi-
rus 1, parainfluenza virus 3, bovine viral diarrhea 
virus, bovine respiratory syncytial virus, epizootic 
hemorrhagic disease virus, blue tongue virus, and a 
cervid adenovirus originally identified in mule deer 
and occasionally detected in pronghorn (13). No vi-
ruses were detected in any case. PCR assays were 
performed according to validated diagnostic pro-
tocols at the Wyoming State Veterinary Laboratory 
(WSVL). Histopathologic and immunohistochemical 
(IHC) analysis were performed on a total of 5 cases. 
In all cases, M. bovis was detected by IHC analysis. 
IHC analysis for Histophilus somni was also per-
formed on these 5 cases; H. somni was not detected.

Histopathology
Tissues collected at autopsy for histopathologic 
analysis (Appendix, https://wwwnc.cdc.gov/
EID/article/26/12/19-1375-App1.pdf) were fixed 
in 10% buffered formalin and processed conven-
tionally before embedding in paraffin wax. Sections 
cut at 5 µm were stained with hematoxylin and 
eosin. IHC analysis of M. bovis and H. somni was 
performed on lung tissue derived from the same 
blocks as used in the hematoxylin and eosin assays 
(Appendix).
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Figure 1. Locations of deaths in free-ranging pronghorn attributable to Mycoplasma bovis infection, Wyoming, USA, February–April 
2019. Infections were geographically confined to northeast of state (demarcated in inset map).
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Mycoplasma Culture
Approximately 20 mg of lung tissue was placed in a 
mycoplasma enrichment broth (Hardy Diagnostics’ 
Mycoplasma Broth; Hardy Diagnostics, https://har-
dydiagnostics.com) and incubated with a loose lid 
at 37°C in 10% CO2 for 72 h. Subsequently, 100 μL of 
broth was inoculated onto a commercial Mycoplasma 
spp. medium (Hardy Diagnostics’ Mycoplasma Agar 
with Cefoperazone) and spread evenly over the entire 
plate with a sterile swab. Plates were incubated at 37°C 
in 10% CO2 for 72–240 h, depending on appearance of 
colony growth. Colonies from each isolate were ana-
lyzed by matrix-assisted laser desorption/ionization-
time of flight mass spectrometry (Bruker’s Biotyper, 
https://www.bruker.com) according to the manufac-
turer’s instructions for identification. Additional colo-
nies were used for whole-genome sequencing.

Sequencing

16S 
After DNA extraction from fresh lung tissue, a por-
tion of the 16S ribosomal RNA gene was amplified 
by PCR using universal Mycoplasma primers (13) at 
the Washington Animal Disease Diagnostic Labora-
tory. PCR amplicons were directly sequenced, and 
a GenBank BLAST search was performed (https://
blast.ncbi.nlm.nih.gov) on consensus sequence from 

2 forward and 2 reverse high-quality reads. This ini-
tial confirmation was performed on the first sample 
only, and isolates from subsequent samples were con-
firmed by whole-genome sequencing.

Whole-Genome Sequencing
Short-read sequencing technology was used on extrac-
tions of pure M. bovis isolates. Postsequencing statistics 
were evaluated by using FastQC (14) (Appendix).

Polymerase chain reaction

Diagnostic M. bovis PCR
DNA was extracted from fresh lung tissue and PCR 
was performed targeting the M. bovis 16S ribosomal 
RNA gene (Appendix). Confirmation of diagnosis 
from case 1 (Table 1) by PCR targeting of the uvrC 
gene was performed at the Washington Animal Dis-
ease Diagnostic Laboratory (15).

Survey of Formalin-Fixed Paraffin-Embedded Archival  
Lung Tissue
DNA was extracted from formalin-fixed, paraffin em-
bedded lung tissue curls cut at a thickness of 20 μm. 
In brief, 1–2 curls per sample were dewaxed by using 
xylene and ethanol according to the DNeasy Blood 
and Tissue kit’s recommended protocol (QIAGEN, 
https://www.qiagen.com). The tissue extraction pro-
ceeded overnight at 56°C, according to manufacturer 
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Table 1. Summary of pronghorn cases associated with pneumonia outbreak, Wyoming, USA, 2019* 

Case 
no. 

Age 
category 
and sex Sample type Histopathologic results 

Mycoplasma bovis 
IHC result 

M. bovis PCR 
test result 

Aerobic 
culture 

M. bovis 
culture 

1 Adult 
male 

Lung, kidney, liver, 
spleen, bone marrow 

Exudative pneumonia Detected Detected Trueperella 
pyogenes 

Positive 

2 Adult 
female 

Lung Pleuropneumonia with 
caseous abscesses 

Detected Detected No growth Positive 

3 Adult 
female 

Whole carcass Bronchointerstitial 
pneumonia, fibrinonecrotic 

and suppurative with 
fibrinous pleuritis 

Detected Detected Mixed 
bacteria 

Positive 

4 Adult 
female 

Lung, kidney, liver, 
spleen 

Pleuropneumonia with 
caseonecrotic abscesses 

Detected Detected Mixed 
bacteria 

Positive 

9 Yearling 
male 

Whole carcass Bronchointerstitial 
pneumonia, 

fibriononecrotic and 
suppurative with fibrinous 
pleuritis, caseonecrotic 
abscesses, lymphocytic 

cuffing 

Detected Detected Mannheimia 
spp., 

Histophilus 
spp. 

Positive 

5 Adult 
female 

Lung NE NA Detected NA Positive 

6 Adult 
female 

Lung, kidney, liver, 
spleen 

NE NA Detected NA Positive 

7 Adult 
female 

Lung NE NA Detected NA Positive 

8 Adult 
female 

Lung NE NA Detected NA Positive 

*IHC, immunohistochemical; NA, not applicable; NE, not examined. 
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instructions. Cases selected for PCR were based on 
the availability of lung tissue from pronghorn in ar-
chived wax blocks, which are retained for 15 years be-
cause of limited storage space. A total of 20 cases (13 
in pronghorn with previously diagnosed pneumonia) 
were identified; all cases originated from Wyoming 
(Table 2). After DNA extraction, PCR was performed 
as described previously for the diagnostic M. bovis 
PCR assay.

Diagnostic M. ovipneumoniae PCR
A 2 × 2 cm section of fresh lung tissue was placed into 
2 mL modified tryptic soy broth and homogenized 
for 120 seconds. The homogenous solution was trans-
ferred to a snap cap tube and incubated at 37°C with 
10% CO2 for 48 h. After centrifugation of 1 mL, the 
pellet was resuspended and used in a PCR reaction as 
previously described (16).

adh-1 PCR
DNA was extracted from the Mycoplasma broth of 
each sample stored at −80°C by using the QIAGEN 
DNeasy Blood and Tissue Kit fluid protocol. In brief, 
200 μL was extracted following manufacturer in-
structions. Forward and reverse primers targeting the 
adh-1 gene (0.5 μmol/L of each) were used in a 50 μL 
reaction containing 22.5 μL GoTaq green master mix 
(Promega, https://www.promega.com), 1.5 μL of 50 
nM MgCl2, and nuclease-free water (5).

MLST Analysis
Paired fastq reads of ≈250 bp were analyzed as follows: 
trimming of indexes, primers, low quality (phred <20), 

and short reads (<50 bp) using Cutadapt (17); mapping 
of trimmed reads to the genome of M. bovis interna-
tional reference strain PG45 (GenBank accession no. 
NC_014760) using Bowtie2 (18); conversion of .sam 
files to .bam files using Samtools (19); and viewing of 
sorted .bam files in Geneious Prime 2019.1.3 (https://
www.geneious.com). Consensus sequences were gen-
erated from mapped reads by using the highest quality 
parameter in Geneious Prime as a threshold. “N” was 
assigned to sites with coverage <3 to represent missing 
data. Consensus sequences were trimmed to loci em-
ployed in the MLST scheme described by Register et al. 
(5) and concatenated in frame. Concatenated sequences 
were compared for 4 M. bovis isolates recovered from 
the lung samples of 4 different pronghorn across the 
following MLST genes: alcohol dehydrogenase (adh-
1), glutamate tRNA ligase (gltX), glycerol-3-phosphate 
dehydrogenase (gpsA), DNA gyrase subunit B (gyrB), 
phosphate acetyltransferase-2 (pta-2), thymidine kinase 
(tdk), and transketolase (tkt) (5). Isolates derived in our 
study were compared with those from the University 
of Oxford Mycoplasma bovis MLST website (https://
pubmlst.org/mbovis) (20). An aligned fasta file was ob-
tained for all publicly available isolates missing the adh-
1 gene (i.e., nontypeable isolates). The representative 
sequence from the 4 identical pronghorn isolates was 
aligned to the fasta file comprising all nontypeable iso-
lates by using Muscle (21), and model selection was 
performed in MEGA X (22). Sequence alignments were 
subjected to maximum-likelihood phylogenetic analy-
ses under the Hasegawa–Kishono–Yano substitution 
model using PhyML (23) with 10,000 bootstrap repli-
cates for support.
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Table 2. Pronghorn with and without pneumonia, Wyoming, USA, 2007–2019 
Case no. Year Pneumonia Other diagnosis Geographic area 
1  2007 Yes None Southeast 
2  2014 Yes None Southeast 
3  2014 Yes Trueperella pyogenes South central 
4  2015 Yes Corynebacterium spp. South central 
5  2015 Yes T. pyogenes Central 
6  2016 Yes T. pyogenes West central 
7  2016 Yes None Northeast 
8  2016 Yes Protostrongylus spp. lungworms, Dermacentor 

spp. ticks, Haemonchus contortus abomasal 
worms 

Southeast 

9  2016 Yes Dermatophilus congolensis Southeast 
10  2017 Yes T. pyogenes Central 
11  2017 Yes Dictyocaulus spp. Southeast 
12  2018 Yes Epizootic hemorrhagic disease virus East central 
13  2018 Yes T. pyogenes Central 
14  2018 No Blackleg from Clostridium chauvoei Southeast 
15  2018 No None West central 
16  2018 No Bluetongue virus Southeast 
17  2018 No Peritonitis Southeast 
18  2018 No None Southeast 
19  2019 No Foot defect West central 
20  2019 No Trauma from hail Southeast 
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Results

Disease Outbreak
At least 60 pronghorn died during February–April 
2019 within a total area of ≈13 km2. WGFD received 
initial reports of ≈30 carcasses in early February 2019. 
An additional 20 pronghorn deaths were identi-
fied within 8 km of the site of initial reports within 
1 month, and the affected area expanded as winter-
ing herds began to disperse with warmer weather. In 
March, a herd of ≈10 pronghorn moved to the same 
area and began dying within 2 weeks. Landowners 
reported that affected pronghorn appeared lethargic. 
Such animals were typically dead within 24 hours. Be-
cause of logistics of finding fresh carcasses in remote 
areas on private land during 2 major winter storms, 
only a fraction of the dead pronghorn could be sam-
pled. Two carcasses were obtained for autopsy, and 
tissues were obtained from an additional 3 cases for 
histopathologic examination and PCR. Samples were 
collected from 4 additional animals for PCR only. The 
extent of the die-off could not be estimated until im-
proved weather conditions allowed WGFD biologists 
to conduct ground and aerial surveys. Bison, cattle, 
or other free-ranging ungulates (i.e., deer, elk, and 
moose) deaths associated with pneumonia were not 
reported in the area during this outbreak. The closest 
captive bison herd was located ≈64 km south of the 
outbreak site. Although pronghorn deaths occur in 
winter because of starvation, predation, and vehicu-
lar collision, 60 deaths in a small area is unusual.

Diagnosis and Characterization of Lesions
Gross lesions were characterized by severe, regionally 
extensive to diffuse, bilateral fibrinous pleuropneumo-
nia affecting an estimated 50%–100% of lung parenchy-
ma (Figure 2). Histopathologic examination revealed 
fibrinosuppurative pneumonia with caseonecrotic foci 
centered on bronchi and bronchioles. Caseonecrotic 
foci were characterized by central granular eosino-
philic material and necrotic leukocytes surrounded 
by degenerate and intact neutrophils. Some foci were 
partly mineralized (Figure 3). Lesions were interpret-
ed as acute to subacute, because features of chronic  
infection, such as extensive fibrosis, were absent (24). 
In all 5 cases for which histopathologic examination 
was performed, pulmonary lesions were strongly im-
munoreactive for M. bovis antigen, with characteristi-
cally strong staining at the margins of necrotic foci as 
described in affected cattle and bison (3) (Figure 4). The 
pronghorn in case 9 (Table 1) had pulmonary abscesses 
up to 1 cm diameter characterized by coagulative ne-
crosis surrounded by a thin band of fibrosis. Features 

characteristic of mannheimiosis, histophilosis, or both, 
such as neutrophils with oat cell morphology, were 
absent. The pronghorn in case 9 also had fibrinosup-
purative synovitis and conjunctivitis. M. bovis antigen 
was detected in the conjunctiva by IHC analysis. In ad-
dition, acute centrilobular hepatic necrosis was iden-
tified in case 9. We attributed this finding to hypoxia 
secondary to severe pneumonia.

Lung samples from the 9 pronghorn cases were 
positive for M. bovis by culture and PCR (Table 1). 16S 
sequencing revealed that the isolate from case 1 most 
closely matched that of M. bovis (100% sequence iden-
tity [553/553 bp]; GenBank no. KX462388). The next 
closest match was 99% identity (549/553 bp) to M. 
agalactiae (GenBank no. AF332750). M. ovipneumoniae 
PCR was performed on samples of lung; all results 
were negative (data not shown).

Aside from the consistent detection of M. bovis, 
aerobic culture results were inconsistent. The prong-
horn in case 1 contained Trueperella pyogenes, the 
pronghorn in case 9 contained both Mannheimia spp. 
and Histophilus spp., and the pronghorn in cases 3 
and 4 had a mixture of bacterial species not typically 
associated with pneumonia interpreted as incidental 
(Table 1). The pronghorn in cases 2 and 9 had a mild 
lungworm infection, including nematode larvae and 
eggs histologically consistent with Dictyocaulus spp. 
parasitic infection.

Retrospective Study
We performed a retrospective survey for M. bovis on 
20 archived WSVL cases of pronghorn deaths with 
and without pneumonia (Table 2); embedded le-
sioned lung from the animals in 2 of the 9 positive 
cases among the 2019 pronghorn deaths were used as 
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Figure 2. Free-ranging pronghorn infected with Mycoplasma 
bovis with severe fibrinous pleuropneumonia, Wyoming, USA, 
February–April 2019. Open thoracic cavity with ribs reflected 
reveals abundant fibrin on the visceral pleura (arrowhead) and 
consolidated lungs (asterisk).
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positive controls. All archived pronghorn lung tissues 
were negative for M. bovis by PCR and IHC analysis, 
and none had lesions suggestive of mycoplasmosis.

MLST and Phylogenetics
Genome sequencing of the 4 M. bovis isolates recovered 
from the pronghorn carcasses was performed at the 
Wyoming Public Health Laboratory. All isolates from 
pronghorn had 100% sequence identity at loci used 
for MLST (5). All assemblies contained an apparent 
deletion of 1 of the 7 MLST target genes, adh-1 (5). Se-
quences for the 6 remaining loci are available through 
GenBank (accession nos. MT782331–6). To confirm the 
adh-1 deletion, DNA from M. bovis pronghorn isolates 
was amplified by PCR using the adh-1 primers speci-
fied for MLST as described previously (5). DNA ex-
tracted from a cattle isolate of M. bovis was strongly 
positive, whereas DNA from the pronghorn isolates 
produced no visible band upon gel electrophoresis.

Deletion of adh-1 has been identified in M. bovis 
isolates derived from cattle (25; https://pubmlst.
org/mbovis; K.B. Register, unpub. data). Phyloge-
netic analysis of these MLST-nontypeable isolates 
based on DNA sequences of the other 6 MLST targets  
revealed that the pronghorn isolates we evaluated are 
divergent from all others typed to date but are most 
similar to a group of isolates obtained from cattle in 
the United States since 2011 (Figure 5).

Discussion
M. bovis is uncommon in free-ranging ungulates. Ac-
counts are limited to cases in farmed white-tailed 
deer (11), and free-ranging mule deer (26; P. Wolff, 

Wildlife Disease Association, pers. comm., August 
2019). Lesions in lung were compatible with the le-
sions attributable to M. bovis in cattle and bison (2,6). 
The distribution of M. bovis antigen in IHC prepara-
tions of caseonecrotic foci is typical of fatal mycoplas-
mosis in cattle (2,3).

To determine whether M. bovis had been previ-
ously overlooked in Wyoming pronghorn, we queried 
the WSVL diagnostic database. We identified 20 cases 
from different geographic regions of Wyoming that oc-
curred during 2007–2019. This group included 13 cases 
in pronghorn with previously diagnosed pneumonia 
and 7 without (Table 2). Although the M. bovis PCR as-
say used at WSVL has not been validated for formalin-
fixed, wax-embedded tissue, positive dewaxed lung 
samples from pronghorn in the 2019 cases were used 
as a control. On the basis of these 20 samples, no M. 
bovis infections in pronghorn before 2019 was evident.

Draft genome sequences were obtained for iso-
lates of M. bovis from 4 pronghorn in the 2019 group. 
Compared with MLST data available on >700 isolates, 
only 9 complete genome assemblies from other host 
species, such as goat, bison, or cattle, were available. 
Thus, we determined sequence type by extracting re-
gions of 7 genes used in MLST typing (5). The 4 isolates 
were identical across these loci and contained a dele-
tion encompassing the adh-1 gene. This deletion was 
confirmed by using adh-1 specific primers as described 
previously (5). These isolates were compared with oth-
ers with a deletion at the adh-1 locus (i.e., nontypeable 
isolates). Although the adh-1 gene deletion has been 
identified in M. bovis from bison and mule deer (K.B. 
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Figure 3. Histologic lung lesions in free-ranging pronghorn, 
characterized by caseonecrotic foci centered on residual 
bronchioles, Wyoming, USA, February–April 2019. Alveolar fibrin 
exudation and suppurative to mixed inflammation throughout. 
Scale bar indicates 1 mm.

Figure 4. Caseonecrotic lung lesions in free-ranging pronghorn 
found to be strongly immunopositive for Mycoplasma bovis 
antigen by immunohistochemical analysis, Wyoming, USA, 
February–April 2019. Positive staining indicated by fast red 
coloring has strong intensity and specificity for lesions centered on 
bronchioles. Scale bar indicates 1 mm.
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Register, unpub. data), only sequences from bovine 
isolates are currently available in the Mycoplasma bovis 
pubMLST database (https://pubmlst.org/mbovis). 
The isolates from pronghorn are divergent from other 
published isolates but are most similar to those from 
US cattle compared with bovine isolates from Austria 
or Switzerland (Figure 5).

Although the adh-1 deletion has not yet been 
thoroughly characterized, the earliest identification 
of this variant is from 2008. The deletion might be 
relatively recent and might be associated with ex-
pansion of M. bovis host range or emergence in new 
species. Additional research is needed to investigate 
the possible association between the adh-1 gene dele-
tion and the recent appearance of M. bovis in prong-
horn. It will be of interest to investigate the entire 
genome for other whole-gene deletions or insertions 
and to correlate whether genomic changes are asso-
ciated with certain hosts, levels of virulence, or both.

Surveillance of pronghorn samples submitted to 
WSVL has not identified M. bovis in other areas of the 
state at this time. No additional cases have been diag-
nosed in northeast Wyoming since April 2019. As part 
of a surveillance effort, we have recently performed 
M. bovis PCR on lung tissue DNA of any ungulate 
submitted to WSVL. We have found no evidence of 
chronically infected pronghorn or other wildlife res-
ervoirs of this bacterium. The host species of origin in 
this outbreak is unknown. Given the frequency of M. 
bovis in asymptomatic cattle and bison and its rarity 
of detection in free-ranging ungulates, transmission 
to pronghorn from a livestock reservoir seems likely.

Our findings strongly implicate M. bovis as a 
primary pathogen in pronghorn, resulting in fatal  
pneumonia in absence of other respiratory pathogens 

with changes comparable to those in bison with fa-
tal mycoplasmosis. M. bovis as a primary pathogen in 
bison is in contrast to M. bovis in adult cattle, where 
the bacterium tends to occur most commonly as 1 
component of chronic, polymicrobial respiratory dis-
ease (24,27). The pronghorn M. bovis infection is more 
analogous to mycoplasmosis in bison, where it is 
known to be a primary cause of pneumonia, arthritis, 
pharyngitis, and reproductive disorders (6–8).

Our findings document M. bovis infection in 
pronghorn and highlight the possible health impli-
cations for other wildlife populations and the po-
tential risk for transmission at the wildlife–livestock 
interface. Furthermore, we document M. bovis ge-
netic variation in association with virulent disease 
in pronghorn, supporting hypotheses that M. bovis 
might be expanding in host range and in disease 
expression. We therefore recommend that M. bovis 
be considered as a differential diagnosis for pneu-
monia in wildlife, particularly in outbreak scenarios. 
Traditionally, pronghorn are not considered a ma-
jor source of disease threats to either cattle or bison 
and are therefore widely tolerated on commercial 
operations. Additional studies are needed to estab-
lish transmission potential and direction, which will 
elucidate the importance of M. bovis at the wildlife–
livestock interface.
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Figure 5. Phylogeny of Mycoplasma bovis isolates from free-ranging pronghorn (red branch), Wyoming, USA, February–April 
2019. Pronghorn were found to be divergent from all bovine isolates with a deletion of adh-1 gene but are most similar to those 
recovered from cattle in the United States. This unrooted maximum-likelihood tree (10,000 bootstrap replicates) comprises all 
available nontypeable isolates and is based on 6 of 7 sequence typing loci. The health status of cattle sampled during 2011–2014 
is unknown, and the absence of reported clinical signs does not necessarily equate to absence of disease. Scale bar indicates 
substitutions per site.



SYNOPSIS

References
  1. Pfützner H, Sachse K. Mycoplasma bovis as an agent of 

mastitis, pneumonia, arthritis and genital disorders in cattle. 
Rev Sci Tech. 1996;15:1477–94. https://doi.org/10.20506/
rst.15.4.987

  2. Jeff L. Caswell, Archambault M. Mycoplasma bovis  
pneumonia in cattle. Anim Health Res Rev. 2008;8:161–86.

  3. Gagea MI, Bateman KG, Shanahan RA, van Dreumel T,  
McEwen BJ, Carman S, et al. Naturally occurring  
Mycoplasma bovis–associated pneumonia and polyarthritis in 
feedlot beef calves. J Vet Diagn Invest. 2006;18:29–40.  
https://doi.org/10.1177/104063870601800105

  4. Kyathanahalli S, Janardhan MH. Neil Dyer, Richard D. Oberst, 
Brad M. DeBey. Mycoplasma bovis outbreak in a herd of North 
American bison (Bison bison). J Vet Diagn Invest. 2010; 
22:797–801. https://doi.org/10.1177/104063871002200528

  5. Karen B. Register, Luke Thole, Ricardo F. Rosenbush,  
Minion FC. Multilocus sequence typing of Mycoplasma bovis 
reveals host-specific genotypes in cattle versus bison. Vet 
Micro. 2015;175:92–8. https://doi.org/10.1016/ 
j.vetmic.2014.11.002

  6. Dyer N, Hansen-Lardy L, Krogh D, Schaan L, Schamber E. 
An outbreak of chronic pneumonia and polyarthritis  
syndrome caused by Mycoplasma bovis in feedlot bison  
(Bison bison). J Vet Diagn Invest. 2008;20:369–71.  
https://doi.org/10.1177/104063870802000321

  7. Dyer N, Register KB, Miskimins D, Newell T. Necrotic 
pharyngitis associated with Mycoplasma bovis infections in 
American bison (Bison bison). J Vet Diagn Invest. 2013;25: 
301–3. https://doi.org/10.1177/1040638713478815

  8. Register KB, Woodbury MR, Davies JL, Trujillo JD,  
Perez-Casal J, Burrage PH, et al. Systemic mycoplasmosis 
with dystocia and abortion in a North American bison  
(Bison bison) herd. J Vet Diagn Invest. 2013;25:541–5.  
https://doi.org/10.1177/1040638713495029

  9. Boothby JT, Jasper DE, Zinkl JG, Thomas CB, Dellinger JD. 
Prevalence of mycoplasmas and immune responses to  
Mycoplasma bovis in feedlot calves. Am J Vet Res. 1983;44:831–8.

10. Bras AL, Suleman M, Woodbury M, Register K,  
Barkema HW, Perez-Casal J, et al. A serologic survey of  
Mycoplasma spp. in farmed bison (Bison bison) herds in  
western Canada. J Vet Diagn Invest. 2017;29:513–21.  
https://doi.org/10.1177/1040638717710057

11. Dyer NW, Krogh DF, Schaan LP. Pulmonary mycoplasmosis 
in farmed white-tailed deer (Odocoileus virginianus). J Wildl 
Dis. 2004;40:366–70. https://doi.org/10.7589/0090-3558-
40.2.366

12. International Union for Conservation of Nature. IUCN red 
list of threatened species 2016: e.T1677A115056938. IUCN 
SSC Antelope Specialist Group 2016 Antilocapra americana 
[cited 2020 Jul 19]. http://dx.doi.org/10.2305/IUCN.
UK.2016-3.RLTS.T1677A50181848.en 

13. Kong F, James G, Gordon S, Zelynski A, Gilbert GL.  
Species-specific PCR for identification of common  
contaminant mollicutes in cell culture. Appl Environ 
Microbiol. 2001;67:3195–200. https://doi.org/10.1128/
AEM.67.7.3195-3200.2001

14. Andrews S. FastQC: a quality control tool for high  
throughput sequence data. 2010 [cited 2019 Aug 20].  
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

15. Naikare H, Bruno D, Mahapatra D, Reinisch A, Raleigh R, 
Sprowls R. Development and evaluation of a novel Taqman 
real-time PCR assay for rapid detection of Mycoplasma bovis: 
comparison of assay performance with a conventional PCR 
assay and another Taqman real-time PCR assay. Vet Sci. 
2015;2:32–42. https://doi.org/10.3390/vetsci2010032

16. Ziegler JC, Lahmers KK, Barrington GM, Parish SM,  
Kilzer K, Baker K, et al. Safety and immunogenicity of a 
Mycoplasma ovipneumoniae bacterin for domestic sheep (Ovis 
aries). PLoS One. 2014;9:e95698. https://doi.org/10.1371/
journal.pone.0095698

17. Martin M. Cutadapt removes adapter sequences from 
high-throughput sequencing reads. EMBnet J. 2011;17:10–2. 
https://doi.org/10.14806/ej.17.1.200

18. Langmead B, Salzberg SL. Fast gapped-read alignment 
with Bowtie 2. Nat Methods. 2012;9:357–9. https://doi.org/ 
10.1038/nmeth.1923

19. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, 
et al.; 1000 Genome Project Data Processing Subgroup. The 
sequence alignment/map format and SAMtools.  
Bioinformatics. 2009;25:2078–9. https://doi.org/10.1093/
bioinformatics/btp352

20. Keith A. Jolley, James E. Bray, Maiden MCJ. Open-access 
bacterial population genomics: BIGSdb software, the 
PubMLST.org website and their applications. Wellcome 
Open Res. 2018;3:124. 

21. Edgar RC. MUSCLE: multiple sequence alignment with 
high accuracy and high throughput. Nucleic Acids Res. 
2004;32:1792–7. https://doi.org/10.1093/nar/gkh340

22. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: 
Molecular Evolutionary Genetics Analysis across  
computing platforms. Mol Biol Evol. 2018;35:1547–9.  
https://doi.org/10.1093/molbev/msy096

23. Guindon S, Dufayard J-F, Lefort V, Anisimova M,  
Hordijk W, Gascuel O. New algorithms and methods to  
estimate maximum-likelihood phylogenies: assessing 
the performance of PhyML 3.0. Syst Biol. 2010;59:307–21. 
https://doi.org/10.1093/sysbio/syq010

24. Maunsell FP, Woolums AR, Francoz D, Rosenbusch RF,  
Step DL, Wilson DJ, et al. Mycoplasma bovis infections in 
cattle. J Vet Intern Med. 2011;25:772–83. https://doi.org/ 
10.1111/j.1939-1676.2011.0750.x

25. Josi C, Bürki S, Stojiljkovic A, Wellnitz O, Stoffel MH,  
Pilo P. Bovine epithelial in vitro infection models for  
Mycoplasma bovis. Front Cell Infect Microbiol. 2018;8:329. 
https://doi.org/10.3389/fcimb.2018.00329

26. Register KB, Jelinski MD, Waldner M, Boatwright WD, 
Anderson TK, Hunter DL, et al. Comparison of multilocus 
sequence types found among North American isolates  
of Mycoplasma bovis from cattle, bison, and deer,  
2007-2017. J Vet Diagn Invest. 2019;31:899–904.  
https://doi.org/10.1177/1040638719874848

27. Maunsell FP, Donovan GA. Mycoplasma bovis infections 
in young calves. Vet Clin North Am Food Anim Pract. 
2009;25:139–77, vii. https://doi.org/10.1016/j.cvfa.2008.10.011

Address for correspondence: Kerry Sondgeroth, Wyoming State 
Veterinary Laboratory, 1174 Snowy Range Rd, Laramie, WY 
82070, USA; email ksondger@uwyo.edu

2814 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020



The zoonotic disease anthrax, caused by the bacte-
rium Bacillus anthracis, has been known to human-

kind for thousands of years and is endemic to most 
continents (1–3). It is a naturally occurring disease of 
herbivores that incidentally infects humans through 
contact with animals that are ill or have died from 
anthrax or through contact with B. anthracis–contami-
nated byproducts such as meat, hides, hair, and wool 
(4). Transmission routes include cutaneous, ingestion, 
inhalation, and injection; cutaneous accounts for most 
(95%) cases worldwide (2,4). In the United States, 
human risk is primarily associated with handling  

carcasses of hoofstock that have died of anthrax; the 
primary risk for herbivores is ingestion of B. anthracis 
spores that can persist in suitable alkaline soils in a 
corridor from Texas through Colorado, the Dakotas, 
and Montana (5–7).

The 2 state agencies responsible for anthrax sur-
veillance in Texas are the Texas Department of State 
Health Services (DSHS) and the Texas Animal Health 
Commission (TAHC). Samples that are culture-posi-
tive for B. anthracis at veterinary reference laborato-
ries are reported to DSHS and TAHC. Veterinarians 
treating animals with illnesses compatible with an-
thrax must also report to DSHS and TAHC. Suspect-
ed cases of human anthrax are immediately report-
able to DSHS. Samples or isolates from human cases 
are forwarded for identification to local public health 
reference laboratories. In Texas, animal anthrax cases 
are most commonly reported from the triangular area 
bounded by the towns of Uvalde, Ozona, and Eagle 
Pass (Figure 1), which includes portions of Crockett, 
Val Verde, Sutton, Edwards, Kinney, Uvalde, Zavala, 
and Maverick Counties in southwestern Texas.

During 2000–2018, a total of 63 animal anthrax 
cases were confirmed by culture of B. anthracis in a 
reference laboratory (annual mean 3.3, range 0–20 
cases/year) (T. Sidwa, unpub. data). Because only 1 
animal per affected premise usually is reported in a 
given year, the number of cases is a substantial under-
represention of the total number of affected animals 
and properties. The last naturally occurring human 
case of cutaneous anthrax associated with livestock 
exposure in Texas was reported in 2001 (8,9).

Texas Outbreak 2019

Animal Cases
Texas Veterinary Medical Diagnostic Laboratory con-
firmed the first anthrax case of 2019 in an exotic ante-
lope carcass from Uvalde County on June 19. Overall 
in 2019, the laboratory reported 25 culture-positive 
animals, including cattle, horses, white-tailed deer, 
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The zoonotic disease anthrax is endemic to most conti-
nents. It is a disease of herbivores that incidentally infects 
humans through contact with animals that are ill or have 
died from anthrax or through contact with Bacillus anthra-
cis–contaminated byproducts. In the United States, hu-
man risk is primarily associated with handling carcasses 
of hoofstock that have died of anthrax; the primary risk for 
herbivores is ingestion of B. anthracis spores, which can 
persist in suitable alkaline soils in a corridor from Texas 
through Montana. The last known naturally occurring hu-
man case of cutaneous anthrax associated with livestock 
exposure in the United States was reported from South 
Dakota in 2002. Texas experienced an increase of animal 
cases in 2019 and consequently higher than usual hu-
man risk. We describe the animal outbreak that occurred 
in southwest Texas beginning in June 2019 and an as-
sociated human case. Primary prevention in humans is 
achieved through control of animal anthrax. 
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antelope, and a goat, from Crockett, Kinney, Sutton, 
Uvalde, and Val Verde counties. The last confirmed 
animal case was reported on August 21. Unconfirmed 
numbers reported to DSHS staff suggest that >1,000 
animal losses might be attributed to the 2019 out-
break (K. Waldrup, unpub. data).

Implementing control measures (i.e., vaccination 
and proper carcass disposal) was challenging; thin 
topsoil over bedrock, vast and inaccessible terrain, 
and burn bans triggered by hot, dry weather condi-
tions made it difficult for livestock owners and land-
owners to identify and bury or burn dead animals. 
Livestock owners can sometimes cover dead animals 
with tarps if burial or burning is not an option. How-
ever, because properties in this area of Texas can be 
thousands of acres and not particularly navigable, 
reaching dead animals to cover and protect them 
from scavengers (that might further distribute B. an-
thracis–contaminated remains) is often not feasible.

Another obstacle to controlling the outbreak was 
the inability to address the contribution of wildlife 
to the initiation and perpetuation of disease spread 

(e.g., lack of a licensed vaccine and impracticality of 
using physical or chemical restraint to administer 
vaccine “off label” to wildlife species). In addition, 
reports of vaccine-associated adverse events among 
goats and horses (2,10) made some owners reluctant 
to vaccinate these species. Among confirmed animal 
anthrax cases in species for which vaccination is in-
dicated (cattle, goats, horses, sheep, and swine) (11), 
a third are reported to have been vaccinated before 
illness. Of those, the median number of days from 
most recent vaccination to specimen collection was 8 
days (range 3–82 days) (T. Sidwa, unpub. data). The 
frequency and effect of antibiotic use subsequent or 
simultaneous to vaccination was unknown.

Human Case Report
On July 23, 2019, a non-Hispanic White man in his 
70s from the anthrax-affected area who had a history 
of cardiovascular disease and hypertension visited 
his physician for evaluation of 2 lesions near his right 
knee. Four days earlier, a small red spot had emerged 
and gradually enlarged and became painful. He  
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Figure 1. Counties with 
confirmed animal anthrax cases, 
Texas, USA, 2000–2019. The 
location of the “Anthrax Triangle” 
is indicated.
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reported no fever and used no over-the-counter medi-
cations. When asked about animal exposures because 
of where he lived, he reported that he and his daugh-
ter had moved 2 fly-covered deer carcasses from be-
neath his porch before lesion onset. He was wearing 
shorts and a shirt while moving the carcasses, and his 
affected leg was scraped by the velvet-covered ant-
lers. He also reported being bitten by a fly. The deer 
carcasses were not tested for anthrax, and the patient 
disposed of them.

On examination at his physician’s office, the pa-
tient’s vital signs were as follows: blood pressure 
177/87 mm Hg; heart rate 76 beats/min; and temper-
ature 98.3°F. Below and lateral to his right knee was 
an indurated, raised, erythematous 5-cm lesion with 
small ulcerations that oozed serosanguinous fluid 
and was surrounded by a blanched halo. Just proxi-
mal to his right knee was a nonindurated erythema-
tous macule (Figure 2). No popliteal or inguinal ad-
enopathy was present. After 2 swab specimens were 
obtained from the larger lesion, the patient was given 
a cephalosporin intramuscularly, and a prescription 
for ciprofloxacin was called in to his pharmacy of 
choice more than an hour’s drive from his home. Be-
cause it was too late to send the specimens anywhere 
for testing on that day, the swabs were mailed direct-
ly to the Texas Department of State Health Services 
Laboratory on Wednesday after a phone consultation 
with the state health department.

The patient began his ciprofloxacin the next eve-
ning (July 24). On July 26, after having taken 4 doses 
of his antibiotics, he was feeling worse and sought 
additional care at the emergency department of 
hospital A, more than an hour’s drive from his resi-
dence. Concurrently, the state laboratory notified his 
primary-care physician that a preliminary laboratory 
report for the specimen was PCR-positive for B. an-
thracis; this result was confirmed by culture the fol-

lowing week (August 1) (Figures 3, 4). His physician 
relayed the information first to the patient and then 
to hospital staff. Upon arrival to the hospital, the pa-
tient reported pain, difficulty walking, and nausea. 
He reported intermittent spontaneous drainage of a 
dark, jelly-like material from the larger wound. He re-
ported no fever, chills, chest pain, shortness of breath, 
pain at rest, numbness, or tingling. He did not use to-
bacco products.

At hospital A, he reported that his exposure had 
been ≈3 weeks earlier. At examination, his vital signs 
were blood pressure 132/71 mm Hg; heart rate 91 
beats/min; and respirations 24 breaths/min. He was 
afebrile. He had a nondraining, nonerythematous es-
char 7.2 cm × 5 cm on the lateral aspect of the right calf 
and a painless, nondraining, nonerythematous 3.3 cm 
× 2 cm eschar on the lateral aspect of the right knee 
(Figure 5). His leukocyte count was 12,000 (103 cells/
µL); hemoglobin, 15.5 g/dL; hematocrit, 46.9% g/dL; 
platelets, 83,000 (103 cells/mL); blood urea nitrogen, 
35 mg/dL; and creatinine, 2.6 mg/dL. His antibiotic 
was switched to intravenous doxycycline (100 mg ev-
ery 12 hours). He was discharged on hospital day 13.

Control and Prevention Measures

Control Measures for Animal Outbreaks
Because naturally occurring human anthrax cases 
in endemic countries are almost always related to 
exposure to infected animals or their byproducts, 
control of animal anthrax essentially eliminates hu-
man risk. The primary control measure for animal 
anthrax is annual preventive vaccination; however, 
once an outbreak occurs, other control measures 
include ring vaccination, proper carcass disposal 
to avoid further environmental contamination, and 
quarantine (i.e., limit animal movement from the af-
fected and nearby properties, animal contact with 
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Figure 2. Lesions on right  
leg of anthrax patient as seen 
on outpatient visit, Texas,  
USA, 2019.
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anthrax-contaminated sites, and contact between af-
fected and nonaffected herds) (9). On the basis of an-
ecdotal reports and 1 small study, tabanid flies (e.g., 
deer and horse flies) might play a role in transmis-
sion; whether fly control is achievable or would be 
effective remains an open question (2,12,13).

The attenuated Sterne-strain of B. anthracis is 
used globally for vaccination among domestic live-
stock (14). Because the vaccine is live-attenuated, con-
current antibiotic administration can substantially di-
minish efficacy. If an animal is given antibiotics either 
10 days before or after vaccination, revaccination is 
recommended (9,15). Whether concurrent adminis-
tration of antibiotics played a role in diminished vac-
cine efficacy in the Texas outbreak is unclear.

Proper and safe carcass disposal is critical for 
controlling anthrax outbreaks in enzootic areas be-
cause inappropriate carcass disposal seeds the soil 
with spores and increases the risk for future epi-
zootics. Global recommendations (9) and codified 
Texas regulations (16) for carcass disposal are simi-
lar: the carcass should be burned in place, using a 
pyre or other method that leaves only ash and al-
lows the destruction of the contaminated soil as well 
(i.e., “burnt until it is thoroughly consumed”) (9,16). 
When a carcass cannot be burned, global recommen-
dations are to bury it deeply (9). The historic prac-
tice of adding lime should be avoided (17). High soil 
calcium levels, either from the addition of lime or as 

occur naturally in southwest Texas, are conducive 
to B. anthracis spore survival (6,7) and increase the 
likelihood of future outbreaks. The least desirable 
disposal method is leaving the carcass in place, be-
cause scavenging can further disseminate the spores 
and increase future exposure risks for susceptible 
animals. Alternative carcass disposal methods are 
needed in areas where the standard recommenda-
tions to burn or bury carcasses are impractical. This 
need is particularly pronounced where there is an 
abundance of susceptible wildlife species that are 
not vaccinated or where there is poor vaccination 
coverage of domestic hoofstock.

Prevention of Human Cases in Endemic Areas
Human and animal health authorities should re-
mind at-risk populations of the following preven-
tion measures when animal cases are first identi-
fied. During animal outbreaks of anthrax, persons 
who handle and dispose of infected animals are 
at highest risk for exposure. However, exposure 
can be minimized through use of personal protec-
tive equipment, which should include gloves that 
can be disinfected or disposed of, long sleeves and 
pants, and footwear suitable to the terrain that can 
be disinfected (9). Even in the absence of a recog-
nized anthrax outbreak, veterinarians and ranchers 
in endemic areas should always keep anthrax in 
mind as they interact with members of susceptible 
species that are ill. To do otherwise can result in 
inadvertent exposure to anthrax.
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Figure 3. Bacillus anthracis 24-hour growth on sheep blood agar 
from a swab of a cutaneous anthrax lesion from a patient in Texas, 
USA, 2019. Typical ground glass colony morphology and lack of 
hemolysis are shown.

Figure 4. Gram stain from culture of a lesion of an anthrax patient, 
Texas, USA, 2019.
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Antibiotic postexposure prophylaxis (PEP) is 
another important component of prevention. In the 
former Soviet Union, before 1965, 58/339 (17%) of 
patients who did not receive antibiotic prophylaxis 
after cutaneous exposures had onset of anthrax; in 
contrast, only 5/287 (2%) who received prophylaxis 
had onset of anthrax (18).

If skin or mucus membrane contact occurs dur-
ing carcass disposal, persons should seek medical at-
tention and receive antibiotic PEP for 7 days (Table 1) 
and have their symptoms monitored for 14 days. Al-
though aerosol exposure is unlikely in cases of natural 
cutaneous exposures, if potential aerosol exposure also  

occurred, antibiotic PEP should be administered for up 
to 60 days and anthrax vaccine may be considered.

Persons who live and work in anthrax-endemic ar-
eas and who anticipate interacting with animals that 
are dying or have died of anthrax might wish to con-
sider preexposure prophylaxis with anthrax vaccine 
adsorbed (AVA). For preexposure prophylaxis of per-
sons at high risk for B. anthracis exposure, AVA is ad-
ministered intramuscularly as a priming series at 0, 1, 
and 6 months, with booster doses at 12 and 18 months 
and annually thereafter (19). Health departments in 
endemic areas that have existing vaccination programs 
can acquire AVA from the manufacturer.
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Figure 5. Eschars on right leg 
of anthrax patient as seen at 
hospital admission, Texas, USA, 
2019.

 
Table 1. Oral antimicrobial drugs for postexposure prophylaxis and treatment of localized cutaneous anthrax* 
Postexposure prophylaxis alone or after oral or intravenous therapy  Monotherapy for localized cutaneous anthrax 
Antimicrobial drugs before susceptibility testing  For all strains, regardless of penicillin susceptibility 

or if susceptibility is unknown 
 Ciprofloxacin 500 mg every 12 h   Ciprofloxacin 500 mg every 12 h 
 OR   OR 
 Doxycycline 100 mg every 12 h   Doxycycline 100 mg every 12 h 
 OR   OR 
 Levofloxacin 750 mg every 24 h   Levofloxacin 750 mg every 24 h 
 OR   OR 
 Moxifloxacin 400 mg every 24 h   Moxifloxacin 400 mg every 24 h 
 OR   OR 
 Clindamycin† 600 mg every 8 h   Clindamycin† 600 mg every 8 h 
 OR   OR 
 For penicillin-susceptible strains   For penicillin-susceptible strains 
  Amoxicillin 1 g every 8 h    Amoxicillin 1 g every 8 h 
  OR    OR 
  Penicillin VK 500 mg every 6 h    Penicillin VK 500 mg every 6 h 
Because patients who have had aerosol exposures might still have 
residual spores in their lungs even after treatment, oral postexposure 
prophylaxis is recommended as follows: for noncases (i.e., no treatment) 
without AVA, 60 d; with AVA for healthy adults 18–65 y, 14 d after the 3rd 
dose of AVA; with AVA for children <18 y, adults >65 y, pregnant women, 
and adults with underlying conditions, 60 d. For cases (i.e., following 
treatment) after finishing oral or intravenous treatment, patients exposed to 
aerosolized spores should finish out a 60-d course of antimicrobials (i.e., 
60 d minus the duration of treatment) 

 Duration of therapy for naturally acquired cases, 7 d 

*Bold type indicates preferred agent. Nonbolded type indicates alternative selections, which are listed in order of preference for therapy for patients who 
cannot tolerate first-line therapy or if first-line therapy is unavailable. 
†Based on in vitro susceptibility data, rather than studies of clinical efficacy. 
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Healthcare Infection Control Issues for  
Cutaneous Anthrax
A person with cutaneous or other type of anthrax 
(e.g., injection, ingestion, or inhalation) cannot trans-
mit disease through aerosol or droplet. However, 
spores that could remain on a person’s skin, hair, 
or clothing after an exposure before they bathe or 
shower and change clothes might possibly transfer 
to someone else’s skin and cause cutaneous anthrax 
(20–22). Although incubation periods of <1 day are 
reported, patients usually wait a few days to seek 
care, making it likely that they would already have 
bathed and changed clothes before seeking care. It is 
therefore unlikely that healthcare personnel would be 
secondarily exposed to spores.

Although cutaneous anthrax lesions can be con-
tagious before the institution of effective antibiotic 
therapy, they become sterile in <1 day once therapy 
has begun (23). Lesions should be covered until the 
patient has had 24 hours of effective antibiotics. Con-
tact precautions should be used for the first day; after 
that, standard precautions are sufficient.

Disposable items that have been in direct con-
tact with the anthrax lesion, any tissue removed dur-
ing debridement, and potentially infectious wound 
care materials (24,25) should be disposed of in a 
biohazard bag according to guidelines for disposal 
of any potentially infectious material. No addition-
al disinfection is needed beyond what is regularly 
scheduled for the facility. Nondisposable surfaces 
in direct contact with the anthrax lesion or wound 
drainage can be disinfected with a 0.5% hypochlo-
rite solution, a commercial product such as SporGon 
(Decon Labs, https://deconlabs.com), or other spo-
ricidal agents such as an Environmental Protection 
Agency–registered antimicrobial product effective 
against B. anthracis spores (26–28); products effec-
tive against Clostridium difficile spores might also be 
appropriate (29,30).

Diagnosis
Although an eschar is the cardinal sign of cutaneous 
anthrax, in its early stages, anthrax can manifest as a 
group of small vesicles that might be pruritic. The le-
sion might be surrounded by erythema and swelling 
but is usually painless. Lymphadenopathy can occur, 
and constitutional symptoms including fever and 
headache are also possible. Localized cutaneous an-
thrax can disseminate to become a systemic disease. 
Although a substantial portion (10%–40%) of patients 
with cutaneous anthrax would die if left untreated (4), 
most can recover with treatment (31). Meningitis is 
also a possible, and typically fatal, complication (32).

In the United States, cutaneous anthrax is decid-
edly rare: other causes of eschars and eschar-like le-
sions include poxvirus infections (e.g., cowpox, vac-
cinia, orf), rickettsial infections (e.g., scrub typhus 
and Rickettsia parkeri rickettsiosis), ulceroglandular 
tularemia, staphylococcal or streptococcal infections, 
and noninfectious causes such as insect or spider 
bites. Obtaining a good exposure history is key to de-
termining the likelihood of various etiologies among 
the differential diagnoses and determining the best 
specimens to collect. Patients seeking care with an 
eschar or eschar-like lesion should be asked about re-
cent exposure to dead or dying herbivores or biting 
flies in an anthrax enzootic area; recent animal bites 
or scratches; and recent contact with lagomorphs, ro-
dents, fleas, ticks, and spiders.

A Gram stain of a swab specimen from the lesion 
can often quickly identify possible cases and narrow 
the differential diagnosis (23). Specimens for tests 
such as Gram stain, culture, and PCR to rule anthrax 
in or out (Table 2) must be collected before the use of 
antibiotic therapy because they will rapidly become 
negative after the implementation of therapy (23). 
Specimens can be sent to sentinel laboratories for 
preliminary assessment. Specimens for which B. an-
thracis is not ruled out by a sentinel laboratory should 
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Table 2. Diagnostic specimens for cutaneous anthrax (33)* 

Specimen Test Temperature 
Laboratory Response 
Network level 

1 swab† Gram stain‡ and culture Room temperature  Sentinel laboratory§ 
1 swab† PCR Room temperature Reference laboratory¶ 
Single plasma or serum Lethal factor Frozen (−70) CDC# 
Paired serum** Antiprotective antigen Frozen (−70⁰) CDC 
Full thickness punch biopsy of lesion Immunohistochemistry Room temperature CDC 
*CDC, Centers for Disease Control and Prevention. 
†Dry dacron swabs for swabbing moist lesions (e.g., bullae) or saline-moistened dacron swabs for swabbing beneath dry lesions (i.e., eschars) to be 
collected before onset of antimicrobial therapy. 
‡Direct smear from lesion. 
§Sentinel laboratories comprise the first level of the Laboratory Response Network; they include private and commercial laboratories that provide routine 
diagnostic services, rule-out, and referral steps in the identification process. 
¶Reference laboratories, often called Laboratory Response Network member laboratories, are responsible for investigating, confirming, or referring 
specimens. These laboratories perform testing for multiple agents in high-risk environmental or clinical samples. 
#CDC laboratories belong to the top tier of the Laboratory Response Network (national laboratories). 
**Acute and convalescent collected 2 weeks apart. 
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promptly be sent to a Laboratory Response Network 
(LRN) laboratory for confirmation (33). LRN is a net-
work of laboratories established to respond to biolog-
ic and chemical threats and other public health emer-
gencies that consists of 3 types of laboratories. Private 
and commercial laboratories comprise the first tier of 
the LRN and are described as sentinel laboratories. 
Laboratories that receive reagents, protocols, and 
specialized training to perform confirmatory test-
ing for multiple agents in high-risk environmental 
or clinical samples comprise the second tier of LRN 
and are referred to as reference laboratories. Special-
ized characterization of organisms, bioforensics, se-
lect agent activity, and handling of highly infectious 
biologic agents is performed at national laboratories, 
the third tier of LRN. However, with approval from 
public health authorities, specimens from lesions that 
are highly suspicious based on clinical or epidemio-
logic grounds can be sent directly from clinicians to 
an LRN laboratory (34).

Notification
Clinicians should promptly notify their local or state 
health department when they suspect anthrax, al-
though the mandated timing varies by jurisdiction. 
State and territorial health departments should notify 
the Centers for Disease Control and Prevention (CDC) 
within 4–24 hours (24) of the initial report for patients 
whose illness meets the probable or confirmed case 
definition (35). Presumptive positive results from an 
LRN laboratory must be reported within 2 hours to 
the state and CDC.

Treatment
Cutaneous anthrax lacking systemic manifestations 
such as fever, tachycardia, tachypnea, hypotension, 
leukocytosis, or leukopenia can usually be treated 
with 7 days of an oral antibiotic. Patients with cuta-
neous anthrax should only continue oral antibiotics 
for PEP after antibiotic treatment is complete if the 
patient was also exposed to aerosolized spores; this 
would rarely be indicated for naturally acquired cu-
taneous infections because aerosol exposures are un-
likely (Table 1).

Systemically ill patients should be evaluated for 
meningitis; if meningitis can be ruled out, they should 
be treated with at least 2 intravenous antibiotics (1 that 
is bactericidal and 1 that inhibits protein synthesis to 
block toxin production). Antibiotic therapy should 
continue for >2 weeks or until the patient is stable. If 
meningitis is present, >3 antibiotics should be used 
(>1 should be bactericidal, >1 should inhibit protein 
synthesis, and all should have good central nervous 

system penetration). Antibiotic options for treatment 
and prevention of anthrax are listed in Tables 1 and 3.

Systemically ill patients (whether from cutane-
ous, ingestion, inhalation, or injection exposures) are 
candidates for 1 of the Food and Drug Administra-
tion–approved anthrax antitoxins. The antitoxins are 
available through the Strategic National Stockpile 
pending a consultation with an anthrax subject mat-
ter expert at CDC, which can be reached by calling the 
Emergency Operations Center (770-488-7100).

Surgery might occasionally be indicated for le-
sions complicated by compartment syndrome. How-
ever, surgery usually is not necessary for cutaneous 
anthrax (36).

Public Health Implications and Conclusion
Anthrax is endemic to parts of the United States. Epi-
zootics emerge with varying frequency when climatic 
conditions favor the uncovering of soilborne B. an-
thracis spores with subsequent consumption by sus-
ceptible herbivores. Humans contract cutaneous an-
thrax through contact with animals that are ill or have 
died from anthrax or contact with B. anthracis–con-
taminated byproducts; this risk is increased during 
epizootics. The outbreak we describe was confirmed 
in June 2019, but its actual start date is unknown; 
reliable recognition of epizootics might be impeded 
when they occur in vast, rough, and sparsely popu-
lated areas such as those in the anthrax-endemic ar-
eas of Texas. These same geographic characteristics 
create challenges in implementing the recommended 
disease control interventions, including appropriate 
carcass disposal and broad use of animal anthrax vac-
cine in species for which the vaccine is licensed, as 
well as off-label use in other species. Wild herbivores 
(e.g., white-tailed deer and exotic hoofstock) contrib-
uted to the 2019 Texas outbreak, but effective mitiga-
tion (carcass disposal or vaccination) of the risk they 
posed could not be adequately achieved.

The cutaneous anthrax patient associated with 
this outbreak was apparently exposed through a 
scratch on the leg from the antler of an untested 
deer carcass. The physician he visited in rural Tex-
as included anthrax in the differential diagnosis, 
obtained and submitted diagnostic samples before 
treating the patient, and provided the patient with 
a prescription for oral ciprofloxacin. Anthrax was 
identified through PCR and confirmed through 
culture at the state reference laboratory from swab 
specimens of a leg lesion. The patient was treated 
as an outpatient with appropriate antibiotics until 
his condition worsened and required a 13-day hos-
pitalization. The necessity for hospitalization might 
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have been related to a few-week delay in seeking 
treatment. Despite the delay, the patient, like most 
patients with cutaneous anthrax, survived with anti-
biotic treatment (4,32).

As soon as anthrax is recognized in an animal 
population, public health and animal health agencies 
must collaborate to heighten awareness among medi-
cal and animal health communities, as well as among 
ranchers and other inhabitants of at-risk areas. Time-
ly delivery of information to ranchers on proper car-
cass disposal and appropriate use of personal protec-
tive equipment, as was done through various alerts, 
might reduce the number of exposures. If exposure is 
recognized, antibiotic PEP should be considered by 
medical providers. AVA may be appropriate for per-
sons at high risk for exposure, such as veterinary staff 

and ranch workers in endemic areas; however, this 
process involves a long-term commitment to annual 
booster shots to ensure protection.

Ranchers and veterinarians should receive au-
thoritative information on animal vaccine use to 
break the cycle of transmission (including emphasis 
on avoiding administration of antibiotics 10 days be-
fore or after vaccine administration). Even in the ab-
sence of a recognized anthrax outbreak, veterinarians 
and ranchers in endemic areas should keep anthrax in 
mind as they interact with ill members of susceptible 
species. Doing otherwise might result in inadvertent 
exposure to anthrax. A survey of ranchers in the out-
break area is planned by TAHC to assess knowledge, 
attitudes, and practices regarding anthrax, including 
information on livestock vaccination.
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Table 3. Intravenous antimicrobials for treatment of adults with severe anthrax* 
Dual therapy for when meningitis has been excluded  Triple therapy for when meningitis might be present 
Bactericidal agent  Bactericidal agent (fluoroquinolone) 
 Antimicrobial drugs before susceptibility testing  
  Ciprofloxacin 400 mg every 8 h†   Ciprofloxacin 400 mg every 8 h† 
  OR   OR 
  Levofloxacin 750 mg every 24 h   Levofloxacin 750 mg every 24 h 
  OR   OR 
  Moxifloxacin 400 mg every 24 h   Moxifloxacin 400 mg every 24 h 
  OR   PLUS 
  Meropenem 2 g every 8 h  Bactericidal agent (beta-lactam) 
  OR   For all strains, regardless of penicillin susceptibility or if 

 susceptibility is unknown   Imipenem‡ 1 g every 6 h  
  OR   Meropenem 2 g every 8 h 
  Doripenem 500 mg every 8 h   OR 
  OR   Imipenem‡ 1 g every 6 h 
  Vancomycin 60 mg/kg/day divided every 8 h (maintain serum  
  trough concentrations of 15–20 µg/mL) 

  OR 
  Doripenem 500 mg every 8 h 

  OR   OR 
  For penicillin-susceptible strains    For penicillin-susceptible strains 
   Penicillin G 4 million units every 4 h    Penicillin G 4 million units every 4 h 
   OR    OR 
   Ampicillin 3 g every 6 h    Ampicillin 3 g every 6 h 
PLUS  PLUS 
Protein synthesis inhibitor  Protein synthesis inhibitor 
 Clindamycin 900 mg every 8 h   Linezolid§ 600 mg every 12 h 
 OR   OR 
 Linezolid§ 600 mg every 12 h   Clindamycin 900 mg every 8 h 
 OR   OR 
 Doxycycline¶ 200 mg initially, then 100 mg every 12 h   Rifampin# 600 mg every 12 h 
 OR   OR 
 Rifampin# 600 mg every 12 h   Chloramphenicol** 1 g every 6–8 h 
Duration of therapy for 10–14 d or until clinical criteria for stability 
are met. Patient exposed to aerosolized spores will require 
prophylaxis to complete an antimicrobial course of up to 60 d from 
onset of illness (see postexposure prophylaxis in Table 1) 

 Duration of therapy for 2–3 weeks or greater, until clinical 
criteria for stability are met. Patients exposed to aerosolized 
spores will require prophylaxis to complete an antimicrobial 
course of up to 60 d from onset of illness (see postexposure 
prophylaxis in Table 1) 

*Bold type indicates preferred agent. Nonbolded type indicates alternative selections, which are listed in order of preference for therapy for patients who 
cannot tolerate first-line therapy or if first-line therapy is unavailable. 
†Severe anthrax includes anthrax meningitis, inhalation, injection, and gastrointestinal anthrax; and cutaneous anthrax with systemic involvement, 
extensive edema, or lesions of the head or neck. 
‡Increased risk for seizures associated with imipenem/cilastatin therapy. 
§Linezolid should be used with caution in patients with thrombocytopenia because it might exacerbate it. Linezolid use for >14 d carries additional risk for 
hematopoietic toxicity. 
¶A single 10–14 d course of doxycycline is not routinely associated with tooth-staining. 
#**Rifampin is not a protein synthesis inhibitor, it may also be used in combination therapy based on in vitro synergy. 
**Should only be used if other options are not available, due to toxicity concerns. 
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Recent federal anthrax guidance has focused on 
the treatment of systemic anthrax, including meningi-
tis, rather than on the more common cutaneous form 
of the disease. Given that half the cases in the 2001 
anthrax incident in the United States (37) were cuta-
neous anthrax and most sporadic cases in the United 
States and worldwide are cutaneous, this article pro-
vides an overview of prevention and control mea-
sures for animals and a single resource for the pre-
vention, diagnosis, infection control, and treatment of 
naturally acquired cutaneous anthrax.

Acknowledgments
We thank Amanda Kieffer, Trevor Maness, Amanda  
Kammen, Kelly Persinger, Laura Robinson, Kelly  
Broussard, and Bonny Mayes for their assistance with this 
investigation and contributions to this article. We would 
also like to thank Thitipong Mongkolrattanothai for  
assistance with references and Mark Deka for preparing a 
map of the affected area.

This work is in memory of Robert “Dr. Bob” Dittmar, a 
friend, colleague, and Texas Parks and Wildlife  
Department (TPWD) State Wildlife Veterinarian who, 
along with 2 TPWD colleagues, was killed August 8, 2020, 
in a helicopter crash while conducting aerial surveys for 
desert bighorn sheep in TPWD’s Black Gap Wildlife  
Management Area. He is missed.

About the Author
Dr. Sidwa worked for the Texas Department of State 
Health Services from 1993 to 2020 (retired January 31, 
2020), most recently managing the Zoonosis Control 
Branch and serving as the State Public Health Veterinarian.

References
  1. Sternbach G. The history of anthrax. J Emerg Med. 

2003;24:463–7. https://doi.org/10.1016/S0736-4679(03) 
00079-9

  2. Fasanella A, Galante D, Garofolo G, Jones MH. Anthrax  
undervalued zoonosis. Vet Microbiol. 2010;140:318–31. 
https://doi.org/10.1016/j.vetmic.2009.08.016

  3. Shadomy SV, Smith TL. Zoonosis update. Anthrax. J Am 
Vet Med Assoc. 2008;233:63–72. https://doi.org/10.2460/
javma.233.1.63

  4. Doganay M, Metan G, Alp E. A review of cutaneous anthrax 
and its outcome. J Infect Public Health. 2010;3:98–105. 
https://doi.org/10.1016/j.jiph.2010.07.004

  5. Griffin DW, Silvestri EE, Bowling CY, Boe T, Smith DB,  
Nichols TL. Anthrax and the geochemistry of soils in the  
contiguous United States. Geosciences (Basel). 2014;2014:114–
27. https://doi.org/10.3390/geosciences4030114

  6. Blackburn JK, McNyset KM, Curtis A, Hugh-Jones ME. 
Modeling the geographic distribution of Bacillus anthracis, the 
causative agent of anthrax disease, for the contiguous United 
States using predictive ecological [corrected] niche modeling. 

Am J Trop Med Hyg. 2007;77:1103–10.  
https://doi.org/10.4269/ajtmh.2007.77.1103

  7. Yang A, Mullins JC, Van Ert M, Bowen RA, Hadfield TL, 
Blackburn JK. Predicting the geographic distribution of the 
Bacillus anthracis A1.a/Western North American  
sub-lineage for the continental United States: new  
outbreaks, new genotypes, and new climate data. Am J 
Trop Med Hyg. 2020;102:392–402. https://doi.org/10.4269/
ajtmh.19-0191

  8. Barnes S, Tull C, Neidert M. Confirmed human  
cutaneous anthrax in PHR 8. Texas Disease Prevention 
News. 2001;61:1–4.

  9. World Health Organization. Anthrax in humans and  
animals. 4th ed. 2008 [cited 2020 Jan 31]. https://www.who.
int/csr/resources/publications/AnthraxGuidelines2008

10. Wobeser BK. Anthrax vaccine associated deaths in miniature 
horses. Can Vet J. 2015;56:359–60.

11. World Organization for Animal Health (OIE). Anthrax  
manual of diagnostic tests and vaccines for terrestrial  
animals. 8th edition; 2018. p. 307–20.

12. Turell MJ, Knudson GB. Mechanical transmission of Bacillus 
anthracis by stable flies (Stomoxys calcitrans) and mosquitoes 
(Aedes aegypti and Aedes taeniorhynchus). Infect Immun. 
1987;55:1859–61. https://doi.org/10.1128/IAI.55.8. 
1859-1861.1987

13. Blackburn JK, Van Ert M, Mullins JC, Hadfield TL,  
Hugh-Jones ME. The necrophagous fly anthrax transmission 
pathway: empirical and genetic evidence from wildlife  
epizootics. Vector Borne Zoonotic Dis. 2014;14:576–83. 
https://doi.org/10.1089/vbz.2013.1538

14. Hugh-Jones M. Overview of Anthrax. Merck veterinary  
manual 2015 [cited 2020 Aug 12]. https://www.merckvet-
manual.com/generalized-conditions/anthrax/overview-of-
anthrax

15. Forshaw D, Higgs AR, Moir DC, Ellis TM, Links IJ.  
Anthrax in cattle in southern Western Australia. Aust Vet 
J. 1996;74:391–3. https://doi.org/10.1111/j.1751-0813.1996.
tb15453.x

16. Texas Legal Code. Anthrax disposal [chapter 31]. §313 
adopted to be effective December 18, 1992, 17 TexReg 8286; 
amended to be effective April 4, 1999, 24 TexReg 2298 1999 
[cited 2020 Jan 31]. http://txrules.elaws.us/rule/title4_ 
chapter31_sec.31.3

17. Himsworth CG. The danger of lime use in agricultural  
anthrax disinfection procedures: the potential role of 
calcium in the preservation of anthrax spores. Can Vet J. 
2008;49:1208–10.

18. Kebedzhiev G. Prophylaxis of anthrax by antibiotics [in  
Russian]. Antibiotiki. 1970;15:89–93.

19. Bower WA, Schiffer J, Atmar RL, Keitel WA,  
Friedlander AM, Liu L, et al.; ACIP Anthrax Vaccine Work 
Group. Use of anthrax vaccine in the United States:  
recommendations of the Advisory Committee on  
Immunization Practices, 2019. MMWR Recomm Rep. 
2019;68:1–14. https://doi.org/10.15585/mmwr.rr6804a1

20. Herley R. Eight cases of external anthrax. Lancet. 
1909;2:1662–5. https://doi.org/10.1016/S0140-6736 
(01)11260-2

21. Hodgson AE. Anthrax in a 15 months old baby. BMJ. 
1929;2:667. https://doi.org/10.1136/bmj.2.3588.667

22. Clarke PS. Chloramphenicol in treatment of cutaneous  
anthrax. BMJ. 1952;1:86–7. https://doi.org/10.1136/
bmj.1.4749.86

23. Amidi S, Dutz W, Kohout E, Ronaghy A. Human anthrax in 
Iran. Report of 300 cases and review of literature. Tropenmed 
Parasitol. 1974;25:96–104.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020 2823



SYNOPSIS

24. Reilly WA, Beeson CR. Antibiotic therapy for cutaneous 
anthrax: report of five cases. Arch Intern Med 
(Chic). 1948;82:529. https://doi.org/10.1001/
archinte.1948.00220290013002

25. Gaitanis G, Lolis CJ, Tsartsarakis A, Kalogeropoulos C, 
Leveidiotou-Stefanou S, Bartzokas A, et al. An aggregate of 
four anthrax cases during the dry summer of 2011 in  
Epirus, Greece. Dermatology. 2016;232:112–6.  
https://doi.org/10.1159/000440860

26. Heninger SJ, Anderson CA, Beltz G, Onderdonk AB.  
Decontamination of Bacillus anthracis spores: evaluation of 
various disinfectants. Appl Biosaf. 2009;14:7–10.  
https://doi.org/10.1177/153567600901400103

27. Evers DL, Allen KP, Fowler CB, Mason JT, Blacksell SD. 
Laboratory decontamination of HHS-listed and HHS/USDA 
overlap select agents and toxins. Appl Biosaf. 2013;18:59–72. 
https://doi.org/10.1177/153567601301800202

28. Oudejans L, Mickelsen L, McConkey K. Effectiveness of 
disinfecting and sporicidal wipes against Bacillus  
atrophaeus, a Bacillus anthracis surrogate. 2017 [cited 2020 
Aug 12]. https://cfpub.epa.gov/si/si_public_record_report.
cfm?Lab=NHSRC&dirEntryId=337359

29. US Environmental Protection Agency. List K: EPA’s 
registered antimicrobial products effective against 
Clostridium difficile spores. 2016 [cited 2020 Aug 12]. 
https://19january2017snapshot.epa.gov/sites/production/
files/2016-06/documents/list_k_clostridium.pdf

30. US Environmental Protection Agency. Comparative  
efficacy of sporicidal technologies for the decontamination 
of Bacillus anthracis, B. atrophaeus, and Clostridium  
difficile spores on building materials. 2015 [cited 2020 Aug 
12]. https://cfpub.epa.gov/si/si_public_record_report.
cfm?Lab=NHSRC&dirEntryId=303850

31. Davies JC. A major epidemic of anthrax in Zimbabwe. The 
experience at the Beatrice Road Infectious Diseases Hospital, 
Harare. Cent Afr J Med. 1985;31:176–80.

32. Lanska DJ. Anthrax meningoencephalitis. Neurology. 
2002;59:327–34. https://doi.org/10.1212/WNL.59.3.327

33. American Society for Microbiology. Sentinel level clinical 
laboratory guidelines for suspected agents of bioterrorism 
and emerging infectious diseases. Bacillus anthracis and  
Bacillus cereus biovar anthracis. 2017 [cited 2020 Aug 12]. 
https://www.asm.org/ASM/media/Policy-and-Advocacy/
LRN/Sentinel%20Files/AnthraxLRN-Aug2017.pdf

34. Centers For Disease Control and Prevention. The Laboratory 
Response Network: partners in preparedness. 2019 [cited 
2020 Aug 12]. https://emergency.cdc.gov/lrn

35. Centers For Disease Control and Prevention. National 
Notifiable Diseases Surveillance System: anthrax 2018 case 
definition. 2018 [cited 2020 Aug 12]. https://wwwn.cdc.gov/
nndss/conditions/anthrax/case-definition/2018

36. Doganay M. International medicine: major tropical  
syndromes: systemic infections [section 6]. In: Cohen J, 
Powderly WG, Opal SM, editors. Infectious diseases. 4th ed: 
Elsevier; 2017. p. 1123–8.

37. Jernigan DB, Raghunathan PL, Bell BP, Brechner R,  
Bresnitz EA, Butler JC, et al.; National Anthrax  
Epidemiologic Investigation Team. Investigation of bioterror-
ism-related anthrax, United States, 2001:  
epidemiologic findings. Emerg Infect Dis. 2002;8:1019–28. 
https://doi.org/10.3201/eid0810.020353

Address for correspondence: Kate Hendricks, Centers for Disease 
Control and Prevention, 1600 Clifton Rd NE, Mailstop H24-12, 
Atlanta, GA 30329-4027, USA; email: kah1@cdc.gov

2824 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020

EID Podcast
Telework during  

Epidemic  
Respiratory Illness

Visit our website to listen:
 https://go.usa.gov/xfcmN

The COVID-19 pandemic has caused us 
to reevaluate what “work” should look like. 
Across the world, people have converted 
closets to offices, kitchen tables to desks, 
and curtains to videoconference back-
grounds. Many employees cannot help but 
wonder if these changes will become a 
new normal.

During outbreaks of influenza, corona-
viruses, and other respiratory diseases, 
telework is a tool to promote social dis-
tancing and prevent the spread of disease. 
As more people telework than ever before, 
employers are considering the ramifica-
tions of remote work on employees’ use of 
sick days, paid leave, and attendance. 

In this EID podcast, Dr. Faruque Ahmed, 
an epidemiologist at CDC, discusses the 
economic impact of telework.
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Rabies is a fatal zoonotic disease of humans and 
almost all warm-blooded animals, causing severe 

dysfunction of the central nervous system (1). About 
99% of human cases occur in developing countries, 
mainly in Asia and Africa (2). Rabies is a major public 
issue throughout China, resulting in several hundred 
human deaths every year during 2015–2018 (3). More 
than 95% of human rabies cases are caused by rabid 
dogs (4). In contrast, the numbers of animal rabies 
cases reported in China are much lower than those 

of humans; only several provinces, autonomous re-
gions, or municipalities report animal rabies cases 
to national veterinary authorities, as disseminated 
by the Veterinary Bulletin, the only official journal 
to report monthly information on animal infectious 
diseases in China (5). Even so, such scattered stud-
ies have still shown an increase in wildlife rabies in 
red foxes (Vulpes vulpes), raccoon dogs (Nyctereutes 
procyonoides), and ferret badgers (Melogale moschata 
in the mainland and Melogale moschata subaurantiaca 
in Taiwan). Rabies in dogs and livestock has also in-
creased and expanded geographically to include Hei-
longjiang, Inner Mongolia, Xinjiang, Qinghai, Tibet, 
and Taiwan, provincial regions within which rabies 
had rarely or never been reported previously (6–11). 
These investigations had monitored the emergence of 
fox- and raccoon dog–specific RABVs in north China 
that caused the outbreaks in livestock; some wildlife 
isolates shared a high nucleotide identity with those 
circulating in neighboring countries (6,7,10). This 
similarity is a matter for concern because China is 
surrounded by 14 contiguous countries, all of which 
are rabies endemic and within which the genetic di-
versity and phylogenetic characteristics of RABVs 
have not been well studied.

An understanding of the status of animal rabies is 
a prerequisite for control and possible elimination of 
human rabies. Since 2004, China has implemented an-
nual surveillance of animal rabies, with the National 
Reference Laboratory for Animal Rabies at the Insti-
tute of Military Veterinary Medicine, (Changchun, 
Jilin Province, China) as the project leader (12). This 
surveillance focuses mainly on dogs, cats, livestock, 
and wild animal reservoirs that have the potential to 
maintain the circulation and transmission of RABVs 
in China. As part of this program, using the epide-
miologic information collected and nucleoprotein 
(N) gene sequences of RABV isolates obtained dur-
ing 2004–2018, we investigated the infected animal 
species, geographic distribution, animal sources, and 
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Rabies is a severe zoonotic disease in China, but the 
circulation and distribution of rabies virus (RABV) within 
animal reservoirs is not well understood. We report the 
results of 15 years of surveillance of the first Chinese 
Rabies Surveillance Plan in animal populations, in which 
animal brain tissues collected during 2004–2018 were 
tested for RABV and phylogenetic and spatial–temporal 
evolutionary analyses performed using obtained RABV 
sequences. The results have provided the most compre-
hensive dataset to date on the infected animal species, 
geographic distribution, transmission sources, and ge-
netic diversity of RABVs in China. In particular, the trans-
boundary transmission of emerging RABV subclades be-
tween China and neighboring countries was confirmed. 
The study highlights the importance of continuous animal 
rabies surveillance in monitoring the transmission dy-
namics, and provides updated information for improving 
current control and prevention strategies at the source.
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genetic diversity of RABVs in China, as well as their 
phylogenetic and phylogeographic relationships with 
those of neighboring countries. Our objective was to 
provide updated information about the animal rabies 
situation and its public health impact in China and 
neighboring countries.

Methods

Sample Collection and Detection of Rabies Virus
Since 2004, the Ministry of Agriculture and Rural Af-
fairs of China has implemented the Rabies Surveil-
lance Plan with a focus on free-roaming and stray 
dogs and cats, especially those showing abnormal 
behaviors such as biting humans. The plan also re-
quires the monitoring of suspected rabies outbreaks 
in livestock and wild animals. During 2004–2018, 
brain tissues of 185 animals suspected of having ra-
bies (dead dogs, dogs behaving strangely or biting 
humans, livestock showing rabieslike clinical signs, 
dead foxes, wolves, and raccoon dogs) were submit-
ted (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/26/12/20-0303-App1.pdf). In addition, 
10,118 brain tissues were collected for active sur-
veillance from 3 types of apparently healthy dogs, 
mostly from rabies-endemic rural areas: free-roam-
ing and ownerless dogs, slaughtered dogs (for meat 
consumption), and dogs killed during emergencies 
(culled in rabies outbreak areas to prevent further 
transmission) (Appendix Table 2). All specimens 
were collected and submitted to the reference lab-
oratory by the regional Centers of Animal Disease 
Prevention and Control.

The brain tissues were examined by the direct flu-
orescent antibody test (FAT) using FITC-conjugated 
anti-rabies monoclonal antibody (Fujirebio Diagnos-
tics Inc., https://www.fujirebio.com) (13). To obtain 
the complete coding sequence of the N gene, rabies-
positive specimens were subjected to RNA extraction 
using TRIzol Reagent (Invitrogen, https://www.
thermofisher.com), followed by reverse transcription 
PCR with the SuperScript III First-Strand Synthesis 
System and the Platinum Taq DNA Polymerase High 
Fidelity kit (Invitrogen) (6).

Gene Sequencing and Phylogenetic Analysis
Amplified N gene sequencing was performed com-
mercially by the Sanger method and submitted to 
GenBank (see Appendix Table 3 for accession num-
bers). Phylogenetic analysis of the complete N gene 
was performed on these sequences and on represen-
tative sequences retrieved from GenBank, covering 
samples collected in China and its neighboring coun-

tries from the 1940s through 2018 (Appendix Table 3). 
The MEGA 7 program package was used to construct 
the phylogenetic trees using the neighbor-joining 
method with 1,000 bootstrap replicates (14). Trees 
were visualized using Figtree version 1.4.2 (http://
tree.bio.ed.ac.uk/software/figtree).

To rank the prevalence of the different RABV 
phylogroups and to analyze their transmission 
trends in China, we retrieved the sequences of all 
RABV strains from China deposited in GenBank. 
After we removed duplicate sequences and those 
without clear time information, we phylogenetically 
classified the remaining sequences, along with those 
obtained during this study, by the procedure de-
scribed previously and chronologically sorted them 
by collection date.

Spatial–Temporal Evolutionary Analysis
To investigate the temporal signal and clock likeness 
of molecular phylogenies based on the N gene data-
set, the linear evolutionary rates of different RABV 
clades were estimated using the Bayesian Markov 
chain Monte Carlo in BEAST version 1.8.2 package 
(15,16). For these analyses, we selected the general 
time reversible model as the substitution model and 
gamma plus invariable sites as the site heterogeneity 
model based on the calculations of Model Genera-
tor (17,18). An uncorrelated log normal relaxed mo-
lecular clock model and the constant size model as a 
coalescent tree prior were also selected for the analy-
ses, which were run for 100 million steps with sam-
pling at every 10,000 states (19). The BEAGLE par-
allel computation library was used to enhance the 
speed of the likelihood calculations (20). Finally, the 
resulting log file was checked using TRACER ver-
sion 1.5 (http://tree.bio.ed.ac.uk/software/tracer) 
to confirm that all effective sample sizes were >200. 
The tree file was obtained using TreeAnnotator ver-
sion 1.8.2 with a burn-in of 10%, and the maximum 
clade credibility tree was visualized by FigTree ver-
sion 1.4.2 (16). Based on the analyses, estimations 
were made of the rates of nucleotide substitution 
and the time to most recent common ancestor (tM-
RCA) for each RABV clade.

To investigate the phylogeographic spread of 
RABVs in China and neighboring countries, we 
used a Bayesian stochastic search variable selection 
(BSSVS) approach to analyze transmission routes of 
RABV subclades, in which we applied a Bayes factor 
to determine the best supported transmission event 
between 2 geographic locations. Bayes factors were 
calculated by SpreaD3 software with a value >3 as 
cutoff (21,22).
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Results

Current Animal Rabies Situation in China
During 2004–2018, animal brain tissues collected from 
185 animals with suspected rabies in 17 provinces were 
submitted to our laboratory; 144 of them (77.8%) were 
confirmed by FAT as rabies virus positive (Appendix 
Table 1). Among the positive species, dogs were the 
main infected animals, accounting for 68.8% of total 
cases (99/144), followed by cattle (12.5%), sheep (9.7%), 
camels (4.2%), foxes (2.1%), pigs (1.4%), raccoon dogs 
(0.7%), and donkeys (0.7%) (Appendix Table 1). Con-
currently, 33 (0.33%) of 10,118 brain tissue samples tak-
en during an active surveillance of apparently healthy 
dogs from 7 provinces across China were found to be 
FAT-positive. Of the 33 positive specimens, 31 were 
from free-roaming and ownerless dogs (including 
stray dogs) and 2 were from dogs killed during an 
emergency (Appendix Table 2). For livestock rabies, 29 
cattle, sheep, and camel cases were reported in Inner 
Mongolia and Xinjiang during 2013–2018, all of which 
were caused by fox bites (Appendix Table 1).

Phylogenetic Analysis and Evolution of Animal  
RABVs in China
A total of 108 complete N genes were amplified from 
177 positive brain tissue samples. Of these, we select-
ed 78, representing different years, animal species, 
outbreaks, and locations, together with 222 reference 
sequences from China, as well as from neighboring 
and other countries, to determine their phylogenetic 
characteristics (Appendix Table 3). Animal RABVs in 
China were clustered within 4 major clades: Asian, 
Cosmopolitan, Arctic-related, and Indian Subcon-
tinent, together with different subclades (Figure 1). 
The Asian clade, the most prevalent one, widely dis-
tributed throughout China and Southeast Asia (SEA) 
countries, shows abundant genetic diversity and is 
transmitted mainly by dogs. This lineage was further 
divided into 5 subclades and different lineages. SEA1, 
2, 3, and 5 subclades circulate mainly in populous ar-
eas within China; however, some lineages and strains 
in SEA1 and 3 were also found circulating in some 
countries in Southeast Asia, whereas SEA4 was re-
stricted to the Philippines (Figure 2). Reported only 
in China, ferret badger RABVs were found to have 
abundant genetic diversity and were segregated into 
different lineages within SEA1, 2, and 5 (Figure 1) 
(23). Within the Cosmopolitan clade, which includes 
some vaccine strains, a steppe-type subclade was fox-
transmitted and distributed along north and north-
west border areas and neighboring Mongolia, Russia, 
and Kazakhstan, forming 2 major lineages (Figure 1). 

Other Cosmopolitan strains were dog-transmitted 
and mainly distributed in populous inland areas 
(Figure 2). Arctic-related RABVs in China segregated 
within the AL2 subclade and formed 2 lineages, one 
in northeastern China and far eastern Russia, Mon-
golia, and South Korea with dogs and raccoon dogs 
as the major hosts, and the other in southwestern 
China with dogs as the major transmission source 
(Figures 1,2). The Indian Subcontinent clade had not 
been identified in China until the first human rabies 
case caused by this clade was identified in 2017 in the 
border area of Tibet close to Nepal (24). That human 
case was caused by the bite of a local stray dog and 
remains the only Indian Subcontinent clade RABV 
confirmed so far in China.

For the chronological sorting of different sub-
clades, we retrieved all 2,486 RABV sequences from 
China deposited in GenBank. After removing re-
peated sequences and those without date informa-
tion, 1,118 eligible sequences remained, representing 
1,118 Chinese strains isolated during 1969–2018 (in-
cluding those in Figure 1). These sequences included 
complete genome (n = 45), full length or partial N 
(n = 819), glycoprotein (G; n = 208), phosphoprotein 
(P; n = 15), matrix protein (M; n = 25) and RNA-de-
pendent RNA polymerase (L; n = 6) genes. Figure 3 
shows the spatial–temporal trends of different RABV 
subclades in China, in which the 55 Chinese RABV 
sequences submitted to GenBank between 1969 (the 
earliest submission) and 2003 (therefore listed chron-
ologically as “before 2004”) segregated within 3 SEA 
and 1 Cosmopolitan subclade. Following initiation 
of official rabies surveillance in 2004, numbers of se-
quences submitted to GenBank sharply increased and 
high numbers of submissions have been maintained 
thereafter. The resulting data showed clearly that 
most rabies outbreaks have been caused by strains of 
the Asian clade (93.3%), with limited involvement of 
strains of the other 3 clades. Within the Asian clade, 
the subclade SEA1 predominated in rabies endemics 
in China (70.1%), followed by SEA2 (16.7%). SEA1 
is the most widely distributed of the subclades and 
continues to spread. The steppe-type subclade first 
emerged in 2011 and has rapidly become predomi-
nant among the livestock RABV strains found along 
border areas in Inner Mongolia and Xinjiang Prov-
ince (Figure 2). AL2 was first detected in 2007 and has 
become a common subclade in recent years (10). The 
Indian Subcontinent clade caused an occasional case 
in 2017. The result showed that steppe-type, AL2, and 
Indian Subcontinent strains are emerging RABVs in 
China. Dog-transmitted Cosmopolitan strains have 
not been detected during the past decade.
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Transmission of Animal Rabies in China and  
Neighboring Countries
Results of the Bayesian skyline model analysis 
showed that the mean rate of nucleotide substitution 
for the tested RABVs was 3.50 × 10-4 substitutions per 
site per year (95% highest posterior density 2.90–4.11 
× 10-4 substitutions per site per year). This finding is 
consistent with the previous analyses of evolutionary 
change performed on dog-related RABV N genes (25). 
Differences in evolutionary rates among the clades 

and subclades were not significant. All representative 
RABVs in China and neighboring countries shared a 
tMRCA, predicted to merge 349–563 years ago (Fig-
ure 4). Further analysis of transmission routes of 
RABV subclades by BEAST revealed the transbound-
ary transmissions of rabies in different border regions 
around China. The significant translocation pathway 
of SEA1 (Bayes factor 76.9) (Appendix Table 4) from 
China to Indonesia was identified in accordance with 
our previous analysis of the G gene (Figure 5) (26). 

Figure 1. Phylogenetic analysis of 300 full rabies virus nucleoprotein sequences showed that RABVs in China could be classified 
into 4 major clades and 8 subclades. Bootstrap values = 1,000. Solid circles indicate sequences from this study; open circles indicate 
representative sequences from China previously published and retrieved from GenBank (Appendix Table 3, https://wwwnc.cdc.gov/EID/
article/26/12/20-0303-App1.pdf). Unlabeled sequences are from surrounding countries; a few are vaccine sequences in the subclade 
of another Cosmopolitan clade. Named branches: dog isolates spilling out from wild animals; bold branches: wild animal isolates as 
indicated. SEA, Southeast Asia.
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Moreover, many SEA3 strains in Myanmar, Thailand, 
Laos, and Vietnam were genetically close to some 
strains circulating in Yunnan and Guangxi, China, 
indicating mutual transmission of SEA3 strains be-
tween China and bordering SEA countries (Bayes fac-
tor 4.3–85.0), as discussed previously (27). The same 
transmission was also found for steppe-type and AL2 
subclades in border regions between China and Ka-
zakhstan, Russia, Mongolia, and South Korea (Bayes 
factor 3.17–229.87). The most noteworthy event was 
the recent cross-border transmission of an Indian 
subcontinent strain from Nepal to the border region 
of Tibet, albeit with a lower Bayes factor (0.9), which 
caused a human rabies death in 2017 (24).

Discussion
There have been studies of the genetic diversity and 
transmission dynamics of RABVs in China, but the 
background information was compiled mainly from 
RABVs collected before 2010 or restricted to several 
provinces or geographic regions (26,28–30). Infor-
mation about the molecular epidemiology of RABV 

within the past 10 years has been lacking, particularly 
within the context of the recently increasing animal 
rabies situation in the north, northwest, northeast, 
and southwest regions of China (6,7,31,32). In addi-
tion, although all the neighboring countries of China 
are rabies endemic, phylogenetic relationships and 
transboundary transmission of RABVs between Chi-
na and these countries have not been systematically 
investigated; however, a 2013 study based on N gene 
sequences of RABV isolates collected before 2010 con-
cluded that national borders effectively halted trans-
boundary rabies transmission from China (33). Our 
study, however, has provided the most comprehen-
sive update of RABV genetic diversity and transmis-
sion dynamics in China and has systematically com-
pared these characteristics with those of neighboring 
countries, using many recent sequences obtained in 
our continuous surveillance during 2004–2018, along 
with many representative sequences from GenBank 
published in the past decade. The results have not 
only revealed the abundant genetic diversity of RAB-
Vs from China with many lineages or strains in most 

Figure 2. Geographic distribution of rabies virus clades and subclades in China and neighboring countries. The sequence information is 
from this study and GenBank(Appendix Table 3, https://wwwnc.cdc.gov/EID/article/26/12/20-0303-App3.pdf). . SEA, Southeast Asia.
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subclades genetically close to those circulating in 
neighboring countries (Figure 1) but also delineated 
the phylogeographic distribution of diverse RABVs 
in China and neighboring countries (Figure 2). The 
results have revealed 2 epidemic modes existing in 
China. The first is the historical dog-mediated rabies 
epidemic in populous inland provinces mainly in the 
center, east, and south, in which subclades within 
the Asian clade, particularly SEA1 followed by SEA 
2, play dominant roles. The second consists mainly 
of outbreaks caused by the emerging subclades AL2, 
steppe-type, and Indian Subcontinent that have 
been closely associated over the past decade with 
cross-border transmission (Figure 5). As determined 
by analysis of data with a Bayes factor >3 using the 
BSSVS approach, fox-transmitted steppe-type viruses 
circulate in north and northwest border areas in Inner 
Mongolia and Xinjiang Province, with transboundary 
transmission between China and Mongolia, Russia, 
and Kazakhstan. Wild foxes have become the main 
rabies transmitter in these areas (Figure 1; Appendix 
Table 1). The raccoon dog–transmitted AL2 subclade 
emerged in the northeast likely through cross-border 
transmission from Mongolia. The Indian Subcon-

tinent subclade, emerging to cause a human death 
in Tibet in 2017, is the most recent transboundary 
transmission event of dog-mediated rabies from a 
neighboring country (24). Our study has also shown 
transboundary transmission of the SEA3 subclade, 
mediated by dogs in the border areas between south-
west China and SEA countries (Figure 5). 

Wild animals remain the major sources of AL2 
and steppe-type subclades and usually transmit the 
viruses causing human and livestock rabies in the 
steppes of Mongolia (34,35). Surprisingly, however, 
the surveillance in our study identified the initial 
spillover of these 2 subclades into dogs within China. 
An AL2 strain (NMXLHT) was isolated from an in-
fected dog in 2013 in Inner Mongolia (Appendix Table 
1) and grouped together with the first 2 AL2 strains 
(NeiMeng 927 and 925) isolated from rabid raccoon 
dogs in 2007 in Inner Mongolia (Figure 1) (10). Their 
collection sites were ≈200 km apart. Two steppe-
type isolates (NMXYQD14 and XJHMD17) were also 
identified from dogs: the first in Inner Mongolia in 
2014 and the second in 2017 in Xinjiang (Appendix 
Table 1). These dogs had exhibited strange behavior 
and had bitten some humans or other dogs. In 2018, 

Figure 3. Spatial–temporal dynamics of RABVs in China. Phylogenetic analysis of 1,118 sequences representing 1,118 rabies cases 
or virus strains, including those obtained in this study using different gene fragments, followed by chronological summation of each 
subclade. A–C) Distribution of identified subclades during 3 time periods: A) before 2004; B) 2004–2008; C) 2009–2018. D) Quantitative 
trends of 8 Chinese RABV subclades during 2004–2018. Exact numbers within each subclade are given below the circles. SEA, 
Southeast Asia.
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another 3 dog steppe-type isolates (NMHLBED18, 
XJYLD181, and XJYLD182) were detected, 1 from a 
dog suspected of having rabies in Inner Mongolia 
(Appendix Table 1) and 2 from apparently healthy 
dogs in Xinjiang Province (Appendix Table 2). All 5 
of these dog isolates had a very close phylogenetic re-
lationship with 3 fox isolates (NMFOX01, NMFOX15, 
and XJTKSFOX14) (Figure 1). A case of fox-mediated 
human rabies was diagnosed by reverse transcription 
PCR in Xinjiang Province in 2016, although the caus-
ative virus was not sequenced (9). These results not 

only demonstrated the spillover of wildlife RABVs 
into dogs in the past decade but also indicated that 
the risk of the spillover is increasing and threatening 
public health in northern China.

Rabies is still neglected in China, and efforts to 
increase awareness and strengthen control measures 
at the animal sources are still insufficient. As a con-
sequence, the number of animal rabies cases officially 
reported during 2004–2018 (no data are available from 
before 2004) was only 893 (5), a much lower figure 
than the 25,424 human cases reported in China over 

Figure 4. Nucleoprotein gene–
based maximum clade credibility 
tree of rabies viruses. The 
estimated time to most recent 
common ancestor of these 
clades and their 95% highest 
posterior density values are 
indicated. The same sequences 
as in Figure 1 were used, except 
for those of 5 vaccine strains 
listed at end of Appendix Table 
3 (https://wwwnc.cdc.gov/EID/
article/26/12/20-0303-App1.
pdf). Black solid squares indicate 
strains from China. SEA, 
Southeast Asia.
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the same period (3). Of the reported animal rabies cas-
es, only a small proportion was submitted for labora-
tory diagnosis, and the 185 rabies-suspected animals 
tested in our study account for most of these. This low 
figure notwithstanding, 15 years of continuous sur-
veillance have been adequate to reveal the spread of 
animal rabies (Figure 3) and have highlighted that dog 
rabies is still widely distributed, accounting for 74.6% 
(132/177) of total infected animals (Appendix Tables 
1, 2). Phylogenetic analyses (Figure 1) have clearly 
shown that all livestock RABV isolates grouped to-
gether with either dog or fox isolates, indicating that 
dogs and foxes are major transmission sources. These 
analyses have also shown that some RABV isolates 
were ferret badger specific, circulating solely in fer-
ret badgers and forming independent lineage (within 
SEA 2) or even a sublcade (such as SEA 5 in Taiwan). 
Moreover, the ongoing surveillance has also revealed 
the spillover of fox- and raccoon dog–transmitted 
RABVs into dogs, which emphasizes the importance 
of sequence-based analysis in tracking the sources of 

animal rabies cases, for which investigation into the 
retrospective biting history is impossible. In addition, 
our study has delineated the current status of wildlife 
rabies in China, emphasizing the roles of the relevant 
wild reservoir hosts in the current increase of rabies 
transmission. Altogether, our work has shown that 
sustained surveillance of animal rabies, combined 
with sequence-based analysis of collected RABVs, is a 
robust strategy to track the transmission source.

In conclusion, although animal rabies is largely 
underreported in China, our continuous surveil-
lance has been able to document the current status 
and transmission trends of animal rabies within the 
country, showing that these consist of a combination 
of historical dog-mediated rabies in populous inland 
areas and the emergence of wildlife-mediated rabies 
during the past decade in border areas. We have also 
completely updated the phylogenetic and phylogeo-
graphic characteristics of RABVs in China, with par-
ticular attention to the prevalence and transboundary 
transmission of emerging RABV subclades.

Figure 5. Proposed transboundary transmission of rabies viruses between China and neighboring countries determined by the Bayesian 
stochastic search variable selection approach. Unbroken lines: transmission events with a Bayes factor >3; broken line: transmission 
event with a Bayes factor <3. SEA, Southeast Asia.
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Since 2002, three novel coronaviruses have emerged 
into human populations, causing severe respi-

ratory disease: severe acute respiratory syndrome 
coronavirus (SARS-CoV) during 2002–2004; Middle 
East respiratory syndrome coronavirus (MERS-CoV), 
starting in 2012; and most recently, severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2), 
starting in 2019 (1,2). All 3 of these highly pathogenic 
coronaviruses can cause lethal respiratory disease 
characterized by acute atypical pneumonia. Subclini-
cal or asymptomatic infection has been reported for 
both MERS-CoV and SARS-CoV-2, but the actual 
number of asymptomatic infections and the patho-
genesis of mild cases are not well understood (3,4). 
Onset of clinical disease from highly pathogenic 
coronaviruses typically follows an incubation period 

of 2–14 days, beginning as mild and nonspecific  
influenza-like illness including fever, fatigue, rhi-
norrhea, or dry cough. Many patients progress to 
symptoms of dyspnea and atypical pneumonia, often 
requiring hospitalization or supportive medical inter-
vention, including ventilation.

Coronaviridae is a family of positive-sense, single-
stranded RNA genome enveloped viruses that in-
cludes the genera alphacoronavirus, betacoronavirus, 
gammacoronavirus, and deltacoronavirus. Highly 
pathogenic coronaviruses, including SARS-CoV, 
MERS-CoV, and SARS-CoV-2 (all betacoronaviruses), 
likely emerged from bats, which are a diverse reser-
voir of alphacoronaviruses and betacoronaviruses 
(5–8). Cross-species transmission of MERS-CoV or 
similar zoonotic precursor viruses from bats to camels 
established an intermediate reservoir of MERS-CoV in 
dromedary camels (9). MERS-CoV replicates in the up-
per respiratory tract of camels, but camels demonstrate 
only mild disease signs, and a high percentage of cam-
els are seropositive for MERS-CoV antibodies (10,11).

The MERS-CoV enzootic cycle within dromedary 
camels likely facilitates continued emergence in hu-
mans, where animal workers and healthcare workers 
are at risk for occupational exposure to MERS-CoV 
transmission (12,13). Sporadic MERS cases on the 
Arabian Peninsula continue to seed outbreaks pri-
marily in Saudi Arabia with the potential for export-
ed MERS cases by travelers to other regions. A major 
outbreak of MERS occurred in 2015 in South Korea, 
where a single case in a traveler returning from Saudi 
Arabia resulted in 186 cases and an additional ≈16,000 
contacts were traced to prevent viral spread (13). Out-
breaks of MERS since 2012 have resulted in a total 
of >2,500 cases of MERS, whereas 8,096 cases were  
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Emerging coronaviruses are a global public health threat 
because of the potential for person-to-person transmission 
and high mortality rates. Middle East respiratory syndrome 
coronavirus (MERS-CoV) emerged in 2012, causing lethal 
respiratory disease in ≈35% of cases. Primate models of 
coronavirus disease are needed to support development of 
therapeutics, but few models exist that recapitulate severe 
disease. For initial development of a MERS-CoV primate 
model, 12 African green monkeys were exposed to 103, 
104, or 105 PFU target doses of aerosolized MERS-CoV. 
We observed a dose-dependent increase of respiratory 
disease signs, although all 12 monkeys survived for the 
28-day duration of the study. This study describes dose-
dependent effects of MERS-CoV infection of primates and 
uses a route of infection with potential relevance to MERS-
CoV transmission. Aerosol exposure of African green mon-
keys might provide a platform approach for the develop-
ment of primate models of novel coronavirus diseases.
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identified in the SARS epidemic, and >6 million cases 
of coronavirus disease (COVID-19) have been con-
firmed globally as of June 1, 2020 (14–16). Transmis-
sion of highly pathogenic coronaviruses is likely com-
plex and thus difficult to characterize. MERS-CoV 
infection in humans is thought to result from direct 
and indirect exposure to infected camels, consump-
tion of contaminated camel products, or close contact 
with infected MERS patients. Respiratory droplets 
likely facilitate transmission of highly pathogenic 
coronaviruses, including MERS-CoV (17). However, 
unlike with SARS-CoV and SARS-CoV-2, MERS-CoV 
person-to-person transmission is somewhat lim-
ited and not often observed outside of households 
or healthcare settings. Within healthcare settings, 
aerosol-generating procedures are associated with in-
creased risk for transmission of coronaviruses from 
infected patients to healthcare workers (18,19).

No proven antiviral therapies or vaccines exist 
for highly pathogenic coronaviruses. Current treat-
ment regimens for MERS include supportive care and 
administration of general antiviral drugs. However, 
most medical countermeasures for MERS lack con-
clusive anti-coronavirus activity supported by robust 
in vitro and in vivo models of MERS-CoV infection. 
Nonhuman primate (NHP) models of SARS-CoV 
were initially pursued but were never characterized 
to the extent necessary to support therapeutic evalu-
ation (20–23). In particular, platform approaches to 
developing animal models of highly pathogenic coro-
navirus infection have considerable value in that they 
could be rapidly applied to novel emerging viruses 
where medical countermeasures are needed.

Prior development of NHP models of MERS-CoV 
has been reported in the common marmoset (Cal-
lithrix jacchus) model and rhesus macaque (Macaca 
mulatta) model. Rhesus macaques experienced only 
mild, transient respiratory symptoms when infected 
with 106–108 PFU of MERS-CoV by either intratra-
cheal route (IT) or multiple route (MR) (IT, intrana-
sal [IN], oral, and ocular routes concurrently) (24,25). 
Common marmosets had onset of more severe MERS 
disease signs in other NHP experiments using similar 
doses and routes of exposure, but discrepancies have 
been reported in the marmoset model dependent on 
route of exposure (26–28). In rhesus macaque and 
marmoset models of MERS-CoV infection, endpoints 
for therapeutic testing are not well defined. A lack of 
robust primate models that replicate severe MERS dis-
ease observed in humans is a major obstacle to evalu-
ation of medical countermeasure against MERS-CoV 
infection. Therefore, in this study we exposed African 
green monkeys (AGMs) to aerosolized MERS-CoV 

to determine whether an AGM model recapitulates  
severe MERS disease signs to establish a platform that 
is useful for medical countermeasure development.

Methods

Animals
Animal research was conducted at the United States 
Army Medical Research Institute of Infectious Dis-
eases (USAMRIID). Twelve wild-caught adult AGMs 
(Chlorocebus aethiops) of Caribbean origin (estimated 
ages 7–12 years old, weighing 3.9–7.8 kg) were in-
cluded on this study. Animals were acclimated in Bio-
safety Level 3 (BSL-3) containment laboratory animal 
rooms for 7 days before virus exposure and housed 
individually.

Ethics Statement
These experiments and procedures were reviewed 
and approved by the USAMRIID Institutional Animal 
Care and Use Committee. All research was conducted 
in compliance with the US Department of Agriculture 
Animal Welfare Act and Public Health Service policy 
and other federal statutes and regulations relating to 
animals and experiments involving animals, and ad-
heres to the principles stated in the Guide for the Care 
and Use of Laboratory Animals, National Research 
Council, 2011. The facility is fully accredited by the 
Association for Assessment and Accreditation of Lab-
oratory Animal Care, International. The animals were 
provided food and water ad libitum and checked at 
least daily according to the protocol. All efforts were 
made to minimize painful procedures; the attending 
veterinarian was consulted regarding painful proce-
dures, and animals were anesthetized before phle-
botomy and virus exposure. Animals were humanely 
euthanized at the end of study under deep anesthe-
sia in accordance with current American Veterinary 
Medical Association Guidelines on Euthanasia and 
USAMRIID standard operating procedures.

Virus and Cells
The virus (MERS-CoV EMC/2012, NR-44260) was ob-
tained through the BEI Resources Repository (https://
www.niaid.nih.gov/research/bei-resources-reposito-
ry) at the National Institutes of Health’s National In-
stitute of Allergy and Infectious Diseases. Virus was 
sequence verified with 100% identity to MERS-CoV 
EMC/2012 (GenBank accession no. JX869059). MERS-
CoV was amplified on Vero E6 cells. Supernatants from 
infected cells were collected and clarified by centrifu-
gation. Plaque assay in Vero (CCL-81) cells was used 
to titrate the amount of virus in samples, as previously 
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described (29). Neutral red was used to visualize 
plaques at 2–3 days after inoculation. We used 50% 
plaque-reduction neutralization titer assays (PRNT50) 
to titrate neutralizing response in AGM serum, as de-
scribed previously (30). Plates were visualized with 
crystal violet to plaques at 3 days after inoculation.

Aerosol Exposures
Each AGM was anesthetized by intramuscular injec-
tion of ketamine (8–12 mg/kg) and challenged by aero-
sol, as previously described (31). In brief, the respira-
tory function of each of the AGMs was measured by 
using the Buxco Large Animal Whole Body Plethys-
mography (Data Sciences International [DSI], https://
www.datasci.com) before aerosol challenge. Aerosol 
procedures were conducted by using a 16-liter, airtight 
Lexan chamber assembled in a head-only configura-
tion for individual AGM exposures in a class III bio-
logic safety cabinet located inside a BSL-3 suite. The 
aerosol spray was generated using a Collison Nebuliz-
er (CH Technologies, https://chtechusa.com) to pro-
duce a highly respirable aerosol (flow rate 7.5 + 0.1 L/
minute). The system generates a target aerosol of 1–3 
µm mass median aerodynamic diameter determined 
by aerodynamic particle sizer. Samples of the aerosol 
collected from the exposure chamber using an all-glass 
impinger during each exposure were assessed using a 
plaque assay. The exposure dose for each animal was 
calculated from the minute volume determined with 
a plexiglass whole body plethysmograph box using 
Buxco FinePointe software. The total volume of aerosol 
inhaled was determined by the exposure time required 
to deliver the estimated inhaled dose (31).

Animal Observation and Endpoint Criteria
AGMs were observed at least twice a day after aero-
sol exposure and scored for clinical signs of disease 

before (and while under) anesthesia. Any observable 
disease signs, including dehydration, lymphade-
nopathy, and respiratory signs, were recorded dur-
ing physical examinations. Other observations such 
as biscuit and fruit consumption, condition of stool, 
and urine output were also documented, if possible. 
The early endpoint criteria for humane euthanasia 
were a >4 responsiveness score, or a >4°C decrease 
from baseline body temperature without anesthesia, 
or agonal breathing (https://wwwnc.cdc.gov/EID/
article/26/12/20-1664-App1.pdf).

Telemetry
AGMs were implanted subcutaneously with a radio-
telemetry device (DSI) >14 days before aerosol ex-
posure. Body temperatures were recorded every 15 
minutes using the DataQuest A.R.T. 4.1 system (DSI). 
Fever was predefined as 2 SDs above individual base-
line temperature as determined by autoregressive 
integrated moving average modeling. Baselines for 
each animal were calculated by averaging the record-
ed 15-minute temperature intervals for 3 days before 
challenge.

Sample Collection
Blood samples and throat swab specimens were col-
lected at indicated days after aerosol exposure to 
MERS-CoV (Figure 1). Puritan 6-inch 25–800–1PD 
sterile swabs (https://www.puritanmedproducts.
com) were used for collection and were placed in 
1-mL virus growth medium and frozen until fur-
ther processing. Blood samples were collected from 
the femoral vein of AGMs anesthetized with 3 mg/
kg intramuscular ketamine. Samples collected 7 
days before exposure served as a reference base-
line for each animal. Blood chemistry values were 
analyzed with VITROS 250 chemistry analyzers  
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Figure 1. Study schedule for 
small particle aerosol infection of 
African green monkeys (AGMs) 
with MERS-CoV. Three groups 
of AGMs (4 in each group) were 
exposed to 3 different target doses 
of MERS-CoV EMC/2012 strain 
by small particle aerosol exposure. 
AGMs were observed at indicated 
days postinfection (shown by 
squares) for metrics that would 
indicate recapitulation of MERS-
CoV infection in humans. MERS-
CoV, Middle East respiratory 
syndrome coronavirus.
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(Ortho Clinical Diagnostics, https://www.orthoclini-
cal diagnostics.com).

Necropsy and Histology
At the conclusion of this study (day 28 postinfection), 
each AGM was euthanized with an overdose of pen-
tobarbitol and then submitted for necropsy. The nec-
ropsies were performed under BSL-3 biocontainment 
by a pathologist certified by the American College of 
Veterinary Pathologists. The samples for histology 
were fixed by immersion in containers containing 
10% neutral-buffered formalin. These containers were 
held for >30 days under BSL-3 biocontainment before 
being transferred to the USAMRIID histology labora-
tory. The formalin-fixed tissues were then trimmed, 
processed, and embedded in paraffin according to 
standard operating procedures. The paraffin-embed-
ded tissues were cut into sections 5 µ thick, which 
were placed onto glass microscope slides, stained 
with hematoxylin and eosin, and coverslipped before 
histologic evaluation by the study pathologist.

Results

Clinical Disease Signs Observed in AGMs  
Exposed to Aerosolized MERS-CoV
To enable comparison of aerosol exposure to previ-
ously published NHP model development stud-
ies, AGMs were exposed to aerosolized MERS-CoV 
strain EMC/2012, which is the same strain used pre-
viously by other research groups (24,26,27). The ex-
pected range of doses was 103–105 PFU. The actual 
range of the infection was 102.88–104.57 PFU (Table 1). 
All of the AGMs survived the MERS-CoV exposure 
and subsequent manipulations to the conclusion of 
the study at 28 days postinfection (Figure 2). Of note, 
the highest dose group of AGMs exposed to aerosol-
ized MERS-CoV in this study were estimated to have 

received considerably lower doses than in prior pub-
lished NHP models using MR (5–7 × 106 50% tissue 
culture infectious dose) or IT only (5 × 106 – 5 × 107 
PFU) routes of infection (24–27).

To determine whether exposure of AGMs to 
aerosolized MERS-CoV results in observable disease 
signs that recapitulate MERS disease observed in 
human cases, physical observations of AGMs were 
performed, including calculation of respiratory rates 
(Figure 2, panels A, B) and clinical scores (Figure 2, 
panels B–D). Clinical scores included observation of 
disease signs, including responsiveness, lymphade-
nopathy, dehydration signs, and respiratory signs 
by physical examination. Clinical disease signs that 
recapitulated human cases of MERS were observed 
in all groups but were most pronounced in the group 
that received the highest dose of MERS-CoV (Fig-
ure 1, panels C, D). All groups had increased clini-
cal scores over the course of infection compared with 
pre-infection clinical scoring. No statistically signifi-
cant changes in weight of AGMs were observed over 
the course of the study or between groups (data not 
shown). The 105 PFU group had significantly higher 
respiratory rates than the 103 PFU group, beginning at 
3 days postinfection (dpi) and continuing through 10 
dpi (Figure 2, panels A and B). Respiratory rates were 
not significantly different between the 104 PFU dose 
group and 103 PFU dose group. Significantly higher 
clinical scores were observed in the 105 PFU group of 
AGMs than the 104 PFU or 103 PFU group (Figure 2, 
panel D). Onset of respiratory disease signs occurred 
at 6 dpi and persisted in some animals through 16 
dpi. All of the AGMs in the 105 PFU group displayed 
observable respiratory disease signs, including chest 
congestion, rales, or wheezing. Baseline temperatures 
were measured over a 24-hour period before infection 
with aerosolized MERS-CoV. Individual AGMs in 104 
and 105 PFU dose group (2 of 4 AGMS in each group) 
had elevated temperature after exposure to MERS-
CoV aerosols during 1–3 dpi but were not febrile (Ap-
pendix Figure 1).

Viral Replication and Tissue Damage Resulting from 
MERS-CoV Infection of AGMs
To determine whether respiratory disease signs ob-
served in AGMs were the result of robust MERS-CoV 
viral replication, viral loads were titrated from throat 
swab specimens and serum samples. Virus was de-
tected by plaque assay in throat swab specimens col-
lected 6 dpi from all AGMs after exposure to aerosol-
ized MERS-CoV. Significantly higher viral titers were 
observed in the throat swab specimens collected from 
the highest dose group (105 PFU) of AGMs than the 
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Table 1. Inhaled doses of African green monkeys exposed to 
MERS-CoV* 

Animal ID Sex 
Target dose, 

10x PFU 
Actual 

dose, PFU 
Actual dose, 

10x PFU 
1 F 3 7.60 × 102 2.88 
2 M 3 1.17 × 103 3.07 
3 M 3 8.70 × 102 2.94 
4 F 3 1.11 × 103 3.04 
5 F 4 6.31 × 103 3.80 
6 M 4 7.79 × 103 3.89 
7 M 4 7.25 × 103 3.86 
8 F 4 4.65 × 103 3.67 
9 F 5 2.78 × 104 4.44 
10 M 5 3.75 × 104 4.57 
11 M 5 2.83 × 104 4.45 
12 F 5 2.27 × 104 4.36 
*MERS-CoV, Middle East respiratory syndrome coronavirus. 
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lower 2 dose groups during 6–12 dpi (Figure 3, panel 
A). Onset of respiratory symptoms recorded during 
physical evaluations of AGMs was concurrent with 
detection of virus in throat swab specimens. Signifi-
cantly higher viral titers in the serum were observed 
in the 105 PFU group and 104 PFU group compared 
with the 103 PFU group in the serum at 6 dpi (Figure 
3, panel B). At the conclusion of the study, all of the 
AGMs had measurable neutralizing antibody titers 
in the serum, although no statistically significant dif-
ference was observed in neutralizing titers between 
the dose groups (Figure 3, panel C). Elevated blood 
enzyme chemistry values were observed in AGMs 
infected with the highest dose of MERS-CoV (Appen-
dix Figure 2). No statistically significant differences 
were observed in blood urea nitrogen or creatinine 
levels (Appendix Figure 2, panel A–D). Significantly 
elevated levels of enzymes indicative of liver damage, 
aspartate aminotransferase and gamma-glutamyl 

transferase, were observed in the 105 PFU group at 8 
dpi and 10 dpi (Appendix Figure 2, panels E–H).

Although the AGMs survived the infection, all 
of the AGMs exposed to aerosolized MERS-CoV 
showed mild or minimal lung lesions at 28 dpi (Table 
2; Figure 4). At the point in the disease course when 
lung samples were collected, all of the AGMs were re-
covering from the infection, although some were still 
experiencing very mild disease signs correlated by 
the clinical disease score (Figure 2, panel C). The most 
common histopathologic observation was multifocal 
interstitial pneumonia, which was likely attributable 
to the MERS-CoV aerosol exposure. The location, se-
verity, and type of lung lesion observed appeared to 
be independent of the dose of aerosolized MERS-CoV. 
Another common finding was lymphoid hyperplasia 
in the mediastinal lymph nodes, the tracheobronchial 
lymph nodes, or both, which can be attributed to an-
tigenic stimulation caused by the viral infection (data 
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Figure 2. Clinical disease signs in African green monkeys after infection with small particle aerosol MERS-CoV. A, B) Respiratory rates 
were observed twice daily for all groups and recorded. Statistically significant differences on the graph reflects analysis comparing 
respiratory rates between the 103 and 105 PFU dose groups. C, D) Clinical scores incorporated signs of MERS-CoV infection, based 
in part on observations of responsiveness, respiratory function (other than respiratory rate), lymphadenopathy, and dehydration. 
Differences between respiratory rate and clinical score groups were determined by using 1-way analysis of variance (Tukey’s multiple 
comparison test; *p<0.05, **p<0.01, ***p<0.001). MERS-CoV, Middle East respiratory syndrome coronavirus.
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not shown). These observations were not clinically 
significant and, because these lymph nodes receive 
lymphatic drainage from the lungs, this finding was 
not unexpected after an aerosol exposure to a virus. 
Tissues from other major organs were surveyed for 
pathologic disease signs, but no other findings were 
consistent with MERS disease (data not shown).

Discussion
Currently, the world is experiencing a pandemic of 
a novel coronavirus (SARS-CoV-2). More COVID-19 
cases have occurred in the first month since identifi-
cation than all of the previous SARS-CoV and MERS-
CoV epidemics combined. Novel coronaviruses from 
the Betacoronavirus genus have emerged into the hu-
man population 3 separate times in <20 years: SARS-
CoV (2002), MERS-CoV (2012), and SARS-CoV-2 
(2019). In each instance, the novel coronavirus most 

likely emerged from viruses originally circulating in 
bats (5,7,8). During the emergence of SARS-CoV and 
MERS-CoV, spillover into human populations was 
driven by an intermediate animal reservoir in clos-
er proximity to humans (civets or raccoon dogs for 
SARS-CoV and dromedary camels for MERS-CoV) 
(9,31). Whether SARS-CoV-2 emergence resulted di-
rectly through transmission from bats to humans or 
through another intermediate animal host remains 
unknown. Human disease from emergent corona-
viruses manifested as a respiratory syndrome with 
the hallmarks of atypical pneumonia, progressing to 
more severe lung dysfunction accompanied by vary-
ing degrees of illness (asymptomatic illness to long-
term lung dysfunction) and even death (≈10% mortal-
ity rate from SARS, ≈35% from MERS, and yet to be 
determined from COVID-19) (32). Forewarned by the 
knowledge that coronaviruses circulating in animals 
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Figure 3. Detection of MERS-CoV viral loads in throat swabs and serum from African green monkeys (AGMs). A, B) Infectious 
MERS-CoV was titrated on Vero cells from throat swab samples (A) and serum samples (B) collected at indicated days after MERS-
CoV aerosol exposure of AGMs. C) PRNT50 titers were assessed for AGM serum samples collected at 28 days postinfection. Plaque 
assays and PRNT50 assays were completed for each sample in triplicate. Differences between groups were evaluated by using 1-way 
analysis of variance (Tukey’s multiple comparison test; *p<0.05, **p<0.01, ***p<0.001). MERS-CoV, Middle East respiratory syndrome 
coronavirus; ND, not detected; NS, not significant; PRNT50, 50% reduction plaque reduction neutralization test.

 
Table 2. Summary of histological findings from African green monkeys exposed to MERS-CoV* 

Animal ID Sex 
Target dose, 

10x PFU Type of lung lesion 
Location and severity of lung lesion 

Left superior Right superior Left inferior Right inferior 
1 F 3 Multifocal interstitial pneumonia Minimal Minimal Minimal Minimal 
2 M 3 Multifocal interstitial pneumonia Minimal Minimal NLP NLP 
3 M 3 Multifocal broncho-interstitial pneumonia Mild Mild Minimal Minimal 
4 F 3 Multifocal interstitial pneumonia Minimal Minimal Minimal Minimal 
5 F 4 Multifocal broncho-interstitial pneumonia Minimal Minimal NLP NLP 
6 M 4 Multifocal foreign-body bronchiolitis NLP NLP Mild Mild 
7 M 4 Multifocal broncho-interstitial pneumonia Minimal Minimal NLP NLP 
8 F 4 Multifocal interstitial pneumonia Minimal Minimal Mild Mild 
9 F 5 Multifocal interstitial pneumonia NLP NLP Minimal Minimal 
10 M 5 Multifocal interstitial pneumonia Mild Mild Minimal Minimal 
11 M 5 Multifocal interstitial pneumonia Minimal Minimal Minimal Minimal 
12 F 5 Multifocal interstitial fibrosis NLP NLP Minimal NLP 
*MERS-CoV, Middle East respiratory syndrome coronavirus; NLP, no lesion present. 
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can cause severe disease in humans, developing plat-
form approaches for the generation of animal mod-
els is needed to allow evaluation of medical counter-
measures against coronaviruses. The development of 
well-characterized NHP models of coronavirus in-
fection could provide a complementary approach to 
small animal models of pathogenesis, transmission, 
and countermeasure development.

In this study, we initiated development of an 
AGM model of highly pathogenic coronavirus infec-
tion by aerosol as a first step to establishing a platform 
for medical countermeasure testing against highly 
pathogenic coronaviruses. A prior study in NHP 
models of SARS-CoV delivered by combined IN/IT 
route compared disease signs in multiple NHP spe-
cies (e.g., rhesus macaques, cynomolgus macaques 
[Macaca fascicularis], and AGMs) (21). Although none 
of the NHPs had onset of severe disease signs from 
SARS-CoV infection, AGMs had higher titers of vi-
rus recovered from nasal swabs and throat lavage 
than rhesus or cynomolgus macaques, particularly at 
later times postinfection (4–10 dpi). Building on this 
observation, we evaluated 3 different target doses 
of MERS-CoV delivered by aerosol to determine if 
AGMs have a dose-dependent disease response to 
MERS-CoV infection. Although we did not observe 
lethal or severe MERS disease signs, all of the AGMs 
in the highest dose group had clinical disease signs 
and elevated respiratory rates.

Previous studies of MERS-CoV in NHPs focused 
on infection of either rhesus macaques or marmosets. 
The approaches of different research groups typically 
used very high titer inoculum delivered by either MR 
or IT-only routes of infection. Rhesus macaques were 
observed to have only very mild disease signs (if any) 
after MERS-CoV infection by either MR or IT route 
(24,25). A study of a small particle aerosol exposure 
of rhesus macaques to MERS-CoV yielded subclini-

cal infection with no disease signs (33). Viral replica-
tion of MERS-CoV in rhesus macaques is limited and 
difficult to detect, indicating limitations for the use 
of this model for evaluation of medical countermea-
sures to MERS-CoV infection. Marmosets infected 
with MERS-CoV were observed to have more severe 
disease signs by MR but not the IT route (24–27). Mar-
mosets infected by MR had high viral loads in serum 
and throat swab specimens (26), as was observed in 
this study with AGMs infected by the aerosol route. 
Although the marmoset model of MERS-CoV infec-
tion by MR yields severe respiratory disease, mar-
mosets are a smaller NHP species that might present 
challenges for researchers evaluating medical coun-
termeasures because of sampling limitations. NHP 
model development in rhesus and marmoset models 
used a higher titer inoculum of MERS-CoV than was 
used in this study of aerosol exposure of AGMs to 
MERS-CoV and did not compare dose-response. The 
response of animal models to differing doses of coro-
navirus infection might play an important role in the 
evaluation of viral pathogenesis of subclinical disease 
compared with more severe disease.

Additional refinements to our AGM model of 
MERS-CoV infection are needed for medical coun-
termeasure testing and evaluation. Although the 
AGMs had observable disease signs, including el-
evated respiratory rates and other respiratory dis-
ease signs, our model did not recapitulate severe 
disease or lethality as observed in MERS patients. 
However, we are encouraged by the dose depen-
dence of the clinical disease signs and response to 
MERS-CoV infection that we observed, which indi-
cates the potential for increased severity of disease 
in future iterations of this study using higher titers 
aerosol exposure. In addition, other NHP studies 
of MERS-CoV model development used early end-
point euthanasia to explore pathologic outcomes at 
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Figure 4. Interstitial pneumonia observed in lung samples from African green monkeys. Hemolysin and eosin–stained lung sample sections 
were collected from African green monkeys exposed to aerosolized Middle East respiratory syndrome coronavirus at 28 days postinfection. 
Images shown reflect a sample of lung disease observed in the 103 PFU dose group (A) (original magnification × 20), 104 PFU dose 
group (B) (original magnification × 20), and 105 PFU dose group (C) (original magnification × 10). Samples were evaluated by a trained 
pathologist and scored for lesions associated with severe respiratory disease.
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acute times during viral infection that we would 
like to compare in future studies. The presence of 
pneumonia in all of the AGMs at the end of the 
study indicates that it is likely that pathologic find-
ings related to MERS disease might be present dur-
ing the acute phase of infection when respiratory 
disease signs are observed. In addition, the pres-
ence of histologic lesions even after AGMs had 
mostly recovered from MERS-CoV infection might 
be of use as a model of long-term lung dysfunction 
observed in MERS and SARS survivors.

In conclusion, animal models of viral infection 
must couple methods with desired outcomes; routes 
and doses of infection must be sufficiently reproduc-
ible, but they must also target the viral inoculum to the 
appropriate tissues to model respiratory disease. Re-
cent efforts to develop an NHP model of SARS-CoV-2 
infection for evaluation of vaccines and other medical 
countermeasures have focused on infection of rhesus 
macaques or cynomolgus macaques by IN/IT routes 
or MR with varying respiratory disease signs (34–36). 
Animal model development, particularly where it 
applies to generating a model that is appropriate for 
medical countermeasure evaluation has been under-
studied in coronavirus research. We anticipate that the 
approach we have defined in this study can provide 
a starting point for additional model development in 
AGMs or other NHPs using the aerosol route of infec-
tion for MERS-CoV, SARS-CoV, SARS-CoV-2, or other 
novel highly pathogenic coronaviruses.
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As of late September 2020, >30.6 million confirmed 
cases of coronavirus disease (COVID-19) were 

reported worldwide, involving all global regions 
and resulting in >950,000 deaths (1). Although most 
cases are clinically mild or asymptomatic, early re-
ports from China estimated that 20% of all COVID-19  
patients progressed to severe disease and required 

hospitalization, 5%–16% of whom required manage-
ment in an intensive care unit (ICU) (2). Pulmonary 
disease leading to respiratory failure has been the ma-
jor cause of death in severe cases (3).

The ability of health systems around the world 
to cope with increasing case numbers is of major 
concern. All levels of the system will be challenged, 
from primary care, prehospital and emergency de-
partment (ED) services to inpatient units and ulti-
mately ICUs. Stresses on clinical care provision will 
result in increased illness and death (4). Such tragic 
consequences already have been observed, even in 
high-income countries that provide the whole popu-
lation with access to quality medical care. Greater 
effects can be expected in low- and middle-income 
countries where access to high-level care is extreme-
ly limited. Availability of ICU beds and ventilators 
has proven critical for the adequate management of 
severe cases, with overwhelming demand initiat-
ing complex ethical discussions about rationing of 
scarce resources (5).

To prepare for this challenge, Australia has 
drawn on approaches developed over many years 
to prepare for influenza pandemics (6), and rapidly 
produced a national COVID-19 pandemic plan (7). 
The plan reoriented relevant influenza pandemic re-
sponse strategies toward this new pathogen, build-
ing on emerging understanding of its anticipated 
transmissibility and severity, which are the deter-
minants of clinical impact (8). Early imposition of 
stringent border measures, high levels of testing, ac-
tive case-finding, and quarantine of contacts all have 
bought time to reinforce public health and clinical 
capacity. However, an influx of cases among travel-
ers returning from countries with rapidly growing 
epidemics have been associated with community 
transmission in several states in Australia. By April 
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The ability of health systems to cope with coronavirus dis-
ease (COVID-19) cases is of major concern. In prepara-
tion, we used clinical pathway models to estimate health-
care requirements for COVID-19 patients in the context of 
broader public health measures in Australia. An age- and 
risk-stratified transmission model of COVID-19 demon-
strated that an unmitigated epidemic would dramatically 
exceed the capacity of the health system of Australia over 
a prolonged period. Case isolation and contact quaran-
tine alone are insufficient to constrain healthcare needs 
within feasible levels of expansion of health sector capac-
ity. Overlaid social restrictions must be applied over the 
course of the epidemic to ensure systems do not become 
overwhelmed and essential health sector functions, in-
cluding care of COVID-19 patients, can be maintained. 
Attention to the full pathway of clinical care is needed, 
along with ongoing strengthening of capacity.
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14, 2020, a total of 6,366 cases and 61 deaths had been 
reported in the country (9).

We report on the use of a clinical care pathways 
model that represents the national capacity of the 
health system of Australia. This framework initially 
was developed for influenza pandemic preparedness 
(10) and has been modified to estimate healthcare re-
quirements for COVID-19 patients and inform need-
ed service expansion. The ability of different sectors 
to meet anticipated demand was assessed by model-
ing plausible COVID-19 epidemic scenarios, overlaid 
on available capacity and models of patient flow and 
care delivery. An unmitigated outbreak is anticipated 
to completely overwhelm the healthcare system in 
Australia. Given realistic limits on capacity expan-
sion, these models have made the case for ongoing 
case-targeted measures, combined with broader so-
cial restrictions, to reduce transmission and flatten 
the curve of the local epidemic to preserve health sec-
tor continuity.

Methods

Disease Transmission Model
We developed an age- and risk-stratified transmis-
sion model of COVID-19 infection based on a sus-
ceptible-exposed-infected-recovered (SEIR) para-
digm (Appendix, https://wwwnc.cdc.gov/EID/
article/26/12/20-2530-App1.pdf). Transmission pa-
rameters were based on information synthesis from 
multiple sources, with an assumed basic reproduction 
number (R0) of 2.53 and a doubling time of 6.4 days 
(Table 1). Potential for presymptomatic transmission 
was assumed to be <48 hours before symptom onset. 
Despite an increasing body of evidence regarding re-
quirements of hospitalized patients for critical care, 
considerable uncertainty remains regarding the full 
pyramid of mild and moderately symptomatic dis-
ease. Therefore, we simulated a range of scenarios 
by using Latin hypercube sampling from distribu-
tions in which the proportion of all infections severe 
enough to require hospitalization ranged from 4.3%–
8.6%. These totals represent the aggregate of strongly  

age-skewed parameter assumptions (Table 2). For 
each scenario, corresponding distributions of mild 
cases being seen by primary care were sampled, rang-
ing from 30%–45% at the lower range of the severe 
spectrum to 50%–75% for the most extreme cases and 
increasing linearly between the 2 ranges. Persons not 
seeking care in the healthcare system were assumed 
undetected cases without differentiation between 
those with mild or no symptoms.

Case-Targeted Interventions
We simulated a case-targeted public health inter-
vention. Cases were isolated at the point of diag-
nosis. We assumed isolation occurred 48 hours 
after symptom onset, limiting the effective infec-
tious period and reducing infectiousness from the 
point of identification by 80%, enabling imperfect 
implementation. Targeted quarantine of close con-
tacts was implemented in the model framework 
by dynamic assignment of a transient “contact” la-
bel. Each time a new infectious case appears in the 
model, a fixed number of temporary contacts are 
labeled. Only contacts can progress through the ex-
posed and infectious states, however, most remain 
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Table 1. Parameter assumptions used in a coronavirus disease transmission model, Australia 

Parameter 
Estimate or 
assumption Justification 

Fundamental assumptions 
 Doubling time 6.4 d Estimated in from early case growth in Wuhan, China, from Wu et al. (11) 
 Incubation period 5.2 d Based on Li et al. (12) and Lauer et al. (13) 
Derived assumptions 
 R0 2.53 Based on latent and infectious periods, with doubling time 6.4 d (Appendix, 

https://wwwnc.cdc.gov/EID/article/26/12/20-2530-App1.pdf) 
 Latent (noninfectious) period  3.2 d Assumes 2 d of presymptomatic transmission before completion of incubation period, 

based on contribution estimates from Ganyani et al. (14) and Tindal et al. (15) 
 Infectious period 9.68 d Estimated, related to doubling time and incubation period (Appendix) 

 

 
Table 2. COVID-19 model severity parameter assumptions, 
relative to all denominator infections* 

Age group, y 
% Hospitalized, 

range† 
% Hospitalized in ICU, 

range‡ 
0–9 0.03–0.06 0.01–0.02 
10–19 0.03–0.06 0.01–0.02 
20–29 0.39–0.78 0.11–0.23 
30–39 1.4–2.90 0.43–0.85 
40–49 2.55–5.11 0.75–1.50 
50–59 4.95–9.90 1.45–2.91 
60–69 7.75–15.49 2.27–4.55 
70–79 17.88–35.76 5.25–10.50 
>80 32.97–65.94 9.68–19.36 
Mean bed-days 8 d 10 d 
*COVID-19, coronavirus disease; ICU, intensive care unit. 
†Assumed proportional to ICU values and based on calibration to non–
Hubei, China, severe case rates (Appendix, 
https://wwwnc.cdc.gov/EID/article/26/12/20-2530-App1.pdf). 
‡Combines use of data from Intensive Care National Audit and Research 
Centre (16) and COVID-19 Task Force of the Department of Infectious 
Diseases and Computer Service, Italy (17), and assumptions used in 
Ferguson et al. (18). 
§Based on assumptions used in Ferguson et al. (18). 
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uninfected and return to their original noncontact 
status <72 hours. We assumed that 80% of identi-
fied contacts adhered to quarantine measures and 
that the overall infectiousness of truly exposed and 
infected contacts was halved by quarantine, given 
delayed and imperfect contact tracing and the risk 
for transmission to household members.

Clinical Pathways Model
At baseline of our clinical pathways model, we as-
sume that half of available consulting and admis-
sion capacity across all healthcare sectors and ser-
vices is available to COVID-19 patients. Mild cases 
are seen at primary care until capacity is exceeded. 
Severe cases access the hospital system through 
an ED and are triaged to a ward or ICU bed, if  

available, according to need. Requirements for 
critical care are assumed to increase steeply with 
age with the consequence that >60% of all infec-
tions requiring ICU admission occur in persons 
>70 years of age (Table 2). As ward beds reach ca-
pacity, the ability of EDs to adequately assess pa-
tients is reduced because of bed block, meaning 
that not all patients who need care are medically 
assessed, although some will still be able to access 
primary care. We assume that secondary infec-
tions are not affected by a person’s access to clini-
cal care. The model allows for repeat patient visits 
within and between primary care and hospital ser-
vices, and progression from ward to intensive care, 
with length of stay (Figure 1; Table 2). The model 
structure and assumptions are based on publicly  
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Figure 1. Clinical pathways model for used to assess national health system capacity for managing COVID-19 patients, Australia. 
The diagram demonstrates clinical pathways for mild and severe illness and assumes minor cases are managed within primary care. 
Unobserved patients are those who do not seek or are unable to access healthcare services. COVID-19, coronavirus disease; ED, 
emergency department; GP, general practitioner; ICU, intensive care unit.

Figure 2. Estimated daily incidence of ICU admission demand per 1 million population during coronavirus disease (COVID-19) 
epidemic across all age groups, Australia. A) Demand during an unmitigated COVID-19 epidemic. B) COVID-19 epidemic mitigated 
by case-targeted public health measures. Lines represent single simulations based on median (red), 5th percentile (blue), or 95th 
percentile (green) final epidemic size. Of note, the more severe epidemic is more delayed by public health interventions due to a higher 
case proportion seeking medical attention. In a milder event, persons with non–medical seeking cases will continue to transmit in the 
community. This finding is contingent on the public health response capacity. ICU, intensive care unit.
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available data on the healthcare system of Australia 
and expert elicitation (Appendix).

Critical Care Capacity Expansion
The baseline assumption in our model was that half 
of currently available ICU beds would be available to 
COVID-19 patients. We considered 3 capacity expan-
sion scenarios, assuming routine models of care for pa-
tient triage and assessment within the hospital system: 
total ICU capacity expansion to 150% of baseline, dou-
bling the number of beds available to treat COVID-19 
patients (2× ICU capacity); total ICU capacity expan-
sion to 200% of baseline, tripling the number of beds 
available to treat COVID-19 patients (3× ICU capacity); 
or total ICU capacity expansion to 300% of baseline, in-
creasing by 5-fold the number of beds available to treat 
COVID-19 patients (5× ICU capacity).

We also considered a theoretical alternative clini-
cal pathway, COVID-19 clinics, which had constraints 
on bed numbers but double the capacity to assess se-
vere cases in hospitals. The purpose of including this 
pathway was to reveal unmet clinical needs arising 
when bed block constrains ED triage capacity, poten-
tially preventing needed admissions to the ICU.

Social Distancing Interventions
Broad -based social distancing measures overcome 
ongoing opportunities for transmission arising from 
imperfect ascertainment of all cases and contacts, and 
from presymptomatic and asymptomatic persons. In 
settings where nonpharmaceutical social interven-
tions have been applied, associated case-targeted 
measures also have been in place, making the effec-
tiveness of each difficult to quantify (19). Data from 
Hong Kong showing a reduction in influenza inci-
dence arising from a combination of distancing mea-
sures introduced in response to COVID-19 provides 
good evidence of generalized transmission reduction 
(20). However, the relative quantitative contributions 
of different interventions, such as canceling mass 
gatherings, working remotely, closing schools, and 
ceasing nonessential services, cannot be differenti-
ated reliably at this time (18).

Therefore, we focused on the overall objective of 
distancing, which is to reduce the reproduction num-
ber. We modeled the effect of constraining spread 
by 25% and 33%, overlaid on existing case-targeted 
interventions, which is consistent with observed 
impacts of combined measures less restrictive than  
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Figure 3. Estimated duration of excess demand for healthcare sector services during COVID-19 epidemic, Australia. The graphs 
compare exceedance for COVID-19 admissions for A) ICU beds; B) hospital ward beds; C) emergency departments; and D) general 
practitioner services at baseline, 2×, 3×, and 5× ICU capacity. The COVID-19 clinics scenario reflects an alternative triage pathway and 
baseline capacity. Red denotes unmitigated scenarios with no public health interventions in place; blue denotes the mitigated scenarios 
with quarantine and isolation in place. Dots denote the median; lines range from 5th–95th percentiles of simulations. COVID-19, 
coronavirus disease; ICU, intensive care unit.
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total lockdown (18). These reductions in transmission 
equated to input reproduction numbers of 1.90 at 25% 
and 1.69 at 33%; the effective reproduction number 
in each scenario further was reduced by quarantine  
and isolation measures, which limit spread of estab-
lished infection.

Results
According to our model, an unmitigated COVID-19 
epidemic would dramatically exceed the capacity of 
the health system of Australia over a prolonged period 
(Figure 2). Case isolation and contact quarantine ap-
plied at the same level of effective coverage through-
out the epidemic have the potential to substantially 
reduce transmission. By flattening the curve, these 
measures produce a prolonged epidemic with lower 
peak incidence and fewer overall infections (Figure 
2). Epidemic scenarios with higher assumed severity, 
such as a 95th percentile case, are more effectively de-
layed by these public health measures than less se-
vere scenarios, such as a 50th percentile case, because 
a higher proportion of all cases are seen by health 
services and can be identified for isolation and con-
tact tracing. In a mitigated epidemic, overall use of 

the health system is increased because more patients 
are able to access needed care over the extended epi-
demic duration (Appendix Figure 3, panel A).

Increasing the number of ICU beds available to 
patients with COVID-19 reduces the time over which 
ICU capacity is anticipated to be exceeded, poten-
tially by more than half (Figure 3). The duration of 
exceedance for each capacity scenario is increased by 
quarantine and isolation because the overall epidem-
ic is longer (Figure 3). During the period of exceed-
ance, a degree of unmet need remains, even for the 
mitigated scenario (Figure 4). A 5-fold increase in the 
number of ICU beds available to patients with CO-
VID-19 dramatically reduces the period and peak of 
excess demand (Figures 3, 4).

These figures do not accurately reflect the true 
requirement for services, however, because blocks in 
assessment pathways resulting from ED and ward 
overload are an upstream constraint on incident ICU 
admissions. The alternative triage scenario, the CO-
VID-19 clinic, reveals a high level of unmet clinical 
need for both ward and critical care beds given base-
line bed capacity (Figures 3, 4). Case-targeted mea-
sures overcame this limitation, to some extent, and 
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Figure 4. Estimated peak excess demand for healthcare sector services, by percentage, during the COVID-19 epidemic, Australia. 
The graphs compare exceedance for COVID-19 admissions for A) ICU beds; B) hospital ward beds; C) emergency departments; and 
D) general practitioner services at baseline, 2×, 3×, and 5× ICU capacity. The COVID-19 clinics scenario reflects an alternative triage 
pathway and baseline capacity. Red denotes unmitigated scenarios with no public health interventions in place; blue denotes the 
mitigated scenarios with quarantine and isolation in place. Dots denote the median; lines range from 5th–95th percentiles of simulations. 
COVID-19, coronavirus disease; ICU, intensive care unit.
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effectively improved overall access to care (Figures 
3, 4). Overall, if ICU beds available to COVID-19 pa-
tients are doubled, 10%–30% of those who require 
critical care receive it. The proportion rises to >20%–
40% if capacity increases by 5-fold (Appendix Fig-
ure 3). These figures are quantified as total excess 
demand per million over the course of the epidemic 
(Appendix Figure 4).

Our simulated scenarios show that case isolation 
and contact quarantine alone will be insufficient to 
keep clinical requirements of COVID-19 cases within 
plausibly achievable expansion of health system ca-
pacity, even if very high and likely unrealistic lev-
els of case finding can be maintained. We therefore 
explored the effects of additional social distancing 
measures that reduced input reproduction numbers 
by 25% and 33% on ICU requirements in relation to 
the same clinical care capacity constraints (Figure 5). 
Simulations assume ongoing application of measures 
of fixed effectiveness, which is also unlikely to be con-
sistently achievable over an extended duration.

The overlay of distancing measures, applied from 
the initial stages of the epidemic and maintained 
throughout, suppresses epidemic growth to a level 
that is within the range of plausible ICU capacity 
expansion. The duration of ICU exceedance remains 
long in the 25% case (Figure 6), but this overflow oc-

curs to a far lesser degree than following case-target-
ed strategies only (Figure 7). As anticipated, a 33% 
reduction in transmission achieves greater benefits. 
Of note, pressure on ED consultations and ward beds 
also is eased substantially in these scenarios, main-
taining capacity along the full pathway of care. As a 
result, the proportion of critical cases that can access 
care is greatly increased. Transmission reduction of 
33% makes treatment for all cases achievable in most 
simulations if 3- to 5-fold ICU bed capacity can be 
achieved (Appendix Figure 3, panel B). This improve-
ment is reflected in a large reduction in unmet need 
(Appendix Figure 4, panel B).

Discussion
This modeling study shows that an unmitigated CO-
VID-19 epidemic would rapidly overwhelm Austra-
lia’s health sector capacity. Case-targeted measures 
including isolation of those known to be infected, 
and quarantine of their close contacts, must remain 
an ongoing cornerstone of the public health response. 
These interventions effectively reduce transmission 
but are unlikely to be maintained throughout the epi-
demic course at the high coverage modeled here. As 
public health response capacity is exceeded, greater 
constraint of disease spread will be essential to ensure 
that feasible levels of expansion in available health-
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Figure 5. Estimated daily incident ICU admission demand per million population during coronavirus disease (COVID-19) epidemic, 
Australia. Comparison of mitigation achieved by A) quarantine and isolation alone; B) a further 25% mitigation due to social distancing; 
and C) a 33% mitigation. Lines represent single simulations based on median (red), 5th percentile (blue), or 95th percentile (green) 
parameter assumptions. ICU, intensive care unit.
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care can maintain ongoing system functions, includ-
ing care of COVID-19 patients. Broader based social 
and physical distancing measures reduce the number 
of potential contacts made by each case, minimizing 
public health workload and supporting sustainable 
case-targeted disease control efforts.

Our findings are consistent with a recently pub-
lished model (21) that relates the clinical burden of 
COVID-19 cases to global health sector capacity, 
characterized at a high level. In unmitigated epidem-
ics, demand rapidly outstrips supply, even in high-
income settings, by a factor of 7 (21). Because hospital 
bed capacity is strongly correlated with income, this 
factor is greatly increased in low- and middle-income 
countries where underlying health status likely is 
poorer (21). Globally, marked variability in the defi-
nition of intensive care is observed, even in high-
income countries where the descriptor covers many 
levels of ventilatory and other support. We concur 
with our conclusion that social distancing measures 
to suppress disease are required to save lives. In ad-
dition, we acknowledge that the marked social and 

economic consequences of such measures will limit 
their ongoing application, particularly in the settings 
where health systems are least able to cope with dis-
ease burden (21).

Much attention has been focused on expansion of 
available ICU beds per se, but our clinical model re-
veals that critical care admissions are further limited 
by the ability to adequately assess patients during 
times of system stress. In line with model recommen-
dations, Australia, along with other countries, has im-
plemented COVID-19 clinics as an initial assessment 
pathway to reduce impacts on primary care and ED 
services (22). Such facilities have additional benefits 
of ensuring appropriate testing, aligning local case 
definitions, and reducing the overall consumption 
of personal protective equipment by cohorting likely 
infectious patients. Evidence of bottlenecks as the epi-
demic progresses indicates that other measures to im-
prove patient flows also should be considered, such 
as overflow expansion in EDs, encouraging and sup-
porting home-based care, or early discharge to sup-
ported isolation facilities.
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Figure 6. Estimated duration of excess demand for healthcare sector services compared with quarantine and isolation scenarios during 
the COVID-19 epidemic, Australia. The graphs compare exceedance for COVID-19 admissions for A) ICU beds; B) hospital ward beds; 
C) emergency departments; and D) general practitioner services at baseline, 2×, 3×, and 5× ICU capacity. Blue lines indicate quarantine 
and isolation only scenarios; green lines indicate overlaid social distancing measures that reduce transmission by an additional 25%; 
and purple lines indicate overlaid social distancing measures that reduce transmission by an additional 33%. The COVID-19 clinics 
scenario reflects an alternative triage pathway, and baseline capacity. Dots denote the median; lines range from 5th–95th percentiles of 
simulations. COVID-19, coronavirus disease; ICU, intensive care unit.
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Quantitative findings from our model are limited 
by ongoing uncertainties about the true disease pyra-
mid for COVID-19 and a lack of nuanced information 
about determinants of severe disease, which we rep-
resented by age as a best proxy. The clinical pathways 
model assumes that half of available bed capacity is 
available for patients with the disease but does not an-
ticipate the seasonal surge in influenza admissions that 
might be overlaid with the epidemic peak, although 
even in our most recent severe season, 2017, only 6% 
of hospital beds were occupied by influenza cases (23). 
Available beds will likely be increased by other fac-
tors, such as secondary reductions in all respiratory 
infections and road trauma resulting from social re-
strictions, and purposive decisions to cancel nonessen-
tial surgery. Of note, we did not consider healthcare 
worker absenteeism due to illness, caregiving respon-
sibilities, or burnout, all of which are anticipated chal-
lenges over a very prolonged epidemic accompanied 
by marked social disruption. We also cannot account 
for shortages in critical medical supplies because the 
true extent of these and their likely future impacts on 
service provision are currently unknown.

Our model indicates that a combination of case-
targeted and social measures will need to be applied 
over an extended period to reduce the rate of epi-
demic growth. In reality, the stringency of imposed 
controls, their public acceptability, and compliance, 
likely will all vary over time. In Australia, compli-
ance with isolation and self-quarantining was largely 
on the basis of trust in the early response during Feb-
ruary–March, but active monitoring and enforcement 
of these public health measures is now occurring in 
many jurisdictions. Hong Kong and Singapore initi-
ated electronic monitoring technologies from the out-
set to track the location of persons and enforce com-
pliance (24). Proxy indicators of compliance, such 
as transport and mobile phone data, have informed 
understanding of the effect of social and movement 
restrictions on mobility and behavior in other settings 
(19), and will be further investigated in the context  
of Australia.

The effectiveness of multiple distancing mea-
sures, including lockdown, has been demonstrated 
in Europe, but the contributions of individual mea-
sures cannot yet be reliably differentiated (18). The 
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Figure 7. Estimated peak excess demand for healthcare sector services, expressed as percent available capacity, compared with 
quarantine and isolation scenarios during the COVID-19 epidemic, Australia. The graphs compare exceedance for COVID-19 
admissions for A) ICU beds; B) hospital ward beds; C) emergency departments; and D) general practitioner services at baseline, 2×, 
3×, and 5× ICU capacity. Blue lines indicate quarantine and isolation only scenarios; green lines indicate overlaid social distancing 
measures that reduce transmission by an additional 25%; and purple lines indicate overlaid social distancing measures that reduce 
transmission by an additional 33%. The COVID-19 clinics scenario reflects an alternative triage pathway, and baseline capacity. Dots 
denote the median; lines range from 5th–95th percentiles of simulations. COVID-19, coronavirus disease; ICU, intensive care unit.
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effect of local measures to curb transmission will be 
estimated from real time data on epidemic growth 
in Australia, on the basis of multiple epidemiologic 
and clinical data streams. Estimates of the local effec-
tive reproduction number will enable forecasting of 
epidemic trajectories (25) to be fed into our analysis 
pathway. Anticipated case numbers will be used to 
assess the ability to remain within health system ca-
pacity represented by the clinical pathways model, 
given current levels of social intervention. Such evi-
dence will support strengthening and, when appro-
priate, cautious relaxation of distancing measures. 
Further work will examine the effects of varying the 
intensity of measures over time, to inform the nec-
essary conditions that would enable exit strategies 
from current stringent lockdown conditions to en-
sure maintenance of social and economic function-
ing over an extended time.

All these strategies, which combine to flatten 
the curve, will buy time for further health system 
strengthening and sourcing of needed supplies. Pro-
tecting the health and wellbeing of healthcare workers 
will be essential to ensure ongoing service provision. 
ICU capacity will need to be increased several-fold in 
anticipation of the looming rise in cases.

Multiple challenges must be overcome along the 
path to delivering safe and effective COVID-19 vac-
cines, and the timeframe for availability is highly un-
certain (26). The search for effective therapies contin-
ues. Therefore, reducing COVID-19 illness and death 
relies on broadly applied public health measures to 
interrupt overall transmission, protect vulnerable 
groups, and maintain and strengthen the capacity of 
healthcare systems and workers to manage cases.
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Around 2014, a mysterious, polio-like ill-
ness emerged in California and Colorado. 
Acute flaccid myelitis (AFM) primarily in-
fects children, and if untreated, can lead 
to paralysis and respiratory failure. Despite 
extensive surveillance and research cam-
paigns, the true cause of this debilitating 
disease remains unknown.

New research has shed light on a possible 
connection between AFM and a pathogen 
called enterovirus D68. 

In this EID podcast, Dr. Sarah Kidd, a medi-
cal epidemiologist at CDC, and Sarah Grego-
ry discuss what is known—and unknown—
about AFM.



Coronavirus disease (COVID-19) is a life-threat-
ening respiratory illness caused by severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), 

an emerging zoonotic virus first identified in Wu-
han, China (1). The first confirmed cases of COVID-19 
were reported on January 12, 2020, from patients 
who had respiratory symptoms during December 8, 
2019–January 2, 2020 (2). Despite early containment 
and mitigation measures (3), the high infectiousness, 
presymptomatic transmission, and prolonged trans-
missibility of SARS-CoV-2 (4,5) combined with other 
factors, such as globalization, led to the rapid spread 
of COVID-19 across the world.

Rigorous contact-tracing and physical distancing 
measures implemented in different countries have 
been effective in delaying the epidemic during the 
contention phase (6–9). However, ensuing lockdowns 
and travel restrictions to minimize the burden on 
healthcare systems have led to a decline in wellbeing 
and an economic downturn and have had profound 
impacts in low-to-middle income countries (10). The 
contention phase in Colombia started on March 6, 
2020, when the Instituto Nacional de Salud (INS; Na-
tional Institute of Health) confirmed the first case of 
COVID-19 from a person returning to Colombia from 
Italy on February 26, 2020 (11). On March 23, a total 
314 cases had been confirmed, which prompted the 
closure of all the country borders to contain the out-
break. On March 31, >10% of confirmed cases were 
among persons with no known exposure to a COV-
ID-19 patient (12), presumably due to extensive com-
munity transmission. Colombia then implemented 
the mitigation phase, which included physical dis-
tancing as the main strategy to limit virus spread. By 
June 18, a total of 57,046 confirmed cases and 1,864 
deaths had been reported in Colombia (13).

The unprecedented global health and societal 
emergency posed by the COVID-19 pandemic urged 
data sharing and faster-than-ever outbreak research 
developments that are reflected in the >37,000 com-
plete SARS-CoV-2 genomes made available through 
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Coronavirus disease (COVID-19) in Colombia was first 
diagnosed in a traveler arriving from Italy on February 26, 
2020. However, limited data are available on the origins 
and number of introductions of COVID-19 into the country. 
We sequenced the causative agent of COVID-19, severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
from 43 clinical samples we collected, along with another 
79 genome sequences available from Colombia. We inves-
tigated the emergence and importation routes for SARS-
CoV-2 into Colombia by using epidemiologic, historical air 
travel, and phylogenetic observations. Our study provides 
evidence of multiple introductions, mostly from Europe, and 
documents >12 lineages. Phylogenetic findings validate the 
lineage diversity, support multiple importation events, and 
demonstrate the evolutionary relationship of epidemiologi-
cally linked transmission chains. Our results reconstruct the 
early evolutionary history of SARS-CoV-2 in Colombia and 
highlight the advantages of genome sequencing to comple-
ment COVID-19 outbreak investigations.
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public databases, mainly GISAID (https://www.
gisaid.org). SARS-CoV-2 is an RNA virus with an 
estimated substitution rate of 0.8–1.1 × 10–3 substi-
tutions/site/year (S. Duchene et al., unpub data, 
https://www.biorxiv.org/content/10.1101/2020.05.
04.077735v1; M. Worobey et al., unpub. data, https://
www.biorxiv.org/content/10.1101/2020.05.21.10932
2v1), which means it rapidly evolves as it is transmit-
ted. The availability of SARS-CoV-2 genomes enabled 
us to detect a rapidly generating variation, demon-
strating that genomic epidemiology is a powerful ap-
proach for characterizing the outbreak (14). Genomic 
epidemiology relies on phylogenetic analysis and has 
enabled researchers across the world to detect SARS-
CoV-2 emergence in humans, reveal the importation 
and local transmission chains not detected by travel 
history and traditional contact-tracing strategies, and 
trace the geographic spread and prevalence of strains 
bearing specific mutations of epidemiologic relevance 
(15–17; S. Dellicour et al, unpub data, https://www.
biorxiv.org/content/10.1101/2020.05.05.078758v4; 
J.R. Fauver et al., unpub data, https://www.medrxiv.
org/content/10.1101/2020.03.25.20043828v1). 

Materials and Methods

Sample Collection and Preparation
Colombia is made up of 32 departments, which are 
groups of municipalities, and a capital district. INS 
received nasopharyngeal swabs samples from pa-
tients with clinical signs and symptoms of SARS-
CoV-2 from departments across the country as part 
of the virological surveillance of COVID-19. INS 
performed quantitative reverse transcription PCR 
to diagnose suspected COVID-19 cases by using a 
method recommended and transferred by the Pan 
American Health Organization and World Health 
Organization (18). Because of scarce resources, we 
selected a total of 43 samples for genome sequencing 
that represented >1 of the earliest documented sam-
ples in each affected department or samples linked 
to transmission chains (Appendix 1 Table 1, https://
wwwnc.cdc.gov/EID/article/26/12/20-2969-App1.
xlsx). We performed viral RNA extraction by us-
ing the QIAamp Viral RNA Mini Kit (QIAGEN Inc., 
https://www.qiagen.com) or the MagNA Pure LC 
nucleic acid extraction system (Roche Diagnostics 
GmbH, https://lifescience.roche.com).

Genomic Library Preparation and Sequencing
Library preparation and sequencing were performed 
following the ARTIC network (https://artic.net-
work) real-time molecular epidemiology for outbreak  

response protocol and by using both nanopore and 
next-generation sequencing technologies (19). We 
processed 10 samples by using the MinION se-
quencer (Oxford Nanopore Technologies, https://
nanoporetech.com). We processed the remaining 33 
samples by using the Nextera XT DNA library prep 
kit (Illumina, https://www.illumina.com) and per-
formed sequencing by using the MiSeq Reagent Kit 
Version 2 and MiSeq sequencer (Illumina).

Genomic Sequence Assembly
We performed base calling on nanopore reads by 
using Guppy version 3.2.2 (Oxford Nanopore Tech-
nologies) and then demultiplexed and trimmed 
reads by using Porechop version 0.3.2_pre (20). We 
aligned processed reads against a SARS-CoV-2 refer-
ence genome (GenBank reference no. NC_045512.2) 
by using Burrows-Wheeler Aligner’s Smith-Water-
man Alignment (21). We performed base calling for 
single-nucleotide variants with a depth of >200× and 
then generated polished consensus by using Nanop-
olish version 0.13.2 (22). MiSeq reads were demul-
tiplexed and we used fastp (23) to perform quality 
control using a Q-score threshold of 30. Processed 
reads were aligned against the SARS-CoV-2 refer-
ence genome, we performed bas calling for single 
nucleotide variants with a depth of >100× and gener-
ated consensus genomes by using Burrows-Wheeler 
Aligner’s Smith-Waterman Alignment version 0.7.17 
(21) and BBMap (24).

Phylogenetic Analysis of SARS-CoV-2 in Colombia
Sequence data covered the 20 affected departments 
and the capital district of Colombia. We collected 
43 SARS-CoV-2 genome sequences from this study 
and 79 other sequences from Colombia deposited in 
GISAID. We combined the 122 sequences from Co-
lombia with 1,461 representative genome sequences 
from South America–focused subsampling available 
from NextStrain (https://nextstrain.org) (25) as of 
May 20, 2020 (Appendix 1 Table 2) plus reference 
MN908947.3 from the GenBank nucleotide database 
(accesssion no. NC_045512). Across departments, a 
median of 1.5 sequences (mean 3.9; range 1–45) were 
available per department. We classified the full ge-
nomic dataset into lineages by using Phylogenetic 
Assignment of Named Global Outbreak LINeages 
(PANGOLIN) and aligned these with 10 iterative 
refinements by using MAFFT (26–28). We removed 
all alignment positions flagged as problematic for 
phylogenetic inference, including highly homoplas-
ic positions and 3′ and 5′ ends (29). We performed 
maximum-likelihood phylogenetic reconstruction 
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on the curated alignment and a Hasegawa-Kishino-
Yano plus gamma distribution 4 substitution model 
by using IQ-TREE (30,31). We estimated branch sup-
port by using an SH-like approximate likelihood ra-
tio test (SH-aLRT) and considered >0.75 a high SH-
aLRT (32). We removed 6 sequences from Colombia 
from further analysis because they had an inconsis-
tent temporal signal in a clock analysis in TreeTime 
(33). We inferred time-scaled trees and rooted these 
with least-squares criteria and the evolutionary rate 
of >1.1 × 10-3 substitutions/site/year estimated by S. 
Duchene et al. (unpub data, https://www.biorxiv.
org/content/10.1101/2020.05.04.077735v1) by using 
TreeTime (33) and least-squares dating (34).

We considered geographic locations of sequence 
data, aggregated by continent except for Colombia, 
as discrete states, used these data for migration in-
ference, and modeled transitions as a time reversible 
process by using TreeTime (33). We interpreted the 
number of state transitions into Colombia as a proxy 
for the minimum number of introductions.

In sensitivity analysis and to measure the effect of 
the SARS-CoV-2 uneven genomic representativeness 
across the world, we implemented 2 downsampling 
strategy datasets in which, based on location, the 
sequences were randomly resampled 100 times and 
the phylogenetic and migration inference was repli-
cated. The downsampling strategies were as follows: 
retaining several sequences per region, when pos-
sible, equal to the number of sequences available for 
Colombia; or retaining 50 sequences per region and 
the total number of sequences from Colombia, which 
was the most even sampling per region for the South 
America–focused subsample.

Potential Routes of SARS-CoV-2 Importation  
into Colombia
We inferred the relative proportion of expected 
SARS-CoV-2 importations per country by consider-
ing COVID-19 incidence per number of international 
air passengers arriving in Colombia and the available 
flight travel. We obtained the number of international 
flights and number of passengers arriving during Jan-
uary 1–March 9, 2020 from the Special Administra-
tive Unit of Civil Aeronautics of Colombia (Aerocivil, 
http://www.aerocivil.gov.co). The air travel data 
consists of direct flights from 14 countries to 7 main 
cities. We calculated COVID-19 incidence for each of 
the 14 countries with direct flights to Colombia by us-
ing the number of confirmed cases reported by the 
World Health Organization as of March 17, 2020, the 
date when travel restrictions started in Colombia (35), 
and the total population for each country for 2019  

reported in the United Nations World Population 
Prospects 2019 database (36), as described in D.D.S. 
Candido, et al. (37) (Appendix 2, https://wwwnc.
cdc.gov/EID/article/26/12/20-2969-App2.pdf).

Ethics Statement
According to the national law 9/1979, decrees 
786/1990 and 2323/2006, the Instituto Nacional de 
Salud is the reference lab and health authority of the 
national network of laboratories and in cases of public 
health emergency or those in which scientific research 
for public health purposes as required, the Instituto 
Nacional de Salud may use the biological material for 
research purposes, without informed consent, which 
includes the anonymous disclosure of results. The in-
formation used for this study comes from secondary 
sources of data that were previously anonymized and 
do not represent a risk to the community.

Results

Epidemiologic Investigation of SARS-CoV-2  
Introductions, Contact-Tracing, and  
Community Transmission
In Colombia, preventive isolation and monitoring for 
passengers arriving from China, Italy, France, and 
Spain started on March 10, 2020. A national health 
emergency was declared on March 12, and tougher 
measures then started to be set in place, including the 
closing of borders on March 17, the ban of interna-
tional flights on March 20, and the ban of domestic 
flights on March 25. Implementations of lockdowns 
occurred from March 25 onward, including Resolu-
tions 380 and 385 from the Colombian Ministry of 
Health and Social Protection (38,39); Decrees 412 
and 457 from the Ministry of the Interior (40,41); and 
Decree 439 from the Ministry of Transport (42). De-
spite a massive drop in air traffic, >15,500 residents 
returned to Colombia through humanitarian flights 
during April–June (43). By June 1, >30,000 cases of  
COVID-19 had been documented in Colombia and 
857 cases (2.8%) had been linked to travel abroad 
(Figure 1, panel A).

Most (816, 95.2%) imported cases were symptom-
atic. The prominent geographic sources for symptom-
atic cases were Spain (245 [28.6%] cases), the United 
States (203 [23.7%] cases), Ecuador (50 [5.8%] cases); 
Mexico (49 [5.7%] cases), and Brazil (41 [4.8%] cas-
es). The other 41 imported cases were asymptomatic 
and were detected through contact tracing. Among 
asymptomatic imported cases, most (16, 39%) were 
imported from Spain, the United States (13, 31.7%), 
Brazil (3, 7.3%), and Mexico (2, 4.9%). Overall, most 
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imported cases were from Spain (30.5%), the United 
States (25.2%), Mexico (6%), Ecuador (5.8%), and Bra-
zil (5.1%). Most symptomatic imported cases were 
traced back to countries in Europe and the Americas.

The number of symptomatic imported cases 
steadily increased and peaked on March 14, when lo-
cal cases were on the rise, but before border closures 
and the international air travel ban. Our estimate is 
based on the average incubation time of COVID-19 
(44) and symptom onset but is 4.8 days earlier than 
the actual peak on March 18 (Figure 1, panel B). Initial 
introductions were predominantly linked to Europe; 
however, both Europe and the Americas were promi-
nent geographic sources of infections during the on-
set of the epidemic. The introductions after the peak 
mainly occurred from countries in South America.

SARS-CoV-2 Diversity
To elucidate the dynamics of SARS-CoV-2 spread 
into Colombia, we combined the 43 whole-genome 
sequences obtained in our study with sequences from 
Colombia deposited in GISAID, which provided a set 
of 122 complete genomes. Sequences from Colombia 
were classified into 12 sublineages: A.1.2, A.2, A.5, B, 
B.1, B.1.1, B.1.3, B.1.5, B.1.8, B.1.11, B.2, and B.2.5. The 
proportion of lineages documented in Colombia seems 
to reflect founder effects. For example, sublineages 
B.1, B.1.1, and B.1.5 were found in the early epidemio-
logically linked transmission chains and consistently 

were observed most frequently; B.1 was observed in 
59 (48.4%) cases, B.1.5 in 31 (25.4%), and B.1.1 in 16 
(13.1%) (Figure 2, panel A). From the South America–
focused subsampling available from NextStrain, com-
parable findings were observed for other countries in 
South America (45,46), where the most frequently ob-
served lineages were B.1 in 149 (60.8%) cases, B.1.5 in 
35 (13.5%) cases, and A.5 in 14 (5.7%) cases.

On average, we identified 1 lineage per depart-
ment. For instance, the number of documented lin-
eages was highly correlated with the availability 
of samples (Pearson product-moment correlation 
coefficient [PPMCC] = 0.72; p<0.001) and uncor-
related with the number of local cases (PPMCC = 
0.35; p = 0.049). We noted 5 different lineages in the 
departments of Valle del Cauca and Antioquia and 
3 different lineages in Cundinamarca; these depart-
ments have the most populated capitals and we had 
more samples from them (Figure 2, panel B). We 
observed a moderate positive correlation between 
the number of lineages documented in a depart-
ment and the number of imported cases (PPMCC = 
0.51; p = 0.002).

Molecular Evolution of SARS-CoV-2 in Colombia
We identified 133 single-nucleotide variants (NVs) 
by using the full genome sequences from Colom-
bia and the reference sequence (GenBank accession 
no. NC_045512.2). Most NVs (131; 98.5%) fell into 
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Figure 1. Proportion of imported and local cases early during the COVID-19 pandemic, Colombia. A) Region of origin for the reported 
imported cases. B) Distribution over time of symptomatic imported and local cases, by region of origin. C) Number of local and imported 
COVID-19 cases over time. COVID-19, coronavirus disease.
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the coding region, and 1 NV was identified at each  
noncoding end. Among NVs in coding sites, 71 
(54.2%) led to nonsynonymous substitutions. Most 
NVs (92/133) were unique to a sequence. Among the 
shared NVs, 38/41 were associated with a specific 
lineage (Appendix 1 Tables 3, 4). These observations 
suggest that the substitutions are not laboratory-spe-
cific and most likely the outcome of in situ evolution, 
shared ancestry, or both (Appendix 2).

In our study, among sequences with complete 
metadata, 90% (108/120) of sequences from Colombia 
displayed an amino acid change in region D614G, and 
the remaining 10% (12 sequences) displayed a change 
in region D614 (Appendix 1 Table 4). G614 has been as-
sociated with higher infectivity (L. Zhang et al., unpub 
data, https://www.biorxiv.org/content/10.1101/ 
2020.06.12.148726v1) and greater transmissibility with 
no effects on disease severity outcomes (46; E.M. Volz 
et al., unpub data, https://www.medrxiv.org/con
tent/10.1101/2020.07.31.20166082v2). All G614 se-
quences also carried mutations that segregate together 
as described in B. Korber et al. (47); we identified the 
nucleotide substitution C241T at 5′-UTR; the synony-
mous substitution C3037T at open reading frame 1ab 
(ORF1ab), the nonstructural protein 3 encoding-gene; 
and a change in P4715L aa position in ORF1ab, the 
RNA-dependent RNA polymerase encoding gene. The 
presence of these and other mutations can be pheno-
typically and epidemiologically relevant and warrant 
further monitoring.

Most patients from Colombia for whom genom-
ic sequences were available were symptomatic (n = 
90); 59.6% had cough and fever and the others had 
>1 symptom; 10 died, 70% of whom had underlying 
conditions (Appendix 1 Table 1). However, given the 
limited number of sequences available, we could not 
reliably investigate any genomic determinant of clini-
cal outcome.

Evolutionary Relationships between Local  
and Global SARS-CoV-2 Isolates
The time-stamped phylogeny of 122 isolates from Co-
lombia and 1,462 representative global SARS-CoV-2 
isolates showed that the estimated time to the most re-
cent common ancestor for the sampled sequence data 
is December 7, 2019 (range October 25–December 26, 
2019) (Figure 3, panel A). Asia was the inferred an-
cestral state at the root. Both these observations are in 
line with the known epidemiology of the pandemic. A 
root-to-tip regression of genetic distance against sam-
pling time evidenced consistent temporal signal in the 
sequence data (Figure 3, panel B). The isolates from Co-
lombia were interspersed among the isolates from oth-
er countries, suggesting multiple introductions (Figure 
3, panels A, C). However, considerable phylogenetic 
uncertainty appears along the tree and the fine-grained 
relationships of the isolates from Colombia could not 
be resolved with confidence (Appendix 2 Figure 1).

Phylogenetic uncertainty and uneven sampling 
made the quantification of the number of introductions 
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Figure 2. Frequency and distribution of SARS-CoV-2 lineages, Colombia. A) Frequency of A and B lineages and sublineages of 
SARS-CoV-2 identified. B) Map of distribution of lineages across the country.  Departments are colored by the number of imported 
cases/10,000 inhabitants (inset) and the number of reported introductions. SARS-Co-V-2, severe acute respiratory syndrome 
coronavirus 2.
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into the country challenging, let alone dating the time of 
the introductions. The number of state transitions into 
Colombia heavily relies on the number and nature of 
the sequences included from other locations (Figure 4, 
panel A). By using all sequences in the South America–
focused subsampling available from NextStrain, we es-
timated that an average of 64 (interquartile range [IQR] 
62–67) introductions into the country have occurred 
but this estimate gets lower as we reduce the number 
of samples (sensitivity analyses) from other locations, 
down to 22 with the most even downsampled dataset. 
Independent of the dataset, either the complete or the 
subsampled datasets, and in line with the epidemio-
logic information, most geographic source attributions 
are from Europe (Figure 4, panel B; Appendix 2 Figure 
2). This observation also aligns with our estimates using 
travel data (Figure 4, panel C; Appendix 2 Figure 2).

During January–March 2020, a total of 7 cities in 
Colombia received 1,593,211 international passengers 
from 14 countries. Bogotá was the most concentrated 

city for flights, receiving around 77% of passengers; 
other cities included Medellín with 11%, Cartagena 
with 6%, and Cali with 4% of passengers. In total, 
35% of international passengers started their jour-
neys in the United States, 17% in Mexico, and 12% in 
Chile. However, we estimate 87% of all imported CO-
VID-19 cases in Colombia came from Europe, 9.5% 
from North America, and 3.4% from South America. 
When stratified by country, the primary source of 
importation was Spain, which had 71.4% of import-
ed cases; the United States had 8.4%, Germany had 
8%, and France had 3.4% (Appendix 2 Figure 2). Our 
data show most (65.2%) COVID-19 cases were among 
travelers arriving in Bogotá; 20% were among those 
arriving in Medellín, and 9% among those arriving in 
Cali. We estimate that the Spain–Bogotá route carried 
42% of the total imported cases.

Since the first COVID-19 case was identified 
in Colombia on February 26, 2020, contact-tracing  
efforts had been put in place. We obtained multiple  
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Figure 3. Phylogeny of SARS-CoV-2, Colombia. 
A) Time-resolved maximum-likelihood tree of 
1,578 SARS-CoV-2 sequences. Red indicates 
122 sequences from Colombia. B) Root-to-tip 
distance regression for the sequence data in 
A. C) Time-resolved maximum-likelihood tree, 
annotated by region of isolation. The outer 
ring represents SARS-CoV-2 lineages; the 
inner red ring highlights the relative position 
of the sequences from Colombia; the middle 
ring and the corresponding numbers indicate 
sequences from epidemiologically linked 
transmission chains. Branches are colored by 
the geographic attribution from the migration 
inference. Highly supported groups are delineated 
by thicker solid lines. A detailed maximum-
likelihood tree is available at https://itol.embl.
de/tree/8619015795401231596483440. SARS-
CoV-2, severe acute respiratory syndrome 
coronavirus 2.
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sequences from 7 distinct early epidemiologically linked 
transmission chains (Appendix 1 Table 1) and mapped 
these data into the phylogeny (Figure 3, panel C). All 
but 1 set of sequences did not group, but it appeared 
very close in the tree. These data underscore the poten-
tial utility of genomic epidemiology to link persons with 
incomplete information, such as cases that are discon-
nected due to intermediate asymptomatic carriers, and 
complement outbreak transmission investigations.

Our study has some limitations. First, the geo-
graphic sources of infection relied on persons self-
reporting symptom onset and travel histories, which 
are subject to inaccuracies. Second, we used air travel 
data from likely destinations in Colombia, but other 
locations also might have fueled COVID-19 emergence 
and dissemination in the country; flight travel data was 
not available for dates after March 9, 2020. Third, the 
number of sequences sampled represented a tiny frac-
tion of the documented number of imported cases into 
Colombia. The sample was selected as a countrywide 
representation, given limited resources for genome 
sequencing; thus, the introduced viral diversity also 
might have been underestimated. Another limitation 
is the inherent uncertainty stemming from global un-
systematic sampling. Therefore, the inferences about 
the number of introductions and the corresponding 
geographic sources should be interpreted with cau-
tion. We attempted to overcome this by undertaking 
sensitivity analyses and contrasting the results with 
the available epidemiologic data and our estimates 

from travel data. However, more sequence data from 
Colombia and undersampled countries, together with 
information of sampling representativeness per coun-
try, are needed to account for sampling uncertainty in 
a more statistically rigorous manner.

Discussion
We describe the complete genome sequences of SARS-
CoV-2 from 43 clinical samples, results of an epide-
miologic investigation of imported cases, and the 
phylogenetic findings of 122 genome sequences from 
Colombia that characterize the epidemic onset of CO-
VID-19 in the country. Our study provides evidence 
that several independent COVID-19 introductions oc-
curred in Colombia and documents >12 SARS-CoV-2 
lineages. Most of the notified introductions to coun-
tries in Latin America occurred from Europe, an ob-
servation that was supported by phylogenetic and air 
travel data (48; C. Salazar et al., unpub data, https://
www.biorxiv.org/content/10.1101/2020.05.09.0862
23v1). Although the sequence data do not represent 
the actual number of epidemiologically linked trans-
mission chains, our phylogenetic findings validated 
the linkage for epidemiologically linked transmission 
chains with available sequence data. Our results fur-
ther underscore the advantages of genome sequenc-
ing to complement COVID-19 outbreak investiga-
tions and support the need for a more comprehensive 
country-wide study of the epidemiology and spread 
of SARS-CoV-2 in Colombia.
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Figure 4. Potential routes of importation for SARS-CoV-2, Colombia. A) The number of transition changes into Colombia following 
migration inference by using all available sequences per region (dataset 1); retaining several sequences per region, when possible, 
equal to the number of sequences available for Colombia (dataset 2); and 50 sequences per region and all sequences from Colombia 
(dataset 3). Box top and bottom lines indicate 25th and 75th percentiles; horizontal lines within boxes indicate means; error bars indicate 
SDs. B) Geographic source attribution for every transition into Colombia derived from the migration inference using all the available 
sequences per region. Box top and bottom lines indicate 25th and 75th percentiles; horizontal lines within boxes indicate means; error 
bars indicate SDs. C) Geographic contribution inferred by using air travel data per country aggregated by region.
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Healthcare, first response (e.g., firefighters, para-
medics, emergency medical technicians), and 

public safety (e.g., law enforcement officers) person-
nel have served on the front lines of the coronavirus 
disease (COVID-19) pandemic response in several ca-

pacities. Many of these occupations require intensive 
interaction with persons with suspected or confirmed 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection. Both reverse transcription 
PCR (RT-PCR) testing for SARS-CoV-2 and assess-
ing COVID-19 symptoms could be used to determine 
infection status, but not all infected persons develop 
symptoms or are tested within the necessary time 
window. Measuring antibodies to SARS-CoV-2 is 
necessary to inform our understanding of viral trans-
mission dynamics in high-risk situations (1).

The Centers for Disease Control and Prevention 
(CDC) collaborated with the Michigan Department 
of Health and Human Services (MDHHS) Region 2 
South and North Healthcare Coalitions to invite per-
sonnel working onsite in hospital, first response, and 
public safety settings to be tested for SARS-CoV-2 an-
tibodies and to complete a web-based survey about 
workplace, occupation, use of personal protective 
equipment (PPE), and selected exposures. The pri-
mary study objective was to estimate the prevalence 
of SARS-CoV-2 antibodies among this population. 
A second objective was to describe associations be-
tween seroprevalence and participant and workplace 
characteristics.

Methods
The MDHHS Region 2 South Healthcare Coalition 
area is the most populous region in Michigan and 
comprises Monroe, Washtenaw, and Wayne (includ-
ing the city of Detroit) Counties. MDDHS Region 2 
North Healthcare Coalition includes Macomb, Oak-
land, and St. Clair Counties. The Healthcare Coalitions 
coordinated with 27 hospitals and 7 MDHHS Medical 
Control Authorities (MCAs), which supervise and  
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To estimate seroprevalence of severe acute respiratory 
syndrome 2 (SARS-CoV-2) among healthcare, first re-
sponse, and public safety personnel, antibody testing 
was conducted in emergency medical service agencies 
and 27 hospitals in the Detroit, Michigan, USA, metropol-
itan area during May–June 2020. Of 16,403 participants, 
6.9% had SARS-CoV-2 antibodies. In adjusted analyses, 
seropositivity was associated with exposure to SARS-
CoV-2–positive household members (adjusted odds ratio 
[aOR] 6.18, 95% CI 4.81–7.93) and working within 15 
km of Detroit (aOR 5.60, 95% CI 3.98–7.89). Nurse as-
sistants (aOR 1.88, 95% CI 1.24–2.83) and nurses (aOR 
1.52, 95% CI 1.18–1.95) had higher likelihood of sero-
positivity than physicians. Working in a hospital emer-
gency department increased the likelihood of seroposi-
tivity (aOR 1.16, 95% CI 1.002–1.35). Consistently using 
N95 respirators (aOR 0.83, 95% CI 0.72–0.95) and surgi-
cal facemasks (aOR 0.86, 95% CI 0.75–0.98) decreased 
the likelihood of seropositivity. 
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coordinate an emergency medical services (EMS) sys-
tem for a geographic region, to invite employees to 
participate. The protocol was reviewed by CDC hu-
man subjects research officials, who determined the 
activity to be public health surveillance and exempt 
from full institutional review board review (2).

Study Participants
Eligible participants for the serology survey included 
adults >18 years of age who worked onsite in a first 
response, hospital, or public safety setting and con-
sented to phlebotomy and serum sample storage for 
confirmation of test results if needed. Persons were 
not eligible to participate if, in the 2 weeks before tak-
ing the survey, they reported having new symptoms 
of cough, shortness of breath, or change in sense of 
taste or smell, or had tested positive for SARS-CoV-2 
by RT-PCR test using a nasal, throat, or saliva sample.

Web-Based Survey
Participating agencies shared information about the 
secure web-based survey (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/26/12/20-3764-App1.
pdf) with employees using email and onsite market-
ing. There was no face-to-face recruitment. Participa-
tion was voluntary and individual results were not 
shared with employers. CDC did not have access to 
personal identifiers. The survey was drafted by the in-
vestigators, reviewed by CDC subject matter experts, 
and was designed to require <10 minutes to complete 
on a personal device. Upon survey completion, par-
ticipants received information about blood collection 
sites at their workplace or a nearby MCA location.

Specimen Collection and Testing
Blood samples were collected for SARS-CoV-2 anti-
body testing during May 18–June 13, 2020. Antibody 
testing was performed using the Ortho Clinical Di-
agnostics VITROS Immunodiagnostic Products Anti-
SARS-CoV-2 IgG Test (https://www.orthoclinical-
diagnostics.com; specificity 100%, sensitivity 90%) 
(3). Results were reported to participants within 72 
hours as negative (signal-to-cutoff ratio <1.0), posi-
tive (signal-to-cutoff ratio >1.0), or test not performed 
because of lipemia or insufficient volume.

Statistical Analysis
Of 16,403 participants, 6 (0.04%) had samples that 
were unable to be tested and were excluded (n = 
16,397). Percent SARS-CoV-2 antibody positivity 
and 95% CIs were calculated. Statistical testing was 
conducted using Cochran-Armitage trend tests for 
variables with ordinal categories (2-sided tests with 

α = 0.05). Non-Hispanic Native Hawaiian and other 
Pacific Islander (n = 31, 0.2%), Non-Hispanic Ameri-
can Indian/Alaska Native (n = 53, 0.3%), and other 
race (n = 320, 2.0%) participants were categorized as 
other race. The 398 (2.4%) participants who declined 
to report race were categorized separately and in-
cluded in all analyses. 

Participants could choose multiple work loca-
tions; 17.5% chose >1 location. Each work location 
category was represented as a separate dichotomous 
variable (i.e., dummy variable) to enable modeling of 
non–mutually exclusive categories. Participants were 
provided with occupation categories and a free text 
option. The National Institute for Occupational Safety 
and Health (NIOSH) assisted with coding free-text re-
sponses using the NIOSH Industry and Occupation 
Computerized Coding System (4). No categories cre-
ated from free-text options reached high sample size 
(n<100) and were coded as “other” except for techni-
cians (e.g., dialysis, telemetry, surgery), which were 
combined into a “clinical technician” category (n = 
365). 

Exposure to persons with confirmed COVID-19 
(co-worker, household member, patient, and other 
person) was defined as contact within 6 feet for >10 
minutes, but the question did not mention PPE use, 
which was assessed in separate questions. PPE use 
was dichotomized for each piece of equipment into 
“use all the time” (the recommended, or optimal, fre-
quency when PPE is required) versus all other choic-
es. Similarly, exposure to persons with confirmed 
COVID-19 was dichotomized into “yes” versus all 
other choices.

Differences between categories were assessed 
by nonoverlapping 95% CIs for percent positiv-
ity. Two participants were excluded from adjusted 
analyses (1 participant with missing housing infor-
mation and 1 participant from a nonstudy hospital; 
n = 16,395). To account for clustering of participants 
by facility/agency, generalized estimating equa-
tions were used to model the likelihood of seropos-
itivity. Covariates were chosen a priori to represent 
risk of exposure and infection. Model diagnostics 
performed with regression analysis did not show 
evidence of collinearity for work location (high-
est values for variance inflation factor = 1.4, and 
condition index = 4.1), which was represented by 
non–mutually exclusive dummy variables entered 
simultaneously into the multivariable model. No 
interaction terms were explored. SAS 9.4 software 
(https://www.sas.com) was used for all analyses. 
ArcGIS (ESRI, https://www.esri.com) was used to 
map seroprevalence by agency location.
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Results
Of 16,397 participants, 6.9% (95% CI 6.5%–7.3%) were 
positive for SARS-CoV-2 IgG, indicating previous 
infection. In contrast, 2.7% (95% CI 2.5%–3.0%) re-
ported having previously tested positive by RT-PCR 
using a nasal, throat, or saliva sample. Participant 
age ranged from 19 to 82 years (mean 42.1, SD 12.2). 
Seroprevalence was lower among those >65 years of 
age (3.2% of the sample; seroprevalence 3.5%, 95% CI 
2.1%–5.4%) compared with all younger age groups 
(Table 1). Women, 68.6% of participants, had a simi-
lar seroprevalence to men. Non-Hispanic Black par-
ticipants made up 7.3% of the sample and had the 
highest seroprevalence (16.3%, 95% CI 14.2%–18.5%) 
compared with other race/ethnic groups, includ-
ing Non-Hispanic White participants (6.0%, 95% CI 
5.6%–6.4%), who made up 78.4% of the sample. Se-
roprevalence among participants by facility ranged 
from 0.5% to 17.9% and was inversely related to 
distance of the facility from the Detroit geographic 
center. Seroprevalence was highest (11.0%, 95% CI 
10.3%–11.7%) among participants at facilities within 
15 km of Detroit’s center and lowest (1.8%, 95% CI 

1.4%–2.2%) at locations 30–55 km away (Figure 1). 
Higher seroprevalence with closer proximity to De-
troit was observed among most participants, regard-
less of occupation and healthcare setting (Appendix 
Figure 1). Among participants who reported close 
contact (within 6 feet) with a person with confirmed 
COVID-19 for >10 minutes, seroprevalence was 
highest among those with exposure to a household 
member (34.3%, 95% CI 30.2%–38.6%). Participants 
living in multiunit housing had higher seropreva-
lence compared with those living in single-family 
housing (8.4%, 95% CI 7.2%–9.8% vs. 6.7%, 95% CI 
6.3%–7.1%).

By work location, seroprevalence was highest 
among participants who worked in hospital wards 
(8.8%, 95% CI 8.0%–9.7%) and lowest among those 
working in police departments (3.9%, 95% CI 2.5%–
5.8%) (Table 2). Within hospitals, lower seropreva-
lence was found among persons working in inten-
sive care units (ICUs; 6.1%) and operating rooms 
or surgical units (4.5%) compared with participants 
working in wards (8.8%) and emergency depart-
ments (EDs; 8.1%). By occupation, the highest  
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Table 1. Seropositivity for SARS-CoV-2 among healthcare, first response, and public safety personnel, by demographic characteristics, 
Detroit metropolitan area, Michigan, USA, May–June 2020* 
Characteristics No. (%) % Seropositive (95% CI) 
Total 16,397 (100.0) 6.9 (6.5–7.3) 
Age group, y†    
 18–24 686 (4.2) 7.9 (6.0–10.2) 
 25–34 4,885 (29.8) 6.9 (6.2–7.6) 
 35–44 3,977 (24.3) 7.0 (6.2–7.9) 
 45–59 5,222 (31.9) 6.9 (6.2–7.6) 
 60–64 1,106 (6.8) 7.5 (6.0–9.2) 
 >65 521 (3.2) 3.5 (2.1–5.4) 
Sex    
 M 5,146 (31.4) 6.7 (6.0–10.2) 
 F 11,251 (68.6) 7.0 (6.5–7.5) 
Race/ethnicity    
 Non-Hispanic White 12,858 (78.4) 6.0 (5.6–6.4) 
 Non-Hispanic Black 1,200 (7.3) 16.3 (14.2–18.5) 
 Non-Hispanic Asian 1,097 (6.7) 7.3 (5.8–9.0) 
 Hispanic 440 (2.7) 6.8 (4.7–9.6) 
 Other‡ 404 (2.5) 7.2 (4.9–10.2) 
 Declined to answer 398 (2.4) 7.0 (4.7–10.0) 
Distance of work agency/facility from Detroit centroid 
 <15 km 7,194 (43.9) 11.0 (10.3–11.7) 
 15–30 km 4,677 (28.5) 5.5 (4.9–6.2) 
 31–55 km 4,526 (27.6) 1.8 (1.4–2.2) 
Exposure to persons testing positive for COVID-19§ 
 Co-worker 6,799 (41.5) 10.0 (9.3–10.8) 
 Household member 519 (3.2) 34.3 (30.2–38.6) 
 Patient 10,389 (63.4) 7.8 (7.3–8.3) 
 Other person 2,709 (16.5) 11.5 (10.3–12.7) 
Housing    
 Multi-unit 1,762 (10.8) 8.4 (7.2–9.8) 
 Single family 14,634 (89.3) 6.7 (6.3–7.11) 
*COVID-19, coronavirus disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Test for trend in seropositivity statistically significant at α = 0.05. 
‡Other race/ethnicity includes non-Hispanic Native Hawaiian and other Pacific Islander, non-Hispanic American Indian and Alaska Native, and 
participants who indicated other race. 
§Categories are not mutually exclusive. 
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seroprevalence was found among nurse assistants 
(12.8%) and physical therapists (10.6%) and the low-
est among laboratory technicians (3.4%) and police 
officers (4.0%). Seroprevalence also varied by hos-
pital-based work locations and occupation (Figure 
2). Among participants working on hospital wards, 
the lower bound of the 95% CI for seropositivity 
was higher than overall seroprevalence (6.9%) for 
nurse assistants (13.6%, 95% CI 10.2%–17.5%), ad-
ministration/clerks (11.9%, 95% CI 7.0%–18.5%), 
respiratory therapists (10.8%, 95% CI 7.1%–15.6%), 
and nurses (9.8%, 95% CI 8.5%–11.2%). Nurse as-
sistants who worked in an “other hospital loca-
tion” (15.9%, 95% CI 8.2%–26.7%) and nurses who 
worked in EDs (9.9%, 95% CI 8.3%–11.7%) had sim-
ilarly elevated seroprevalence.

Other occupational risk factors are included in 
the Appendix. Participants reported the average 
number of times per shift since March 1, 2020, in 
which they had participated in aerosol-generating 
procedures (Appendix Figure 2) and were given a 
list of examples for reference (Appendix Table 1). 
Seroprevalence generally increased with increasing 
procedure frequency (p = 0.04 by test for trend), with 
the highest percent positivity among those who par-
ticipated in such procedures >25 times per shift on 
average (9.1%, 95% CI 7.4%–11.0%). Participants also 
reported how frequently they used each component 

of PPE, using a Likert scale. Overall, there was no 
pattern seen in percent antibody positivity with fre-
quency of use with any PPE component (Appendix 
Table 2). Among those reporting ideal frequency of 
use (“all the time”) for a specific PPE component, 
seroprevalence was similar to the overall seropreva-
lence (Table 2).

Multivariable adjustment using generalized esti-
mating equations was performed (Figure 3; Appen-
dix Table 3). Factors most strongly associated with 
likelihood of seropositivity were exposure to a house-
hold member with confirmed COVID-19 (adjusted 
odds ratio [aOR] 6.18, 95% CI 4.81–7.93) and working 
within 15 km of the Detroit center (aOR 5.60, 95% CI 
3.98–7.89 compared with 30–55 km). Compared with 
physicians, occupations more likely to be seropositive 
included nurse assistant (aOR 1.88, 95% CI 1.24–2.83) 
and nurse (aOR 1.52, 95% CI 1.18–1.95). Working in a 
hospital ED was the sole location with increased ad-
justed odds of seropositivity (aOR 1.16, 95% CI 1.00–
1.35). Consistently wearing an N95 respirator (aOR 
0.83, 95% CI 0.72–0.95) or surgical facemask (vs. using 
them less than “all the time”) lowered the likelihood 
of being seropositive (aOR 0.86, 95% CI 0.75–0.98).

Discussion
Healthcare, first response, and public safety person-
nel in 27 hospitals and 7 MCA areas were surveyed 
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Figure 1. Seropositivity 
for SARS-CoV-2 among 
healthcare, first response, and 
public safety personnel, by 
hospital and Medical Control 
Authority agency location, 
Detroit metropolitan area, 
Michigan, USA, May–June 
2020. Centroid: Detroit city 
center. Mean SARS-CoV-2 
seroprevalence within 15 km 
was 11.0% (red), 15–30 km, 
5.5% (orange), and 31–55 
km, 1.8% (yellow). Base map 
source: ESRI ArcGIS map 
for Province of Ontario and 
Oakland County, Michigan 
(https://www.esri.com). SARS-
CoV-2, severe acute respiratory 
syndrome coronavirus 2.
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in the Detroit metropolitan area. Among these fa-
cilities, seroprevalence of SARS-CoV-2 IgG ranged 
from 0.5% to 17.9%, indicating wide variation 
in seroprevalence. A major role for community ac-
quisition of SARS-CoV-2 infection is suggested by 
the strong association between seropositivity and 
working closer to the Detroit center and exposure 
to a household member with confirmed COVID-19. 
Workers remain vulnerable at home, where social 
distancing and PPE use may be difficult and likeli-
hood of exposure during presymptomatic or asymp-
tomatic periods is high. Similar patterns have been 
found in other studies of healthcare worker infec-
tions, in which community or household exposure to 
persons who tested positive for SARS-CoV-2 was the 
primary predictor of seroconversion (5,6). The geo-
graphic distribution of seroprevalence among first 
responders in this study was related to population- 
based cumulative case reporting in Michigan 

through April 30, 2020: higher percentage positivity 
for RT-PCR testing was reported for counties near 
the Detroit center (Oakland, Macomb, and Wayne 
[0.48%–1.04%]) versus lower levels for the outly-
ing counties (Washtenaw, St. Clair, and Monroe  
[0.22%–0.32%]) (7).

Although 6.9% of participants were seroposi-
tive, only 2.7% reported a history of a positive RT-
PCR test. This finding of higher seroprevalence 
compared with confirmed active infection is similar 
to other serology surveys of the general popula-
tion (8–10). A study by Havers et al. estimated 6–24 
times as many infections as the number of reported 
cases detected by RT-PCR (8). Our study revealed 
≈2.5 times more infections than cases based on self-
reported RT-PCR results. The 2.7% positivity for 
RT-PCR may be higher in the healthcare and first 
responder population compared with the general 
public (which ranged from 0.22% to 1.04% in the  
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Table 2. Seropositivity for SARS-CoV-2 among healthcare, first response, and public safety personnel, by work location, occupation, 
and PPE use, Detroit metropolitan area, Michigan, USA, May–June 2020* 
Characteristic No. (%) % Seropositive (95% CI) 
Work location    
 Hospital emergency department 3,614 (22.0) 8.1 (7.2–9.0) 
 Hospital ward 4,766 (29.1) 8.8 (8.0–9.7) 
 Hospital intensive care unit 3,973 (24.2) 6.1 (5.3–6.9) 
 Hospital operating room/surgical 2,661 (16.2) 4.5 (3.7–5.3) 
 Other hospital location 3,260 (19.9) 6.1 (5.3–7.0) 
 Emergency medical services 550 (3.4) 5.3 (3.6–7.5) 
 Fire services 1,008 (6.2) 5.0 (3.7–6.5) 
 Police department 615 (3.8)  (2.5–5.8) 
Occupation    
 Administration/clerk 964 (5.9) 8.0 (6.4–9.9) 
 Clinical technician† 365 (2.2) 5.5 (3.4–8.3) 
 EMT/medical first responder/paramedic‡ 1,158 (7.1) 5.2 (4.0–6.6) 
 Firefighter§ 330 (2.0) 6.7 (4.2–9.9) 
 Imaging technician 719 (4.4) 4.2 (2.8–5.9) 
 Laboratory technician 293 (1.8) 3.4 (1.7– 6.2) 
 Midlevel clinician 566 (3.5) 4.6 (3.0–6.7) 
 Nurse 6,426 (39.2) 7.7 (7.1–8.4) 
 Nurse assistant 641 (3.9) 12.8 (10.3–15.6) 
 Other¶ 688 (4.2) 6.8 (5.1–9.0) 
 Other health# 200 (4.6) 7.5 (4.3–12.1) 
 Pharmacist 321 (2.0) 4.4 (2.4–7.2) 
 Physical therapist 235 (1.4) 10.6 (7.0–15.3) 
 Physician 2,297 (14.0) 6.1 (5.1–7.1) 
 Police/corrections officer 785 (4.8) 4.0 (2.7–5.6) 
 Respiratory therapist 409 (2.5) 8.3 (5.8–11.4) 
PPE    
 Gown use all the time 9,316 (56.8) 6.9 (6.4–7.5) 
 Glove use all the time 11,887 (72.5) 7.0 (6.5–7.5) 
 N95 respirator use all the time 7,316 (44.6) 6.9 (6.3–7.5) 
 PAPR use all the time 695 (4.2) 7.6 (5.8–9.9) 
 Goggles/face shield all the time 6,581 (40.1) 6.5 (5.9–7.1) 
 Surgical facemask all the time 9,452 (57.6) 6.6 (6.1–7.1) 
*Work location categories are not mutually exclusive: 17.2% of participants reported >1 workplace. EMT, emergency medical technician; PAPR, powered 
air purifying respirator; PPE, personal protective equipment; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Includes dialysis, telemetry, cardiovascular, extracorporeal membrane oxygenation (ECMO), respiratory, emergency/critical care, anesthesia, 
endoscopy, orthopedic, surgical, neurodiagnostic, urology, audiology, and radiation technicians. 
‡Includes firefighter/medical first responder. 
§Includes fire inspector and fire marshal. 
¶Includes dietary staff, environmental staff, social worker/chaplain, maintenance staff, supervisor. 
#Includes dentist, medical examiner, orderly, phlebotomist, therapy aide, trainee. 
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6 Michigan counties) as a result of targeted and re-
peated testing of personnel in hospitals and emer-
gency medical services settings (11). Even so, sur-
veillance of these occupational groups in Detroit 
based on self-reported RT-PCR testing results would 
have identified a minority of infections.

Healthcare workers are known to be at occu-
pational risk for SARS-CoV-2 exposure (12). Par-
ticipants in occupations that may involve frequent 
and prolonged patient contact, such as nurse as-
sistants and nurses (13,14), were more likely to be 
seropositive than physicians. Multivariable analy-
sis revealed a weak association between lower se-
ropositivity and consistent use of N95 respirators 
and surgical facemasks. Lower seroprevalence was 
observed among participants who reported high 
use of PPE despite shortages and reuse/extension 
protocols that could be hypothesized to lower the 
observed effectiveness of PPE. These and other con-
founding factors may obscure the role PPE plays 
in preventing infection, and it may be necessary 
to account for multiple factors in studies assess-
ing the effect of PPE. The lower likelihood of se-
roprevalence associated with working in the con-
trolled environments of a hospital ICU or surgical 
ward may reflect the impact of additional mitiga-
tion measures, including clear identification of in-
fected persons and environmental and engineering 
controls (15). This pattern of lower seropositivity 
among staff in higher-risk versus lower-risk hos-
pital settings has been described previously (16). 
However, even within healthcare work settings, 
some workers such as nurse assistants had a high-
er risk of infection than those in other roles. This  

finding highlights the concern that certain occupa-
tions may require additional focus on assessing and 
controlling factors related to transmission.

Together, these analyses of community and 
workplace factors show the contribution of com-
munity acquired infection to seropositivity among 
Detroit area healthcare workers. For 3 hospital set-
tings (hospital ward, ED, and ICU) that could be 
compared across healthcare occupations, seroposi-
tivity rose with closer proximity of the facility to the 
Detroit center. This pattern suggests that regardless 
of occupation or work location, community acqui-
sition was a common underlying factor of infec-
tion risk. There are 2 related implications. First, the 
observed impact of PPE may be reduced given the 
background impact of community acquisition of 
SARS-CoV-2 infection. Second, reducing communi-
ty spread through population-based measures may 
directly protect healthcare workers on 2 fronts: re-
duced occupational exposure as a result of fewer in-
fected patients in the less controlled workplace set-
tings such as the ED, and reduced exposure in their 
homes and communities.

After adjusting for other factors, we found that 
women were less likely than men to be seroposi-
tive. This pattern was seen only in adjusted analysis; 
women’s lower risk may have been obscured by their 
disproportionate representation in the occupations at 
higher risk of infection. Women represented 69% of 
the sample but made up 86% of those in nursing and 
nurse assistance. 

Participants >65 years of age were less likely to 
be infected than younger workers. This pattern may 
be the result of measures to protect older workers 
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Figure 2. Seropositivity for SARS-CoV-2 among healthcare personnel by selected occupation and hospital work location, Detroit 
metropolitan area, Michigan, USA, May–June 2020. Red bars: lower 95% CI for percent positive is >6.9% (overall percent positive). 
Other hospital locations are all other locations not specifically listed in the chart (e.g., radiology, laboratory). Estimates not shown for 
categories with sample size <25 participants. ED, emergency department; ICU, intensive care unit; OR, operating room; SARS-CoV-2, 
severe acute respiratory syndrome coronavirus 2.
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Figure 3. Adjusted odds ratios 
and 95% CIs for seropositivity 
for SARS-CoV-2 among 
healthcare, first response, 
and public safety personnel, 
Detroit metropolitan area, 
Michigan, USA, May–June 
2020. Adjusted model was 
estimated using generalized 
estimating equations 
including all variables shown. 
Participants with other 
occupations, of other race/
ethnicity, or who declined to 
provide their race/ethnicity are 
included in the models, but not 
shown as separate categories. 
Workplace variables are not 
mutually exclusive. Reference 
categories are noted in 
parentheses for each section. 
ED, emergency department; 
EMT, emergency medical 
technician; HH, household; 
Med 1st resp, medical first 
responder; NH, non-Hispanic; 
PAPR, powered air-purifying 
respirator; ref., reference; 
SARS-CoV-2, severe 
acute respiratory syndrome 
coronavirus 2. *Reference 
groups for personal protective 
equipment variables are all 
other responses with less 
frequency than “all the time.”
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from high-risk situations or from greater precautions 
taken among this group. A population study that 
also observed lower seroconversion among older 
persons found that older persons were less likely to 
live with a household contact (17). Seroconversion 
may also diminish with age in general (17), although 
other studies showed no pattern by age or higher 
seroprevalence among older persons (18,19). Partici-
pants of non-Hispanic Black race/ethnicity remained 
more likely to be seropositive than non-Hispanic 
white participants, even after adjustment. Commu-
nity-level surveillance of COVID-19 infection and 
SARS-CoV-2 infection has demonstrated overrepre-
sentation of minority groups in population-adjusted 
analyses (20,21). One hypothesis for the higher risk 
of infection among Black and Hispanic persons is 
employment in jobs without possibility of working 
remotely (22). Unfortunately, the survey did not col-
lect information about occupation and workplace of 
household members. We speculate that the higher 
risk of exposure/infection among non-Hispanic 
Black versus non-Hispanic White participants in our 
study likely reflects uncontrolled confounding by 
factors for which data were not available.

Some limitations must be considered. The survey 
was a convenience sample with unknown represen-
tativeness: 80% of the 20,650 employees anticipated 
by MCA and hospital contacts to be eligible partici-
pated but agency participation varied, with highest 
participation among hospital personnel. The cross-
sectional design precluded determining the source 
of exposure. In addition, comprehensive exposure 
data (e.g., travel, commuting, social exposures) were 
not collected. Because of the limited questionnaire 
length, PPE questions did not probe donning and 
doffing training, participant familiarity with PPE 
use, or reuse or extension protocols that may have 
affected effectiveness (11). No additional questions 
were asked about other workplace infection control 
practices. Another potential source of bias is the 
healthy worker effect, in which persons with pro-
longed COVID-19 infection or sequelae would not 
have been onsite to participate. Seroprevalence may 
be underestimated, given that the sensitivity of the 
antibody test was less than 100%. It is also possible 
that participants who were infected did not serocon-
vert (23; F. Gallais et al., unpub. data, https://www.
medrxiv.org/content/10.1101/2020.06.21.2013244
9v1), but it is unknown whether lack of seroconver-
sion may have occurred systematically between oc-
cupations (e.g., those exposed more intensely or with 
more severe illness may be more likely to develop 
antibodies) (24). Although more recent infections 

may have not been detected, it is unlikely that this 
varied systematically across groups. Strengths in-
cluded coverage of a large number of personnel at 
hospitals and first response/public safety facilities 
and pairing antibody testing with questionnaire 
data to enable focus on a high-risk population.

Key implications for the risk of SARS-CoV-2 in-
fection among healthcare, first response, and public 
safety personnel include the impact of community 
acquisition, increased odds of exposure associated 
with specific healthcare occupations, and the pro-
tection provided by PPE. Effects of interventions 
that could be further studied and implemented 
include providing alternative housing to health-
care workers during times or in areas of high com-
munity prevalence and ensuring that workers in 
high-risk occupations are given adequate PPE, spe-
cifically N95 respirators and surgical facemasks, as 
well as infection control training.
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On March 21, 2020, the Western Australia Depart-
ment of Health was notified that 6 passengers 

aboard a flight from Sydney, New South Wales, to 
Perth, Western Australia, Australia, on March 19 had 
tested positive for severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) by PCR. All 6 passengers 

had disembarked from cruise ships that had recently 
docked in Sydney. In the subsequent 2 weeks, several 
other cases of SARS-CoV-2 infection were identified 
among passengers on that flight.

Although the role of cruise ships in SARS-CoV-2 
transmission is well documented (1), information re-
garding potential flight-associated transmission of 
SARS-CoV-2 (2,3) is limited. We investigated SARS-
CoV-2 transmission associated with a 5-hour domestic 
flight by analyzing epidemiologic and whole-genome 
sequencing (WGS) data. Ethics approval was not re-
quired for this investigation, conducted as part of the 
public health response to the SARS-CoV-2 outbreak 
under the Western Australia Public Health Act 2016.

Methods

Public Health Response to Coronavirus Disease  
in Australia
In Australia, coronavirus disease (COVID-19) is an 
urgently notifiable disease (4); laboratory-confirmed 
cases and close contacts are investigated and man-
aged according to national guidelines produced by 
the Communicable Disease Network of Australia 
(4). Details for flights with SARS-CoV-2 infectious 
persons on board are published at https://www.
healthywa.wa.gov.au/coronavirus. Airlines are re-
sponsible for the management of crew and are noti-
fied of potential in-flight exposure by the National 
Incident Room (https://www.health.gov.au/initia-
tives-and-programs/national-incident-room).

Initial Public Health Investigation of the Flight
On the afternoon of March 19, 2020, a domestic flight 
within Australia departed Sydney and landed 5 
hours later in Perth. The aircraft, an Airbus A330-200, 
had 28 business and 213 economy class passengers on 
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To investigate potential transmission of severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) during 
a domestic flight within Australia, we performed epidemi-
ologic analyses with whole-genome sequencing. Eleven 
passengers with PCR-confirmed SARS-CoV-2 infection 
and symptom onset within 48 hours of the flight were 
considered infectious during travel; 9 had recently disem-
barked from a cruise ship with a retrospectively identified 
SARS-CoV-2 outbreak. The virus strain of those on the 
cruise and the flight was linked (A2-RP) and had not been 
previously identified in Australia. For 11 passengers, none 
of whom had traveled on the cruise ship, PCR-confirmed 
SARS-CoV-2 illness developed between 48 hours and 14 
days after the flight. Eight cases were considered flight 
associated with the distinct SARS-CoV-2 A2-RP strain; 
the remaining 3 cases (1 with A2-RP) were possibly flight 
associated.  All 11 passengers had been in the same 
cabin with symptomatic persons who had culture-positive 
A2-RP virus strain. This investigation provides evidence 
of flight-associated SARS-CoV-2 transmission. 



Flight-Associated Transmission of SARS-CoV-2

board. Passengers were persons transiting to Perth 
through the Sydney International Airport after ar-
riving from overseas and domestic travelers, some of 
whom had disembarked from 1 of 3 cruise ships that 
had recently docked in Sydney Harbour (Ovation of 
the Seas on March 18; Ruby Princess and Sun Princess 
on March 19).

After the initial 6 persons with COVID-19 were 
identified among passengers on the flight, all close 
contacts were informed of their potential exposure to 
SARS-CoV-2 and directed to quarantine themselves 
for 14 days. During this investigation, PCR testing 
for SARS-CoV-2 was limited to persons experienc-
ing symptoms. By April 1, SARS-CoV-2 infection was 
confirmed for >20 passengers on the flight, and at-
tempts were made to notify all remaining passengers 
of their potential exposure. The number of infections 
linked to the flight and the timing of symptom onset 
among persons with a later diagnosis suggested that 
flight-associated transmission may have occurred.

Laboratory Methods
For patients with suspected SARS-CoV-2 infection, 
a throat swab and bilateral nasopharyngeal or deep 
nasal specimens were collected on flocked nasopha-
ryngeal swabs. The swabs were placed in viral, uni-
versal, or Liquid Amies (https://www.copanusa.
com) transport medium, then transported and stored 
at 4°–8°C. Testing was conducted at PathWest Labo-
ratory Medicine WA by use of either the Roche cobas 
SARS-CoV-2 test (Roche Diagnostics, https://www.
roche.com) or combined in-house assays directed at 
envelope and spike protein gene targets (Table 1) (5). 
The in-house assays were approved for diagnostic 
use by the National Association of Testing Authori-
ties according to the provisions of the National Pa-
thology Accreditation Advisory Council (6).

When a sample was available for genomic testing, 
it underwent tiled amplicon PCR at PathWest to gener-
ate 14 overlapping amplicons representing the whole 
genome (Appendix Table, https://wwwnc.cdc.gov/
EID/article/26/12/20-3910-App1.pdf), which were 
 then sequenced on an Illumina MiSeq sequencer  
(Illumina, https://www.illumina.com). If multiple  

samples were available from 1 patient, we used sam-
ples with the highest viral loads (i.e., lowest cycle 
threshold values). Processed reads were mapped to 
the SARS-CoV-2 reference genome (GenBank acces-
sion no. MN908947). Primer-clipped alignment files 
were imported into Geneious Prime version 2020.1.1 
(https://www.geneious.com) for coverage analysis 
before consensus calling, and consensus sequences 
were generated by using iVar version 1.2.2 (https://
github.com/andersen-lab/ivar).

Genome sequences of SARS-CoV-2 from West-
ern Australia were assigned to lineages (7) by using 
the Phylogenetic Assignment of Named Global Out-
break LINeages (PANGOLIN) tool (https://github.
com/cov-lineages/pangolin). On July 17, 2020, we 
retrieved SARS-CoV-2 complete genomes with cor-
responding metadata from the GISAID database 
(https://www.gisaid.org/epiflu-applications/next-
hcov-19-app). The final dataset contained 540 GISAID 
whole-genome sequences that were aligned with the 
sequences from Western Australia generated in this 
study by using MAFFT version 7.467 (https://mafft.
cbrc.jp/alignment/software). Phylogenetic trees 
were visualized in iTOL (Interactive Tree Of Life, 
https://itol.embl.de) and MEGA version 7.014 (8). At 
the time of sequencing, the virologists and scientists 
overseeing and performing the WGS were blinded as 
to the epidemiologic details (Appendix).

Virus culture was attempted for primary samples 
sent directly to the reference laboratory but not for 
samples received after primary testing at another 
laboratory. Clinical specimens were inoculated in 
triplicate wells with Vero-E6 cells at 80% confluency, 
incubated at 37°C in 5% CO2, and inspected for cy-
topathic effect daily for up to 10 days. Identity was 
confirmed by in-house PCRs as described for previ-
ous sequences.

Determining Likely Source of Infection
The likely source of infection for each passenger with 
PCR-confirmed SARS-CoV-2 infection was deter-
mined by using the results of WGS and epidemiolog-
ic investigations that assessed the potential for other 
sources of exposure during the incubation period. For 
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Table 1. Primers and probe sequences used for in-house diagnostic assays used to test persons with suspected SARS-CoV-2 
infection after flight from Sydney to Perth, Australia, March 19, 2020 
Oligonucleotide Sequence, 5→3 Concentration, μM 
BetaCoV_Wuhan_F22595 (forward) TGAAGTTTTTAACGCCACCAGAT 0.7 
BetaCoV_Wuhan_R22662 (reverse) CACAGTTGCTGATTCTCTTCCTGTT 0.9 
BetaCoV_Wuhan_P22619-HEX (hydrolysis probe)  (HEX)C[+A][+A]GCAT[+A][+A]A[+C]AGATGCA(BHQ1) 0.3 
MS2-105F (forward) GTCGACAATGGCGGAACTG 0.2 
MS2-170R (reverse) TTCAGCGACCCCGTTAGC 0.5 
MS2-127-VIC (hydrolysis probe) (VIC)ACGTGACTGTCGCCCCAAGCAACTT(QSY) 0.2 
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this investigation, we considered primary cases to be 
passengers with SARS-CoV-2 infection identified by 
PCR in Western Australia who probably acquired 
their infection before boarding the flight. 

We defined primary cases as passengers with 
SARS-CoV-2 who had been on a cruise ship with a 
known outbreak in the 14 days before illness onset and 
whose specimen yielded a virus genomic sequence 
closely matching that of the ship’s outbreak strain; 
any passenger whose illness began before or within 48 
hours after the flight’s departure (i.e., infectious dur-
ing the flight); or both. We defined secondary cases as 
passengers with PCR-confirmed SARS-CoV-2 infec-
tion who had not been on a cruise ship with a known 
SARS-CoV-2 outbreak within 14 days of illness onset 
and in whom symptoms developed >48 hours after 
and within 14 days of the flight. We further character-
ized secondary cases as being flight associated if they 
were in international passengers who arrived in Syd-
ney on March 19 or domestic Australia travelers who 
had not been on a cruise ship in the 14 days before ill-
ness and whose specimens yielded a WGS lineage not 
known to be in circulation at their place of origin but 
that closely matched the lineage of a primary case on 
the flight. Secondary cases among persons who had re-
cently been on a cruise ship with no known onboard 
SARS-CoV-2 transmission or domestic passengers 
who had not been on a cruise ship but for whom WGS 
information was unavailable were categorized as pos-
sibly flight associated (Table 2). 

Statistical Analyses
We tested the hypothesis that the risk for flight-as-
sociated infections was independent of seat assign-
ment, as might occur if secondary infections were 
acquired while awaiting the flight in Sydney or after 
disembarking in Perth. We compared the proportion 
of secondary cases observed between aircraft cabins 
and between seating types (i.e., window vs. nonwin-
dow seats) by calculating risk ratios with corrected 

Mantel-Haenszel χ2 tests and using EpiInfo Statcalc 
version 7.2.0.1 (https://www.cdc.gov/epiinfo).

Results
A total of 64 passengers on the flight had or later ex-
perienced an illness compatible with COVID-19 and 
were tested by PCR; 29 were SARS-CoV-2 positive 
(Figure 1) and 35 were negative. Among PCR-con-
firmed cases, symptom onset occurred during March 
15–April 1, 2020 (Figure 2); median age was 59 (range 
4–81) years, 14 were female, and 15 were male. More-
over, 13 had been passengers on the Ruby Princess, 
4 on the Ovation of the Seas, and 2 on the Sun Prin-
cess. Five others were international travelers transit-
ing through Sydney, and 5 were domestic travelers 
within Australia who had not been on a cruise ship.

Sufficient viral RNA was available to generate an 
adequate sequence for 25 of the 29 samples positive 
by PCR; 100% coverage was obtained for 21 and par-
tial coverage (81%–99%) for 4 samples. The phyloge-
netic tree for the 21 complete genomes (Figure 3; Ap-
pendix Figure, panel A) showed that they belonged 
to either the A.2 (n = 17) or B.1 (n = 4) sublineages of 
SARS-CoV-2. All of the complete A.2 sequences be-
longed to a distinct genomic cluster separated by <2 
single-nucleotide polymorphisms (Appendix Figure, 
panel B), which we designated as A2-Ruby Princess 
(A2-RP). The A2-RP strain had not been identified on 
the GISAID international database before this out-
break (9). The 4 B.1 viruses comprised 3 B.1.31 and 
1 phylogenetically more distant B.1 strain. Of the 4 
partial sequences, 3 clustered with the A2-RP strains 
and the other was designated B.1.1 and was phyloge-
netically close to the B.1.31 sequences (Figure 3). We 
attempted to culture 17 PCR-positive specimens, 9 of 
which grew SARS-CoV-2.

Primary Cases
Of the 29 cases of PCR-confirmed SARS-CoV-2 
linked to the flight, 18 were classified as primary 
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Table 2. Criteria for flight-associated and possibly flight-associated secondary cases of SARS-CoV-2 infection in persons aboard a 
flight from Sydney to Perth, Australia, March 19, 2020 
Secondary case classification Epidemiologic criteria Virus WGS criteria 
Flight associated International passenger who arrived at 

Sydney International Airport on March 19, 
2020, and transited to the flight 

OR 
domestic passenger in Australia not 

associated with a cruise ship before illness 

Specimen yielded lineage not circulating in 
place of origin 

AND 
Lineage closely matched that of passengers 

with primary cases on flight 

Possibly flight associated Passenger on cruise ship with no known 
SARS-CoV-2 transmission identified 

Specimen from passenger or traveling 
companion yielded lineage related to that of 

passengers with primary cases on flight 
Domestic passenger in Australia not 

associated with a cruise ship before illness 
WGS data not available 

*WGS, whole-genome sequencing. 
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cases. Former Ruby Princess passengers accounted 
for 13 of the primary cases, and all viruses with WGS 
available were A2-RP strain. Nine Ruby Princess 
passengers were classified as infectious during the 
flight based on illness onset; 4 specimens collected 
on the day after the flight (March 20) were culture 
positive. Of the remaining 5 primary cases, 4 were 
in passengers from the Ovation of the Seas (1 clas-
sified as infectious during the flight); SARS-CoV-2 
virus was B.1.31 for 3 passengers, and for the other 
passenger a partial B.1.1 sequence clustered near 
the B.1.31 viruses. Virus of the fifth B.1 lineage was 
obtained from a traveler returning from the United 
States who was also infectious during the flight (Fig-
ure 3; Appendix Figure 1, panel B).

Secondary Cases
We identified 11 secondary cases with symptom on-
set during March 22–April 1; among these, 8 cases 
were classified as flight associated. These 8 persons 
did not know each other. Four had commenced their 
journeys from different US cities and had taken an 
overnight flight from Los Angeles, California, USA, 
which landed at Sydney Airport on the morning of 

March 19. All had viruses of the A2-RP strain (3 by 
full and 1 by partial sequence; Figure 2), which was 
not circulating in the United States at the time of 
the flight. As of July 28, 2020, the GISAID database 
contained 5 sequences from 2 US sites that matched 
the A2-RP strain; relevant public health authorities 
confirmed that these sequences were obtained from 
passengers returning to the United States after dis-
embarking from the Ruby Princess in Australia with 
specimen collection dates on or after March 22.

The remaining 4 flight-associated cases flew from 
various locations in New South Wales. Two resided 
in Sydney, 1 took a short flight from regional New 
South Wales, and 1 traveled by car several hours to 
Sydney Airport on March 19. None were previously 
identified contacts of a person with COVID-19 or had 
any known interactions with cruise ship passengers 
before the flight. All had virus with the A2-RP strain. 
There was no evidence of A2-RP strain circulation in 
Sydney before disembarkation of passengers from 
the Ruby Princess on March 19 (9,10). The median 
duration from day of flight to illness onset for the 8 
persons with flight-associated infections was 4 (range 
3–6) days.
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Figure 1. Distribution of SARS-CoV-2 infection cases among passengers on a flight from Sydney to Perth, Australia, on March 19, 2020. 
Far right column shows passenger identification numbers and SARS-CoV-2 lineage determined by whole-genome sequencing (A.2, B.1, 
not determined). 
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Three secondary cases were classified as possibly 
flight associated. Two traveling companions disem-
barked from the Sun Princess cruise on March 19; 
there was no outbreak of SARS-CoV-2 on this cruise 
ship, and neither person had known contact with 
anyone with COVID-19. Virus was the A2-RP strain 
for 1 of these persons, but no specimen was available 
for WGS for the other. One case in a domestic pas-
senger who spent the incubation period in regional 
Sydney Airport was classified as possibly rather than 
flight associated because no specimen was available 
for WGS.

Overall, the risk of acquiring SARS-CoV-2 in 
New South Wales or Western Australia from an 
unknown community source during this time was 
low. On the day of the flight, New South Wales 
(population 7.5 million) reported a cumulative to-
tal of 307 COVID-19 infections, of which only 26 
(3.5 cases/1,000,000 population) were locally ac-
quired from an unknown source (11); in Western 
Australia (population 2.6 million), 52 cumulative 
cases had been identified, of which only 2 were lo-
cally acquired from an unknown source (0.8 cas-
es/1,000,000 population) (12).

Spatial Distribution during Flight
Eleven primary cases (6 passengers in mid cabin and 
5 in aft cabin) were classified as having been infec-
tious during the flight; 5 were symptomatic. The 
mid cabin had 3 symptomatic passengers from the 

Ruby Princess seated together in the same row in 
the middle section; all had A2-RP (full sequence) 
viruses and positive virus culture results (Figure 
4). In the mid cabin were 1 infectious traveler from 
the United States, 1 from Ovation of the Seas (both 
with B.1 lineage virus and culture-negative results), 
and 1 additional Ruby Princess passenger who was 
presymptomatic but infectious. The remaining 5 in-
fectious primary cases (all Ruby Princess passengers) 
were seated in the aft cabin; 2 were symptomatic dur-
ing the flight. All secondary cases occurred in persons 
seated in the economy class mid cabin.

Among secondary cases, 8 passengers were seated 
within 2 rows of infectious Ruby Princess passengers 
and 3 were more distant (2 possibly flight-associated 
cases were seated 3 rows away and 1 flight-associated 
case was seated 6 rows away). Seven (64%) secondary 
cases were among persons who had window seats 
(Figure 4).

Risk for Infection by Cabin and Seat Position
The risk for SARS-CoV-2 secondary infections 

among passengers seated in the mid cabin (11 cas-
es/112 passengers) was significantly greater than 
for those seated in the aft cabin (0 cases/101 pas-
sengers; risk ratio undefined; corrected Mantel–
Haenszel χ2 = 8.6; p<0.005). The secondary attack 
rate among mid-cabin passengers in window seats 
(7 cases/28 passengers) was significantly greater 
than among those not in window seats (4/83; 
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Figure 2. Theoretical maximum incubation (exposure), infectious period, and symptomatic period until time of resolution of illness in 
passengers on flight from Sydney to Perth, Australia, on March 19, 2020, with primary and secondary SARS-CoV-2 cases, by place 
of journey origin. Passenger identification numbers and SARS-CoV-2 lineage determined by whole-genome sequencing (A.2, B.1, not 
determined) indicated to right of bars. NSW, New South Wales, Australia; 1I, primary case, infectious; 1N, primary case, noninfectious; 
2F, secondary case, flight associated; 2P, secondary case, possibly flight associated.
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risk ratio 5.2; 95% CI 1.6–16.4; corrected Mantel–
Haenszel χ2 = 7.0; p<0.007).

Discussion
This combination of comprehensive epidemiologic 
investigation and WGS analysis builds a strong case 
for flight-associated transmission of SARS-CoV-2. 
Convergence of the following 3 factors enabled this 
investigation: 1) the emergence of a unique SARS-
CoV-2 strain (A2-RP) among cruise ship passengers 
disembarking in Sydney at the time of the flight, 2) 
identification of the A2-RP virus sequence among 
travelers arriving from overseas who did not leave 
the Sydney Airport before transiting to the flight, and 
3) the very limited community transmission of SARS-
CoV-2 within Australia at the time.

Other published reports describe suspected 
flight-associated transmission of SARS-CoV-2 
(2,3,13,14), but these reports lack supportive ge-
nomic evidence. Our investigation demonstrates the 
value of WGS for elucidating transmission of SARS-
CoV-2. Without genomic evidence, we would have 
assumed that the overseas travelers on this flight 
acquired their infection in the United States rather 
than within Australia.

We report several other findings. First, 3 of the 11 
persons with secondary infections were outside the 
usual parameters used to identify close contacts of an 
infectious passenger on an airplane (2 rows in front 
and behind). On the flight described, passengers with 
flight-associated infection spanned 9 rows and were 
on opposite sides of the airplane. Discussion with 
airline representatives indicated that no air handling 
maintenance issues were logged for this flight and 
no illnesses were reported among the crew (Direc-
tor of Medical Services for the airline, pers. comm., 
2020 Sep 8). Although the results of 1 study of SARS-
CoV-1 indicated a significantly increased risk for in-
fection among passengers seated within 2 or 3 rows 
in front of an index case (15), secondary cases have 
also been reported for passengers seated farther away 
(16). A report funded by the US Federal Aviation Ad-
ministration concluded that human movement might 
explain the transmission of SARS-CoV-1 “to passen-
gers seated as far as seven rows from the infected pas-
senger during the SARS outbreak in 2003” (17). The 
spatial distribution of secondary cases on this flight 
suggests that the current public health practice for 
contact tracing of passengers exposed to SARS-CoV-2 
while aboard aircraft may benefit from additional 
study (18,19).

Second, most of the secondary infections were 
in persons seated at the window, 2 of whom denied 

ever leaving their seat during the flight. This find-
ing was unanticipated given the widely held view 
that persons in window seats are at lower risk for 
exposure to an infectious pathogen during flight, a 
belief supported by data simulating transmission of 
droplet-mediated respiratory illnesses during flights 
of similar duration on single-aisle airplanes in the 
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Figure 3. Phylogenetic tree generated in MEGA version 7.0.14 
(8) for all SARS-CoV-2 whole-genome sequences with >80% 
genome coverage. Colors indicate samples from 458 persons 
with cases linked to cluster on flight from Sydney to Perth, 
Australia, on March 19, 2020. Scale bar indicates nucleotide 
substitutions per site.
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United States (20). Other studies, however, have 
emphasized the difficulty of measuring and un-
derstanding the complex airflow inside an aircraft 
cabin, even under steady-state conditions (17). In  
addition, movement of passengers and crew can also 
affect airflow patterns on board; further study of the 
dynamics of airflow on aircraft under real-world 
conditions is warranted.

Third, the risk for secondary SARS-CoV-2 infec-
tions from an infectious passenger during flight does 
not seem to be uniform. On this flight, there were 2 
potentially infectious persons with a B lineage virus, 
but no B lineage secondary infections were identi-
fied. Furthermore, several persons with potentially 
infectious primary cases with A2-RP virus strain 
were in the mid and aft cabins (4 mid cabin and 5 
aft cabin), and yet no secondary cases were identi-
fied in the aft cabin. This disparity raises the possi-
bility that there was >1 SARS-CoV-2 superspreader 
in the mid cabin during the flight (21). Although no 
reports of unwell passengers were logged with the 
airline for this flight (Director of Medical Services 
for the airline, pers. comm., 2020 Sep 8), 5 of the 8 
passengers with flight-associated secondary cases 
reported having noted coughing passengers. Anec-
dotal information obtained via interviews indicates 
that mask use was rare among the passengers over-
all, including those who had respiratory symptoms. 
Of note, 2 passengers with secondary cases report-
edly wore masks during the flight but not for the en-
tire flight. Although semiquantitative data on com-
parative viral loads based on cycle threshold values 
was available, we could not use these data to further 
investigate the role of upper respiratory tract viral 

load for determining transmission risk because sam-
ples were collected after the flight. Therefore, viral 
loads of passengers during the flight are unknown.  
Of note, 4 persons who were infectious on the flight 
had culture-positive specimens collected the next 
day (March 20; Figure 4).

Reports of suspected in-flight transmission of 
SARS-CoV-2 are relatively few, which probably re-
flects the challenges of establishing in-flight trans-
mission; the fact that flight-associated transmis-
sion may be rare; and the fact that as the pandemic 
progressed, many airlines adopted measures to 
decrease risk (e.g., reduced food and beverage ser-
vices, removal of in-flight entertainment, provision 
of masks and sanitizing wipes, limitation of move-
ment around the cabin, and enhanced cleaning of 
the airplane) (22). The Australian Health Protection 
Principal Committee has endorsed a Domestic Pas-
senger Journey Protocol to provide clear guidance 
regarding risk-minimization principles and pro-
cesses in domestic airports and on airplanes for do-
mestic passengers (23,24). This guidance also entails 
“reminding people not to travel if unwell” (23,24). 
As awareness of the threat posed by COVID-19 on 
cruise ships has grown, it is unlikely that the cir-
cumstances that led to exposures on this flight will  
be repeated.

This study has several limitations. First, we can-
not exclude the possibility that the 3 passengers with 
possibly flight-associated infection might have been 
exposed before or after their journey; however, the 
very low levels of community transmission in Austra-
lia at the time, combined with the known proximity of 
these travelers to infectious persons on the airplane, 
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Figure 4. Spatial distribution of primary (infectious and noninfectious) and secondary (flight-associated and possibly flight-associated) 
cases of SARS-CoV-2 aboard flight from Sydney to Perth, Australia, on March 19, 2020. Passengers are identified by place of origin and 
SARS-CoV-2 lineage as determined by whole-genome sequencing. 1I, primary case, infectious; 1N, primary case, noninfectious; 2F, 
secondary case, flight associated; 2P, secondary case, possibly flight associated.
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suggest that this possibility is unlikely. Conversely, 
we cannot rule out the possibility that the 7 passen-
gers with primary cases who had disembarked from 
a cruise ship with known SARS-CoV-2 illnesses on 
board but in whom symptoms developed >48 hours 
after the flight acquired their infection aboard the air-
plane; however, given the balance of probabilities, it is 
more likely that they acquired their infections on the 
ship. Second, lack of detailed information for all pas-
senger movements within the airport, at the boarding 
gate, and aboard the aircraft also limits our ability to 
determine with specificity where flight-associated ex-
posures occurred. However, the spatial clustering of 
all secondary cases within the mid cabin suggests that 
transmission most likely occurred aboard the airplane. 
If persons had been exposed principally at the airport, 
one might expect the 11 secondary cases to have been 
distributed beyond the mid cabin. On this flight, all 
passengers were invited to board at the same time, 
rather than by rows. Third, categorizing cases as pri-
mary or secondary was predicated on the passenger’s 
self-reported date of symptom onset, which may have 
been subject to recall errors. Fourth, case ascertainment 
bias is possible because although all passengers were 
informed of their potential exposure, passengers who 
had disembarked from a cruise ship that subsequently 
had a widely publicized outbreak or the close contacts 
of a primary case who were actively monitored for 14 
days may have been more likely to seek testing if they 
became ill. Last, we cannot be certain that we captured 
all SARS-CoV-2 infections among persons who trav-
eled on this flight because PCR testing was limited to 
passengers who reported symptoms and testing is not 
100% sensitive (25). Given that flight-associated trans-
mission of SARS-CoV-2 from asymptomatic persons 
has been reported, it is possible that some persons 
with secondary infections were exposed to passengers 
other than the infectious cases we identified on the 
flight (14); thus, our findings on the spatial distribution 
of primary and secondary cases should be interpreted 
with caution. Attempts to identify additional primary 
and secondary cases by using SARS-CoV-2 serologic 
testing are ongoing.

In conclusion, this study documents transmis-
sion of SARS-CoV-2 associated with a medium-
duration domestic flight within Australia. It also 
demonstrates the value of WGS for determining 
SARS-CoV-2 transmission. 
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Hepatitis E virus (HEV) is a small, nonenveloped 
RNA virus belonging to the family Hepeviridae, 

genus Orthohepevirus. HEV genotypes 3 and 4 cause 
zoonotic infections described in countries in Europe 
and transmitted mostly by the fecal–oral route in con-
taminated food or the environment (1). Hepatitis E 

transmission by blood products has been reported, 
including plasma treated by pathogen-reduction 
methods (2,3).

Several studies have indicated that not all HEV-
infected blood products cause infection in recipients, 
suggesting that blood products with a low residual 
plasma volume and provided by donors with low 
HEV viral loads might not be infectious (4,5). The 
lowest infectious dose resulting in proven or prob-
able HEV transfusion-transmitted infection was 
7,056 IU in a platelet concentrate (6), 31,600 IU in an 
erythrocyte concentrate (4), and 36,000 IU in a fresh 
frozen plasma (7).

In France, IgG seroprevalence studies indicate 
that HEV infection is widespread (8); high rates in the 
southern part of the country indicate that this region 
might be considered a hyperendemic area. Prevalence 
of HEV RNA in blood donors in France has been es-
timated to be 1 positive sample/750 donors–1 posi-
tive sample/2,218 donors (9,10). A total of 23 cases 
of transfusion-transmitted hepatitis with high imput-
ability were reported during 2006–2016, including re-
cipients of solvent/detergent–treated plasma (3).

Transfusion-transmitted hepatitis E involving 
solvent/detergent–treated plasma resulted in the 
identification of HEV-contaminated solvent/deter-
gent–treated plasma lots, each providing plasma 
units for <350 recipients. We report results and les-
sons learned from the hemovigilance investigations 
after identification during 2012 of 2 HEV RNA–posi-
tive solvent/detergent–treated plasma lots.

Materials and Methods

Production of Solvent/Detergent–Treated Plasma
Until 2014, the French Transfusion Public Service 
(Etablissement Français du Sang) produced solvent/
detergent–treated plasma that was manufactured 
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Hepatitis E has emerged as a major transfusion-transmitted 
infectious risk. Two recipients of plasma from 2 lots (A and 
B) of pooled solvent/detergent–treated plasma were found 
to be infected by hepatitis E virus (HEV) that was determined 
to have been transmitted by the solvent/detergent–treated 
plasma. HEV RNA viral loads were 433 IU in lot A and 55 
IU in lot B. Retrospective studies found that 100% (13/13) 
of evaluable lot A recipients versus 18% (3/17) of evaluable 
lot B recipients had been infected by HEV (p<0.001), albeit 
not necessarily at time of transfusion. Among evaluable re-
cipients, 86% with a transfused HEV RNA load >50,000 IU 
were infected, most likely by the HEV-containing solvent/de-
tergent–treated plasma, versus only 7% with a transfused 
HEV RNA load <50,000 IU (p<0.001). Overall, solvent/de-
tergent–treated plasma might harbor HEV. Such an occur-
rence might result in a dose-dependent risk for transfusion-
transmitted hepatitis E.
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from 100 apheresis plasma donations pooled in a vol-
ume of 70 L before being divided into a maximum of 
350 individual units of 200 mL. Donations were quali-
fied according to the French regulations. Interruption 
of solvent/detergent–treated plasma production by 
the Etablissement Français du Sang resulted from 
classification of this blood product as a pharmaceuti-
cal product according to European Union rules.

HEV Molecular and Serologic Investigations
Samples from solvent/detergent–treated plasma and 
blood donations were tested for HEV RNA, and viral 
loads were estimated by using a reverse transcrip-
tion PCR as described (11). Subsequently, genotypes 
and subtypes were characterized by sequencing and 
molecular comparison of strains in the open reading 
frame (ORF) 2/ORF3 genomic region (12) and in a 
fragment of ORF1 covering the polymerase gene (2). 
HEV IgG concentration in solvent/detergent–treated 
plasma lots and detection of HEV IgG detection in 
contributed plasma donations were measured by us-
ing an HEV IgG Enzyme Immunoassay Kit (Wantai 
Biologic Pharmacy Enterprise, http://www.ystwt.
cn) as described (13).

Hemovigilance Inquiries
All contributed plasma donations to a solvent/deter-
gent–treated plasma batch found positive for HEV 
were tested to identify the involved plasma donor(s). 
Furthermore, an inquiry was conducted for all re-
cipients transfused with plasma units from an HEV-
contaminated solvent/detergent–treated plasma lot. 
Information collected for each recipient included ini-
tial manifestations and outcome, number of solvent/
detergent–treated plasma units transfused, and, if 
available, results of molecular and serologic testing 
for HEV markers in archived pretransfusion samples 
and posttransfusion control samples.

Results

Transfusion-Transmitted Hepatitis E Index  
Case-Patients
Index case-patient 1 was a 50–59 year-old man who 
had a thrombotic microangiopathy treated by plasma 
exchange and was found to be infected by HEV in 
December 2011. Hepatitis E was associated with in-
creased liver cytolysis (increased levels of aspartate 
aminotransferase and alanine aminotransferase) and 
resolved spontaneously. This patient had received 150 
blood products: 70 solvent/detergent–treated plas-
ma units, 78 Intercept (amotosalen + UVA)–treated 
plasma units (http://cerus.com), and 2 erythrocyte 

concentrates. Results for HEV RNA in blood were 
negative 2 days before transfusion of 2 solvent/deter-
gent–treated plasma units (from lot A) and positive 
45 days later. At that time, case-patient 1 was positive 
for HEV IgG HEV IgM. Investigations on archived 
samples showed that solvent/detergent–treated plas-
ma was positive for HEV RNA (433 IU). 

Further investigations showed that 1 plasma do-
nor who contributed blood to lot A was positive for 
HEV RNA (HEV-3f, 117,000 IU). All other donors to 
lot A were negative for HEV RNA. The concentration 
of HEV IgG in lot A was 0.35 IU/mL

Index case-patient 2 was a 50–59 year old man 
who was a liver transplant recipient (because of al-
coholic cirrhosis) and found to be infected by HEV in 
October 2012, 3 months after transplantation. Chronic 
hepatitis E infection developed in the patient. This in-
fection was successfully treated with ribavirin. This 
patient had received 61 blood products: 30 plasma 
units, among which 14 were from solvent/deter-
gent–treated plasma (lot B), plus 25 erythrocyte con-
centrates and 6 platelet concentrates. In the context of 
liver cytolysis, a blood sample was positive for HEV 
RNA, IgG, and IgM. The patient was seronegative 
for HEV IgG and HEV IgM just before transfusion of 
the involved plasma. Further investigations showed 
that solvent/detergent–treated plasma from lot B was 
positive for HEV RNA, albeit with a low viral level 
(HEV-3f, 55 IU).

Further investigations showed that 1 blood do-
nor (52-year-old man) who contributed to lot B was 
positive for HEV RNA (HEV-3f, 2,448 IU). All other 
donors to lot B were negative for HEV RNA. The con-
centration of HEV IgG in lot B was 1.13 IU/mL.

In both instances, molecular comparison of HEV-
3f viral strains from the 2 patients and solvent/de-
tergent–treated plasma lots indicated a 100% nucleic 
acid sequence homology in ORF1 and 2, thus estab-
lishing high imputability. Clinical manifestations and 
outcomes of both case-patients (recipients) have been 
documented elsewhere (3). Remaining, nontrans-
fused solvent/detergent–treated plasma from both 
lots at time of notification were immediately quaran-
tined and subsequently discarded.

Hemovigilance Inquiry
A total of 557 solvent/detergent–treated plasma units 
of lot A (n = 270) or lot B (n = 287) had been trans-
fused into 143 recipients (lot A 61, lot B 82). When 
recipients were transfused with several solvent/de-
tergent–treated plasmas, all of them were from the 
same solvent/detergent–treated plasma lot (lot A or 
lot B). Medical staff in charge of all involved patients 
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were notified. Among the 143 solvent/detergent–
treated plasma recipients, 33.6% (n = 48; lot A 23, lot 
B 25) had died before investigations of causes related 
to their primary disease. A total of 21% were evalu-
able for viral markers (RNA and Ig type), including 
the 2 index cases (n = 30; lot A 13, lot B 17); results 
for the remaining 45.4% (n = 65; lot A 25, lot B 40) 
were not available. No clinical symptoms or biologic 
abnormalities suggestive of acute or chronic hepatitis 
E were reported, except for both index case-patients 
and 1 patient (r3) who were found to be infected by 
HEV before and after transfusion.

Investigation of Evaluable Recipients
We provide results of hemovigilance follow-up for 
the 30 recipients (including the 2 index case-patients) 
for whom results were available (Figure). Intervals 
between the solvent/detergent–treated plasma trans-
fusion and recipient assessment varied highly and 
ranged from 2 to 44 months after transfusion; there 
were no significant differences between lot A and lot 
B recipients. In addition to the 2 index case-patients, 
only 1 additional recipient was positive for HEV RNA 
37 months after transfusion (lot A recipient). This re-
cipient was a heart transplant recipient for whom an 
earlier blood sample obtained 1 month before transfu-
sion of 5 solvent/detergent–treated plasma samples 
from lot A already harbored HEV RNA.

Among the remaining 27 case-patients, 1 recipi-
ent was HEV IgG negative and HEV IgM positive (as-
sessed 14 months after transfusion), 5 were IgG posi-
tive and IgM positive (4–16 months after transfusion), 
7 were IgG positive and IgM negative (2–44 months 
after transfusion), and 14 were IgG negative and IgM 
negative (4–31 months after transfusion). In addi-
tion to both index case-patients and the other HEV 
RNA–positive recipient mentioned, pretransfusion 
results were available for only 5 additional recipients 
at various times (range 1–21 months) before transfu-
sion. Two were HEV IgG positive and IgM negative 
before and after transfusion, 1 was IgG negative and 
IgM negative before transfusion and IgG positive and 
IgM negative after transfusion, and the remaining 2 
were IgG negative and IgM negative before and af-
ter transfusion. Both index case-patients (r1 and r2) 
received similar cumulative HEV viral loads (173,000 
IU and 154,000 IU, respectively) (Figure). However, 
there was a major difference in the number of trans-
fused solvent/detergent–treated plasma units: 2 (r1, 
lot A) and 14 (r2, lot B). Recipient 3 (r3, lot A) had 
received a higher viral load (433,000 IU) (Figure).

The frequency of HEV infection differed between 
recipients of solvent/detergent–treated plasma lots A 

and B. Although all (13/13, 100%) evaluable recipi-
ents of lot A solvent/detergent–treated plasma had 
been in contact with HEV (posttransfusion positive 
for HEV RNA or HEV IgG or IgM for all recipients), 
this finding was not observed for recipients of lot B, 
for which only 3 evaluable recipients had HEV an-
tibody markers of infection (3/17, 18%) (p<0.001 by 
χ2 test). After exclusion of recipients who had proof 
of previous HEV infection (previously positive for 
HEV Ig or HEV RNA), the trend remained the same 
(10/10, 100% for lot A vs. 3/17, 18% for lot B). All 
other recipients who were HEV IgG positive and 
IgM negative (most of them in lot A) were tested >2 
months after transfusion, thus potentially too late to 
detect IgM positivity after putative transfusion-trans-
mitted hepatitis E.

To further evaluate the effect of solvent/deter-
gent–treated plasma HEV RNA viral load on the risk 
for HEV infection in recipients, we clustered recipient 
data from both solvent/detergent–treated plasma lots 
and considered a 50,000 IU viral load threshold for 
infection, as suggested (4). We considered recipients 
positive for HEV RNA (n = 2 index case-patients) or 
positive for HEV IgG and HEV IgM (n = 5) (Figure) as 
most likely infected by a solvent/detergent–treated 
plasma transfusion and those negative for HEV RNA, 
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Figure. Transfused, HEV-infected solvent/detergent–treated 
plasma and recipient HEV status. A) Lot A; B) lot B. Top values 
along each x-axis indicate the number of solvent/detergent–
treated plasma units transfused per recipient; bottom values 
indicate HEV viral load (IU/recipient). HEV, hepatitis E virus.
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HEV IgM, and IgG (n = 14) (Figure) as not infected 
by HEV. Other case-patients were considered not 
evaluable because non–transfusion-associated HEV 
infection had been demonstrated or could not be for-
mally excluded. With such a threshold, a significant 
difference was observed between likely infected and 
noninfected recipients: 6/7 (86%) with a viral load 
>50,000 IU of HEV RNA were likely infected but only 
1/14 (7%) with a viral load <50,000 IU were likely in-
fected (odds ratio 12.0, 95% CI 1.77–81.3; p<0.001 by 
Fisher exact test).

Discussion
We report results of investigations undertaken after 
identification of 2 solvent/detergent–treated plasma 
lots that contained HEV RNA. Such identification 
of solvent/detergent–treated plasma lots harboring 
HEV during December 2012 resulted in immediate 
introduction of HEV RNA screening of solvent/de-
tergent–treated plasma lots, as well as plasma donors, 
and destruction of all remaining solvent/detergent–
treated plasma units from lots that were positive for 
HEV RNA.

A portion of plasma units from these lots had 
been used before HEV RNA detection during De-
cember 2012. Efforts to test all involved recipients 
were only partially successful; 68% of evaluable 
patients remaining untested. Such a poor response 
rate, despite nationwide implementation of hemo-
vigilance, highlights the difficulty of performing 
retrospective studies. Difficulties included lack of 
response by the medical staff in charge of the recipi-
ents despite several solicitations, unwillingness of 
recipients to undergo further biologic assessment, 
absence of recipient information, and no further in-
vestigations by the medical staff. For this last diffi-
culty, medical staff often did not wish to take the 
risk for alarming the patient about a potential addi-
tional pathology that, if present, would not modify 
the course of their primary pathology. Furthermore, 
posttransfusion HEV testing, when undertaken, was 
most often performed in the absence of pretransfu-
sion testing. Such posttransfusion HEV testing was 
performed several weeks to months after transfu-
sion (i.e., after resolution of a putative HEV viremia 
and associated hepatitis E), thus preventing an accu-
rate diagnosis of solvent/detergent–treated plasma 
transfusion-transmitted infections.

The optimal strategy for assessment of transfu-
sion-transmitted HEV infection requires testing of 
molecular and serologic HEV markers at several time 
points before and after transfusion. Partial data (i.e., 
positive serologic results after transfusion only) and 

extended delay between informative samples are the 
main challenges in adequately documenting potential 
transfusion-transmitted HEV infection. This low fre-
quency of evaluable recipients might have introduced 
a representative bias that was difficult to resolve pre-
cisely. However, one can expect that overall exposure 
to HEV was similar among nonevaluable recipients. 
Furthermore, recipients might have been exposed to 
a variety of infectious sources other than implicated 
plasma. However, because recipients who were given 
either lot were exposed similarly to other exposure 
risks, such occurrences should not greatly affect our 
findings and their interpretation.

Approximately 25% of the persons residing in 
France show seroreactivity against HEV (8). Accord-
ingly, a recent study reported that HEV infection in 
transplant recipients resulted most often from sourc-
es of contamination other than transfusion (14). An 
additional difficulty is highlighted by the case-patient 
who was a heart transplant recipient (r3, lot A) and 
found to be infected by HEV after solvent/detergent–
treated plasma transfusion but was also positive for 
HEV RNA 1 month before the transfusion, thus ex-
cluding, in principle, transfusion-transmitted hepa-
titis E. Investigations of recipients of lot B solvent/
detergent–treated plasma showed that 14/17 recipi-
ents remained negative for HEV RNA, HEV IgG, and 
HEV IgM despite transfusion-mediated transmission 
of 11,000 IU–66,000 IU of HEV RNA (Figure, panel 
B). This finding could be explained by the low HEV 
viral level (55 IU) in each unit of lot B solvent/deter-
gent–treated plasma, which might be too low to be 
infectious, or the presence of  HEV IgG (1.13 IU/mL), 
which potentially provides complete or partial pro-
tection against HEV infection. However, the protec-
tive role of HEV IgG is controversial because a layer 
of lipid might encapsulate the virus and shield it from 
access to specific IgG, which would neutralize epit-
opes on the viral capsid (15,16). Conversely, none of 
the evaluable lot A recipients had a negative HEV IgG 
serologic status. Lot A plasma units contained a high-
er HEV RNA load and lower concentration of HEV 
IgG than lot B plasma units (433 IU vs. 55 IU of HEV 
RNA and 0.35 IU/mL vs. 1.13 IU/mL of HEV IgG).

These findings strongly suggest that at least a 
fraction of lot A plasma recipients, in addition to 
the index case-patient, had transfusion-transmit-
ted hepatitis E that went clinically undetected. The 
threshold of 50,000 IU of HEV RNA in transfused 
plasma with regard to posttransfusion immuni-
ty against HEV (6/7 who had >50,000 IU vs. 1/14 
who had <50,000 IU; p<0.001) further suggests that 
a large fraction of the seropositive recipients was  
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infected at time of transfusion and that the infectious 
risk is proportionate to the transfused viral load. Al-
ternatively, difference in frequency of seropositiv-
ity between recipients of solvent/detergent–treated 
plasma lot A versus lot B could be caused by dif-
ferential geographic nontransfusion HEV infection 
(8). However, widespread issuing of the lot A and 
lot B solvent/detergent–treated plasma throughout 
France, in addition to the magnitude of the differ-
ence in HEV seroprevalence between recipients of 
both lots, make this hypothesis unlikely. A thresh-
old of 50,000 IU of HEV RNA for plasma-mediated 
hepatitis E approaches the 3–4 log IU threshold re-
ported elsewhere for plasma (4,7).

The lowest reported HEV RNA dose associated 
with transfusion-transmitted hepatitis E by fresh 
frozen plasma is 36,000 IU of HEV RNA (7). We ob-
served 3 lot B solvent/detergent–treated plasma 
transfusion recipients who received serial transfu-
sions with cumulative viral loads >36,000 IU of HEV 
RNA and who nevertheless did not seroconvert after 
transfusion. This finding might be partly related to a 
protective effect of the concurrent presence of HEV 
IgG in solvent/detergent–treated plasma. Overall, 
the minimal HEV RNA viral load in blood products 
needed to cause transfusion-transmitted hepatitis E 
might ultimately be difficult to determine. Risk for 
transfusion-transmitted hepatitis E might also de-
pend on a combination of additional factors, such as 
concentration of HEV antibodies in the blood prod-
uct, recipient immune competence, more specifically 
immune status with regard to HEV, and viral geno-
types and subtypes.

In conclusion, solvent/detergent–treated plasma 
transfusion technology does not prevent transfusion-
transmitted hepatitis E, as can be expected with non-
enveloped viruses, such as HEV, hepatitis A virus, 
and parvovirus B19 (17). Plasma donation pooling, 
most often undertaken when producing solvent/de-
tergent–treated plasma for transfusion, increases the 
risk for transfusion-transmitted hepatitis E, despite 
the viral level reduction associated with pooling and 
the putative protective effect of the low concentration 
of HEV IgG provided by donors who have resolved 
their infection. Such transfusion-transmitted hepatitis 
E might not be diagnosed. HEV testing of solvent/
detergent–treated plasma transfusion in regions to 
which HEV is endemic is now mandatory according 
to the European pharmacopoeia (18). Overall, our ob-
servations highlight infectious risks associated with 
blood donation pooling when an infectious agent 
goes undetected and is resistant to an applied patho-
gen reduction technology.
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EID Podcast:  
Two Ways of Tracking C. difficile in Switzerland

Visit our website to listen:
https://go.usa.gov/xGEuz 

Science wields many different tools in the pursuit of public 
health. These tools can work together to capture a detailed 
picture of disease. However, many tools accomplish similar 
tasks, often leaving policymakers wondering, when it comes 
to disease surveillance, what is the best tool for the job?

Different tests are currently used to diagnose Clostridioides 
difficile, a dangerous bacterium found in hospitals around the 
world. As rates of this infection surge globally, researchers 
need to be able to compare statistics from different hospitals, 
regions, and countries. 

In this EID podcast, Sarah Tschudin-Sutter, a professor of  
infectious disease epidemiology at the University Hospital-
Basel in Switzerland, discusses using 2 tests for C. difficile  
infection in Europe. 



Aquatic birds are the reservoir of influenza A vi-
ruses and responsible for the evolution and long-

distance spread of the virus (1–3). Occasionally, spill-
over into domestic poultry or domesticated mammals 
can result in human infections (2,4,5) and sustained 
transmission within a new mammalian host, as 
shown by equine influenza virus (H3N8) (EIV) (3).

The H3N8 EIVs were reported in the southern 
United States in 1963 during an outbreak in horses 
imported from Argentina (6,7). This emergence re-
sulted in a pandemic that led to international cocir-
culation of H7N7 and H3N8 EIVs during the 1960s 

and 1970s, causing heterosubtypic reassortment that 
might have contributed to the extinction of H7N7 EIV 
(8). Today, H3N8 EIVs represent a single genetic lin-
eage capable of inducing serious respiratory disease 
in susceptible horses.

The origin of the H3N8 lineage is unknown; how-
ever, phylogenetic studies and uracil content analysis 
suggest that these viruses originated in wild birds (9). 
The H3N8 EIV-like polymerase acidic (PA), nucleo-
protein (NP), and nonstructural (NS) genes have been 
identified in avian influenza viruses (AIV) isolated 
from South American wild birds since the mid-2000s; 
the most recent isolation was in Argentina during 
2016 (10–12). Time to most recent common ancestor 
(tMRCA) analysis suggests that these genes likely 
originated in AIVs during the 1950s (9,12). Howev-
er, an EIV-like H3 hemagglutinin (HA) has yet to be 
identified in AIVs from wild birds.

We performed active surveillance of wild birds 
in Chile and isolated 6 distinct AIVs with HA, NP, 
NS, and PA genes having high nucleotide homology 
with the 1963 H3 EIV. The AIVs were isolated from 
resident waterfowl belonging to the families Anati-
dae and Rallidae, suggesting that circulation of these 
viruses might be restricted to nonmigratory species 
found only in the Southern Cone of South America. 
Although viruses from Chile had nucleotide similar-
ity with H3 EIVs, they were antigenically like avian 
influenza viruses and could be transmitted into chick-
ens, suggesting adaptations to the avian host. These 
studies provided the initial evidence that an H3 EIV-
like HA continues to circulate in wild birds.

Materials and Methods

Sample Collection, Screening, and Sequencing
Fresh feces from birds were collected from the en-
vironment during 2013–2017 at different wetlands 
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Since their discovery in the United States in 1963, out-
breaks of infection with equine influenza virus (H3N8) 
have been associated with serious respiratory disease 
in horses worldwide. Genomic analysis suggests that 
equine H3 viruses are of an avian lineage, likely originat-
ing in wild birds. Equine-like internal genes have been 
identified in avian influenza viruses isolated from wild 
birds in the Southern Cone of South America. However, 
an equine-like H3 hemagglutinin has not been identified. 
We isolated 6 distinct H3 viruses from wild birds in Chile 
that have hemagglutinin, nucleoprotein, nonstructural 
protein 1, and polymerase acidic genes with high nucle-
otide homology to the 1963 H3N8 equine influenza virus 
lineage. Despite the nucleotide similarity, viruses from 
Chile were antigenically more closely related to avian 
viruses and transmitted effectively in chickens, suggest-
ing adaptation to the avian host. These studies provide 
the initial demonstration that equine-like H3 hemaggluti-
nin continues to circulate in a wild bird reservoir.
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across the central region of Chile. These samples were 
collected by using sterile flocked swabs (Copan Italia 
S.P.A., https://www.copangroup.com) and stored in 
1-mL universal transport media tubes (Copan Italia 
S.P.A). They were then transported at 4°C to the Fac-
ulty of Veterinary Science of the University of Chile 
(Santiago, Chile) and stored at -80°C until analysis.

RNA extraction and quantitative reverse tran-
scription PCR were performed at St. Jude Children’s 
Research Hospital (Memphis, TN, USA) as described 
(13). In brief, RNA was extracted from 50 µL of swab 
specimen by using the Mag Max-96 IA/ND Viral 
RNA Isolation Kit (Life Technologies, https://www.
thermofisher.com) on a Kingfisher Flex Magnetic 
Particle Processor (ThermoFisher Scientific, https://
www.thermofisher.com). Quantitative reverse tran-
scription PCR was performed on a CFX96 Real-Time 
PCR System with the 4x TaqMan Fast Virus Mas-
ter Mix (ThermoFisher Scientific) and primers and 
probes specific for the influenza A matrix gene (14). 
Samples with a cycle threshold value <38 where con-
sidered having positive results. Viral isolation was 
attempted on 9-day old specific pathogen–free (SPF) 
embryonated chicken eggs as described (15).

To identify the host species, genetic barcoding 
was performed by using primers that amplified the 
cytochrome oxidase I gene as described (16). Se-
quencing was performed by using either Sanger se-
quencing and universal oligonucleotide primer sets 
as described (17) or by deep sequencing on an Illu-
mina MiSeq System (https://www.illumina.com) 
as described (18). Sequences were assembled by us-
ing CLC Genomic Workbench Version 9 (http://
webapp.cabgrid.res.in/biocomp/CLCBio/clc-bio.
html). The H3 sequences from Chile used in this 
study have been deposited into GenBank (accession 
nos.  KX101146, KY644162, MH675632, MH499154, 
MK163999, and MK164010).

Genetic and Phylogenetic Analysis
Phylogenetic analysis included sequences from avi-
an and equine hosts downloaded from the National 
Center for Biotechnology Information (Bethesda, 
MD, USA) Influenza Virus Database. BLAST analysis 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was per-
formed to ensure that sequences from Chile not have 
higher homology to influenza A virus in other hosts. 
Representative sequences were selected by clustering 
similar sequences using CD-HIT-EST (19).

Maximum-likelihood trees were constructed 
by using the DECIPHER and PHANGORN pack-
ages in R (20,21). Sequences were aligned by using  
DECIPHER with the AlignTranslation function. The 

modelTest function was used to evaluate which nu-
cleotide substitution with and without gamma-dis-
tributed rate variation among sites (γ) and invariant 
sites (I) is the best fit model. The generalized time 
reversible (GTR) + γ 4 + I model was best fitting by 
using Bayesian information criteria. The phyloge-
netic tree was constructed according to a standard 
protocol using phangorn (21). The starting neighbor-
joining tree was constructed by using the distance 
matrix, and maximum-likelihood trees were gener-
ated from the starting tree by using the GTR + γ 4 + 
I model with stochastic branch rearrangement. The 
bootstrap method was used to determine the confi-
dence of the tree topology with 1,000 replicate trees. 
The maximum-likelihood tree was saved with the 
bootstrap percentage in the Newick format (https://
evolution.genetics.washington.edu) and visualized 
by using the ggtree package (22). Alternatively, the 
maximum-likelihood tree was constructed by using 
RaxML with a GTR + γ distribution with 1,000 boot-
straps (23). The tree was visualized in FigTree ver-
sion 1.4.4 (http://tree.bio.ed.ac.uk).

Clocklikeness of the resulting trees was investi-
gated by using TempEst to determine if the molec-
ular-clock assumption holds for the gene segment 
(24). The NS1 gene segment had no temporal signal 
and was not further analyzed. The H3, PA, and NP 
gene segments had positive, linear time vs. root-to-tip 
distance trend and a moderate scatter with correla-
tion coefficients from 0.55 to 0.7. These gene segments 
were further analyzed to estimate the age of the most 
recent common ancestor.

We estimated tMRCAs by using tip date sam-
pling and Bayesian Markov chain Monte Carlo analy-
sis with the BEAST 1.10 package (25). Dates were es-
timated by using coalescent constant size prior with 3 
partitions for the 3 codons using the maximum-likeli-
hood estimation tree as the starting tree. Simulations 
were run using either the GTR or Hasegawa-Kishino-
Yano substitution model and either the strict clock or 
the uncorrelated relaxed clock model to determine the 
robustness of the date estimates (26). The substitution 
and clock model had minor effects on the divergence 
date estimates. The maximum clade credibility trees 
(MCC) generated by the treeannotator package in-
cluded with BEAST is reported. Figures were visual-
ized and annotated by using the ggtree package (22).

Viruses and Cells
We propagated A/California/04/2009(H1N1) and 
H3Nx viruses A/equine/Miami/1/1963 (H3N8), A/
equine/Uruguay/1/1963(H3N8), A/equine/New 
York/2016 (H3N8),  A/equine/New York/2016(H3N8), 
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A/red-gartered coot/Chile/C16030/2016(H3N4), A/
red-fronted coot/Chile/5/2013(H3N6), A/yellow- 
billed pintail/Chile/C2014/2015(H3N8), A/mallard/ 
Oregon/449221–105/2006(H3N6), A/duck/Minnesota/ 
34/1976(H3N8), A/mallard/Wisconsin/22/1974 
(H3N5), A/blue-winged teal/Wisconsin/279/ 
1975(H3N8), A/green winged teal/Alaska/292/2011 
(H3N8), A/northern pintail/Alaska/496/2012(H3N8), 
and A/northern pintail/Alaska/870/2014(H3N8) in 
10-day-old embryonated chicken eggs as described 
(27). MDCK and A549 cells were cultured in modified 
Eagle medium (Corning 10-010-CV; https://www.
corning.com) containing 200 mmol/L GlutaMAX 
(GIBCO 15290–026; https://www.thermofisher.com/
us/en/home/brands/gibco.html) and 10% fetal bo-
vine serum (Atlanta Biologicals, https://www.rnd-
systems.com). All viruses used were natural isolates.

Hemagglutination Inhibition Assay
We tested 2 equine H3 viruses [A/equine/
Uruguay/1/1963(H3N8) and A/equine/Chile/
EQCL003/2018(H3N8)]; 3 wild bird viruses from Chile 
[A/red-gartered coot/Chile/C16030/2016(H3N4), A/
red-fronted coot/Chile/5/2013(H3N6), and A/yellow-
billed pintail/Chile/2015(H3N6)]; and 7 wild bird origin 
North American viruses [A/mallard/Oregon/449221–
105/2006(H3N6), A/duck/Minnesota/34/1976(H3N8), 
A/mallard/Wisconsin/22/1974(H3N5),   A/blue-winged 
teal/Wisconsin/279/1975(H3N8), A/green winged 
teal/Alaska/292/2011(H3N8), A/northern pintail/
Alaska/496/201(H3N8), and A/northern pintail/
Alaska/870/2014(H3N8)] in a hemagglutination inhibi-
tion (HI) assay against a panel of 3 ferret-generated an-
tiserum [A/equine/Miami/1/1963(H3N8), A/equine/
New York/2016(H3N8), and A/yellow-billed pintail/
Chile/C2014/2015(H3N8)] according to World Health 
Organization guidelines (28). In brief, 25 µL of serum 
was treated overnight with receptor-destroying enzyme 
(Denka Seiken, Co., Ltd., https://denka-seiken.com) 
and serially diluted 2-fold in 25 µL of phosphate-buff-
ered saline in duplicate in a 96 well v-bottom plate. Each 
homologous virus was adjusted to 4 hemagglutination 
units, and 25 µL were added to the serum dilutions and 
incubated for 30 min at 4°C. Finally, 50 µL of 0.5% chick-
en erythrocytes were added to each of the wells, and the 
plate was incubated at 4°C for 30 min, after which re-
sults of the assay were read.

In Vitro Infections
A549 and MDCK cells were infected at a multiplic-
ity of infection of 0.01 for 1 hour at 37°C. Cells were 
washed 3 times to remove unbound virus, and infect-
ed cells were cultured in appropriate medium con-

taining 0.075% bovine serum albumin and 1 µg/mL 
l-1-tosylamido-2-phenylethyl chloromethyl ketone–
treated trypsin. Aliquots of culture supernatants were 
collected at 6, 16, 24, 48, and 72 hours postinfection 
(hpi) and immediately stored at -80°C for the deter-
mination of virus titers by 50% median tissue culture 
infectious dose assay in MDCK cells as described (29).

Chicken Transmission Study
The chicken experiment was performed as described 
(30). In brief, 6-week-old SPF leghorn chickens (3/
group) were separated into 4 experimental groups: 
(A/Equine/NY/2/2016 H3N8, A/red-fronted coot/
Chile/5/2013 H3N6, A/red-gartered coot/Chile/
C16030/2016 H3N4, and A/red-fronted coot/
Chile/5/2013 H3N6) and inoculated with 106 50% 
egg infective dose/0.5 mL virus by intraocular, intra-
nasal, and intratracheal routes. These chickens were 
placed in direct contact with virus-naive chickens (n = 
9/group) 24 hours later. All chickens were observed 
daily for clinical signs of illness, such as body weight 
loss, labored breathing (including upper respiratory 
signs, such as coughing and sneezing), and diar-
rhea. To assess virus shedding, cloacal and tracheal 
swab specimens were collected at 3, 5, 7, 9, and 12 
dpi. Swab specimens were stored in viral transport 
medium at -80°C until virus titration. Viral titers were 
established by using the method of Reed and Munch 
by performing 50% median tissue culture infectious 
dose assay analysis of the swab specimen inoculum 
with 50 µL of allantoic fluid and 50 µL of 0.5% chicken 
erythrocytes (29). All birds were euthanized at day 21 
pi, and 1 mL blood was collected of each bird to check 
for seroconversion by HI. Chicken serum samples 
were tested with their corresponding homologous vi-
rus, according to their assigned group.

Statistical Analysis and Ethics
Mean infectious titers were analyzed by 2-way analysis 
of variance using GraphPad Prism version 8 ( https://
www.graphpad.com). Area under the curve analysis 
for measuring cumulative shedding was performed 
by using GraphPad Prism version 8. All animal ex-
periments, procedures, and sampling activities were 
approved by the St. Jude Children’s Research Hospital 
Institutional Animal Care and Use Committee.

Results

HA Gene Phylogenetic Nucleotide Analysis
During 2013–2017, a total of 37,171 wild bird fresh 
fecal samples were collected from various wetlands 
across Chile. H3 subtypes accounted for 5.8% (n = 8) 
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of the total HA diversity. Six of the H3 viruses, A/
cinnamon teal/Chile/C19368/2016 (H3N8), A/red-
fronted coot/Chile/5/2013 (H3N6), A/yellow-billed 
pintail/Chile/C2014/2015 (H3N8), A/red-gartered 
coot/Chile/C16030/2016 (H3N4), A/yellow-billed 
pintail/Chile/C30974/2017 (H3N8), and A/yellow-
billed pintail/Chile/C34473/2017 (H3N8), were iso-
lated from different regions of Chile (Figure 1), had 
highest nucleotide homology with the HA gene of 
the 1963 H3N8 EIV lineage, and had lower homology 
to the H3 of AIVs found in other regions (Figure 2; 
Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/26/12/20-2063-F1.pdf). Maximum-likelihood 
trees demonstrated that the H3 HA sequences form 
4 distinct clusters, with 3 clusters for wild bird origin 
viruses and 1 cluster for 1963 H3 EIV. The 6 IAVs for 
Chile form a sister clade relationship with the 1963 
H3 EIV and are more phylogenetically related to the 
1963 H3N8 EIV than to other avian H3 HAs (Figure 3; 
Appendix Figure 1).

Bayesian molecular clock analysis was used to es-
timate the tMRCA between the H3 AIVs from Chile 

and 1963 H3 EIV, and between avian H3 sequences 
not from Chile and EIV H3 (Table 1, Figure 4, panel 
A). The tMRCA of the 1963 EIV H3 is 1954 (95% cred-
ible interval 1948–1959). The tMRCA of the H3 HA 
not from Chile and the 1963 EIV H3 HA is 1916 (95% 
credible interval 1883–1941). In contrast, the tMRCA 
of avian H3 HAs not from Chile and the H3/1963 
H3N8 EIV from Chile is 1845 (95% credible inter-
val 1795–1882). We provide a complete HA diver-
gence time tree (Appendix Figure 2).

Internal Gene Phylogenetic Nucleotide Analysis
The nucleotide similarity with the EIV H3 HA 
prompted us to conduct a detailed phylogenetic 
analysis. Like HA, the H3 viruses from Chile had NS1 
(Appendix Figure 3), NP (Appendix Figure 4), and PA 
(Appendix Figure 5) genes that were phylogenetically 
more like EIVs than avian viruses at the nucleotide 
level. Most of the NS1, NP, and PA gene segments 
obtained from IAVs from South America formed a 
sister clade relationship with 1963 H3N8 EIV (Appen-
dix Figures 3–5). There was 1 NP sequence collected 
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Figure 1. Central region of 
Chile showing where different 
equine-like H3Nx influenza 
viruses were obtained (red dots). 
Blue dots indicate other avian 
influenza virus surveillance sites. 
Isolate names and subtypes are 
indicated. Inset map indicates 
location of study area within Chile.
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from Canada (A/blue-winged teal/ALB/651/1978 
(H6N2), GenBank accession no. ABB18989) that was 
more like these sequences from South America than 
other AIVs, suggesting that these gene fragments 

have spread into North America through bird mi-
gration, but did not establish a major reservoir to be 
consistently identified during surveillance. The NA, 
matrix, polymerase basic 1, and polymerase basic 2 
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Figure 2. Maximum-likelihood 
phylogenetic tree showing the relationship 
between equine influenza (H3N8) viruses 
(blue), equine-like avian influenza viruses 
(AIVs) from Chile (red), and AIVs from 
other locations (green) for the H3 gene 
fragment. Scale bars indicate average 
nucleotide substitutions per site. A 
complete tree, taxon identification, and 
bootstrap support are shown in Appendix 
Figure 1 (https://wwwnc.cdc.gov/EID/
article/25/12/20-2063-App1.pdf).
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Figure 3. Maximum-likelihood phylogenetic analysis of the hemagglutinin gene of equine-like influenza (H3N8) viruses from Chile 
sequenced for this study (red dots) and reference sequences. Bootstrap values >70 are indicated. Viruses used in antigenic studies 
are indicated in red and italics. Major equine-like avian influenza virus clades are shown. Scale bars indicate average nucleotide 
substitutions per site.
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gene segments showed greater similarities to typi-
cally avian origin gene segments (Appendix Figures 
6, 7) and were not further analyzed.

Bayesian molecular clock analysis was performed 
for the NP and PA gene segments to estimate the age 
of tMRCA between the 1963 H3 EIV and sequences 
from Chile (Table 1; Figure 4, panels B, C). The tM-
RCA of the NP gene segment between most of the 
sequences from Chile and the 1963 H3N8 EIV is 1947 
(95% credible interval 1936–1955) (Appendix Figure 
8). The tMRCA for the PA gene is 1948 (95% credible 
interval 1938–1956) (Appendix Figure 9).

The NS1 segment had insufficient temporal sig-
nal for molecular clock analysis. Overall, our phylo-
genetic analysis suggests that many of the gene seg-
ments collected from wild birds in South America 
were distinct from those collected from wild birds in 
North America; the H3, PA, NP, and NS1 genes were 
more closely related to the 1963 H3N8 EIV, support-
ing the hypothesis that the 1963 H3N8 EIV originated 
from wild birds in South America. Our results are 
consistent with those of Rimondi et al., who reported 
that viruses from birds from Argentina also carry PA 
and NP sequences with homology to the EIV (12). 
These sequences are closely related to the highlighted 
sequences from Chile. Rimondi et al. also estimated 
the tMRCA for PA to be 1943, and the tMRCA for NP 
to be 1951, which were similar to our estimates.

Antigenicity and Biologic Properties
The H3 HA from Chile and the 1963 EIV H3 HA also 
show amino acid similarity, having 91.5% amino acid 
identity to A/equine/Uruguay/1/1963. Thus, an-
tigenicity was assessed by using the HI assay with 
ferret antisera against equine viruses or viruses from 
Chile available for these studies. The H3 viruses from 
Chile were not inhibited by ferret-generated antisera 
against A/equine/Miami/1963 or A/equine/New 
York/2016 viruses (Table 2). The equine viruses also 
failed to cross-react with ferret antisera generated 
against A/yellow-billed pintail/Chile/C2014/2015 
virus (Table 2). Antisera against the avian virus from 

Chile or equine virus did not inhibit H3 IAVs rep-
resenting the 3 genetic wild bird clusters identified 
(Appendix Figure 1). These studies highlight that the 
H3 viruses from Chile are antigenically unique from 
equine and other wild bird origin H3 IAVs.

To compare biologic properties, we assessed 
virus growth in mammalian cells and infections in 
vivo. The viruses from Chile and 1963 EIV H3 virus-
es replicated to similar titers and kinetics in MDCK 
cells (except at 48 hpi) when the eq/Miami/63 virus 
replicated to significantly higher titers compared 
with the other H3 viruses (p<0.05) (Figure 5, pan-
el A). There was no major difference between eq/
Miami/63 virus and the control A/California/2009 
H1N1 virus. Replication kinetics and titers were sig-
nificantly different in human A549 cells in which 
eq/Miami/63 virus again replicated to significantly 
higher titers at 24 hpi and 48 hpi (p<0.05) (Figure 
5, panel B). The IAVs from Chile had lower overall 
titers and slower kinetics compared with those of 
eq/Miami/63 virus. This finding is highlighted by 
area under the curve analysis (Figure 5, panel C). In 
contrast to the results with eq/Miami/63 virus, the 
IAVs from Chile had higher viral titers from 24 hpi 
to 72 hpi than eq/Uruguay/63 virus, which is genet-
ically similar to eq/Miami/63 virus (p<0.05) (Figure 
5, panel A). A/red-footed Coot/Chile/5/2013 virus 
also replicated to higher titers than the eq/Uru-
guay/63 virus in A549 cells (p<0.05) (Figure 5, panel 
B). The reasons for the differential replication kinet-
ics between the genetically similar equine viruses is 
unknown but was consistent. Attempts to replicate 
the viruses in EQKC3 and NBL6 equine cell lines 
were not successful.

In vivo, the equine-like H3 viruses readily infect-
ed and transmitted in experimentally infected chick-
en. In brief, 4 groups of 6 week of age SPF chickens 
were inoculated with 106 50% egg infective dose/0.5 
mL virus (n = 3 per group) and then placed in direct 
contact with virus-naive chickens (n = 9 per group) 
24 hours later. Oropharyngeal and cloacal viral 
shedding was monitored for 12 days postinfection 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020 2893

 
Table 1. Divergence dates per gene segment for equine-like H3 avian influenza viruses in wild birds, Chile* 

Gene segment 
Equine-like, no. 

positive/no. tested† GTR relaxed GTR strict HKY relaxed HKY strict 
HA 6/8 1916 (1883–1941) 1918 (1909–1927) 1917 (1886–1939) 1918 (1909–1927) 
PA 19/26 1948 (1938–1956) 1946 (1941–1950) 1948 (1935–1957) 1946 (1941–1950) 
NP 24/29 1947 (1936–1955) 1945 (1940–1950) 1947 (1936–1955) 1945 (1939–1949) 
NS1 11/27 NA NA NA NA 
*Estimated divergence dates between these sequences from Chile and the 1963 H3N8 equine influenza sequences were estimated by using BEAST 
version 1.10 (https://beast.community/2018-06-10_BEAST_v1.10.0_released.html) with GTR or HKY substitution models and strict or uncorrelated 
relaxed clocks. Estimated dates are reported with 95% credible interval dates in parentheses. Because NS1 sequences did not exhibit molecular clock–
like behavior, the divergence date could not be estimated. GTR, generalized time reversible; HA, hemagglutinin; HKY, Hasegawa-Kishino-Yano; NA, not 
available; NP, nucleoprotein; NS1, nonstructural protein 1; PA, polymerase acidic. 
†Number of sequences from Chile for the gene segments that have high homology to the 1963 H3N8 equine influenza virus. 
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(dpi), and seroconversion was measured at 21 dpi. 
At 3 dpi, each group infected with H3 virus from 
Chile had at >1 donor bird showing oropharyngeal 
virus shedding. The group inoculated with A/red-
footed Coot/Chile/5/2013(H3N6) (RF Coot) virus 
also showed shedding by the cloacal route at this 

time point. After 5 dpi, donors were shedding virus 
by mixed oropharyngeal and cloacal routes. After 7 
dpi, only shedding by the cloacal route was detected 
in the group inoculated with A/red-gartered coot/
Chile/C16030/2016 virus (RG Coot H3N4) (Table 
3). Although initially all 3 groups showed similar  
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Figure 4. Genetic relationship and divergence date between avian influenza viruses (AIVs) from Chile/South America, the 1963 H3N8 
equine-like influenza virus (EIV), and AIVs from other locations. A) Maximum clade credibility tree for the H3 gene segment. B) Maximum 
clade credibility tree for the polymerase acidic gene segment. AIV samples for penguins from Antarctica are represented by gold circular 
nodes. C) Maximum clade credibility tree for the nucleoprotein gene segment. Viruses were dated by using Bayesian Markov chain Monte 
Carlo analysis. Position of tips represent sampled virus for the years they were sampled. H3N8 EIV sequences are represented by blue 
circular nodes, AIVs from Chile/South America are represented by red circular nodes, and avian sequences from other locations are 
unlabeled. Internal nodes are reconstructed common ancestors, and pink bars represent 95% credible intervals on their date. Large clades 
of avian sequences from other locations are collapsed on their common ancestors and represented by light blue diamonds. The common 
ancestor between most AIVs from South America and the 1963 H3N8 EIV is highlighted by a green circle. Time scale bar indicates years. 
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infection and transmission (3/3 infected donors and 
3–5 infected direct contacts), the direct contact group 
infected with A/red-fronted coot/Chile/5/2013 vi-
rus (RF Coot H3N6) was the only group showing 
persistent cloacal shedding of virus in 1 of the direct 
contacts until the end of the experiment at 12 dpi. 
Equally, RG Coot H3N4 showed cloacal shedding of 
virus in 1 of the donors until 12 dpi.

Seroconversion, as measured by HI titers at 21 
dpi, was similar across all experimental groups and 
titers ranged from 1:20 to 1:80. In contrast, the eq/
Miami/63 or the equine/NY/2016 viruses did not 
infect or were transmitted in chickens. However, 1 
eq/NY/2016 donor chicken did have HI titers (1:60) 
at 21 dpi, suggesting infection. Overall, these stud-
ies demonstrate that there are H3 IAVs circulating in 
wild birds in Chile that are antigenically unique from 
H3 EIV and other wild bird AIVs and are capable of 
infecting and transmitting in poultry.

Discussion
In these studies, we isolated several H3 influenza vi-
ruses from wild birds in Chile that contain HA, NP, 
PA, and NS segments that are genetically similar 
to the 1963 EIVs, suggesting that the direct descen-
dants of the virus that originated the EIV pandemic 
continue to circulate in wild birds in Chile. Previ-
ous AIV surveillance studies in South America have 
identified internal genes that were putatively related 
to the ancestral virus that originated the 1963 equine 
pandemic (9,13,31); however, we have identified an 
EIV-like HA in wild birds. Although phylogenetic 
nucleotide sequence analysis places the H3 viruses 
from Chile in a monophyletic group together with 
equine viruses, amino acid composition of the HA 
and antigenic properties show that viruses from 
Chile are antigenically unique and can infect and 
transmit in poultry. However, to better interpret the 
antigenic data, future studies could benefit from the 
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Figure 5. Replicative capacity of H3Nx influenza viruses in vitro. A, B) To evaluate the replication of H3N8 viruses in vitro, MDCK cells 
(A) and human lung A549 cells (B) were infected at a multiplicity of infection of 0.01, and cell culture supernatants were collected at 6, 
16, 24, 48, and 72 hours postinfection. Viral titers were determined by TCID50 analysis in triplicate. Values are mean titers of 3 replicates, 
and error bars indicate SEMs. Differences were considered significant at p<0.05 (*). C) Cumulative shedding for each cell line and each 
viral strain shown. TCID50, 50% median tissue culture infectious dose.

 
Table 2. Hemagglutination inhibition assay used for analysis of equine-like H3 avian influenza viruses in wild birds, Chile* 

Virus Subtype 
Ferret antiserum titers 

eq/Miami/1963 eq/NY/2016 YBP/Chile/2015 
A/equine/Miami/1/1963 H3N8 1:640 <1:10 <1:10 
A/equine/NY/2016 H3N8 1:1,280 1:640 <1:10 
A/yellow-billed pintail/Chile/2015 H3N6 <1:10 <1:10 1:160 
Test viruses   
 A/equine/Uruguay/1/1963 H3N8 1:320 <1:10 <1:10 
 A/equine/Chile/EQCL003/2018 H3N8 1:640 1:320 NT 
 A/red-fronted coot/Chile/5/2013 H3N6 <1:10 <1:10 1:160 
 A/red-gartered coot/Chile/C16030/2016 H3N4 <1:10 <1:10 1:80 
 A/mallard/Oregon/449221–105/2006 H3N6 <1:10 <1:10 <1:10 
 A/duck/Minnesota/34/1976 H3N8 <1:10 <1:10 <1:10 
 A/mallard/Wisconsin/22/1974 H3N5 <1:10 <1:10 <1:10 
 A/blue winged teal/Wisconsin/279/1975 H3N8 <1:10 <1:10 <1:10 
 A/green winged teal/Alaska/292/2011 H3N8 <1:10 <1:10 <1:10 
 A/northern pintail/Alaska/496/2012 H3N8 <1:10 <1:10 <1:10 
 A/northern pintail/Alaska/870/2014 H3N8 <1:10 <1:10 <1:10 
*Bold indicates homologous serum inhibition values. eq/Miami/1963, A/equine/Miami/1/1963; eq/NY/2016, A/equine/NY/2016; YBP/Chile/2015, A/yellow-
billed pintail/Chile/2015; NT, not tested. 
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use of antigenic cartography to learn about the anti-
genic evolution of this subtype (32).

Although H3 is the most common subtype 
found in wild birds from North America (33), typi-
cal avian origin H3 subtypes are seldom recovered 
in South America. To date, only 4 isolates in Peru 
and 2 in Chile, all resembling contemporary North 
American AIVs, have been described (31,34). This 
finding could be related to the lack of surveillance 
throughout Latin America or low-level circulation of 
H3 viruses in wild birds (35). In contrast, we found 
that the H13 and H16 subtypes comprised up to 
54% of the overall subtype diversity of AIVs from 
Chile deposited in GenBank during the same sur-
veillance period (2013–2017), which could be caused 
by a biased surveillance effort in the order Charadri-
iformes. However, if we only consider isolates ob-
tained from waterfowl in South America, the abun-
dance of the H3 subtype (8.5%) is below the relative 
abundance of more common AIV subtypes, such as 
H1 (10.6%), H4 (10.6%), H5 (17%), and H7 (14.9%), 
which illustrates rarity of H3 subtype virus in wild 
birds in South America.

Global trade of thoroughbred horses from South 
America carrying the original 1963 H3N8 EIV, and 
not migratory birds, was responsible for the spread 
of these avian-origin gene segments (36). In compari-
son, although independent avian-to-equine transmis-
sion of lineage H3N8 AIV from Asia to horses was 
described in eastern Asia in the late 1980s, the epizo-
otic event that followed was self-limited and died out 
after a few years (37). Subsequent active surveillance 

of wild birds in Mongolia has shown that AIVs car-
rying several gene segments closely related to H3N8 
EIV from Asia are still circulating in wild birds, simi-
lar to our findings in Chile (38). This finding suggests 
that avian-to-equine transmission of H3 influenza A 
viruses is not an uncommon event, but that posterior 
sustained transmission is more limited. The condi-
tions and key genetic signatures that facilitated the 
species-jump and rapid adaptation from waterfowl 
to horses in South America and eastern Asia remain 
unknown. This limitation reflects our inability to es-
timate whether the EIV-like HA reassorted together 
with the PA/NP/NS1 or in a separate event on the 
basis of our data. However, it is not uncommon to 
find wild waterfowl next to free-ranging horses in 
South America, which enables repeated transmission 
events that might lead to emergence of a new virus 
strain with pandemic potential in horses.

In summary, our data provide evidence that 
gene segments, including HA, that are the closest 
ancestor of the 1963 H3N8 EIV continue to circulate 
in wild bird reservoirs. We recommend increased 
surveillance to better clarify the role of this subtype 
in the context of genetic diversity of IAVs in South 
America, its epidemiology and ecology, and the risk 
that this new subtype represents to avian and mam-
malian hosts.
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Table 3. Infection and transmission in chickens of equine-like H3 avian influenza viruses in wild birds, Chile* 
Bird, virus 
subtype 

Type of 
infection 

3 dpi 
 

5 dpi 
 

7 dpi 
 

9 dpi 
 

12 dpi HI titer, 
21 dpi OP CL OP CL OP CL OP CL OP CL 

PBS, n = 6 C 0/6 0/6  0/6 0/6  0/6 0/6  0/6 0/6  0/6 0/6 0/6 
eq/Miami/1963, 
H3N8 

I 0/3 0/3  0/3 0/3  0/3 0/3  0/3 0/3  0/3 0/3 0/3 
DC 0/9 0/9  0/9 0/9  0/9 0/9  0/9 0/9  0/9 0/9 0/9 

eq/NY/2016, 
H3N8 

I 0/3 0/3  0/3 0/3  0/3 0/3  0/3 0/3  0/3 0/3 1/3 
(160) 

DC 0/9 0/9  0/9 0/9  0/9 0/9  0/9 0/9  0/9 0/9 0/9 
Red-fronted 
coot, H3N6 

I 3/3  
(2.75– 

5.5) 

1/3 
(8.25) 

 2/3  
(2.25–
4.25) 

0/3  0/3 0/3  0/3 0/3  0/3 0/3 2/3  
(20–80) 

DC 4/9  
(3.25–

4.5) 

0/9  5/9  
(2.75–
5.75) 

1/9 
(7.75) 

 3/9 
(2.5–
5.5) 

1/9 
(8.5) 

 2/9  
(2.25–
4.75) 

1/9 
(2.75) 

 0/9 1/9 
(2) 

2/9  
(20) 

Yellow-billed 
pintail, H3N8 

I 3/3  
(2.5–5.5) 

0/3   1/3  
(3.25) 

0/3  0/3 0/3  0/3 0/3  0/3 0/3 2/3  
(40–80) 

DC 3/9  
(3.5–5.5) 

1/9 
(5.5) 

 3/9  
(2.75–5.5) 

1/9 
(6.5) 

 1/9 (5) 1/9 
(5.25) 

 0/9 1/9 
(2.75) 

 0/9 0/9 1/9  
(40) 

Red-gartered 
coot, H3N4 

I 3/3  
(2.25) 

0/3  1/3  
(2.25) 

1/3 
(5.5) 

 0/3 1/3 
(5.5) 

 0/3 1/3 
(3.75) 

 0/3 1/3 
(3.25) 

2/3  
(20–40) 

DC 5/9  
(2.25–4) 

1/9 
(2.25) 

 4/9  
(3–5.5) 

0/9  2/9 
(3.75–4) 

0/9  0/9 0/9  0/9 0/9 4/9  
(20–40) 

*Values are no. birds infected/total number in group. Values in parentheses are ranges of viral titers (log 50% median tissue culture infectious dose) per 
timepoint and group. C, control; CL, cloacal; DC, direct contact; dpi, days postinfection; H, hemagglutinin; HI, hemagglutinin inhibition; I, inoculates; N, 
neuraminidase; OP, oropharyngeal; PBS, phosphate-buffered saline. 
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Tick-borne encephalitis (TBE) is an endemic vec-
torborne infectious disease of public health im-

portance in Finland. It is caused by tick-borne en-
cephalitis virus (TBEV), a member of the Flavivirus 
genus of the Flaviviridae family. TBEV has 5 sub-
types: European and Siberian subtypes, whose pres-
ence in Finland has been established (1,2); recently 
described Himalayan subtype; Far Eastern subtype 
(3); and Baikalian subtype (4). TBEV is most often 
transmitted through the bite of Ixodes ricinus or I. 
persulcatus ticks, 2 species found in Finland that can 
carry both the European and Siberian TBEV sub-
types (5–7). TBEV may also be transmitted through 

the consumption of unpasteurized dairy products 
from infected livestock (8,9). 

Most TBEV infections are asymptomatic (10). 
For clinical infections, the infectious course will dif-
fer depending on the TBEV subtype. The European 
subtype is typically responsible for a biphasic course 
of the disease: a short incubation period leads to a 
viremic phase associated with influenza-like symp-
toms, followed by an asymptomatic interval before 
onset of acute viral meningoencephalitis. Residual 
sequelae are reported in up to 50% of patients with 
European subtype TBE; the case fatality rate (CFR) is 
<2% (10,11). The Siberian subtype is associated with 
direct neurologic signs including focal encephalitis or 
meningitis in most symptomatic cases and complete 
recovery occurring in 80% patients; CFR approaches 
2% (10). Effective TBE vaccines based on purified, 
formalin-inactivated TBEV are available, but several 
doses and boosters are required to acquire and main-
tain immunity.

In Europe, several thousand TBE cases are report-
ed yearly, with the highest incidences in the Baltic 
countries (12,13). In Finland, TBE cases are reported 
from relatively restricted areas, mostly around the ar-
chipelago and the coast (14). During 1995–2013, the 
average annual number of cases was 25, ranging from 
5 to 43 cases per year (14), but the incidence has in-
creased over the past 5 years with the development of 
new TBE foci (15). 

Several seasonal or environmental factors, such 
as temperature (16,17) and humidity (18), along 
with the number of animal hosts for ticks feed-
ing (19), have been shown to affect tick life cycles 
and activity, which in turn have been associated 
with transmission of tick-borne infections, such as 
Lyme disease (18,20,21) and TBE (21–24). Our aim 
was to assess the effects of environmental factors,  
game animal density, and temperatures on TBE 
emergence and distribution in Finland and to use 
these findings to inform risk assessment and pre-
vention strategies. 

Game Animal Density, Climate,  
and Tick-Borne Encephalitis  

in Finland, 2007–2017
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Tick-borne encephalitis (TBE) is an endemic infection 
of public health importance in Finland. We investigated 
the effect of ecologic factors on 2007–2017 TBE trends. 
We obtained domestic TBE case data from the National 
Infectious Diseases Register, weather data from the US 
National Oceanic and Atmospheric Administration, and 
data from the Natural Resources Institute in Finland on 
mammals killed by hunters yearly in game management 
areas. We performed a mixed-effects time-series analysis 
with time lags on weather and animal parameters, add-
ing a random effect to game management areas. Dur-
ing 2007–2017, a total of 395/460 (86%) domestic TBE 
cases were reported with known place of exposure and 
date of sampling. Overall, we found that TBE incidence 
increased yearly by 15%. After adjusting for the density of 
other animals and minimum temperatures, TBE incidence 
was positively associated with white-tailed deer density.  
Variation in host animal density should be considered 
when assessing TBE risks and designing interventions. 
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Methods 

Epidemiologic Data 
In Finland, TBE is reportable to the National Infectious 
Diseases Register (NIDR), maintained by the Finnish 
Institute for Health and Welfare (Terveyden ja hyvin-
voinnin laitos [THL]). An acute laboratory-confirmed 
TBE case is defined as one in which a patient without 
a disease-specific medical history (e.g., no previous 
TBEV exposure) has coherent central nervous system 
symptomatology, such as meningitis, meningoen-
cephalitis, or encephalomyelitis, and TBEV-specific 
IgM and IgG detected in either cerebrospinal fluid or 
serum. Two clinical laboratories in Finland perform 
TBE diagnostics and report results electronically to 
the NIDR. Each notification includes the specimen 
date and the patient’s unique national identity code, 
date of birth, sex, and place of residence. 

Since 2007, the Finnish Institute for Health and 
Welfare has enhanced TBE surveillance in place; be-
cause of these additional data, we were able to exam-
ine medical records and interview patients to deter-
mine the most likely places of exposure (25). From 
these sources, we extracted data on the number of 
TBE cases for 2007–2017. To account for a median TBE 
incubation period of ≈7–14 (range 4–28) days (10), 
suspected date of exposure was calculated as 2 weeks 
before date of symptom onset or 3 weeks before date 
of sampling if date of onset was unknown. 

Weather and Game Animal Density Data
We retrieved temperature data from daily weather re-
ports from multiple meteorologic stations in Finland 
using the United States National Oceanographic and 
Atmospheric Administration (NOAA) Climate Data 
Online open-access platform (https://www.ncdc.noaa.
gov/cdo-web) (26). Including geographic coordinates 
for each station, we used QGIS 2.14.20-Essen version 
software (QGIS, https://qgis.org/en/site) to assign 
each station to its respective game management area 
and used Stata version 15 statistical software (StataCorp, 
https://www.stata.com) to calculate weather data for 
each game management area (n = 16). We used the dif-
ference between reported minimum and maximum 
daily temperatures to determine temperature variation, 
then calculated monthly mean values for minimum, 
maximum, average, and variation for each weather sta-
tion. We used these data to calculate mean temperature 
values for the game management areas. 

We used mean daily temperature values from 
each game management area to calculate 2 other 
weather parameters that affect tick populations. We 
used the proportion of days in a month with a mean 

temperature >5°C because ticks are commonly en-
countered in the northern regions of Europe at that 
temperature level (27,28). We used monthly mean 
temperature surplus (mean temperature in degrees 
Celsius above 9°C (or 0, if <9°C) because it has been 
observed that Ixodes ricinus larval activity and devel-
opment occurs at that temperature (29). 

For the spatial unit in our study, we used game 
management areas as defined by the Natural Re-
sources Institute Finland. We obtained data for 2006–
2017 on the number of animals killed by hunters in 
game management areas for moose (Alces alces), fal-
low deer (Dama dama), roe deer (Capreolus capreolus), 
white-tailed deer (Odocoileus virginianus), European 
hare (Lepus europaeus), mountain hare (Lepus timidus), 
and red fox (Vulpes vulpes) from the statistical services 
portal of the Natural Resources Institute Finland (Lu-
onnonvarakeskus [Luke]) (30). We used these data on 
the numbers of animals killed by hunters as a proxy 
for actual animal density because they have been 
shown to be strongly correlated (31,32). To improve 
readability of our results, we divided the number 
of animals killed by hunters per game management 
areas by 100 (e.g., 5,500 animals = 5.5) and used this 
number in our models. We used a 1-year lag to esti-
mate the level of TBE incidence based its demonstrat-
ed correlation with calculated animal density (22). 

Statistical Analysis 
We calculated the monthly number of cases and tem-
perature values for each game management area, 
then modeled annual TBE incidence in 2007–2017 at 
a national level and by game management area using 
negative binomial regressions, a type of generalized 
linear model used to model overdispersed count data. 
As our core model for this time-series analysis, we fit 
a mixed-effects negative binomial regression model 
with the monthly numbers of TBE cases reported 
from each game management area as an outcome and 
year-month unit (2010m1, 2010m2, etc.), adjusted for 
a 12-month periodicity as explanatory variables, with 
a random effect on game management areas to ac-
count for regional variability. 

For calculations, all temperature variables were 
used with a 1-month lag period, assuming that ticks 
would not become fully active again from the begin-
ning of periods with optimal life cycle temperature 
ranges. By adding the variables to the core model one 
at a time, we determined the model that showed the 
best Akaike information criterion/Bayesian informa-
tion criterion combination. The climatic predictor that 
offered the best fit was considered the most informa-
tive predictor, and we then used it as an adjustment 
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variable when modeling the effect of the number of 
animals killed on TBE incidence for each game man-
agement area. We then conducted single-variable 
analyses of all animal density parameters per 100 
units, with a 1-year lag. 

Finally, we used stepwise backward selection to 
develop a final multiple-variable analysis model to 
determine the effect of animal density on TBE inci-
dence in a multilevel mixed-effects negative binomial 
regression with a random effect on game manage-
ment areas. We assessed the distribution of Pearson 
and Deviance residuals and looked for autocorrela-
tion of residuals. Statistical significance was consid-
ered at a 5% level. We used Stata to perform model-
ling; results were displayed with incidence ratios (IR) 
to 2 decimal places with 95% CIs and, when relevant, 
negative binomial regression coefficients before expo-
nentiation to 3 decimal places with 95% CIs. 

Results 

Epidemiology of TBE Cases
During 2007–2017, a total of 488 cases were reported 
to NIDR, including 28 (6%) with reported exposure 
in a foreign country (Estonia, 18; Sweden, 5; Rus-
sia, 2; other, 3) and 65 cases (13%) without known 
place of exposure or date of sampling. We included 
in the analysis the remaining 395 (81%) cases of do-
mestic TBE reported to NIDR. Median yearly num-
ber of cases was 28 (interquartile range [IQR] 20–50). 
Over the study period, the median number of cases 
was 7 per management area, ranging from 0 in sev-
eral central game management areas to 120 cases in 
southern Finland (Varsinais-Suomi) (Figure 1). Over-
all, nationwide domestic TBE incidence significantly 
increased by 15% (IR 1.15; 95% CI 1.10–1.20) yearly, 
with regional variation (Table 1). 

Association of TBE Incidence with Game  
Animal Density and Weather-Based Parameters 
We used data from 174 different weather stations in 
total; the number of stations assigned to each game 
management area ranged from 3 in the Åland Is-
lands to 47 in the Lappi (Lapland) game manage-
ment area (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/26/12/19-1282-App1.pdf). The 
median number of daily reports available per sta-
tion per month was 30 (IQR 30–31). The number 
of animals killed by hunters by area was available 
on a yearly level for all game management areas 
except for the Åland Islands because the Natural 
Resources Institute Finland did not collect data for 
this management area. 

Our core mixed-effects negative binomial regres-
sion showed a 1% monthly increase (IR 1.01 [1.01–
1.01]; coefficient 0.011 [0.008–0.149]) and a significant 
12-month periodicity (p<0.001). None of the tempera-
ture variables showed a significant association with 
monthly TBE incidence (Table 2). The lowest Akaike 
information criterion/Bayesian information criterion 
combination was seen for monthly average minimum 
temperature; therefore, we adjusted our modeling of 
hunting data for this weather parameter. 

Because data on mammals killed by hunters were 
not available for the Åland Islands game management 
area, our analysis was restricted to 15 of the 16 game 
management areas (Appendix Table 2). Our single 
hunting data variable analysis, using a mixed-effects 
negative binomial regression, adjusted for year-
month time unit, average minimum temperature, 
periodicity, and a random effect on game manage-
ment areas, showed no significant results (Appendix 
Table 3). The numbers of moose, roe deer, and fallow 
deer were negatively associated with TBE incidence 
trends; numbers of fox, white-tailed deer, European 
hare, and mountain hare were positively associated 
with TBE incidence trends, although not significantly. 

Using a stepwise approach for our analysis of the 
effect of several animal densities adjusted for average 
monthly minimum temperature, we obtained a model 
containing the numbers of moose, roe deer, white-tailed 
deer, mountain hare, and fox killed by hunters (Appen-
dix Table 4). We found that TBE incidence was posi-
tively associated with the number of white-tailed deer 
killed by hunters (IR 1.04 [1.01–1.07]; coefficient 0.037 
[0.009–0.064]), but it was significantly negatively associ-
ated with the number of roe deer (IR = 0.94 [0.88–1.00]; 
coefficient -0.067 [–0.131 to -0.003]). Other animal densi-
ties yielded no significant results (Table 3); Pearson and 
deviance residuals were normally distributed around 0, 
and residuals only showed autocorrelation in 2 game 
management areas out of 14 included in the model.

Figure 2 presents the actual monthly number of 
TBE cases and the model’s prediction for the 4 game 
management areas included the model that contrib-
uted the most to TBE incidence: Varsinais-Suomi, 
Kaakkois-Suomi, Uusimaa, and Lappi. These results 
show that our model failed to predict some incidence 
peaks; however, the yearly average difference be-
tween the actual number of cases and the model’s 
prediction was 0.04, ranging from -0.05 in Etela Hame 
to 0.19 in Uusimaa. 

Discussion
During 2007–2017, TBE incidence in Finland increased 
yearly by 15%. Our analysis did not find a statistically 
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significant association between temperature and TBE 
incidence. Multivariable analysis of the effect of sev-
eral animal densities showed that TBE incidence was 
positively associated with the number of white-tailed 
deer, but an increase in the number of roe deer killed by 
hunters led to a decrease in TBE incidence. Our study 
provides further evidence on the importance of wildlife 
in the epidemiology of TBE. Blood meals are necessary 
for 3 different stages of tick development; large mam-
mals such as deer can both serve as transmission hosts 
and provide blood meals to ticks, and their numbers can 
therefore have a strong influence on TBE rates (22). 

The results of our analysis of weather data were 
not consistent with those in many other studies on 
the effect of changes in temperature on TBE incidence 
(22,33,34). Regarding animal data, our results were 
partly in line with a 2017 study conducted in Sweden 
in which single-variable analysis with a 1-year lag 
showed that the number of fallow deer and moose 
killed by hunters were negatively associated with 
TBE incidence, but contrary to our findings, the num-
ber of roe deer had a positive effect on TBE increase 
(22). Roe deer abundance is a parameter that has pre-
viously been associated with TBE incidence in other 
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Figure 1. Total number of 
tick-borne encephalitis cases 
reported by game management 
area, Finland 2007–2017. 
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TBE endemic areas. In northern Italy, it was shown 
that roe deer density was higher in areas where more 
TBE cases were detected (23); however, in Slovenia, 
when both red deer and roe deer density were stud-
ied, only red deer density showed a significant posi-
tive association with TBE incidence (24). Similarly, 
in the Czech Republic, in a multivariable model ad-
justed for forest and agriculture area, only the num-
ber of wild boars killed by hunters had a significant 
positive association with TBE incidence, whereas roe 
deer density was negatively, but nonsignificantly, 
associated with TBE incidence (35). However, the 
results of these studies cannot all be properly com-
pared with the findings from our work due to differ-
ent methodologies, fauna, the presence in Finland of 
2 tick species (Ixodes ricinus and I. persulcatus) capable 
of transmitting TBEV, and differing temperature and 
environmental characteristics. For example, a study 
similar to ours was recently conducted in Sweden, a 
neighboring country with similar climate and fauna, 
but the species of deer studied differed (22). 

White-tailed deer are nonnative in Finland, intro-
duced by the mid-20th century; the species’ numbers 
have grown from fewer than 10 to several hundred 
thousand (36,37). A geospatial modeling study us-

ing similar data recently showed that in Finland, the 
density of this animal was correlated with concurrent 
incidence rates of TBE (38), which is in line with our 
findings. These known ticks (I. ricinus and I. persulca-
tus) (39) and the TBE host (40) were also introduced in 
the Czech Republic (41), another TBE-endemic coun-
try; however, to our knowledge, their effect on inci-
dence trends there has not been studied. 

As in any ecologic study, our results have to be 
interpreted with caution and should not be general-
ized to an individual level; some unmeasured char-
acteristics might also differ between game manage-
ment areas (42). In addition, we identified several 
limitations to our work. First, because we had to use 
average values for large geographic areas (median 
area size 19,185 km2 [IQR 15,826–21,589 km2]), the 
effect of temperatures on TBE incidence might have 
been diluted, which would explain why in our analy-
sis, an increase in temperature was not linked to an 
incidence increase. This effect would also apply for 
animal density, which may vary within a game man-
agement area. Second, we were not able to use pre-
cipitation levels, a parameter with a known influence 
on tick lifecycle and activity, because data were not 
collected in a systematic manner throughout Finland. 
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Table 1. Yearly tick-borne encephalitis incidence increase nationwide and by game management area, Finland 2007–2017 

Game management area 
Median annual no. 

cases (IQR)† Annual no. cases, range  IR (95% CI) p value Yearly trend, % 
Åland islands 7 (2–11) 1–14 0.97 (0.85–1.10) 0.60 –3% 
Etelä-Häme None reported 0–0     
Etelä-Savo 0 (0–0) 0–1 1.17 (0.73–1.87) 0.51 +17% 
Kaakkois-Suomi 5 (2–6) 1–15 1.28 (1.04–1.32) <0.01 +28% 
Kainuu None reported 0–0     
Keski-Suomi 0 (0–0) 0–1 1.46 (0.61–3.52) 0.40 +46% 
Lappi 2 (1–3) 0–9 1.23 (1.08–1.40) <0.01 +23% 
Oulu 0 (0–3) 0–4 1.50 (1.18–1.92) 0.001 +50% 
Pohjanmaa None reported 0–0     
Pohjois-Häme 0 (0–0) 0–2 1.34 (0.31–5.80) 0.70 +34% 
Pohjois-Karjala 0 (0–1) 0–1 1.21 (0.89–1.65) 0.22 +21% 
Pohjois-Savo 0 (0–2) 0–3 1.21 (0.96–1.53) 0.11 +21% 
Rannikko-Pohjanmaa 1 (0–2) 0–6 0.80 (0.65–1.00) 0.05 –20% 
Satakunta 0 (0–0) 0–1 3.00 (0.60–14.87) 0.18 +200% 
Uusimaa 4 (1–9) 0–16 1.39 (1.25–1.54) 0.001 +39% 
Varsinais-Suomi 7 (4–17) 3–28 1.23 (1.15–1.31) 0.001 +23% 
Finland  28 (20–50) 17–73 1.15 (1.10–1.20) 0.001 +15% 
*IQR, interquartile range; IR, incidence ratio. 
†None reported indicates that 0 cases were reported in that management area over the entire study period. 

 

 
Table 2. Single-variable modeling of weather parameters’ influence on tick-borne encephalitis incidence, Finland, 2007–2017 
Weather parameters† Coefficient (95% CI of coefficient) IR (95% CI)  p value AIC BIC 
Monthly average minimum temperature –0.069 (–0.145 to 0.08) 0.93 (0.87–1.01) 0.08 1,263.0 1,302.6 
Monthly average mean temperature –0.070 (–0.149 to 0.008) 0.93 (0.86–1.01) 0.08 1,263.1 1,302.6 
Monthly average maximum temperature –0.056 (–0.126 to 0.013)  0.95 (0.88–1.01) 0.11 1,263.6 1,303.1 
Monthly average of daily temperature variation 0.000 (–0.103 to 0.104) 1.00 (0.90–1.11) 0.99 1,266.1 1,305.6 
Proportion of days in a month with a mean 
temperature >5°C 

–0.718 (–1.702 to 0.265)  0.49 (0.18–1.30) 0.15 1,264.1 1,303.6 

Monthly average of mean temperature surplus‡ –0.057 (–0.135 to 0.021) 0.94 (0.87–1.02) 0.15 1,264.0 1,303.6 
*AIC, Akaike information criterion; BIC, Bayesian information criterion; IR, incidence ratio. 
†Adjusted for trend over time and 12 mo periodicity. 
‡Temperature surplus: mean temperature minus 9°C if ≥9°C, otherwise 0. 
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Third, because animal density per game management 
areas was not available, we used data on animals 
killed by hunters. Even though these data have been 
used by several researchers in similar studies on TBE 
(22) and Lyme disease, another tick-borne zoonotic 
disease (20), we cannot assume that it perfectly re-
flects animal density variations. The reported number 

of animals killed by hunters can also be affected by 
changes in hunting habits and wildlife population 
control regulations. Finally, the effect of density of 
other potential hosts of ticks and TBEV, such as small-
er animals (e.g., rodents), could not be investigated 
because of lack of available data in Finland. The ab-
sence of data on precipitation levels and small rodent 
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Figure 2. Actual and predicted number of TBE cases in 4 game management areas, Finland, 2007–2017. A) Varsinais-Suomi; B) Kaakkois-
Suomi; C) Uusimaa; and D) Lappi. Number of tick-borne encephalitis cases is predicted by a mixed effects multivariable negative binomial 
model including number of moose, roe deer, white-tailed deer, mountain hare, and red fox killed by hunters adjusted for a 12-month 
periodicity, minimum temperature, and month, with a random effect on game management areas. TBE, tick-borne encephalitis
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density might partially explain why our model failed 
to properly predict several sudden increases, such as 
in Varsinais-Suomi in 2017, Kaakkois-Suomi in 2015, 
or over the final years of the study period in the Uusi-
maa and Lappi game management areas (Figure 2). 

The effect of environmental factors, including cli-
mate change and host animal density variations, on 
vectorborne diseases is a growing concern in Finland. 
Therefore, over the coming years, the Finnish Institute 
for Health and Welfare will participate in a national 
consortium to quantify factors driving vectorborne 
diseases. The project will use modern analysis tools, 
empirical field studies, and predictive spatiotempo-
ral modeling to provide information for intervention 
strategies integrating data on human disease inci-
dence, dynamics of host communities, and vectors and 
environmental variables, including climate (43). We 
hope this project will lead to better knowledge about 
the extent and effects of climate change and milder 
temperatures and the influence of certain animal hosts 
on TBE incidence because it is growing in the Euro-
pean region (12,13). The findings of our study, espe-
cially that white-tailed deer density is associated with 
the incidence rates of TBE, show that variations in host 
animal density should be taken into account when as-
sessing regional TBE risk, forecasting future trends, 
and designing interventions. Experimental studies on 
reducing or restricting the movement of deer popula-
tions (with fences) should assess whether such inter-
ventions can be effective to control tick populations 
and decrease TBE incidence. 
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Escherichia coli sequence type (ST) 131 is the quint-
essential example of a successful, global, anti-

microbial-resistant, high-risk clone among human 
bacteria (1,2). Currently, ST131 is the most common 
global extraintestinal pathogenic E. coli (ExPEC) 
clone; up to 30% of all ExPEC, 60%–90% of fluoroqui-
nolone-resistant ExPEC, and 40%–80% of ExPEC with 
extended-spectrum β-lactamases [ESBLs] belong to 

ST131 (3,4). Population genetics indicate that ST131 
consists of different clades (5): clade A contains sero-
type O16:H5 and fimH41, clade B contains mostly se-
rotype O25b:H4 and fimH22, and clade C contains se-
rotype O25b:H4 and fimH30. Clade C is divided into 
2 subclades: C1/H30R (associated with fluoroquino-
lone resistance) and C2/H30Rx (associated with fluo-
roquinolone resistance and blaCTX-M-15). A novel ST131 
C1 subclade, known as C1-M27 with blaCTX-M-27, was 
reported in Japan (6).

ST131 is the most dominant and most antimi-
crobial-resistant among E. coli causing bloodstream 
infections in Calgary, Alberta, Canada, infecting 
mostly the elderly in long-term care centers (7). 
Previous molecular epidemiology studies from 
the same region showed that ST131 was relatively 
rare among ESBL-producing and fluoroquinolone-
resistant E. coli during the early 2000s but showed 
a major increase toward the end of the 2000s (8,9). 
However, limited information is available regard-
ing the changes in population dynamics of ST131 
clades over extended periods, especially among 
nonbiased E. coli isolates in large, well-defined, 
geographic regions.

To address this issue, we conducted a retrospec-
tive cohort study that characterized ST131 clades re-
sponsible for bloodstream infections in Calgary over 
an 11-year period (2006–2016). Investigating trends of 
ST131 clades over long periods by using a population-
based surveillance approach will aid in clarifying the 
evolution of this clone and help with designing supe-
rior prevention strategies (3,10).
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Global expansion of antimicrobial drug–resistant Esch-
erichia coli sequence type (ST) 131 is unrivaled among 
human bacteria. Understanding trends among ST131 
clades will help with designing prevention strategies. 
We screened E. coli from blood samples (n = 1,784) ob-
tained in Calgary, Alberta, Canada, during 2006, 2012, 
and 2016 by PCR for ST131 and positive samples (n = 
344) underwent whole-genome sequencing. The inci-
dence rate per 100,000 residents increased from 4.91 
during 2006 to 12.35 during 2012 and 10.12 during 2016. 
ST131 belonged to clades A (10%), B (9%), and C (81%). 
Clades C1-nonM27 and B were common during 2006, 
and C2 containing blaCTX-M-15, C1-M27 containing blaCTX-

M-27, and A were responsible for the increase of ST131 
during 2012 and 2016. C2 was the most antimicrobial 
drug–resistant subclade and increased exponentially 
over time. Eradicating ST131, more specifically the C2 
subclade, will lead to considerable public health benefits 
for persons in Calgary.
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Materials and Methods

Study Population
We conducted a retrospective cohort study in Calgary 
by using all E. coli human clinical isolates from blood 
cultures processed by a centralized laboratory system 
(Alberta Precision Laboratories) during 2006, 2012, and 
2016. All blood culture samples from adults and chil-
dren in inpatient and outpatient settings were included.

Clinical Data
Clinical information corresponding to source patients 
at the time of the E. coli bloodstream infection was ob-
tained by using Sunrise Clinical Manager (Allscripts 
Healthcare Solutions, Inc., https://www.allscripts.
com). A case-patient with an E. coli bloodstream in-
fection was defined as a patient with systemic inflam-
matory response and documented growth of an E. 
coli isolate in a blood culture. Incident case-patients 
were defined as Calgary residents with a first isola-
tion of E. coli from blood. Repeat E. coli from blood 
were excluded. Bloodstream infections were defined 
as community acquired, hospital acquired, or health-
care associated (11).

Bacterial Isolates, Identification, and  
Susceptibility Testing
All E. coli isolates from blood were routinely stored 
at Alberta Precision Laboratories and available for 
this study. Unique isolates recovered during January 
1–December 31, 2006, 2012, and 2016 were obtained 
from the frozen depository.

Identification was conducted by using matrix-as-
sisted laser desorption/ionization time-of-flight mass 
spectrometry (Vitek; bioMérieux, https://www.biom-
erieux.com), and susceptibility testing was conducted 
the VITEK 2 Instrument (bioMérieux). Susceptibili-
ties were determined for amoxicillin/clavulanic acid, 
piperacillin/tazobactam, ceftriaxone, meropenem, er-
tapenem, amikacin, gentamicin, tobramycin, ciproflox-
acin, and trimethoprim/sulfamethoxazole. Through-
out this study, results were interpreted by using the 
Clinical Laboratory Standards Institute criteria for 
broth dilution (12). Antimicrobial resistance and viru-
lence scores were determined as described (13).

Molecular Characterization
All E. coli isolates (n = 1,786) were initially screened 
with a PCR specific for ST131 (14). Positive isolates 
(n = 344) underwent whole-genome sequencing, by 
using procedures previously (15,16). The Nextera 
XT DNA Sample Preparation Kit (Illumina, https://
www.illumina.com) was used to prepare libraries 

for sequencing. Samples were multiplexed and se-
quenced on an Illumina NextSeq500 for 300 cycles 
(151-bp paired-end). Draft genomes were obtained 
by using SPAdes version 3.10.1 (17). To define the 
presence of genes and mutations, BLAST (18) in com-
bination with following databases or typing schemes 
were accessed: National Center for Biotechnology 
Information Bacterial Antimicrobial Resistance Ref-
erence Gene Database (https://www.ncbi.nlm.nih.
gov/bioproject/PRJNA313047), ResFinder (19), Plas-
midFinder (20), MLST (21) virulence finder (22), and 
virulence factor database (23). ST131 clades were 
identified by using an in silico PCR and primers de-
scribed elsewhere (14).

Statistical Analysis
The Fisher exact test was used to perform pairwise 
comparisons of factors between clades, t-test was 
used for age comparisons, and p values obtained 
within individual categories were adjusted for mul-
tiple comparisons by using the false discovery rate 
(24). Population data were extracted from census 
reports from Statistics Canada (https://www.stat-
can.gc.ca) and used to estimate incidence rates (IRs) 
on the basis of a Poisson distribution. The Mann-
Whitney test was used to compare antimicrobial 
resistance and virulence scores between clades. The 
effect of eliminating subclade C2 on nonsusceptibil-
ity and IRs was assessed by using Fisher exact and 
Poisson tests, for which population characteristics 
were compared with the presence and absence of 
subclade C2 isolates. The p values were adjusted 
for multiple comparisons accordingly. All analyses 
were conducted in R version 3.6.1 (25). Statistical 
significance was set at the 5% level.

Sequence Data Accession Numbers and Ethics
Sequencing data was deposited in the National Cen-
ter for Biotechnology Information database (submis-
sion no. SUB7225977). This study was approved by 
the University of Calgary Conjoint Health Research 
Ethics Board (REB16-2457).

Results

E. coli Isolates
E. coli was the most common bacterium obtained 
from blood in the Calgary region during 2006 (482 
[28.9%] of 1,669 isolates), 2012 (691 [29.7%] of 2,084 
isolates), and 2016 (685 [31.1%] of 2,201 isolates). A to-
tal of 1,786 unique E. coli were screened for ST131: 481 
from 2006, 621 from 2012, and 684 from 2016. Overall, 
344 (19.2%) of 1,786 E. coli isolates were PCR positive 



for ST131; the prevalence of ST131 increased from 53 
(11%) of 481 during 2006 to 150 (24.2%) of 621 during 
2012 and 141 (20.6%) of 684 during 2016 (p<0.001 for 
both comparisons).

Most ST131 isolates belonged to clade C in the fol-
lowing subclades (Table 1, https://wwwnc.cdc.gov/
EID/article/26/12/20-1221-T1.htm): C0 (n = 5, 2%), 
C1-nonM27 (n = 121, 35%), C1-M27 (n = 13, 4%), and 
C2 (n = 139, 40%). The remainder of ST131 isolates be-
longed to clades A (n = 34 [10%)] and B (n = 32 [9%]).

Incidence Rates and Population Dynamics  
of ST131 Clades
The IR per 100,000 residents with ST131 blood-
stream infections in Calgary increased from 4.91 
during 2006 to 12.35 during 2012 and 10.12 during 
2016 (p<0.001 for both comparisons). Overall, the 
population structure of ST131 was dominated by the 
C clade. However, the IRs per 100,000 residents and 
proportions among the different subclades showed 
a major change over time (Table 2; Figure). The C0 
subclade represented 9.4% of the ST131 population 
during 2006, with an estimated IR of 0.46 cases per 
100,000 residents. However, the C0 subclade was not 
detected during 2012 and 2016 (p = 0.001 for both 
comparisons).

The C1-nonM27 subclade dominated the popula-
tion structure of ST131 during 2006 (comprising of 46% 
of the total population, with an IR of 2.22/100,000 resi-
dents). Despite an increased IR during 2012 and 2016 
(when compared with that for 2006), the frequency of 
C1-nonM27 isolates decreased to 37.3% in 2012 and 
29% in 2016 (2006 vs. 2016; p = 0.04) (Figure). The C1-
M27 subclade increased from 1.9% during 2006 to 5.7% 
during 2016. There was an association between C1-
M27, the presence of blaCTX-M-27, and year of isolation (5 
C1-M27 isolates from 2006 and 2012 were negative for 
blaCTX-M-27, and 7/8 isolates obtained during 2016 were 
positive for blaCTX-M-27) (p = 0.004) (Figure).

The prevalence of C2 subclade increased substan-
tially from 17% of the total ST131 population dur-
ing 2006 to 42% during 2012 and 47% during 2016 
(p<0.001 for both comparisons) (Figure). The IR per 

100,000 residents of the C2 clade increased from 0.83 
during 2006 to 5.19 during 2012 and 4.81 during 2016 
(p<0.001 for both comparisons) (Table 2). The in-
crease in subclade C2 correlated with the presence of 
CTX-M-15 (4 [44%] of 9 of C2 isolates from 2006 were 
positive for blaCTX-M-15 compared with 89 [68%] of 130 
isolates obtained during 2012 and 2016) (Figure).

Clade A was absent among ST131 during 2006 and 
then increased to 12% of the ST131 population dur-
ing 2012 and 11.3% of the ST131 population during 
2016 (p<0.01 for both comparisons) (Figure). The IR 
of clade A increased from 0 to 1.48/100,001 residents 
during 2012 and to 1.15/100,000 residents during 2016 
(p<0.001 for both comparisons) (Table 2). B was the 
second most common clade during 2006 (26.4% of the 
total ST131 population), but decreased to 6% of the 
ST131 population during 2012 and to 6.4% of the ST131 
population during 2016 (p<0.001 for both comparisons) 
(Figure). The IR of clade B decreased from 1.30/100,000 
residents to 0.74/100,000 residents during 2012 and to 
0.65/100,000 residents during 2016 (Table 2).

Clinical Characteristics
E. coli ST131 bloodstream infections were evenly distrib-
uted between male patients (n = 171, 49.7%) and female 
patients (n = 173, 50.3%) (Table 1). Just under half (48%) 
of E. coli ST131 bloodstream infections were healthcare-
associated, followed by community-acquired (34%) 
and hospital-acquired (18%) (Table 1). Clades A and B 
were associated with community-acquired infections, 
and patients infected with clade C were more likely to 
be healthcare associated. Patients infected with clade 
A tended to be younger (Table 1). More than half (n = 
186, 54%) of patients had upper urinary tract infections, 
followed by bloodstream infections with an unknown 
source (n = 69, 20%), pneumonia (n = 35, 10%), acute 
biliary tract infections (n = 31, 9%), and intraabdominal 
infections (n = 23, 7%) (Table 1).

Serotypes, fimH Types, and Antimicrobial  
Susceptibilities
Clade A contained O16:H5, fimH41, and fimH89. 
Clade B contained O25:H4, O2:H4, fimH22, fimH27, 
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Table 2. Incidence rates/100,000 residents for Escherichia coli sequence type 131 clades, Calgary, Alberta, Canada, 2006, 2012, and 
2016* 

Clade 
IR (95% CI) 

2006 2012 2016 
A 0.00a (0.00–0.34) 1.48b (0.88–2.34) 1.15b (0.66–1.87) 
B 1.30 (0.71–2.18) 0.74 (0.34–1.41 0.65 (0.30–1.23) 
C0 0.46a (0.15–1.08) 0.00b (0.00–0.30) 0.00b (0.00–0.26) 
C1-nonM27 2.22a (1.55–3.60) 4.61b (3.48–5.99) 2.94a (2.11–3.99) 
C1-M27 0.09a (0.00–0.56) 0.33 (0.09–0.84) 0.57b (0.25–1.13) 
C2 0.83a (0.41–1.72) 5.19b (3.98–6.63) 4.81b (3.73–6.11) 
Total 4.91a (3.68–6.42) 12.35b(10.45–14.49) 10.12b (8.52–11.94) 
*Rates followed by different superscript letters indicate significant differences between years at the 5% level. IR; incidence rate. 
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Figure. Proportions of Escherichia coli sequence type 131 clades, Calgary, Alberta, Canada, 2006–2016.

fimH324, and fimH30. Clade C contained O25:H4 and 
fimH30 (Table 1).

Overall, high (>25%), intermediate, or resistant 
(not susceptible) rates were observed for ceftriax-
one, ciprofloxacin, trimethoprim/sulfamethoxazole, 
gentamicin, and tobramycin. Low rates (<5%) were 
observed for amikacin, ertapenem, and meropenem. 
C2 was the most antimicrobial-resistant subclade, 
followed by C1-nonM27 and C1-M27 (Table 1). 
Clades B and C0 were the most susceptible clades, 
and clade A showed high nonsusceptible rates for 
trimethoprim/sulfamethoxazole, gentamicin, and 
tobramycin (Table 1).

Removal of Subclade C2
Eliminating subclade C2 would have decreased the 
incidence rate of ST131 bloodstream infections from 
12.35/100,000 residents to 7.16/100,000 residents 
during 2012 and from 10.12/100,001 residents to 
5.31/100,000 residents during 2016 (p<0.001 both 
comparisons). In addition, eliminating subclade C2 
would have resulted in a significant reduction of 
not susceptible rates for amoxicillin/clavulanic acid, 
ciprofloxacin, ceftriaxone, and tobramycin for ST131 
causing bloodstream infections in Calgary (2006, 
2012, and 2016) (p<0.05 for all comparisons).

Quinolone Resistance–Determining Regions  
and Antimicrobial Resistance Determinants
The combination of mutations in gyrase A genes (gyrA 
S83L and gyrA D87N) and DNA topoisomerase IV 
genes (parC S80I, parC E84V, and parE I529L) in the qui-
nolone resistance-determining regions were present in 
all C1 and C2 isolates (Table 3). Nearly all (97%) ST131 
isolates contained the parE I529L mutation. Most (85%) 
clade A isolates had the gyrA S83L mutation; for 5 iso-
lates, this mutation was combined with gyrA D87N and 
parC S80I, and 1 isolate had the gyrA S83L, gyrA D87N, 
parC S80I, and parC E84V combination. Mutations in 
gyrA and parC were rare in clade B; 2/32 isolates had the 
gyrA S83L and parC S80I mutation combination (Table 
3). One subclade C0 isolate had only the gyrA S83L mu-
tation, and another C0 isolate had the gyrA S83L, gyrA 
D87N, parC S80I, and parC E84V combination.

CTX-M β-lactamases were detected among 148 
(43%) isolates; most were CTX-M-15, followed by 
CTX-M-14, CTX-M-27, CTX-M-55, and CTX-M-198 
(Table 3). CTX-M types were associated with different 
subclades (e.g., blaCTX-M-14 with C1-nonM27, blaCTX-M-15 
with C2, blaCTX-M-27 with C1-M27, and blaCTX-M-55 with A). 
TEM-1 was common in most clades, with the exception 
of C2 and C1-M27. Three ST131 isolates were positive 
for blaCMY-2, and 1 C2 isolate was positive for blaNDM-5.
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Table 3. Factors associated with Escherichia coli sequence type 131 clades, Calgary, Alberta, Canada, 2006, 2012, and 2016* 

Factor 
Clade 

A, n = 34 B, n = 32 C0, n = 5 C1-non-M27, n = 121 C1-M27, n = 13 C2, n = 139 All, n = 344 
QRDR mutation        
 gyrA S83L 29 (85)a,b 2 (6)c 2 (40)b,c 121 (100)d 13 (100)a,d 139 (100)d 306 (89) 
 gyrA D87N 5 (15)a 0a 1 (20)a 121 (100)b 13 (100)b 139 (100)b 279 (8) 
 parC S80I 5 (15)a 2 (6)a 1 (20)a 121 (100)b 13 (100)b 139 (100)b 281 (82) 
 parC E84V 1 (3)a 0a 1 (20)a 121 (100)b 13 (100)b 139 (100)b 275 (80) 
 parE I529L 30 (88)a 27 (84)a 5 (100) 121 (100)b 13 (100) 139 (100)b 335 (97) 
-lactamase        
 CTX-M-15 2 (6)a 1 (3)a 0a 1 (1)a 0a 93 (67)b 97 (28) 
 CTX-M-14 0a 0a 0 38 (31)b 0 1 (1)a 39 (11) 
 CTX-M-27 1 (3)a 0a 0 0a 7 (54)b 0a 8 (2) 
 CTX-M-55 2 (6) 0 0 0 0 0 2 (0.6) 
 CTX-M-198 0 0 0 1 (1) 0 0 1 (0.3) 
 NDM-5 0 0 0 0 0 1 (1) 1 (0.3) 
 OXA-1 0a 0a 0a 1 (1)a 0a 84 (6)b 85 (25) 
 OXA-9 0 0 0 0 0 1 (1) 1 (0.3) 
 SHV-12 0 0 0 0 0 2 (1) 2 (0.6) 
 TEM-1 29 (85)a,b 20 (63)a 4 (80)a,b 103 (85)b 1 (8)c 26 (19)c 183 (53) 
 TEM other 0 0 0 2 (2) 0 2 (1) 4 (1) 
 CMY-2 0 2 (6%) 0 1 (1) 0 0 3 (0.9) 
Aminoglycoside-modifying enzyme 
 Aac(3)-IIa 0a 0a 0 2 (1)a 0a 57 (41)b 59 (17) 
 Aac(3))-IId 11 (32)a,b 15 (47)a 0 63 (52)a 0b,c 4 (3)c 93 (27) 
 aac(6')-Ib-cr 0a 0a 0a 2 (2)a 0a 84 (60)b 86 (25) 
 aadA1 0 2 6) 0 0 0 4 (3) 6 (2) 
 aadA16 0 0 0 1 (1) 0 1 (1) 2 (0.6) 
 aadA2 0a 14 (44)b 0 0a 0a 2 (1)a 16 () 
 aadA5 23 (68)a 1 (3)b 3 (60)a,c 70 (58)a 7 (54)a,c 57 (41)c 161 (47) 
 ant(2′′)-Ia 0 0 0 0 0 5 (4) 5 (1) 
 aph(3′)-Ia 1 (3) 2 0 1 (11) 0 0 4 (1) 
 aph(3′′)-Ib 20 (59)a 3 (9)b 0 69 (57)a 5 (38) 26 (19)b 123 (36) 
 aph(3′)-IIa 0 1 (3) 0 1 (1) 0 0 2 (0.6) 
 Aph(6)-Ic 0 1 (3) 0 1 (1) 0 0 2 (0.6) 
 Aph(6)-Id 20 (59)a 3 (9)b 0 68 (56)a 5 (38) 25 (18)b 121 (35) 
Other        
 qnrB 0 0 0 0 0 2 (1) 2 (0.6) 
 ARR-3 0 0 0 1 (1) 0 1 (1) 2 (0.6) 
 dfrA1 0 1 (3) 0 0 0 0 1 (0.3) 
 dfrA12 0a 13 (41)b 0 0a 0a 2 (1)a 15 (4) 
 dfrA14 1 (3) 0 0 0 0 8 12 (3) 
 dfrA17 22 (65)a 1 (3)b 3 (60)a 70 (58)a 7 (54)a 59 (42)a 162 (47) 
 dfrA27 0 0 0 1 (1) 0 1 (1) 2 (0.6) 
 dfrA5 0 1 (3) 0 0 0 0 1 (0.3) 
 sul1 22 (65) 15 (47) 3 (60) 69 (57) 6 (46) 63 (45) 178 (52) 
 sul2 20 (59)a 3 (9)b 0 70 (58)a 5 (38) 28 (20)b 126 (37) 
 sul3 0 1 (3) 0 0 0 0 1 (0.3) 
 tetA 19 (56)a 5 (16)b 0 61 (50)a 6 (4) 77 (55)a 168 (49) 
 tetB 2 (6) 3 (9) 0 2 (2) 0 3 (2) 10 (3) 
*Values are no. (%). Rates followed by different superscript letters indicate significant differences between clades at the 5% level (adjusted for multiple 
comparisons). 

 
 

 

Certain aminoglycoside-modifying enzymes 
were common among ST131: aac(3)-IId, aac(6′)-Ib-
cr, aadA5, aph(3′′)-Ib, and aph (6)-Id (Table 3). Some 
associations between presences of aminoglycoside-
modifying enzymes with certain subclades were 
noted: aac (3)-IId were present mainly in clades A, B, 
and C1-nonM27; aac(6’)-Ib-cr in subclade C2; aadA2 
in clade B, and aadA5 in clades A, C0, and C1. The 
combination of aph(3′′)-Ib and aph (6)-Id was more 
common in clades A and C1-nonM27 (Table 3). With 
regard to the presence of other antimicrobial resis-

tance determinants, qnr was rare, and dfrA17, sul1, 
sul2, and tetA were common among most of ST131 
clades (Table 3).

Plasmids and Replicon Types
Overall, IncF plasmid types (e.g., combinations of 
FIA, FIB, FIC, and FII) were common among all ST131 
clades. Col-like plasmids and other plasmid families 
(IncI1, IncN, IncX1, IncX4, and IncY) were widely dis-
tributed across all clades but less common than IncF 
types (Table 1). 
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Using IncF plasmid replicons (FII_1, FIA_2, 
FIB_20, FII_2, and FIA_1) and a plasmid classification 
system published recently (26), we found that group 
1 plasmids (combination of FII_1, FIA_2, and FIB_20) 
were in clades A, B, C1-nonM27, and C1-M27, and 
group 2 plasmids (combination of FII_2 and FIA_1) 
were in clades C0 and C2 (Table 1). Group 1 plasmids 
were common among C1 clades, and group 2 plas-
mids were common among C2 isolates.

Virulence-Associated Factors
The presence of 37 putative virulence factors were 
assessed for different clades (Table 4). The following 
factors were present among most isolates: papAIX, 
iha, fimH, sat, fyuA, usp, iss, and malX. Some viru-
lence factors were associated with certain clades: 
papBCFJK, iha, hlyA, and cnf1 with subclade C2; af-
aABCD, draABCDP vat, and traT with clade A; af-
aABCD, draABCDP, kpsMII, and ibeABC with clade 
B; and kpsMTIII with subclades C0 and C1. No major 
differences in virulence scores were observed for the 
different clades.

Discussion
The abrupt global expansion of ST131 during the 
2000s is unrivaled among human bacteria and is 
a real-world model for the evolution of antimi-
crobial-resistant high-risk clones (10). This study 
describes the clinical features, incidence rates, ge-
nomic characteristics, and changes in population 
structure of ST131 clades causing bloodstream 
infections in a large centralized region of Canada 
over an 11-year period (2006–2016). The incidence 
rates and prevalence of ST131 increased over the 
time period, mostly caused by an influx of sub-
clades C2 with blaCTX-M-15 and C1-M27 with blaCTX-M-27. 
Such results reinforce the possible role of CTX-M 
enzymes in the evolutionary success of ST131 (10). 
The presence of blaCTX-M-14 among C1-nonM27 iso-
lates did not provide a beneficial advantage to this 
subclade. This finding is probably caused by clonal 
interference among 2 clones that have acquired dif-
ferent beneficial mutations competing in the same 
environment (27).

The population structure of ST131 in the Calgary 
region was dominated by clade C, which is similar 
to results from a previous large global study (28). 
The C clade originated from clade B during the mid 
to late 1980s by acquisition of several prophages, 
genomic islands, the fimH30 allele, and mutations 
within gyrA and parC that likely transpired in North 
America (29,30). The C clade in this study was mostly 
responsible for healthcare-associated urinary tract 

infections. C2 was the most common and most an-
timicrobial-resistant subclade in this collection and 
was associated with group 2 plasmids, blaCTX-M-15 and 
aac(6’)-Ib-cr, as well as the virulence factors iha, hlyA, 
and cnf1. This subclade became prominent during 
2012 and 2016 and showed the highest IRs among 
all subclades during this period. The increase of C2 
correlated with the presence of CTX-M-15. Elimina-
tion of the C2 subclade through vaccination or phage-
therapy programs (31), will lead to major decreases 
in incidence and antimicrobial-resistant rates among 
ST131 causing bloodstream infections in Calgary.

The C1-nonM27 subclade was the most common 
subclade during 2006 and associated with group 1 
plasmids, blaCTX-M-14, and aac (3)-IId. Overall, the C1-
M27 subclade was rare (especially during 2006 and 
2012) but increased substantially during 2016, which 
correlated with the presence of blaCTX-M-27. The C1-M27 
subclade has previously been responsible for increases 
in ESBL-producing E. coli from Japan and was also 
present among ST131 obtained from Thailand, Austra-
lia, Canada, and the United States (6). The ST131 C1-
M27 subclade is currently emerging in Germany (32) 
and France (33) and is responsible for 27% of 144 clini-
cal ST131 obtained from different sites in Europe (34).

Clade A is likely the ancestral lineage of ST131 
and probably originated in Southeast Asia during the 
mid to late 1880s (30). Clade A isolates are generally 
sensitive to antimicrobial drugs and appear to occupy 
distinct ecologic niches, such as waste water (35). Re-
sults from this study show that clade A isolates have 
high not susceptible rates for trimethoprim/sulfa-
methoxazole, gentamicin, and tobramycin and were 
associated with community-associated and health-
care-associated urinary tract infections in younger 
patients. The virulence factors afaABCD, draABCDP, 
vat, and traT were common in clade A. Also, clade A 
was absent among ST131 from 2006 but became the 
third most common clade during 2012 and 2016, re-
placing clades B and C0 during these periods.

Clade B emerged from clade A in the early 1900s 
and most likely occurred in North America (10,30). 
Members of clade B are antimicrobial susceptible, 
and several intermediate subclades have been identi-
fied (29). Our study showed that clade B isolates were 
the second most common clade during 2006 but de-
creased substantially during 2016. This clade was the 
most antimicrobial sensitive ST131 clade in Calgary 
and was associated with community-acquired uri-
nary tract infections and virulence factors afaABCD, 
draABCDP, kpsMII, and ibeABC.

Previous data have shown that gyrA S83L muta-
tions occurred first among fluoroquinolone-resistant 
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Table 4. Virulence factors associated with Escherichia coli sequence type 131 clades, Calgary, Alberta, Canada, 2006, 2012, and 
2016* 

Factor 

Clade 

A, n = 34 B, n = 32 C0, n = 5 
C1-nonM27, 

n = 121 C1-M27, n = 13 C2, n = 139 All, n = 344 
Adhesion gene        
 papA 34 (100) 28 (88) 5 (100) 121 (100) 13 (100) 139 (100) 340 (99) 
 papB 1 (3)a 11 (34) 0 35 (29)a 1 (8) 90 (65)b 138 (40) 
 papC 1 (3)a 13 (41) 0 31 (26)a 2 (16) 89 (64)b 141 (41) 
 papD 1 (3)a 13 (41) 0 36 (30)a 1 (8) 89 (64)b 140 (41) 
 papE 1 (3) 11 (34) 0 0 0 9 (6) 21 (6) 
 papF 2 (6)a 12 (38) 0 34 (28)a 1 (8) 90 (65)b 139 (40) 
 papG 1 (3) 14 (44) 0 34 (28) 1 (8) 91 (6) 141 (41) 
 papH 1 (3) 9 (28) 0 33 (27) 0 41 (29) 84 (24) 
 papI 32 (94) 24 (75)a 5 (100) 116 (96) 12 (92) 137 (99)b 326 (95) 
 papJ 1 (3)a 11 (34) 0 34 (28)a 1 (8) 90 (65)b 137 (40) 
 papK 1 (3)a 11 (34) 0 34 (28)a 1 (8) 90 (65)b 137 (40) 
 papX 32 (94) 21 (66)a 5 (100) 100 (83) 10 (77) 134 (96)b 302 (88) 
 Iha 33 (97) 16 (50)a 5 (100) 111 (92) 13 (100) 137 (99)b 314 (91) 
 fimH 34 (100) 32 (100) 5 (100) 121 (100) 13 (100) 139 (100) 344 (100) 
 Tsh 0 2 (6) 0 0 0 0 2 (0.6) 
 Hra 1 (1) 0 1 (25) 1 (1) 0 8 (6) 11 (3) 
 afaABCD 18 (53)a 18 (56)a 1 (25) 4 (3)b 0 28 (20)b 69 (20) 
 draABCDP 18 (53)a 18 (56)a 1 (25) 4 (3)b 0 28 (20)b 69 (20) 
Toxin gene        
 hlyA 1 (1) 11 (34) 0 27 (22) 0 50 (36) 89 (26) 
 Sat 30 (88) 21 (66)a 5 (100) 112 (93) 13 (100) 136 (98)b 317 (92) 
 Vat 34 (100)a 7 (22)b 0 1 (1)b 0b 0b 42 (1) 
 astA 1 (3) 1 (3) 0 0 0 6 (4) 8 (2) 
 cnf1 1 (3) 9 (28) 0 29 (24) 0 52 (37) 91 (26) 
Siderophore gene        
 iroN 0 9 (28) 0 1 (1) 0 9 (6) 19 (6) 
 fyuA 34 (100) 32 (100) 5 (100) 121 (100) 13 (100) 139 (100) 344 (100) 
 ireA 0 0 0 0 0 11 (8) 11 (3) 
 iutA 29 (85) 27 (84) 5 (100) 112 (93) 12 (92) 137 (99) 322 (94) 
Capsular antigen gene        
 kpsM II 0 14 (44) 0 0 0 2 (1) 16 (5) 
 kpsMT III 0a 13 (41) 5 (100) 71 (59)a,b 13 (100)b 37 (26)c 139 (40) 
Miscellaneous gene        
 Usp 33 (97) 32 (100) 5 (100) 121 (100) 12 (92) 137 (99) 340 (99) 
 traT 28 (82)a 13 (41)b 0 20 (17)b 0b 28 (20)b 89 (26) 
 ompT 0 4 (13) 0 2 (2) 0 1 (1) 7 (2) 
 Iss 9 (26)a 31 (97) 5 (100) 118 (98)b 13 (100) 139 (100)b 315 (92) 
 malX 34 (100) 32 (100) 5 (100) 118 (98) 13 (100) 138 (99) 340 (99) 
 cdtB 0 2 (6) 0 0 0 0 2 (0.6) 
 cvaC 0 4 (13) 0 0 9 (69%) 10 (7%) 14 (6) 
 ibeABC 0 14 (44)a 0 0 0 0b 14 (6) 
Virulence score, median (range)† 11 (7–15) 10 (6–14) 11 (9–16) 10 (6–15) 10 (9–14) 11 (7–15)  
*Values are no. (%) unless indicated otherwise. Rates followed by different superscript letters indicate significant differences between clades at the 5% 
level (adjusted for multiple comparisons). afa, afimbrial adhesin; astA, enteroaggregative E. coli toxin; cdtB, cytolethal distending toxin B; cnf1, cytotoxic 
necrotizing factor; cvaC, factor facilitating colonization; dra, Dr binding adhesins; fimH, type-1 fimbriae; fyuA, yersiniabactin (siderophore) receptor; hlyA, 
α-hemolysin; hra, heat-resistant agglutinin; ibeABC, invasion of brain endothelium; iha, iron-regulated adhesin; ireA, iron-regulated element (catecholate 
siderophore); iroN, salmochelin (siderophore) receptor; iss, increased serum survival; iutA, aerobactin (siderophore) receptor; kpsM II, group II capsule 
variants synthesis; kpsM III, group III capsule variants synthesis; malX, pathogenicity island marker; ompT, outer membrane protein T; papA, P fimbriae; 
papBCDEFGHIJKX, genes of P fimbriae operon; sat, secreted autotransporter toxin; traT, complement inhibition protein; tsh, temperature-sensitive 
hemagglutinin; usp, uropathogenic-specific protein; vat, vacuolating autotransporter toxin.  
†The virulence gene score was the number of virulence operons detected. 

 
E. coli and is a major initial step for establishing rela-
tive fitness among antimicrobial-resistant isolates 
(36). Our study showed that gyrA mutations were 
rare among clade B isolates, but parE I529L muta-
tions were common. This finding suggests that parE 
I529L mutations are the first to occur among fluoro-
quinolone-resistant ST131. The order in which these 
mutations arise might play a major role in establish-
ing fitness in ST131 (37).

Our study had some limitations. Only patients 
in Calgary who had positive blood cultures for E. 
coli were included, which excluded those with E. coli 
bloodstream infections from whom no blood samples 
were submitted for culture. Therefore, incidence rates 
should be considered as conservative estimates of 
ST131 bloodstream infections in Calgary, especially 
for patients infected with clades A and B, who tended 
to be younger (i.e., clade A infections) and from the 
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community (i.e., clade B infections). Such patients 
were less likely to have had blood cultures taken than 
patients who are older or who had previous contact 
with the healthcare system.

The novel approach for our study used popu-
lation-based surveillance to describe the incidence 
rates, specific characteristics, and trends among ST131 
clades over an 11-year period in a well-defined human 
population. We showed major differences in IRs, fre-
quencies, resistance patterns, antimicrobial resistance 
determinants, grouped plasmid types, virulence fac-
tors, and trends over time for different clades. We 
provided insights into the evolution of ST131 clades 
in a large well-defined region of Canada. The popula-
tion structure of ST131 in large geographic healthcare 
regions is dynamic and has continuous interplay be-
tween different subclades.

A previous study showed that eliminating ST131 
would substantially decrease the overall IR and an-
timicrobial-resistant burden within E. coli causing 
bloodstream infections in the Calgary region (7). This 
study identified ST131 subclade C2 as the predomi-
nant and most antimicrobial-resistant subclade in 
Calgary, which is increasing exponentially over time. 
Eradicating ST131, more specifically the C2 subclade, 
will lead to considerable public health benefits for 
persons in Calgary.

This study was supported by research grant #10016015 
from the Joint Programming Initiative on Antimicrobial 
Resistance/Canadian Institute Health Research Program.
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Haff disease is an unexplained rhabdomyoly-
sis that occurs within 24 hours after consump-

tion of certain types of freshwater or saltwater fish 
(1,2). It was first reported in 1924 in the vicinity of 
Königsberg along the Baltic coast near Frisches Haff 
(1–3). Over the next 9 years, an estimated 1,000 per-
sons were affected by similar outbreaks, occurring 
seasonally in the summer and autumn in this area 
(3). Although subsequent outbreaks were identi-
fied in several other countries, such as Sweden 
(4), the former Soviet Union (5), Brazil (6,7), Japan 
(8), and China (9,10), the etiology has not yet been  

determined. An unidentified heat-stable toxin similar 
to cyanotoxins or palytoxin, but primarily myotoxic 
and not neurotoxic, is thought to be the cause of Haff 
disease (1); however, evidence supporting this hy-
pothesis has been scant.

In July 2016, the number of rhabdomyolysis 
cases reported to the National Foodborne Disease 
Surveillance System (NFDSS) in China dramati-
cally increased in Anhui Province compared with 
previous years. Most of the cases were reported in 
Wuhu and Ma’anshan, cities in Anhui Province in 
eastern China. Epidemiologic features were com-
patible with Haff disease (3,6). Preliminary investi-
gation implicated crayfish as the vector. On August 
5, the number of cases surpassed 200, prompting 
an emergency investigation by the Chinese Field 
Epidemiology Training Program, together with 
the Anhui Province Center for Disease Control and 
Prevention (CDC). The objectives of the investiga-
tion were to describe the epidemiologic and clinical 
characteristics, trace back the implicated vectors, 
identify possible risk factors, and recommend con-
trol measures.

Methods

Case Definition and Finding
We defined a case of rhabdomyolysis as any person 
with elevation in creatine kinase (CK) value plus 
clinical manifestations of myalgia or limb weakness 
(10,11). We defined a Haff disease case as illness 
in any person with acute onset of rhabdomyolysis 
after ingestion of freshwater fish or seafood within 
24 hours in Anhui Province during June–August 
2016. We searched for physician-diagnosed rhab-
domyolysis cases from the NFDSS, an internet-
based, passive surveillance system for foodborne 
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We investigated a large outbreak of Haff disease that oc-
curred along the Yangtze River in Anhui Province, China, 
in 2016. Of the 672 cases identified during the outbreak, 
83.3% (560/672) occurred in Wuhu and Ma’anshan. Pa-
tients experienced myalgia (100%) and muscle weakness 
(54.7%). The mean value of myoglobin was 330 + 121.2 
ng/mL and of serum creatine kinase 5,439.2 + 4,765.1 
U/L. Eating crayfish was the only common exposure 
among all cases; 96.8% (240/248) of implicated crayfish 
were caught on the shores of the Yangtze River or its 
connected ditches. Mean incubation period was 6.2 + 3.8 
hours. This case–control study demonstrated that eating 
the liver of crayfish and eating a large quantity of crayfish 
were associated with an increased risk for Haff disease. 
The seasonal increases in crayfish population along the 
Yangtze River might explain the seasonal outbreaks of 
Haff disease.
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diseases searchable by food source in China. We 
also reviewed the outpatient and inpatient medi-
cal records in hospitals in Wuhu and Ma’anshan 
during the outbreak period to search for potential 
rhabdomyolysis cases.

Local Anhui Province CDC staff or Chinese 
Field Epidemiology Training Program trainees inter-
viewed all rhabdomyolysis case-patients, either in-
person or by telephone, using a structured question-
naire. Information collected included age, sex, date of 
onset, disease duration, clinical symptoms, potential 
risk factors (e.g., food, drugs, alcohol consumption, 
intense exercise, allergy history, underlying chronic 
illness), and the quantity of crayfish consumed. The 
researchers also obtained laboratory test findings 
from hospital medical records. They applied the Haff 
disease case definition to rhabdomyolysis cases to 
identify Haff disease cases and collected blood and 
urine specimens from Haff disease case-patients for 
further analysis.

In total, 673 rhabdomyolysis cases were identi-
fied in Anhui Province during June–August 2016. 
Of these, 99.9% (672/673) were compatible with 
the definition of Haff disease. All but 1 patient con-
sumed cooked crayfish before symptom onset. The 
patient who did not eat cooked crayfish was a steel-
worker who had been working in the factory before 
onset, suggesting his illness might have been caused 
by heatstroke.

Case–Control Study
Although nearly all Haff disease case-patients ate 
cooked crayfish, we did not know what percent of 
persons who did not become ill also ate meals con-
taining crayfish, given that crayfish were widely 
available during June–August 2016. Therefore, we 
conducted a matched case–control study to assess 
the association between eating crayfish and Haff 
disease. Cases in this study were persons who met 
the definition for Haff disease, had shared a meal 
with someone else before symptom onset, and con-
sented to participate in the study. We identified 
>1 control per case; controls were selected among 
persons who shared the suspected meal of expo-
sure with the case-patient before symptom onset. 
Controls had no clinical symptoms compatible with 
rhabdomyolysis and consented to participate in the 
study. Persons with other illnesses (e.g., fever, cold, 
injury, etc.) were disqualified as controls. In total, 
67 cases and 108 controls were enrolled in the case–
control study. Trained investigators conducted 
telephone-based interviews August 7–15, 2016, us-
ing a standardized questionnaire.

Traceback of Food and Environmental Investigation
For all Haff disease cases, we conducted a traceback 
investigation for the source of the implicated food by 
interviewing case-patients, restaurant owners, fish-
ermen, and crayfish sellers. We conducted an envi-
ronmental investigation of potential contamination 
along the distribution chain or unusual events during 
the outbreak period. We investigated the restaurants 
where case-patients had a meal before onset to find 
out where the crayfish came from and how they were 
cooked. We also visited crayfish farms, settings where 
crayfish were caught, and factories along the Yangtze 
River to identify whether the implicated crayfish or 
the environment in which the crayfish were raised 
had been contaminated.

Data Analysis
We performed statistical analysis using SPSS Sta-
tistics 20 (IBM, https://www.ibm.com). We com-
pared cases and controls by χ2 test. Significant risk 
factors (p<0.05) in the χ2 tests were included in a 
multivariate Cox proportional hazard model to 
determine the odds ratio (OR) and 95% CI for the 
potential risk factors associated with Haff disease. 
All of the p values were 2-sided, and p<0.05 was 
considered significant.

Results

Confirmation of the Outbreak
In total, we verified 672 Haff disease cases in An-
hui Province during June–August 2016. All cases oc-
curred in 7 cities along the Yangtze River in Anhui 
Province; 83.3% (560/672) of the cases occurred in 
Wuhu (334 cases) and Ma’anshan (226 cases). We fo-
cused our investigation on the cases that occurred 
in Wuhu and Ma’anshan. Of the 560 case-patients 
in Wuhu and Ma’anshan, 495 (88.4%) completed the 
questionnaires; all 495 had consumed crayfish with-
in 24 hours before symptom onset. The epidemic 
curve suggested a continuing common-source out-
break (Figure).

Descriptive Epidemiology
The outbreak started at the end of June, peaked in 
mid-July to early August, and lasted through Au-
gust 17. Of the 495 case-patients, 197 (39.8%) were 
hospitalized; mean length of hospital stay was 7.3 
± 3.2 days. No deaths were reported. The mean age 
of the case-patients was 38.7 ± 13.5 years; 323/495 
(65.3%) patients were female. Although cases were 
widely distributed in the 2 cities, 87.7% (434/495) 
were in residents from urban areas close to the 
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Yangtze River. Each case-patient consumed a mean 
of 11.6 ± 6.1 crayfish pieces. The mean incubation 
period was 6.2 ± 3.8 hours.

Clinical Characteristics
All 495 case-patients experienced myalgia that was lo-
cal or diffuse, involving the back, waist, whole body, 
neck, limbs, and chest (Table 1). A total of 271/495 
(54.7%) experienced muscle weakness. Additional 
symptoms included brown urine, dyspnea, vomiting, 
abdominal pain, dizziness, and headache. Symptoms 
of nerve paralysis and fever were rare. Acute renal 
failure was not observed.

Laboratory Characteristics
We reviewed the laboratory test findings of blood 
and urine for some cases. The mean value of myo-
globin was 330.0 ± 121.2 ng/mL, and mean CK level 
was 5,439.2 ± 4,765.1 U/L. In  >80% of the cases, the 
levels of muscle-type CK and aspartate aminotrans-
ferase were abnormally elevated. In addition, 50.0% 
of case-patients were positive for urinary occult blood 
and proteinuria (Table 2).

Case–Control Study
In the case–control study, 100% of the 67 cases 
and 93.3% (101/108) of controls ate crayfish dur-
ing their shared meal (OR = ∞, 95% CI 0.92–∞). We 
observed a significant dose-response relationship 
between the number of pieces of crayfish eaten and 
Haff disease (χ2 = 29.225; p<0.001) (Table 3). Fur-
ther analysis showed that eating crayfish liver was 
associated with increased disease risk (OR = 4.0, 
95% CI 1.2–12.7).

Traceback and Environmental Investigation
Wuhu and Ma’anshan are located in the middle to 
lower reaches of the Yangtze River. Crayfish is a 
popular dish for residents of these 2 cities. Before 
the Haff disease outbreak, Anhui Province experi-
enced heavy rainfall, which caused the largest flood 
disaster in decades. Consequently, rain or floodwa-
ter was retained in irrigation ditches and detention 
ponds for an extended time, and the amount of 
crayfish caught on the shores of the Yangtze River 
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Figure. Outbreak of Haff disease in 2 cities along the Yangtze River, Anhui Province, China, 2016. A indicates period of heavy rainfall in 
Anhui Province; B indicates time at which local government warned residents not to eat crayfish.

 
Table 1. Clinical characteristics during Haff disease outbreak in 
Anhui Province, China, 2016 
Symptoms No. cases (%), N = 495 
Myalgia 495 (100.0) 

Back 241 (48.7) 
Waist 194 (39.2) 
Whole-body 186 (37.6) 
Neck 186 (37.6) 
Lower limbs 111 (22.4) 
Upper limbs 89 (18.0) 
Chest 59 (11.9) 

Muscle weakness 271 (54.7) 
Brown urine 99 (20.0) 
Dyspnea 60 (12.1) 
Headache 49 (9.9) 
Abdominal pain 46 (9.3) 
Diarrhea 32 (6.5) 
Vomiting 29 (5.9) 
Dizziness 25 (5.1) 
Nausea 21 (4.2) 
Nerve paralysis 11 (2.2) 
Fever 1 (0.2) 
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or its connected ditches was 5–10 times more dur-
ing the outbreak period. However, no industrial or 
chemical contamination along the Yangtze River 
was reported.

The only common risk factor for all cases was 
eating crayfish, which were cooked thoroughly. We 
conducted a traceback investigation of the source 
for the implicated crayfish in Ma’anshan and Wuhu 
by interviewing persons in markets, restaurants, 
fisheries, and settings where crayfish were caught, 
as well as fishermen; we were able to trace 50.1% 
(248/495) of the implicated crayfish to their sources. 
Of these, 96.8% (240/248) were wild crayfish caught 
on the shores of the Yangtze River or its connected 
ditches. When we consulted with crayfish biolo-
gists, we found that the species of crayfish impli-
cated during this outbreak was Procambarus clarkii.

Public Health Measures 
Local governments issued a warning about the dan-
gers of eating crayfish. In addition, public health de-
partments instituted continuous surveillance and in-
vestigation of the outbreak.

Discussion
The epidemiologic and traceback investigations of 
a large outbreak of Haff disease in Anhui Province, 
China, indicated that all case-patients consumed 
crayfish within 24 hours before symptom onset; 
the implicated crayfish were caught on the shores 
of the Yangtze River or its connected ditches. The 
case–control study revealed that eating the liver of 
crayfish was associated with an increased risk for 
disease; the risk increased as the quantity of crayfish 
eaten increased.
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Table 2. Laboratory test values from cases during Haff disease outbreak in Anhui, China, 2016* 
Variables Reference range Median (range) Mean + SD No. cases % Abnormal cases 
Serologic test      

Myoglobin, ng/mL <25 344.3 (25.0–500.0) 330.0 ± 121.2 97 100 
CK, U/L 30–135 4,192.0 (165.0–17,470.0) 5,439.2 ± 4,765.1 191 100 
CK-MM, U/L 0–25 79.0 (10.0–980.0) 161.2 ± 185.9 104 82.7 
AST, U/L 14–36 73.0 (14.0–1,346.0) 164.6 ± 207.0 103 84.5 
ALT, U/L 9–52 52.0 (20.0–515.0) 85.9 ± 88.2 101 49.5 
LDH, U/L 313–618 684.0 (333.0–8,170.0) 1,161.0 ± 1,334.9 99 53.5 
Cre, mol/L 62–106 63.6 (34.6–108.3) 66.4 ± 14.5 102 44.1 
Urea, mmol/L 2.5–6.1 5.7 (2.3–256.1) 8.1 ± 24.84 102 32.4 
Cl+, mmol/L 98–107 104.70 (98.20–109.80) 104.46 ± 2.42 97 12.4 
Ka+, mmol/L 3.6–5.0 3.95 (3.14–5.17) 3.97 ± 0.34 97 10.3 
Ca2+, mmol/L 2.10–2.55 2.30 (2.07–2.65) 2.29 ± 0.13 47 8.5 
Na+, mmol/L 137–145 139.20 (133.80–144.50) 139.25 ± 1.9 97 8.2 

Urinalysis      
Proteinuria − No. positive results: 9 50.0 18 
Urinary occult blood − No. positive results: 10 50.0 20 

*ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase; CK-MM, muscle-type creatine kinase; LDH, lactate 
dehydrogenase; Cre, serum creatinine; Ka+, serum potassium, Na+, serum sodium; Cl+, Serum chloride; Ca2+, serum calcium. 

 

 
Table 3. Analysis of probable risk factors associated with Haff disease in case–control study, Anhui, China, 2016* 
Variables Cases, N = 67 Controls, N = 108 p value Multivariable OR (95% CI) 
Sex   0.033  
 M 19 (28.4) 48 (44.4)  Referent 
 F 48 (71.6) 60 (55.6)  1.6 (0.9–2.7) 
Mean age, y (SD) 37.3 (11.3) 39.4 (18.9) 0.227 NA 
Consumption of crayfish (SD)   0.084 NA 
 No 0 7 (6.5)   
 Yes 67 (100) 101 (93.5)   
No. crayfish consumed  <0.001  
 1−9 27 (40.3) 84 (77.8)  Reference 
 10−19 26 (38.8) 12 (11.1)  2.4 (1.4–4.2) 
 >20 14 (20.9) 5 (4.6)  2.6 (1.3–5.1) 
Ate liver of crayfish   <0.001  
 No 3 (4.5) 32 (29.6)  Reference 
 Yes 64 (95.5) 76 (70.4)  4.0 (1.2–12.7) 
Alcohol consumption   0.015  
 No 51 (76.1) 97 (89.8)  Reference 
 Yes 16 (23.9) 11 (10.2)  1.6 (0.9–2.8) 
Fish consumption†   0.648 — 
 No 64 (95.5) 100 (92.6)   
 Yes 3 (4.5) 8 (7.4)   
*Values are no. (%) except as indicated. NA, not applicable; OR, odds ratio. SD, standard deviation. 
†Corrected 2 value and p value for univariate analysis. 
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In China, the earliest reported outbreak of Haff 
disease was in Beijing in 2000 and involved 6 cases 
(12). An epidemiologic study revealed that all pa-
tients ate crayfish before onset, suggesting a link be-
tween crayfish and Haff disease (12). Although the 
literature shows that eating several species of fish, 
such as buffalo fish (3), salmon (13), freshwater pom-
pano (7), marine boxfish (8), and pomfrets (9), could 
trigger Haff disease, almost all Haff disease cases in 
China were associated with eating crayfish (2). In re-
cent years, Haff disease outbreaks have been report-
ed in other cities in China (14–19). These outbreaks 
prompted the China CDC to conduct a thorough in-
vestigation of Haff disease. Crayfish have become a 
popular seafood for residents in central and eastern 
China, especially in June–September. Previous stud-
ies have reported that Haff disease shows a seasonal 
pattern, and outbreaks usually occur in the summer 
and fall months (1,3,10). Although a large Haff dis-
ease outbreak caused by eating freshwater pomfret 
occurred in October 2009 in southern China (9), most 
crayfish-related outbreaks (10,20,21), clusters (18,22), 
and sporadic cases (16) occurred predominantly in 
the summer. Seasonal crayfish harvest and consump-
tion in June–September likely increases the opportu-
nities for exposure, which may partially explain the 
seasonal pattern of Haff disease in China (10).

The most commonly reported clinical features in 
this outbreak were myalgia and muscle weakness, as 
well as abnormal levels of myoglobin and CK. Increased 
serum myoglobin concentration is the basis for early di-
agnosis of rhabdomyolysis (23); however, myoglobin 
concentrations tend to normalize within 6–8 hours fol-
lowing exposure. Thus, the window of opportunity for 
diagnosis is short (24). Of note, elevated myoglobin con-
centrations were observed in all case-patients who were 
tested in this study; this may be due to prompt medical 
care and timely laboratory testing in the hospital.

Rhabdomyolysis is a common life-threatening 
syndrome characterized by the injury of skeletal 
muscle resulting in the leakage of intracellular con-
tents into the circulatory system (25). Patients with 
rhabdomyolysis usually experience myalgia, muscle 
weakness, raised serum CK, and brown urine (24). 
The etiologic spectrum of rhabdomyolysis is exten-
sive, including crush injuries, ischemia, strenuous 
exercise, extreme body temperatures, drugs, toxins, 
infections, hereditary causes, and inflammatory or 
autoimmune muscle disease (23,25). A substantial 
number of patients may have no cause identified. We 
found that nerve paralysis and fever were rare symp-
toms, all crayfish were cooked thoroughly, and no 
industrial or chemical contamination was identified; 

therefore, this outbreak was unlikely to have been 
caused by infectious or chemical etiologies. Diaz et al. 
reported that an unidentified, heat-stable, algal toxin 
with primarily myotoxic rather than neurotoxic prop-
erties in seafood has been proposed as a cause of Haff 
disease (1); whether this toxin also exists in crayfish 
remains unknown.

Although many Haff disease cases have occurred 
in cities located in the middle to lower reaches of the 
Yangtze River, the association between Haff disease 
and crayfish caught from Yangtze River has not been 
elucidated in the published literature (10,18,20,26). 
In recent years, 3 other large Haff disease outbreaks 
have been reported in Nanjing and Tongling, 2 other 
cities located in the middle to lower reaches of the 
Yangtze River (10,19–21). The fact that these out-
breaks all occurred in the middle to lower reaches 
of the Yangtze River suggests that crayfish could be 
their common etiology.

Studies using a mouse model have found that the 
hazardous substance from crayfish could cause rhab-
domyolysis (27,28). This hazardous substance is spe-
cific to certain batches of crayfish. A dose-response 
relationship has also been observed. These findings in 
laboratory animals were consistent with the results of 
human epidemiologic investigation (21,28) and with 
our case–control study findings.

Our study had several limitations. First, because 
we lacked data on how many persons ate crayfish in 
the 2 study cities, we could not calculate the attack 
rates. Second, not all crayfish were traced back to 
their sources. Third, we were unable to conduct ani-
mal experiments to prove causation.

In conclusion, during this outbreak, the risk for 
Haff disease was associated with eating crayfish 
along the Yangtze River. The etiology of Haff disease 
remains elusive due to lack of knowledge of the un-
derlying disease mechanism of rhabdomyolysis. Our 
findings might help researchers isolate the toxin that 
causes this disease.
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In 2015, an outbreak of presumed waterborne toxo-
plasmosis occurred in Gouveia, Brazil. We conducted 
a 3-year prospective study on a cohort of 52 patients 
from this outbreak, collected clinical and multimodal 
imaging findings, and determined risk factors for ocu-
lar involvement. At baseline examination, 12 (23%) pa-
tients had retinochoroiditis; 4 patients had bilateral and 
2 had macular lesions. Multimodal imaging revealed 
2 distinct retinochoroiditis patterns: necrotizing focal 
retinochoroiditis and punctate retinochoroiditis. Older 
age, worse visual acuity, self-reported recent reduction 
of visual acuity, and presence of floaters were associ-
ated with retinochoroiditis. Among patients, persons >40 
years of age had 5 times the risk for ocular involvement. 
Five patients had recurrences during follow-up, a rate 
of 22% per person-year. Recurrences were associated 
with binocular involvement. Two patients had late ocular 
involvement that occurred >34 months after initial diag-
nosis. Patients with acquired toxoplasmosis should have 
long-term ophthalmic follow-up, regardless of initial ocu-
lar involvement.

Toxoplasmosis is caused by Toxoplasma gondii, an 
obligate intracellular apicomplexan parasite that 

infects up to one third of the human population (1–4). 
Humans are mainly infected by ingesting tissue cysts 
in undercooked or raw meat or oocysts excreted in 
cat feces that contaminate water or food (1–4). Ocular 
disease is the major clinical repercussion in immu-
nocompetent patients; toxoplasmosis is the leading 
cause of infectious posterior uveitis worldwide and 
can potentially lead to severe ocular complications 
(1,3,5,6). Although congenital toxoplasmosis more 
frequently leads to retinochoroiditis, postnatally ac-
quired infection now is acknowledged as being asso-
ciated with a large proportion of cases (2,3,6,7). Asso-
ciation between ocular toxoplasmosis and older age is 
not completely understood (8), but previous studies 
found increased prevalence of ocular involvement in 
persons >30 years of age (9,10).

Toxoplasmosis outbreaks are good opportunities 
to clarify clinical aspects of this complex disease be-
cause patients are infected at known times, by simi-
lar routes, and presumably by parasites of the same 
genotype (11–19). In 2015, an outbreak of presumed 
waterborne toxoplasmosis was reported in Gouveia, 
a small city of ≈10,000 inhabitants in the center of the 
state of Minas Gerais in southeastern Brazil (20). Mu-
nicipal, state, and federal health authorities investi-
gated several cases of fever, malaise, weight loss, and 
lymphadenopathy. Recent toxoplasmic infection was 
eventually confirmed in 52 cases. All patients had the 
disease after drinking water from a single, presum-
ably contaminated, source (20).

We performed complete ophthalmic examination 
and multimodal fundus imaging evaluation on all 52 
patients. The objective of this study was to describe 
clinical and multimodal imaging findings and deter-
mine the prevalence of ocular involvement, incidence 
of recurrences and complications, and to analyze risk 
factors for ocular involvement in this cohort.

Methods
We used a prospective cohort approach to address 
our main goal. The study was approved by insti-
tutional review boards of René Rachou Research 
Center, Oswaldo Cruz Foundation (CAAE no. 
37614314.7.3001.5091), and Federal University of 
Minas Gerais (CAAE no. 37614314.7.3001.5149). All 
patients provided written informed consent.

We defined a case as illness in a person in the city 
of Gouveia with a history of fever, headache, lymph-
adenopathy, asthenia, or myalgia during February 
12–May 18, 2015. From 5,276 local health charts, a 
task force comprised of municipal, state, and federal 
health authorities identified 201 persons suspected of 
meeting case definition criteria. Before confirmation 
of toxoplasmosis, differential diagnosis was made 
with consultation of an infectious disease specialist 
and serologic tests for dengue fever, visceral leish-
maniasis, and leptospirosis. 

We contacted the 201 persons with suspected toxo-
plasmosis. We were able to reach 151 (75.1%) persons 
whom we subsequently interviewed and tested for 
toxoplasmosis. We defined confirmed cases of acute 
toxoplasmosis as persons having T. gondii IgM and low 
avidity IgG on enzyme-linked fluorescence assay by 
using Vidas Toxo IgM, IgGII, and IgG avidity assays 
(bioMérieux, https://www.biomerieux.com).

Among the 151 suspected cases interviewed and 
tested, 52 (34.4%) had serologic evidence of T. gon-
dii IgM and low avidity IgG, indicating acute toxo-
plasmosis. We performed a complete ophthalmic 
examination on each of the 52 case-patients, includ-
ing assessment of best-corrected visual acuity (VA), 
applanation tonometry, slit-lamp examination (SLE; 
biomicroscopy), and indirect ophthalmoscopy. All 
case-patients also underwent multimodal imaging 
evaluation, including fundus photography, reflec-
tances, fundus autofluorescence, and spectral-do-
main optical coherence tomography (SD-OCT). For 
patients with confirmed ocular involvement, we also 
performed fluorescein angiography. We determined 
prevalence and incidence of ocular changes and clin-
ical characteristics on the basis of clinical and mul-
timodal imaging findings. All patients with ocular 
involvement received standard therapy for 35–45 



RESEARCH

2924 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020

days, which consisted of sulfadiazine (1 g 4×/d), py-
rimethamine (25–50 mg/d), folinic acid (7.5 mg/d), 
and prednisone (40–60 mg/d). One patient was al-
lergic to sulfa and was switched from sulfadiazine 
to clindamycin 300 mg 4×/d. Complete blood counts 
were monitored at baseline and every 2 weeks dur-
ing treatment.

For 3 years, we conducted follow-up examina-
tions on case-patients at 5–8-month intervals and con-
ducted the same ophthalmic examination protocol 
periodically. We reexamined case-patients with ac-
tive primary or recurrent retinochoroiditis 3–6 weeks 
after therapy, or more often, if needed. We defined 
severe ocular involvement as binocular or macular in-
volvement, or extensive necrotizing retinochoroiditis 
of >3 disk diameter (DD).

We prospectively collected and stored in an elec-
tronic database clinical and ophthalmological data, 
including symptoms, best-corrected VA, applana-
tion tonometry, SLE, indirect ophthalmoscopy, and 
multimodal imaging. We assessed best-corrected 
VA by using an early treatment of diabetic retinopa-
thy study chart and reported results in logarithm of 
the minimum angle of resolution (logMAR) scale. 
Previous studies suggested increased prevalence 
of ocular involvement among patients >30 years of 
age and among patients >50 years of age (9,10). We 
also analyzed age >40 years at time of infection as a 
potential risk factor for occurrence and severity of 
ocular involvement.

We defined the time of primary infection for 
each case-patient as the time of ocular or systemic 
symptom onset. To calculate time intervals among 
persons with new active retinochoroidal lesions 
during follow-up, we assumed eye disease occurred 
when patients first noted ocular symptoms. For case-
patients without ocular symptoms, we assumed eye 
disease occurred when consistent retinochoroidal 
lesions were identified. Among case-patients who 
displayed new retinochoroidal scars during follow-
up exams, we assumed eye disease occurred when 
ocular symptoms first were perceived; if the case-
patient did not notice any ocular symptoms, we as-
sumed eye disease occurred in the time between the 
prior ocular examination and identification of the 
scar. We also noted the first instance of retinochoroi-
dal recurrences in either eye.

We performed statistical analyses by using R 
version 3.5.2 (21) by nonparametric methods and 
considered p<0.05 statistically significant. We used 
Mann-Whitney-Wilcoxon test to compare continu-
ous variables, including age, length of follow-up, 
and VA at baseline. We used the mid-p exact test to 

compare proportions between subgroups, such as age 
>40 years, sex, and presence of underlying conditions 
and symptoms. We reported continuous variables as 
median (interquartile range [IQR]) and proportions 
as no. (%). We estimated the 95% CI of relative risks 
by using a maximum-likelihood estimator and de-
scribed the follow-up by using the rate of recurrence 
per person-year (22), rate of recurrence per person-
month, and Kaplan-Meier survival plot (23). We es-
timated survival probability and cumulative risk for 
ocular involvement and ocular recurrence by using 
the Kaplan-Meier method and compared results by 
using a log-rank test (24,25).

Results

Baseline Examination
All 52 patients with serologic evidence of acute toxo-
plasmosis underwent a baseline examination in the 
first 4 months after onset of systemic symptoms; 40 
(77%) patients had a baseline exam within the first 
month (Table 1). Median age at infection was 34 years 
(IQR 27–40 years); 8 (15.4%) patients were female and 
44 (84.6%) were male. The most common systemic 
signs or symptoms were fever (52/52; 100%), head-
ache (33/52; 63%), myalgia (30/52; 58%), and lymph-
adenopathy (8/52; 15%). Ocular symptoms were re-
ported by 17 (32.6%) patients, among whom 9 (52.9%) 
reported recent VA decrease, 8 reported eye pain 
(47%), and 3 (17.6%) reported floaters.

At baseline, 12 (23%) patients had retinochoroidi-
tis (Figure 1), 4 (33%) of whom had bilateral involve-
ment and 2 (17%) of whom had macular involvement. 
Necrotizing lesions or scars were found in 10 (58%) 
patients; subtle punctate active lesions were found in 4 
(33%) patients. Among 4 (33%) patients, we observed 
multiple necrotizing lesions or multifocal punctate 
active lesions in different retinal quadrants (Table 2). 
SLE revealed all 12 patients with toxoplasmic reti-
nochoroiditis had inflammatory cells in the anterior 
vitreous; however, only 3 (25%) had inflammatory 
cells in the anterior chamber with standardization of 
uveitis nomenclature (SUN) grade ranging from 0.5+ 
to 3+. Intraocular pressure was within normal limits 
in all but 1 patient with granulomatous keratic pre-
cipitates and SUN of 3+ in the anterior chamber. Two 
(17%) patients with retinochoroiditis did not report 
any eye symptoms (Table 3). 

We observed other fundus changes among 
patients with confirmed acute toxoplasmosis but 
without ocular involvement. One patient had un-
specific focal retinal pigment epithelium (RPE) hy-
perplasia in 1 eye; a patient with nyctalopia had 
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Table 1. Characteristics and ocular signs and symptoms among patients with confirmed acute toxoplasmosis infection at baseline 
examination, Brazil* 

Characteristics Total, n = 52 
No ocular involvement, 

n = 40 
Ocular involvement, 

n = 12 p value 
Age at infection, y, median (IQR)† 34 (27–40) 32 (22–38) 43 (40–47) <0.01 
 >40 years of age† 14 (27) 6 (15) 9 (75) <0.01 
Sex     
 M 44 (84.6) 33 (82.5) 11 (91.7) 0.50 
 F 8 (15.4) 7 (17.5) 1 (8.3) 0.50 
Follow-up length, mo, median (IQR) 36 (19–36) 36 (12–36) 35 (24–37) 0.32 
Underlying conditions     
 Arterial hypertension 7 (13.5) 4 (10.0) 3 (25.0) 0.23 
 Diabetes mellitus 1 (1.9) 0  1 (8.3) 0.23 
General signs and symptoms     
 Fever 49 (94.2) 38 (95.0) 11 (91.7) 0.68 
 Headache 33 (63.5) 25 (62.5) 8 (66.7) 0.81 
 Myalgia 30 (57.7) 22 (55.0) 8 (66.7) 0.50 
 Lymphadenopathy 8 (15.4) 7 (17.5) 1 (8.3) 0.50 
Ocular signs and symptoms     
 VA at baseline, logMAR, median (IQR)†‡ 0.0 (0.0–0.0) 0.0 (0.0–0.0) 0.1 (0.0–0.6) 0.01 
 Eye pain 8 (15.4) 5 (12.5) 3 (25.0) 0.33 
 Self-reported recent reduction of VA† 10 (19.2) 1 (2.5) 9 (75.0) <0.01 
 Floaters† 3 (5.7) 0 3 (25.0) 0.01 
*Values are no. (%), except as indicated. Mann-Whitney-Wilcoxon test was used to compare continuous and the mid-p exact tests for proportions 
between subgroups. IQR, interquartile range; logMAR, logarithm of the Minimum Angle of Resolution scale; VA, visual acuity. 
†Statistical significant at α = 5%. 
‡For visual acuity baseline, binocular involvement was considered the worst VA. 

 
bilateral optic disc pallor, vascular attenuation and 
RPE changes consistent with retinitis pigmentosa; 
another patient with severe systemic arterial hyper-
tension had bilateral nerve-fiber layer infarcts. One 
patient with ocular toxoplasmosis in 1 eye had find-
ings consistent with Leber miliary aneurysms in the 
contralateral eye.

Among the 12 patients with ocular disease at 
baseline, 9 (75%) had severe ocular involvement, 
defined by binocular, macular, or extensive (>3 DD) 
necrotizing retinochoroiditis. Among 9 patients with 
severe ocular involvement, the median age was 43 
years (IQR 40–47 years); among 3 patients without se-
vere ocular involvement the median age was 31 years 
(IQR 29–38 years), but the difference was not statisti-
cally significant (p = 0.14).

Age, self-reported recent reduction of VA, pres-
ence of floaters, and greater reduction in VA were as-
sociated with ocular involvement at baseline (Table 1). 

Among patients with ocular involvement, the median 
age at infection was 43 years (IQR 40–47 years) vs. 31 
years (IQR 22–38 years) for patients without ocular 
involvement (p = 0.02); 9 (75%) patients with ocular 
involvement were >40 years of age at infection com-
pared with 6 (15%) patients without ocular involve-
ment (relative risk [RR] = 5.0, 95% CI 2.2–11.2; p<0.01). 
Among these same subgroups, median logMAR VA 
at examination was 0.1 (IQR 0.0–0.6) for patients with 
ocular involvement compared with 0.0 (0.0–0.0) for pa-
tients without ocular involvement (p = 0.01).

Multimodal imaging revealed 2 distinct pat-
terns of active retinochoroiditis: the typical pattern 
of focal necrotizing retinochoroiditis and punctate 
retinochoroiditis. Necrotizing retinochoroiditis sub-
sequently left a variably pigmented scar and was 
more extensive in some cases, simulating a viral reti-
nitis (Figure 2). Punctate retinochoroiditis displayed 
a much more subtle pattern, which was not seen as 

Figure 1. Flowchart of patients 
in study of ocular involvement 
associated with a presumed 
waterborne toxoplasmosis 
outbreak, Brazil.



easily on fundus examination, but was nicely de-
lineated by SD-OCT (Figure 3). All 12 patients with 
toxoplasmic retinochoroiditis promptly responded 
to antiparasitic treatment; 11 received standard 
therapy with sulfadiazine, pyrimethamine, and fo-
linic acid, supplemented with oral prednisone; 1 had 
clindamycin instead of sulfadiazine because of sulfa 
allergy. All 12 patients had resolution of intraocular 
inflammation within 5–6 weeks. However, the pat-
tern of retinochoroiditis resolution differed between 

patients with focal necrotizing retinochoroiditis and 
those with punctate retinochoroiditis (Table 2).

Follow-up Examinations
Among all 52 patients in the cohort, the median 
length of follow-up after infection was 36 months 
(IQR 19–36 months); most (47; 90%) patients were 
followed for >6 months. Among the 12 patients 
with ocular involvement at baseline examination, 
5 (42%) had recurrent retinochoroiditis during  
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Table 2. Characterization of patterns of retinochoroiditis seen in multimodal imaging among patients with toxoplasmosis treated with 
antiparasitic drugs and oral corticosteroids, Brazil* 
Type of lesion, fundus imaging 
modality 

Patterns of retinochoroiditis 
Active phase, before treatment Cicatricial phase, after treatment 

Focal necrotizing retinochoroiditis   
 Fundus photo or examination Dense focal retinal whitening with indistinct 

borders, associated with overlying vitreous 
haze 

Initially hypopigmented retinochoroidal scar, but 
frequently evolving with variable degree of 

pigmentation and subretinal fibrosis or preretinal 
gliosis 

 SD-OCT Focal full-thickness hyper-reflectivity  
and disorganization of retinal layers  

indicating necrotizing retinitis; surrounding  
retinal thickening, signaling edema; numerous 
overlying hyper-reflective dots at the vitreous 

indicating vitreal inflammatory cell exudate; and 
underlying fusiform choroidal thickening, with 

loss of stromal/luminal pattern indicating  
reactive choroiditis 

Disorganization of retinal architecture; hyper-
reflectivity at the level of the scar, but without 
perilesional retinal thickening; resolution of 

choroidal thickening; marked decrease in the 
number of overlying vitreal hyper-reflective dots; 

and frequent tent-like focal detachment of the 
less thickened overlying posterior hyaloid 

 FAF reflectances Subtle hypo- or hyper-autofluorescence 
changes at the level of the active lesion; near 
infrared reflectance can indicate active focus 
but not as remarkably as red-free reflectance 

Increased autofluorescence signal in the first 
weeks, then hypo-autofluorescence at the level 

of the scar after several months; scars less 
clearly delineated by near-infrared than red-free 
reflectance, but both reveal retinal wrinkling in 

the presence of epiretinal membrane 
 FFA Early hypofluorescence, with progressive 

hyperfluorescence and late leakage at the 
retinochoroiditis lesion; reactive changes, 
including hyperfluorescence, of optic disc 

indicating edema; staining of venular walls, 
signaling periphlebitis 

Variable window defects and blockage at the 
level of the scar; staining in the presence of 

subretinal fibrosis and epiretinal gliosis 

Punctate retinochoroiditis   
 Fundus photo or examination Multiple subtle, indistinct, or  

confluent gray-whitish punctate retinal  
infiltrates with minimal vitreous haze 

Very subtle changes in retinal reflex, sometimes 
with minor hypopigmentation, but frequently with 

no apparent abnormality 
 SD-OCT Multifocal hyper-reflectivity at the inner retinal 

layers, demonstrating retinitis, occasionally 
extending to deeper layers, with surrounding 

retinal thickening (edema); numerous overlying 
hyper-reflective dots indicating vitreal 

inflammatory cell exudate, along with thickening 
and shallow detachment of the posterior 
hyaloid; mild choroidal thickening without 

apparent major change in reflectivity 

Frequent normalization of the retinal architecture, 
sometimes with mild disruption of outer retinal 

layers or retinal pigment epithelium; 
normalization of choroidal thickening; marked 

decrease in the number of overlying vitreal 
hyper-reflective dots and frequent tent-like focal 

detachment of the less-thickened overlying 
posterior hyaloid 

 FAF reflectances Subtle hypo- or hyper-autofluorescence 
changes at the level of the punctate active 
lesions; near-infrared reflectance can show 
changes at the area of active foci but not as 

remarkably as red-free reflectance 

Autofluorescence and reflectance changes are 
minimal or absent 

 FFA Progressive but mild hyperfluorescence or late 
leakage at the site of punctate lesions; reactive 
changes, including hyperfluorescence of optic 
disc, demonstrating edema; staining of venular 

walls indicating periphlebitis 

Normal or showing minimal punctate window 
defects 

*FAF, fundus autofluorescence; FFA, fundus fluorescein angiography; SD-OCT, spectral-domain optical coherence tomography. 
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follow-up examinations (Figure 1). The median 
time for first recurrence was 11 months after start-
ing standard therapy for the first episode of ocular 
involvement, and the 5 patients had recurrences at 
2, 9, 11, 12, and 22 months (Table 3). All 5 reported 
adequate treatment adhesion. 

Rate of recurrence of retinochoroiditis among 
the 12 patients with ocular involvement at baseline 

was 22% per person-year (1.8% per person-month). 
All patients with binocular involvement (n = 4) had 
recurrent lesions during the follow-up period com-
pared with only 13% (1/8) of patients with mon-
ocular involvement (RR = 8.0, 95% CI 1.3–50.0; p 
= 0.01). Rate of recurrence was 8.5% per person-
month among patients with binocular involvement 
and 0.4% per person-month among the patients 

 
Table 3. Ocular characteristics, recurrences, and complications of patients with ocular involvement from toxoplasmosis, Brazil* 
Age, 
y/sex 

Baseline eye examination 
Follow-up findings  Complications 

Last VA, 
mo; result RC Right Left 

38/M† Bilateral  VA 0.0; SLE, AV cells and 
AC cells (0.5+/4+); FE, 

multifocal PR and 
peripheral large FNR 

VA 0.0; SLE, AV cells; 
FE, PR 

1 OD recurrence; month 
2, satellite active lesion 

None 21; 0.0 OU 

47/M† Bilateral VA 0.2; SLE, AV cells;FE, 
peripheral large FNR 

VA 0.0; SLE, AV cells; 
FE, multiple 

peripheral large FNR 

1 OD recurrence; month 
22, new peripheral scar 

 

Month 22, epiretinal 
membrane OD 

34; 0.0 OU 

40/M† Bilateral  VA 0.0; SLE, AV cells; 
FE, multifocal PR 

VA 0.0; SLE, AV cells; 
FE, multifocal PR and 
peripheral large FNR 

Multiple recurrences OU; 
months 11, 21, and 24, 

active peripheral lesions; 
month 27, active 

peripheral lesion OS 

Month 21, epiretinal 
membrane OD; 

month 27, 
rhegmatogenous 

RD OS 

36; 0.0 OD, 
0.8 OS 

48/M† Bilateral  
 

VA 2.1; SL, EAV cells; 
FE, macular FNR 

 

VA 0.3; SLE, AV cells; 
FE, peripheral FNR 

2 recurrences OS; new 
peripheral scar in 
months 12 and 15  

Month 9, epiretinal 
membrane OD; 

month 34, epiretinal 
membrane OS 

34; 1.9 OD, 
0.4 OS 

43/M† Unilateral  
 

VA 0.0; SLE, normal; FE, 
Leber miliary aneurysms 

 

VA 0.7; SLE, fine KP, 
AC cells 2+/4+, and 

AV cells; FE, 
peripheral large FNR 

– None 36; 0.1 OS 

27/M Unilateral  
 

VA 0.0; SLE, AV cells; 
FE, PR 

VA 0.0; normal SLE 
and FE  

– None 23; 0.0 OD 

42/M† Unilateral  
 

VA 0.5; SLE, 
granulomatous KP, AC 
cells (3+/4+), AV cells; 

IOP, 28 mmHg; FE, 
peripheral large FNR 

VA 0.0; normal SLE 
and FE 

1 recurrence OD; month 
9, multiple active 

peripheral lesions OD 

Baseline transient 
IOP elevation OD, 

28mmHg 

24; 0.0 OD 

31/M Unilateral  
 

VA 0.0; normal SLE and 
FE 

 

VA 0.0; SLE OS, AV 
cells; FE, multiple 
peripheral FNR 

– None 8; 0.0 OS 

50/M† Unilateral  VA 0.5; SLE, AV cells; 
FE, peripheral large FNR 

 

VA 0.0; normal SLE 
and FE 

– Month 6, posterior 
vitreous 

detachment OD 

37; 0.0 OD 

47/F† Unilateral  
 

VA 1.6; SLE, AV cells; 
FE, macular FNR 

 

VA 0.0; normal SLE 
and FE 

– None 37; 1.9 OD 

40/M† Unilateral  
 

VA 0.0; SLE, AV cells; 
FE, peripheral large FNR 

 

VA 0.0; normal SLE 
and FE 

– None 37; 0.0 OD 

45/M Unilateral  
 

VA 0.0; SLE, AV cells; 
FE, PR 

 

VA 0.0; normal SLE 
and FE 

–s None 37; 0.0 OD 

15/M‡ NA VA 0.0; normal SLE and 
FE 

VA 0.0; normal SLE 
and FE 

Late ocular involvement; 
OD VA 0.1; month 34, 
new peripheral scar 

None 34; 0.1 OD 

28/F‡ NA VA 0.0; normal SLE and 
FE 

VA 0.0; normal SLE 
and FE 

Late ocular involvement; 
OD VA 0.0; month 37, 

peripheral FNR 

None 39; 0.0 OD 

*Age represents age at detection of first ocular lesion or scar. AC cells, grading of anterior chamber cells according to Standardization of Uveitis 
Nomenclature (SUN) working group (29); AV cells, anterior vitreous cells; FE, fundus examination; FNR, focal necrotizing retinochoroiditis, large FNR is 
>3 disk diameters; IOP, intraocular pressure; KP, keratic precipitates; NA, not applicable; OD, oculus dexter (right eye); OS, oculus sinister (left eye); OU, 
oculus uterque (both eyes); PR, punctate retinochoroiditis; RC, retinochoroiditis; RD, retinal detachment; SLE, slit-lamp examination; VA, visual acuity (log 
MAR); –, no recurrence or no new lesion. 
†Patients with severe ocular involvement, including binocular, macular, or extensive necrotizing retinochoroiditis (>3 disk diameters). 
‡Patients with initial normal ophthalmic examination.  
 



with monocular involvement (log-rank p = 0.01; 
Figure 4) (24,25).

Among patients without ocular involvement at 
baseline, 2/40 (5%) had late ocular involvement. A 
15-year-old boy had a new peripheral scar in his right 
eye (VA 0.1) 34 months after infection, referring a 
transient VA reduction that started 3 months earlier; 
the patient recovered spontaneously after a couple 
of weeks. A 28-year-old woman had a peripheral ac-
tive lesion in her right eye (VA 0.0) at her 37-month 
follow-up examination but had no other ocular symp-
toms (Figure 5).

Overall, 14/52 (27%) patients had ocular in-
volvement at some point during the study. The rate 
of ocular involvement was 16% per person-year 
(1.3% per person-month).

Complications and Visual Outcomes
Among the 16 eyes (15%) of 12 patients (23%) with 
retinochoroiditis at baseline, ocular complications de-
veloped in 7 eyes (44%) of 5 patients (42%) during fol-
low-up; 2 patients had complications in both eyes. Four 

(25%) eyes had epiretinal membranes develop, detected 
at 9-, 21-, 22-, and 34-month follow-up visits. One (6%) 
eye had rhegmatogeneous retinal detachment at the 
27-month follow-up, which required pars plana vitrec-
tomy. One (6%) eye had transient intraocular pressure 
elevation at baseline, and 1 (6%) had posterior vitreous 
detachment detected at the 6-month follow-up visit.

Among patients with retinochoroiditis at base-
line, 4 (25%) eyes among 3 (25%) patients had log-
MAR VA >0.3 at the last follow-up examination. Two 
eyes had macular involvement at baseline examina-
tion and a final VA of 1.9; an epiretinal membrane de-
veloped in 1 eye (final VA 0.4), and rhegmatogeneous 
retinal detachment developed in the other, which un-
derwent pars plana vitrectomy (final VA 0.8).

Discussion
We investigated ocular involvement of 52 patients 
with serologically confirmed acute toxoplasmosis 
acquired in a presumed waterborne outbreak. We 
described clinical and multimodal imaging findings 
and determined the prevalence of retinochoroiditis, 
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Figure 2. A large necrotizing retinochoroiditis lesion in the right eye, detected in baseline examination (VA 0.5) of a 42-year-old man 
in a presumed waterborne toxoplasmosis outbreak, Brazil. A) Fundus photograph showing dense focal retinal whitening with indistinct 
borders, associated with overlying vitreous haze. B) Fundus fluorescein angiography; green arrow indicates hyperfluorescence of 
optic disc. C) Fundus fluorescein angiography; yellow arrows indicate hyperfluorescence indicating late leakage at the margins of the 
retinochoroiditis lesion. D) Red-free reflectance showing changes at the level of the active lesion. Green line indicates site of optical 
coherence tomography scan. E) Spectral-domain optical coherence tomography; blue arrows indicate focal full-thickness hyper-
reflectivity and disorganization of retinal layers, surrounding retinal thickening, and numerous overlying hyper-reflective dots and bands, 
indicating exuberant inflammatory vitreous exudation. Scale bars indicate 200 µm. VA, visual acuity.



the incidence of recurrences and complications, and 
analyzed risk factors for ocular involvement.

In addition to the standard pattern of necrotiz-
ing retinochoroiditis, multimodal imaging revealed a 
distinct pattern of punctate retinal infiltrates (Figure 
3), which might be overlooked if the retina is not ex-
amined carefully. This pattern also has been reported 
in neonates with congenital toxoplasmosis (5) and 
might represent the result of the primary parasite 
insult to the retina before a more robust immune re-
sponse develops.

In this study, 12 (23%) patients displayed toxo-
plasmic retinochoroiditis at baseline examination; 
14 (27%) had ocular involvement at some point dur-
ing the study (Table 3), a rate of 16% per person-
year. Variable rates of ocular involvement have been  
reported in toxoplasmosis outbreaks. For instance, 
risk for ocular involvement was 31% during the first 
10.5 months after the Santa Isabel do Ivaí outbreak in 
Paraná, Brazil during 2001–2002 (15), and 21% after a 
mean follow-up of 114 weeks in an outbreak in Victo-
ria, British Columbia, Canada in 1995 (13,14).

As expected, eye symptoms, particularly self-
reported recently decreased VA and floaters, were 
associated with ocular involvement, suggesting that 
clinicians should inquire about symptoms routinely 

during and after an outbreak. Nevertheless, 2/12 
(16.6%) patients had retinochoroiditis at baseline in 
the absence of symptoms, reinforcing the importance 
of examining the eyes of every patient with confirmed 
acute T. gondii infection.

Older age was frequently associated with a high-
er risk for ocular involvement at baseline and patients 
>40 years of age at the time of infection had a 5 times 
greater risk for retinochoroiditis than younger pa-
tients. Patients in the subgroup with ocular involve-
ment were much older than patients in the subgroup 
without ocular involvement, consistent with reports 
in other studies. In a study from the Netherlands, 
most patients with serologic evidence of recently ac-
quired ocular toxoplasmosis were older, with a mean 
age of 50.6 years (26). A study from Brazil found age 
was a major risk factor for ocular involvement, with 
higher prevalence in patients >50 years of age, and 
≈50% of patients >60 years of age had ocular involve-
ment (10). Another study from Brazil found that per-
sons >30 years of age with recently acquired T. gondii 
infection were more likely to have ocular involve-
ment by the time of study enrollment (9).

At baseline examination, 75% (9/12) of patients 
with toxoplasmic retinochoroiditis in our study had 
severe ocular involvement, defined by large (>3 DD) 
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Figure 3. Asymptomatic retinochoroiditis in the right eye, detected in baseline examination (VA 0.0) of a 27-year-old man in a presumed 
waterborne toxoplasmosis outbreak, Brazil. A) Fundus photograph showing minimal vitreous haze; box indicates enlarged area on B); 
green arrows indicate multiple subtle and confluent gray-whitish punctate retinal infiltrates. C) Fundus fluorescein angiography. Pink 
arrows indicate leakage at the site of some of the punctate lesions. D) Fundus fluorescein angiography with red-free reflectance. Green 
line indicates site of optical coherence tomography scan. Yellow arrows indicate changes in the area of active focuses. E) Spectral-
domain optical coherence tomography showing retinal thickening, and numerous overlying hyper-reflective dots. Blue arrows indicate 
multifocal hyper-reflectivity at the inner retinal layers. Scale bar indicates 200 µm. VA, visual acuity.
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Figure 4. Kaplan-Meier plot 
showing proportion of patients 
with toxoplasmic retinochoroiditis 
at baseline who remain free 
of recurrence during follow-
up. Bilateral retinochoroidal 
involvement at baseline 
was statistically significantly 
associated with recurrences by 
log-rank test (p = 0.01).

necrotizing, macular, or bilateral retinochoroiditis 
(Figure 2). The median age of the 9 patients with 
severe ocular involvement (43 years of age) was 
higher than the median age of the 3 patients with 
less severe disease (31 years of age), but the differ-
ences were not statistically significant, probably 
because of the small number of patients in each 
subgroup. These findings also are in line with the 
literature (8), agreeing with 2 previous studies fo-
cusing on ocular toxoplasmosis in patients >50 years 
of age (median 67.5 years) in which 22/34 (64.7%) 
patients had severe disease, defined as either mul-
tiple active lesions, large lesions (>3 DD), or pro-
longed disease (duration >8 weeks) (27,28). Another 
possible explanation for the higher rate and sever-
ity of ocular involvement in our cohort is involve-
ment of a virulent atypical T. gondii strain. However, 
this possibility remains elusive because parasite  
isolation for subsequent genotyping was not success-
ful in the presumably contaminated water source, or 
in blood samples of patients with serologically con-
firmed infection (20).

Recurrence of retinochoroiditis was associated 
with bilateral ocular involvement at initial exami-
nation (Figure 4). One possible explanation is that 

patients with bilateral lesions at initial examination 
might have had a higher parasite load systemically 
and in the retina, leading to an increased risk for lo-
cal reactivation. This finding also might have been 
associated with some degree of subclinical immune 
dysfunction in these cases.

The most common complication was epireti-
nal membrane development in 25% of eyes with 
retinochoroiditis, a finding consistent with a trans-
versal study including 248 patients with acquired 
toxoplasmosis in India, which also reported devel-
opment of epiretinal membranes at 25.1% (12). At 
the last follow-up examination 3/12 (25%) patients 
with retinochoroiditis had logMAR VA >0.3, one 
of them in both eyes. Complications underlying 
this visual impairment included unilateral macular 
involvement at baseline in 2 patients (VA 1.9) and 
other late complications, including 1 eye with an 
epiretinal membrane (VA 0.4), and the other with 
a rhegmatogenous retinal detachment (VA 0.8 after 
pars plana vitrectomy). 

In addition to the 4 patients who developed re-
currences of retinochoroiditis at 2, 9, 11, 12, or even at 
22 months of follow-up, 2 patients without retinocho-
roiditis had new primary retinal lesions detected >34 



months of follow-up (Figure 5). This finding high-
lights the need for long-term ophthalmologic follow-
up in patients with postnatally acquired toxoplasmo-
sis, regardless of previous ocular involvement.

This study has some limitations. We only consid-
ered symptomatic patients as having suspected cases 
of acute toxoplasmosis, and that might represent only 
a small portion of infected persons; several asymp-
tomatic persons probably were not included, and 
this selection bias might justify, at least in part, the 
high prevalence of ocular changes. However, select-
ing for symptomatic cases has been the rule in most 
investigations of outbreaks of toxoplasmosis because 
serologic survey of all persons in affected areas is dif-
ficult. Finally, incidence calculations were based on 
few events, especially within subgroups of cases with 
ocular involvement, and some statistical tests were 
underpowered, such as the comparison of age in rela-
tion to severity of ocular involvement.

Despite the limitations, our study provides objec-
tive documentation of ocular changes in the context 
of a toxoplasmosis outbreak. By using multimodal 
imaging, we were able to characterize more subtle 
lesions, such as punctate retinochoroiditis among 
33% of cases with ocular involvement. By compari-
son, previous reports of ophthalmic assessment of 
patients during outbreaks mostly were based on in-
direct ophthalmoscopy alone. Among 52 patients 
with confirmed infection, 47 (90%) had >6 months of 
follow-up; the median length for follow-up was 36 
months, which enabled us to estimate the incidence of 
new lesions, recurrences, and complications during a 
relatively long period. We noted a substantial preva-
lence of early ocular involvement, with recurrences 
and new lesions occurring up to 39 months after in-
fection. Thus, patients diagnosed with toxoplasmo-
sis should receive long-term ophthalmic follow-up, 
regardless of initial ocular involvement. In addition, 

older patients had higher risk for ocular involvement, 
possibly reflecting age-related changes in the immune 
system, which could predispose persons >40 years of 
age to more severe disease. 
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Tuberculosis (TB) is an underestimated cause of 
death in children (1); it is accurately diagnosed 

and reported in only 45% of children with the disease 
(2). When accounting for underdetection, the World 
Health Organization (WHO) estimated that, in 2017, 
a total of 1.12 million TB cases developed in infants, 
children, and adolescents <14 years of age and 1.60 
million cases in adolescents and young adults 15–24 
years of age (2). WHO also estimated that TB was 
associated with 205,000 deaths in children, includ-
ing 32,000 in HIV-infected children and adolescents; 
these deaths account for 13% of total TB-associated 
deaths in HIV-infected persons, although only 5% of 
HIV-infected persons are children (2). Children might 
be at increased risk for TB because they receive anti-
retroviral therapy (ART) at lower rates than adults. 
According to the Joint United Nations Programme on 
HIV/AIDS (3), only 53% of eligible children world-
wide received ART in 2019.

Before ART was widely available, TB incidence 
and TB-related deaths were substantially higher 
among HIV-infected children and adolescents than 
among peers without HIV (4). Multiple studies have 
demonstrated declines in TB incidence among this 
group after ART scale-up initiatives (5,6). A meta-
analysis of data from children estimated a pooled 
hazard ratio of 0.3 (95% CI 0.21–0.39) and declining 
TB risk for 2 years after ART initiation (5,7). However, 
TB remains a major cause of illness and death in chil-
dren receiving ART (8).

Although risk factors for TB and adverse TB 
outcomes are well-documented among HIV-in-
fected adults (9), risk factors among HIV-infected 
children and adolescents are poorly understood, 
particularly since the 2016 recommendations for 
universal ART for all HIV-infected persons (10). 
Some systematic reviews suggest that immuno-
suppression predicts TB incidence (7) among HIV-
infected children and adolescents. Studies examin-
ing data sourced from a single country typically 
demonstrate that 1 or 2 risk factors, such as age <2 
years, extrapulmonary TB, malnutrition, severe im-
munosuppression, WHO HIV clinical stage, or TB 
treatment status (11–14) can predict death among 
children with HIV-associated TB. Large or multi-
national studies of TB risk factors and outcomes 
among HIV-infected children and adolescents are 
few (15,16) and urgently needed.

Limited and conflicting data exist on outcomes 
among HIV-infected children and adolescents in 
whom TB developed before versus after ART initia-
tion. In a multinational cohort of children from pre-
dominantly resource-limited countries, no associa-
tion existed between TB outcomes and disease onset 
relative to ART initiation (15). In contrast, other stud-
ies have demonstrated lower death rates among chil-
dren on ART at the time of TB diagnosis (17). WHO  
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HIV-infected children and adolescents are at increased 
risk for tuberculosis (TB). Antiretroviral therapy (ART) re-
duces TB risk in HIV-infected adults, but its effectiveness 
in HIV-infected children and adolescents is unknown. We 
analyzed data from 7 integrated pediatric HIV/TB centers 
in 6 countries in sub-Saharan Africa. We used a Bayesian 
mixed-effect model to assess association between ART 
and TB prevalence and used adaptive lasso regression to 
analyze risk factors for adverse TB outcomes. The study 
period encompassed 57,525 patient-years and 1,160 TB 
cases (2,017 cases/100,000 patient-years). Every 10% 
increase in ART uptake resulted in a 2.33% reduction 
in TB prevalence. Favorable TB outcomes were associ-
ated with increased time in care and early ART initiation, 
whereas severe immunosuppression was associated 
with death. These findings support integrated HIV/TB 
services for HIV-infected children and adults and demon-
strate the association of ART uptake with decreased TB 
incidence in high HIV/TB settings.



TB Among Children at HIV Treatment Centers 

recommends that HIV-infected children and adoles-
cents start ART as soon as possible and within <8 
weeks of beginning TB treatment (18). Recent evi-
dence derived from the same multinational cohort 
demonstrates that this recommendation was poorly 
implemented; only 46% of ART-naive children began 
treatment within <8 weeks of starting TB treatment. 
However, when implemented successfully, this mea-
sure was associated with favorable TB treatment out-
comes (64% vs. 40%; p = 0.04) (15).

Data regarding TB incidence, management, and 
outcomes among HIV-infected children and ado-
lescents are mostly sourced from single healthcare 
centers, limiting their generalizability. We analyzed 
these variables in the largest reported multinational 
study of TB in HIV-infected children and adolescents 
in countries in sub-Saharan Africa.

Materials and Methods

Strengthening the Reporting of Observational  
Studies in Epidemiology Statement
This study was conducted in accordance with the 
Strengthening the Reporting of Observational Stud-
ies in Epidemiology guidelines (19). Our primary ob-
jectives were to estimate longitudinal TB incidence 
within the context of increasing ART coverage and 
identify risk factors for death from TB in HIV-infected 
children and adolescents in various stages of ART.

Participants
We examined TB outcomes of HIV-infected children 
and adolescents receiving care at 7 treatment centers 
(Centers of Excellence; COEs) within the Baylor Inter-
national Pediatric AIDS Initiative at Texas Children’s 
Hospital network, spanning 6 countries: Botswana, 
Swaziland, Lesotho, Malawi, Tanzania (locations in 
Mbeya and Mwanza), and Uganda. To avoid sam-
pling bias, we included data from all children receiv-
ing care during from January 2013 through June 2017.

Outcomes of Interest
We used TB case and outcome definitions from WHO 
(20) (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/26/12/20-2245-App1.pdf). We catego-
rized TB outcomes as favorable (cured or treatment 
completed), unfavorable (death), lost to follow-up 
(LTFU), or transferred out of the COE.

Data Extraction
We analayzed data from Janaury 2013 through June 
2017 from the electronic medical records of HIV-in-
fected children and adolescents <19 years of age. The 

deidentified data from the 7 COEs enables follow-up 
of individual patients for longitudinal analysis.

The duration of each COE’s study period de-
pended on when that COE began collecting TB data 
using electronic medical records. Data collection be-
gan in 2013 at all COEs (except for Malawi, which be-
gan data collection in 2016) and continued through 
June 2017.

Statistical Approach
We calculated the annual TB incidence for all HIV-
infected children and adolescents at each COE. We 
modeled the TB incidence as a function of time, ART 
uptake, and COE. We included a random intercept 
for the COE, enabling us to visualize how ART up-
take varied by COE and by year. We ran this model 
under a Bayesian framework using R with the library 
brms (21). We used a similar Bayesian mixed-effect 
model to determine association between isoniazid 
preventive therapy (IPT) use and TB incidence (22). 
Data on IPT use were available from 4 COEs: Swa-
ziland, Tanzania-Mbeya, Tanzania-Mwanza, and 
Uganda. We considered children to be eligible for IPT 
if they were >12 months of age and had not previ-
ously received IPT.

We examined variables in bivariate analysis if 
>75% of data were available. We excluded some vari-
ables, such as specific anthropometrics (e.g., height, 
mid-upper arm circumference) and Mycobacterium bo-
vis BCG vaccination status because of missing data. 
We considered CD4 values and viral loads if mea-
sured <60 days before or after the analytic baseline. 
For bivariate analysis, we used a χ2 test for categorical 
independent variables and a Wilcoxon rank-sum test 
for continuous independent variables. We used mul-
tinomial logistic regression to study the univariate as-
sociation between age and outcome. To relax the as-
sumption of age having a constant effect on outcome, 
we modeled age using natural cubic splines, using the 
splines package in R, with 3 knots at equally spaced 
quantiles. To determine age-related risk for death 
we calculated the instantaneous rate of change using 
the method of finite differences.

We used an adaptive lasso logistic regression 
model to examine the association between TB out-
come and 13 independent variables (23). Adaptive 
lasso normalizes coefficients; therefore, no reference 
level is preselected. Instead, the model minimizes 
the influence of coefficients unassociated with the 
outcome; these coefficients set the reference levels 
for the remaining coefficients. We selected the penal-
ty parameter to minimize deviance using leave-one-
out cross-validation; we used the selected penalty to 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020 2935



RESEARCH

fit the final model. We included risk factors that we 
hypothesized, a priori, would affect TB outcomes 
(Appendix Table 2). We conducted the adaptive 
lasso procedure using library glmnet in R (23) and 
postselection inference of the selected coefficients 
using library selective Inference, also in R (24). We 
developed 3 models to examine associations with 
favorable outcomes (cure or treatment completion) 
against death. We examined the outcome within all 
participants, participants on ART at time of TB diag-
nosis, and participants not on ART at diagnosis. We 
conducted sensitivity analyses of HIV-infected chil-
dren and adolescents who were LTFU or died. We 
developed additional models evaluating outcomes 
categorized by WHO as favorable (cure or treatment 
completion) or unfavorable (death, LTFU, or not 
evaluated/transferred out) (Appendix Tables 3–5).

Ethics Statement
All clinical investigation supporting the data han-
dling, analysis, and reporting of these findings was 
conducted according to the principles expressed in 
the Declaration of Helsinki. Approval was obtained 
from all necessary ethics bodies in each country (i.e., 
the Baylor College of Medicine Children’s Founda-
tion or Trust, the national ethics committee in each 
country, and the Baylor College of Medicine Institu-
tional Review Board).

Results

TB Incidence 
We analyzed data on 1,160 HIV-infected children and 
adolescents in whom TB was diagnosed during the 
study period, which encompassed 57,525 patient-
years. During the 4-year study period, overall TB in-
cidence was 2,017 cases/100,000 patient-years (range 
454 cases/100,000 patient-years in Botswana to 4,385 
cases/100,000 patient-years in Tanzania-Mwanza). 
These incidences were substantially higher than those 
estimated by WHO for the general populations of the 
respective countries (Table 1).

The age distribution of the cohort was similar 
across sites. TB incidence was highest among infants 
and children <5 years of age but was elevated among 
school-aged children, a trend that persisted into early 
and late adolescence (Figure 1). Increasing age was as-
sociated with more favorable outcomes. Children <7 
years of age had a higher risk for death than school-
aged children (i.e. 8–10 years of age) and adolescents 
(i.e., 11–19 years of age) (Figure 2, panels A, B). Of 
patients receiving TB treatment, 32% had TB infection 
confirmed by bacteriologic testing, usually GeneXpert 
(Cepheid, https://www.cepheid.com); this percent-
age excludes children at the Lesotho COE because it 
had incomplete data. Confirmation rates ranged from 
24% for infants and children <2 years of age to 51% for 
adolescents 10–19 years of age.

Throughout the study, rates of ART adminis-
tration increased and the prevalence of TB declined 
at most sites (Figure 3, panels A, B). For every 10% 
increase in the number of HIV-infected children 
and adolescents who received ART, the overall 
prevalence of TB in the clinical network decreased 
2.33% (95% credible interval 0.58%–4.4%) (Figure 3, 
panel C).

We also observed an increase in the number of 
eligible children starting IPT. Average rates of IPT 
use across all COEs increased from 8.68% in 2014 to 
27.5% in 2017. When we limited our analysis to the 4 
COEs with available IPT data, we observed no effect 
on TB prevalence (0.4% increase, 95% credible inter-
val –0.3% to 1.0%) associated with each 10% increase 
in the number of HIV-infected children and adoles-
cents receiving IPT.

TB Outcomes and Risk Factor Analysis
Most children and adolescents had favorable out-
comes: across all sites, 75% (95% CI 67%–87%) of 
patients, including those who were LTFU or had 
transferred out, had favorable outcomes (Table 2). 
On average, children with favorable TB outcomes 
had received care at the clinics nearly a year longer 
than children who died (p<0.01). Ten percent (95% 
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Table 1. Comparison of country-specific incidence of HIV-associated TB, 2013–2017* 

Country 

TB incidence 
no. per 100,000 patient-

years (95% CI) 

WHO 2017 country estimates, 
 no. per 100,000 persons (95% CI) 

TB incidence/WHO 2017 
TB country estimate 

fold difference TB HIV-associated TB 
Botswana 454 (299–608) 300 (232–376) 144 (93–206) 1.5 
Eswatini 2,612 (2,205–3,020) 308 (236–389) 213 (138–304) 8.5 
Lesotho 3,762 (3,376–4,148) 665 (430–949) 470 (298–680) 5.6 
Malawi 1,159 (791–1,528) 131 (70–210) 65 (42–93) 8.8 
Tanzania-Mwanza 4,385 (3,747–5,024) 269 (127–464) 84 (54–120) 16.3 
Tanzania-Mbeya 3,995 (3,498–4,492) 269 (127–464) 84 (54–120) 14.8 
Uganda 656 (546–766) 201 (118–305) 80 (52–114) 3.2 
*Incidence reflects the estimated new cases of TB disease among HIV-infected children and adolescents at each HIV treatment center. TB, tuberculosis; 
WHO, World Health Organization. 
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CI 5%–15%) of HIV-infected children and adoles-
cents with TB died. If we assumed all HIV-infected 
children and adolescents who were LTFU died, the 
death ratio would increase to 13% (95% CI 6%–20%).

We used bivariate analysis to identify factors 

associated with TB outcome (Table 2). Extrapulmo-
nary disease increased the odds of death (p<0.01). 
The death ratio for patients who had previously 
been treated for TB was similar to the death ratio for  
patients who had not, even if we assumed all patients 
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Figure 1. Incidence of tuberculosis (TB) among HIV-infected children and adolescents, 2013–2017. The age at start of TB treatment is 
plotted as a smoothed line and histogram against the probability of TB diagnosis on the basis of the prevalence of that age within the 
overall cohort of HIV-infected children and adolescents. The data are presented combined and stratified by HIV treatment center.

Figure 2. Probabilities of specific outcomes for TB in HIV-infected children and adolescents, 2013–2017. A) Probability (with 95% CIs) 
of outcomes stratified by age at start of TB treatment. B) Instantaneous odds ratios for death at each age. The odds ratio reflects the 
change in odds of death according to age at start of TB treatment. LTFU-TO, lost to follow-up or transferred out; TB, tuberculosis.
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who were LTFU died. HIV-infected children and ado-
lescents who had engaged in facility-based HIV care 
for more time were more likely to have favorable out-
comes (p<0.01).

HIV-infected children and adolescents who never 
started ART were less likely than those in all other 
groups to have a favorable outcome (Figure 4, panel 
A). HIV-infected children and adolescents who began 
ART during the 6 months before the start of their TB 
treatment had the highest death ratio (14%); children 
who had never been on ART but began it within 8 
weeks of TB diagnosis had the lowest death ratio 
(8%). Immune status was highly predictive of death 

(Figure 4, panel B). HIV-infected children and ado-
lescents with severe immunosuppression had >5-fold 
increased odds of death compared with those with-
out immune suppression (16% vs. 3%; p<0.01); we de-
fined severe immunosuppression as a CD4 percent-
age of <25% in children <5 years of age or CD4 count 
<200 cells/mm3 in children >5 years of age.

We developed 3 multivariate models to compre-
hensively examine associations with favorable out-
comes against death, considering a patient’s history 
of ART. The model comparing all 1,029 patients con-
sidered 11 factors (Table 3). This model demonstrated 
the influence of immune status at the time of TB diag-
nosis, showing that HIV-infected children and adoles-
cents without immune suppression (CD4 percentage 
>30% in children <5 years of age or CD4 count >350 
cells/mm3 in children >5 years of age) at TB diagno-
sis had a 58% lower odds of death (odds ratio [OR] 
0.42 [95% CI 0.13–0.94]; p = 0.04) than children with 
advanced immune suppression. In addition, patients 
who had never been on ART but received it <8 weeks 
after TB diagnosis had a 59% lower odds of death than 
those who received ART >8 weeks after TB diagnosis 
(OR 0.41 [95% CI 0.14–0.60]; p<0.01). The multivari-
ate analysis did not demonstrate an increased odds of 
death for HIV-infected children and adolescents who 
started ART in the 6 months before TB diagnosis.

The model comparing the 597 patients who had 
received ART before TB diagnosis considered 13 
factors (Table 4). Children with severe immunosup-
pression at TB diagnosis had a 4 times higher odds 
of death than children with advanced immune sup-
pression (OR 4.29 [95% CI 1.23–29.28]; p = 0.03). A 
patient’s odds of death increased with each advance 
in WHO stage at TB diagnosis (OR 2.18 [95% CI 1.91–
5.98]; p<0.01).

The final model of patients who had never re-
ceived ART, prior to TB diagnosis, comprised 391 pa-
tients with favorable outcomes and 41 patients who 
died; this model was intractable and did not con-
verge. Results evaluating associations with program-
matic outcomes were similar to the results described 
in the previous paragraphs (Appendix Tables 3–5).

Discussion
TB is the leading cause of death in HIV-infected 
persons (2). This multicountry study of TB in HIV-
infected children and adolescents revealed high TB 
incidences that greatly exceeded estimated popula-
tion level TB incidences of all individual countries 
represented by the cohort. Consistent with recent sys-
tematic reviews and meta-analyses (7), our evidence 
demonstrates that although ART significantly reduc-
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Figure 3. ART use and TB prevalence in HIV-infected children and 
adolescents, 2013–2017. A) Annual percentage of the cohort at 
each HIV treatment center receiving ART. B) Annual percentage of 
the cohort at each treatment center in whom TB was diagnosed. 
C) Declining TB prevalence with increase in ART uptake, 
averaged across all treatment centers in the study period. ART, 
antiretroviral therapy; TB, tuberculosis.
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es the prevalence of TB in HIV-infected children and 
adolescents, the risk for TB remains elevated even 
among a population with excellent ART coverage. TB-
related deaths decreased in adults during 1996–2011, 
when ART use increased in various countries (25). Al-
though we cannot ascribe causality between increas-
ing ART coverage and declining TB prevalence, this 
association is notable given the very high initial ART 
coverage in our study. Increasing ART uptake >90% 
was associated with ongoing declines in TB incidence, 
suggesting that the Joint United Nations Programme 
on HIV/AIDS 95-95-95 targets for HIV might also re-
duce TB incidence. Likewise, HIV-infected children 
and adolescents with favorable TB outcomes had 
received care for nearly a year longer, on average, 
than children who died. These findings highlight the  

importance of early HIV diagnosis, prompt treat-
ment, and patient retention in HIV-infected children 
and adolescents.

Of HIV-infected children and adolescents with 
TB, 32% had a confirmed TB diagnosis; the rate of 
TB confirmation increased with age. This high rate of 
disease confirmation is consistent with prior studies, 
which have found that HIV infection does not signifi-
cantly reduce the likelihood of disease confirmation 
in children (26–28). However, other multinational 
cohorts have reported lower rates of disease confir-
mation in HIV-infected children and adolescents, a 
discrepancy that might reflect the greater testing ca-
pacity at the COEs (15). Most HIV clinics treating chil-
dren in sub-Saharan Africa do not have the capacity 
to collect TB specimens in children (29). Confirmatory 
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Table 2. Bivariate analysis of associations with TB treatment outcomes in HIV-infected children and adolescents, 2013–2017* 

Variable 

Outcome  
 

p value† Total 
Completed TB 

treatment or cured Died 
Lost to follow up or 

transferred out 
Sex 

    
0.98 

 F 591 (50.95) 438 (51.11) 61 (50.41) 92 (50.55) 
 

 M 569 (49.05) 419 (48.89) 60 (49.59) 90 (49.45) 
 

HIV treatment center 
    

<0.01 
 Botswana 33 (2.84) 31 (3.62) 0 2 (1.10) 

 

 Eswatini 365 (32.39) 302 (35.24) 15 (12.40) 48 (26.37) 
 

 Lesotho 38 (4.99) 33 (3.85) 3 (2.48) 2 (1.10) 
 

 Malawi 158 (13.62) 134 (15.64) 15 (12.40) 9 (4.95) 
 

 Tanzania–Mbeya 248 (21.38) 160 (18.67) 41 (33.88) 47 (25.82) 
 

 Tanzania–Mwanza 181 (15.60) 106 (12.37) 18 (14.88) 57 (31.32) 
 

 Uganda 137 (11.81) 91 (10.62) 29 (23.97) 17 (9.34) 
 

Site of TB 
    

<0.01 
 Pulmonary TB 997 (88.39) 760 (90.15) 87 (78.38) 150 (86.21) 

 

 Extrapulmonary TB 131 (11.61) 83 (9.85) 24 (21.62) 24 (13.79) 
 

TB treatment category 
    

0.08 
 Newly treated TB patient 1,007 (90.56) 764 (91.50) 96 (91.43) 147 (85.47) 

 

 Previously treated TB patient 105 (9.44) 71 (8.50) 9 (8.57) 25 (14.53) 
 

TB drug resistance testing 
    

<0.01 
 Not tested 837 (75.61) 612 (73.38) 82 (78.10) 143 (90.51) 

 

 Not detected 258 (23.31) 220 (26.38) 23 (21.70) 15 (9.04) 
 

 Mono-resistance detected 6 (0.54) 2 (0.24) 1 (0.94) 3 (1.81) 
 

 Multidrug-resistance detected 6 (0.54) 0 0 5 (3.01) 
 

ART regimen at start of TB treatment 
    

0.41 
 Efavirenz-based 225 (40.61) 177 (42.34) 20 (31.75) 28 (38.36) 

 

 Nevirapine-based 166 (29.96) 130 (31.10) 16 (25.40) 20 (27.40) 
 

 Lopinavir-based 134 (24.19) 91 (21.77) 23 (36.51) 20 (27.40) 
 

 Atazanavir-based 17 (3.07) 12 (2.87) 3 (4.76) 2 (2.74) 
 

 Other 9 (1.62) 6 (1.44) 1 (1.59) 2 (2.74) 
 

 Azidothymidine + lamivudine + abacavir 3 (0.54) 2 (0.48) 0 1 (1.37) 
 

ART relative to start of TB treatment 
    

<0.01 
 On ART >6 mos 421 (34.59) 327 (36.01) 42 (34.71) 52 (27.66) 

 

 On ART <8 wks after TB treatment 396 (32.54) 315 (34.69) 26 (21.49) 55 (29.26) 
 

 On ART <6 mos 276 (22.68) 190 (20.93) 38 (31.40) 48 (25.53) 
 

 Never started ART 97 (7.97) 58 (6.39) 12 (9.92) 27 (14.36) 
 

 On ART >8 wks after TB treatment 27 (2.22) 18 (1.98) 3 (2.48) 6 (3.19) 
 

Immune status at start of TB treatment 
   

<0.01 
 Nonadvanced 468 (55.19) 387 (58.46) 15 (22.73) 66 (55.00) 

 

 Severe 252 (29.72) 174 (26.28) 41 (62.12) 37 (30.83) 
 

 Advanced 128 (15.09) 101 (15.26) 10 (15.15) 17 (14.17) 
 

Mean time receiving care before TB diagnosis, d  635.5 363.3 342 <0.01 
Mean time on ART before TB diagnosis, d 697.6 624 508.6 0.12 
*Values are no (%) except as indicated. ART, antiretroviral therapy; TB, tuberculosis. 
†2 test. 
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diagnostic testing remains a challenge more broadly 
across low and middle-income countries in sub-Saha-
ran Africa; furthermore, current testing strategies are 
invasive and extremely uncomfortable, necessitating 
the development of child-friendly diagnostic tools.

Within the cohort, HIV-infected children and 
adolescents <5 years of age had the greatest risk for 
TB, a finding consistent with existing literature (14). 
Likewise, children in this age range were more like-
ly to die (4). However, TB incidence did not decline 
significantly among school-age children <10 years of 
age, an age group in HIV-negative cohorts that has a 
significantly reduced risk for TB (30). This analysis, 
like others (31), suggests that HIV reduces the protec-
tive effect of age on TB risk.

Overall, 75% of HIV-infected children and ado-
lescents in this cohort had favorable treatment out-
comes, whereas 10% died. Existing literature esti-
mates that in sub-Saharan Africa, 16% of HIV-infected 

children and adolescents who are LTFU die, regard-
less of TB status (32). Because 4% of patients in our 
study were LTFU, the death rate of our cohort might 
be closer to 10%–13%. Recent evidence estimates a cu-
mulative all-cause death rate of 3% at 3 months, 5% at 
6 months, 6% at 12 months, and 7% at 24 months after 
ART initiation in HIV-infected children and adoles-
cents in sub-Saharan Africa (33).

Approximately 60% of HIV-infected children 
and adolescents have severe immunosuppression at 
TB diagnosis (13). In contrast, 33% of children in this 
cohort had advanced or severe immunosuppression 
at TB diagnosis. Severe immunosuppression was as-
sociated with up to a 4-fold higher risk for death than 
advanced immunosuppression. Similarly, advanced 
WHO stage (noted before TB diagnosis) was associ-
ated with a 2-fold increased risk for death. This find-
ing highlights the need for scale-up of HIV identifi-
cation and treatment methods, such as family index 
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Figure 4. Bivariate analyses of factors 
relating to TB treatment outcome in 
HIV-infected children and adolescents, 
2013–2017. A) ART treatment 
category: received ART >6 months 
or <6 months before TB diagnosis 
or started on ART <2 months or >2 
months after TB diagnosis. B) Immune 
status. Advanced immunosuppression 
was define as a CD4 percentage of 
<25% in children <5 years of age or 
CD4 count <200 cells/mm3 in children 
>5 years of age. ART, antiretroviral 
therapy; TB, tuberculosis.

 
Table 3. Predictors of favorable TB outcomes against death in HIV-infected children and adolescents, 2013–2017 
Variable Odds ratio (95% CI) p value 
Country   
 Swaziland, Lesotho, Malawi, Tanzania-Mbeya, Tanzania-Mwanza, and Uganda Referent  
 Botswana 0.09 (0.00–22.83) 0.1811 
TB drug resistance   
 Not tested, multidrug resistance, and not detected Referent  
 Monoresistance 18.11 (0.00–31,381.00) 0.4642 
ART category   
 On ART >6 mos before TB treatment, on ART <6 mos before TB treatment,  
 and on ART >8 wks after starting TB treatment 

Referent  

 Never on ART 3.38 (0.21–20.02) 0.2168 
 On ART <8 wks after TB treatment 0.41 (0.14–0.60) 0.0051† 
Immune status   
 Advanced Referent  
 Not advanced 0.42 (0.13–0.94) 0.0412† 
 Severe 1.88 (0.70–4.80) 0.1233 
Each increasing WHO stage 3.64 (2.50–7.17) <0.001‡ 
*Variables included were sex, COE, site of TB, TB treatment category, TB drug resistance, age at ATT initiation, days in care at COE, immune status, 
ART TB days, ART category, and World Health Organization stage; all elements under each variable are described in Table 2. Variables excluded were 
ART regimen pre-ATT initiation, and total ART drugs pre-ATT treatment. ART, antiretroviral therapy; ATT, anti-TB therapy; COE, Center of Excellence; 
TB, tuberculosis. 
†Significant result (p<0.05). 
‡Significant result (p<0.01). 
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testing, provider-initiated testing and counseling, 
Test and Start models (10), and prompt ART initia-
tion. Public health officials must further evaluate the 
care of children and adolescents with advanced HIV 
to develop strategies that promote survival (34).

The bivariate and multivariate analyses dem-
onstrate a dramatic reduction of death in children 
who started ART within <8 weeks after TB diagno-
sis. Multivariate analysis shows that starting ART 
within <8 weeks after beginning TB treatment was 
associated with a 59% reduction in death compared 
with children on ART before their TB diagnosis or 
beginning it >8 weeks after starting TB treatment. 
Furthermore, children who never initiated ART 
had a >3 times higher risk for death than those 
who were on ART before their TB diagnosis or 
began ART >8 weeks after starting TB treatment. 
We need more data to ascertain whether ART can 
further reduce HIV-associated TB death in children 
when initiated within <2 weeks after TB treatment. 
Most HIV-infected children and adolescents with 
TB have paucibacillary disease, which can inhibit 
confirmatory TB testing and might reduce chil-
dren’s risk for immune reconstitution syndrome 
after starting ART. Furthermore, children have 
lower risk for adverse reactions to TB treatment 
and ART than adults. Thus, early simultaneous ini-
tiation of ART and TB treatment might be a safer 
treatment strategy in children. Starting ART at the 
same time as TB treatment might reduce the num-
ber of HIV-infected children and adolescents with 
TB who are LTFU before starting ART. This prom-
ising treatment strategy should be evaluated in  
controlled studies.

Among HIV-infected children and adolescents 
who were not on ART at TB diagnosis, 85% started 
ART within <8 weeks of beginning TB treatment, 
confirming that this intervention is attainable in a 
setting with high HIV/TB prevalence. Children who 
started ART <8 weeks after TB treatment had the 

lowest odds of death, even lower than those of chil-
dren on ART at TB diagnosis. We hypothesize that 
many children who develop TB while on ART are 
not virologically surpressed and are therefore more 
likely to die from this disease. The bivariate analy-
sis, but not the multivariate analysis, indicated an 
increased odds of death among children who began 
ART <6 months before TB diagnosis. This finding 
suggests that HIV-infected children and adolescents 
with unmasking TB-immune reconstitution syn-
drome, an exaggerated inflammatory manifestation  
of TB during early ART, might have an increased 
odds of death. Prospective studies evaluating time 
from TB diagnosis to ART initiation has benefitted 
the treatment of adults with HIV (35). Similar pro-
spective trials are needed to inform treatment of 
HIV-infected children and adolescents.

This study has some limitations. Because we 
used data from clinical settings, missing data pre-
cluded analysis of some variables. Nevertheless, this 
evidence is representative of well-managed clinics in 
countries in sub-Saharan Africa with consistent access 
to diagnostic technology and ART medications. We 
identified an association between ART and TB preva-
lence but cumulative IPT coverage also increased over 
time across a subset of COEs. We did not observe an 
association between IPT uptake and TB prevalence. 
This lack of association might have been caused by 
sample size limitations, inconsistent IPT availabil-
ity, or heterogeneity of IPT guidelines; therefore, we 
cannot draw strong conclusions about the effects of 
IPT on TB prevalence. Because only a subset of COEs 
provided data on IPT, we did not include it in the TB 
outcomes models. We could not compare annual in-
cidence of TB at the clinic level with national trends 
because of recent changes in WHO’s estimation meth-
ods (36). Last, as with all retrospective analysis, the 
possibility exists for inaccurate entry of clinical data. 
We attempted to limit this source of error through 
manual data checks.
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Table 4. Predictors of favorable TB outcomes against death in HIV-infected children and adolescents on ART at TB diagnosis,  
2013–2017 
Variable Odds ratio (95% CI) p value 
Country    
 Swaziland, Lesotho, Malawi, Tanzania-Mbeya, Tanzania-Mwanza, and Uganda Referent  
 Botswana 0.22 (0.01–1.90) 0.0858 
TB drug resistance   
 Not tested, multidrug resistance, not detected Referent  
 Mono INH resistance 23.64 (0.00–28,630.46) 0.3917 
Immune status   
 Advanced Referent  
 Not advanced 0.59 (0.12–5.17) 0.2767 
 Severe 4.29 (1.23–29.28) 0.0294* 
Each increasing WHO stage 2.18 (1.91–5.98) 0.001* 
*Significant result (p<0.05) 

 



RESEARCH

The strong association between immune suppres-
sion at TB diagnosis and death highlights the impor-
tance of early TB case detection and ART initiation 
among HIV-infected children and adolescents. Further-
more, we found a strong association between favorable 
TB outcome and increased length of time in care. These 
associations emphasize the importance of early HIV 
case detection and prompt ART initiation. Finally, we 
found an association between increased ART coverage 
and decreased TB incidence, as well as ART initiation 
within <8 weeks after starting TB treatment and favor-
able outcomes. Collectively, these findings support the 
continued need to promote policies and implement 
practices that fully integrate optimal HIV and TB treat-
ment in countries with high burdens of these diseases.
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The genus Orthonairovirus (family Nairoviridae) com-
prises ≈40 viruses (1), including human pathogens 

such as Crimean-Congo hemorrhagic fever virus. The 
orthonairoviruses are assigned to 14 species (1), most 
of which have been associated with a single vertebrate 
subphylum (Vertebrata: bats, birds, rodents, shrews, 
or ungulates) and tick order (Ixodida: argasids or 
ixodids) (2). The species Kasokero orthonairovirus com-
prises 3 viruses isolated from bats belonging to the 
suborder Yinpterochiroptera (3,4) (Pteropodiformes) 
(5) in Africa, namely Yogue virus (YOGV; Rousettus 
aegyptiacus, Senegal), Leopards Hill virus (LPHV; Hip-
posideros gigas, Zambia), and Kasokero virus (KASV; 
Rousettus aegyptiacus, Uganda) (2,6,7).

KASV was first isolated in 1977 by scientists at 
Uganda Virus Research Institute (UVRI) from 2.7% 
(2/74) of serum samples collected from R. aegyptiacus 

bats captured at Kasokero Cave in Uganda (6). Two 
months after the KASV bat isolates were introduced 
to the UVRI laboratory and 3 weeks after the isolates 
were used in virus characterization assays, a labora-
tory staff member became ill. Shortly thereafter, 2 ad-
ditional laboratory staff members became ill. Two of 
these laboratory staff members had participated in 
KASV characterization studies that involved virus an-
tigen extraction and serologic testing; the third labo-
ratory staff member had prepared KASV mouse brain 
suspensions for inoculation and examined virus-in-
fected mice. Sixteen days after symptom onset in the 
index patient, a UVRI driver who reported no direct 
contact with the laboratory rooms used to handle the 
KASV isolates became ill. Manifestations ranged in 
severity from mild febrile illness to prolonged sys-
temic disease characterized by fever, headache, my-
algia, arthralgia, abdominal pain, nausea, diarrhea, 
chest pain, coughing, and hyperactive reflexes. In-
tracerebral inoculation of suckling mice with acute 
phase blood specimens collected from each of the 4 
humans yielded a KASV isolate. KASV-specific anti-
bodies were detected in serum from the 4 patients at 
various times after illness, as well as in 9.5% (10/105) 
of serum samples collected from other UVRI labora-
tory staff members and 67.6% (50/74) of the original 
R. aegyptiacus serum. In susceptibility studies, KASV 
killed suckling and adult mice by intracerebral and 
intraperitoneal inoculation within 8 days (6). In ad-
dition, nearly all naive adult mice that nursed KASV-
inoculated suckling mice died of KASV infection, in-
dicating horizontal transmission of virus infection.

The home range of R. aegyptiacus bats extends 
throughout sub-Saharan Africa; the bats prefer sub-
terranean environments, such as caves or mines. At 
multiple locations, Ornithodoros (Reticulinasus) faini 
ticks (family Argasidae) (8) have been observed liv-
ing within rock crevices and feeding on R. aegyptiacus 
bats (9–13). Although chiropteran ticks typically ex-
hibit high host-specificity (9,14), miners, researchers, 
and other persons entering R. aegyptiacus bat roosts 
have reported being bitten by O. (R.) faini ticks (13). 
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Kasokero virus (KASV; genus Orthonairovirus) was first 
isolated in 1977 at Uganda Virus Research Institute from 
serum collected from Rousettus aegyptiacus bats cap-
tured at Kasokero Cave, Uganda. During virus charac-
terization studies at the institute, 4 laboratory-associated 
infections resulted in mild to severe disease. Although 
orthonairoviruses are typically associated with vertebrate 
and tick hosts, a tick vector of KASV never has been re-
ported. We tested 786 Ornithodoros (Reticulinasus) faini 
tick pools (3,930 ticks) for KASV. The ticks were collected 
from a large R. aegyptiacus bat roosting site in western 
Uganda. We detected KASV RNA in 43 tick pools and 
recovered 2 infectious isolates, 1 of which was derived 
from host blood–depleted ticks. Our findings suggest that 
KASV is maintained in an enzootic transmission cycle in-
volving O. (R.) faini ticks and R. aegyptiacus bats and has 
the potential for incidental virus spillover to humans.



Kasokero Virus in Field-Collected Ticks

Because most orthonairoviruses have been associated 
with a tick host, O. (R.) faini ticks are likely to be in-
volved in the enzootic transmission and maintenance 
of KASV and have the potential to be vectors for virus 
spillover into humans. In 1994 and 1995, KASV was 
isolated by 1 author (R.S.) from O. (R.) faini ticks col-
lected in Lanner Gorge Cave (22.450°S, 31.150°E) in 
South Africa, where R. aegyptiacus bats roosted. The 
isolations were made by intracerebral inoculation of 
suckling mice and identified in cross-neutralization 
tests in mice using homologous and reference mouse 
antiserum and the prototype KASV UG Z-52969 iso-
late obtained from Yale Arbovirus Research Unit 
(New Haven, CT, USA) and methods described by 
Shope and Sather (15). At the time, KASV was con-
sidered a possible bunyavirus, and the isolations re-
mained unpublished. No molecular studies were at-
tempted, and the isolations are no longer available for 
sequencing. Members of the team that entered Lannar 
Gorge Cave were bitten by ticks, and in 2 team mem-
bers, a moderately severe, transient febrile illness de-
veloped with headache, malaise, and myalgia a few 
days later; they refused to seek medical attention or to 
donate blood samples for virologic examination. 

In this study, we tested 786 tick pools (3,930 to-
tal O. [R.] faini ticks) for KASV. We collected the ticks 
from a large R. aegyptiacus bat roosting site in western 
Uganda in 2013 and 2017.

Methods

Tick Collection and Processing
After obtaining approval from the Uganda Wildlife 
Authority, we collected adult and nymph O. (R.) faini 
ticks with forceps from rock crevices in Python Cave, 
Queen Elizabeth National Park, Uganda, over 4 days 
in April 2013 (12) and 1 day in September 2017. A chi-
ropteran population consisting solely of ≈40,000 R. ae-
gyptiacus bats inhabit the cave (11). Ticks collected in 
2013 were pooled in groups of 5, placed directly into 
grinding vials (OPS Diagnostics, https://opsdiagnos-
tics.com) containing 250 µL of a 1:1 ratio of MagMax 
Lysis Binding Solution Concentrate (Thermo Fisher 
Scientific, https://www.thermofisher.com) to 100% 
isopropanol (MagMax Lysis Binding Buffer) and then 
homogenized using the GenoGrinder 2000 (OPS Di-
agnostics). After we added 550 µL of MagMax Lysis 
Binding Buffer, we transferred the tick pool lysates to 
cryovials and stored them under liquid nitrogen (12).

Ticks collected in 2017, also pooled in groups of 
5, were placed directly into cryovials containing Dul-
becco’s Modified Eagle Medium supplemented with 
20% heat-inactivated fetal bovine serum (FBS) and 

antimicrobial drugs and then stored under liquid ni-
trogen. After thawing the tick pools, we transferred 
the contents to grinding vials, homogenized them us-
ing the GenoGrinder 2000, and then transferred them 
to a cryovial containing 250 µL of Dulbecco’s Modi-
fied Eagle Medium supplemented with 2% heat-inac-
tivated FBS and antimicrobial drugs. We transferred 
a portion of each tick pool homogenate (100-µL) into a 
400-µL aliquot of MagMax Lysis Binding Buffer.

RNA Extraction and Quantitative Reverse  
Transcriptase PCR
We extracted RNA (90 µL) from the 2013 (800 μL) 
and 2017 (500 μL) tick pool lysates using the MagMax 
Pathogen RNA/DNA Kit on the MagMax Express-96 
Deep Well Magnetic Particle Processor (Thermo Fish-
er Scientific). KASV has an 18.3-kb single-stranded, 
negative-sense, trisegmented RNA genome compris-
ing large segment that encodes for the viral RNA-de-
pendent RNA polymerase (RdRp), medium segment 
that encodes for the glycoprotein precursor (GP), and 
small segment that encodes for the nucleoprotein 
(N) (2). We analyzed RNA by quantitative reverse 
transcription PCR (qRT-PCR) using the SuperScript 
III Platinum One-Step qRT-PCR Kit (Thermo Fisher 
Scientific) with primers and probes (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/26/12/20-
2411-App1.pdf) targeting the KASV N gene, tick mi-
tochondrial 16S ribosomal RNA (rRNA) gene (16), 
and eukaryotic 18S rRNA gene (Thermo Fisher Scien-
tific; 2017 tick pools only). Relative KASV RNA cop-
ies/tick pool were interpolated from a standard curve 
generated from a serial dilution of a known concen-
tration of a synthetic KASV RNA oligo.

KASV Infection Prevalence Calculations
We calculated maximum-likelihood estimates of 
KASV infection prevalence in individual ticks with 
exact 95% CIs using an online pooled prevalence 
calculator (https://epitools.ausvet.com.au). The cal-
culator implemented a frequentist approach and as-
sumed a fixed tick pool size (n = 5) and 100% KASV 
qRT-PCR sensitivity and specificity (17,18).

Virus Isolation and Immunofluorescence Assay
We attempted virus isolation on the four 2017 KASV 
RNA-positive tick pools. After clarifying the tick 
pool homogenates (650 µL) by centrifugation, we 
transferred 200 µL supernatant to a vial containing 
antimicrobials and incubated it at room temperature 
for 1 h. Monolayers of Vero E6 cells in 12-well plates 
were inoculated with 210 µL of antimicrobial-treated 
supernatant and incubated for 1 h at 37°C under 5% 
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CO2. After the addition of 1.3 mL maintenance me-
dia, cultures were incubated at 37°C under 5% CO2 
and monitored daily for cytopathic effect. After 7 d, 
we transferred 1 mL culture media to a cryovial and 
replaced with an equal volume of fresh maintenance 
media. We transferred a portion of the day 7 media 
(100 µL) into MagMax Lysis Binding Buffer (400 µL) 
for RNA extraction and qRT-PCR. After 9–10 d, tissue 
cultures monolayers that were KASV RNA positive at 
day 7 were scraped to release virus-infected cells. Part 
of each cellular medium (1 mL) was suspended in 5 
mL of borate saline, and 100 μL was placed into Mag-
Max Lysis Binding Buffer (400 μL) for RNA extraction 
and qRT-PCR. After the cell suspensions were pel-
leted by centrifugation, the borate saline was decant-
ed, the cells were resuspended in 500 μL borate sa-
line, and 12-well spot slides were spotted with 25 μL 
of the cellular suspensions. The slides were fixed in 
acetone before receiving 2 megarads of γ-irradiation.

Six spots on each slide were incubated with 25 
μL of a 1:100 dilution of KASV mouse immune ascitic 
fluid (World Reference Center for Emerging Viruses 
and Arboviruses, https://www.utmb.edu/gnl/re-
search/wrceva), and the other 6 spots were incubated 
with normal mouse ascitic fluid for 30 min at 37°C. Af-
ter the incubation, the spot slides were rinsed 2 times 
with phosphate buffered saline (PBS), incubated with 
24 μL of a 1:40 dilution of goat anti-mouse fluorescein 
isothiocyanate (MP Biomedicals, https://www.mp-
bio.com) for 30 min at 37°C, rinsed with PBS, stained 
with Eriochrome Black T, rinsed with PBS, and then 
observed under a fluorescence microscope.

KASV Genome Sequencing
First-strand cDNA was synthesized directly from 
RNA extracted from 9 of the 2013 KASV RNA-posi-
tive tick pools using the qScript XLT cDNA SuperMix 
Kit (Quantabio, https://www.quantabio.com). KASV 
amplicons were generated from first-strand cDNA 
using the Q5 High-Fidelity 2X Master Mix (New Eng-
land BioLabs, https://www.neb.com) and 6 multi-
plex pools of KASV-specific tiling primers (Appendix 
Table 2) that were designed using the Primal Scheme 
software (http://primal.zibraproject.org) (19). We 
prepared purified KASV amplicons for sequenc-
ing using the Accel-NGS 2S DNA Library Kit (Swift 
Biosciences, https://swiftbiosci.com). Indexed DNA 
libraries were pooled and then pair-end sequenced 
using a 500-cycle MiSeq Reagent Kit v2 on the MiSeq 
System (Illumina, https://www.illumina.com).

After thawing media collected from the two 2017 
KASV isolates, we clarified the media by centrifuga-
tion and transferred 100 μL supernatant into 400 μL 

TriPure Isolation Reagent (MilliporeSigma, https://
www.emdmillipore.com). We extracted RNA from 
the KASV isolate lysates using the 5PRIME Phase Lock 
Gel (Quantabio) system and then purified it using the 
Monarch Total RNA Miniprep Kit (New England 
Biolabs). We prepared purified RNA for sequencing 
using the NEB rRNA Depletion and NEBNext Ultra 
II RNA Library Kits for Illumina (New England Bio-
labs). Indexed DNA libraries were pooled and then 
pair-end sequenced using a 300-cycle MiSeq Reagent 
Kit v2 on the MiSeq System (Illumina).

Sequence and Phylogenetic Analyses
KASV sequence data were imported into Geneious 
11.1.2 (Biomatters, https://www.geneious.com). 
After removing KASV-specific primers from the se-
quences (2013 tick pools), we used BBDuk to trim 
adaptors and low-quality reads from both sequence 
ends (minimum quality 30). Long sequence reads 
were retained (>93% of maximum read length) and 
normalized to a target coverage level of 40 with a min-
imum depth of 2. Merged reads were mapped to the 
concatenated genome sequence of the KASV Z-52963 
isolate using the Geneious mapper (minimum map-
ping quality 30), and consensus sequences were then 
extracted and parsed according to gene.

We used the MUSCLE algorithm (https://www.
ebi.ac.uk/Tools/msa/muscle) to generate N, GP, and 
RdRp nucleotide and deduced amino acid alignments 
from the new KASV sequences and existing KASV, 
YOGV, and LPHV sequences. We constructed max-
imum-likelihood phylogenies using the PhyML 3.0 
algorithm (20) in conjunction with the best-fit nucleo-
tide substitution model (21) on the ATGC Montpellier 
Bioinformatics Platform (http://www.atgc-montpel-
lier.fr). We visualized phylogenies using TreeGraph 2 
(http://treegraph.bioinfweb.info) (22). We estimated 
the global ratio of the rate of nonsynonymous (dN) 
nucleotide substitutions to the rate of synonymous 
(dS) nucleotide substitutions (dN:dS) across the KASV 
nucleotide alignments using the fixed effects likeli-
hood method with the HyPhy version 1.8.2 software 
(https://www.hyphy.org).

Results

Description of the O. (R.) faini Tick Collections
We collected 3,125 O. (R.) faini ticks (625 pools of 5 
each) from the rock crevices within R. aegyptiacus bat 
roosting sites in Python Cave, Uganda, in 2013 and 
975 O. (R.) faini ticks (195 pools of 5 each) from the 
same location in 2017. We confirmed the O. (R.) faini 
species designation by comparative genetic analysis 
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of the 16S rRNA gene of a set of ticks and by morpho-
logic examination (12). Screening the O. (R.) faini tick 
pools for the tick-specific 16S rRNA gene revealed 
that 4.3% (27/625) of the 2013 pools and 3.6% (7/195) 
of the 2017 pools were negative, indicating that these 
samples contained RNA inhibitors and were unsuit-
able for downstream KASV qRT-PCR analysis.

Detection of KASV RNA in Ticks
We detected KASV RNA in 39/598 of the 2013 O. (R.) 
faini tick pools and 4/188 of the 2017 O. (R.) faini tick 
pools, resulting in maximum-likelihood estimates 
of KASV infection prevalence at the individual tick 
level of 1.34% (95% CI 0.94%–1.83%) and 0.43% (95% 
CI 0.12%–1.10%), respectively. Based off a standard 
curve using synthetic KASV RNA, the mean KASV 
load of the positive 2013 tick pools was 5.5 (range 
0.6–7.0) log10 RNA copies, and the mean KASV load 
of the positive 2017 tick pools was 7.1 (range 1.5–7.6) 
log10 RNA copies  (Figure 1).

Isolation of Infectious KASV from Ticks
We isolated infectious KASV from 50% (2/4) of the 
2017 KASV RNA-positive tick pools. As expected, the 
2 KASV isolates were derived from the tick pools with 
the highest KASV RNA loads (UGA-Tick-20170048: 
7.6 log10 RNA copies and UGA-Tick-20170128: 7.0 
log10RNA copies) (Figure 1). A qRT-PCR targeting 
the eukaryotic 18S rRNA gene was used to screen the 
KASV-isolation positive tick pools for R. aegyptiacus 
blood. We found no trace of R. aegyptiacus blood in 
tick pool UGA-Tick-20170048, indicating that the 5 
ticks in this pool had not recently taken a blood meal 
from an actively KASV-infected R. aegyptiacus bat. 
This finding suggests that KASV in this tick pool re-
sulted from active virus replication in >1 tick.

Circulation of Genetically Diverse KASVs
We attempted genomic sequencing on 9 of the 2013 
KASV RNA-positive tick pools with KASV loads >3.6 
log10 RNA copies and on the two 2017 KASV tick iso-
lates. We obtained complete sequence coverage for 
the N (1,545 nt) for 11 of the KASV-positive tick pools, 
the GP (4,314 nt) for 4 of the KASV-positive tick pools, 
and the RdRp (11,919 nt) genes for 4 of the KASV-
positive tick pools. Maximum-likelihood phylogenies 
constructed from N, GP, and RdRp gene sequences 
from the 2013 and 2017 KASV-positive tick pools, 
as well as prototype KASV (Z-52963, R. aegyptiacus, 
Uganda, 1977), YOGV (DakAnD 56, R. aegyptiacus, 
Senegal, 1968), and LPHV (11SB17, H. gigas, Zambia, 
2011) isolate sequences, had similar topologies and 
virus species groupings (Figure 2). Consistent with 

previous results (2,23,24), YOGV diverged first fol-
lowed by LPHV, and finally the KASV lineage. The 
N phylogeny showed 2 distinct KASV lineages de-
fined by >9.2% interlineage nucleotide divergences, 
and the RdRp phylogeny showed 2 distinct KASV 
lineages defined by >12.0% interlineage nucleotide 
divergences; the first lineage included the prototype 
Z-52963 sequence plus the 2013 tick sequences and 
the second lineage included the 2017 tick sequences 
(Appendix Tables 3, 4). Deduced amino acid align-
ments of the N and RdRp proteins revealed that most 
KASV lineage-defining nucleotide substitutions were 
synonymous with interlineage amino acid divergenc-
es ranging from 0.6% to 1.0% for the N protein and 
2.4% to 2.6% for the RdRp protein. In contrast to the 
N and RdRp phylogenies, the GP phylogeny shows 
that the Z-52963 sequence diverged first, followed 
by the divergence of the 2013 and the 2017 tick se-
quence groups. Furthermore, the KASV sequences in 
the GP phylogeny are considerably more similar to 
one another at the nucleotide level (<2.2% nt diver-
gence and <0.9% aa divergence) and do not form 2 
distinct lineages (Appendix Table 5). Consistent with 
the phylogenetic and KASV gene/protein divergence 
data, dN:dS estimates demonstrated that the N gene 
was under the strongest purifying selection (0.0110), 
followed by the RdRp (0.0264) and GP (0.0650) genes.

Discussion
We detected KASV RNA in 43 O. (R.) faini tick pools col-
lected from a large R. aegyptiacus bat colony at Python 
Cave, Uganda, over a 4-year span. The mean KASV 
RNA load for the 39 positive 2013 tick pools stored in 
MagMax Lysis Binding Buffer was lower (5.5 [range 
0.6–7.0] log10 RNA copies) than the 4 positive 2017 tick 
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Figure 1. Kasokero virus RNA loads in Ornithodoros 
(Reticulinasus) faini tick pools from Rousettus aegyptiacus bats, 
western Uganda, 2013 and 2017. Black horizontal bars represent 
mean viral loads.
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pools stored in sterile media supplemented with FBS 
and antimicrobial drugs (7.1 [range 1.5–7.6] log10 RNA 
copies). Although this difference might have resulted 
from the choice of sample preservation buffer, it could 
also be attributed to the type of storage vial (internally 
threaded for 2017 ticks vs. externally threaded for 2013 
ticks), number of RNA freeze-thaw cycles (0 for 2017 
ticks vs. 1 for 2013 ticks), month of tick collection in 
relation to the natural history of KASV infection in O. 
(R.) faini ticks (September for ticks collected in 2017 vs. 
April for ticks collected in 2013), or sample size effect 
(39 KASV-positive tick pools in 2013 vs. 4 KASV-pos-
itive tick pools in 2017). We could not attempt virus 
isolation on the 2013 KASV-positive tick pools because 
they were placed directly in virucidal buffer; however, 
we isolated infectious KASV from 2 of the 2017 KASV 
RNA-positive tick pools. Importantly, molecular evi-
dence of R. aegyptiacus blood was not detected in 1 of 
the KASV isolation-positive tick pools. This finding  

indicates that the presence of infectious KASV in this 
tick pool resulted from active virus replication in >1 
tick and not from ingestion of a recent blood meal by a 
tick feeding on a viremic R. aegyptiacus bat. Although 
we did not assess whether KASV can disseminate to 
the salivary glands of O. (R.) faini ticks and then be suc-
cessfully transmitted to R. aegyptiacus bats, our data 
coupled with the results of a previous study demon-
strating a 2.7% prevalence of active KASV infection 
and a 67.6% KASV seroprevalence in R. aegyptiacus 
captured at Kasokero Cave, Uganda (6), suggest that 
this virus is maintained in an enzootic transmission cy-
cle involving R. aegyptiacus bats and O. (R.) faini ticks. 
The isolation of KASV from O. (R.) faini ticks collected 
from a R. aegyptiacus bat roost in Lanner Gorge Cave, 
South Africa, in 1994–1995 (R. Swanepoel, unpub. 
data) supports this notion and suggests that KASV has 
a widespread geographic distribution. Tick transmis-
sion of KASV also is consistent with our knowledge 
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Figure 2. Maximum-likelihood phylogenies constructed from virus sequences belonging to the species Kasokero orthonairovirus, 
including viruses collected from Ornithodoros (Reticulinasus) faini tick pools from Rousettus aegyptiacus bats, western Uganda, 2013 
and 2017. The midpoint rooted phylogenies were generated from complete nucleoprotein (N) (A), glycoprotein precursor (GP) (B), and 
RNA-dependent RNA-polymerase (RdRp) (C) gene sequences. The N and RdRp gene phylogenies were generated using the general 
time-reversible nucleotide substitution model with the addition of invariant sites, and the GP gene phylogeny was generated using the 
general time-reversible nucleotide substitution model with a gamma distribution of rates across sites. Horizontal branch lengths are 
proportional to the genetic distance between the sequences. Numbers at the end of the branches represent percent bootstrap values 
based on 1,000 replicates. Only percent bootstrap values >50% are shown. GenBank accession numbers for the new Kasokero virus 
tick sequences from this study are MT309080–98. Scale bars indicate nucleotide substitutions per site.
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of the vector status of the orthonairoviruses (2). Of the 
14 currently recognized orthonairovirus species (1), 13 
have now been associated with a tick host.

Genetic analysis of the KASV nucleotide align-
ment showed that the N and RdRp gene sequences 
were highly divergent, whereas the GP gene sequenc-
es were highly conserved. However, the low dN:dS es-
timates, together with the high level of conservation 
between the deduced amino acid sequences for the N, 
GP, and RdRp proteins, suggest that strong purifying 
selection purged deleterious mutations. This finding 
is consistent with findings of previous studies dem-
onstrating that arbovirus evolution is constrained to 
enable alternating infection of disparate vertebrate 
and arthropod hosts (25–27).

Additional work is needed to fully understand the 
roles that R. aegyptiacus bats and O. (R.) faini ticks play 
in maintaining KASV over time (9). Collection and 
separation of O. (R.) faini ticks according to life history 
stage, as well as experimental tick work, will be impor-
tant in determining whether these ticks serve as ampli-
fication or reservoir hosts for KASV. Detection of in-
fectious KASV in larval, nymphal, and adult stages of 
O. (R.) faini ticks would suggest that the virus is trans-
tadially transmitted, and ticks serve as virus amplifi-
cation hosts. Likewise, detection of KASV in nymphs 
and adults originating from KASV-artificially infected 
O. (R.) faini larvae would suggest the virus is transtadi-
ally transmitted from one generation to the next. Isola-
tion of KASV in O. (R.) faini eggs found in nature or 
in larvae originating from KASV-artificially infected 
female ticks would indicate that the virus is transovari-
ally transmitted and that ticks are reservoir hosts for 
the virus because a vertebrate host is not required for 
long-term virus survival. Similarly, a longitudinal eco-
logic investigation of KASV infection in R. aegyptiacus 
bats, as well as experimental KASV infection of captive 
bats, is critical in defining the relationship this virus 
has with its vertebrate host. Although KASV has previ-
ously been isolated from 2 wild-caught R. aegyptiacus 
bats (6), the isolation of actively replicating KASV over 
several days in experimentally infected R. aegyptiacus 
bats will confirm the ability of this bat species to serve 
as an amplification host for the virus. The detection of 
KASV in oral, rectal, or urogenital shedding collected 
from experimentally infected or wild-caught R. aegyp-
tiacus bats will not only provide evidence that these 
bats are reservoir hosts of the virus but also indicate 
that they are capable of transmitting the virus to hu-
mans that encroach upon their habitat.

Although no human cases of KASV infection have 
been reported since the initial UVRI-associated cases 
described in 1977 (6), surveillance of populations at 

risk for KASV infection has never been conducted. 
Miners, herders, tourists, and researchers often fre-
quent mines and caves occupied by large colonies of 
R. aegyptiacus bats. Entry into R. aegyptiacus bat–in-
habited environments has been linked to the spillover 
of several pathogenic agents into the human popu-
lation, including Marburg virus (11,28,29), Sosuga 
virus (30,31), and Borrelia spirochetes (13). Similarly, 
humans who enter environments occupied by R. ae-
gyptiacus bats and O. (R.) faini ticks are likely to be at 
risk for KASV infection. Surveillance of these at-risk 
populations for evidence of active or past infection 
KASV infection is needed to determine the true bur-
den of KASV infection in humans.
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Nontyphoidal Salmonella (NTS) is a major cause 
for foodborne diseases worldwide. In Taiwan, 

the ambient climate and flourishing pig-raising in-
dustry makes NTS infections rampant. As in other 
countries, salmonellosis was primarily caused by Sal-
monella enterica serovars Enteritidis and Typhimuri-
um in Taiwan (1), but rare serovars such as Salmo-
nella Goldcoast have appeared in recent years (2). 
Recommended antimicrobial treatment options for 
salmonellosis include fluoroquinolones and extend-
ed-spectrum cephalosporins (1). However, resistance 
to these antibiotics has been emerging in many coun-
tries, leading to increased disease prevalence, disease 
severity, and death and the requirement of last-line 
antimicrobial drugs (e.g., carbapenems) (3–5).

Since 2015, northern Taiwan has seen an increase 
in Salmonella infections, caused by previously rare 
Salmonella Anatum. The infections were also reported 
in central Taiwan, indicating that this outbreak had 
already prevailed throughout the entire island (6). 
Co-resistance to ceftriaxone and ciprofloxacin are the 
main feature of the outbreak clone. Evidence from 
epidemiologic, laboratory, and supply-chain investi-
gations identified raw pork and poultry as the vehicle 
for spread of this strain. More important, genomic 
comparisons against the global public database indi-
cated that this clone has appeared in Europe, Asia, 
and America. Given the increasing globalization of 
foodstuffs, these findings prompt an urgent global 
sharing of whole-genome sequencing (WGS) data to 
facilitate disease surveillance and early recognition of 
international foodborne outbreaks (7,8).

The Study
Chang Gung Memorial Hospital is a main referral 
hospital for cities in northern Taiwan, including Tai-
pei, New Taipei, and Taoyuan. The population in this 
region is ≈7 million. In 2012, the hospital’s clinical mi-
crobiology laboratory launched a program to moni-
tor the NTS serovars causing human infections. All 
Salmonella isolates from patients were collected and 
serotyped. Before 2015, very few Salmonella Anatum 
isolates were recovered, and most were susceptible to 
antimicrobial agents. Since then, an increase has been 
observed, peaking in 2017 (Figure 1, panel A). As of 
June 2019, a total of 319 nonrepetitive isolates have 
been identified; of these, 197 (61.8%) isolates were 
ceftriaxone-resistant (MIC >2 µg/mL), 301 (94.4%) 
were ciprofloxacin-resistant (MIC >0.12 µg/mL), 
and 197 (61.8%) were resistant to both. In addition, 
292 (91.5%) isolates were resistant to chloramphen-
ic, and 295 (92.5%) were resistant to trimethoprim/ 
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An ongoing outbreak of multidrug-resistant Salmonella 
enterica serovar Anatum began in Taiwan in 2015. Pork 
and poultry were identified as vehicles for transmission. 
Contaminated meat contributed to the high rate of infec-
tions among children. Nearly identical Salmonella Ana-
tum strains have been identified in the United Kingdom, 
the United States, and the Philippines.
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sulfamethoxazole. A positive correlation was found 
between higher temperatures and the infections 
(r = 0.4; p<0.05) (Figure 1, panel B); however, no 
notable effects on Salmonella. Anatum infections 
have been associated with precipitation or humidity 
(r<0.3; p>0.05).

Detailed methods are described in the Appendix 
(https://wwwnc.cdc.gov/EID/article/26/12/20-
0147-App1.pdf). We first reviewed the clinical and 
laboratory characteristics of 278 patients from 2015–
2018. Most patients had acute gastroenteritis, where-
as a few (14/278, 5%) had invasive diseases, such as 
bacteremia and sepsis. In terms of age distribution, 
the highest number of cases were in young children 
(Figure 1, panel C). Pediatric patients (n = 169) had 

significantly higher rates than adult patients (n = 
109) for hospitalization (79.2% vs. 55.0%; p<0.05), 
diarrhea (89.9% vs. 68.8%; p<0.05), and fever (89.2% 
vs. 58.1%; p<0.05).

Multilocus sequence typing indicated that the 
entire collection of clinical Salmonella Anatum iso-
lates belonged to sequence type 64. We randomly 
selected 54 clinical isolates for WGS (Appendix 
Table 1). Both core genome multilocus sequence 
typing and whole-genome single-nucleotide poly-
morphism analyses, performed by using the BacW-
GSTdb database (9), further divided these isolates 
into 3 clades (Figure 2, panel A, B). Clades I and II 
were more closely related to each other; their most 
recent common ancestor occurred >21 years ago. 
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Figure 1. Salmonella 
enterica serotype Anatum 
infection and antimicrobial 
resistance, Taiwan. A) 
Antimicrobial resistance 
of the Salmonella Anatum 
isolates collected in Chang 
Gung Memorial Hospital. B) 
Monthly case number (bar 
plot) and temperature (line). 
C) Age distribution of patients 
diagnosed during 2015–2018.
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Clade III was more distantly connected to these 2 
clades. Typing based on PCR assay was performed 
on the unsequenced isolates. Clade I accounted for 
95.6% (305/319) of all isolates, suggesting it was 
the cause of the outbreak. The isolates resistant to 
ceftriaxone, ciprofloxacin, or both clustered within 
clade I, whereas the isolates of clades II and III were 
more susceptible. Most of the clade I isolates har-
bored a 90-kb IncA/C plasmid carrying blaDHA-1 
(encoding a class C β-lactamase) and qnrB (confer-
ring resistance to quinolones). A conjugation assay 

demonstrated that this plasmid conferred ceftri-
axone and ciprofloxacin resistance. In addition, 31 
(9.7%) clinical isolates carried blaCMY-2, which was 
located within a >100-kb IncI1 plasmid and also 
encoded a class C β-lactamase. These 31 isolates 
carried blaDHA-1 simultaneously. In 11 of them, the 
blaDHA-1–carrying and blaCMY-2–carrying plasmids 
were fused into 1 large plasmid (Figure 2, panel C).

By comparing these findings against sequences 
in GenBank, we found nearly identical genomic 
sequences for isolates in the United Kingdom, the 
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Figure 2. Genomic analysis of the 
outbreak caused by Salmonella 
enterica serotype Anatum, Taiwan. 
A) Dated phylogeny for Salmonella 
Anatum clinical isolates and 
food and environmental isolates. 
All isolates were divided into 3 
clades, shown at right. The nodes’ 
colors represent the geo source; 
nodes with black rings were from 
meat or the environment, and 
the remainder were derived from 
the patients. The right heatmap 
represents the presence (in 
black) or absence (in gray) of key 
antimicrobial-resistance genes 
(1, blaDHA-1; 2, qnrB4; 3, blaCMY-2). 
B) Minimal spanning tree based 
on alleles identified through core 
genome multilocus sequence 
typing. Dots with black circles 
represent food isolates; the others 
are clinical isolates. The collection 
date for the 6 US isolates in panel 
B was missing in GenBank and 
therefore not included in panel 
A. Scale bar indicates 5 single 
nucleotide polymorphisms. C) 
Gene structure of multidrug-
resistant plasmids in Salmonella 
Anatum in Taiwan compared with 
international isolates. Two types 
of plasmids were identified in 
the clade I Salmonella. Anatum 
isolates in Taiwan. One carried 
blaCMY-2, with its structure being 
shown by pSal-5091_CMY. A 
similar plasmid, pCMY2 (GenBank 
accession no. LC019731.1), is 
shown. The other carried blaDHA-1; 
its structure is shown by pSal-
5091_DHA. International isolates 
shown in the figure, whose 
genomes also were downloaded 
from GenBank (Appendix Table 
1, https://wwwnc.cdc.gov/EID/
article/26/12/20-0147-App1.pdf), 
possess very similar plasmids. In certain isolates, the 2 plasmids can integrate into 1 large plasmid, with its structure shown by 
pSal-3973_DHA_CMY. Red genes represent antimicrobial-resistance genes; blue genes represent transposase/integrase genes; 
and yellow genes represent Inc-determinant genes.
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United States, and the Philippines. The collection 
time for these isolates also occurred during 2015–
2019, which nearly coincided with the outbreak in 
Taiwan. These international Salmonella Anatum iso-
lates also carried the 90-kb IncA/C plasmid (Figure 
2, panel A, C); therefore, they were likely ceftriax-
one- and ciprofloxacin-resistant concomitantly. The 
only distinction of these international isolates was 
their lack of the blaCMY-2–carrying plasmid. Accord-
ingly, we speculated that the Salmonella Anatum 
clone had arrived in Taiwan through food trade and 
later acquired the blaCMY-2–carrying plasmid.

To trace the source of Salmonella Anatum, we in-
vestigated food samples from supermarkets and tra-
ditional markets of 8 districts with high density of 
Salmonella patients in New Taipei City and Taoyuan 
City, Taiwan (Appendix Figure 1). A total of 11 Sal-
monella Anatum isolates were collected from pork, 4 
from poultry, and 1 from beef in these regions (Ap-
pendix Table 2, Figure 1). WGS showed that they all 
belonged to clades I and II, providing strong evi-
dence that raw meats were the outbreak vehicle. All 
16 isolates harbored the blaDHA-1–carrying IncA/C 
plasmid. Other Salmonella serovars also were detect-
ed in this investigation. The overall Salmonella isola-
tion rate from retail meats was significantly higher 
in traditional markets than in the supermarkets 
(p<0.001) (Appendix Table 3). In Taiwan, pork in the 
supermarkets is usually provided through the cold 
transportation chain, whereas for traditional mar-
kets pork is usually provided through the traditional 
chain, with notable differences. Temperatures were 
much lower in the cutting factory and butcher shop 
in the cold chain than in the traditional chain (Ap-
pendix Figure 2). Furthermore, pork was wrapped by 
plastic tissue and bags in the cold chain, but the tra-
ditional chain did not do any wrapping or packaging  
during transportation.

To clarify the contradictory findings that most 
infections occurred in young children even though 
pork is not a major food for infants, we conducted 
a questionnaire survey among parents of 20 infants 
(<1 year of age) with NTS infections and 80 parents 
of infants without (controls) (Appendix). Parents of 
the infected infants more often touched, rinsed, and 
cooked meat before feeding other foods to their in-
fants (Appendix Table 4). Moreover, these parents 
were more willing to purchase meat from traditional 
markets rather than supermarkets. A possibility is 
that they bought meat from the traditional mar-
kets, then their frequent rinsing flushed the Salmo-
nella on the surface of the meats, cutting boards and 
knives, and sinks, and finally onto fresh vegetables, 

fruit, and other ready-to-eat foods that were cross-
contaminated and reached the infants through par-
ents or other caregivers. This transmission mode is 
of particular importance in infants and has already 
been reported for other bacterial pathogens such as 
Yersinia enterocolitica (10).

Conclusions
Our study sought to describe an outbreak in Taiwan 
caused by a multidrug-resistant Salmonella Anatum 
clone. The questionnaire and supply-chain investi-
gations we conducted found that the infection cases 
were closely associated with improper packaging 
during transportation and unhygienic food handling 
in the customers’ kitchen. The high similarity of ge-
nomic sequence between the Taiwan isolates and in-
ternational isolates indicates the global dissemination 
of this clone and highlights the public health value 
of multicountry sharing of epidemiologic, trace-back, 
microbiologic, genomic, and food trade data.
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Named in honor of Daniel Elmer Salmon, an American veterinary pathologist, Salmonella 
is a genus of motile, gram-negative bacillus, nonspore-forming, aerobic to facultatively 

anaerobic bacteria of the family Enterobacteriaceae. In 1880, Karl Joseph Eberth was the first to 
observe Salmonella from specimens of patients with typhoid fever (from the Greek typhōdes 
[like smoke; delirious]), which was formerly called Eberthella typhosa in his tribute. In 1884, 
Georg Gaffky successfully isolated this bacillus (later described as Salmonella Typhi) from 
patients with typhoid fever, confirming Eberth’s findings. Shortly afterward, Salmon and 
his assistant Theobald Smith, an American bacteriologist, isolated Salmonella Choleraesuis 
from swine, incorrectly assuming that this germ was the causative agent of hog cholera. Later,  
Joseph Lignières, a French bacteriologist, proposed the genus name Salmonella in recogni-
tion of Salmon’s efforts. 

With a complicated taxonomy, the genus Salmonella is currently classified into 2  
species (S. enterica and S. bongori), encompassing 2,659 serotypes based on somatic O and 
H flagellar antigens as specified in the Kauffmann–White–Le Minor scheme. S. enterica 
is divided into 6 subspecies: enterica, salamae, arizonae, diarizonae, houtenae, and indica. 
Arguably, this zoonotic pathogen remains one of the most pressing global concerns. 
It causes a spectrum of diseases in several hosts, and there is much to be learned and  
deciphered about its continuous evolution.

Salmonella [sal′′mo-nel′ә]

etymologia

Drug-resistant, nontyphoidal, Salmonella 
sp. bacteria showing numerous flagella. 
Taken from Antibiotic Resistance Threats 
in the United States, 2019 (AR Threats 
Report); Centers for Disease Control and 
Prevention. Illustration: James Archer/
CDC, 2019.
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The H5 highly pathogenic avian influenza viruses 
(HPAIVs) of clade 2.3.4.4 are of great concern 

because of their global spread and circulation. Am-
ple evidence indicates that clade 2.3.4.4 H5 viruses 
derived neuraminidase (NA) gene from other low-
pathogenicity avian influenza viruses (LPAIVs) co-
circulating in migratory birds, and new subtypes of 
H5N2, H5N5, H5N6, and H5N8 HPAIVs have been 
detected in wild bird species and poultry globally 
(1,2). To date, H5 viruses of clade 2.3.4.4 have evolved 
into 8 subclades (2.3.4.4a to 2.3.4.4h) according to the 
World Health Organization’s (WHO) nomenclature 
system (1). Among them, H5N6 is the only subtype 
that has caused human infections. As of August 2019, 
a total of 24 human cases have been reported to WHO; 
the mortality rate is 67% (3,4).

H5N6 virus of subclade 2.3.4.4a was first detect-
ed in poultry in Laos in 2013, then spread to Vietnam 
and China and caused numerous cases in these ar-

eas. H5N8 virus of subclade 2.3.4.4b caused disease 
outbreaks in wild birds and poultry in Korea in 2014, 
then spread to North America through bird migra-
tion and established a new subclade, 2.3.2.4c. When 
the H5N8 virus of subclade 2.3.4.4b landed in Europe 
and Africa, it reassorted with the local LPAIV and 
produced H5N6 with a novel internal gene cassette 
in 2017 (5). Simultaneously, the H5N6 viruses of sub-
clades 2.3.4.4d, 2.3.4.4e, 2.3.4.4f, 2.3.4.4g, and 2.3.4.4h 
established in poultry and wild birds in Southeast 
Asia (1,6–8). Among the 8 subclades of 2.3.4.4, only 3 
(H5N6 2.3.4.4b, 2.3.4.4e, and 2.3.4.4f) had been previ-
ously detected in swans (1).

Since 2004, different vaccines have been devel-
oped and widely administered among poultry flocks 
in China and other countries for H5 avian influenza 
control, and the vaccine seed viruses used in China 
have been updated regularly to ensure antigenic 
match between the vaccine strain and the prevalent 
strains (9,10). After the H7N9 HPAIVs emerged in 
China in 2017, an H5/H7 combined inactivated vac-
cine was developed and used in poultry (11,12). Cur-
rently, the vaccine seed virus Re-11 is being used to 
control the clade 2.3.4.4 viruses (10). In our study, 
we analyzed the genetic evolution, antigenicity, and 
pathogenicity of the H5N6 HPAIVs isolated from 
migratory whooper swans (Cygnus cygnus) and 
mute swans (C. olor) in Xinjiang, western China, in 
January 2020.

The Study
The first sick whooper swan was found on December 
29, 2019, in Sala Village, Samuyuzi Township, Yin-
ing City, Xinjiang Uyghur Autonomous Region. The 
bird died on January 1, 2020. By January 17, deaths 
had been reported in 58 swans in 6 locations (Table 1; 
Figure 1, panel A). We received 5 batches of clinical 
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In January 2020, the subclade 2.3.4.4h of highly patho-
genic avian influenza (H5N6) virus infected migratory 
whooper swans and mute swans in Xinjiang, western 
China. The virus is lethal to chickens and ducks but has 
low pathogenicity in mice. Antigenically, this subclade is 
similar to the H5N1 vaccine seed virus Re-11.
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samples from 13 dead birds (11 whooper swans and 
2 mute swans), and 13 H5N6 viruses were isolated. 
The hemagglutinin (HA) subtypes were identified by 
a hemagglutinin-inhibition test with a panel of H1–
H16 subtype antisera, whereas the NA subtypes were 
detected by reverse transcription PCR with a panel of 
N1–N9 subtype-specific primers (11).

To trace the origin of the viruses and understand 
their genetic relationship, we sequenced the genome 
of the 13 viruses and performed comparative phylo-
genetic analysis with the representative H5 HPAIVs 
that were recommended by WHO (1). All 13 H5N6 
viruses possess high identity with each other (99.5%–
100%); 7 of 8 segments are closely related to the H5N6 
virus isolated from environmental samples in Guang-
dong Province in 2017, whereas the other 1, nonstruc-

tural protein gene, is closest to A/chicken/Nghe 
An/01VTC/2018(H5N6) (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/26/12/20-1201-App1.
pdf). The HA gene has the typical highly pathogenic 
amino acid sequence -RRKR- in its cleavage site, and a 
few mammalian adaptation mutations were detected 
in the genome (Table 2) (13). In the maximum clade 
credibility tree, the HA genes of the 13 H5N6 viruses 
are grouped into subclade 2.3.4.4h with the HA genes 
of the strains recently found in Vietnam, China, and 
Russia (1) (Figure 1, panel B). The neighbor-joining 
phylogenic trees of the 8 gene segments are shown in 
Appendix Figure 1.

The hemagglutinin-inhibition test was performed 
with polyclonal antiserum generated from the SW/
XJ/1/2020(H5N6) and the currently used H5N1  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020 2957

 
Table 1. Avian influenza (H5N6) outbreaks among migratory whooper swans (Cygnus cygnus) and mute swans (C. olor), Xinjiang 
Province, China, January 2020 

Time Location description 

Bird information 

Flock size* 
No. swans† 

Total Dead 
2019 Dec 29 to 2020 Jan 5 Small lake in Yining County, Ili Kazak City >100 100 10 
2020 Jan 1–6 Natural park in Yining County, Ili Kazak City >2,300 40 (270) 6 (3) 
2020 Jan 1–8 Natural park in Bole County, Botorla City 160 55 6 
2020 Jan 8–10 Natural park in Hejing County, Bayingola City 1150 150 1 
2020 Jan 12–14 Wetland in Manas County, Changji City 2,000 800 13 
2020 Jan 17–20 Water reservoir in Maguan Chu County, Shihezi City 1,000 150 19 
*Estimated number of total migratory birds at that location. 
†Numbers are whooper swans, except numbers in parentheses, which are mute swans. 

 

Figure 1. Geography and phylogeny of avian influenza (H5N6) outbreaks among migratory whooper swans (Cygnus cygnus) and 
mute swans (C. olor), Xinjiang Province, China, January 2020. A) Disease outbreak sites are marked with red drops, and dates of the 
outbreaks are indicated. Inset map shows islands in the South China Sea. B) Phylogenetic tree of the hemagglutinin (HA) genes of H5 
viruses. The HA gene maximum clade credibility tree of the H5 viruses was constructed by using the BEAST 1.8.4 software package 
(https://beast-dev.github.io/beast-mcmc). Node bars indicate 95% highest posterior density of the node height. Each branch is colored 
by posterior probability: the 13 H5N6 viruses reported in this study are shown in red and the HA donor of the H5N1 vaccine Re-11 in 
green. The time to the most recent common ancestor is labeled at the bottom of the tree, which was estimated by using the Bayesian 
Markov chain Monte Carlo method in the BEAST 1.8.4 software package.
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inactivated vaccine Re-11, which carries the HA gene 
from A/duck/Guizhou/S4184/2017(H5N6) virus (10). 
We found that the SW/XJ/1/2020(H5N6) cross-reacted 
well with Re-11 antisera, and vice versa (Appendix Ta-
ble 2), yielding a cross-reactivity R value of 0.26.

We conducted an intravenous pathogenic-
ity index test in chickens with the index virus, WS/
XJ/1/2020(H5N6), by following the protocol of the 
World Organisation for Animal Health (OIE) (14). 
Ten 6-week-old specific-pathogen–free chickens were 
inoculated with 0.2 mL of virus intravenously, and all 
the birds died within 3 days postinoculation, yielding 
an intravenous pathogenicity index test value of 2.59.

We tested the virulence and transmission of the 
WS/XJ/1/2020(H5N6) in ducks as previously de-
scribed (2). Eight 3-week-old specific-pathogen–free 
ducks were intranasally inoculated with 106 50% egg 
infective dose (EID50) WS/XJ/1/2020(H5N6), and 3 
uninfected ducks were put in the same cage 24 hours 
later for monitoring transmission. Three virus-inoc-
ulated ducks were euthanized on day 3 postinocula-
tion, and high titers of virus were detected in the test-
ed organs (Figure 2, panel A). Virus was also detected 
in the oropharyngeal and cloacal swabs of the surviv-
ing virus-inoculated ducks and the contact ducks on 
days 3 and 5 postinoculation (Figure 2, panel B). All 
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Table 2. Virulence related molecular markers detected in the WS/XJ/1/2020 (H5N6) virus detected among migratory whooper swans 
(Cygnus cygnus) and mute swans (C. olor), Xinjiang Province, China, January 2020 
Protein Amino acid/motif Phenotypic consequences 
Hemagglutinin Cleavage site motif: -RRKR¯G- Polybasic cleavage motif sequence required for high pathogenicity 

of avian influenza viruses in chickens 
Neuraminidase Stalk deletion 58–68 Increased virulence in mice 
Polymerase acidic 
protein 

515T Increased polymerase activity in mammalian cells 

Matrix protein 1 30D Increased virulence in mice 
215A Increased virulence in mice 

Nonstructural 
protein 1 

80–84 deletion Increased virulence in mice 
42S Increased virulence in mice 
98F Increased virulence in mice 

101M Increased virulence in mice 
222–225 ESEV (PDZ domain) Increased virulence in mice 

 

Figure 2. Replication and virulence of the WS/XJ/1/2020(H5N6) isolate in ducks and mice in a laboratory test performed after H5N6 
avian influenza (H5N6) outbreaks among migratory whooper swans (Cygnus cygnus), Xinjiang Province, China, January 2020. A) 
Viral titer in organs of ducks that were euthanized on day 3 postinoculation. B) Viral titers in oropharyngeal and cloacal swabs from all 
surviving ducks were collected on days 3 and 5 postinoculation. C) Lethality of the virus in ducks. D) Viral titer in organs of mice that 
were euthanized on day 3 postinoculation. E) Bodyweight change of mice after inoculation with different doses of the virus. F) MLD50 of 
the virus. Viral titers in panels A, B, and D are shown as the mean + SD. The dashed lines indicate the lower limit of detection. EID50, 
50% egg infective dose; MLD50, 50% mouse lethal dose.
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5 virus-inoculated ducks and 3 contact ducks died 
within 7 days postinoculation (Figure 2, panel C).

The replication and 50% mouse lethal dose 
(MLD50) of the WS/XJ/1/2020(H5N6) were evaluat-
ed in BALB/c mice as previously reported (2). Three 
mice were intranasally inoculated with 106 EID50 
of WS/XJ/1/2020(H5N6) in a volume of 50 µL and 
were euthanized on day 3 postinoculation to assess 
virus replication in organs, and we found the virus 
in the brain of 1 mouse, the spleens of 2 mice, and 
the nasal turbinates and lungs of all 3 mice, but not 
in the kidneys of any mouse (Figure 2, panel D). To 
test the MLD50, groups of five 6-week-old mice were 
intranasally inoculated with 101 to 106 EID50 of WS/
XJ/1/2020(H5N6) in a volume of 50 µL and were 
monitored for bodyweight loss and death for 14 days. 
Only 1 of 5 mice that received the highest dose of 106 
EID50 died on day 8 postinoculation; all other mice 
survived the 14-day observation period, yielding an 
MLD50 value of 6.38 log10 EID50 (Figure 2, panel E, F).

Conclusions
A total of 58 swans died from H5N6 virus infection in 
6 wild bird habitats in Xinjiang in January 2020, and 
we isolated 13 similar H5N6 HPAIVs from the swan 
specimens. These viruses bear the HAs of subclade 
2.3.4.4h, which were previously detected in other bird 
species but not in swans.

The WS/XJ/1/2020(H5N6) is highly pathogenic 
to chickens and ducks, and antigenically close to the 
H5N1 vaccine seed virus Re-11. Although the virus 
is low pathogenic in mice, it bears multiple residues 
that can increase its virulence in mammals, and thus 
might pose a potential threat to public health.

Wild birds carry and spread the H5 HPAIV, as 
evidenced by the dissemination of the clade 2.2 vi-
ruses from Asia to Europe and Africa in 2005, and 
the intercontinental distribution of the clade 2.3.4.4b 
viruses in 2014 (5,15). The prospect of these H5N6 
viruses detected in swans being distributed widely 
by wild birds is worrisome. Therefore, with the mi-
gratory season coming, surveillance and preventive 
measures should be implemented in poultry raised 
on the migration routes of wild birds.
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Coronavirus disease (COVID-19) is a global pan-
demic, affecting 213 countries with >2.7 million 

confirmed cases and 190,000 fatalities as of April 25, 
2020 (1). Its causative agent was identified as severe 
acute respiratory syndrome coronavirus (SARS-
CoV) 2 (SARS-CoV-2), which belongs to the same 
coronavirus species as SARS-CoV and SARS-related 
CoVs (SARSr-CoVs) in horseshoe bats (genus Rhi-
nolophus) (2,3). Given the history among some early 
case-patients of visiting the Huanan seafood market 
in Wuhan, China, and its genetic close relatedness to 
SARSr-CoVs in bats and pangolins (2,4), SARS-CoV-2 
was suspected to have emerged from wild animals, 
particularly bats, similar to SARS-CoV. SARS-CoV 
was a recombinant virus that originated from Chinese 
horseshoe bats (Rhinolophus sinicus) before it infected 
palm civets and then humans (5). 

Studying cellular tropism may provide clues to 
the host range and possible origin of zoonotic virus-
es. For example, SARS-CoV could replicate efficient-
ly in kidney cells of its primary origin, R. sinicus, 
but not in other tested bat cells (6). To elucidate the 
possible origin of SARS-CoV-2, we tested suscep-
tibilities of bat cell lines developed from different 

species commonly found in southern China to infec-
tion by SARS-CoV-2 in comparison with SARS-CoV. 
The selected bat species harbored a diverse set of 
coronaviruses, including SARSr-CoVs and Middle 
East respiratory syndrome–related coronaviruses 
(MERSr-CoVs), which pose potential health threats 
to humans (7). We also performed structural model-
ing of the virus/host receptor-binding interface.

The Study
SARS-CoV strain HKU-39849 was isolated in Hong 
Kong during the SARS epidemic as previously de-
scribed (8). SARS-CoV-2 strain HK20 was isolated 
from a patient with COVID-19 in Hong Kong in 
early February 2020 (3). Thirteen primary or im-
mortalized bat cell lines from 6 different bat spe-
cies were subjected to infection with SARS-CoV 
and SARS-CoV-2 at multiplicity of infection of 0.1 
as described previously (6,9,10), except with the ad-
dition of 2 µg/mL trypsin. The bat species included 
Miniopterus pusillus, Pipistrellus abramus (harbor-
ing Pipistrellus-BatCoV-HKU5), R. sinicus (harbor-
ing SARSr-BatCoVs, Rhinolophus-BatCoV-HKU2, 
Rhinolophus sinicus-BatCoV-HKU32), Tylonycteris 
pachypus (harboring Tylonycteris-BatCoV-HKU4), 
Rousettus leschenaultii (harboring many viruses, 
including Rousettus-BatCoV-HKU9 and Rousettus-
BatCoV-HKU10), and Myotis ricketii (harboring My-
otis-BatCoV-HKU6). Vero cells from African green 
monkey kidney were used as positive control (Fig-
ure 1; Appendix, https://wwwnc.cdc.gov/EID/
article/26/12/20-2308-App1.pdf). We determined 
viral replication efficiency by quantitative reverse 
transcription PCR (qRT-PCR) on cell culture super-
natants (Table 1) (6). Cells were considered suscep-
tible to viral infection if qRT-PCR on day 5 postin-
fection showed >1 log10 increase in viral titer with 
statistical significance (p<0.05 by Student t-test).
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Severe acute respiratory syndrome coronavirus 2 did not 
replicate efficiently in 13 bat cell lines, whereas severe 
acute respiratory syndrome coronavirus replicated effi-
ciently in kidney cells of its ancestral host, the Rhinolo-
phus sinicus bat, suggesting different evolutionary origins. 
Structural modeling showed that RBD/RsACE2 binding 
may contribute to the differential cellular tropism.
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SARS-CoV but not SARS-CoV-2 can replicate ef-
ficiently in R. sinicus kidney cells; SARS-CoV showed 
3.48 log10-fold increase in viral titer. In contrast, only 
SARS-CoV-2 can replicate in R. sinicus lung cells, but 
at a low viral titer (1.08 log10-fold increase). Moreover, 
SARS-CoV-2 can replicate more efficiently (1.46 log10-
fold increase) in R. sinicus brain cells than SARS-CoV 
(1.09 log10-fold increase), albeit still at low viral titer 
(Table 2; Figure 1). Both SARS-CoV and SARS-CoV-2 
can also replicate in P. abramus kidney cells with low 
viral titers: 1.45 log10-fold increase for SARS-CoV and 
1.71 log10-fold increase for SARS-CoV-2. We observed 
cytopathic effects in SARS-CoV–infected R. sinicus 
kidney cells and SARS-CoV– or SARS-CoV-2–in-
fected P. abramus kidney cells with rounding of cells  

(Appendix Figure 1). We performed immunofluores-
cence assay on those cell lines with >1 log10-fold in-
crease in viral load (Appendix Figure 2). M. pusillus 
kidney cells; R. leschenaultii kidney, brain, intestine, 
and lung cells; T. pachypus kidney cells; and M. ricketii 
kidney and lung cells did not support SARS-CoV or 
SARS-CoV-2 infection. Furthermore, both SARS-CoV 
and SARS-CoV-2 replicated less efficiently in Vero 
cells at 33°C than at 37°C, whereas no difference in vi-
ral replication in R. sinicus kidney cells was observed 
between 33°C and 37°C (Appendix Figure 3).

To elucidate whether the receptor-binding in-
terface is a contributing factor for cellular tropism, 
we modeled the structure of the SARS-CoV-2 re-
ceptor binding domain (RBD) with that of human 
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Figure 1. Susceptibilities of 13 bat 
cell lines to infection by SARS-CoV 
(A) and SARS-CoV-2 (B) shown from 
harvest of supernatants and cell 
lysates at day 0 and 5 postinfection. 
Viral titers and β-Actin mRNA were 
determined by real-time quantitative 
reverse transcription PCR. Viral load 
is expressed as normalized fold 
change in log10. Error bars indicate 
SDs of triplicate samples. Bat cell 
lines are listed by species and organ. 
Vero cells served as controls. Asterisk 
(*) indicates p<0.05 and increase in 
viral load >1 log10. Mp, Miniopterus 
pusillus, Mr, Myotis ricketti; Pa, 
Pipistrellus abramus, Rl, Rousettus 
leschenaultii, Rs, Rhinolophus 
sinicus, Tp, Tylonycteris pachypus. 
SARS-CoV, severe acute respiratory 
syndrome coronavirus.
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angiotensin-converting enzyme 2 (hACE2), R. sinicus 
angiotensin-converting enzyme 2 (Rs-ACE2), and 
P. abramus angiotensin-converting enzyme 2 (Pa-
ACE2) using homology modeling by SWISS-MODEL 
(https://swissmodel.expasy.org) as described previ-
ously (11), based on the crystal structure of SARS-
CoV-RBD/hACE2. The sequence identity between 
SARS-CoV RBD (template) and SARS-CoV-2 RBD 
(template) was >50% and the interface for all RBD/
ACE2 was similar (Figure 2). We identified 11 aa dif-
ferences between SARS-CoV RBD and SARS-CoV-2 
RBD sequences that involved 4 of 5 critical residues 
for hACE2 binding in SARS-CoV RBD. Y442 was one 
of the 5 critical residues in SARS-CoV RBD. Because 
F456 is more hydrophobic than Y442 in SARS-CoV-2 
RBD, it may disturb the electrostatic interaction with 
hACE2/Rs-ACE2. The interface for RBD/Pa-ACE 2 
was similar to that of RBD/hACE2 (Figure 2), imply-
ing that Pa-ACE2 may also serve as the host receptor 
for SARS-CoV and SARS-CoV-2.

Conclusions
The ability of SARS-CoV but not SARS-CoV-2 to rep-
licate in R. sinicus kidney cells, consistent with pre-
vious findings (12), may suggest a different evolu-
tionary origin and path of SARS-CoV-2. SARS-CoV 

was most closely related to SARSr-Rs-BatCoVs from 
Yunnan, China, suggesting R. sinicus as its primary 
origin. It could also use Rs-ACE2 as receptor for cell 
entry (13), which may explain the efficient replica-
tion of SARS-CoV in R. sinicus kidney cells. Although 
SARS-CoV-2 is closely related to SARSr-CoVs in bats 
and pangolins, none of the existing animal viruses 
represents the immediate ancestor of SARS-CoV-2. 
SARS-CoV-2 was most closely related to SARSr-Ra-
BatCoV-RaTG13 (96.1% genome identity) in Rhinolo-
phus affinis from Pu’er, Yunnan (2), except that its RBD 
region was closest to pangolin-SARSr-CoV-MP789 
(86.9% nucleotide identity) in smuggled pangolins 
from Guangdong, suggesting that SARS-CoV-2 may 
have evolved through recombination (3). The inabil-
ity of SARS-CoV-2 to efficiently infect and replicate 
in R. sinicus cells may imply that R. sinicus bats were 
unlikely to be its proximal origin. However, bats are 
the primary origin of SARS-CoV, human coronavirus 
229E (HCoV-229E), and probably MERS-CoV; there-
fore, SARS-CoV-2 most likely originated from bats. 
One possibility is that SARS-CoV-2 has restricted bat 
species tropism. Other bat species, such as R. affinis, 
may harbor the ancestor of SARS-CoV-2 and can be 
tested for cellular susceptibilities in future studies. 
It is also possible that SARS-CoV-2 can no longer  
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Table 1. Primers used for reverse transcription quantitative PCR in study of coronavirus in bats* 

Target 
Primers, 5 → 3 

Forward Reverse Probe 
SARS-CoV N gene 
CDC_N3 

GGGAGCCTTGAATACACCAAAA TGTAGCACGATTGCAGCATTG (FAM) 
AYCACATTGGCACCCGCAATCCTG 

(BHQ1) 
β-actin CTCTTCCAGCCCTCCTTCCT (for 

bat cells) or 
CTCTTCCAGCCTTCCTTCCT (for 

human cells) 

TTCATCGTGCTGGGAGCC (for 
bat cells) or  

TTCATTGTGCTGGGTGCC (for 
human cells) 

 (FAM) 
CATGAAGTGYGACGTBGACATCC

G(BHQ1) 

*CoV, coronavirus; N, nucleocapsid protein; SARS, severe acute respiratory syndrome. 

 

 
Table 2. Viral load changes and cytopathic effects of severe acute respiratory syndrome coronavirus and coronavirus 2 in different cell 
lines on day 5 postinfection* 

Cell lines 

SARS-CoV 

 

SARS-CoV-2 
Viral load 

change, log10 p value CPE 
Viral load 

change, log10 p value CPE 
Rousettus leschenaultii intestine 0.63 0.0083 –  0.59 0.0039 – 
Rousettus leschenaultii kidney 0.33 0.0071 –  0.15 0.0950 – 
Rousettus leschenaultii brain 0.84 0.0019 –  0.77 0.0004 – 
Rousettus leschenaultii lung 0.39 0.2345 –  −0.31 0.1224 – 
Rhinolophus sinicus lung 0.91 0.0226 –  1.08 0.0002 – 
Rhinolophus sinicus brain 1.09 0.0251 –  1.46 0.0022 – 
Rhinolophus sinicus kidney 3.48 <0.0001 +  0.28 0.1280 – 
Miniopterus pusillus kidney −0.14 0.0372 –  0.10 0.0241 – 
Pipistrellus abramus kidney 1.45 0.0176 +  1.71 <0.0001 + 
Pipistrellus abramus lung −0.21 0.2401 –  −0.09 0.4218 – 
Tylonycteris pachypus kidney −0.27 0.0051 –  0.82 0.0003 – 
Myotis ricketti kidney −0.14 0.1683 –  0.07 0.7615 – 
Myotis ricketti lung −0.41 0.0289 –  −0.32 0.0240 – 
Vero 7.12 <0.0001 +  3.88 <0.0001 + 
*CoV, coronavirus; CPE, cytopathic effects; SARS, severe acute respiratory syndrome.  
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replicate in bat cells because of substantial genetic 
adaptation, such as through natural evolution in an 
intermediate host before infecting humans.

The difference in critical residues for receptor 
binding between SARS-CoV and SARS-CoV-2 may 
have contributed to their differential infectivities in 
R. sinicus cells, as suggested by results from structural 
modeling of the receptor-binding interface. Whereas 
SARS-Cov RBD was most closely related to SARSr-
Rs-BatCoV-WIV1 from R. sinicus, SARS-CoV-2 RBD 
was most closely related to the RBD region of pan-
golin-SARSr-CoV-MP789 from pangolins (14). Mu-
tagenesis studies are needed to investigate whether 
changes of these amino acid sites may affect binding 
affinity to the ACE2 of different hosts and restore the 
infectivity of SARS-CoV-2 in R. sinicus cells.

The restricted cellular tropism of SARS-CoV and 
SARS-CoV-2 is different from that of MERS-CoV, 
which showed broad species tropism in bat cells. 
MERS-CoV could replicate in >5 bat cell lines (M. rick-
etti lung, P. abramus kidney, R. sinicus kidney and lung, 
and R. leschenaultii kidney cells) from 3 bat families 
(6). Although dromedary camels were the immediate 
source of MERS-CoV, bats were suggested to be the 
ultimate evolutionary origin (10,15). Of note, SARS-
CoV, SARS-CoV-2, and MERS-CoV could all replicate 
in P. abramus kidneys at low titers. Structural modeling 
supported that P. abramus ACE2 could serve as host 
receptor for SARS-CoV and SARS-CoV-2. P. abramus is 
known to harbor Pi-BatCoV-HKU5 from the subgenus 
Merbecovirus (containing MERS-CoV) but not mem-
bers of Sarbecovirus (containing SARS-CoV and SARS-
CoV-2) (10,15). P. abramus is a potential accidental host 
for spillover of and source for emergence of diverse 
coronaviruses including SARSr-CoVs.

Acknowledgments
We thank Agriculture, Fisheries and Conservation  
Department, Government of Hong Kong, for capture of 
bats for bat cell development and expert opinion. 

This study was partly supported by the theme-based  
research scheme (project no. T11-707/15-R) of the  
University Grant Committee; Health and Medical  
Research Fund of the Food and Health Bureau of  
HKSAR; Consultancy Service for Enhancing Laboratory  
Surveillance of Emerging Infectious Disease for the  
HKSAR Department of Health and the University  
Development Fund of the University of Hong Kong.

About the Author
Dr. Lau is a professor and head of the Department of  
Microbiology at the University of Hong Kong. Her  
research focuses on microbial genomics for studying 
emerging infectious diseases including coronaviruses.

References
  1. World Health Organization. Coronavirus disease 2019  

(COVID-19) situation report 96. 2020 Apr 25 [cited 2020 Apr 
26]. https://www.who.int/docs/default-source/ 
coronaviruse/situation-reports/20200425-sitrep-96-covid-19.
pdf?sfvrsn=a33836bb_2

  2. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W,  
et al. A pneumonia outbreak associated with a new  
coronavirus of probable bat origin. Nature. 2020;579:270–3. 
https://doi.org/10.1038/s41586-020-2012-7

  3. Lau SKP, Luk HKH, Wong ACP, Li KSM, Zhu L, He Z,  
et al. Possible bat origin of severe acute respiratory  
syndrome coronavirus 2. Emerg Infect Dis. 2020;26:1542–7.  

  4. Lam TT, Jia N, Zhang YW, Shum MH, Jiang JF, Zhu HC,  
et al. Identifying SARS-CoV-2-related coronaviruses in  
Malayan pangolins. Nature. 2020;583:282–5. https://doi.org/ 
10.1038/s41586-020-2169-0

2964 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020

Figure 2. Structural modeling of the human (A, D), Rhinolophus sinicus bat (Rs-bat) (B, E), and Pipistrellus abramus bat (Pa-bat) (C, F) 
ACE2 with the receptor-binding domain (RBD) of the spike proteins of SARS-CoV and SARS-CoV-2. The models of RBDs of SARS-CoV 
and SARS-CoV-2 (yellow) are shown with human (purple), Rs-bat (pink). and Pa-bat (green) ACE2 structures in ribbon diagrams. The 
interface of different RBDs and human/bat ACE2 are shown and the residues with potential impact on binding affinity are shown in ball-
and-stick format. Images were produced using Discovery Studio visualizer (Accelrys, https://www.accelrys.com).



Differential Tropism of SARS-CoVs in Bat Cells

  5. Lau SK, Woo PC, Li KS, Huang Y, Tsoi HW, Wong BH,  
et al. Severe acute respiratory syndrome coronavirus-like 
virus in Chinese horseshoe bats. Proc Natl Acad Sci  
U S A. 2005;102:14040–5. https://doi.org/10.1073/
pnas.0506735102

  6. Lau SKP, Fan RYY, Luk HKH, Zhu L, Fung J, Li KSM, et al. 
Replication of MERS and SARS coronaviruses in bat cells  
offers insights to their ancestral origins. Emerg Microbes 
Infect. 2018;7:1–11. https://doi.org/10.1038/s41426- 
018-0208-9

  7. Wong ACP, Li X, Lau SKP, Woo PCY. Global epidemiology 
of bat coronaviruses. Viruses. 2019;11:174. https://doi.org/ 
10.3390/v11020174

  8. Peiris JS, Lai ST, Poon LL, Guan Y, Yam LY, Lim W, et al.; 
SARS study group. Coronavirus as a possible cause of severe 
acute respiratory syndrome. Lancet. 2003;361:1319–25. 
https://doi.org/10.1016/S0140-6736(03)13077-2

  9. Lau SKP, Wong ACP, Zhang L, Luk HKH, Kwok JSL, 
Ahmed SS, et al. Novel bat alphacoronaviruses in  
southern China support Chinese horseshoe bats as  
an important reservoir for potential novel coronaviruses. 
Viruses. 2019;11:423. PubMed https://doi.org/10.3390/
v11050423

10. Woo PC, Wang M, Lau SK, Xu H, Poon RW, Guo R, et al. 
Comparative analysis of twelve genomes of three novel 
group 2c and group 2d coronaviruses reveals unique group 
and subgroup features. J Virol. 2007;81:1574–85.  
https://doi.org/10.1128/JVI.02182-06

11. Lau SKP, Zhang L, Luk HKH, Xiong L, Peng X, Li KSM, et al. 
Receptor usage of a novel bat lineage C betacoronavirus  
reveals evolution of Middle East respiratory syndrome-
related coronavirus spike proteins for human dipeptidyl 
peptidase 4 binding. J Infect Dis. 2018;218:197–207.  
https://doi.org/10.1093/infdis/jiy018

12. Chu H, Chan JF-W, Yuen TT-T, Shuai H, Yuan S, Wang Y, 
et al. Comparative tropism, replication kinetics, and cell 
damage profiling of SARS-CoV-2 and SARS-CoV with 
implications for clinical manifestations, transmissibility, and 
laboratory studies of COVID-19: an observational study. 
Lancet Microbe. 2020;1:e14–23. https://doi.org/10.1016/
S2666-5247(20)30004-5

13. Ge XY, Li JL, Yang XL, Chmura AA, Zhu G, Epstein JH,  
et al. Isolation and characterization of a bat SARS-like  
coronavirus that uses the ACE2 receptor. Nature. 
2013;503:535–8. https://doi.org/10.1038/nature12711

14. Menachery VD, Yount BL Jr, Sims AC, Debbink K,  
Agnihothram SS, Gralinski LE, et al. SARS-like WIV1-CoV 
poised for human emergence. Proc Natl Acad Sci U S A. 
2016;113:3048–53. https://doi.org/10.1073/pnas. 
1517719113

15. Lau SK, Li KS, Tsang AK, Lam CS, Ahmed S, Chen H,  
et al. Genetic characterization of Betacoronavirus lineage C 
viruses in bats reveals marked sequence divergence in the 
spike protein of Pipistrellus bat coronavirus HKU5 in  
Japanese pipistrelle: implications for the origin of the  
novel Middle East respiratory syndrome coronavirus.  
J Virol. 2013;87:8638–50. https://doi.org/10.1128/ 
JVI.01055-13

Address for correspondence: Susanna K.P. Lau or Patrick C.Y. 
Woo, Department of Microbiology, Li Ka Shing Faculty of 
Medicine, The University of Hong Kong, Room 26, 19/F, Block T, 
Queen Mary Hospital, 102 Pokfulam Road, Hong Kong, China; 
email: skplau@hku.hk or pcywoo@hku.hk

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020 2965

Dr. David Morens, of the 
National Institute of  

Allergy and Infectious  
Diseases, discusses the 

1918 influenza pandemic.

EID Podcast:
The Mother of 
All Pandemics

Visit our website to listen:
https://tools.cdc.gov/medialibrary/

index.aspx#/media/id/393805



Highly pathogenic avian influenza viruses 
(HPAIVs) have devastating impacts on the poultry  

industries. With infections in poultry, H5 and H7 low-
pathogenicity avian influenza viruses (LPAIVs) have 
spontaneously mutated into HPAIVs by different 
mechanisms, one of which is acquisition of basic amino 
acids at the hemagglutinin (HA) cleavage site (1).

In March 2020, an outbreak of LPAIV H7N3 oc-
curred in turkey farms, affecting 11 premises in North 
Carolina and 1 in South Carolina, USA. The initial 
decision to depopulate LPAIV-affected flocks was 
based on a risk assessment that included the loca-
tion of affected premises, the poultry density in the 
area, and the presence of a basic amino acid substi-
tution at the cleavage site among the initial LPAIV 
detections (PEKPKTR/GLF; substitution sequence is 
underscored). During the ongoing response for this 
event, the Clemson Veterinary Diagnostic Center in 
Columbia, South Carolina, a member of the National 
Animal Health Laboratory Network, detected an in-
fluenza A(H7) outbreak in a second turkey location 
in South Carolina, with increased death and respira-
tory signs; oropharyngeal and cloacal swab samples 
were forwarded to the National Veterinary Services  
Laboratories in Ames, Iowa, USA. On April 8, the 

National Veterinary Services Laboratories confirmed 
1 of 6 pooled samples as HPAIV H7N3. Subsequent 
testing from all infected barns on the premises de-
termined that HPAIV was present in only 1 of the 5 
barns, but LPAIV was identified in the other 4 barns. 
All the premises affected by LPAIV and HPAIV H7N3 
were located in 3 adjacent counties and 1 across state 
lines, indicating that geographic proximity was rel-
evant to the outbreaks. Immediate depopulation was 
performed on the LPAIV- and HPAIV-affected prem-
ises, affecting 361,000 birds.

Complete genome sequencing and phylogenetic 
analyses were conducted to trace the origin and evo-
lution of the H7N3 viruses. A total of 29 H7N3 viruses 
from 13 premises were sequenced (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/26/12/20-
2790-App1.pdf). Complete genome sequences 
have been deposited in GenBank (accession nos. 
MT444183–350 and MT444352–415). The intravenous 
pathogenicity index of selected LPAIV strains was 0 
and of selected HPAIV strains, 2.46. Based on the HA 
cleavage site motif and supported by the intravenous 
pathogenicity index, 2 H7N3 viruses from 1 house in 
South Carolina were considered to be HPAIV. For the 
2 HPAIVs, 34 (5.7%) and 1,076 (38.8%) reads had no 
insertion, whereas the rest of the reads were found to 
have an identical 27 nucleotides insertion from host 
cellular 28S rRNA in the cleavage site. 

The presence of LPAIV and HPAIV in 1 barn at 
the same time suggests that the mutation was caught 
early. The 27-nt insertion coding for 9 amino acids 
at the HA cleavage site (PENPKTDRKSRHRRIR/
GLF; insertion sequence is underscored) is identical 
to that found in a 2017 HPAIV H7N9 from a poultry 
outbreak that occurred in Tennessee (2). The potential 
role of a palindromic sequence was suggested to be 
a cause of RNA recombination with host 28S rRNA 
(3), and similar structure is often observed among the 
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An outbreak of low-pathogenicity avian influenza 
A(H7N3) virus of North American wild bird lineage oc-
curred on commercial turkey farms in North Carolina and 
South Carolina, USA, during March–April 2020. The virus 
mutated to the highly pathogenic form in 1 house on 1 
farm via recombination with host 28S rRNA.
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H7 subtype (4); however, the exact mechanism of re-
combination for this particular insert remains to be 
elucidated. Another notable change was a 66-nt dele-
tion in the NA stalk region from 2 premises in North 
Carolina. The NA stalk deletions are commonly as-
sociated with adaptation of wild bird avian influenza 
viruses to gallinaceous poultry (5); for these isolates, 
all reads had the same 66-nt deletion (e.g., no mixed 
population was detected). No significant amino acid 
change indicating adaptation to mammalian hosts 
was identified by using the Influenza Research Data-
base (Appendix Table 2).

Maximum-likelihood and Bayesian relaxed clock 
phylogenies of each gene were generated (6,7). All 
phylogenies indicate that the North Carolina and 
South Carolina H7N3 viruses were genetically dis-
tinct from recent Mexico H7N3 HPAIV, 2016 Indiana 
H7N8, and 2017 Tennessee H7N9 poultry outbreak 
strains (Appendix Figures 1, 2) (2,8,9). All H7N3 
viruses from North Carolina and South Carolina 
clustered together in phylogenies across all 8 gene 
segments and showed high levels of nucleotide iden-
tity (>99.28%). These data support a single source of 
LPAIV H7N3 being introduced to turkey farms in 
North Carolina, spreading laterally to other turkey 
premises, and mutating once to HPAIV during repli-

cation in turkeys from a single barn on a turkey prem-
ises in South Carolina, with no further reassortment 
with any other influenza strains. Furthermore, the 
H7 HA genes of recent US poultry events (2016, 2017, 
and 2020) originated from the same North American 
wild bird H7 clade. With several recent incursions, 
this H7 HA clade represents a repetitive threat to do-
mestic poultry and carries with it the potential to mu-
tate to HPAIV.

To increase phylogenetic resolution, nucleotide 
sequences from the entire protein coding regions of 
each virus were concatenated, with 2 modifications: 
the insertion at the HA cleavage site for the HPAIV 
was excluded, and the deletion at the NA stalk region 
for the 2 LPAIVs was removed. The concatenated se-
quences were then analyzed with Bayesian and medi-
an-joining network phylogenetic analysis (7,10). This 
analysis highlights that the LPAIV H7N3 diverged 
early into 3 well-supported genetic clusters (A, B, and 
C) with high posterior probabilities (posterior prob-
ability [PP] >0.99) (Figure 1). Cluster A was detected 
most frequently from 10 premises in both North Car-
olina and South Carolina and mutated to HPAIV in 
a single turkey location in South Carolina (Figure 2). 
The estimated mean time to most recent common an-
cestor (tMRCA) of the concatenated whole genome of 
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Figure 1. Time-scaled Bayesian maximum clade credibility tree of the concatenated whole genome of highly pathogenic avian influenza 
A(H7N3) viruses from South Carolina (bold) and North Carolina, USA. Node bars represent 95% Bayesian credible intervals for 
estimates of common ancestry.
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H7N3 viruses from North Carolina and South Caroli-
na was January 25, 2020 (95% Bayesian credible inter-
val [BCI] December 14, 2019–February 28, 2020; PP = 
1.0). The tMRCA, in addition to the NA stalk deletion 
indicating adaptation to gallinaceous poultry, poten-
tially extends that estimate before the first detections. 
The estimated tMRCA of LPAIV and HPAIV from the 
HPAIV-positive premises was March 19, 2020 (95% 
BCI March 11, 2020–March 28, 2020; PP = 0.99); how-
ever, these estimates are countered by serial weekly 
negative diagnostic tests obtained from the same 
flock before onset of clinical signs. Other indicators 
suggestive of early detection of LPAI and mutation to 
HPAI include HPAIV being identified in only 1 of the 
5 houses, each of the HPAIV isolates demonstrating a 
mixed LPAIV/HPAIV population by next-generation 
sequencing; active virus replication (relative cycle 
threshold values for each of the houses: 37, 20, 18, 23, 
29) with a low level of seropositivity (only 1 detect-
able H7 titer [1:32] of 10 serum samples collected in 
the HPAIV-affected house).

Although no wild bird–origin precursor had all 
8 segments that corresponded to the North Carolina 
and South Carolina H7N3 viruses, the most prob-
able progenitor gene was identified for each indi-
vidual segment as LPAIV originating from wild wa-

terfowl migrating along the Mississippi flyway (PP 
0.92–1.00). These findings suggest that a precursor 
virus most likely emerged in wild waterfowl in the 
Mississippi flyway, with subsequent introduction 
into poultry via occasional virus spread between mi-
gratory flyways (11). The genomes of North Ameri-
can LPAIVs appear to reassort at a remarkably high 
rate with no apparent pattern of gene segment as-
sociation (12).

Wild bird origin H7 LPAIVs have repeatedly 
spilled over from wild birds into poultry in North 
and South America, Europe, Asia, Africa, and Aus-
tralia (13); on 28 recorded occasions, they have mu-
tated into HPAIV (1). These findings highlight the 
importance of global surveillance in wild birds and 
continued vigilance in biosecurity and surveillance in 
worldwide poultry populations.
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A confirmed diagnosis of acute coronavirus disease 
(COVID-19) depends on the detection of RNA 

from the causative pathogen, severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). In contrast, 
although serologic testing is less useful for diagnosing 
the acute stages of infection, it can aid in diagnosing 
atypical manifestations of SARS-CoV-2 infection (M. 
Perez-Toledo et al., unpub. data, https://doi.org/10
.1101/2020.06.05.20123117) and in determining prior 
virus exposure at a population level (1), knowledge 
which could substantially influence public health and 
social policies (2,3).

Currently, antibody testing for SARS-CoV-2 uses 
serum or plasma collected by venipuncture. The use 
of such sampling in large-scale seroepidemiologic 
studies is limited by logistic challenges, resources, 
and costs, as well as the risk for SARS-CoV-2 expo-
sure from direct patient contact. In contrast, dried 
blood spot (DBS) sampling is simple, inexpensive, 
and can be self-collected and then sent by postal  

services to laboratories for processing (4). It is a well-
established method for detecting antibodies against 
various infections (5,6), and antibodies collected by 
DBS are stable for prolonged periods (7). Moreover, 
DBS sampling provides a solution to widening ac-
cess to serologic platforms in low- and middle-in-
come countries. Nevertheless, the potential role of 
DBS sampling in studying SARS-CoV-2 seropreva-
lence has not been fully explored, and knowledge 
regarding the recovery of antibody from the DBS is 
limited. We describe the validation of DBS samples 
against matched serum in a highly sensitive and spe-
cific SARS-CoV-2 ELISA.

The Study
We collected 87 samples from 80 volunteers at the Uni-
versity Hospitals Birmingham NHS Foundation Trust 
(under approved protocol for blood donations use in 
clinical assays, UK Research Ethics Committee refer-
ence no. 2002/201 and Clinical Immunology Service 
Reference no. ERN_16-178) during May 18–June 3, 
2020. Three matched samples were from SARS-CoV-2 
serum antibody–negative volunteers. The remaining 
samples were from SARS-CoV-2 serum antibody–un-
known volunteers; 5 volunteers provided duplicate 
and 1 volunteer provided triplicate matched samples 
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/26/12/20-3309-App1.pdf). To refine negative 
thresholds, we included 17 pre–August 2019 DBS-on-
ly samples (UK Research Ethics Committee reference 
no. 2002/20, Integrated Research Application System 
reference no. 132132, University Hospitals Birming-
ham project reference no. RRK4136). Volunteers were 
healthy at the time of sampling. Thirty-one matched 
samples (31/87 [35.6%]) were from PCR-positive vol-
unteers, on average, 54 days (SD + 17 days) from re-
ported symptom onset and 45 days (SD + 15 days) 
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Dried blood spot (DBS) samples can be used for the 
detection of severe acute respiratory syndrome corona-
virus 2 spike antibodies. DBS sampling is comparable 
to matched serum samples with a relative 98.1% sen-
sitivity and 100% specificity. Thus, DBS sampling offers 
an alternative for population-wide serologic testing in the 
coronavirus pandemic.



SARS-CoV-2 Antibodies in Dried Blood Spot Samples

from PCR testing. All participants were anonymized, 
and SARS-CoV-2 PCR status was recorded as positive 
or unknown.

For DBS collection, we collected capillary blood 
samples onto forensic-grade 226 DBS cards (Ahlstrom 
Munksjo, https://www.ahlstrom-munksjo.com) by 
using finger-prick lancets (4,8). We stored DBS cards 
at room temperature in individual sample bags with 
desiccant. Concomitantly, we collected venous blood 
from volunteers and separated serum by using cen-
trifugation at 9,700 × g for 5 min at room temperature. 
Laboratory analysis was blinded to PCR status, and 
we reported SARS-CoV-2–specific antibody results as 
positive, negative, or equivocal.

To elute antibody from DBS cards, we isolat-
ed individual preperforated DBS spots by using a 
sterile pipette tip and placed them into a universal 
tube at a ratio of 1 spot to 250 µL 0.05% phosphate-
buffered saline (PBS)–Tween 20 (PBS-T) (PBS, xoid; 
Tween-20; Sigma-Aldrich, https://www.sigma 
aldrich.com). We briefly vortexed and incubated 
tubes overnight at room temperature. We then har-
vested DBS eluate into a microtube and centrifuged 
it at 10,600 × g for 10 min at room temperature. We 
stored eluate at 4°C for <14 days in accordance with 
standard protocols (4). We quantified total IgG, IgA, 
and IgM concentrations in matched serum and DBS 
eluate, plus pre–August 2019 DBS samples, with 
nephelometry by using the automated COBAS 6000 
(Roche, https://www.roche.com).

We performed a highly sensitive and specific in-
house ELISA (now under peer review) to measure 

IgG, IgA and IgM against soluble, stabilized, tri-
meric SARS-CoV-2 spike (S) glycoprotein (9,10), as 
previously described (S.E. Faustini et al., unpub. 
data, https://doi.org/10.1101/2020.06.16.2013302. 
In brief, we coated Nunc 96-well plates (Thermo-
Fisher, https://www.thermofisher.com) with 50 
µL of 2 µg/mL S glycoprotein (M. Perez-Toledo et 
al.; S.E. Faustini et al.). We blocked plates and dilut-
ed samples with 2% BSA 0.1% PBS-T (PBS, Oxoid; 
Tween-20 and BSA, Sigma-Aldrich) at starting dilu-
tions of 1:3 DBS eluate and 1:15 serum, with 3-fold 
serial dilutions; or single dilutions of 1:10 DBS 
eluate and 1:100 serum. We diluted mouse mono-
clonal anti–human horseradish peroxidase conju-
gated antibodies (anti–IgG R-10 1:8,000, anti–IgA 
MG4.156 1:4,000, and anti–IgM AF6 1:2,000; Abing-
don Health, https://www.abingdonhealth.com) in 
0.1% PBS-T. We developed plates with TMB Core 
(Bio-Rad, https://www.bio-rad.com) and stopped 
them after 5 min with 0.2M H2SO4 (Sigma-Aldrich). 
We recorded optical densities at 450 nm (OD450) 
by using the Dynex Revelation (Dynex Technolo-
gies, https://www.dynextechnologies.com). We 
reported results as SARS-CoV-2 S antibody posi-
tive, negative, or equivocal. The cutoff for negativ-
ity was less than the highest negative control (DBS 
0.399 OD450 and serum 0.449 OD450), and for positiv-
ity, the mean of the negative controls +3 SD (DBS 
0.444 OD450 and serum 0.62 OD450); a result between 
this range was considered equivocal.

We performed statistical analyses by using Prism 
8 (GraphPad, https://www.graphpad.com) and  
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Table 1. Mean concentrations of SARS-CoV-2 IgG, IgA, and IgM measured in matched DBS eluate and serum samples 

Sample type 
Mean immunoglobulin concentration, g/L* 

IgG (range) IgA (range) IgM (range) 
DBS 1.08 (0.17–2) 0.25 (0.1–0.6) 0.13 (0.1–0.3) 
Serum 11.77 (8.18–18.59) 2.55 (1.5–5.2) 0.99 (0.3–1.5) 
*DBS, dried blood spot; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Includes 10 matched DBS and serum and 5 pre–August 2019 DBS. 
 

Figure 1. Elution of SARS-
CoV-2 anti-spike glycoprotein 
antibodies from DBS samples, 
showing 3-fold DBS eluate (A) 
(initial 1:3 dilution) and serum 
(B) (initial 1:15 dilution) titrations. 
Dashed line indicates pre–
August 2019 DBS samples  
(n = 11). Red circles indicate 
PCR-positive samples (n = 5). 
Black circles indicate PCR-
unknown samples (n = 11), from 
matched contemporaneous 
samples. All samples were 
selected at random for inclusion. 
DBS, dried blood spot; OD450, optical density at 450 nm; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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assessed correlations between continuous data by us-
ing Spearman’s rank test (p<0.05 was considered sta-
tistically significant). We assessed DBS sample ELISA 
performance, relative to the serum assay, by calculat-
ing the comparative sensitivity, specificity, and posi-
tive and negative predictive values, with 95 % CIs. 
We assessed the agreement between DBS and serum 
ELISA results by determining the Cohen κ coefficient 
and Bland-Altman mean-difference.

We performed quantification of total immuno-
globulin concentrations in serum and DBS eluate. 
We observed 7- to 11-fold reduction in mean im-
munoglobulin concentration (IgG, IgA, and IgM) in 
DBS eluate compared with matched serum (Table 1). 
Matched serum and DBS titration curves showed the 
detection of SARS-CoV-2 S glycoprotein antibodies in 
both serum and DBS eluate with the limits of detec-
tion and the optimal detection dilution indicated (1:10 
for DBS eluate and 1:100 for serum). PCR-positive 
matched samples showed higher responses, whereas 
pre–August 2019 DBS samples were negative across 
all dilutions (Figure 1).

We measured OD450 detected by ELISA for 
matched DBS eluate (diluted 1:10) and serum (diluted 

1:100). We observed a significant correlation between 
matched serum and DBS samples (r = 0.96 [95% CI 
0.93–0.97]; p<0.0001) (Figure 2, panel A) and mini-
mal differences in results observed by sample type 
(Bland-Altman bias 0.11 + 0.20) (Figure 2, panel B). 
Discordance occurred between only 1 matched sam-
ple (κ = 0.975). Relative to serum samples, DBS sam-
ples achieved 98.11% sensitivity and 100% specific-
ity for detecting S glycoprotein antibodies (Table 2); 
100% of the PCR-positive samples (n = 31) were also 
antibody-positive in DBS eluate.

Conclusions
We show that DBS samples can be used for the detec-
tion of SARS-CoV-2–specific antibodies with results 
comparable to serum samples, supporting the find-
ings of recent preliminary studies (11,12). Although 
individual laboratories should optimize DBS-derived 
antibody detection, considering dilution-factor and 
cutoff thresholds for their relevant downstream as-
say, these results demonstrate that DBS sampling 
could complement venipuncture for serologic assess-
ments, such as seroprevalence studies, during the 
COVID-19 pandemic.

A current limitation of antibody assays is the ne-
cessity for venipuncture by skilled phlebotomists; DBS 
sampling overcomes this limitation and introduces the 
opportunity for wider population-level testing and 
improved surveillance in groups at heightened risk 
for infection. For example, DBS could be delivered us-
ing postal services (4) to patients with chronic condi-
tions, the immunocompromised, and the elderly, all of 
which are groups disproportionately affected by CO-
VID-19 (13). Furthermore, the DBS method is simple 
and inexpensive (4), which could enhance sampling 
in low- and middle-income countries, among groups 
where venipuncture is culturally unacceptable or in a 
geographically dispersed population.
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Figure 2. Effectiveness of DBS 
sampling for SARS-CoV-2 anti-
spike glycoprotein detection. A) 
Correlation between matched 
DBS eluate (1:10) and serum 
(1:100) OD450 ELISA results 
(n = 87). Red circles indicate 
PCR-positive samples (n = 31). 
Black circles indicate PCR-
unknown samples (n = 56). B) 
Bland-Altman mean-difference 
comparison of DBS eluate (1:10) 
and serum (1:100) OD450 ELISA 
results (dashed lines indicate 
95% limits of agreement [-0.281 
to 0.504]). DBS, dried blood spot; OD450, optical density at 450 nm; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

 
Table 2. DBS eluate SARS-CoV-2 ELISA sensitivity and 
specificity relative to serum samples* 

Sample type 
Serum 

+ – 
DBS + 52 0 

– 1 31 
Sensitivity, % (95% CI) 98.11 (89.93–99.95) 
Specificity, % (95% CI) 100 (88.78–100.00) 
PPV, % 100 
NPV, % (95% CI) 96.88 (81.65–99.54) 
Cohen’s kappa coefficient (95% CI) 0.975 (0.925–1.00) 
*Includes 87 matched DBS and serum samples tested for the detection of 
SARS-CoV-2 anti-spike glycoprotein; positive or negative matched 
samples (n = 84) were included, and equivocal results (n = 3) were 
excluded from the sensitivity and specificity analysis. DBS, dried blood 
spot; NPV, negative predictive value; PPV, positive predictive value; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
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Coronavirus disease (COVID-19) emerged in De-
cember 2019 (1,2), and by June 2020, ≈10 mil-

lion persons worldwide had acquired the disease. 
The confirmatory test for severe acute respiratory 
syndrome virus 2 (SARS-CoV-2) infection remains 
real-time reverse transcription PCR, but this test 
poses challenges in terms of sensitivity (3), reagent 
or equipment availability, and specialized personnel 
training. Serologic assays can be readily performed 
in most clinical laboratories, with faster turnaround 
times, but their association with COVID-19 has large-
ly been reported for hospitalized patients with severe 
disease (4; E. Adams et al., unpub. data, https://
www.medrxiv.org/content/10.1101/2020.04.15.2006
6407v1.full.pdf). Whether mild and severe COVID-19 
represent 2 interlinked stages on a severity continu-
um or 2 distinct phenotypes of an infectious process 
(5) remains incompletely understood; detailed cross-
sectional characterization of IgM and IgG reactive 
against SARS-CoV-2 antigens may provide insight 
into the temporal evolution of antibodies. Detection 
of cross-reactive antibodies from a pre-2020 cohort 
can also indicate whether past exposure to other coro-
naviruses is associated with cross-reactive protection 
against SARS-CoV-2. 

In addition to IgG targeting the receptor-bind-
ing domain (RBD) of the spike protein subunit S1 

(6), we developed and validated an IgM assay tar-
geting the full-length S1 protein. We further devel-
oped and validated an IgM assay targeting the small 
full-length envelope (E) protein, which is highly 
shared between SARS-CoV and SARS-CoV-2 (2), is 
accessible on the surface, and increases during virus 
replication (7). Using these assays, we characterized 
the IgM and IgG profiles of participants with CO-
VID-19, pre-2020 control participants, and a commu-
nity cohort of 116 persons who had recovered from 
self-limited illness during March and April 2020 in 
Atlanta, Georgia, USA.

The Study
We recruited 28 participants hospitalized for severe 
COVID-19 (20 requiring artificial ventilation; sam-
ples collected during hospitalization a median of 
15.5 days after symptom onset) and 15 participants 
who had recently recovered from mild COVID-19 
(samples collected a median of 15 days after symp-
tom onset; Table 1). Compared with hospitalized 
participants, participants with mild illness were 
less likely to be African American (8) and more 
likely to be younger and to have nasal congestion 
or anosmia.

Compared with control participants, hospital-
ized participants had higher levels of IgG against S1-
RBD (log10 transformed because of nonnormal distri-
bution; Student t [56.7] = 12.183; p<0.0001; Figure 1, 
panel A), IgM against S1 (Student t [33.29] = 3.713; 
p<0.001; Figure 1, panel B), and IgM against E 
(t [129] = 2.279; p = 0.024; Figure 1, panel C). The 
same was true among participants with mild ill-
ness for IgG against S1-RBD (Student t [116] = 4.246; 
p<0.0001; Figure 1, panel A), IgM against S1 (Stu-
dent t [116] = 6.764; p<0.0001; Figure 1, panel B), 
and IgM against E (Student t [116] = 3.398; p = 0.001; 
Figure 1, panel C). However, an IgG diagnostic  
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Among patients with coronavirus disease (COVID-19), 
IgM levels increased early after symptom onset for those 
with mild and severe disease, but IgG levels increased 
early only in those with severe disease. A similar pattern 
was observed in a separate serosurveillance cohort. Mild 
COVID-19 should be investigated separately from severe 
COVID-19.
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threshold of 0.82 optical density (OD) (Appendix, 
https://wwwnc.cdc.gov/EID/article/26/12/20-
3334-App1.pdf) from the hospitalized participants 
identified only 4 (26.7%) of 15 participants with 
mild disease because of the lower IgG levels early 
after symptom onset in the group with mild dis-
ease. Elevated IgG only weeks after symptom onset 
among participants with mild COVID-19 is consis-
tent with prior reports (9; E. Adams et al., unpub. 
data, https://www.medrxiv.org/content/10.1101
/2020.04.15.20066407v1.full.pdf), and linear regres-
sion analysis projected that their IgG would reach 
the threshold of hospitalized participants an average 
of 29 days after symptom onset.

Conversely, IgM negatively correlated with time 
since symptom onset for hospitalized participants 
but not for those with mild disease. An anti-S1 IgM 
level of 1.60 OD from hospitalized patients during 
the first 21 days—before significant IgM decline—
and 50-fold randomly selected control participants 
showed sensitivity of 81.0% and median specificity 
of 80.4% (range 76%–85.5%). The threshold of 1.60 

OD was in range with values derived from pre-ad-
sorption experiments that used S1 antigen (1.75 OD; 
Appendix) and identified participants with mild dis-
ease with sensitivity of 80.0% and median specific-
ity of 80.5% (range 80%–86.7%). Anti-E IgM levels 
showed similar associations with time from symp-
tom onset and severity but did not increase identifi-
cation of COVID-19 participants.

Because many persons with mild influenza-like 
(ILI) symptoms in the metropolitan Atlanta area did 
not or could not access SARS-CoV-2 testing during 
early 2020, we also analyzed antibody levels in 116 
adults who had recovered from self-limited ILI symp-
toms (Table 2). Compared with participants with mild 
COVID-19, this cohort was less likely to have anosmia 
(11% vs. 47%; p = 0.002) or fatigue (4% vs. 20%; p = 
0.048) but was otherwise similar in terms of sex, race, 
age, and signs/symptoms. Of 31 participants with 
symptom onset 7–29 days before blood collection, 
1 (3%) had elevated IgG, and 11 (12.9%) of 85 with 
symptom onset 30–60 days before participation had 
elevated IgG. None of the clinical signs/symptoms 
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Table 1. Demographic and other information for persons with known coronavirus disease, pre-2020 controls, and persons with 
influenza-like illness but negative for SARS-CoV-2, Atlanta, Georgia, USA, 2020* 

Characteristic Hospitalized, n = 28 Mild disease, n = 15 
Pre-2020 control, n = 

103 p value 
Sex, %    0.273 
 F 14 (50) 7 (47) 65 (63)  
 M 14 (50) 8 (53) 38 (37)  
Median age, y (range) 61.5 (29–85)† 32 (26–81)† 62.5 (24–87) <0.0001 
Race, no. (%)    <0.0001 
 Asian 3 (11) 0 2 (2)  
 African American 18 (64)† 1 (7)† 15 (14)  
 Non-Hispanic Caucasian 6 (21) 12 (80) 82 (80)  
 Hispanic 1 (4) 1 (7) 0  
 Other 0 1 (7) 4 (4)  
Clinical features     
 Inpatient/outpatient 28/0 1/14 NA <0.0001 
 Respiratory failure requiring intubation, % 20 (71)† 0† NA <0.0001 
 Median days since symptom onset (range) 15.5 (4–42) 15 (9–33) NA 0.427 
Clinical signs/symptoms     
 Cough 22 (79) 10 (67) NA 0.473 
 Fever/chills 22 (79) 9 (64) NA 0.287 
 Shortness of breath 20 (71) 5 (33) NA 0.024 
 Myalgia 7 (25) 9 (60) NA 0.045 
 Headaches 7 (25) 7 (47) NA 0.184 
 Sore throat 5 (18) 6 (40) NA 0.150 
 Nasal congestion/rhinorrhea 2 (7) 8 (53) NA 0.001 
 Diarrhea 5 (18) 3 (20) NA 1.000 
 Anosmia 1 (4) 7 (47) NA 0.001 
 Fatigue 3 (11) 3 (20) NA 0.647 
 Vomiting 0 1 (7) NA 0.349 
 Never symptomatic 0 0 NA 0.012 
Laboratory features     
 SARS-CoV-2 detected by rRT-PCR 28/28 10/10 NA <0.0001 
 Mean anti-S1-RBD IgG ( SD), OD 1.72 (0.72)† 0.71 (0.60)† 0.26 (0.36) <0.0001 
 Mean anti-S1 IgM ( SD), OD 1.76 (0.74) 2.12 (0.53) 1.21 (0.48) <0.0001 
 Mean anti-E IgM ( SD), OD 1.85 (0.90) 2.16 (0.72) 1.48 (0.71) 0.001 
*E, envelope protein; NA, not applicable; OD, optical density, RBD, receptor-binding domain; rRT-PCR, real-time reverse transcription PCR; SARS-CoV-
2, severe acute respiratory syndrome coronavirus 2; S1, spike protein subunit S1. 
†Different between patients who were hospitalized and who had mild disease at p<0.005. 
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strongly predicted antibody levels. A liberal thresh-
old of anti-S1 IgM >1.60 OD identified 18/31 (58%) 
and 57/85 (67%) participants, and a more stringent 
threshold of 2.00 OD to reduce false positives identi-
fied 7/31(22%) and 41/85 (48%) participants.

Last, we performed plaque-reduction neutral-
ization assays (PRNT; Appendix) for a subgroup of 
participants with confirmed or probable COVID-19 
and pre-2020 control participants (75% with elevat-
ed antibody levels; Figure 2, panel A). All 6 hos-
pitalized participants and 5 participants with mild 

disease (2 weak neutralizing results <1:40) demon-
strated >90% plaque reduction in Vero cells com-
pared with 2 of 15 control participants who also 
showed weak neutralization. Using positive PRNT 
at >1:40 as a specific threshold, we found simul-
taneously elevated IgM and IgG most predictive 
of positive PRNT (p = 0.008 compared with IgM 
alone, p = 0.07 compared with IgG alone; Appen-
dix), although plasma from 1 hospitalized partici-
pant with neutralizing plasma had reference IgM 
and IgG levels. PRNT for community participants 
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Figure 1. Serologic assay 
results for study participants with 
coronavirus disease (COVID-19), 
Atlanta, Georgia, USA, 2020. Levels 
of IgG against the receptor-binding 
domain (RBD) of the spike protein 
subunit S1 (A), IgM against S1 (B), 
and IgM against envelope protein 
(C) were analyzed for hospitalized 
patients with severe COVID-19 
(black circles) and patients who 
had recovered from mild COVID-19 
(blue circles) according to time from 
symptom onset. Levels in pre-2020 
HC participants (gray circles) are 
shown for comparison; dotted lines 
represent optimal threshold levels 
for receiver operating characteristic 
curve analysis. Best fit lines for 
relationships between time since 
symptom onset and antibody 
levels were calculated separately 
for hospitalized participants and 
participants with mild COVID-19. 
OD, optical density.
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with the 10 most elevated IgG levels showed a simi-
lar trend (Figure 2, panel B).

Conclusions
IgM reactive toward S1 and E proteins increased early 
regardless of disease severity, but IgG increased early 
only in hospitalized participants with severe COVID-19. 
This pattern was observed in a separate cohort of com-
munity participants who had recovered from self-limit-

ed ILI. Positive PRNT—a surrogate for antibody-medi-
ated immune protection—may be better associated with 
elevated IgM and IgG than either antibody alone. 

A diagnostic algorithm of IgG from hospitalized 
participants performed poorly for detection of mild 
COVID-19. Similarly, other studies found delayed or 
low-to-medium neutralizing antibody titers in persons 
who recovered from mild COVID-19 (E. Adams et al., 
unpub. data, https://www.medrxiv.org/content/10.
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Table 2. Demographic and other information for a prospective cohort who recovered from an influenza-like illness, Atlanta, Georgia, 
USA, 2020 

Characteristic 
IgG <0.82, IgM 
<2.00, n = 60 

IgG <0.82, IgM 
≥2.00, n = 44 

IgG ≥0.82, IgM 
<2.00, n = 8 

IgG ≥0.82, IgM 
≥2.00, n = 4 p value 

Symptom onset, no. (%)     0.029 
 7–29 d earlier 23 (38) 7 (16) 1 (12) 0  
 30–60 d earlier 37 (62) 37 (84) 7 (88) 4 (100)  
Sex, no. (%)     0.042 
 F  29 (48) 33 (75) 4 (50) 3 (75)  
 M 31 (52) 11 (25) 4 (50) 1 (25)  
Median age, y (range) 45.5 (19.4–73.7) 34.9 (25.9–73.3) 43.6 (31.7–62.3) 37.3 (33.5–48.2) 0.113 
Non-Hispanic Caucasian 47 (78) 36 (82) 6 (75) 4 (100) 0.715 
Healthcare worker 35 (58) 27 (61) 4 (50) 2 (50) 0.918 
Potential exposure to coronavirus 
disease  

37 (62) 22 (50) 5 (62) 2 (50) 0.662 

Never smoker 51 (85) 38 (86) 7 (88) 2 (50) 0.119 
Clinical signs/symptoms      
 Cough 38 (63) 37 (84) 2 (25) 4 (100) 0.002 
 Fever/chills 21 (35) 21 (48) 2 (25) 3 (75) 0.214 
 Shortness of breath 21 (35) 13 (29) 1 (12) 3 (75) 0.166 
 Myalgia 34 (57) 21 (48) 4 (50) 4 (100) 0.228 
 Headaches 38 (63) 21 (48) 3 (37) 3 (75) 0.238 
 Sore throat 27 (45) 25 (57) 3 (37) 4 (100) 0.117 
 Nasal congestion/rhinorrhea 37 (62) 30 (68) 3 (37) 0 0.029 
 Diarrhea 11 (18) 13 (29) 2 (25) 2 (50) 0.352 
 Anosmia 6 (10) 5 (11) 0 2 (50) 0.067 
 Fatigue 1 (2) 4 (9) 0 0 0.262 
 Vomiting 2 (3) 3 (7) 0 0 0.717 

 

Figure 2. Severe acute 
respiratory syndrome 
coronavirus 2 virus neutralization 
measures according to anti-S1-
RBD IgG and anti-S1 IgM levels, 
Atlanta, Georgia, USA, 2020. 
Open circles represent negative 
plaque-reduction neutralization 
test (PRNT) result, and solid 
circles represent positive PRNT 
result (sizes of filled circles are 
proportional to maximal dilution 
with positive PRNT result). 
Dotted lines indicate threshold 
values. A) Among participants 
with coronavirus disease 
(COVID-19) (mild disease 
and hospitalized), pre-2020 
controls with elevated antibody 
levels, and pre-2020 controls 
with normal antibody levels, 
positive PRNT results were most associated with simultaneously elevated IgM and IgG levels (Appendix, https://wwwnc.cdc.gov/EID/
article/26/12/20-3334-App1.pdf). B) Analysis of a group of 116 persons who reported recovery from self-limited illness 7–60 days prior 
showed a similar trend. ND, not done; RBD, receptor-binding domain; S1, spike protein subunit 1.
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1101/2020.04.15.20066407v1.full.pdf; F. Wu et al., un-
pub. data, https://www.medrxiv.org/content/10.110
1/2020.03.30.20047365v2). The delayed increase in IgG 
and neutralizing antibodies in persons with mild CO-
VID-19 also suggests that mild cases do not necessarily 
represent an intermediate stage between severe and 
asymptomatic COVID-19. A corollary of slow IgG in-
creases in persons with mild COVID-19 may be longer 
persistence of IgM, but more definitive characteriza-
tion of IgM+ memory B cells (10) and long-term decay 
of antibody levels (11) is needed.

Our study has limitations. Our small cross-sec-
tional cohort of patients with well-characterized and 
laboratory-confirmed COVID-19 limits generaliza-
tion. The overrepresentation of African Americans in 
the more severely ill cohort may mediate some differ-
ences in antibody profiles (8), and we did not mea-
sure IgA levels or antibodies targeting other SARS-
CoV-2 gene products (currently under development 
and validation). We also did not measure antibody 
levels in historic SARS or MERS case-patients, and 
cross-reactive antibody response against homologous 
regions cannot be ruled out. 

We did confirm a complex relationship between 
antibody levels, disease severity, and time since 
symptom onset. Examining IgM and IgG against mul-
tiple SARS-CoV-2–related antigens may thus better 
inform natural history and vaccine studies than any 
one antibody.
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has research grants with Genentech, Inc.
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After spilling over from an unknown animal host 
to humans, a novel betacoronavirus called severe 

acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) emerged in December 2019 (1,2) and induced 
a global pandemic. This virus, which causes coronavi-
rus disease, was first identified in humans in Wuhan, 
China (3). The role of livestock and wildlife species at 
the human-animal interface in disease emergence and 
dynamics was extensively discussed, focusing on the 
identification of susceptible species, potential reser-
voirs, and intermediate hosts. Natural or experimen-
tal infections have demonstrated the susceptibility of 
fruit bats (Rousettus aegyptiacus), ferrets, felids, dogs, 
and minks to the virus; however, pigs, chicken, and 
ducks are not susceptible (4–6). Besides ducks, chicken, 
and pigs, other major livestock species, including >1.5 
billion cattle (Bos taurus), live with close contact with 
humans. Non-SARS-CoV-2 betacoronaviruses are 
widespread in bovines (7); seroprevalences reach up 
to 90% (8), but these infections are usually subclinical 
(7). However, whether any ruminant species are sus-
ceptible to SARS-CoV-2 infection or whether there is 
any cross-reactivity of antibodies against bovine coro-
naviruses (BCoVs) and SARS-CoV-2 is unknown. We 
examined the susceptibility of cattle to SARS-CoV-2 
infection and characterized the course of infection.

The Study
From a group of 9 dairy calves, we intranasally inocu-
lated 6 with 1 x 105 50% tissue culture infectious dose 
of SARS-CoV-2 (strain 2019_nCoV Muc-IMB-1). We 

reintroduced the other 3 SARS-CoV-2–naive (hereaf-
ter in-contact) cattle to the 6 infected animals 24 hours 
after inoculation. We monitored body temperature 
and clinical signs daily. We also obtained and pro-
cessed blood samples and nasal, oral, and rectal swab 
samples (Appendix, https://wwwnc.cdc.gov/EID/
article/26/12/20-3799-App1.pdf). The experimental 
protocol was assessed and approved by the ethics com-
mittee of the State Office of Agriculture, Food Safety, 
and Fisheries in Mecklenburg–Western Pomerania, 
Germany (permission no. MV/TSD/7221.3–2-010/18).

Before infection, all animals tested negative for 
SARS-CoV-2 RNA in nasal, oral, and rectal swab 
samples and antibodies against SARS-CoV-2 in se-
rum samples. Veterinarians conducted daily physical 
examinations and noted that none of the animals (in-
oculated or not) showed signs of clinical SARS-CoV-2 
infection (Appendix). Throughout the study, the ani-
mals’ body temperatures, feed intake, and general 
condition remained within normal limits (Appendix). 

We demonstrated viral replication in 2 of the inocu-
lated animals. One animal (no. 776) tested positive for 
viral RNA in the nCoV IP4 real-time reverse transcrip-
tion PCR (RT-PCR) on days 2 (quantification cycle [Cq] 
value 29.97) and 3 (Cq 33.79) after infection. Another 
calf (no. 768) tested positive on day 3 (Cq 38.13) (Fig-
ure, panel A). We confirmed the results with a second 
real-time RT-PCR selective for the E gene; we measured 
Cq values of 29.26 (no. 776, day 2 after infection), 32.12 
(no. 776, day 3), and 36.18 (no. 768, day 3). We verified 
the results with real-time RT-PCR using the ID GENE 
SARS-COV-2 DUPLEX kit (IDvet, https://www.id-vet.
com) (Cq values 29.17 [no. 776, day 2 after infection], 
30.55 [no. 776, day 3], and 36.07 [no. 768, day 3]). These 
animals tested positive only in the nasal swab samples.

We tested serum samples with an indirect ELISA 
specific to the SARS-CoV-2 receptor binding domain 
(RBD-ELISA). An increase in seroreactivity was ob-
served for animal 776 from day 12 onward, indicating 
seroconversion (Figure, panel B). On day 20, we took 
serum samples that confirmed the positive ELISA find-
ings and used an indirect immunofluorescence assay 
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We inoculated 6 cattle with severe acute respiratory 
syndrome coronavirus 2 and kept them together with 3 
in-contact, virus-naive cattle. We observed viral replica-
tion and specific seroreactivity in 2 inoculated animals, 
despite high levels of preexisting antibody titers against 
a bovine betacoronavirus. The in-contact animals did not 
become infected.
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(iIFA) to measure a low antibody titer of 1:4. In addi-
tion, a virus neutralization test (VNT) (serum dilution 
1:2) showed a visible, although incomplete, inhibition 
of viral replication. Samples taken on day 20 from ani-
mal 768 showed only slightly increased seroreactivity in 
ELISA, whereas iIFA and VNT results remained nega-
tive. These differences might be attributable to varying 
test sensitivities or a possible restriction of viral repli-
cation to the upper respiratory tract. Throughout the 
study, the other animals tested negative for antibodies 
against SARS-CoV-2 by ELISA, iIFA, and VNT.

We also tested the BCoV status of each calf. Before 
SARS-CoV-2 infection, all animals had neutralizing 
antibodies against BCoV, although the titers differed 
substantially among individual animals (Figure, panel 
D). Three animals showed an increase in antibody ti-
ters against BCoV by iIFA (no. 842 and 773, which were 
directly infected with SARS-CoV-2, and no. 774, an in-
contact animal) and 2 also by VNT (no. 842 and 774) 
within the study period (Figure). To show that this in-
crease was caused by a natural BCoV infection and not 
SARS-CoV-2, we tested nasal swab samples for BCoV 
using RT-PCR selective for the RdRp region (9). Animal 
842 tested positive by PCR for BCoV RNA 1 day before 
our experimental SARS-CoV-2 infection and 2 days af-
ter infection. We used Sanger sequencing to confirm the 
BCoV infection, which had increased the titer of anti-

bodies against BCoV in this animal (Figure). Animal 842 
presumably infected animal 774 with BCoV. However, 
we did not observe any cross-reactivity of the bovine 
coronavirus with the applied SARS-CoV-2 tests, be-
cause all animals tested negative by the nCoV IP4 PCR 
for SARS-CoV-2, the iIFA and VNT specific to SARS-
CoV-2, and the RBD-ELISA (Figure) before infection. 
Moreover, 2 animals (nos. 776 and 768) with high BCoV 
seroreactivity tested positive for SARS-CoV-2 RNA af-
ter inoculation, whereas those with lower BCoV-specific 
titers could not be infected, further confirming a lack of 
any cross-reactivity or cross-protection. 

Conclusions
Our findings demonstrate that under experimental 
conditions cattle show low susceptibility to SARS-
CoV-2 infection. This finding corresponds with a 
predicted medium susceptibility of cattle species on 
the basis of a computational modelling of their angio-
tensin-I-converting enzyme 2, the cellular receptor for 
SARS-CoV-2 (10).

We inoculated 6 cattle with SARS-CoV-2; of these 
animals, 2 later tested positive for the virus in PCR 
of nasal swab samples and show specific seroconver-
sion by RBD-ELISA. Even though the genome loads 
detected in animal 768 at day 3 were low, there is evi-
dence that this animal was confronted with real viral 
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Figure. Characterization of 
SARS-CoV-2 infection in cattle. 
Animals directly inoculated 
shown in black. In-contact 
animals shown in blue. 
Individual animals are indicated 
by the same symbol in every 
figure panel. A) Viral load in 
nasal swab samples measured 
by real-time RT-PCR. Animals 
776 and 768 had detectable 
viral loads on days 2 and 3 (no. 
776) or day 3 only (no. 768). 
B) Results of indirect ELISA 
specific to the SARS-CoV-2 
receptor binding domain. 
Serum samples taken on days 
-1 before infection and 6, 12, 
and 20 days after infection. 
Values below the dashed line 
are considered negative for 
antibodies against SARS-
CoV-2. C) Results of indirect 
immunofluorescence assay 
for BCoV. D) Results of virus neutralization test for BCoV. Indirect immunofluorescence and virus neutralization test showed that animal 842, 
which tested positive for BCoV in the nasal swab sample by real-time RT-PCR, had an increase in antibody titer against BCoV. Preinfection 
antibody titers against BCoV did not affect infection with SARS-CoV-2, as animals 776 and 768, which tested positive for SARS-CoV-2, 
showed no infection-related reaction of BCoV antibody titers. BCoV, bovine coronavirus; ND50, 50% neutralizing dose, RT-PCR, reverse 
transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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replication. RNA residues from inoculation are only 
detectable shortly after inoculation; here, the day 2 
nasal swab tested repeatedly PCR negative. Further-
more, other studies using the same infection dose and 
vaporization device also found no residual RNA on 
day 2 (5). In addition, the low-level viral replication 
led to a slight, but detectable, serologic reaction in the 
applied ELISA (Figure, panel B). 

In our study, we did not observe intraspecies 
transmission to in-contact cattle. Thus, we have no 
indication that cattle play any role in the human pan-
demic, and no reports of naturally infected bovines 
exist. Nevertheless, in regions with large cattle popu-
lations and high prevalence of SARS-CoV-2 infection 
in humans, such as the United States or countries in 
South America, close contact between livestock and 
infected animal owners or caretakers could cause 
anthropo-zoonotic infections of cattle, as has been 
already described for highly susceptible animal spe-
cies such as minks, felids, and dogs (6,11). When as-
sessing the risk for virus circulation within bovine 
populations, one should consider the age, husbandry 
practices, and underlying health conditions of the an-
imals. Outbreak investigations might include cattle, 
particularly if direct contact has occurred between 
animals and persons infected with SARS-CoV-2. In 
addition to direct detection by PCR, serologic screen-
ings with sensitive and specific ELISAs should also 
be taken into consideration. In this context, the wide 
distribution of BCoV is of special interest, especially 
because the presence of a preexisting coronavirus did 
not protect from infection with another betacorona-
virus in this study. Double infections of individual 
animals might lead to recombination events between 
SARS-CoV-2 and BCoV, a phenomenon already de-
scribed for other pandemic coronaviruses (12). A re-
sulting chimeric virus, comprising characteristics of 
both viruses, could threaten human and livestock 
populations and should therefore be monitored.

This article was preprinted at https://www.biorxiv.org/
content/10.1101/2020.08.25.254474v1.
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Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) emerged in Wuhan, China, at the 

end of 2019. Researchers have identified close rela-
tives to SARS-CoV-2 in bats (1) and pangolins (order 
Pholidota) (2,3). Whether the pandemic was initi-
ated by direct transmission from bats or through an 
intermediate mammalian host is still under debate 
(4). During the 2002–2004 severe acute respiratory 
syndrome pandemic, researchers documented the 
causative virus in raccoon dogs (Nyctereutes procyo-
noides) in China, indicating that these animals might 
have been intermediate hosts for the virus (5). Fur 
producers in China own >14 million captive raccoon 
dogs, accounting for ≈99% of the global share of rac-
coon dogs (6) (Appendix Figure 1, panel A, https://
wwwnc.cdc.gov/EID/article/26/12/20-3733-App1.
pdf). However, whether these animals are susceptible 
to SARS-CoV-2 is unknown. Using our established 
study design (7), we characterized susceptibility, vi-
ral shedding, transmission potential, serologic reac-
tions, and pathologic lesions of raccoon dogs after 
experimental SARS-CoV-2 infection.

The Study
We intranasally inoculated 9 naive raccoon dogs 
with 105 50% tissue culture infectious dose (TCID50) 
SARS-CoV-2 2019_nCoV Muc-IMB-1. We introduced 

3 naive animals 24 hours after inoculation to test for 
direct transmission (Figure 1). We sorted animals into 
4 groups of 3 individual cages separated by meshed 
wire and placed each naive contact animal between 
2 inoculated animals (Appendix Figure 2). We also 
used 2 naive animals as controls. Although several 
animals (animal nos. 4, 5, and 10) were slightly lethar-
gic 4 days after inoculation, none of the exposed or 
contact animals had fever, weight loss, or other signs 
of clinical infection.

To monitor viral shedding, we collected nasal, 
oropharyngeal, and rectal swab samples on days 2, 
4, 8, 12, 16, 21, and 28. We measured viral RNA by 
quantitative reverse transcription PCR and the levels 
of infectious virus by titration on Vero E6 cells (Fig-
ure 2). We observed viral shedding in 6 (66.7%) of 9 
inoculated animals. Because we did not detect viral 
shedding in animal nos. 4, 8, and 9 during the 28-day 
observation period, we concluded that these animals 
were not successfully infected. The infected animals 
shed virus in nasal and oropharyngeal swab samples 
on days 2–4; we found viral RNA in nasal swab sam-
ples until day 16 (animal no. 7). The mean viral ge-
nome load was 3.2 (range 1.0–6.45) log10 genome cop-
ies/mL for nasal swab samples, 2.9 (range 0.54–4.39) 
log10/mL for oropharyngeal swab samples, and 0.71 
(range 0.31–1.38) log10/mL for rectal swab samples. 
Titrations showed the same trend; viral titers peaked 
at 4.125 log10 TCID50/mL in nasal swabs on day 2. We 
successfully isolated virus from all except 2 RNA-
positive samples that had a cycle threshold of <27. 
However, we could not isolate virus from samples 
that had a cycle threshold >27 (Appendix Figure 3).

We detected infection in 2 (66.7%) of 3 contact an-
imals (nos. 10 and 11) (Figure 2; Appendix Figure 2). 
We first detected viral RNA in animal no. 10 on day 
8 (i.e., 7 days after contact). Viral shedding, mainly 
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Raccoon dogs might have been intermediate hosts for 
severe acute respiratory syndrome–associated coronavi-
rus in 2002–2004. We demonstrated susceptibility of rac-
coon dogs to severe acute respiratory syndrome corona-
virus 2 infection and transmission to in-contact animals. 
Infected animals had no signs of illness. Virus replication 
and tissue lesions occurred in the nasal conchae.
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in nasal secretions, lasted until day 16 (15 days after 
contact), and we identified viral titers of 1.625 log10 
TCID50/mL in nasal swab samples on day 8 (7 days 
after contact). One contact raccoon dog (no. 12) re-
mained negative for SARS-CoV-2 because infection 
did not develop in either of his inoculated cage neigh-
bors (nos. 8 and 9) (Appendix Figure 2).

On days 4, 8, 12, and 28, we euthanized and con-
ducted autopsies on 2 animals in sequential order. We 
tested tissues and body fluids for SARS-CoV-2 RNA 
and replicating virus (Appendix Figure 4). We found 
viral loads of up to 4.87 log10 genome copies/mL in 
the nasal mucosa on day 4 but only minute amounts 
in other organs. We cultivated infectious virus from 
the nasal conchae of animal nos. 1 (2.86 log10 TCID50/
mL) and 2 (1.63 log10 TCID50/mL). None of the lung 
samples tested positive for viral RNA.

In the autopsies, we did not find gross lesions de-
finitively caused by SARS-CoV-2 infection. We used he-
matoxylin and eosin staining on tissues taken at autopsy 
on days 4, 8, and 12 to identify mild rhinitis affecting the 
respiratory and olfactory regions in all infected animals 
(Appendix Figure 5) but not in negative controls. We 
used immunohistochemical tests to verify the presence 
of intralesional SARS-CoV-2 antigen in the nasal respi-
ratory and olfactory epithelium on days 4 and 8 (Ap-
pendix Figure 5). We did not find the antigen at later 
time points, possibly because of virus clearance or the 
limited sensitivity of the immunohistochemical test. We 
did not detect histopathologic lesions nor viral antigen 
in animal no. 4, which had not been successfully infect-
ed, on day 8. On day 28, 1 infected (no. 7) and 1 con-
tact animal (no. 10) had histologic lesions indicative of 
SARS-CoV-2 replication in the nasal conchae (Appendix 
Figure 6). We still detected viral RNA but no antigen. 
We did not detect further lesions definitively caused by 
SARS-CoV-2-infection. All other tissues tested negative 
for SARS-CoV-2 antigen (Appendix).

We took serum samples on days 4, 8, 12, 16, 21, 
and 28. We tested these samples for antibodies against 
SARS-CoV-2 using the indirect immunofluorescence 
assay and virus neutralization test as described (7). 
We detected SARS-CoV-2–specific antibodies in 4 
(57.1%) of 7 inoculated animals on day 8 using ELISA 
(Appendix Figure 7, panel A) and indirect immuno-
fluorescence assay (>1:64) (Table). Titers increased to 
1:1,024 on day 28 (animal no. 7). We observed neutral-
izing antibodies in 2 of the infected animals (nos. 6 
and 7) as early as day 8 (animal no. 6, 1:5.04) (Table). 
The highest titer of neutralizing antibodies was 1:12.7 
(found in no. 6 on day 12, and no. 7 on day 28). We 
characterized SARS-CoV-2–specific immunoglobu-
lins, revealing that IgM, IgG, and IgA developed 
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Figure 1. Study design for experimental infection of raccoon dogs 
with severe acute respiratory syndrome coronavirus 2. Outline of 
the in vivo experiment with an observation period of 28 days; 9 
animals were inoculated intranasally with 105 50% tissue culture 
infectious dose/mL, and 3 naive direct contact animals were 
introduced 24 hours later. On days 4, 8 and 12, two raccoon 
dogs were euthanized and autopsied. All remaining animals were 
euthanized on day 28. Red indicates infected animals. 
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within 8 days after infection; IgM levels peaked on 
day 8 and IgG on day 12 (Appendix Figure 7, panels 
B–G). On days 8 and 12, we also detected antibod-
ies specific for the receptor-binding domain of SARS-
CoV-2 in saliva samples from animals that developed 
serum antibodies (Appendix Figure 7, panels H–I). In 
contrast to SARS-CoV-2 isolates from infected ferrets 
(7), the isolates from nasal swabs of infected raccoon 
dogs (animal no. 2 on day 2 and no. 10 on day 8) dem-
onstrated 100% sequence identity to the inoculum.

Conclusions
Our experimental study demonstrates that raccoon 
dogs are susceptible to SARS-CoV-2 infection and can 
transmit the virus to direct in-contact animals. In our 
study, raccoon dogs had only subtle clinical signs. We 
found evidence of viral replication and tissue lesions 
in only the nasal conchae.

Increasing evidence supports the potential of 
carnivore species, including farmed fur animals, 
to become infected by SARS-CoV-2 (8–12). This 
transmission could eventually cause zoonotic infec-
tions in humans (B.B. Oude Munnink, unpub. data,  

https://www.biorxiv.org/content/10.1101/2020.09.
01.277152v1). Our results indicate that affected farms 
might be reservoirs for SARS-CoV-2. Thus, efficient 
and continuous surveillance should target susceptible 
animals, including raccoon dogs, especially in China, 
which is a key player in global fur production (6). We 
also need to initiate large-scale epidemiologic field 
studies with historic samples that might elucidate the 
role of farmed animals in the current pandemic.

This article was preprinted at https://www.biorxiv.org/
content/10.1101/2020.08.19.256800v1.
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Figure 2. Detection of severe acute respiratory syndrome coronavirus 2 in swab samples from experimentally infected raccoon dogs. 
A) Viral genome loads in swab samples isolated on Vero E6 cells; B) viral genome loads in virus titers isolated on Vero E6 cells. Two 
replicates per sample were analyzed. C) Individual viral loads of nasal swab specimens taken from infected and contact animals. 

 
Table. Serologic response of raccoon dogs to experimental SARS-CoV-2 infection, by day after inoculation* 

Animal no. 
Day 8 

 
 Day 12 

 
Day 16 

 
Day 21 

 
Day 28 

iIFA VNT iIFA VNT iIFA VNT iIFA VNT iIFA VNT 
Inoculated               
 1 

  
 

  
 

  
 

  
 

  

 2 
  

 
  

 
  

 
  

 
  

 3 1:128 <1:4  
  

 
  

 
  

 
  

 4 <1:20 <1:2  
  

 
  

 
  

 
  

 5 1:64 <1:2  1:64 <1:2  
  

 
  

 
  

 6 1:128 1:5.04  1:64 1:12.7  
  

 
  

 
  

 7 1:128 <1:4  1:64 <1:2  1:64 1:4  1:128 1:10.08  1:1,024 1:12.7 
 8 <1:20 <1:2  <1:20 <1:2  <1:20 <1:2  <1:20 <1:2  <1:20 <1:2 
 9 <1:20 <1:2  <1:20 <1:2  <1:20 <1:2  <1:20 <1:2  <1:20 <1:2 
In-contact               
 10 <1:20 <1:2  <1:20 <1:2  1:64 <1:2  1:128 <1:4  1:512 <1:4 
 11 <1:20 <1:2  <1:20 <1:2  1:64 <1:2  1:128 1:5.04  1:256 <1:4 
 12 <1:20 <1:2  <1:20 <1:2  <1:20 <1:2  <1:20 <1:2  <1:20 <1:2 
*No serologic response recorded for days 0 and 4. Animal nos. 4, 8, and 9 did not show signs of infection. Each day, 2 raccoon dogs were euthanized and 
autopsied. iIFA, indirect immunofluorescence assay; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; VNT, virus neutralization test. 
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Avian influenza viruses occasionally 
cross the species barrier, infecting hu-
mans and other mammals after expo-
sure to infected birds and contaminated 
environments. Unique among the avian 
influenza A subtypes, both low patho-
gencity and highly pathogenic H7 virus-
es have demonstrated the ability to infect 
and cause disease in humans. 

In this podcast, Dr. Todd Davis, a CDC 
research biologist, discusses transmission 
of avian H7N2 from a cat to a human.
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Migratory birds can be biological and mechanical 
carriers of viruses, bacteria, and protozoa. They 

also can transport infected ectoparasites, such as ticks, 
across continents, enabling the spread of these vectors 
and their pathogens into new ecologic niches. Several 
studies have reported the Borrelia burgdorferi sensu 
lato, spotted fever group (SFG) rickettsiae, and Crime-
an-Congo hemorrhagic fever virus (CCHFV) in Ixodes 
ricinus and Hyalomma marginatum ticks collected from 
birds that migrate annually from Africa to Europe (1,2). 
The role of migratory birds as carriers of vectorborne 
pathogens in Italy is poorly understood. To assess the 
risk for introduction of zoonotic microbial agents in 
Europe by migratory birds, we investigated microor-
ganisms in ticks collected from migratory birds in Italy.

The Study
We conducted fieldwork activities at the Ponza Ring-
ing Station on the island of Ponza (Central Tyrrhenian 
Sea, Italy; 40°55′N, 12°58′E) during spring (March–
May) 2016 and 2017. We captured 744 migratory birds 
belonging to 20 different species (Table) during regu-
lar ringing procedures and checked them for ticks. 
Fourteen bird species were long-distance migrants 
that wintered in sub-Saharan Africa, and 6 were par-
tial migrants, such as the blackbird (Turdus merula), the 
dunnock (Prunella modularis), the Eurasian blackcap 

(Sylvia atricapilla), the European robin (Eithacus ru-
becula), the song thrush (Turdus philomenos), and the 
subalpine warbler (Sylvia cantillas).

We collected 231 engorged ticks and identified them 
using standard morphologic keys (3) and PCR ampli-
fication of the internal transcribed spacer (ITS) region 
when possible (4). We used commercial kits for RNA 
(High Pure Viral Nucleic Isolation Kit; Roche Diagnos-
tics, https://diagnostics.roche.com) and DNA (High 
Pure PCR Template Preparation Kit; Roche Diagnostics) 
extraction. We used the RealStar CCHFV RT-PCR Kit 
1.0 (Altona Diagnostics, https://www.altona-diagnos-
tics.com) for CCHFV detection; we used conventional 
PCR with protocols described elsewhere (5) to detect 
DNA from Babesia spp., Anaplasma spp., Ehrlichia spp., 
SFG rickettsiae, and Borrelia spp. We used DNA from 
Babesia canis (dog 825/08, 1:10 diluted), Anaplasma 
phagocytophilum (cattle 2008/13, 1:10 diluted), Ehrlichia 
canis (clone), Rickettsia raoultii (clone) and B. burgdorferi 
(clone) as positive controls for each amplification.

Using PCR amplification of the ITS region, we 
identified 94 ticks at the species level: H. marginatum 
complex (5 larvae, 82 nymphs), I. frontalis (3 nymphs), 
I. ventalloi (3 nymphs), and Amblyomma marmoreum (1 
nymph). Amplification of the ITS region failed in the 
remaining ticks, identifying only the genus; these ticks 
were mostly Hyalomma spp. (1 larva, 118 nymphs) or 
Ixodes spp. (3 larvae, 14 nymphs, and 1 adult).

Of the analyzed ticks, 50 tested positive for SFG 
rickettsiae DNA; the overall prevalence was 21.7% 
(95% CI 16.8%–27.4%). To determine the species, we 
amplified a fragment of the ompA gene in all the SFG 
rickettsiae–positive ticks (5). Positive amplicons were 
sequenced by LGC Genomics (https://www.lgcgroup.
com) and compared with sequences deposited in Gen-
Bank. Results revealed R. aeschlimannii DNA in 47 
(94.0% [95% CI 83.8%–97.9%]) of 50 ticks (Table). We 
identified 46 sequences identical to an R. aeschlimanni 
strain documented from Egypt (GenBank accession no. 
HQ335157), Turkey (GenBank accession no. MF379299), 
and Italy (GenBank accession no. MH532239) and 1 se-
quence identical to R. aeschlimanni strain RH (GenBank 
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Migratory birds can transport infected ticks across con-
tinents. We evaluated pathogens in ticks collected from 
migratory birds in Italy. We found DNA from Rickettsia ae-
schlimannii, R. africae, and R. raoultii bacteria, all of which 
can cause disease in humans. Bird migrations might facili-
tate the spread of these pathogens into new areas.



Zoonotic Pathogens in Ticks from Migratory Birds

accession no. HM050286) from Senegal; the latter strain 
differed from the others by 1 nt (T instead of C at nt 425). 
Two (4.0% [95% CI 1.1%–13.5%]) sequences were identi-
cal to R. africae (GenBank accession no. HQ335132), and 
1 (2.0% [95% CI 0.4%–10.5%]) sequence was identical to 
R. raoultii (GenBank accession no. MF166732). We also 
screened a subset of positive ticks using primers target-
ing a fragment of the gltA gene (5), confirming the re-
sults obtained with the ompA gene. No ticks tested posi-
tive for other microorganisms.

Conclusions
Although ticks of the H. marginatum species com-
plex (i.e., H. marginatum, H. rufipes, H. turanicum, and  

H. isaaci) are the most widespread ticks in Africa, they 
also have been found in some countries in Europe, such 
as the United Kingdom (6). These tick species are also 
vectors for CCHFV, which occurs mainly in Africa and 
southeastern Europe and can cause life-threatening dis-
ease in humans. Hyalomma ticks are vectors and reser-
voirs of this virus; birds, which are the primary hosts 
for the immature stages of these ticks, can maintain and 
spread the virus into new areas through migration (7).

R. aeschlimannii and R. africae, which are zoonotic 
bacterial species endemic to Africa, are transmitted 
by ticks belonging to the genera Hyalomma and Am-
blyomma. However, these bacteria have also been de-
tected in ticks from other regions, such as Oceania, the 
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Table. Sampled bird species, ticks, and Rickettsia PCR positivity, Italy, 2016–2017* 

Year, bird species 
No. 

birds 
Tick species 

found 
No. pathogen-positive 
ticks/no. tested ticks 

Rickettsia 
R. aeschlimanni R. africae R. raoultii 

2016       
 Barn swallow (Hirundo rustica) 18 NA NA    
 Blackbird (Turdus merula) 1 Ixodes ventalloi 0/1    
 Black redstart (Phoenicuros ochruros) 29 I. ventalloi 0/2    

Hyalomma sp. 1/3 1 0 0 
 Eurasian blackcap (Sylvia atricapilla) 1 NA NA    
 European robin (Erithacus rubecula) 22 I. frontalis 0/1    
 Garden warbler (Sylvia borin) 83 NA NA    
 Icterine warbler (Hippolais icterina) 19 Hyalomma sp. 1/2 0 1 0 
 Northern weathear (Oenanthe 
oenanthe) 

1 Hyalomma sp. 1/1 1 0 0 

 Pied flycatcher (Ficedula hypoleuca) 21 Hyalomma sp. 1/5 1 0 0 
 Redstart (Phoenicuros phoenicuro) 14 Hyalomma sp. 7/9 7 0 0 
 Spotted flycatcher (Muscicapa striata) 25 NA NA    
 Subalpine warbler (Sylvia cantillas) 1 I. frontalis 0/1    
 Tree pipit (Anthus trivialis) 1 Hyalomma sp. 1/2 1 0 0 
 Whinchat (Saxicola rubetra) 38 I. frontalis 0/1    

Hyalomma sp. 4/13 4 0 0 
 Whitethroat (Sylvia communis) 92 Ixodes sp. 0/1    

Hyalomma sp. 10/24 9 0 1 
 Willow warbler (Phylloscopus trochilus) 1 NA NA    
 Wood warbler (Phylloscopus sibilatrix) 1 Hyalomma sp. 0/3    
2017       
 Barn swallow (H. rustica) 20 Hyalomma sp. 0/1    
 Black redstart (P. ochruros) 3 H. rufipes 1/1 0 1 0 
 Collared flycatcher (Ficedula albicollis) 1 H. rufipes 1/1 1 0 0 
 Dunnock (Prunella modularis) 1 Hyalomma sp. 0/1    
 Eurasian blackcap (S. atricapilla) 48 NA NA    
 European robin (E. rubecula) 39 H.rufipes 2/10 2 0 0 
 Garden warbler (S. borin) 30 NA NA    
 Icterine warbler (H. icterina) 41 NA NA    
 Northern weathear (O. oenanthe) 1 H. rufipes 1/1 1   
 Pied flycatcher (F. hypoleuca) 30 Hyalomma sp. 0/1    
 Redstart (P. phoenicuros) 25 H. rufipes 8/12 8 0 0 
 Song thrush 
(Turdus philomenos) 

4 H. rufipes 1/1 1 0 0 
Hyalomma sp. 0/3    

 Spotted flycatcher (M. striata) 24 H. rufipes 1/2 1 0 0 
 Subalpine warbler (S. cantillas) 1 Hyalomma sp. 0/1    
 Tree pipit (A. trivialis) 2 Amblyomma 

marmoreum 
1/1 1 0 0 

Hyalomma sp. 0/1    
 Whinchat (S. rubetra) 43 H. rufipes 5/7 5 0 0 
 Whitethroat (S. communis) 57 H. rufipes 2/5 2 0 0 
 Willow warbler (P. trochilus) 1 Hyalomma sp. 0/1    
 Wood warbler (P. sibilatrix) 5 H. rufipes 1/1 1 0 0 

Hyalomma sp. 0/4    
*NA, no ticks collected. 
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Caribbean islands, and Europe (7–9). Autochthonous 
cases of human rickettsiosis caused by R. aeschliman-
nii have been recently described in Greece (10) and 
Italy (11). We detected R. africae in H. rufipes and R. 
raoultii in Hyalomma sp., which are not known vectors 
for these pathogens. Because we did not test the birds 
for Rickettsia spp. and the ticks were engorged, we 
cannot exclude the possibility that the ticks acquired 
these microorganisms by feeding on positive birds. 
Nevertheless, our results agree with those observed 
in a study in Italy (12) and confirm the circulation of 
these Rickettsia species into areas to which they are 
not endemic. They also highlight the role of migrato-
ry birds in the passive transportation of infected ticks.

Although no ticks tested positive for CCHFV in 
our study, some studies report this virus in H. margin-
atum complex ticks attached to birds migrating from 
Africa to Europe (13). Migratory birds might have con-
tributed to the establishment of the CCHFV in Spain 
(14). Moreover, climate change could cause prolonged, 
warmer, and drier summers and autumns. These sea-
sonal changes might lead to the establishment of au-
tochthonous populations of Hyalomma ticks in areas 
previously free of these vectors. Finally, RNA of anoth-
er relevant human pathogen, the recently discovered 
Alkhurma hemorrhagic virus (15), has been detected 
in ticks of the H. marginatum complex.

In summary, we found zoonotic bacteria in ticks 
carried by birds across their migratory routes and as-
sessed the risk for pathogen introduction in Italy. How-
ever, further studies are needed to clarify the role of 
these ticks in the epidemiology of zoonotic pathogens.
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Onchocerca lupi is a species of zoonotic, filarial nem-
atode that causes onchocerciasis in dogs, cats, 

and humans. It was first described in 1967 in Georgia, 
then part of the USSR, in the periocular tissues of a 
wolf (Canis lupus lupus) (1) and has been reported in 
dogs (C. lupus domesticus). Since 2013, increased de-
tection of O. lupi infections in dogs and humans in the 
United States and Europe has renewed interest in this 
parasite, its geographic distribution, and the range of 
its natural hosts (2).

The geographic distribution and prevalence of 
the O. lupi nematode in the United States is unknown. 
US veterinarians are not required to report O. lupi 
infections in canines, making it difficult to identify 
the parasite’s geographic distribution. The first docu-
mented case of O. lupi infection in the United States 
affected a dog in California in 1991 (3); since then, O. 
lupi infections have been reported in dogs, cats, and 
humans in Arizona, California, Colorado, New Mexi-

co, Texas, and Utah (2,4,5,6). This parasitic nematode 
is now endemic in domesticated canines in the south-
western United States (7). Reports of O. lupi infection 
in Canada (Alberta and Prince Edward Island) (7) as-
sociated with dog importation from the southwestern 
United States and travel of US companion animals 
suggest an anthropogenic spread of the O. lupi nema-
tode. Whether wild canids, including coyotes (C. la-
trans), might be reservoirs for the O. lupi nematode is 
unknown.

Because of the growing number of O. lupi infec-
tions in canines and humans, public health officials 
must understand the prevalence and distribution of 
this parasite in wildlife. Toward that goal, we inves-
tigated coyote populations in Arizona, New Mexico, 
and Nevada as potential primary hosts and natural 
reservoirs for the O. lupi nematode. 

The Study
From December 2015 through July 2018, we collected 
skin tissue samples from coyotes harvested for pre-
dation management conducted by the Arizona Game 
and Fish Department, and from hunters in Arizona, 
New Mexico, and Nevada. We did not euthanize any 
coyotes for the specific purpose of this study. Skin tis-
sue from the interocular frontal area of the animal’s 
head was removed and stored in 80% ethanol until we 
extracted the DNA. We screened 707 DNA sequences 
for an O. lupi cytochrome c oxidase (COI) gene (8) us-
ing SYBR Green–real-time PCR on a QuantStudio 7 
Flex Real Time PCR System (Thermo Fisher Scientif-
ic, https://www.thermofisher.com). We used DNA 
from an adult worm from an infected dog in northern 
Arizona as a positive control (GenBank accession no. 
MT878136). We included a no-template control in ev-
ery real-time PCR reaction plate. We compared the 
product’s melting curve to the positive control using 
a dissociation curve. We prepared every sample that 
had a melting curve resembling that of the positive 
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The Onchocerca lupi nematode infects dogs, cats, 
and humans, but whether it can be spread by coyotes 
has been unknown. We conducted surveillance for O. 
lupi nematode infection in coyotes in the southwestern 
United States. We identified multiple coyote popula-
tions in Arizona and New Mexico as probable reser-
voirs for this species.
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Table. Coyotes tested for Onchocerca lupi nematodes, United States, 2015–2018 

Location No. samples 
No. (%) positive 

samples  
Coyote sex 

 
Coyote age group 

M F Adult Youth 
Arizona        
 Coconino 189 5 (2.7) 97 92  177 12 
 Apache 106 10 (9.4) 56 50  88 18 
 Yavapai 86 1 (1.2) 49 37  78 8 
 Cochise 75 0 44 31  66 9 
 Mohave* 56 1 (1.8) 29 26  53 3 
 Navajo* 48 17 (35.4) 31 16  45 3 
 Graham 48 0 24 24  46 2 
 Maricopa 42 1 (2.4) 19 23  32 10 
 La Paz 14 1 (7.1) 5 9  12 2 
 Pima 6 0 2 4  6 0 
 Pinal 3 0 1 2  3 0 
 Yuma 1 0 1 0  1 0 
 Unknown† 1 0 0 1  1 0 
 Unknown† 1 0 0 1  1 0 
New Mexico        
 Catron 7 0 5 2  6 1 
 McKinley 1 0 0 1  1 0 
 San Juan 4 0 1 3  4 0 
    Torrence 4 0 3 1  3 1 
    Tucamari 3 0 1 2  3 0 
 Quay 3 0 3 0  3 0 
 Hildago 2 1 (50.0) 1 1  2 0 
 Zuni 1 0 1 0  1 0 
Nevada        
 Elko 4 0 3 1  4 0 
 Nye 2 0 1 1  2 0 
*Mohave and Navajo Counties each had 1 sample for which host sex was not recorded. 
†2 samples from Arizona did not have a recorded county. 

 

 

Figure 1. Number of Onchocerca lupi nematode–positive coyotes collected, southwestern United States, 2015–2018. Positivity rates are 
provided for each county with O. lupi–positive coyotes.
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control for amplicon sequencing using neat DNA and 
Illumina (https://www.illumina.com) technologies.

Thirty-seven (5.2%) samples from 8 counties in 
Arizona and New Mexico (Table 1) had sequences 
that aligned with the reference gene. Of these sam-

ples, 36 were from Arizona and 1 was from Hildago 
County, New Mexico. In Arizona, the highest preva-
lences of O. lupi infection were in Navajo County (17 
[35.4%] positive coyotes) and Apache County (10 
[9.4%]) (Figure 1). Coconino County had the third 
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Figure 2. Rooted maximum-likelihood phylogenetic tree based on the cytochrome oxidase c gene sequence from 73 Onchocerca 
lupi nematode samples, including 43 newly obtained samples from 37 coyotes, 4 dogs, and 2 humans, southwestern United States, 
2015–2018. This analysis covers 432 bases. Branch lengths indicate the number of single-nucleotide polymorphisms; red dots indicate 
bootstrap values >99; blue dots indicate bootstrap values <65. Countries of collection, host species, and year of collection are indicated. 
Newly sequenced specimens are in bold. Scale bar indicates number of nucleotide substitutions per site.
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highest number (5) of coyotes that tested positive for 
the O. lupi nematode but a lower positivity rate (2.7%) 
than other counties. For example, in Hidalgo County 
we sampled only 2 coyotes, 1 of which tested positive.

We produced a phylogenetic tree of our 43 COI 
sequences (including 4 that were isolated from in-
fected dogs and 2 from humans [GenBank accession 
nos. MT878134–9]) in addition to 30 O. lupi COI genes 
on GenBank spanning 432 total bases containing 12 
single-nucleotide polymorphisms (SNPs) (Figure 2) 
using IQTREE version 1.6.9 (9) software with 1,000 
bootstrap replicates. Examining only this region of 
the COI gene, we determined the US samples (from 
dogs, cats, coyotes, and humans) clustered within a 
single clade with dog samples from Germany, Ro-
mania, and Greece. Within this clade, we detected 
no SNP differences. This clade was separated from 
a sample from Hungary by 1 SNP and from a single 
clade containing a human isolate from Turkey and a 
dog sample from Greece by 1 SNP.

Conclusions
O. lupi infection has been reported mainly in domes-
tic dogs and cats in the southwestern United States 
(4,2). However, international transportation (pur-
chasing, adopting, and exporting) of dogs from that 
area has introduced this parasite into environments 
to which it is not endemic (7,10). We hypothesize coy-
otes are reservoirs for the O. lupi nematode and could 
spread this parasite throughout the southwestern 
United States. 

We consider the probable importance of coyotes 
as natural reservoirs and dispersal agents. In the 
United States, the average home territory covered by 
a resident coyote population (either a pack or lone 
coyote) is 5–41 km2, whereas solitary transient coyote 
territories are up to 155 km2 (11,12). The large geo-
graphic range and widespread occurrence of not only 
coyotes, but also the putative black fly vector (Dip-
tera: Simuliidae) (13), might facilitate the spread and 
establishment of the O. lupi nematode in the south-
western United States. Furthermore, many North 
American wild canids, such as wolves and foxes, 
have never been assessed for the O. lupi nematode 
but also should be considered as potential reservoirs. 
Although the O. lupi nematode is only endemic to 
the southwestern United States, without appropri-
ate surveillance and mitigation strategies it might 
spread across the United States and into Canada and 
Mexico. We are not aware of any reports of O. lupi 
nematodes in Mexico; however, we identified a coy-
ote that tested positive for O. lupi infection in Hildago 
County, which borders Mexico. Increasing surveil-

lance in nearby counties upon identification of O. lupi 
nematode–positive coyotes would be prudent. Fur-
thermore, the overlap of rural human residences with 
coyote and black fly populations probably increases 
the risk for human exposure.

In summary, canine onchocerciasis is an ongoing 
emerging infectious threat to wildlife, companion ani-
mals, and humans. The expanding range to which the 
O. lupi nematode is endemic, coupled with increased 
incidence of onchocerciasis in humans and canines in 
the southwestern United States, reinforces the need to 
understand, respond to, and potentially mitigate this 
threat. This understanding will enable the develop-
ment of surveillance and mitigation strategies, deter-
mine the risk of spread to nonendemic regions, and 
identify human populations at high risk of infection. 
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Severe fever with thrombocytopenia syndrome 
(SFTS) is caused by the species Dabie bandavirus 

(family Phenuiviridae, genus Bandavirus), generally 
called severe fever with thrombocytopenia syndrome 
virus (SFTSV) (1,2). Cases of SFTS were identified in 
patients in China during 2009 (3) and subsequently 
in Japan and South Korea (2,4). Clinical signs include 
high fever, fatigue, gastrointestinal symptoms, neuro-
logic symptoms, thrombocytopenia, leukocytopenia, 
and multiorgan failure (5). SFTS is potentially fatal, 
and mortality rates have reached 27% in Japan (6). Al-
though the clinical information regarding SFTS in most 
animals is unclear, cats show fatal symptoms similar 
to those in humans (7). Enzootic SFTSV transmission 
is primarily tickborne; tick bites can also spread the vi-
rus to humans (8) and animals (9). Human-to-human 
transmission occurs rarely through contact with infect-
ed blood, body fluids, or mucus (10) and possibly by 
aerosols (11). In this study, we provide evidence for the 
direct cat-to-human transmission of the virus, leading 
to a nosocomial outbreak of SFTSV infection.

The Study
Confirmatory testing of veterinary personnel samples 
was performed at the Laboratory of Microbiology, 
Miyazaki Prefecture Institute for the Public Health 
and Environment, Miyazaki, Japan. Cat sample anal-
ysis was performed at the Center for Animal Disease 
Control, University of Miyazaki. A 1-year-old male 
domestic cat was hospitalized on August 15, 2018, 
with jaundice, poor appetite, vomiting, and a rectal 
temperature of 40.4°C. Hematologic examination 
showed leukocytopenia (1,080 cells/µL, reference 
range 4–30 × 103 cells/µL), thrombocytopenia (19,000 
cells/µL, reference range 9–90 × 104 cells/µL), and an 
increased level of total bilirubin (3.1 mg/dL, refer-
ence range 0–0.5 mg/dL) (12) (Table). The cat died 3 
days after hospitalization.

Serum samples, saliva samples, and anal swab 
specimens (sampled on the first day of hospitaliza-
tion) were sent to the Center for Animal Disease Con-
trol, University of Miyazaki, for molecular test tar-
geting the small segment RNA of SFTSV by reverse 
transcription PCR (RT-PCR) and real-time RT-PCR 
(3). The amounts of SFTSV RNA were quantified as 
RNA copies per milliliter of serum. We detected a vi-
ral load of 1.5 × 1011 copies/mL (Table).

During hospitalization, the cat came into contact 
with a veterinarian (44-year-old woman) and a veteri-
nary technician (20-year-old woman). During contact, 
both veterinary personnel wore protective clothing 
(gloves and surgical masks), but their eyes remained 
unprotected; they were not bitten or scratched by the 
cat. In addition, neither was bitten by ticks.

After the death of the cat, symptoms consistent 
with SFTS developed in both veterinary personnel 
(Figure 1). Ten days after the death of the cat, on 
August 27, the veterinarian (patient 1) was hospital-
ized with a high fever (body temperature 39.2°C), 
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Two veterinary personnel in Japan were infected with 
severe fever with thrombocytopenia syndrome virus 
(SFTSV) while handling a sick cat. Whole-genome se-
quences of SFTSV isolated from the personnel and the 
cat were 100% identical. These results identified a noso-
comial outbreak of SFTSV infection in an animal hospital 
without a tick as a vector.
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fatigue, widespread myalgia, ocular pain, and bi-
cytopenia. No abnormal symptoms were noted on 
cardiac, pulmonary, or abdominal examination. He-
matologic examinations showed leukocytopenia and 
thrombocytopenia. On postadmission days 2 and 3, 
the presence of SFTSV RNA was confirmed in the se-
rum samples by RT-PCR and real-time PCR (day 2, 
3.9 × 106 virus RNA copies/mL; day 3, 6.0 × 106 vi-
rus RNA copies/mL) (Table). By postadmission day 
10, the symptoms of SFTS abated, and patient 1 was 
discharged. Five days after discharge (September 11, 
2018), SFTSV-specific IgG were detected in serum 
samples (13) (Table).

Eleven days after the death of the cat, on August 
28, the veterinary technician (patient 2) also had fever 
and general malaise but less severe leukocytopenia. 
Serum samples collected from patient 2 were positive 
for SFTSV RNA by RT-PCR, and SFTSV RNA copies 
were quantified by using real-time RT-PCR (5.7 × 106 
virus RNA copies/mL) (Table). However, patient 2 
recovered without being hospitalized. Similar to pa-
tient 1, IgG against SFTSV was present in serum col-
lected from patient 2 on September 11.

We also isolated the virus. Vero cells were inocu-
lated with SFTSV-positive serum samples taken from 
the cat, patient 1, and patient 2. The cells were adjusted 
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Table. Hematologic and diagnostic results from a nosocomial outbreak of infection with severe fever with thrombocytopenia syndrome 
virus in animal hospital, Japan, 2018* 

Characteristic Cat,† Aug 15 
Patient 1 

 
Patient 2 

Aug 27 Aug 28 Aug 29 Aug 30 Sep 5 Sep 11 Aug 28 Sep 11 
RT-PCR + − − + + ND ND  + ND 
Virus-specific IgG + − − ND − ND +  − + 
Real-time RT-PCR, 
copies/mL 

1.5 × 1011 ND ND 3.9 × 106 6.0 × 106 ND ND  5.7 × 106 ND 

Isolation‡ J1 ND ND J1 J1 ND ND  J1 ND 
Leukocytes/L 1, 080 (4–30 x 103) 1,970 1,300 1,060 1,450 2,570 4,070  2,850 4,630 
Hemoglobin, g/dL 14.6 (9–18) 13.1 12.6 12.3 13.4 11.6 12.6  13.4 13.1 
Platelet count/L 19,000 (9–90 x 104) 81,000 63,000 53,000 59,000 155,000 214,000  254,000 261,000 
Total bilirubin, mg/dL 3.1 (0–0.5) 0.36 0.26 ND 0.28 0.44 0.69  0.44 0.42 
AST, IU/L ND 18 17 20 27 51 11  25 24 
ALT, IU/L 91 (47.4–97.3) 12 10 12 16 60 25  37 28 
LDH, IU/L ND 134 123 149 157 130 156  213 267 
C-reactive protein, mg/dL ND 0.04 0.04 ND 0.03 0.01 0.002  0.17 0.19 
*ALT, alanine aminotransferase; AST, aspartate aminotransferase; J1, J1 genotype; LDH, lactate dehydrogenase; ND, not done; RT-PCR, reverse 
transcription PCR; –, negative; +, positive. 
†Values in parentheses are standard feline hematologic parameters reported by O’Brien et al. (12). 
‡Virus isolated on Vero cells and genotyping. 

 

Figure 1. Timeline for transmission of severe fever with thrombocytopenia syndrome virus from cat to veterinary personnel in animal 
hospital, Japan, 2018. Patient 1, veterinarian; patient 2, veterinary technician.
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Figure 2. Phylogenetic analyses of severe fever with 
thrombocytopenia syndrome virus strains obtained from a cat and 
veterinary personnel in animal hospital, Japan, 2018. A) Small; 
B) medium; and C) large viral genomic RNA segments. Bold 
indicates H9/Miyazaki/2018 (from patient 1), H10/Miyazaki/2018 
(from patient 2), and cat/Miyazaki/2018 (from cat). Scale bars 
indicate nucleotide substitutions per site.
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to 105 cells/mL and seeded onto a 12-well plate 
(Sumilon, http://www.sumilon.com) overnight as a 
monolayer (>60% confluence). A total of 200 µL of 
serum samples was inoculated into the cells. For all 
3 serum samples (cat, patient 1, and patient 2), exten-
sive cytopathic effects were observed after 3 days of 
incubation, and a high copy number of SFTSV RNA 
was detected in the cell supernatants.

Whole-genome sequencing (MiSeq; Illumina, 
https://www.illumina.com) of the viruses (named 
Cat/Miyazaki/2018, H9/Miyazaki/2018, and H10/
Miyazaki/2018) was conducted as described (14), 
and sequences were submitted to DDBJ (accession 
nos. LC462229–37). For each viral RNA segment 
(small, medium, and large), the viral sequences from 
the cat and the 2 veterinary personnel showed 100% 
homology (Figure 2) and were closely related to the 
reference SFTSV strain YG1 from Japan (YG1/Yama-
guchi/2012, accession nos. AB817995, AB817997, and 
AB817999). Furthermore, the sequence of the small 
segment was closely related to the SFTSV strains 
SPL128A Miyazaki 2014 and SPL124A Miyazaki 2013 
(Figure 2, panel A), which were obtained from SFTS 
patients in the same prefecture during 2013–2014. 
Sequences of the medium and large segments were 
more distantly related to the SPL128A Miyazaki 2014 
and SPL124A Miyazaki 2013 viruses, suggesting that 
they might have evolved from these strains (Figure 2, 
panels B, C).

SFTS is an emerging epizootic infectious dis-
ease and is transmitted primarily by ticks. How-
ever, some cases of SFTS do not involve ticks, and 
human-to-human transmission by aerosols (10) or 
through contact with infected blood or other body 
fluids (6,9) has been reported. Furthermore, a trans-
mission route of SFTSV from a cat to a human has 
been confirmed with a partial nucleotide sequence 
of SFTSV in serum samples (15). In this report, we 
demonstrated a direct cat-to-human nosocomial out-
break of SFTSV with the following evidence: SFTSV 
was isolated from serum samples obtained from a 
cat and 2 veterinary personnel; the complete nucleo-
tide sequence (segments small, medium, and large) 
of SFTSV from the cat and the 2 veterinary person-
nel showed 100% identity; the veterinary person-
nel were not bitten by ticks, nor were they bitten or 
scratched by the cat; and SFTS-like symptoms de-
veloped in the 2 veterinary personnel ≈10 days after 
close contact with the cat.

Conclusions
Our results show that SFTSV can be transmitted to 
humans in the absence of ticks and that wearing  

limited protective clothing (e.g., face masks and 
rubber gloves) is insufficient to protect veterinary 
personnel from infection when handling infected 
animals. It is likely that cat-to-human transmission 
occurred by aerosols or contact with infected cat 
blood or other body fluids. This study draws atten-
tion to occupational exposure to potentially fatal zoo-
notic pathogens and highlights the need for stringent 
biosafety measures (i.e., personal protective clothing 
and equipment) to be in place when handling animals 
with symptoms of SFTS. These measures should in-
clude protection against aerosols that can be gener-
ated during treatment.
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Kingella kingae, a gram-negative coccobacillus, 
might be part of the normal flora of the upper re-

spiratory tract. It is a well-recognized causative agent 
of osteoartricular infections in children <4 years of 
age (1). In adults, it rarely causes infections; the most 
well-known is infective endocarditis as part of the 
HACEK (Haemophilus species, Aggregatibacter species, 
Cardiobacterium hominis, Eikenella corrodens, and Kin-
gella species) group.

Predisposing factors for K. kingae infection are 
poor oral hygiene, pharyngitis, and mucosal ulcer-
ations (2). Few cases of isolated septic arthritis in 
immunocompetent and immunocompromised adult 
patients had been described. We report a rare case of 
endovascular infection caused by K. kingae in an im-
munocompromised adult patient in Israel who had 
septic arthritis.

The Study
A 74-year-old woman was admitted to an emergency 
department because of pain and swelling in her left 
knee. No fever or chills were reported. She reported 
no history of a recent invasive procedure, trauma, ex-
posure to animals, or consumption of unpasteurized 
dairy products. Her medical history indicated that 
she was a heavy smoker. A high-risk myelodysplastic 

syndrome had been diagnosed 18 months before her 
coming to the emergency department. The main man-
ifestations of the myelodysplastic syndrome were 
anemia, thrombocytopenia, and preserved leukocyte 
and neutrophils counts. She was given decitabine. 
She was subsequently given a diagnosis of acute my-
eloid leukemia and was found to have an isocitrate 
dehydrogenase 2 gene mutation. Therefore, therapy 
with enasidenib, an isocitrate dehydrogenase 2 gene 
blocker, was initiated. She showed a good response 
for 8 months. Near the time of her admission, the dis-
ease progressed, and venetoclax, a B-cell lymphoma 2 
inhibitor, was added to her treatment.

At admission, the patient was stable hemody-
namically and afebrile. Physical examination showed 
arthritis in the left knee. A unilateral, nontender, ery-
thematous, maculopapular rash was observed on the 
sole of the left foot (Figure 1). Peripheral pulses were 
absent distal to left femoral artery, and there were no 
signs of ischemia of the lower limb. A murmur was 
heard over the left femoral artery. No heart murmurs 
were noted on auscultation. White plaques were ob-
served on her tongue and buccal mucosa.

Laboratory tests showed a leukocyte count of 
30,000 cells/µL (reference range 4,500 cells/µL–11,000 
cells/µL), a hemoglobin level of 8.1 g/dL (reference 
range 13.8 g/dL–17.2 g/dL), and a platelet count of 
22,000/µL (reference range 150,000 cells/µL–400,000 
cells/µL). The C-reactive protein level was high (29 
mg/dL; reference value <0.3 mg/dL). Blood cultures 
were drawn before initiating empiric antimicrobial 
treatment with cefazolin and ciprofloxacin for suspect-
ed septic arthritis. An arthrocentesis of the left knee 
was performed the day after admission and showed 
a leukocyte count of 83,000 cells/µL with 93% neutro-
phils. A negative gram stain result was followed by 
negative synovial fluid and blood cultures.

A PCR was performed for ≈1 mL of synovial 
fluid. DNA extraction was performed by using the 
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QIAamp DNA Mini Kit (QIAGEN, https://www.
qiagen.com) according to the manufacturer’s instruc-
tions. Amplification was performed with 2 sets of 
primers, 1 of ≈500 bp and 1 of ≈1,000 bp, both specific 
for the 16S rRNA gene. The sets of primers used: set 
1, forward: 5′-AGA GTT TGA TCM TGG CTC AG-3′, 
and reverse: 5′-CCG TCA ATT CMT TTR AGT TT-
3′; set 2, forward: 5′-GCA AAC AGG ATT AGA TAC 
CC-3′, and reverse: 5′-GAC GTC RTC CNC DCC TTC 
CTC-3′. PCR products were separated by electropho-
resis in ethidium bromide–stained 2% agarose gels, 
and were then sequenced on a 3130 Genetic Analyzer 
Capillary Electrophoresis DNA Sequencer (Applied 
Biosystems, https://www.thermofisher.com) and 
analyzed by using BLAST (https://blast.ncbi.nlm.
nih.gov) giving 100% identity to K. kingae.

Antimicrobial treatment was switched to ceftriax-
one. Echocardiography was performed and showed 
no evidence of vegetation on heart valves. Because 
of slow clinical improvement and the physical ex-
amination findings described, an endovascular focus 
was suspected. The patient underwent computed 
tomography angiography of the abdomen, pelvis, 
and lower limbs, which showed disseminated ath-
erosclerotic plaques in the descending aorta. In ad-
dition, a plaque, surrounded by turbid fat, causing 
a major luminal stenosis was seen on the transition 
of the left external iliac artery and common femoral  

artery. Fluorodeoxyglucose positron emission tomog-
raphy–computed tomography showed high uptake 
of fluorodeoxyglucose in the plaque in the transition 
of left external iliac artery and common femoral ar-
tery, a finding consistent with endovascular infection 
and an uptake in the left knee (Figure 2).

The patient was given intravenous ceftriaxone 
for 6 weeks and showed marked improvement in 
the C-reactive protein level and leukocyte count. 
However, 2 weeks later, the patient had a relapse 
of pain in left knee. Physical examination showed 
that her left leg was cold, with signs of worsening 
of arterial insufficiency and minimal swelling of the 
knee. A repeat fluorodeoxyglucose positron emis-
sion tomography–computed tomography showed 
increased uptake of fluorodeoxyglucose in the left 
knee, which was suspected for a flair-up of septic 
arthritis; uptake in the endovascular plaque; and 
worsening stenosis of the femoral artery. A repeat 
arthrocentesis trial failed.
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Figure 1. Unilateral, painless, maculopapular, erythematous 
rash over the sole of the left foot of an immunocompromised 
patient in Israel with suspected Janeway lesions who had 
endovascular infection with Kingella kingae complicated by 
septic arthritis. The rash disappeared a few days after initiation 
of antimicrobial drug treatment.

Figure 2. Imaging of an immunocompromised patient who had 
endovascular infection with Kingella kingae complicated by septic 
arthritis, Israel. A) Computed tomography scan shows a luminal 
stenosis in the transition zone of the left external iliac artery and 
common femoral artery along with surrounding turbid fat. B) 
Fluorodeoxyglucose positron emission tomography–computed 
tomography scan showing high fluorodeoxyglucose uptake in the 
plaque causing the stenosis.
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Antimicrobial treatment with ceftriaxone was re-
sumed for an additional 6 weeks, which led to im-
provement of clinical and inflammatory markers. 
Three months later, the patient showed no further 
clinical signs of active infection. We also monitored 
the patient for revascularization caused by worsening 
arterial insufficiency.

Conclusions
K. kingae usually causes septic arthritis in early 
childhood (1), but has been rarely reported in 
adults; only 10 such cases were identified in a lit-
erature review by using PubMed, Google, and 
Google Scholar and the words “Kingella kingae,” 
“adult,” and “arthritis.” Previous reports included 
both male and female patients, of the entire adult 
age range, and in both immunosuppressed and im-
munocompetent patients (3–8). Other reported rare 
infections with K. kingae in adults include peritoni-
tis (9), keratitis (10,11), stomatitis (12), urinary tract 
infection (13), and bacteremia (14).

The most common infection of K. kingae in 
adults is for persons with infective endocarditis, 
described in patients with native and prosthetic 
valves. In some of the cases, there is a clear oral 
source for the invasive infection. After transient 
bacteremia, the pathogen seeds heart valves that 
have damaged endothelium. In our patient, who 
was a heavy smoker, mucosal ulcers in the mouth 
caused by candidiasis could have been a port of en-
try, leading to transient bacteremia and resulting 
in seeding of the bacterium on the damaged endo-
thelium in an atherosclerotic vascular lesion. The 
septic arthritis seemed to have been a complication 
of the infected vascular lesion in the femoral artery, 
caused either by seeding after bacteremia or after 
septic emboli to left leg, including the knee and 
skin of the sole of the left foot.

This case highlights the need for using molecu-
lar laboratory techniques to prompt early detection 
of causative agent in cases of culture-negative septic 
arthritis, especially in immunocompromised patients 
with a wide range of potential pathogens, some of 
which are difficult to identify in the standard labora-
tory techniques.

In the absence of endocarditis, slow clinical im-
provement in a patient with septic arthritis caused 
by Kingella kingae should raise suspicion of a deep-
seated infections. These infections should include 
an endovascular source, especially for patients 
with risk factors for atherosclerosis, such as a his-
tory of smoking.
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Lymphocytic choriomeningitis virus (LCMV) is a 
rodentborne pathogen that belongs to the genus 

Mammarenavirus, family Arenaviridae. The house mouse 
(Mus musculus) is considered the reservoir of LCMV 
(1). Humans can be infected with LCMV by inhaling 
particles contaminated with rodent excreta, during or-
gan transplantation, or congenitally during pregnancy 
(2). The symptoms of LCMV infection range from sub-
clinical to severe (3); severe infections may manifest as 
meningitis or encephalitis or as a congenital syndrome 
including microcephaly, for example (4).

Because of the cosmopolitan distribution of its res-
ervoir host, LCMV most likely circulates globally. How-
ever, most epidemiologic studies on LCMV have been 
conducted in Europe, the United States, Japan, and Chi-
na (5–10). The presence and seroprevalence of LCMV 
infections in the Middle East region have remained 
unknown (11,12). We report on LCMV seroprevalence, 
acute LCMV infections, and characterization of phylo-
genetically distinct local LCMV strains in southern Iraq.

The Study
We collected 261 serum samples (from 171 acute fe-
brile patients and 90 healthy controls) in Nasiriyah 

region, Dhi Qar governorate, southern Iraq (Figure 
1) during 2012–2016. In addition, we collected 41 
cerebrospinal fl uid (CSF) samples from another set 
of acute febrile patients. All samples were stored 
at –70°C.

We studied the occurrence of LCMV infection 
in the Nasiriyah region of southern Iraq by screen-
ing 171 serum and 41 CSF samples, from patients 
with fever and neurologic manifestations, for LCMV 
RNA and IgM and IgG. The inclusion criteria for 
the study were acute febrile illness and neurologic 
symptoms such as headache, muscle weakness, or 
fatigue (Table 1). The mean duration of illness was 
4.29 days (range 3–7 days). We used the IgG positiv-
ity in serum samples from the symptomatic patients 
as well as healthy controls to estimate the LCMV 
seroprevalence in the region. Ethics permissions 
were obtained and stored in the Al Hussain General 
Teaching Hospital and Bint Al Huda Maternity and 
Children Teaching Hospital in the Nasiriyah region, 
southern Iraq.

We extracted viral RNA from acute infection sam-
ples (serum and CSF) (140 µL/sample) using a QIAamp 
Viral RNA Mini kit (QIAGEN, https://www.qiagen.
com) according to the manufacturer’s instructions. We 
performed a pan-arena reverse transcription PCR (RT-
PCR) using SuperScript II One-Step RT-PCR system 
with Platinum Taq High Fidelity (Invitrogen, https://
www.thermofi sher.com), and primers described pre-
viously (13). RT-PCR products (≈300–400 bp) were 
sequenced using the Sanger method; sequencing was 
performed by the Sequencing laboratory of Institute for 
Molecular Medicine Finland FIMM Technology Centre, 
University of Helsinki. For antibody detection, indirect 
LCMV IgM and IgG immunofl uorescence assays (IFAs) 
were conducted, as described previously (6). In general, 
IFAs are not very specifi c assays; therefore, one could 
assume cross-reaction between LCMV and other mam-
marenaviruses. The specifi city and sensitivity of IFA 
were not examined in this study.
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Acute febrile neurological infection cases in southern Iraq 
(N = 212) were screened for lymphocytic choriomeningitis 
virus (LCMV). Two LCMV IgM–positive serum samples 
and 2 cerebrospinal fl uid samples with phylogenetically 
distinct LCMV strains were found. The overall LCMV se-
roprevalence was 8.8%. LCMV infections are common 
and associated with acute neurological disease in Iraq.



Lymphocytic Choriomeningitis Virus, Southern Iraq

The serum samples derived from patients with 
fever and neurologic symptoms were screened 
by IFA for both LCMV IgM and IgG. LCMV IgM 
was found in 2 serum samples (2/171) derived 
from patients with acute febrile illness; both serum 
samples were negative for LCMV IgG and LCMV 
RNA. These patients (a 65-year-old woman and a 
70-year-old man) had fever and neurologic symp-
toms (Table 2).

Two CSF samples (from a 35-year-old woman and 
a 50-year-old man) derived from patients with fever 
and neurologic symptoms (Table 2) were positive for 
LCMV RNA by using panarenavirus RT-PCR and se-
quencing. Phylogenetic analysis showed that both of 
the sequences (GenBank accession nos. MT093202 for 
CSF_sample_11_Iraq_2012 and MT093203 for CSF_
sample_64_Iraq_2012) grouped with other LCMV 
strains but formed a distinct subcluster (Figure 2). 
No corresponding serum samples were available for 
these patients, but CSF samples were further tested 
for LCMV IgM and IgG; all were negative.
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Figure 1. Study site (red) in Dhi Qar Governorate, Nasiriyah region, Iraq, from where serum and cerebrospinal fluid samples were 
collected from persons in rural and urban areas and screened for lymphocytic choriomeningitis virus.

 
Table 1. Signs and symptoms observed among 212 patients with 
acute febrile illness and neurologic symptoms screened for 
lymphocytic choriomeningitis virus, southern Iraq 
Sign or symptom Percentage 
Fever 100 
Headache 90 
Joint pain 68 
Vertigo 61 
Severe malaise 48 
Chills 46 
Cough 46 
Abdominal pain 34 
Drowsiness 30 
Anorexia 28 
Stiff neck 28 
Nausea 21 
Retroorbital pain 19 
Diarrhea 18 
Vomiting 10 
Confusion 8 
Severe muscle weakness 6 
Conjunctivitis 3 
Lymphadenopathy 3 
Rash 2 
Ataxia 1 
Shortness of breath 1 
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Table 2. Clinical observations in 4 patients with test results positive for lymphocytic choriomeningitis virus, southern Iraq* 

Observation 
CSF RNA–positive patients 

 
IgM–positive patients 

Male. no. 11 Female. no. 64 Male. no. 61 Female. no. 38 
Diagnosis Meningoencephalitis Meningitis  None No diagnosis 
Duration of illness 7 4  3 3 
Symptoms Fever Fever  Fever Fever 

Chills Chills  Headache Chills 
Headache Headache  Drowsiness Headache 

Cough Cough  Vertigo General malaise 
Retroorbital pain Retroorbital pain  Joint pain Vertigo 

Severe muscle weakness Severe malaise   Abdominal pain 
Drowsiness Drowsiness   Fatigue 

Vertigo Vertigo    
Joint/ bone pain Joint pain    

Stiff neck     
*CSF, cerebrospinal fluid; LCMV, lymphocytic choriomeningitis virus. 

 

Figure 2. Phylogenetic tree of lymphocytic choriomeningitis virus strains detected in southern Iraq (red triangles) and reference sequences. 
GenBank accession number, strain name, and country of origin are indicated. Bootstrap support values >70 are shown at the nodes. The 
phylogenetic tree was constructed using MEGA version 7 (https://www.megasoftware.net) and the maximum-likelihood algorithm on the 
basis of partial large segments of Kodoko virus and partial large segment sequences corresponding to sites 3210–3604 of strain Armstrong 
(accession no. NC_004291). Scale bar indicates substitutions per nucleic acid site. CSF, cerebrospinal fluid.
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The overall LCMV IgG seroprevalence was 8.8% 
(23/261) in all serum samples. The seroprevalence of 
LCMV in our study was 12.2% (11/90) in the healthy 
control group and 7% (12/171) in the acute febrile 
patients. This difference was not statistically signifi-
cant (p = 0.2 by χ2 test). Because the patient samples 
were collected early after onset of illness (3–7 days), 
IgG had not yet developed; IgG serostatus thus 
reflects past immunity in this patient group. The 
healthy control population (mean age 42.9 years) 
was younger than acute febrile patients (mean 
age 46.3 years). Healthy men (7.9%) were more often 
LCMV seropositive than were women (5.6%), but in 
patients with acute febrile illness, the gender ratio 
was reversed (3.9% in women, 2.8% in men).The de-
tected LCMV IgG–positive samples were derived 
from all age groups (21–80 years of age) included 
in this study. The differences concerning residency, 
age, and gender were not statistically significant. 
IgG titers measured among positive samples ranged 
from 20 to 80 in IFA.

Conclusions
Only limited information is available on LCMV infec-
tions beyond the United States, Europe, Japan, and 
China. In this work, we focused on both acute febrile 
infections (presence of IgM antibodies in serum or 
LCMV RNA in CSF) and seroprevalence of LCMV in 
southern Iraq. Considerable LCMV seroprevalence 
was detected in the Nasiriyah region of southern 
Iraq, and acute LCMV infection was confirmed by 
demonstration of LCMV RNA in 2 CSF samples and 
IgM antibodies in 2 serum samples. The phylogenetic 
analyses of these 2 findings revealed that the new se-
quences formed a unique subcluster, ancestral to pre-
viously known LCMV strains.

Overall, the seroprevalence rate (8.8%) of LCMV 
infection characterized in this study is in line with 
seroprevalences detected earlier in many countries 
in Europe, in which it varies from 5.0% in Finland 
(14) to 36% in a special subset in a rural area of the 
northern Croatian island of Vir (15). Collectively, 
the seroprevalence and detection of acute infection, 
including 2 phylogenetically distinct sequences, 
provide evidence that LCMV circulates in southern 
Iraq, and it is causing infections leading to acute 
neurologic manifestations in the population. More 
sequence data are needed to extend the knowledge 
on the molecular epidemiology and evolution of 
LCMV. In addition, further research to character-
ize LCMV in rodent reservoirs in southern Iraq 
is needed to plan vector control and public health 
recommendations.
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Bombali virus (BOMV) is the sixth and most recent-
ly identified virus of the genus Ebolavirus (1), first 

detected in Sierra Leone in oral and rectal swab sam-
ples from 2 species of insectivorous bats, Mops con-
dylurus and Chaerephon pumilus (2). Since then, BOMV 
has been found in the tissues and excreta of M. con-
dylurus bats in southeastern Kenya (3) and Guinea (4). 
To explore the role of M. condylurus bats as hosts for 
BOMV and the geographic distribution of the virus, 
we trapped bats in western Kenya, screened tissues 
for BOMV, and conducted next-generation sequenc-
ing on positive samples. 

The Study
Bats were trapped in mist nets at 4 sites in Busia Coun-
ty: 2 house roosts, 1 orchard, and 1 cave. A total of 182 
bats were captured, including 113 M. condylurus and 
18 C. pumilus (Table 1). Similarly, at the original loca-
tion in the Taita Hills, bats were trapped at a bridge 
site where an infected bat had previously been iden-
tified (3), at 4 additional building roosts, and over a 

water hole. From these sites, 396 bats were captured, 
including 177 M. condylurus and 219 C. pumilus (Table 
1). Captured bats were euthanized with terminal iso-
flurane anesthesia followed by cervical dislocation. 
We collected mouth swab samples, fecal and blood 
samples, and major organs (kidney, spleen, liver, in-
testine, lung, and brain) and stored them in RNAlater 
(Invitrogen, https://www.thermofisher.com) as de-
scribed previously (3).

Samples were stored at -20°C for up to 10 days 
in Kenya before being shipped to Helsinki, Finland, 
where they were stored at -70°C before processing 
in a Biosafety Level 3 laboratory. Tissue samples 
were treated with TRIzol (Invitrogen) for virus in-
activation, and RNA was extracted according to the 
manufacturer’s instructions. Because previous stud-
ies have identified the highest BOMV viral loads in 
bat lungs (3,4), we initially conducted reverse tran-
scription PCR (RT-PCR) on pooled lung samples 
from 3 bats (same species, collection date, and loca-
tion) by using the BOMV-specific RT-PCR protocol 
described earlier (2). Samples in positive pools were 
then screened individually, and other sample types 
(other organs, saliva, and excreta) from these bats 
were also tested.

We conducted next-generation sequencing on 
positive lung samples. Before sequencing, we applied 
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Previously identified only in Sierra Leone, Guinea, and 
southeastern Kenya, Bombali virus–infected Mops 
condylurus bats were recently found ≈750 km away in 
western Kenya. This finding supports the role of M. con-
dylurus bats as hosts and the potential for Bombali virus 
circulation across the bats’ range in sub-Saharan Africa.

 
Table 1. Bats captured and screened for Bombali virus, Kenya, 2019 
Species No. Sex ratio, M/F 
Busia County   
 Chaerephon pumilus 18 5/13 
 Coleura afra 19 11/8 
 Epomophorus labiatus 31 19/12 
 Mops condylurus 113 57/56 
 Neoromicia nana 1 1/0 
The Taita Hills   
 C. pumilus 177 91/86 
 M. condylurus 219 92/127 
 Mops spp. 2 2/0 
 Rhinolophus hildebrandtii 2 0/2 
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a multiplex PCR protocol for amplification. The prim-
ers for the entire BOMV coding region were designed 
by using the PrimalScheme tool (5) with a target am-
plicon of 500 bp with 50-bp overlap. Complementary 
DNA was synthesized from RNA samples positive by 
RT-PCR by using SuperScript III enzyme (Invitrogen) 
and random hexamers; PCR was conducted by using 
a Q5 PCR kit (New England Biolabs, https://www.
neb.com) (5). The PCR products were purified by us-
ing AMPure XP magnetic beads (Beckman Coulter, 
https://www.beckmancoulter.com), and sequencing 
libraries were prepared by using a Nextera XT kit (Il-
lumina) according to the manufacturer’s instructions. 
Sequencing was conducted with the Illumina MiSeq 
Reagent Kit v2, a sequencing kit with 150-bp paired-
end reads. The raw sequence reads were trimmed by 

using Trimmomatic (Q-score >30, read length >50 bp) 
and assembled to the reference sequence (MK340750) 
by using the Burrows-Wheeler Aligner–Maximal Ex-
act Match algorithm implemented in SAMTools ver-
sion 1 ([6], H. Li et al. unpub. data, https://arxiv.org/
abs/1303.3997?upload=1).

We identified 3 BOMV RNA–positive M. con-
dylurus bats (Z153, Z178, and X030). All other bats 
were negative. Two of the BOMV-positive bats 
were captured in Busia (Z153 and Z178, both adult 
males) in 2 distinct trapping locations (both house 
roosts) ≈7 km apart (Figure 1). One BOMV-positive 
bat (X030, gravid female) was captured in the Taita 
Hills at the location previously reported to have a 
BOMV-infected bat (3). Among the bat samples, 
BOMV RNA was present in lung (3/3), spleen (2/3), 
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Figure 1. Known locations of bats infected with Bombali virus (BOMV) in Africa. The main map shows the 3 countries—Sierra Leone, Guinea, 
and Kenya (dark shading)—where BOMV-infected bats have been identified and the geographic range of Mops condylurus bats (light 
shading). The inset map shows the 2 sites in Kenya (red dots), ≈750 km apart, where BOMV-positive M. condylurus bats have been found.

 
Table 2. Bombali virus RNA quantities in tissues, excreta, and saliva of infected bats, Kenya, 2019* 

Bat no. 
Copies/ng of total RNA 

Lung Mouth (swab sample) Spleen Liver Feces Kidney Intestine Brain 
Z153 7,160 149 Neg Neg 90 Neg Neg Neg 
Z178 1,050 Neg 512 840 No sample Neg Neg Neg 
X030 217 Neg 694 Neg Neg Neg Neg Neg 
*Neg, negative. 

 



Range Expansion of Bombali Virus, Kenya

mouth (1/3), liver (1/3), and fecal (1/2) samples but 
absent from all kidney, intestine, and brain samples 
(Table 2). Of note, BOMV RNA was not consistently 
detected from the mouth swab or fecal samples of 
tissue-positive individuals. Viral loads were quan-
tified as previously described (3); the highest viral 
loads were detected in the lungs (both male bats) 
and the spleen (female bat).

By sequencing, we obtained 2 full genomes (from 
X030 and Z153, GenBank accession nos. MW056492 
and MW056493) and 1 partial genome (from Z178, 
GenBank accession no. MW056494). Phylogenetic 
analysis showed 99% nt identity between the com-
plete sequences from Busia and Taita (200-nt differ-
ence) and 97% nt identity with the prototype strain 
from Sierra Leone (Figure 2). The virus sequence ob-
tained from a bat at the Taita Hills in this study was 
almost identical to the sequence from a bat at the 
same site in 2018 (4-nt difference).

Conclusions
We identified 2 BOMV-positive M. condylurus bats 
from separate roost sites in western Kenya, expanding 
the known virus geographic range in East Africa. This 
new location in Busia County, on the Kenya–Uganda 
border, is ≈750 km from the previously reported site. 
We also identified a second BOMV-positive M. con-
dylurus bat at the original site near the Taita Hills in 

southeastern Kenya, indicating sustained local persis-
tence but limited prevalence.

Lack of evidence of infection in bats of other 
species, including C. pumilus, indicates a dominant 
host role for M. condylurus compared with other spe-
cies. Although no evidence of human infection with 
BOMV has yet been reported (3), the close phyloge-
netic relationship of BOMV to pathogenic human eb-
olaviruses necessitates prudence. Because M. condylu-
rus bats are one of the several synanthropic species of 
bat often found roosting in human-made structures 
(e.g., dwellings, schools, offices, and bridges in rural 
and urban areas [8,9]), the potential for human ex-
posure to M. condylurus bats and the pathogens they 
carry is likely to be higher than exposure to bats of 
many other species. However, study of M. condylurus 
bats has been relatively limited, and other aspects of 
human exposure risk, such as bat movement range, 
are inferred from closely related species; M. condylu-
rus bats are thought to travel only short distances in 
line with their feeding activities (8).

Our results expand the known distribution of 
BOMV and increase support for a role of M. condylu-
rus bats as hosts. Although BOMV had been previ-
ously reported in 3 distinct locations, most evidence 
came from Sierra Leone and adjacent Guinea (2,4). 
Kenya is located on the opposite side of Africa, where 
only 1 BOMV-positive bat had been identified (3). 
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Figure 2. Phylogenetic tree showing 3 new sequences of Bombali virus found in Kenya in 2019 in relation to those of other filoviruses. 
The tree was built by using the maximum-likelihood approach implemented in MEGA7 (7). Bootstrap support percentage is shown at the 
nodes. Scale bar indicates genetic distance. M.c., Mops condylurus. 



DISPATCHES

These new findings from 2 disparate locations in Ke-
nya demonstrate the established presence of BOMV 
in East Africa and the potential for BOMV circulation 
across the M. condylurus bat range in sub-Saharan Af-
rica (10). The low virus prevalence observed in M. con-
dylurus bats (1.7% in Busia, 0.6% in Taita), however, is 
below that for reservoir hosts in other bat pathogen 
systems (e.g., Marburg virus [11]). Therefore, ques-
tions remain as to how the virus is maintained within 
and transmitted among bat colonies and whether bats 
of other taxa are involved.
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In the United States, tickborne Rickettsia parkeri, R. 
philipii (Rickettsia 364D), and R. rickettsii, causative 

agents of Rocky Mountain spotted fever (RMSF), are 
well-documented human spotted fever group (SFG) 
rickettsioses (1). R. rickettsii is the only known cause 
of SFG rickettsioses in dogs (2). The extent to which 
other SFG Rickettsia are pathogenic in dogs is un-
clear; however, SFG Rickettsia seroprevalence is high 
among dogs in the United States and Mexico (3,4). 
The increased R. rickettsii seroprevalence in humans 
in the United States during the past decade has been 
attributed to SFG Rickettsia cross-reactivity (1,5).

We report 3 dogs with febrile illness located in 
different US states. Samples from the dogs were R. 
rickettsii seroreactive. Identical Rickettsia DNA gene 
sequences were obtained from each dog’s blood spec-
imen and used to investigate Rickettsia spp.

The Cases
On May 15, 2018, a 10-year-old male neutered mixed 
breed dog (case 1) from Tennessee was examined by 
a veterinarian for lethargy and hyporexia. The owner 
reported removing a tick (species unknown) within 
the previous 2 weeks. On physical examination, the 
dog had fever (39.8°C) and possible hepatomegaly. 

Radiographic imaging results were unremarkable. 
Thrombocytopenia was the only abnormality noted 
on complete blood count (CBC). Serum biochemistry 
panel (SBP) abnormalities included hyperglobulin-
emia, increased serum alkaline phosphatase activity, 
hypoglycemia, and hyponatremia (Table 1). Results 
of urine dipstick and sediment examination were un-
remarkable. The dog’s samples were R. rickettsii se-
roreactive and PCR positive for Rickettsia (Table 2). 
Clinical abnormalities resolved after treatment with 
doxycycline, and the dog remained healthy during 
the 1-year follow-up period.

On May 8, 2019, a 9-year-old male neutered Bos-
ton terrier (case 2) from Illinois was examined by a 
veterinarian for lethargy, difficulty walking, and 
painful elbows. Clinical signs developed 3 days after 
returning from a tick-infested area in Arkansas. Ab-
normalities noted on physical examination included 
fever (40.1°C), dehydration, joint effusion, elbow 
pain, and shifting leg lameness. Thrombocytopenia 
and mild leukocytosis were the only CBC abnor-
malities (Table 1). SBP abnormalities included hypo-
albuminemia, increased alanine amino transferase 
activity, alkaline phosphatase activity, hypercholes-
terolemia, and hypocalcemia (Table 1). Mild micro-
albuminuria was noted. Neutrophilic inflammation 
was documented by synovial fluid cytology in the 
right and left stifle joints, right tarsus, and left elbow 
joint. The left carpus contained moderate, chronic in-
flammation with very rare extracellular cocci; how-
ever, culture resulted in no bacterial growth. The dog 
experienced cardiorespiratory arrest during sedated 
arthrocentesis but recovered after CPR and sedative 
reversal. Thoracic radiographs were unremarkable. 
The dog’s samples were R. rickettsii seroreactive and 
PCR–positive for Rickettsia and convalescent titers 
demonstrated 4-fold seroconversion (Table 2). Most 
clinical abnormalities resolved after administration of 
doxycycline to treat rickettsiosis, prednisone to treat 
potential immune-mediated component, omeprazole 
to prevent gastric ulcers, and metronidazole to treat 
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In 2018 and 2019, spotted fever was suspected in 3 dogs 
in 3 US states. The dogs had fever and hematological ab-
normalities; blood samples were Rickettsia seroreactive. 
Identical Rickettsia DNA sequences were amplified from 
the samples. Multilocus phylogenetic analysis showed the 
dogs were infected with a novel Rickettsia species related 
to human Rickettsia pathogens.
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assumed dysbiosis. All SBP changes resolved within 
5 months of treatment and the dog remained healthy 
during the 5-month follow-up.

On August 28, 2019, a 9-year-old male neutered 
terrier mixed-breed (case 3) from Oklahoma was 
examined by a veterinarian for lethargy, hyporexia, 
and polydipsia. Physical examination revealed fever 
(39.8°C) and palpable abdominal tenderness. CBC 

abnormalities included a normocytic normochromic 
anemia and thrombocytopenia. SBP abnormalities 
included hypoproteinemia, hypocalcemia, and mild 
azotemia. A protein-losing nephropathy (PLN) was 
documented by urine dipstick and protein/creatinine 
ratio. Blood samples were R. rickettsii seroreactive 
and Rickettsia PCR positive, and convalescent titers 
demonstrated 4-fold seroconversion (Table 2). 
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Table 1. Findings from physical examination, laboratory results, treatment regimens for 3 dogs infected with a novel Rickettsia 
species, United States* 
Examination 
and treatment Case 1 Case 2 Case 3 
Physical 
examination 

Febrile (39.8°C); lethargy;  
+/− hepatomegaly 

Febrile (40.1°C); lethargy; dehydration; 
joint effusion (elbow, carpus, and tarsus); 

arthropathy; shifting leg lameness 

Febrile (39.8°C); lethargy; 
abdominal pain 

CBC Platelets 141 × 103 cells/µL  
(RI 200–500 × 103 cells/µL) 

Platelets 139 × 103 cells/µL  
(RI 170–400 × 103 cells/µL) 

Platelets 60 × 103 cells/µL (RI 125–
500 × 103 cells/µL); Hct 35.2% (RI 
36%–55%); 2 d later platelets 25 × 

103 cells/µL and Hct 26.8% 
SBP Globulins 4.5 g/dL (RI 2.1–4.4 g/dL); 

ALP 177 U/L (RI 11–140 U/L); 
glucose 73 mg/dL (RI 75–125 
mg/dL); sodium 136.5 mmol/L  

(RI 143–153 mmol/L) 

Albumin 2.2 g/dL (RI 2.7–4.4 g/dL); ALT 
1,158 U/L (RI 12–118 U/L); ALP 1,702 

U/L (RI 5–131 U/L); cholesterol 352 
mg/dL (RI 92–324 mg/dL); calcium 8.4 

mg/dL (RI 8.9–11.4 mg/dL) 

Albumin 1.0 mg/dL (RI 2.5–4.3 
mg/dL); calcium 8.4 mg/dL  

(RI 8.9–11.4 mg/dL); BUN 35  
(35, RI 7–28 mg/dL) 

Urinalysis  USG 1.007 Microalbuminuria 3.1 (RI <2.5 mg/dL) USG 1.033; 3+ proteinuria; UPC 
14.7 (RI 0.00–1.00) 

Treatment 
regimen 

Doxycycline (6 mg/kg every  
12 h for 21 d) 

Doxycycline (7 mg/kg every 12h for 28 
d); prednisone (1 mg/kg every 12 h for 9 

mo with gradual taper); omeprazole  
(1.4 mg/kg every 12h for 9 mo); 

ondansetron (0.5 mg/kg every 12h for  
15 d); and metronidazole  

(17 mg/kg every 12 h for 15 d) 

Doxycycline (7.5 mg/kg q12 h for 
40 d); prednisone (1 mg/kg every 

12 h for 14 d, then 0.5mg/kg every 
12 h for 6 d, then every 24 h for 22 

d until death), mycophenolate  
(12.5 mg/kg every 12 h for 

22 d until death) 
*ALP, alkaline phosphatase activity; ALT, alanine amino transferase activity; BUN, blood urea nitrogen; CBC, complete blood count; Hct, hematocrit; RI, 
reference interval; SBP, serum biochemistry panel; UA, urinalysis; UPC, urine protein/creatinine ratio; USG, urine specific gravity. 

 

 
Table 2. CVBD diagnostic results for blood and serum samples from 3 dogs infected with a novel Rickettsia species* 

Sample dates 
CVBD 
panel† IFA‡ 

Rickettsia PCR§ 
23S-5S 

ITS 
htrA 

(17kDa) 
mmpA-purC 

ITS 
gltA region  ompA region 

1 2 3  1 2 3 
Case 1             
 2018 May 5¶ – 1:512 + + + + + +  + + –** 
Case 2             
 2019 May 8¶ – 1:256 + + + + NA†† +  + + NA†† 
 2019 May 15 – 1:8,192 – NA NA NA NA NA  NA NA NA 
 2019 May 28 – 1:1,024 – NA NA NA NA NA  NA NA NA 
 2019 Jul 16 NA 1:2,048 NA NA NA NA NA NA  NA NA NA 
 2019 Oct 2 – 1:2,048 – NA NA NA NA NA  NA NA NA 
 2019 Nov 12 – 1:2,048 – NA NA NA NA NA  NA NA NA 
Case 3             
 2019 Aug 28¶‡‡ – 1:1,024 + + + + + +  + + + 
 2019 Sep 10 NA 1:8,192 – NA NA NA NA NA  NA NA NA 
*CVBD, canine vectorborne disease; IFA, immunofluorescence assay; NA, not applicable; +, positive; –, negative. 
†Panel includes IFA serology for Babesia canis vogeli, B. gibsoni, Bartonella henselae, B. koehlerae, B. vinsonii berkhoffii, and Ehrlichia canis; point-of-
care ELISA serology test SNAP 4DX Plus for Dirofilaria immitis antigen and antibodies against Anaplasma phagocytophilum, A. platys, Borrelia 
burgdorferi, Ehrlichia canis, and E. ewingii; and PCR for Anaplasma, Babesia, Bartonella, Ehrlichia, hemotropic Mycoplasma, Neoehrlichia, and 
Neorickettsia. 
‡IFA results are reported as reciprocal titers. All samples were positive for R. rickettsii. 
§PCR assay gene targets 23S-5S ITS, htrA (17 kDa), mmpA-purC ITS, gltA, and ompA.  
¶Sample tested before doxycycline treatment administered. 
**The PCR was negative despite repeated attempts. ompA region 3 PCR assay was designed to bridge ompA regions 1 and 2 to obtain an additional 281 
bps. The total amplicon size of ompA region 3 is 533 bp (Appendix Table, https://wwwnc.cdc.gov/EID/article/26/12/20-0272-App1.pdf). DNA from case 1 
was >1 year old when retrospective PCRs were performed. Poor DNA quality might have prevented amplification of the larger amplicon. 
††PCR assays were not performed due to depleted blood sample for DNA extraction and testing.  
‡‡GenBank accession nos. for sequences from case 3: 23S-5S ITS, MT050448; htrA (17 kDa), MT050446; mmpA-purC ITS, MT066187; gltA, 
MT050445; and ompA, MT050447. 
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The year before, in August 2018, the dog de-
scribed in case 3 was examined by a veterinarian for 
lethargy after tick attachment. At that time, fever 
(39.7°C), anemia, thrombocytopenia, hyperbiliru-
binemia, and hypoproteinemia were documented. 
IFA serology tests performed by 1 diagnostic labo-
ratory showed samples were R. rickettsii seroreac-
tive (1:320) but seronegative for Anplasma spp., Bor-
relia burdorferi, and Ehrlichia spp. by SNAP 4Dx Plus 
(IDEXX Laboratories, https://www.idexx.com). 
Doxycycline and immunosuppressive doses of pred-
nisone were administered concurrently for RMSF 
and potential immune-mediated disease. Clinical 
and hematologic abnormalities resolved, and treat-
ment was transitioned from prednisone to cyclospo-
rine due to adverse side effects. Cyclosporine was 
discontinued in January 2019 and serial monthly 
CBCs remained normal through March 2019.  When 

rechecked on August 9, 2019, for joint pain, hema-
tocrit and platelet count were normal, but hypo-
proteinemia, hypoalbuminemia, and hypocalcemia 
were detected. By August 30, 2019, the dog’s ane-
mia and thrombocytopenia worsened, despite treat-
ment with doxycycline and prednisone. Marked 
abdominal effusion was documented by abdominal 
ultrasound, without evidence of an intra-abdominal 
mass. Prednisone and mycophenolate were admin-
istered for presumptive immune-mediated throm-
bocytopenia, and within 3 weeks, the platelet count 
normalized and titers increased by 4-fold. Despite 
medical therapy for PLN, nephrotic syndrome de-
veloped, and the dog was euthanized.

We obtained identical Rickettsia DNA gene se-
quences from each dog’s blood specimen. We con-
firmed novel Rickettsia sp. by PCR targeting 3 genes 
(gltA, htrA, and ompA) and 2 intergenic spacer re-
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Figure. Multilocus phylogenetic tree of Rickettsia spp. obtained from a dog with Rocky Mountain spotted fever–type symptoms in 2019 
(bold) compared with reference sequences. We noted 3 dogs with RSMF symptoms. Rickettsia DNA were identical among all 3 cases; 
however, complete sequences from all 5 regions were obtained only from case 3, which we used to represent the novel Rickettsia species 
strain 2019-CO-FNY. We used 2,576 nucleotides concatenated from regions within 3 genes (gltA, htrA, and ompA) and 2 intergenic 
spacer regions (23S-5S and mmpA-purC). We used the maximum-likelihood method and Tamura-Nei model (6,7) optimized for branch 
length, topology, and substitution rate to assemble the tree by using the PhyML 3.3.20180621 plugin in Geneious Prime 11.0.0+7 (https://
www.geneious.com). Numbers at nodes indicate bootstrap percentages obtained from 1,000 resamplings. Numbers in parentheses are 
GenBank accession numbers. The tree is drawn to scale. Scale bar indicated the number of nucleotide substitutions per site.
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gions (23S-5S and mmpA-purC) (Table 2). Rickettsia 
amplicons were 100% identical among the 3 dogs. 
We amplified a larger region of the ompA and gltA 
genes by using 3 different quantitative PCRs from 
case 3. We submitted sequences from this dog’s se-
rum samples to GenBank (accession nos. MT050445–8 
and MT066187). We also used the Rickettsia sequences 
from case 3 to generate a phylogenetic tree (Table 2) 
based on concatenated novel Rickettsia sp. DNA se-
quences and reference Rickettsia spp. We generated 
the phylogenetic tree by using the maximum-likeli-
hood method based on the Tamura-Nei model (Fig-
ure) (6,7). Multilocus phylogenetic analysis placed 
the novel Rickettsia sp. in a clade among SFG Rickett-
sia between the human pathogens R. heilongjiangensis 
and R. massiliae. We attempted cell culture isolation 
of the Rickettsia sp. from whole blood but were unsuc-
cessful (Appendix, https://wwwnc.cdc.gov/EID/
article/26/12/20-0272-App1.pdf).

Conclusions
We report similar illnesses among 3 dogs from differ-
ent US states associated with tick exposures occurring 
in summer months. All 3 cases demonstrated fever, 
lethargy, and thrombocytopenia, abnormalities com-
monly associated with RMSF. Case 1 had a typical 
acute onset fever and rapidly responded to treatment 
with doxycycline; case 2 had a neutrophilic polyar-
thritis, which has been associated with RMSF in dogs 
(8). Case 3 was examined for acute onset febrile ill-
ness 1 year before the novel Rickettsia sp. infection 
was documented; Rickettsia IFA seroreactivity was 
documented on both occasions. This dog likely had 
an unidentified, concurrent disease process that con-
tributed to PLN.

The cases were geographically distributed among 
4 states; the dogs resided in Illinois, Oklahoma, and 
Tennessee, but the dog from Illinois had traveled to a 
tick-infested area of Arkansas. The tick species were 
not identified, but ticks common to these states in-
clude Amblyomma americanum, Dermacentor variabilis, 
and Rhipicephalus sanguineus sensu lato, all of which 
are known to transmit Rickettsia (3). Haemophysalis 
longicornis, an invasive tick species recently con-
firmed in the United States, including in Tennessee 
and Arkansas, should be considered a potential vec-
tor for Rickettsia spp. (9,10).

Based on serologic cross-reactivity, presence 
of ompA, and phylogenetic tree analysis, the new  
Rickettsia sp. is an SFG Rickettsia, phylogenetically 
related to human pathogenic R. heilongjiangensis and 
R. massiliae, with only 95% identity to each (11,12). 
Thus, we report a previously unknown and unique 

Rickettsia sp. with clinical significance for dogs and 
potentially humans. Because this novel Rickettsia 
cross-reacts with R. rickettsia on IFA, it could be un-
derdiagnosed and more geographically widespread. 
Studies aimed at identifying the tick vector, poten-
tial animal reservoirs, and prevalence are ongoing. 
These 3 canine rickettsioses cases underscore the 
value of dogs as sentinels for emerging tickborne 
pathogens (13,14).
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Rabbit Fever in Organ  
Transplant Recipients

Visit our website to listen:
https://tools.cdc.gov/medialibrary/index.aspx#/media/id/397813

In July 2017, three people developed 
tularemia, or “rabbit fever,” after  
receiving organ transplants from the 
same donor. Donated organs are  
routinely screened for common viruses, 
but unusual diseases like tularemia can 
sometimes go undetected. 

In this April, 2019 EID podcast, Dr. 
Matthew Kuehnert, the medical di-
rector for the ation’s largest tissue 
bank, MTF Biologics, explains how 
clinicians identified and diagnosed 
this rare disease.



The genus Ehrlichia contains 6 species of obli-
gately intracytoplasmic bacteria that have ma-

jor roles in human and veterinary medicine. These 
bacteria can cause ehrlichiosis, an emerging zoo-
noses transmitted mainly by bites of several hard 
tick species of the genera Amblyomma, Ixodes, and 
Rhipicephalus (1). In the Americas, the most rele-
vant species that involves public health is Ehrlichia 
chaffeensis, the etiologic agent of human monocytic 
ehrlichiosis, an acute disease characterized by fe-
ver, thrombocytopenia, leukopenia, alterations of 
coagulation, and hepatic and neurologic involve-
ment; systemic complications can lead to death in 
3% of case-patients (1,2).

Little is known about Ehrlichia infections in 
Mexico. A human case was reported in the Yu-
catan Peninsula during 1999 in a male patient who 
had fever, anorexia, lymphadenopathy, cutaneous 
bleeding, and sore throat. Peripheral blood moru-
lae, PCR detection of E. chaffeensis, and anemia 
were also reported (3). Subsequently, a case of E. 
canis infection was detected in the coastal state of 
Oaxaca in a veterinary stylist who had close contact 
with dogs (4). A study published in 2016 reported 
a female resident of the state of Mexico who had 

fever, thrombocytopenia, and alteration of liver en-
zyme levels and died after a long hospitalization 
(5). We report a fatal case of human monocytic eh-
rlichiosis in Mexico City, Mexico.

The Study
On March 3, 2017, a 35-year-old man who was 
homeless (resident in Mexico City for 4 years) was 
admitted to the Emergency Department in the Gen-
eral Hospital of Xoco of the Ministry of Health of 
Mexico City because of trauma after a fall of 6 m 
from a bridge as a result of a suicide attempt. At 
admission, no lesions were detected in internal or-
gans; a transtrochanteric fracture of the left femoral 
head was surgically repaired without complications. 
However, the patient had profuse bleeding during 
the surgical procedure, for which it was necessary 
to provide multiple blood transfusions. The blood 
units came from resident donors of Mexico City and 
the neighboring state of Mexico. In the postopera-
tive period, the patient remained hospitalized for 65 
days, during which behavioral alterations with sev-
eral psychotic periods developed. He also had fe-
brile episodes that evolved to a torpid state.

Routine laboratory analyses (blood count, blood 
chemistry, and serologic studies for infectious diseas-
es) were performed. Because the patient was home-
less and had persistent febrile episodes and dysfunc-
tion of the coagulation system, a possible infection 
by a rickettsial agent or Bartonella spp. was suspected 
because Bartonella quintana has been detected previ-
ously in human lice from persons who were home-
less in Mexico City (6). For this reason 5 mL of whole 
blood was obtained, stored in EDTA, and processed 
for DNA extraction by using the QIAamp DNA Mini 
Kit (QIAGEN, https://www.qiagen.com) accord-
ing to the manufacturer’s instructions. Blood was 
then examined for Bartonella, Ehrlichia/Anaplasma, 
and Rickettsia spp. by amplifying fragments of the 
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Little information is available about human infections by 
the members of the genus Ehrlichia in Mexico. Only 2 
species, Ehrlichia canis and E. chaffensis, are known to 
cause disease in this country. We report a fatal case of 
human monocytic ehrlichiosis in Mexico City in a man 
who was homeless.
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gltA, rrs, and sca5, genes and using primers and PCR 
conditions specified (7–9). Positive controls (E. ca-
nis [GenBank accession no. MG917715], B. vinsonii 
[KT326174], and Rickettsia amblyommatis [KX363842) 
DNA]) were also included.

On April 27, 2017, antibodies against Proteus 
OX-19 at a titer of 1:320, leukocytosis, thrombocy-
tosis, lymphopenia, anemia, hypoalbuminemia, 
and coagulation and liver enzyme alterations were 
reported (Table, https://wwwnc.cdc.gov/EID/
article/26/12/20-0520-T1.htm). The patient was 
given a diagnosis of septic shock and urosepsis and 
died on day 63 of hospitalization.

During hospitalization, leukocytosis developed, 
which might have been associated with the multiple 
trauma. The patient initially had a platelet count 
within the reference range, but  thrombocytosis de-
veloped, and the platelet count increased to 850,000/
μL. However, with persistent leukocytosis, the plate-
let count dropped, and thrombocytopenia (108,000/
μL) developed shortly before death.

Total serum protein and albumin concentrations 
at admission were within reference ranges, but dur-

ing hospitalization they decreased, as would be ex-
pected for a diagnosis of ehrlichiosis. Alterations in 
liver enzyme levels and coagulation times also devel-
oped.  Levels of alanine aminotransferase (ALT) and 
aspartate aminotransferase also increased after ad-
mission; ALT showed the largest increase. The level 
of γ-glutamyl transpeptidase increased by >10 times 
over its reference value (Table). The increase in the 
level of ALT could be related to hepatic alterations 
linked to ehrlichiosis.

Necropsy showed hepatosplenomegaly and pleu-
ral effusions. Molecular assays did not detect Barton-
ella or Rickettsia spp., but they did detect Ehrlichia/
Anaplasma spp. when primers Ehr1/Ehr2 were used. 
We isolated a 400-bp fragment of the 16S rRNA gene, 
which showed 99% identity with that of the E. chaffen-
sis strain Arkansas. In addition, a 500-bp fragment of 
the dsb gene (present only in the members of the genus 
Ehrlichia) was amplified (10) and showed 100% iden-
tity with the sequence of E. chaffensis strain Arkansas.

Phylogenetic analysis of the isolated sequenc-
es grouped them with sequences of 2 strains of E. 
chaffensis (strain Arkansas and West Paces) detected 
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Figure. Maximum-likelihood phylogenetic tree for Ehrlichia chaffensis from a patient with human monocytic ehrlichiosis, Mexico City, 
Mexico (blue diamond), and reference sequences. The tree was generated by using concatenated fragments of 16S rRNA and dsb 
genes in an 850-bp alignment. GenBank accession numbers are indicated in parentheses. Numbers along branches are bootstrap 
values. Scale bar indicates nucleotide substitutions per site.
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in the United States; these sequences had a bootstrap 
value of 99. The sequences we obtained were depos-
ited in GenBank under accession numbers MK351589 
and MK370999 (Figure).

Conclusions
Ehrlichioses represent systemic infections that can 
cause damage to different organs and systems, af-
fecting the liver, meninges, brain, heart, and lungs. 
Because the pathophysiology of this disease is not 
well established, the findings obtained by necropsy 
are useful. During his hospitalization, the patient ac-
quired some bacterial infections, which could explain 
the paradox that he initially had thrombocytosis and 
leukocytosis instead of thrombocytopenia and leuko-
penia, as would be expected for ehrlichiosis. Leuko-
penia and thrombocytopenia are present in >50% of 
patients given a diagnosis of E. chaffeensis infection (5).

The patient might have been infected by blood 
transfusion because the long period between hospital 
admission and detection of thrombocytopenia is com-
patible with the incubation period for infection with 
E. chaffeensis. The patient received multiple blood 
transfusions from donors in Mexico City and the state 
of Mexico; in this state, a fatal case of ehrlichiosis 
caused by blood transfusion has been reported (5). 
A study in Costa Rica reported a large number of E. 
canis–infected healthy blood donors (11), and a study 
in the United States reported a patient who was in-
fected by blood transfusion containing E. ewingii (12). 
More recently, a potential case of transfusion-trans-
mitted human monocytic ehrlichiosis was reported 
in a 59-year-old woman in the United States after she 
received a blood stem cell transplant (13).

Although this possibility is less likely, it can-
not be ruled out that ehrlichiosis could be acquired 
by tick bite. E. chaffeensis was previously detected in 
3 hard tick species (Amblyomma americanum, A. mix-
tum, and Rhipicephalus sanguineus sensu 1ato) (14) in 
Mexico. Only the lone star tick (A. americanum) has 
been implicated as a primary vector of this pathogen 
in the United States; however, its presence in Mexi-
co has only been recorded restricted to the Nearctic 
region (15). Conversely, no studies demonstrate the 
role of the other 2 tick species as potential vectors of 
this pathogen or whether DNA of this pathogen came 
from an infected host from which these ticks fed.

For this reason, it is essential to perform system-
atic surveillance of this and other tick-borne patho-
gens in blood donors in Mexico. Studies should also 
be conducted with questing ticks to identify the risk 
to which the population is exposed and establish the 
actual distribution of the pathogen.
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Sin Nombre virus (SNV; family Hantaviridae, ge-
nus Orthohantavirus, species Sin Nombre ortho-

hantavirus) is the primary etiologic agent of a severe 
respiratory illness known as hantavirus pulmonary 
syndrome (HPS) or hantavirus cardiopulmonary 
syndrome (HCPS), of which ≈1,000 cases have been 
confirmed across North America. SNV was identi-
fied after an outbreak in 1993, and association with 
the deer mouse (Peromyscus maniculatus) was estab-
lished (1,2). In North America, the case-fatality rate 
(CFR) of HCPS is 30%–35% (3). Transmission of SNV 
to humans occurs predominantly through direct con-
tact with infected deer mice or their excreta in peri-
domestic settings (4). We summarize critical aspects 
of SNV biology and the epidemiology of infections in 
Canada over the past 25 years, including a phyloge-
netic analysis of SNV from different geographic areas 
over time. 

The Study
Public health authorities in Canada follow the case 
definition for HPS/HCPS of the Pan American 
Health Organization (5). Samples from suspected 
hantavirus-infected patients are sent for diagnos-

tic testing to the National Microbiology Laboratory, 
Winnipeg, Manitoba (Appendix, https://wwwnc.
cdc.gov/EID/article/26/12/20-2808-App1.pdf). 
Several criteria must be fulfilled for laboratory confir-
mation of an HCPS case: the presence of hantavirus-
specific IgM; a >4-fold increase in hantavirus-specific 
IgG from sequential samples; and a positive reverse 
transcription PCR (RT-PCR) amplification of hanta-
viral RNA or positive immunohistochemical staining 
for hantaviral antigen in the tissues. Detection of IgM 
or a positive RT-PCR amplification occurs most often 
in early clinical disease, whereas IgG is typically de-
tected throughout infection, even in the prodrome. 
Detection of hantavirus-specific antibodies remains 
the primary diagnostic criterion (6,7). It is difficult to 
propagate virus from clinical samples; therefore, iso-
lation is not routinely attempted.

Active surveillance of HCPS began in Canada 
in 1994; it became a nationally notifiable disease in 
2000 (6). Surveillance of small mammals across Can-
ada was initiated in 1994 and has since documented 
SNV-infected deer mice in all provinces except Prince 
Edward Island and Nova Scotia, and in Yukon Ter-
ritory but not in the Northwest Territories or Nuna-
vut (6). The prevalence of SNV among deer mouse 
populations varies spatially and temporally, typically 
10%−30% (6,8).

As of January 1, 2020, a total of 143 cases of 
HCPS had been laboratory confirmed in Canada, 
including 3 cases retrospectively identified since 
1993 that were diagnosed in 1989, 1990, and 1992 
(Figure 1; Figure 2, panel A). Annually, an average 
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Hantavirus cardiopulmonary syndrome (HCPS) is a se-
vere respiratory disease caused by Sin Nombre virus 
(SNV) in North America. As of January 1, 2020, SNV 
has caused 143 laboratory-confirmed cases of HCPS 
in Canada. We review critical aspects of SNV epidemi-
ology and the ecology, biology, and genetics of HCPS 
in Canada.
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of 4–5 cases (range 0–13 cases) are confirmed in 
Canada (Figure 2, panel A). Although cases of 
HCPS have been diagnosed in every month, they 
are most common in spring and summer (Figure 2, 
panel B), peaking in May−June and then gradually 
decreasing. Peaks in HCPS cases are likely driven 
by seasonal increases in deer mouse populations 
coupled with increased human contact with envi-
ronments contaminated with SNV-infected rodent 
excreta. All cases except 1 have occurred in the 4 
westernmost provinces of Manitoba, Saskatch-
ewan, Alberta, and British Columbia; Alberta had 
the most cases (Figure 1; Figure 2, panel A). Most 
cases in these provinces have been in southern  

rural, often agricultural, settings. Most HCPS cases 
occur in geographic and spatial isolation, although 
clusters have been reported across communities 
and within households. The most northern case of 
HCPS in Canada was documented above the 59th 
parallel in British Columbia, <20 km from the bor-
der with Yukon Territory. Six cases have been di-
agnosed in patients from Quebec; 5 were directly 
attributed to military exercises or travel in western 
provinces (9,10). The sixth case-patient was a resi-
dent in the Nicolet-Yamaska municipality with no 
travel history except to a nearby recreational lake-
side property. To date, this case remains the only 
HCPS case with autochthonous transmission east 
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Figure 1. Geographic distribution of confirmed cases of hantavirus cardiopulmonary syndrome (HCPS) in Canada, 1989–2019. The 
map shows the locations of cases in Canada based on provinces where Sin Nombre virus infection was likely contracted; data were 
provided on diagnostic requisitions, physician reports, or follow-up investigations. Numbers in circles indicate number of cases for that 
province. The locations of 15 cases could not be mapped due to insufficient information.
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of Manitoba. The western bias observed in HCPS 
case distribution in Canada mirrors that reported 
in the United States (7).

The mean age of HCPS patients in Canada is 40; 
cases have occurred in all age brackets from 10–70 years 
of age (median 42, range 7–76 years of age) (Figure 2, 
panel C). Overall, the CFR of HCPS in Canada is 25% 
(34/137 cases; 6 outcomes unknown). HCPS occurs 
more frequently in male patients (99/143 cases). CFR 
is higher in female than in male patients, although the 
difference is not statistically significant (15/43 [35%] 
vs. 19/94 [20%]; relative risk = 1.726 [0.9733–3.060]; p = 
0.0651 by χ2 test) (Table). Differences in infection out-
come based on age and sex of patients is an area of re-
search that could lead to insights into the pathogenesis 
of HCPS and, similar to immunological studies using 
patient samples, could provide a means of identifying 

important signatures associated with severe infection 
and poor outcome (11,12).

When available, sequence data for HCPS cases in 
Canada appear to share a relatively recent common 
ancestor. This ancestor appears to have diverged 
from viruses from deer mice in eastern Canada (On-
tario eastward) before diversifying into the western 
Canada (Manitoba westward) genotypes that have 
most commonly caused clinical disease in humans 
and are also found in deer mice from western Canada 
(Appendix Figure 1, panels A–C). The eastern Cana-
da genotypes cluster with a clinical isolate from a case 
in New York, USA, suggesting that, despite a lack of 
cases in eastern Canada, these viruses may also be 
pathogenic to humans. 

For both the small (S) and medium (M) genomic 
segments, sequences from western Canada tend to 
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Figure 2. Cases of hantavirus cardiopulmonary syndrome (HPCS) by province, year, month, and patient age, Canada, 1989–2019. A) 
HCPS cases per year by province. B) Seasonal incidence of HCPS in Canada as shown by number of cases diagnosed in each month. 
A clear trend toward spring/summer contraction of disease can be seen. C) HCPS cases by age with associated case-fatality rate. Blue 
bars indicate the number of cases diagnosed in each age group; red line shows case-fatality rate associated with each age group.
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group relatively tightly together and with S segment 
sequences from Montana and New Mexico. This evi-
dence suggests that latitude does not account for the 
variation in the S sequences the way longitude does, 
with a clear separation of eastern and western geno-
types. However, M segment sequences from western 
Canada are more closely related to samples from Cali-
fornia, USA, suggesting some M segment variation in 
the north–south gradient (13). The biologic relevance 
of these variances remains to be investigated.

The median estimate of the average mutation rate 
for the S segment is 1.03 × 10-3 substitutions/site/
year (95% highest posterity density interval 0.51–1.72 
× 10-3 substitutions/site/year) whereas the estimate 
for the M segment is 3.79 × 10-4 substitutions/site/
year (95% highest posterity density interval 1.82–6.76 
× 10-4 substitutions/site/year). However, we were 
unable to distinguish whether this difference is an ar-
tifact of the modeling or the underlying data, due to 
limited datasets for S (150–200 nt) and M (300–400 nt) 
segments, or analyzing variables versus conserved 
regions. Because of the limited data inherent with 
small nucleotide fragments, we could not assess if 
differences are potentially due to reassortment or re-
combination or if differing selective pressures cause 
different mutation rates. 

On occasion non–SNV-related hantavirus infec-
tions have been diagnosed in Canada; however, stud-
ies on non-SNV hantaviruses within Canada are lim-
ited. Two imported HCPS cases from Argentina and 
Bolivia were detected in returning travelers by re-
verse transcription PCR analysis; amplicon sequenc-
ing determined the etiologic agent was Andes virus 
or a closely-related variant (6). In addition, a traveler 
returning from Siberia in 2002, who originally tested 
seronegative using an in-house ELISA, subsequently 
tested seropositive for Dobrava virus. A small pro-
portion of coastal rats have shown seroreactivity for 
Seoul virus; however, human infections in Canada 
have been limited to a recent cluster associated with 
imported pet rats (14,15).

Conclusions
Although hantavirus infections in Canada remain 
rare, the high CFR and severe nature of the disease 

underscore the importance of surveillance-based 
awareness and risk prevention in at-risk populations 
and settings. Overall, close monitoring of SNV infec-
tions in Canada remains a key part of risk mitigation 
and will further our understanding of HCPS patho-
genesis and SNV ecology and evolution.
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Table. Comparison of outcomes for confirmed cases of 
hantavirus cardiopulmonary syndrome in male and female 
patients, Canada 
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No. fatal 
cases 

No. nonfatal 
cases 

Relative risk 
(95% CI) 

p value 
(χ2 test) 

M 19 75 1.726 
(0.9733−3.060) 

0.0651 

F 15 28   
Total 34 103   
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During the past 20 years, coronaviruses belonging 
to the genus Betacoronavirus have caused multi-

ple human epidemic or pandemic diseases, including 
severe acute respiratory syndrome (SARS), Middle 
East respiratory syndrome (MERS), and coronavirus 
disease (COVID-19). Two viruses of the subgenus 
Sarbecovirus are severe acute respiratory syndrome 
coronavirus (SARS-CoV), which causes SARS, and 
SARS-CoV-2, which causes COVID-19. Although 
Rhinolophus spp. bats in Asia, Europe, and Africa are 
considered natural reservoirs of sarbecoviruses (1–3), 
the epidemiology and distribution of these viruses 
remain largely unknown, especially outside China. 
Previously, partial RNA-dependent RNA polymerase 
(RdRp) genes of betacoronaviruses were detected in 
little Japanese horseshoe bats (Rhinolophus cornutus) 
(4). However, limited sequence information left the 
genetic and virological properties unclear. We de-
tected and determined the entire genome sequence of 
a bat sarbecovirus belonging to a phylogenetic clade 
that includes SARS-CoV-2 from R. cornutus bats in Ja-
pan. Further, we used a pseudotyped virus system to 
characterize an entry step of this virus into cells.

The Study
R. cornutus is an endemic bat species in Japan and is 
found nationwide. These bats primarily inhabit caves 
and abandoned tunnels in the countryside during 
daytime and capture insects at night outside their 
roosts. R. cornutus bats often cohabit with other in-
sectivorous bats, such as R. ferrumequinum or Myotis 
macrodactylus, and occasionally with wild animals, 
such as the masked palm civet (Paguma larvata), in 
their daytime roosts. 

In 2013, we captured 4 R. cornutus bats in a cave 
in Iwate prefecture, Japan, and extracted RNA from 
fresh feces. Then, we used real-time reverse transcrip-
tion PCR (rRT-PCR) to detect the partial RdRp gene 
of sarbecovirus from 2 samples by using a pair of 
primers designed to detect betacoronavirus. In 2020, 
we performed RNA sequencing and determined the 
full genome sequence of 1 sample, Rc-o319, which ex-
hibited lower cycle threshold value by rRT-PCR.

We performed a BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) analysis of the full genome of Rc-
o319, which showed Rc-o319 had the highest nucleo-
tide homology to SARS-CoV-2 HKG/HKU-904a/2020 
strain (GenBank accession no. MT365032) with a que-
ry cover of 96% and sequence identity of 81.47%. The 
maximum-likelihood analysis with sarbecoviruses 
demonstrated that the full genome and spike protein 
(S) gene of Rc-o319 were positioned within a specific 
clade that included SARS-CoV-2 (Figure 1, panels 
A, B). Amino acid sequences of open reading frame 
1ab (ORF1ab) and S of Rc-o319 also were positioned 
within the SARS-CoV-2 clade (Figure 1 panels C and 
D). The phylogenetic trees maintained the same to-
pology between ORF1ab and S, indicating that no 
recombination event occurred in Rc-0319, which was 
supported by similarity plot analysis (Appendix Fig-
ure 1, https://wwwnc.cdc.gov/EID/article/26/12/ 
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Epidemiology of bat Betacoronavirus, subgenus Sarbe-
covirus is largely unknown, especially outside China. We 
detected a sarbecovirus phylogenetically related to severe 
acute respiratory syndrome coronavirus 2 from Rhinolo-
phus cornutus bats in Japan. The sarbecovirus’ spike pro-
tein specifically recognizes angiotensin-converting enzyme 
2 of R. cornutus, but not humans, as an entry receptor.tularemia
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Figure 1. Phylogenetic analysis of sarbecovirus sequenced from little Japanese horseshoe bats (Rhinolophus cornutus) and genetically 
related to human SARS-CoV-2, Japan. A–D) Phylogenetic trees were generated by using maximum-likelihood analysis combined with 500 
bootstrap replicates and show relationships between bat-, human-, and pangolin-derived sarbecoviruses. Phylogenetic trees are shown for 
nucleotide sequences of the full genome (A), the S protein gene and amino acid sequences (B), the ORF1ab (C), and the S protein (D). Red 
text indicates positions of Rc-o319, the sarbecovirus sequenced in this study. For panels B and D, magenta bands indicate viruses with S 
proteins that bind to human ACE2; blue bands indicate viruses with S proteins that do not bind to human ACE2. Bootstrap values are shown 
above and to the left of the major nodes. Scale bars indicate nucleotide or amino acid substitutions per site. E) Amino acid sequence alignment 
of the RBM of S proteins that are able or unable to bind to human ACE2. Amino acid residues of the RBM that contact human ACE2 of SARS-
CoV-2 and SARS-CoV are indicated in the upper side by red circles. The 2 regions of S protein RBM known to interact with human ACE2 are 
indicated by boxes labeled region 1 and region 2. ACE2, angiotensin-converting enzyme 2; hACE2, human angiotensin-converting enzyme 2; 
ORF1ab, open reading frame 1ab; RBM, receptor-binding motif; S, spike protein; SARS-CoV, severe acute respiratory syndrome coronavirus; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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20-3386-App1.pdf). The nucleotide and amino acid 
sequences of Rc-o319 were more homologous to those 
of viruses belonging to SARS-CoV-2 clade than the 
SARS-CoV clade (Table). These data suggest that Rc-
o319 genetically is related to SARS-CoV-2.

To gain insight into the zoonotic potential of Rc-
o319, we focused on angiotensin-converting enzyme 2 
(ACE2) receptor binding motif (RBM) of the S protein 
(Figure 1, panel E). RBM has 2 regions (1 and 2); both 
are essential to human ACE2 (hACE2) recognition 
(5,6). Several S proteins of bat-origin sarbecoviruses 
that lack the ability to bind the hACE2 contain amino 
acid deletions in both regions (Figure 1, panel E) (5). 
However, the RBM of Rc-o319 S is unique because 
it has 9 aa deletions in region 2 only, which was not 
observed in other bat sarbecoviruses. Of note, most 
residues that contact hACE2, which were detected in 
the S protein of SARS-CoV-2 and SARS-CoV, were 
different or missing in the S protein of Rc-o319. Thus, 
current data do not enable inference for whether the 
Rc-o319 can use hACE2 as a cell entry receptor.

To evaluate the potential of ACE2 as a receptor for 
Rc-o319, we adopted a pseudotyped vesicular stoma-
titis virus (VSV) system, in which VSV glycoprotein 
envelope (G) gene is replaced by green fluorescent 
protein (GFP) gene. We generated VSV pseudotyped 
with S proteins of Rc-o319 (VSV-Rc-o319), SARS-CoV 
(VSV-SARS), SARS-CoV-2 (VSV-SARS-2), or VSV-
G (VSV-VSV-G) in human embryonic kidney 293T 
(HEK293T) cells. We also constructed ACE2 expres-
sion plasmids from hACE2, R. ferrumequinum bats 
(Rf-ACE2), and R. sinicus bats (Rs-ACE2). R. ferrume-
quinum is another bat species inhabiting in Japan, and 
R. sinicus bats are a major host reservoir of bat sar-
becoviruses. We also prepared a chimeric bat ACE2 
from R. cornutus and R. ferrumequinum bats, Rc/Rf 

chimera, which has the N terminus of S protein inter-
action domain of Rc-ACE2 and the remaining region 
from Rf-ACE2 (Appendix Figure 2). The HEK293T 
cells expressing Rc-ACE2, Rf-ACE2, Rs-ACE2, Rc/Rf-
ACE2, or hACE2 were produced by transfecting each 
ACE2-expression plasmid (Appendix Figure 3) and 
inoculating them with pseudotyped VSVs; their infec-
tivity was titrated by counting GFP-positive cells at 
20 hours postinfection (Figure 2). Our results showed 
that VSV-Rc-o319 infected Rc-ACE2– and Rc/Rf-
ACE2–expressing cells, but not Rf-ACE2–, Rs-ACE2–, 
or hACE2–expressing cells or control cells transfected 
with empty vector plasmid. In contrast, VSV-SARS 
and VSV-SARS-2 more effectively infected hACE2-
expressing cells than bat ACE2–expressing cells and 
control cells. VSV-VSV-G infected all tested cells to 
comparable levels, confirming ACE2-independent in-
fectivity of VSV. These results suggest high specificity 
of ACE2 receptor between sarbecovirus and host cells 
and possibly a limited zoonotic potential of Rc-o319 
in terms of cell receptor usage without adaptation to 
humans.

We next analyzed the membrane fusion step of 
Rc-o319 S. A previous study showed that human 
sarbecovirus S protein was proteolytically activated 
by cellular transmembrane serine protease 2 (TM-
PRSS2), in vitro and in vivo, inducing efficient vi-
rus-cell membrane fusion at the cell surface (7). We 
prepared a fusion assay, in which HEK293T cells 
were cotransfected with S-expression plasmid of Rc-
o319, SARS-CoV, or SARS-CoV-2 and Rc-ACE2–, Rf-
ACE2–, Rs-ACE2–, or hACE2-expression plasmid, 
together with fluorescent reporter Venus-expres-
sion plasmid with and without TMPRSS2-expres-
sion plasmid, and incubated for 24 h to assess syn-
cytium formation. We observed that the S protein 
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Table. Identities of nucleotide and amino acid sequences of genome, genes, and proteins to representative sarbecoviruses used to 
investigate sarbecovirus Rc-o319 detected in bats, Japan 
Virus Entire genome ORF1ab S ORF3a E M ORF6 ORF7a ORF7b ORF8 N ORF10 
 Nucleotide % 
SARS-CoV-2 81.5 80.0 73.0 83.2 97.4 86.6 86.6 78.4 77.3 53.3 88.3 94.9 
RaTG13 81.2 79.8 73.3 83.9 96.9 85.4 87.1 77.4 78.0 53.0 87.8 94.0 
pangolin/P4L 80.4 79.8 72.5 83.5 97.8 85.5 85.5 74.5 – 53.2 86.8 91.5 
CoVZXC21 80.4 80.2 72.5 79.9 96.1 86.0 83.3 75.1 – 50.8 85.9 53.9 
SARS-CoV-1 81.0 78.8 73.6 76.6 93.1 87.0 77.1 73.4 74.8 – 86.1 63.3 
Rf1 80.6 78.7 70.9 75.1 92.6 85.8 78.8 72.2 75.6 68.6 84.9 63.3 
BM48–31 79.6 77.4 69.3 70.4 90.5 80.6 61.3 65.1 57.9 – 77.0 64.1 
 Amino acid, % 
SARS-CoV-2 NA 88.2 76.7 87.0 98.7 91.0 83.6 73.8 69.8 27.5 89.5 87.2 
RaTG13 NA 88.1 77.6 86.6 98.7 91.0 83.6 73.0 72.1 28.2 89.7 84.6 
pangolin/P4L NA 88.2 76.9 86.2 98.7 91.0 80.3 68.9 – 28.8 89.2 79.5 
CoVZXC21 NA 87.9 75.5 83.3 98.7 91.4 77.1 68.9 – 20.5 88.1 28.2 
SARS-CoV-1 NA 85.9 75.2 72.5 93.4 97.7 66.7 69.7 68.2 – 88.9 59.0 
Rf1 NA 85.5 73.6 69.6 92.1 94.1 66.7 68.0 72.7 66.7 87.4 59.0 
BM48–31 NA 83.7 71.9 64.5 93.4 88.1 48.5 52.5 58.1 – 85.9 61.5 
*NA, not available; ORF, open reading frame; –, no ORFs found. 
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of SARS-CoV and SARS-CoV-2 required both 
hACE2 and TMPRSS2 for fusion activity (Appendix 
Figure 4), confirming the previous findings (7,8). In 
contrast, the S protein of Rc-o319 induced cell fusion 
only in Rc-ACE2–expressing cells, both in the pres-
ence and absence of TMPRSS2. These results suggest 
that unlike human sarbecoviruses, Rc-o319 uses Rc-
ACE2 as a functional receptor, leading to membrane 
fusion independent of S-cleavage by TMPRSS2.

Conclusions
Among R. cornutus bats in Japan, we detected sarbe-
covirus Rc-o319, which is phylogenetically positioned 
in the same clade as SARS-CoV-2. Sarbecoviruses be-
longing to this clade previously were detected from 
other Rhinolophus spp. bats and pangolins (family 
Manidae) in China and could have played a role in 
the emergence of SARS-CoV-2 (9–11). We provide a 
hypothesis that a bat sarbecovirus with zoonotic po-
tential might exist even outside China, because Rhino-
lophus spp. bats inhabit Asia, Europe, and Africa (12).

Receptor usage is one factor for cross-species 
transmission of viruses. Unlike a previous report 
that showed that some bat SARS-CoV–related vi-
ruses could use human and civet ACE2 and R. sinicus 
ACE2 as entry receptors (5,13,14), VSV-Rc-o319 was 
found to use only homologous Rc-ACE2, which ar-
guably suggests that Rc-o319 and its related viruses 
might not jump the species barrier easily and cause 
infection. However, Rc-o319 and its related viruses 
could be transmitted accidentally from R. cornutus 
bats to cohabitant animals, such as civets, which are 
potential intermediate hosts for human infection (15). 
Therefore, further epidemiologic surveillance of bat 
betacoronaviruses, including evaluation of their zoo-
notic potential, is essential because betacoronaviruses 
that caused SARS, MERS, and COVID-19 outbreaks 

in humans during the past 20 years likely originated 
from bat betacoronaviruses.
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GFP-positive cells were counted and the infectivity titers were calculated. Error bars indicate SDs from 3 independent experiments. 
CoV, coronavirus; GFP, green fluorescent protein; Rc/Rf, chimera of Rhinolophus cornutus and R. ferrumequinum; SARS, severe acute 
respiratory syndrome; VSV, vesicular stomatitis virus.
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Rift Valley fever (RVF) is an arboviral disease 
caused by RVF virus (RVFV; genus Phlebovirus, 

family Phenuiviridae) (1). RVFV periodically emerges 
to cause epizootics among livestock and epidemics 
in persons living nearby (2). It is mainly transmit-
ted by the bite of infected mosquitoes or by direct 
contact with infected animals and their products 
(3). In addition, RVFV transmission is maintained 
vertically among both humans and vector mosquito 
populations (4,5). 

The public health threat from arboviral diseases 
is growing rapidly in Sudan (4,6). Increasing human 
movement, often arising from armed conflict, is driv-
ing several arboviral diseases to emerge in Sudan, 
usually in the form of undifferentiated febrile ill-
ness. Recent epidemics include dengue fever (6,7), 
Crimean-Congo hemorrhagic fever, West Nile virus 
disease (8), yellow fever, and chikungunya fever (4). 
RVF outbreaks represent major public health and 
economic burdens on endemic countries, particularly 
those such as Sudan that rely on exporting animals 
and animal products (3,4,9). In a recent study, RVFV 
infection was also associated with spontaneous abor-

tion among pregnant women in Sudan (10). We de-
scribe a unique, undeclared outbreak of RVF in River 
Nile state, in northern Sudan, leading to the potential 
spread of the virus to other states in Sudan or neigh-
boring countries. 

The Study
Rift Valley fever cases initially appeared on May 23, 
2019, in Eldamar, the capital city of River Nile state 
(Figure 1). This region, characterized as a desert en-
vironment, is in general rural and peri-urban; most 
of the population relies on farming, animal breeding, 
and more recently, traditional gold mining. By July 
18, a total of 1,129 cases had been identified on the 
basis of clinical signs and symptoms. The outbreak 
peaked in June 2019 with ≈96 cases reported daily 
(Figure 2).

Most RVF cases, 1,120 (99.2%), were from El-
damar, with only 7 cases reported in Barbar and 2 
in Atbara (Table). The male:female ratio was 1.2:1. 
Adults 25–44 years of age were most affected (34.6%), 
but other age groups were similarly represented; 
however, only 6.1% of cases involved children <5 
years old (Table). Many of the patients (34%) worked 
in farming and animal product production. 

Among the 1,129 patients, 100% had fever, 79% 
(892/1,129) had headache, and only 4% (45/1,129) 
had clinically manifested bleeding. Almost all (98%; 
1,104/1,129) patients (or their guardians, in the case 
of children) reported death or abortion among their 
domestic livestock. Of the 19 reported human deaths, 
6 (32%) were children <15 years of age  and 9 (47.4%) 
were farmers (Table 1). 

We retrospectively analyzed data collected by 
active surveillance during this epidemic to confirm 
that RVFV was the exclusive causative agent of this 
outbreak, because it is normally associated with 
the rainy season in Sudan. Surveillance was estab-
lished by the River Nile State Ministry of Health. In 
our analysis, we included variables such as patient 
age and sex; signs and symptoms, such as fever,  
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We report a unique outbreak of Rift Valley fever in the 
Eldamar area, Sudan, May–July 2019, that resulted in 
1,129 case-patients and 19 (1.7%) deaths. Patients ex-
hibited clinical signs including fever (100%), headache 
(79%), and bleeding (4%). Most (98%) patients also re-
ported death and abortions among their livestock. 



Rift Valley Fever in Sudan, 2019

hemorrhagic manifestations, and headaches; where 
the patient lived; and if the patient had noted any 
death or abortion among livestock. We randomly col-
lected 50 blood samples and tested them by reverse 
transcription PCR using the RealStar Rift Valley Fe-
ver Virus RT-PCR Kit 1.0 (Altona Diagnostics GmbH, 
https://altona-diagnostics.com) in the Sudanese Na-
tional Public Health Laboratory, Khartoum, Sudan. 
PCR testing confirmed RVFV infection in 88% (44/50) 
of samples. 

We report a unique outbreak of RVF that oc-
curred before the typical transmission season, which 
in Sudan normally corresponds with rain and flood-
ing during September–December. There were also 
an unusually large number of cases (1,129) and 19 
related deaths. Although RVF epidemics and epizo-

otics are common in Sudan because of the endemic 
transmission of RVFV (4), this outbreak was unique 
in the scale of human and animal infections over only 
3 months. The timing of outbreak development was 
also unusual, which could be attributed to the nation-
wide political violence that forced many people to 
move with their animals from RVF-endemic to non–
RVF-endemic areas and vice versa (11). 

Three major RVF epidemics were documented 
in Sudan in 2007, 2010, and 2011–2012 (Figure 1) (4). 
During June 2011–November 2012, a total of 28 RVFV 
infections were detected among pregnant women in 
the governmental hospital of Port Sudan in Red Sea 
state (10). In 2010, the outbreak was more limited in 
size and geographic distribution; only 18 cases were 
reported, in El Gezira state (12). In 2007, a total of 747 
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Figure 1. Distribution of Rift Valley fever outbreaks in Sudan, by year. 
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human RVF cases, including 230 deaths, were report-
ed from El Gezira, Sennar, White Nile, Kassala, Khar-
toum, and River Nile states; most cases (54%) and 
deaths (64%) were reported from El Gezira state (9). 

In Sudan, there is no reliable estimate for RVF 
death and abortion rates among livestock animals 
due to limited health surveillance systems for both 
human and animal populations (4,9,13). However, 
a 2019 report shared with the World Organization 
for Animal Health showed that, in sheep, the death 
rate was 2.4% and the case-fatality rate 13.5%; in 
goats, the death rate was 2.1% and the case-fatality 
rate 18.8% (14). 

As part of the recent unrest in Sudan, medical 
and health professionals have been intentionally 
targeted by military forces for their role in support-
ing national demonstrations. As a result, both health 

outcomes and records of cases might have been in-
fluenced by the escalating political violence through-
out the country during the time of the 2019 RVF out-
break (11). These attacks impaired the health system, 
limiting its capacity to respond to and contain the 
outbreak in its early stages (11). This health system 
deficiency is underscored by the limited number of 
cases reported around June 16, 2019, when the out-
break was at its peak (Figure 1). In addition, Eldamar 
is a major market for domestic animals, particularly 
sheep and goats, which could have been an addi-
tional risk factor influencing the emergence of RVFV 
in the area and facilitating spread into other states, 
particularly Port Sudan in Red Sea state, the main 
seaport of the country for exporting animals (15). 
Unfortunately, Sudan typically experiences delays 
and deficiencies in data sharing during epidemics 
and health emergencies (13), which likely contrib-
uted to the slow reporting of this 2019 RVF outbreak 
and the general impairment of the health system 
during a time of national political change (11). 

Conclusions
The risk of exporting RVFV across borders remains 
poorly characterized but real, stressing the need for a 
countrywide, One Health survey in Sudan to investi-
gate the prevalence of RVFV among humans and do-
mesticated animals and to identify the risk factors as-
sociated with its emergence. Further, we recommend 
vaccination of domestic animals at risk during the 
dry season when they cluster together before being 
moved to open pastures (4) and adherence by health 
authorities to the core of the World Health Organi-
zation’s International Health Regulations, including 
sharing data in a timely manner to promote both local 
and international safety (13). 
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Figure 2. Cases of and deaths from Rift Valley fever, River Nile state, north Sudan, May 23–July 18, 2019.

 
Table. Characteristics of case-patients during Rift Valley fever 
outbreak in Sudan, 2019 
Characteristic No. cases % Of total 
Sex   
 F 505 45 
 M 624 55 
Locality   
 Eldamar 1,120 99.2 
 Barbar 7 0.6 
 Atbara 2 0.2 
Age group, y   
 <5 69 6.1 
 5–14 229 20.3 
 15–24 233 20.7 
 25–44 391 34.6 
 >44 207 183 
Signs/symptoms   
 Fever 1129 100 
 Headache 892 79 
 Bleeding 45 4 
Reported disease/abortion among domestic animals 
 Yes 1104 98 
 No 25 2 
 



Rift Valley Fever in Sudan, 2019

This major RFV outbreak underscores the urgent 
need in Sudan for improved surveillance systems and 
a robust health policy for the prevention, early detec-
tion, and control of arboviral epidemics. In the case 
of RVF, early reporting of information regarding ani-
mal health is particularly important, because it could 
be used to contain the disease before it spills over  
into people. 
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Since the late 1990s, reports of an emerging mul-
tidrug-resistant Salmonella enterica subspecies en-

terica serotype 4,[5],12:i:- strain have been published 
in Europe (1). This strain is a monophasic variant of 
Salmonella Typhimurium, predominantly resistant to 
ampicillin, streptomycin, sulfonamides, and tetracy-
cline (ASSuT). Its rapid increase in North America af-
ter 1998 has also been described (2). However, precise 
knowledge of the time of introduction and the initial 
influx of clinical cases caused by this serotype in the 
United States is not available because of inconsistent 
reporting before 2004 (3).

Previously, on the basis of high genetic simi-
larity between Salmonella 4,[5],12:i:- sequence type 
(ST) 34 isolates from the United States and Europe 
and Salmonella Typhimurium strains from Europe, 
we suggested a European origin for the Salmonella 
4,[5],12:i:- ST34 clade (4). With this study, we aimed to 
reconstruct a time-scaled phylogeny of the emerging 

ST34 clade by using a Bayesian modeling approach to 
determine its origin in United States.

The Study
We used publicly available whole-genome sequences 
of 1,431 Salmonella 4,[5],12:i:- ST34 isolates from the 
United States and Europe from 2008–2017, including 
sequences from 690 isolates from Europe (mainly from 
the United Kingdom and Denmark) and 741 isolates 
from multiple US states (Appendix 1, https://wwwnc.
cdc.gov/EID/article/26/12/20-0336-App1.xlsx). We 
used BEAST version 1.8.4 (5) to estimate divergence 
times, mutation rates, and location trait transitions. We 
applied the modeling approach to 10 subsets of 112 
sequences selected from the study population. These 
sequences represented 33% (474/1,431) of the study 
population and included 242 sequences from Europe 
(76% from humans, 8% from food products, 8% from 
livestock, and 8% from other sources) and 232 from the 
United States (62% from humans, 13% from food prod-
ucts, 21% from livestock, and 3% from other sources). 
Time-scaled phylogenies of each subset were recon-
structed by using a general time-reversible nucleotide 
substitution model, an uncorrelated lognormal relaxed 
molecular clock, and an exponential growth coalescent 
model with asymmetric trait transitions (Figure 1; Ap-
pendix 2 Figures 1–10, https://wwwnc.cdc.gov/EID/
article/26/12/20-0336-App2.pdf). All time-scaled phy-
logenies presented similar topology to a maximum-like-
lihood phylogeny constructed by using all 1,431 study 
isolates (based on visual inspection; Appendix 2 Figure 
11). Overall, averaged estimates from all subsets were 
in agreement as follows (Figure 2): the evolutionary 
rate was 3.64 × 10-7 substitutions/site/year (95% high-
est posterior density [HPD] 2.65–4.64 × 10-7), which cor-
responds to an accumulation of ≈1–2 single-nucleotide 
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with a discrete trait geospatial model. The clone in the 
United States was introduced from Europe on multiple 
occasions in the early 2000s.
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polymorphisms/genome/year; the time to most recent 
common ancestor was 1994 (95% HPD 1988–2000); the 
number of collection location state transitions (Markov 
jumps) from Europe to the United States was 7.7 (95% 

HPD 5.9–9.3) and from the United States to Europe was 
0.8 (95% HPD 0–2.2); and the waiting times (in years; 
Markov rewards) were 519.9 (95% HPD 393.1–667.8) in 
Europe and 318.6 (95% HPD 234.0–417.6) in the United 
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Figure 1. Demographic reconstruction and phylogenetic 
analysis of Salmonella enterica subspecies enterica 
4,[5],12:i:- sequence type 34 isolates. A) Demographic 
reconstruction (subset 2) shows the population exponential 
growth of over time. The red line indicates the median 
effective population size with 95% highest posterior density 
credible interval (gray). B) Time-scaled phylogenetic analysis 
of isolates in subset 2 (n = 110 sequences after duplicates 
removal). Isolates were collected from multiple sources in 
the United States (blue) and Europe (red) during 2008–2017. 
An asymmetric discrete trait analysis model was used to 
reconstruct the locations on the nodes. The nodes, branches, 
and tree tips were annotated according to the collection 
location. The 95% highest posterior density credible intervals 
of node heights are indicted with transparent purple bars. 
The posterior probability for all inferred ancestral locations 
was >70%. The isolate source (food product, gray; human, 
purple; livestock, yellow; and other, green) is depicted in the 
heatmap appended to the tree tips. 
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States. The exponential growth rate of the population 
was estimated at 0.316/year (averaged across all subset 
means; Figure 1). In addition, the estimated (averaged) 
main introduction into the United States was 2004 (95% 
HPD 2000–2006; Appendix 2 Table 1). The occurrence of 
several additional smaller introductions was suggested 
by 48 sequences (6 from Europe and 42 from the United 
States). The 6 sequences from Europe were recovered 
from human sources; among sequences from the United 
States, 28 were from humans, 5 from food products, 6 
from livestock, and 3 from other sources. Information 
on recent international travel was obtained for 22/28 

of US isolates from humans, 2 of whom had traveled (1 
to the Philippines and the other to France [S. Meyer et 
al., Minnesota Department of Health, pers. comm., 2019 
Sep 23]).

Among the 1,431 Salmonella 4,[5],12:i:- ST34 se-
quences, 978 (68.34%) had genetic determinants contrib-
uting to the ASSuT profile, 108 (7.55%) conferred resis-
tance to quinolones, and 82 (5.73%) conferred resistance 
to extended-spectrum cephalosporins. The probability 
of harboring most predominant acquired antimicrobial 
resistance genes (AARGs) conferring the resistance phe-
notypes described above was significantly higher for 
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Figure 2. Summary of posterior 
estimates of all 10 subsets 
of sequences of Salmonella 
enterica subspecies enterica 
4,[5],12:i:- sequence type (ST) 34 
collected from multiple sources 
in the United States and Europe 
during 2008–2017. A) Inferred 
time (year) of the most recent 
common ancestor of the emerging 
Salmonella 4,[5],12:i:- ST34 
clade. B) Estimated mutation 
rate (uncorrelated log-normally 
distributed mean parameter). C–F) 
Number of unobserved transitions 
from Europe to the United States 
(C) and United States to Europe 
(E) along each branch (Markov 
jumps) and total phylogenetic tree 
length spent (Markov rewards) 
in Europe (D) and the United 
States (F). Violin plots illustrate 
the posterior distribution and 
probability density of each subset. 
Dashed red vertical lines indicate 
average posterior value; red 
shaded areas indicate average 
95% highest posterior density 
credible interval of all subsets.
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sequences of US isolates (odds ratio 2.37–26.05; Table). 
Yet associations between the collection location and the 
presence of blaCTX-M or qnrS1 genes were not significant 
(Table). In addition, AARGs conferring resistance to co-
listin (mcr-1/mcr-3/mcr-5; Appendix 1) were detected in 
isolates from Europe only (n = 5).

Conclusions
Salmonella 4,[5],12:i:- ST34 was introduced into the 
United States from Europe on multiple occasions 
since the beginning of the 21st century. The main in-
troduction occurred in 2004; additional independent 
introductions resulted in small clades for which the 
predominant sources were human travelers and im-
ported food products. Human travelers (6) and im-
ported food products (7) have been described as po-
tential vehicles for introduction of salmonellae.

The date of introduction of the main clade into 
the United States is later than the first peer-reviewed 
report of a Salmonella 4,[5],12:i:- infection in the 
country in 1998 (2). However, given the antimicro-
bial susceptibility profile of isolates from that report 
(mostly not ASSuT) (2), they most likely belonged to 
the nonemerging ST19 clade, which was described 
elsewhere (4). In addition, the incidence of Salmonella 
4,[5],12:i:- in humans increased only modestly (9.5%) 
during 2006–2011 but increased dramatically (78.3%) 
during 2011–2016 (8). A similar increase in detection 
after 2011 was described for clinical cases in swine 
from the midwestern United States (9). The differ-
ence between the date of main introduction into the 
United States found in this study and the later sharp 
increase in its prevalence in animals and humans may 
in part result from changes in reporting practices and 
increasing awareness (8). However, the increase since 
2011 can be the result of rapid propagation of the ST34 
population, possibly associated with swine (4). More-
over, White et al. (10) recently reported that accord-

ing to the National Antibiotic Resistance Monitoring 
System, the percentage of ASSuT-resistant Salmonella 
4,[5],12:i:- from humans increased from 17% in 2009 
to 59.1% in 2015 (out of all Salmonella 4,[5],12:i:- clini-
cal isolates from humans). This increase probably re-
sulted to a large extent from ST34 strains, in which 
this phenotype is predominant. The estimated expo-
nential yearly growth rate determined in our model 
(0.316/year), which corresponds to a population dou-
bling time of 2.2 years, is in agreement with this dra-
matic increase of the ST34 population.

The presence of AARGs conferring resistance to 
quinolones and extended-spectrum cephalosporins 
has mainly been observed since 2014 and may be bi-
ased by the lack of sequences before 2013 (Appendix 
2 Figure 12). Yet AARGs conferring resistance to qui-
nolones were not found in Salmonella 4,[5],12:i:- ST34 
strains from Europe collected before 2010 (1), and 
therefore our findings may reflect an increasing preva-
lence of these resistance determinants. Given time and 
overall unidirectionality of Salmonella 4,[5],12:i:- ST34 
transmission from Europe to the United States, it is 
likely that the acquisition of AARGs to quinolones 
occurred independently in the United States and in 
Europe. Yet introduction of resistant strains from the 
United States to Europe is also possible. Contributors 
to the acquisition of resistance in the United States 
might be the approval for enrofloxacin use in swine 
in the United States since 2008 (11) and the potential 
dissemination of plasmids harboring AARGs to quino-
lones between Salmonella serotypes (12). Independent 
acquisition of resistance to quinolones by Salmonella in 
Asia has also been suggested (13). The presence of mcr 
resistance genes conferring resistance to colistin in se-
quences from Europe (n = 5) is alarming, given their re-
cent worldwide spread (14). However, further investi-
gation of the travel history associated with these cases 
may be required because the acquisition of mcr genes 
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Table. Association between collection location and presence of resistance genetic determinants in sequences of Salmonella enterica 
subspecies enterica serotype 4,[5],12:i:- sequence type 34 isolates collected in Europe and the United States, 2008–2017* 

Conferring resistance to 
Presence of genetic 

resistance determinants 

No. positives/total (%) Odds ratio (95% CI), 
United States vs. 

Europe p value† Europe United States 
ASSuT ASSuT‡ 406/690 (58.84) 572/741 (77.19) 2.37 (1.87–3.00) <0.001 
Extended-spectrum 
cephalosporins 

blaCTX-M genes§ 4/690 (0.58) 14/741 (1.89) 3.30 (1.03–13.84) 0.032 
blaCMY-2 2/690 (0.29) 37/741 (4.99) 18.06 (4.63–155.09) <0.001 
blaSHV-12 0/690¶ 27/741 (3.64) 53.15 (3.24–873.11) <0.001 

Quinolones qnrB19 9/690 (1.3) 51/741 (6.88) 5.59 (2.70–13.01) <0.001 
qnrB2 0/690¶ 20/741 (2.7) 39.24 (2.36–650.05) <0.001 
qnrS1 6/690 (0.87) 13/741 (1.75) 2.03 (0.72–6.57) 0.22 

aac(6′)-Ib-cr 1/690 (0.14) 19/741 (2.56) 18.11 (2.86–751.91) <0.001 
*ASSuT indicates ampicillin, streptomycin, sulfonamides, and tetracycline. 
†A statistically significant p value (boldface) is <0.05/8 = 0.00625 (adjusted for multiple comparisons using Bonferroni’s correction). 
‡Simultaneous presence of blaTEM-1, strA, strB, sul2, and tet(B) genes (Appendix 2, https://wwwnc.cdc.gov/EID/article/26/12/20-0336-App2.pdf). 
§Including blaCTX-M-1 (n = 1), blaCTX-M-14 (n = 2), blaCTX-M-55 (n = 14), and blaCTX-M-65 (n = 1). 
¶Haldane-Anscombe correction (adding 0.5 to all 4 cells) was used to account for cells with a value of 0. 
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may be travel associated (15). The spread of Salmonella 
4,[5],12:i:- ST34 from Europe to the United States and 
the presence of plasmid-mediated resistance genes to 
key antimicrobial classes such as quinolones, extend-
ed-spectrum cephalosporins, and colistin in this clade 
further highlights its potential risk to public health and 
emphasizes the need for robust surveillance and miti-
gation programs for such transboundary pathogens.
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Klebsiella pneumoniae is an opportunistic bacteria 
that is a normal part of the nasopharyngeal and 

gastrointestinal tract microbiome of humans and ani-
mals (1). The hypermucoviscous variant of K. pneu-
moniae (hvKp), initially described in Southeast Asia, 
has emerged as a pathogen affecting young and 
healthy persons worldwide (2). The development of 
prominent polysaccharide capsules associated with 
capsular serotypes K1 or K2 have been reported as 
the major virulence determinants for human hvKp in 
liver abscesses, perhaps because it seems to protect 
the bacteria from phagocytosis and prevents destruc-
tion by bactericidal serum factors (2). 

K. pneumoniae strains have also been associated 
with a variety of diseases in animals, especially in Old 
World (Africa, Asia, and Europe) and New World 
(Oceana, North America, and South America) nonhu-
man primates (3–5). Sudden death or various clinical 

signs, including anorexia, prostration, fever, cough, 
dyspnea, mucopurulent discharge, meningitis, pneu-
monia, peritonitis, and sepsis are strongly associated 
with sporadic infections of K. pneumoniae in common 
marmosets research colonies (5,6). 

Despite the well-recognized zoonotic importance 
of hvKp and the public health risk of emerging multi-
drug-resistant strains (7–9), information is incomplete 
about the genotypic and phenotypic characterization 
of the etiologic agent essential to adequately diagnose 
and treat this pathogen in captive and wild nonhu-
man primates. The aim of this study was to report an 
epizootic among common marmosets in a wildlife 
rehabilitation center in Brazil and to describe the se-
rotype, sequence typing, virulence properties, and re-
sistance profile of the K. pneumoniae strains involved. 

The Study
On February 10–11, 2019, a total of 11 captive marmo-
sets (8 Callithrix penicillata, 2 C. jacchus, and 1 hybrid) 
died suddenly without clinical signs of disease. All of 
the animals were maintained in Parque Ecológico do 
Tietê, located in São Paulo municipality, São Paulo, 
Brazil, which is a center for receiving, rehabilitat-
ing, and referring wildlife. All animals had been in 
captivity 123–399 days. No new animals had been 
introduced into the cages in the previous 25 days. 
Each necropsy was performed <24 h after death in ac-
cordance with the Brazil Ministry of Health’s guide 
for surveillance of epizootics in nonhuman primates 
(10). Tissue samples were preserved in phosphate-
buffered formalin 10% and processed for routine 
histopathology and for 12 hours in refrigeration for 
microbiologic and molecular analyses. This study 
was approved by the Ethics Committee for the Use of 
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After the sudden death of captive marmosets in São 
Paulo, Brazil, we conducted a histologic and microbio-
logic study. We found hyperacute septicemia caused 
by hypermucoviscous sequence type 86 K2 Klebsiella 
pneumoniae. We implemented prophylactic antimicrobial 
therapy, selected dedicated staff for marmoset interac-
tions, and sanitized the animals’ fruit to successfully con-
trol this outbreak. 
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Table 1. Histologic findings for tissue samples from captive marmosets analyzed by microscopic evaluation in investigation of a fatal 
epizootic caused by highly virulent Klebsiella pneumoniae sequence type 86 strain P04 in Brazil, 2019 
Organ  No. samples Histologic findings Positive/total 
Liver  10 Sinusoidal leukocytosis, predominantly with neutrophilia 9/10 

Hemorrhagic foci 7/10 
Hepatitis necrotizing, suppurative, acute, multifocal 2/10 

Intravascular fibrin deposition 1/10 
Spleen  9 Splenitis necrotizing, suppurative, acute, multifocal 8/9 

Hemorrhage 8/9 
Many bacilli on the red pulp 8/9 

Lung  10 Subacute interstitial pneumonia 8/10 
Occasional free bacilli 7/10 

Hemorrhage 1/10 
Cerebrum  10 Bacilli on leptomeninges 1/10 
Adrenal  2 Adrenalitis necrotizing, suppurative, acute, multifocal 2/2 
Heart  7 Myocarditis necrotizing, acute, multifocal 1/7 
Intestine  7 Enteritis neutrophilic, acute, diffuse 2/7 
Kidney 8 Granular tubular casts 4/8 
  Tubular acute necrosis 1/8 

 
Figure 1. Microscopic findings 
of histological and histochemical 
examination of tissue samples 
from captive marmosets in 
investigation of a fatal epizootic 
caused by highly virulent 
Klebsiella pneumoniae sequence 
type 86 strain P04 in Brazil, 
2019. A) Spleen shows necrosis 
in germinal centers, suppurative 
splenitis, and hemorrhage (inset: 
necrosis in germinal center). 
Hematoxylin and eosin stain 
(H&E); original magnification 
×4. B) Brain (meninges) shows 
bacterial rods inside vascular 
lumen (arrow). H&E stain; 
original magnification ×40. 
C) Lung shows sinterstitial 
pneumonia (H&E stain; original 
magnification ×4) and alveolar 
hemorrhage (inset; H&E stain; 
original magnification ×10). D–F) 
Liver samples. D) Numerous 
intravascular bacilli (arrow). 
H&E stain; original magnification 
×100. E) Hepatocellular necrosis 
(arrowheads) associated 
with numerous bacterial rods 
(arrow) and neutrophils in the 
sinusoids. H&E stain; original 
magnification ×40. F) Sinusoids 
filled with gram-negative 
bacterial structures (arrow) and 
neutrophils. Gram stain; original 
magnification ×1,000.
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Animals (CEUA) of Adolfo Lutz Institute, Brazil (pro-
tocol no.  11/2016), SISBIO registration no. 50551 for 
the manipulation of wildlife material, and SISGEN 
registration nos. A1A2A72 and A7EB4B6. 

Histologic findings from all of the animals were 
compatible with hyperacute septicemia. Multiple sec-
tions of liver, spleen, and adrenal tissue were similar-
ly affected by suppurative and necrotizing multifocal 
lesions associated with intrahistiocytic gram-negative 
bacteria, 1–2-μm long. We also observed numerous 
intravascular gram-negative bacilli in samples from 
the liver (10 of 10 samples; the sample from 1 marmo-
set was excluded because the animal showed severe 
postmortem autolysis), cerebrum (8/10), lungs (3/10), 
heart (1/7), intestines (1/7), thymus (1/2), and skel-
etal muscle (1/1). Other relevant microscopic find-
ings from different tissues are summarized in Table 
1 and Figure 1. We found no microscopic alterations 
in the analyzed fragment samples from the stomach, 
tongue, testis, thymus, skin, uterus, or lymph nodes. 

Pure cultures of K. pneumoniae, positive for the 
string test (11), were recovered from the brain and 
liver in 8 different animals. The representative isolate 
P04 displayed susceptibility to all the antimicrobial 
agents we evaluated using the broth microdilution 
methodology with Sensititre plate (Thermo Fisher 
Scientific, https://www.thermofisher.com), accord-
ing to the manufacturer’s instructions (Table 2).  We 
screened for K. pneumoniae in environmental samples 
of water from a lake near the primate cages by fil-
tration and in drag swabs from their cages by direct 
growth on MacConkey agar plates. Although we re-
covered K. pneumoniae isolates from both samples, all 
of them were negative in the string test. We subjected 
all isolates identified as K. pneumoniae to DNA macro-
restriction by using 30 U of XbaI enzyme followed 
by pulsed-field gel electrophoresis (PFGE) (https://
www.cdc.gov/pulsenet/pathogens/pfge.html). 
PFGE results showed the same restriction profile 
among the isolates recovered from the dead animals; 
however, environmental isolates clustered apart from 
the invasive isolates (Figure 2).

We subjected the P04 strain to whole genome 
sequencing using the Thermo Fisher Ion Torrent S5 
platform, resulting in 1,049,163 reads; the de novo as-
sembled genome comprised 5,358,608 bps grouped in 
62 contigs, with an average coverage depth of 53. The 
whole-genome shotgun project reported here was de-
posited in DDBJ/EMBL/GenBank under accession 
number SPSP00000000. 

We employed online platforms from PubMLST 
(https://pubmlst.org) to definitively identify species 
as K. pneumoniae, sequence type (ST) 86, capsular type 

K2, and multiple virulence genes: mrkABCDFHIJ clus-
ter (mannose-resistant Klebsiella-like type III fimbriae 
cluster, associated with adhesiveness and fimbrial 
filament formation to adhere to eukaryotic cells) (12) 
in the same contig of the kvgAS genes; iroBCD genes 
(salmochelin) in the same contig with the rmpA gene 
(regulator of mucoid phenotype A); and rmpA2 gene 
within the contig along the iucABD with the iutA genes 
(aerobactin) (http://bigsdb.pasteur.fr). We detected 
only the constitutive antimicrobial-resistant genes 
blaSHV-1, oqxAB, and fosA by the in silico analysis (Com-
prehensive Antibiotic Resistance Database, https://
card.mcmaster.ca). Phylogenetic analysis of high qual-
ity single-nucleotide polymorphisms (SNPs) built on 
the CSI Phylogeny 1.4 (Center for Genomic Epidemiol-
ogy, https://cge.cbs.dtu.dk/services/CSIPhylogeny) 
showed that the ST86 isolates were closely related and 
the P04 strain clustered closely with IPEUC340, an iso-
late recovered in 1975 in France (Appendix, https://
wwwnc.cdc.gov/EID/article/26/12/19-1562-App1.
pdf). The isolate RJF293, ST374, clustered apart from 
the ST86 isolates (Appendix Figure). 

To contain the spread of hvKp to other animals, 
metaphylatic therapy with trimethoprim/sulfa-
methoxazole was implemented by adding the anti-
microbial to the water supply of animals during the 
first 5 days after the fatal cases were identified. In 
addition, access to the cages was restricted to a dedi-
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Table 2. Antimicrobial susceptibility profile of highly virulent 
Klebsiella pneumoniae sequence type 86 strain P04 from a fatal 
epizootic among captive marmosets in Brazil, 2019* 
Antimicrobial  MIC, mg/L† Category 
Amikacin <4.0 Susceptible 
Ampicillin/sulbactam 8/4 Susceptible 
Aztreonam <2 Susceptible 
Cefepime <2 Susceptible 
Cefotaxime <2 Susceptible 
Ceftazidime <1.0 Susceptible 
Ciprofloxacin <0.06 Susceptible 
Colistin <0.25 Susceptible 
Doripenem <0.5 Susceptible 
Doxycycline 2.0 Susceptible 
Gentamicin <1.0 Susceptible 
Imipenem <1.0 Susceptible 
Levofloxacin <1.0 Susceptible 
Meropenem <1.0 Susceptible 
Minocycline 4.0 Susceptible 
Piperacillin/tazobactam <8/4 Susceptible 
Polymyxin B <0.25 Susceptible 
Sulfamethoxazole/trimethoprim <0.5/9.5 Susceptible 
Ticarcillin/clavulanic Acid <16/2 Susceptible 
Tigecycline‡ 0.5 Susceptible 
Tobramycin <1.0 Susceptible 
*Susceptibility determined by Sensititre (ThermoFisher, 
https://www.thermofisher.com). 
†MIC values were categorized as susceptible, intermediate, or resistance 
following Clinical and Laboratory Standards Institute (https://clsi.org) 
M100-S30 breakpoints (http://em100.edaptivedocs.net/dashboard.aspx). 
‡Tigecycline breakpoint followed Food and Drug Administration 
recommendations.  
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cated employee, who wore clothing exclusively for 
accessing the cages for the duration of the outbreak. 
We also implemented additional steps for sanitizing 
fruit eaten by the marmosets with 2% sodium hy-
pochlorite for 15 minutes and dedicated space and 
staff for preparing the marmosets’ meals after the 
epizootic event. 

Conclusions 
We report the detection of hypermucoviscous K. 
pneumoniae ST86 K2 as cause of a sudden fatal out-
break in captive marmosets. Implementing prompt 
containment measures led to successful control of this 
outbreak. The burden of hypermucoviscous K. pneu-
moniae ST86 K2 in unexpected reservoirs, including 
those in contact with people, deserves further investi-
gation. The emergence of these strains is a concern for 
human and veterinary health because of the poten-
tial for these bacteria to acquire multidrug-resistant 
genes, their capacity to persist in the environment and 
to infect a wide range of hosts, and the unavailability 

of vaccines against these strains for humans and ani-
mals (13). The expansion of this emerging pathogen 
among different reservoirs should be carefully sur-
veilled, because the relationship between hyperviru-
lent and multidrug-resistant strains is narrowing. 
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Figure 2. Dendrogram and pulsed-field gel electrophoresis (PFGE) typing of XbaI-restricted Klebsiella pneumoniae strains from captive 
marmosets in investigation of a fatal epizootic caused by highly virulent K. pneumoniae sequence type 86 in Brazil, 2019. PFGE profiles 
were defined based on 100% Dice similarity cutoff value of the UPGMA clustering method (1.5% optimization; 1.5% tolerance). The 
Universal Size Standard Strain H9812 (Salmonella Braenderup) was used as reference in all gels. NA, not applicable.
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Vesicular stomatitis is a consequential disease of 
equids. Vesicular stomatitis virus (family Rhabdo-

viridae, genus Vesiculovirus) is a major infectious agent 
with zoonotic potential that is common in the Ameri-
cas. A few other infectious viral agents (equine arteritis 
virus, bunyavirus, caliciviruses, equine adenoviruses, 
and herpesviruses) have been associated with this con-
dition in horses, but on several occasions the etiology 
of vesicular and ulcerative stomatitis remains undiag-
nosed (1). Noninfectious etiology may include plant- 
and drug-related toxicoses and photosensitization (1). 

In October 2011, an outbreak of ulcerative sto-
matitis started in a donkey (Equus asinus) dairy herd, 
comprising 106 animals, located in the prefecture of 
Bari, Apulia region, Italy. The outbreak appeared re-
lated to the introduction of a pregnant female 8 weeks 
before the onset of the disease. The mare was clini-
cally healthy and in good physical condition at arrival 
and gave birth to a foal after 7 weeks. Clinical signs 
developed in neither the dam nor the foal. 

Initially, the outbreak affected 34 animals (17 lactat-
ing mares with their foals). This group was separated 
with wood fences from the other animals, but not strict-
ly. Fever and small nodular lesions, evolving into pain-
ful ulcers, were observed on the oral mucosa, tongue, 
and skin around the lips of young animals (2 weeks–4 
months old) (Figure 1). Similar lesions were also ob-
served sporadically on the dams’ udders and genital 

areas. The lesions typically resolved in 1–3 weeks. The 
herd owner reported weight loss in foals and interrup-
tion of lactation in dams. Two weeks after onset in the 
original group, the disease was observed in a separate 
group of animals, comprising 63 adult or yearling fe-
males and 5 yearling males. In this group, however, oral 
lesions were observed only in 5 yearlings and 1 mare. 
A third group of 4 adult males was kept apart from the 
other animals and was not affected by the disease. 

Oral swab and serum samples collected from 8 
animals with acute disease were sent to the labora-
tories at the University of Bari (Valenzano, Italy) for 
virologic investigation. Using an electron microscope, 
we observed herpesvirus-like particles in the oral 
swabs and detected herpesvirus DNA using consen-
sus herpesvirus primers for the DNA polymerase and 
inverse terminase (2,3). We used BLASTn (https://
blast.ncbi.nlm.nih.gov) to search the GenBank ge-
netic sequence database and found the virus to be 
highly related to equid herpesvirus (EHV) 3 in the 
DNA polymerase (93.35% nt identity) and terminase 
(90.71% nt identity) regions. 

We isolated the virus onto equine dermal cells 
from oral swab specimens. The virus was titrated and 
used for screening serum samples collected from the 
donkeys in virus neutralization assays. We detected 
specific neutralizing antibodies in the serum samples 
collected from approximately three quarters (80/106) 
of the animals 2 months after the beginning of the 
outbreak but not in the serum samples of 8 animals 
with acute infection, suggesting seroconversion. 

To sequence the DNA of the isolate, we per-
formed next generation sequencing using the Illu-
mina MiSeq platform (https://www.illumina.com) 
and used Nextera XT (Illumina) for library prepara-
tion. We obtained the full genome sequence (147,607 
bp) of asinine herpesvirus (AsHV) strain AsHV/
Bari/2011/740 and annotated it using the software 
ORF Finder (https://www.bioinformatics.org). 
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An outbreak of ulcerative stomatitis with was ob-
served in a donkey (Equus asinus) dairy herd. Similar  
lesions were also observed on the dams’ udders and, 
sporadically, in genital areas. The lesions typically  
resolved in 1–3 weeks. An α-herpesvirus, Varicello-
virus, genetically related to equid herpesvirus type 3, 
was identified. 



 Novel α-herpesvirus Associated with Stomatitis in Donkeys

On full genome sequence analysis, strain AsHV/
Bari/2011/740 appeared genetically related (87.02% 
nt identity) to EHV-3 strain AR/2007/C3A (acces-
sion no. KM051845) (subfamily α-Herpesviridae, ge-
nus Varicellovirus). Three different full-length gene 
targets (glycoproteins B, C, and D) of strain AsHV/
Bari/2011/740 were aligned with cognate sequences 

representative of the genus Varicellovirus listed by the 
International Committee on Taxonomy of Viruses 
(https://talk.ictvonline.org) by using Geneious soft-
ware version 9.1.8 (Biomatters Ltd., https://www.
geneious.com) and the MAFFT algorithm (4). We 
performed phylogenetic analyses with MEGAX soft-
ware (https://www.megasoftware.net) (5) using the 
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Figure 1. Foals with herpesviral infection, part of an outbreak of ulcerative stomatitis in a donkey dairy herd, Bari, Italy. Ulcerative 
lesions were observed on the lips (A), oral mucosa (B), and tongue (C). 

Figure 2. Phylogenetic trees based on the full-length 
nucleotide sequence of different target genes from the AsHV/
Bari/2011/740 strain isolated from a donkey dairy herd, Bari, 
Italy (black dots), or retrieved from the International Committee 
on Taxonomy of Viruses database. A) Glycoprotein B; B) 
glycoprotein C; C) glycoprotein D. Posterior output of the 
tree was derived from maximum-likelihood inference using 
a general time-reversible model, a proportion of invariable 
sites, a gamma distribution of rate variation across sites, 
and a subsampling frequency of 1,000. Posterior probability 
values >70% are indicated on the tree nodes. Human 
alphaherpesvirus 2 isolate HSV-2-H1226 (genus Simplesvirus) 
strain (GenBank accession no. KY922720) was used as an 
outgroup. Scale bars indicate nucleotide substitutions per site. 
AsHV, asinine herpesvirus.
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maximum-likelihood method with the general time-
reversible model, a proportion of invariant sites, and 
a discrete gamma distribution (5 categories) to model 
evolutionary rate differences among sites, and boot-
strap analyses with 1,000 pseudoreplicate datasets. 
In the consensus phylogenetic trees (Figure 2), strain 
AsHV/Bari/2011/740 was closely related to EHV-3 
sequences and distantly related to other members of 
the genus Varicellovirus. We deposited the full-ge-
nome sequence of strain AsHV/Bari/2011/740 in the 
GenBank database (accession no. MT012704). 

To date, several herpesviruses have been discov-
ered in donkeys (Table). AsHV type 1, also called EHV-
6, is an α-herpesvirus associated with ulcerative le-
sions (6). AsHV-2 (EHV-7) is a γ-herpesvirus identified 
in leukocytes of healthy animals (7). AsHV-3 (EHV-8) 
was isolated from the nose of immunodepressed ani-
mals (8) and was classified as an α-herpesvirus on the 
basis of the glycoprotein G sequence and poor anti-
genic cross-reactivity with EHV-1 and EHV-4 (8–10). 
AsHV-4, -5, and -6 are γ-herpesviruses identified from 
donkeys with interstitial pneumonitis (2,11). 

We report the detection and isolation of a novel 
AsHV from an outbreak of vesicular and ulcerative 
stomatitis and mammillitis in a donkey dairy herd. By 
comparing it with other herpesvirus sequences from 
the databases, we identified 3 targets (glycoproteins 
B, C, and D) for which the sequences were available 
across all the varicelloviruses listed in the ICTV data-
base and that were used for phylogenetic analysis. In 
these analyses, the AsHV strain appeared similar to 
EHV-3. By reviewing the literature, we found another 
donkey herpesvirus, AsHV-1, genetically related to 
EHV-3 on the basis of restriction enzyme and hybrid-
ization analyses (6). AsHV-1 was originally isolated 
from the vesicular and erosive lesions of the muzzle 
of a foal and the external genitalia and udder of its 
dam (12). Unfortunately, the prototype AsHV-1 is no 
longer available and it is not possible to determine 
its genome sequence for precise comparison (G.F. 

Browning, pers. comm.). It is possible that AsHV/
Bari/2011 is actually an AsHV-1 strain, although this 
possibility cannot be confirmed.

Overall, based on the chronology of the health 
events observed in the herd, the tendency of herpes-
viruses to reactivate from latent infection under stress 
conditions, and the seroconversion observed in the 
monitored animals, we hypothesized that the newly 
introduced mare was the vehicle for herpesvirus in-
fection in the herd, although this possibility could not 
be conclusively confirmed. Also, we screened only 8 
animals during the acute phase of the disease, and we 
do not have an exact picture of the immunological 
status of the animals before the onset of the disease. 

In conclusion, we identified a novel AsHV, genet-
ically related to EHV-3, from an outbreak of infectious 
ulcerative stomatitis in donkey foals. These findings 
extend the spectrum of pathologies potentially attrib-
utable to herpesviruses in donkeys. Considering the 
nature and shape of the lesions, the virus should be 
included in the differential diagnosis of vesicular and 
ulcerative stomatitis among equids. Also, it needs to 
be determined whether the novel AsHV can be trans-
mitted to horses. 

Acknowledgments
We are grateful to Aristide Maggiolino for collecting the 
animal samples and to Carlo Armenise and Arturo Gentile 
for their support in laboratory work. 

The authors dedicate this work to the memory of Professor 
Leland Eugene “Skip” Carmichael (June 15 1930–July 27 
2020), College of Veterinary Medicine, Cornell University, 
Ithaca, NY, USA, for his contribution to the growth of vet-
erinary virology, his decades-long friendship and scientific 
collaboration, and his profound sense of humanity.

About The Author
Dr. Martella is a full professor in the Department of  
Veterinary Medicine, University of Bari, Italy. His research 

3046 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020

 
Table. List of equid herpesviruses recognized in the ICTV database or other sources* 
Species Subfamily Related to Other designations Source 
EHV-1 Alpha NA Equine abortion ICTV 
EHV-2 Gamma NA NA ICTV 
EHV-3 Alpha NA Coital exantema ICTV 
EHV-4 Alpha NA Equine rhinopneumonitis ICTV 
EHV-5 Gamma NA NA ICTV 
EHV-6 Alpha EHV-3 AsHV-1 (6); this study 
EHV-7 Gamma EHV-2/EHV-5 AsHV-2 ICTV 
EHV-8 Alpha EHV-1 AsHV-3 ICTV 
AsHV-4 Gamma EHV-2/EHV-5 NA (11) 
AsHV-5 Gamma EHV-2/EHV-5 NA (11) 
AsHV-6 Gamma EHV-2/EHV-5 NA (2) 
EHV-9 Alpha EHV-1 Zebra, gazelle, giraffe herpesviruses ICTV 
*AsHV, asinine herpesvirus;  EHV, equine herpesvirus; ICTV, International Committee on Taxonomy of Viruses; NA, not applicable.  
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is focused on diagnosis, epidemiology, and characteriza-
tion of human and animal viruses, with particular interest 
for zoonotic viruses. 
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Among the numerous causes of acute undifferen-
tiated nonmalarial febrile illness, rickettsiae are 

amenable to treatment that can prevent death or, in 
the case of non–life-threatening diseases, shorten and 
ameliorate the course of illness (1). Awareness and 
knowledge of these infectious diseases are crucial 
and necessary. In Colombia, Rocky Mountain spot-
ted fever was recognized in the 1930s and then redis-
covered in the 21st century (2). Clusters of cases were 
documented in the departments of Cundinamarca, 
Córdoba, and Antioquia (2–4). Five fatal cases of 
Rocky Mountain spotted fever occurred in the village 
of Las Changas in the district of Necoclí in 2006, and 4 
fatal cases occurred in a village in the district of Turbo 
in 2008 (4). Prevalence of antibodies to spotted fever 
group (SFG) rickettsiae of 25.6% among healthy resi-
dents of several areas in Colombia suggests contact 
of persons with less-virulent SFG rickettsiae, such as 
Rickettsia parkeri, which has previously been reported 
in Colombia in ticks of the species Amblyomma ovale, 
and R. amblyommatis, previously reported in A. cajen-
nense ticks (5–7).

The Case
A previously healthy 47-year-old male farmer who 
lived in a rural area near the village of Puerto López 
in the district of Turbo, Department of Antioquia, Co-
lombia, came to a clinic in Apartadó with a 5-day his-
tory of fever. He also reported chills, asthenia, nausea, 
loss of appetite, dark urine, and dysuria that began 1 
day after discovery of a tick on the left flank of his ab-
domen. On physical examination he appeared to be in 
generally good condition; no rash was identified, and 
he was afebrile with normal vital signs.

A 13 × 16 mm crust with an erythematous halo 
and scaling collaret was seen above the left iliac crest 
at the site of the tick bite, accompanied by ipsilater-
al visible tender inguinal lymphadenopathy 3.5 cm 
in length (Figure). Results of the patient’s complete 
blood counts were within reference ranges, and blood 
smear detected no plasmodia.

Because of the eschar, draining lymphadenopa-
thy, and history of tick bite, a rickettsial infection was 
suspected, and the patient was referred to the Co-
lombian Institute of Tropical Medicine in Apartadó, 
Antioquia. There, a punch biopsy of the inoculation 
eschar and scraping of the eschar base and blood 
samples were obtained, and treatment with doxycy-
cline (200 mg/d for 7 d) was initiated. The patient 
subsequently reported defervescence after 48 hours, 
with disappearance of symptoms and decreased 
lymphadenopathy.

The patient’s serum samples were examined by 
indirect immunofluorescence assay for antibodies re-
active with 6 rickettsiae: R. rickettsii strain Uramita, 
R. parkeri strain At24, R. amblyommatis strain Ac37, R. 
rhipicephali strain HJ5, R. bellii strain Mogi, and Can-
didatus Rickettsia colombianensi (slides donated by 
Marcelo Labruna, Faculdade de Medicina Veterinária 
e Zootecnia, Universidade de São Paulo, São Paulo, 
Brazil). DNA was extracted from the eschar crust, 
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We describe the clinical, serologic, and molecular find-
ings of a new human rickettsiosis in Colombia. Antibod-
ies against Rickettsia spp. were detected. PCR showed 
amplification of genes for R. parkeri strain Atlantic Rain-
forest. This new rickettsiosis of minor virulence could ex-
plain some of the undifferentiated acute febrile diseases 
in Colombia.



Human Rickettsia parkeri, Colombia

eschar biopsy, and scrapings with the DNeasy Blood 
and Tissue kit (QIAGEN, https://www.qiagen.
com), according to the manufacturer’s instructions. 
The samples were processed by PCR for gltA, sca0, 
sca4, and sca5 genes of Rickettsia using previously de-
scribed primers and methods (8). The amplification 
products were sent for sequencing to Macrogen, and 
the sequences were analyzed with BLASTn (https://
blast.ncbi.nlm.nih.gov), MEGA 7.0 (https://www.
megasoftware.net), and MrBayes 3.2.6 (https://
www.geneious.com). The human protocol was ap-
proved by the Bioethical Committee at the University 
of Antioquia (act 001/2016).

Indirect fluorescent antibody testing demonstrat-
ed seroconversion to all 6 Rickettsia antigens. Acute 
serum samples showed reactivity with none of the 
antigens at a titer of 64, whereas seroconversion to 
each of the antigens was observed by reactivity with 
R. parkeri (titer 1,024); R. rickettsii (titer 512); R. bellii 
(titer 256); and R. amblyommatis, Candidatus R. colom-
bianensi, and R. rhipicephali (titer 128), without a qua-
druple difference between the different antigens.

Amplicons were obtained for all genes tested and 
all samples analyzed. All the sequences demonstrat-
ed 100% identity with R. parkeri strain Atlantic Rain-
forest and were submitted to GenBank (accession nos. 
MK860199–202).

Previous patients with rickettsial infections in the 
Department of Antioquia were gravely ill with rapid 
deterioration and respiratory and renal compromise, 
hepatic injury, and case-fatality rates of 28%–35% (4). 
In contrast, R. parkeri infections are mild or moder-
ate acute febrile illnesses with fever, chills, headache, 
arthromyalgia, inoculation eschar, maculopapular 
or vesicular rash, and painful lymphadenopathy at 
lymphatic drainage sites of the entry lesion. Some  

patients do not manifest lymphadenopathy or, as in 
this patient, a rash (9).

In 2004, a new SFG human infection attributed to R. 
parkeri sensu stricto was described in the United States 
(10); later, Spolidorio et al. described a patient in Brazil 
with a clinically identical moderate febrile condition, 
with myalgia, arthralgia, and eschar, caused by a strain 
of R. parkeri designated Atlantic Rainforest (11). Human 
infections with similar signs and symptoms caused by 
R. parkeri sensu stricto and R. parkeri strain Atlantic Rain-
forest have been documented in the United States, Bra-
zil, Uruguay, Argentina, and now in Colombia; mean-
while, these bacteria have also been demonstrated in 
ticks (in the absence of recognized human infections) in 
Bolivia, Peru, Nicaragua, Belize, and Mexico. Amblyom-
ma maculatum, A. triste, and A. tigrinum ticks have been 
found infected with R. parkeri sensu stricto in nature; R. 
parkeri strain Atlantic Rainforest has been reported in A. 
ovale, A. aureolatum, and Dermacentor parumapertus ticks 
(12,13). R. parkeri strain Atlantic Rainforest was previ-
ously identified in A. ovale ticks in Colombia, where 
dogs are suspected of bringing the ticks into homes (6).

Conclusions
There may be a substantial unrecognized occurrence 
of R. parkeri infections in South and Central America. 
Increased awareness and knowledge by primary care 
physicians and establishment of effective national sur-
veillance programs and guidelines, including empiric 
treatment with doxycycline, would lead to improved 
patient outcomes. Enhanced research to identify the 
range of vectors, vertebrate hosts, and risk factors to 
predict human exposure to this and other agents that 
may be causing similar diseases would contribute to 
the elucidation of the causes of acute febrile illnesses 
in Latin America.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020 3049

Figure. Eschar of inoculation and lymphadenopathy in patient with febrile syndrome caused by a strain of Rickettsia parkeri, Colombia. 
A) A 1 .3 × 1.6 cm eschar with an erythematous halo is present at the site of a tick bite above the left iliac crest. B) A closer view reveals 
a brown-black crust and a collarette of desquamation. C) Distended skin overlying enlarged draining lymph nodes, 3.5 cm in length, is 
visible in the left inguinal region.
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The genus Marburgvirus, family Filoviridae, com-
prises 1 species, Marburg marburgvirus, which 

comprises 2 marburgviruses, Marburg virus (MARV) 
and Ravn virus (RAVV) (1). Marburgviruses cause 
sporadic but often fatal MARV disease in humans 
and nonhuman primates (2). The Egyptian rousette 
bat (Rousettus aegyptiacus) has been implicated as the 
primary reservoir for marburgviruses (3–9), but the 
mechanisms by which they are maintained in these 
bats remain elusive. Evidence of marburgvirus cir-
culation was reported from countries where MARV 
disease outbreaks have not been recorded (10–12). 
Determining the risks for spread and developing 
evidence-based public health strategies to prevent 
zoonotic transmission requires up-to-date knowledge 
about marburgvirus geographic range; genetic diver-
sity; and transmission mechanisms, including natu-
ral ports of entry and shedding patterns. To clarify 
which marburgviruses are circulating and how they 

are maintained in Egyptian rousette bat populations 
in South Africa, we tested oral and rectal swab sam-
ples and blood samples collected during a previously 
identified peak season of marburgvirus transmission 
in a local Egyptian rousette bat population (13).

The Study
We conducted this work in accordance with ap-
proved protocols by animal ethics committees of the 
National Health Laboratory Service (Johannesburg, 
South Africa; AEC 137/12) and the University of 
Pretoria (Pretoria, South Africa; EC054–14). During 
February–November 2017, a total of 1,674 Egyptian 
rousette bats (February, 107 bats; April, 600; May, 563; 
September, 214; November, 190) were captured, aged, 
and sampled at Matlapitsi Cave, Limpopo Province, 
South Africa, as described previously (13). We col-
lected and processed oral and rectal swab samples 
from each bat and blood from a subset of 423 bats, 
as described previously (7). Swab samples were col-
lected and pooled by aliquoting 4 × 25 µL of the media 
of each sample into a microcentrifuge tube, yielding 
a total of 416 pools containing 100 µL of pooled rectal 
swab samples and 4 pools containing 50 or 75 µL of 
pooled oral swab samples. We conducted serologic, 
virologic, and molecular tests as described previously 
(7). In addition, we conducted real-time quantitative 
reverse transcription PCR (qRT-PCR) for individual 
swab samples when the pool tested positive. We pre-
pared sequencing libraries using the TruSeq RNA Ac-
cess Kit (Illumina, https://www.illumina.com) with 
MARV-specific bait enrichment, followed by sequenc-
ing on an Illumina NextSeq, genomic alignment and 
phylogenetic analysis (13). We calculated the signifi-
cance of differences in several positive swab samples 
and seropositivity using the Fisher exact test in Stata 
version 13 (StataCorp, https://www.stata.com).

Seven rectal swab pools (5 from April 2017 and 
2 from September 2017) were qRT-PCR positive; 
the remaining rectal swab samples collected during  
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We detected Marburg virus RNA in rectal swab samples 
from Egyptian rousette bats in South Africa in 2017. This 
finding signifies that fecal contamination of natural bat 
habitats is a potential source of infection for humans. 
Identified genetic sequences are closely related to Ravn 
virus, implying wider distribution of Marburg virus in Africa.
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February–November 2017 were all negative. The num-
ber of individual positive rectal swab samples ranged 
from 1 to 3 per positive pool, totaling 11 positive sam-
ples. Only 1 oral swab sample pool, from April 2017, 
yielded a positive qRT-PCR result, containing a single 
positive oral swab sample (Table 1). Of 600 rectal swab 
samples collected during 3 nights in April, 9 (1.5%) 
were positive; of 215 rectal swab samples collected 
during 2 nights in September, 2 (0.9%) were positive. 
We found no significant difference between the num-
ber of positive rectal swab samples collected in April 
and the number collected September. The number 
of positive rectal swab samples differed significantly 
from the number of positive oral swab samples col-
lected in April (p = 0.02). Attempts to culture marburg-
virus from qRT-PCR–positive swab samples were un-
successful. Identical results from specimens with cycle 
threshold (Ct) >30 were obtained in other studies (6,13).
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Table 1. qRT-PCR results of oral and rectal swab samples from 
juvenile Egyptian rousette bats (Rousettus aegyptiacus) at 
Matlapitsi Cave, Limpopo Province, South Africa, February–
November 2017* 

Bat ID Capture date Sex 

Swab sample type and 
qRT-PCR result, Ct† 
Oral Rectal 

Apr-77 Apr 4 F Negative 30.61 
Apr-117 Apr 4 F Negative 30.57 
Apr-118 Apr 4 F Negative 30.95 
Apr-124 Apr 4 F Negative 30.66 
Apr-133 Apr 4 F Negative 30.46 
Apr-232 Apr 5 F 33.01 Negative 
Apr-369 Apr 6 F Negative 31.9 
Apr-380 Apr 6 M Negative 32.67 
Apr-399 Apr 6 F Negative 31.7 
Apr-470 Apr 6 M Negative 31.8 
8025 Sep 26 F Negative 31.7 
0895 Sep 20 F Negative 33.05 
*Ct, cycle threshold; ID, identification; qRT-PCR, quantitative real-time 
reverse transcription PCR. 
†Negative, Ct >40. 

 
Figure 1. Midpoint-rooted, 
maximum-likelihood phylogeny 
of complete and near-complete 
MARV and RAVV genomes. 
Phylogenetic tree shows 
evolutionary relationships of 
marburgvirus detected in a rectal 
swab sample from a subadult 
Egyptian rousette female 
bat (Rousettus aegyptiacus) 
in Matlapisi Cave, Limpopo 
Province, South Africa, 2017 
(black filled circle; GenBank 
accession no. MT321489), and 
reference viruses, including the 
SPU191-13 bat 2764 Mahlapitsi 
strain (white circle; GenBank 
accession no. MG725616), 
detected in the same cave in 
July 2013. Complete and near-
complete genome sequences 
from GenBank (accession 
numbers indicated) were 
aligned with the partial MARV 
sequence obtained from RSA-
8095bat using MUSCLE version 
3.8.31 (https://www.drive5.com/
muscle), and RAxML version 
8.2.10 (https://cme.h-its.org/
exelixis/web/software/raxml/
index.html) was used to infer the 
best-scoring maximum-likelihood 
tree after 1,000 bootstrap 
replicates. Node values indicate 
the bootstrap support values. 
Genomes isolated from bats 
are shown using a bat symbol. 
Scale bar indicates nucleotide 
substitutions per site. MARV, 
Marburg virus; RAVV, Ravn virus.



Marburg Virus in Egyptian Rousette Bats

We obtained sufficient marburgvirus-specific 
sequence data only from 1 of the 12 individual posi-
tive swab samples for phylogenetic analysis: a rectal 
swab sample, collected from a juvenile female (bat 
8095) in September 2017, from which we recovered 
79.2% (15.1/19.1 kb) of the genome. We merged 
sequencing reads from replicate sequencing runs 
and mapped 2,472 reads to the MARV reference ge-
nome. Maximum coverage per base obtained was 
291 reads; some regions had no coverage. The aver-
age coverage per base across the genome was 18.5 
reads (when we included 0 coverage regions), and 
the average coverage when we excluded 0 cover-
age regions was 40 reads. We obtained near-com-
plete coding sequences for the viral protein (VP) 35 
(972/990 nt; 98.2%) and VP40 (898/912 nt; 98.5%) 
genes; coverage ranged from 49.7% (VP24) to 89.3% 
(glycoprotein) in other open reading frames of 
 the genome.

The marburgviruses sequence (strain RSA-2017-
bat8095) detected from the rectal swab sample of bat 
8095 shared a common ancestor with all other RAVV 
complete or near-complete genome sequences, in-
cluding 3 human isolates from Kenya (14), Uganda 
(15), and the Democratic Republic of Congo (3) and 
several bat isolates from Uganda (4) (Figure 1). The 
RSA-2017-bat8095 nt sequence shared ≈77% iden-
tity with the MARV SPU191–13bat2764 Mahlapitsi 
strain (GenBank accession no. MG725616) that was 
collected and characterized from Matlapitsi Cave 4 
years earlier.

Of 423 bats tested, 143 (33.8%) were positive for 
antibodies against marburgviruses (73 adults and 70 
juveniles). Lowest overall seroprevalence occurred 
in April 2017 (17.78%) and ranged from 8.3% in ju-
veniles (9/108) to 55.6% in adults (15/27) (Figure 2). 
Overall seropositivity did not differ significantly be-
tween male and female bats, but the overall seroposi-
tivity differed significantly between juvenile (forearm 

<89 mm; <1-year-old) and adult bats (p = 0.03). We 
detected seroconversion in 6 (33.3%) of 18 recaptured 
bats (Table 2).

Conclusions
The period of the lowest seropositivity in juveniles 
(April–May) resulting in the highest number of po-
tentially susceptible bats at Matlapitsi Cave was the 
same as previously identified (13). This finding co-
incides with demonstrable seroconversions and vi-
rus shedding and represents a period of increased 
exposure. The significantly higher number of mar-
burgvirus-positive rectal than oral swab samples we 
detected contrasts with results from experimentally 
infected Egyptian rousette bats and field studies in 
Uganda (4,8,9). Experimental data on marburgvirus 
shedding were obtained from subcutaneously inoc-
ulated and colonized Egyptian rousette bats (7–9). 
Whether this mode of infection represents a natu-
ral portal of entry for marburgviruses in Egyptian 
rousette bats and to what extent viral shedding pat-
terns in colonized bats can be extrapolated to natural 
settings are unknown. 
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Figure 2. Marburgvirus 
seropositivity in adult and 
juvenile Egyptian rousette 
bats (Rousettus aegyptiacus), 
Matlapitsi Cave, Limpopo 
Province, South Africa, 
February–September 2017. 
Numbers in parentheses indicate 
the numbers of bats tested per 
month. Juvenile bats represent 
the new generation of bats born 
mostly during November 2016–
January 2017.

 
Table 2. Marburgvirus seroconversion in 6 of 18 Egyptian 
rousette bats (Rousettus aegyptiacus) recaptured at Matlapitsi 
Cave, Limpopo Province, South Africa, February 2017–
September 2017* 

Bat ID 

First capture 

 

Recapture 
iELISA, 

%† 
Capture 

date 
iELISA, 

%† 
Capture 

date 
SMB676 2.2 2016 Apr  23.3 2017 Feb 
SMB797 12.4 2016 Jun  23.7 2017 Apr 
SMA780 0.7 2014 Jul  61.7 2017 Sep 
SM906 15.2 2013 Sep  202.4 2017 Sep 
SMB160 2.5 2015 Mar  51.3 2017 Sep 
SMB978 11.1 2016 Nov  142.2 2017 Sep 
*Recaptured bats were identified by a previously applied unique tattoo 
number. iELISA, indirect ELISA. 
†Percent positivity of the internal positive control serum in I-ELISA 
calculated as (average optical density of the test serum replicates/average 
optical density of the positive control serum replicates)  100; cutoff 
percent positivity of iELISA = 16.78% (7). 

 



DISPATCHES

Our findings highlight the risk for marburg-
virus fecal environmental contamination and for 
Egyptian rousette bat roosting sites as a possible 
source of virus spillover. Roosting behavior en-
abling direct physical contact suggests that fecal–
oral transmission of marburgviruses in bats can 
occur. Biting among animals or biting by hema-
tophagous ectoparasites might result in inoculation 
of wounds with contaminated feces or exposure to 
contaminated fomites.

Our findings, combined with earlier detec-
tion of an Ozolin-like MARV in Egyptian rousette 
bats roosting at Matlapitsi Cave (13), suggest lo-
cal co-circulation of multiple marburgviruses ge-
netic variants. Detection of RAVV in South Africa, 
closely related to East African isolates, indicates that 
long-distance movement of Egyptian rousette bats 
contributes to widespread geographic dispersion 
of marburgviruses. Moreover, it implies that more 
virulent strains, such as the MARV Angolan strain 
(2), might be co-circulating. Entering caves and min-
ing have been associated with MARV spillover (3–
6,14,15) and detection of viral RNA in rectal swab 
samples, highlight the potential route of transmis-
sion. Confirmation of the period for the highest vi-
rus exposure risk further highlights the value of bio-
surveillance and demonstrates that marburgviruses 
continue endemic circulation in South Africa. This 
circulation represents a potential threat that needs to 
be communicated to at-risk communities as a part of 
evidence-based public health education and preven-
tion of pathogen spillover.
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Lyssaviruses cause fatal encephalitic disease in 
mammals; 6 viral species have been implicated 

in human deaths (1). Bats are the primary hosts for 
members of the Lyssavirus genus, which belongs to 
the family Rhabdoviridae. Researchers have described 
17 lyssavirus species, and a putative species is await-
ing formal classification (1). The genus can be divided 
into >3 phylogroups on the basis of genetic, immuno-
genic, and pathogenic properties (2). Rabies vaccines 
and postexposure prophylaxis protect against infec-
tion by members of phylogroup I but provide limited 
protection against phylogroups II or III (3). 

In Africa, 6 lyssaviruses are in circulation: rabies 
virus, which is associated with terrestrial carnivores; 
Duvenhage virus (DUVV), which is associated with 
insectivorous bats, specifically the Egyptian slit-faced 
bat (Nycteris thebaica); Lagos bat virus, which is associ-
ated with various species of frugivorous bats; Mokola 
virus, for which the reservoir host is unknown; Shi-
moni bat virus, which is associated with the striped 
leaf-nosed bat (Macronycteris vittatus); and Ikoma 
lyssavirus, for which the reservoir host is unknown 
(1). Only rabies virus, DUVV, and Mokola virus have 

been associated with human deaths on the continent. 
Lyssavirus surveillance in Africa is inadequate. As 
a result, genetic diversity, geographic distribution, 
and host species associations of lyssaviruses are 
poorly understood (1). However, this information is 
crucial for making treatment decisions, especially in 
resource-limited settings (1).

We report the results of 16 years of surveillance 
of insectivorous bats in South Africa. We used genetic 
characterization to identify DUVV and a potential 
novel lyssavirus from phylogroup III.

The Study
During 2003–2018, we tested 605 insectivorous bats 
(Appendix Tables 1, 2, https://wwwnc.cdc.gov/EID/
article/26/12/20-3592-App1.pdf) of 41 species across 
South Africa (Figure 1; Appendix Tables 1, 2). Most 
bats were collected as part of a broader biosurveil-
lance program in collaboration with bat taxonomists 
for species identification and classification. Among the 
bats collected, 562 appeared healthy and 28 were dead. 
Another 12 exhibited signs of disease or abnormal be-
havior, and 3 had been involved in human contact; we 
submitted these samples for rabies testing.

We anesthetized the sampled bats with isoflurane 
inhalant (Safeline Pharmaceuticals, https://safeline.
co.za), exsanguinated them by cardiac puncture, and 
then performed full necropsies. We identified bats on 
the basis of morphologic (4) and genetic characteris-
tics (5). The sampling protocol was approved by the 
University of Pretoria Animal Ethics Committee (ap-
proval no. EC054-14). Permission to conduct research 
was obtained from the Department of Agriculture, 
Land Reform and Rural Development (formerly De-
partment of Agriculture, Forestry, and Fisheries) of 
the Republic of South Africa under Section 20 of the 
Animal Diseases Act 1984 with additional provincial 
permits granted (Appendix Table 3).

We extracted total RNA from the bats’ brain mate-
rial and subjected it to real-time reverse transcription 
PCR selective for 126 bp of the nucleoprotein gene 
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We detected 3 lyssaviruses in insectivorous bats sam-
pled in South Africa during 2003–2018. We used phylo-
genetic analysis to identify Duvenhage lyssavirus and a 
potentially new lyssavirus, provisionally named Matlo bat 
lyssavirus, that is related to West Caucasian bat virus. 
These new detections highlight that much about lyssavi-
ruses remains unknown. 
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(6). Samples from 3 bats tested positive for lyssavirus 
RNA; we sequenced the amplicons (7). One of these 
samples came from an Egyptian slit-faced bat (sample 
no. UP1540) collected in 2012 from the Rooiberg area, 
Limpopo. This bat, which was collected by members 
of a bat interest group in August 2012, tested positive 
for DUVV (Figure 1). We also obtained sequences of a 
potentially novel lyssavirus in samples from 2 appar-
ently healthy Natal long-fingered bats (Miniopterus 
natalensis, sample nos. UP5619 and UP6246); these se-
quences were distantly related to West Caucasian bat 
virus (WCBV). We collected these samples from Mat-
lapitsi cave, Limpopo, in 2015 and Madimatle cave, 
Limpopo, in 2016 (Figure 1).

To infer the phylogeny, we used the complete 
nucleoprotein gene sequences of the 3 lyssaviruses 
according to a method described previously (8). We 
used Bayesian inference to compare our samples 
with representative sequences from GenBank (Ap-
pendix Table 4). We analyzed the dataset with BEAST 
(9); we used the general time-reversible substitution 

model as determined by jmodeltest2 (10), invariant 
sites, and gamma distribution. We assumed an un-
derlying coalescent process with constant popula-
tion size and Markov chain Monte Carlo chains of 50 
million generations.

The results indicated that the sequences from 
Natal long-fingered bats were most closely related 
to, but distinct from, WCBV (Figure 2); they might 
belong to a novel species of Lyssavirus, provision-
ally called Matlo bat lyssavirus (MBLV). These 
2 novel sequences had a shared nucleotide iden-
tity of 99.2%. Compared with other lyssaviruses,  
they shared the highest nucleotide identity with 
WCBV (80.9%–81%) and the lowest with Ikoma lyssa-
virus (70.5%). The DUVV sequence was 91.6%–99.3%, 
similar to previously described DUVV sequences 
(Table).

Conclusions
From 2003–2018, we detected 3 lyssavirus infections 
in insectivorous bats from South Africa, indicating 
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Figure 1. Locations of bat collection sites, South Africa, 2003–2018. Circles indicate collection sites, squares indicate sites with 
lyssavirus-positive bats, and triangles indicate capitals.
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active but low-level circulation of lyssaviruses in this 
population. The Egyptian slit-faced bat is the only 
species of bat that has been conclusively linked with 
DUVV (11). Our finding is 1 of only 6 known DUVV 
cases, 3 of which caused fatal infection in humans (1). 
This finding suggests that these infections are under-
reported.  The Egyptian slit-faced bat is widely dis-
tributed in Africa. It co-roosts with bats of various 
other species and switches roosts frequently, impli-
cating a wider potential to infect other species (12).

We detected a novel lyssavirus, MBLV, that be-
longs to phylogroup III and is most closely related to a 
sequence of WCBV that was isolated from a common 
long-fingered bat (Miniopterus schreibersii) from the 
Russian Caucasus in 2002 (13). The nucleotide identity 
for MBLV falls within the species demarcation criteria 
determined by the International Committee for the 

Taxonomy of Viruses of 80%–82% for the complete nu-
cleoprotein gene (2). If MBLV is not pronounced a new 
lyssavirus species, this virus would be a distinct lineage 
of WCBV. In 2006–2007, detection of virus neutralizing 
antibodies (seroprevalence 17%–26%) against WCBV 
in Miniopterus bats in Kenya spurred speculation that 
WCBV, or a closely related virus, was circulating in Af-
rica (14). The bat family Miniopteridae, which includes 
>23 species in Africa, does not host known lyssavirus-
es in phylogroup I or II (12). The long-fingered bats are 
widely distributed throughout Africa (12).

Models have demonstrated that WCBV can cause 
fatal encephalitis in animals; commercial human and 
veterinary vaccines do not offer significant protec-
tion (3). Considering genetic diversity and phyloge-
netic grouping, we speculate that current vaccines 
will probably provide little to no protection against  
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Figure 2. Phylogenetic reconstruction by Bayesian inference of nucleoprotein gene sequences of lyssavirus sequences from bats 
collected in South Africa, 2003–2018 (bold), and other representative lyssaviruses. Node numbers indicate posterior probabilities. 
GenBank accession number, host species, year of detection, and country of origin are indicated for each sequence. Scale bar indicates 
number of substitutions per site.
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infection with MBLV (as with WCBV). Because of the 
lack of diagnostic capability in Africa (6), the potential 
threat of this virus is unknown. Continued surveil-
lance and development of improved pharmaceuticals 
are necessary for the prevention of these infections. 
We observed a low prevalence (0.5%), similar to other 
lyssaviruses (1). Additional longitudinal surveillance, 
including serologic testing, among bats of this species 
and other potential hosts must be implemented to 
determine if Natal long-fingered bats are the reser-
voir host of MBLV. This study did not obtain equally 
representative samples of all bat species from all sam-
pling sites; MBLV might exist in other bat species in 
South Africa. 

In summary, the mechanisms of lyssavirus main-
tenance in bats is still unknown and could be influ-
enced by various environmental and ecologic factors 
(1). Additional surveillance and comparative sero-
prevalence studies are needed to establish the host 
range and distribution of MBLV and other lyssavi-
ruses. Although the public health impact of MBLV is 
currently unknown, DUVV can cause fatal infection 
and should be taken seriously. Surveillance is needed 
to understand the epidemiology and diversity of bat 
lyssaviruses and inform prevention efforts. 
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Table. Genetic similarities of 3 lyssaviruses found in insectivorous bats in South Africa, 2003–2018, and representative lyssavirus 
species from GenBank* 

Virus 

% Similarity 
UP5619 (MT364249) 

 
UP6246 (MT364250) 

 
UP1540 (KC866301) 

Nucleotide  Amino acid  Nucleotide  Amino acid  Nucleotide  Amino acid  
Aravan virus 72.7 83.3  72.6 84.0  NA NA 
Australian bat lyssavirus 72.7–74.4 82–83.3  72.8–74.7 82.4–83.7  NA NA 
Bokeloh bat lyssavirus 72.9–73.3 81.5  73–73.4 81.8  NA NA 
European bat lyssavirus 1 71.1–72.4 82.2–82.4  71.2–72.5 82.7–82.9  NA NA 
European bat lyssavirus 2 71–72.4 80.0–80.7  71–72.4 80.2–80.9  NA NA 
Gannoruwa bat lyssavirus 70.6 83.1  70.6 83.5  NA NA 
Ikoma lyssavirus 70.5 79.5  70.5 79.5  NA NA 
Irkut virus 72 83.3  72.4 83.8  NA NA 
Khujand virus 72.5 81.3  72.5 81.8  NA NA 
Kotalahti bat lyssavirus 71.9 81.8  71.9 82.4  NA NA 
Lagos bat virus 71.1–74.2 82.6–84  71.3–74.5 83.1–84.4  NA NA 
Lleida bat lyssavirus 71.3 81.5  71.4 81.5  NA NA 
Mokola virus 72.2–73.8 82.4–83.7  72.3–73.7 82.8–84.2  NA NA 
Rabies virus 71.1–72.4 80.6–82  71–72.2 80.8–82.4  NA NA 
Shimoni bat virus 73.1 83.5  73.6 84.2  NA NA 
Taiwan bat lyssavirus 73.6–73.9 83.3  73.7–73.9 83.8  NA NA 
West Caucasian bat virus 80.9 95.5  81 96.2  NA NA 
DUVVs         
 EU293119  72.9 84  72.9 84.4  99.3 99.5 
 EU293120  72.9 84  72.9 84.4  98.5 99.5 
 JN986749  73 84  73 84.4  91.6 99.3 
 EU623444  72.8 84  72.8 84.4  98.6 99.3 
*GenBank accession numbers are shown for sequences from this study and reference DUVV sequences. DUVV, Duvenhage virus; NA, not applicable. 
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Plague in a Dog
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Some might think the plague is a relic of the  
Middle Ages. But Yersinia pestis still lingers, and  

has even infected man’s best friend. 

In this EID podcast, Dr. Joshua Daniels, a  
bacteriologist at Colorado State University’s  

Veterinary Diagnostic Laboratory, explains how  
doctors diagnosed this unusual infection. 



With ≈15,000 laboratory-confirmed cases over the 
last decade, Barmah Forest virus (BFV) is the sec-

ond most common cause of human arboviral disease in 
Australia, after Ross River virus (RRV) (1). BFV is a pos-
itive-sense, single-strand, enveloped RNA virus of ge-
nus Alphavirus, family Togaviridae. Other viruses in this 
genus include chikungunya virus, RRV, Sindbis virus, 
and Eastern and Western equine encephalitis viruses. 
BFV was first isolated in 1974 from Culex annulirostris 
mosquitoes trapped near Barmah Forest, northern Vic-
toria, Australia (2); the first case of a clinical BFV infec-
tion in humans was reported in 1986 (3). Since then, 
BFV has been reported throughout mainland Australia 
and Papua New Guinea (4,5). Clinical signs and symp-
toms of BFV infection, including polyarthritis, arthral-
gia, and myalgia, are similar to but milder than those of 
RRV infection (6–7). Through phylogenetic analyses of 
the nucleotide sequences of complete E2 envelope pro-
tein genes and of the 3′ untranslated region (3′ UTR), 
we identified 3 BFV lineages. However, we found only 
1 example of 2 of the lineages (5,8). 

RRV caused epidemic polyarthritis outbreaks in 
military personnel in Australia during and after short 
military exercises in the Shoalwater Bay Training Area 
in northeastern Australia in 2016 and 2017 (9). The sol-
dier in this study was among personnel who sought 
treatment during the 2017 outbreak with a suspected 
RRV infection. Signs and symptoms included rash on 
the face and body, nausea, headache, fatigue, lethargy, 
and joint and muscle pain. This retrospective study was 
approved by the Australian Department of Defence 
and Department of Veterans’ Affairs Human Research 
Ethics Committee (DDVA HREC), Joint Health Com-
mand Low-Risk Ethical Review Panel (no. 16-021). We 
obtained formal written consent from the soldier. 

During a retrospective investigation of the outbreak, 
using PanBio ELISA kits (Abbott, https://www.abbott.
com), we detected BFV IgG and IgM, but not RRV IgG 
and IgM, in convalescent serum samples collected 23, 
28, and 38 days after onset of symptoms in the patient. 
After inoculating 100 µL of the serum into cultures of 
C6/36 mosquito cells and 2 subsequent passages in this 
cell line, we did not detect infectious virus in the acute-
phase serum sample collected on the day of symptom 
onset. However, we detected BFV RNA, but not RRV 
RNA, using a quantitative reverse-transcription PCR 
assay of RNA extracted from 140 µL of the acute-phase 
sample using a QiaAMP Viral RNA Mini Kit (QIA-
GEN, https://www.qiagen.com). BFV E2 RNA was 
present at 4.2 ×106 copies/mL, with a forward primer 
8985F (5′-AGTGTGGCAGTACAACTCCCAAT-3′) cor-
responding to genome position 8985–9006 and a reverse 
primer (5′-AAGGCACATGGATCTTTCCTTTC-3′) cor-
responding to genome position 9036–9058. 

For sequencing, we amplified the E2 and 3′ UTR 
genes by reverse transcription PCR using primers E2 
forward 8205F 5′-GCTGTCTGACCACTACTACCA-3′ 
and E2 reverse 9833R 5′-GACTTAATCACTACTA-
AAGATAGCG-3′, and 3′ UTR forward 10923F 5′-TC-
CATCCATCTCTACTACCG-3′ and reverse poly-T 
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During 2017–2018, Barmah Forest virus was recovered 
from mosquitoes trapped in military training areas in 
Australia and from a soldier infected at 1 of these areas. 
Phylogenies of the nucleotide sequences of the envelope 
glycoprotein gene E2 and the 3′ untranslated region sug-
gest that 2 lineages are circulating in eastern Australia. 
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5′-TTTTTTTTTTTTTTTTTTTTG-3′ designed from 
the nucleotide sequence of the prototype BFV strain 
(BH2193) and synthesized by Sigma (https://www.
sigmaaldrich.com). The PCR amplifications were per-
formed using pfu DNA polymerase (Promega, https://
www.promega.com), which has 3′–5′ exonuclease 
proofreading activity. The PCR amplicons were sepa-
rated by agarose gel electrophoresis and recovered 

using a rapid gel extraction system (QIAGEN). Se-
quencing was performed at the Australian Genome 
Research Facility as described elsewhere (10). Sequenc-
es were assembled and edited using Geneious version 
11.2 (https://www.geneious.com). The human isolate 
was named SWBTA40/2017. Two strains of BFV (Tul-
lyA/2017 and WBTA/2018) isolated from mosquitoes 
collected in the Tully and Wide Bay military training  
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Table 1. Details of BFV strains used for phylogenetic study of virus lineages circulating in military training areas, Australia* 

No. Isolate Location Isolation year Hosts 
GenBank 

accession no. 
1 BFVBH2193 Barmah Forest, Victoria 1974 Culex annulirostris NC_001786 
2 BFVC583 Beatrice Hill, Northern Territory 1978 Culicoides marksi† MK169381 
3 BFV16313 Charleville, Queensland 1974 Cx. annulirostris MK169382 
4 BFVC530SAB8 Beatrice Hill, Northern Territory 1975 Cx. annulirostris. MK169383 
5 BFV19493 Charleville, Queensland 1976 Aedes normanensis MK169384 
6 BFV19418BF Charleville, Queensland 1976 Cx. annulirostris MK169385 
7 BFV16287 Charleville, Queensland 1974 Ae. normanensis MK169386 
8 BFVMIDI4 Brisbane, Queensland 2015 Homo sapiens MH618665 
9 BFV-TullyA ADF Tully Beach training area, Queensland 2017 Verrallina spp MK169387 
10 BFVWBTA ADF Wide Bay training area, Queensland 2018 Ae. vigilax MH618666 
11 BFVSWBTA40 Shoal Water Bay training area, Queensland 2017 Homo sapiens MK169388 
12 BFV18295 Australia 1993 Cx. annulirostris JX855115 
13 BFV145357 Australia 2008 Cx. annulirostris JX855116 
14 BFV106287 Australia 1995 Ae. vigilax JX855117 
15 BFV80504 Australia 2006 Ae. vigilax JX855118 
16 BFV76707 Australia 2006 Ae. procax JX855119 
17 BFV78362 Australia NR NR JX855120 
*ADF, Australian Defence Force; BFV, Barmah Forest virus; NR, Not recorded. 
†Biting midge species. 

 

 
Table 2. Nucleotide and deduced amino acid differences in E2 of the Barmah Forest virus from the Shoalwater Bay Training Area 
compared with the prototype strain and strains isolated by the Australian Defence Force, Australia* 

Characteristic 
Strain (GenBank accession no.) 

BH2193 (NC_001786) SWBTA40 (MK169388) WBTA (MH618665) TullyA (MK169387) 
Geographic origin Northern Victoria Central Queensland Central Queensland Central Queensland 
Year of isolation 1974 2017 2018 2017 
Nucleotide no.† Changes in nt seq (aa) Changes in nt seq (aa) Changes in nt seq (aa) Changes in nt seq (aa) 
 8313 C NC U U 
 8394 C NC U U 
 8412 C NC U U 
 8466 U NC C C 
 8472 U NC C C 
 8556 A NC U U 
 8619 U NC C C 
 8628 A NC G G 
 8631 A NC G G 
 8673 C NC U U 
 8692 A (Asn) G (Asp) NC NC 
 8745 U NC C C 
 8835 U C NC NC 
 8865 G NC A A 
 9108 A G NC NC 
 9197 G (Ser) NC A (Asn) A (Asn) 
 9229 A (Ser) NC G (Gly) NC 
 9246 U NC C C 
 9295 C NC U U 
 9315 A NC U U 
 9342 U NC A A 
 9354 A NC U U 
 9427 U (Ser) C (Pro) NC NC 
 9433 U (Phe) NC C (Leu) C (Leu) 
 9510 C NC U U 
*A, adenine; aa, amino acids; C, cytosine; G, guanine; NC, no changes; nt seq, nucleotide sequence; U, uracil. 
†Nucleotide numbers correspond to those of the prototype BH2193 strain.  
 

 



Barmah Forest Virus, Australia 

areas in Queensland, eastern Australia, in 2017 and 
2018 (Table 1), as well as 7 BFV strains collected pre-
viously in Australia during 1974–2015, were also se-
quenced in the same manner. All sequences were 
submitted to GenBank (accession no. MK169381-6 and 
MH618666). Seven BFV E2 gene sequences within Gen-
Bank, including that of a recent isolate from Papua New 
Guinea (5), were included in phylogenetic analyses. 

The SWBTA40/2017 E2 comprised 1263 nt cor-
responding to nucleotides 8290–9552 of the genomic 
RNA of the BFV prototype strain BH2193. The se-
quence similarity among all 17 E2 sequences we exam-
ined was remarkably high, with an overall divergence 
of <4.1%. The nucleotide sequence of SWBTA40/2017 
was most closely related to that of the BFV prototype 
strain BH2193, but differed from it at 4 sites, 8692 
(A→G), 8835 (U→C), 9108 (A→G), and 9427 (U→C), 
resulting in nucleotide divergence of 0.32% (Table 2). 
The A→G substitution at 8692 resulted in an amino 
acid substitution of Asn→Asp and the U→C substitu-
tion at 9427 resulted in a Ser→Pro amino acid change. 
SWBTA40/2017 E2 gene diverged from TullyA/2017 
in 24 (1.9%) nt positions and from WBTA/2018 in 25 
(1.98%) nt positions (Table 2). The A→G substitution 

at 9197 resulted in a Ser→Asn change and a U→C 
substitution at 9433 resulted in a Phe-to-Leu change 
in both the TullyA and WBTA BFV strains. 

The SWBTA40/2017 3′ UTR comprised 443 nt 
corresponding to nucleotides 11047–11488 of the 
prototype strain BH2193 but with a single-nucleo-
tide insertion at position 11128 (Figure 1); it differed 
from that of the TullyA/2017 strain by 110 nt and the 
WBTA/2018 strain by 114 nt (Figure 1), with multiple 
insertions/deletions (indels) occurring in the recent 
TullyA/2017 and WBTA/2018 strains. The notice-
able differences were the finding of 2 large indels at 
nucleotide positions 3–27 and 205–263 of the 3′ UTR 
(Figure 1). The potential influence of these indels on 
BFV replication and transmission warrants further 
study because the 3′ UTR region plays critical roles in 
alphaviral gene expression, replication, protein trans-
lation, and host tropism (14). 

We derived phylogenies using Geneious version 
11.2 with neighbor joining, maximum-likelihood, and 
Bayesian analysis for 17 complete E2 and twelve 3′ 
UTR sequences. E2 sequences segregated into 3 lin-
eages with strong bootstrap support (Figure 2, pan-
el A), instead of the 1 (8) or 2 (5) lineages reported  
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Figure 1. Nucleotide alignment of 3′ untranslated region sequences of Barmah Forest virus strains from Australia with that of the 
prototype BH2193 strain using muscle alignment method in Geneious version 11.2 (https://www.geneious.com). The dots indicate the 
consensus sequence of Barmah Forest virus strains, whereas letters in individual sequences indicate nucleotide substitutions. Dashes 
indicate insertions/deletions. The naming convention of the strains is name of host/strain/year of isolation/GenBank accession number. 
H, humans; M, mosquitoes; BM, biting midges. 
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previously. The lineages are numbered chronologi-
cally; the strain from the central province of Papua 
New Guinea from 2014, which appears to be the 

oldest, was denoted as lineage I (5). The isolates de-
scribed in this study (SWBTA40/2017, TullyA/2017, 
and WBTA/2018) were placed into 2 distinct lineages, 
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Figure 2. Phylogenies based on 
17 complete BFV E2 sequences 
(1,263 bp) (A) and twelve 3′ 
untranslated region sequences 
(B) classify Barmah Forest virus 
isolates into 3 distinct lineages. 
We used Bayesian phylogenetic 
analysis method in Geneious 
version 11.2 (https://www.geneious.
com) to analyze the aligned E2 and 
3′ untranslated region sequences, 
applying the Hasegawa-Kishino-
Yano plus gamma substitution 
model with a gamma molecular 
clock model of uniform branch 
lengths, a chain length of 1 million, 
and a 10% burn-in length. The 
naming convention of the strains 
is name of host/strain/year of 
isolation/GenBank accession 
number. Scale bar indicates the 
length of the branches of each 
tree. H, humans; M, mosquitoes; 
BM, biting midges.
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lineages II and III. The conclusion about 3 lineages 
was supported by the analysis of the 3′ UTR regions 
(Figure 2, panel B). 

All amino acid substitutions were located in the C 
domain of the E2 protein in areas that are involved in 
interaction with other proteins (E1, capsid, and 6k), as 
well as in the process of budding of alphavirus enve-
lope proteins from host cell membranes (11,12). BM/
C583/1978 in lineage II was isolated from Culicoides 
midges rather than mosquitoes and may reflect BFV 
in a blood meal rather than this insect being a vector 
for BFV. Nonetheless, given the position of BFV in the 
phylogeny of alphaviruses, exploration of vectors oth-
er than mosquitos for this virus might be warranted.

Given the relatively recent detection of BFV in 
western Australia (13,14) and the basal position in 
phylogenetic trees of the only isolate of BFV from 
Papua New Guinea, the cocirculation of 2 lineages of 
BFV in eastern Australia points to a poor understand-
ing of population dynamics and evolution in this vi-
rus. The ongoing replacement of strains of RRV and 
the appearance of strains with epidemic potential (15) 
suggests that BFV may warrant more detailed viro-
logical surveillance. 
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As coronavirus disease spreads throughout the United 
States, policymakers are contemplating reinstatement 
and relaxation of shelter-in-place orders. By using a 
model capturing high-risk populations and transmis-
sion rates estimated from hospitalization data, we found 
that postponing relaxation will only delay future disease 
waves. Cocooning vulnerable populations can prevent 
overwhelming medical surges.

Effects of Cocooning on 
Coronavirus Disease Rates 
after Relaxing Social 
Distancing 

Xutong Wang, Zhanwei Du, George Huang,  
Remy F. Pasco, Spencer J. Fox, Alison P. Galvani,  
Michael Pignone, S. Claiborne Johnston,  
Lauren Ancel Meyers
Author affiliations: The University of Texas at Austin, Austin, Texas, 
USA (X. Wang, Z. Du, G. Huang, R.F. Pasco, S.J. Fox, L. Ancel 
Meyers); Yale School of Public Health, New Haven, Connecticut, 
USA (A.P. Galvani); The University of Texas at Austin Dell Medical 
School, Austin (M. Pignone, S. Claiborne Johnston); Santa Fe 
Institute, Santa Fe, New Mexico, USA (L. Ancel Meyers)

DOI: https://doi.org/10.3201/eid2612.201930

In March 2020, cities and states throughout the Unit-
ed States issued social distancing orders to mitigate 

the coronavirus disease (COVID-19) pandemic (1). 
In response to growing political and economic pres-
sures, the White House and the Centers for Disease 
Control and Prevention issued guidelines for relax-
ing such measures on April 16, 2020 (2). However, 
the gating criteria in these guidelines do not include 
provisions, such as cocooning, to protect vulnerable 
populations. Residents of long-term care facilities 
(LTCFs) are particularly vulnerable because of con-
gregate living, shortages in qualified workers, and 
the need for physical contact between caregivers and 
residents. In LTCFs, cocooning includes measures to 
increase staff; cohort residents; test for severe acute 
respiratory syndrome 2 (SARS-CoV-2), the causative 
agent of COVID-19; and assess availability of per-
sonal protective equipment and other infection con-
trol resources (3). Among other groups, cocooning 
involves incentivizing persons with high-risk under-
lying conditions to remain at home, helping persons 
experiencing homelessness to social distance, and 
broadly encouraging hand hygiene and facemask 
wearing for persons at high risk for severe illness or 
death and their caregivers (4). 

By June 16, 2020, nursing home residents 
constituted 42.8% (50,919/119,055) of US COVID-19 
deaths (5). In Austin, Texas, patients in LTCFs 
represented approximately half the COVID-19 deaths 
and >20% (81/398) of COVID-19 hospitalizations 
among persons with known residence (6). 

To quantify the need for proactively protecting 
these vulnerable populations, we projected the effects 
of relaxation of shelter-in-place orders, with and 
without additional cocooning measures. We built a 
granular mathematical model of COVID-19 spread 
in US cities that incorporates age-specific and risk-
stratified heterogeneity in the transmission and severity 
of COVID-19 (Appendix, https://wwwnc.cdc.gov/
EID/article/26/12/20-1930-App.pdf) (7). The model 
uses 70 stochastic differential equations to track the 
disease status in 10 subpopulations: low-risk and high-
risk persons in each of 5 age groups, 0–4 years, 5–17 
years, 18–49 years, 50–64 years, and >64 years of age. 
We focused on the Austin-Round Rock Metropolitan 
Statistical Area in Texas, the fastest-growing large city 
area in the United States, because we provide decision 
support for city leaders and have access to patient-
level COVID-19 hospitalization and death data. 

Persons initially are susceptible SARS-CoV-2 and 
infection rates are dependent on age-specific contact 
rates and prevalence of infection. Upon infection, 
persons incubate SARS-CoV-2 asymptomatically 
before progressing to a symptomatic or asymptomatic 
infectious state. Depending on age and risk group, 
symptomatic COVID-19 case-patients might be 
hospitalized and die. To model cocooning of high-
risk populations, we reduced the transmission rate to 
and from persons >64 years of age and in younger 
high-risk subgroups.

Social distancing began in Austin with school 
closures on March 14, 2020 and ramped up on 
March 24, 2020 with a Stay Home–Work Safe order 
(order 20200324-007; https://www.austintexas.
gov). We assumed published values for most model 
parameters (Table; Appendix) and calibrated the 
transmission rate before and after the stay-home 
order based on hospitalization counts (Figure). 
During March 24–April 23, data suggest that 
SARS-CoV-2 transmission dropped by 70% (95% 
CI 45%–100%). If social distancing measures were 
completely relaxed on May 1, 2020, we estimated 
that COVID-19 hospitalizations would surpass 
Austin’s surge capacity of 3,440 beds in 27 (95% CI 
16–43) days, on May 28 (Figure). Assuming instead 
that individual behavior and public health efforts 
continued to reduce transmission by 75% relative to 
the stay-home order, hospital surge capacity would 
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be reached after 84 (95% CI 41–137) days, on July 
24. When we superimposed cocooning to reduce 
transmission risk by 125% relative to the stay-home 
period for 547,474 persons at high risk among the 

total population of 2,168,316 (Appendix), Austin 
could avoid hospital surge and reduce cumulative 
COVID-19 hospitalizations by 62% and deaths by 
70% (Appendix Table 1). Postponing relaxation 

Figure. Projected coronavirus disease (COVID-19) hospitalizations during February 16–December 31, 2020, in the Austin-Round Rock 
Metropolitan Statistical Area, Texas, USA, assuming strict social distancing measures are relaxed on May 1, 2020. A) To calibrate 
transmission rates before and after Austin’s March 24 Stay Home–Work Safe Order (order 20200324-007; https://www.austintexas.
gov), we used least squares to fit our age- and risk-structured susceptible-exposed-infection-recover (SEIR) compartmental model of 
COVID-19 transmission. Black dots represent daily hospitalization data for the metropolitan area from February 16–April 20, 2020. The 
curve is the median projection across 200 simulations. Shading represents 95% prediction interval, based on the estimated transmission 
reduction of 70% beginning March 24. B) Model fitting indicating the ongoing COVID-19 epidemic in Austin. Schools were closed, on 
March 15 and the shelter-in-place order was issued on March 24. a) Date of possible local COVID-19 introduction, February 16; b) 
date of the first detected case reported, March 13; c) date shelter-in-place order was amended to include cloth face coverings in public, 
April 13; d) date Texas governor mandated for statewide reopening, May 1. After May 1, we project 4 scenarios in which transmission 
in low-risk and high-risk groups change relative the reductions achieved during the March 24–May 1 stay-home period: 1) a complete 
relaxation of measures with transmission rates rebounding to baseline (red); partially relaxed social distancing measures that are 75% 
as effective as the stay-home order in low-risk groups, with either 2) identical relaxation in high-risk populations (yellow), 3) cocooning 
that continues to reduce transmission in high-risk groups at the level achieved during the stay-home order (blue), or 4) enhanced 
cocooning that reduces transmission in high-risk groups further, by 125% relative to the stay home order (green). Lines indicate the 
median and shading indicates 95% CI across 200 stochastic simulations. Gray shading at bottom indicates 80% of the estimated total 
daily hospital capacity in the Austin–Round Rock MSA for COVID-19 patients of the 4,299 total beds (3,440). The projections assume 
that schools open on August 18th. C) The projected first date in 2020 that COVID-19 hospital bed requirements will exceed local 
capacity for each scenario, as indicated by corresponding colors. The right column indicates the chance that hospitalizations will not 
exceed capacity in 2020. For example, under enhanced cocooning, we would not expect hospitalizations to exceed capacity.

 
Table. Key parameters of a transmission model for coronavirus disease, Austin, Texas, USA* 
Parameter Value 
Incubation period, d (range) 2.9 (1.9–3.9) 
Infectious period, d (range) 6.3 (5.3–7.3) 
Asymptomatic proportion, % 43 
Average hospitalization, d  
 Recovered 10.96 
 Died 8.2 
Transmission reduction during Stay Home–Work Safe Order, 
% (95% CI)† 

70 (45%–100%) 

Cocooning efficacy, % reduction in transmission relative to Stay–Home Work Safe Order‡ 
 Cocooning 100 
 Enhanced cocooning 125 
Age group, y 0–4 5–17 18–49 50–64 >65 
 Symptomatic case hospitalization rate, %§      
  Low-risk group 0.0279 0.0215 1.3215 2.8563 3.3873 
  High-risk group 0.2791 0.2146 13.2154 28.5634 33.8733 
 Infected fatality rate, %‡      
  Low-risk group 0.0009 0.0022 0.0339 0.2520 0.6440 
  High-risk group 0.0092 0.0218 0.3388 2.5197 6.4402 

*Detailed parameter distributions and references are given in Appendix Tables 3, 4 (https://wwwnc.cdc.gov/EID/article/26/12/20-1930-App.pdf). 
†Estimated by fitting the model to coronavirus disease hospitalization counts March 13–April 23. 
‡The Appendix provides sensitivity analyses with respect to 2 key assumptions of the model: age-specific contact patterns, which might have changed 
during the recent unprecedented social distancing; and equally effective cocooning of persons at high risk across all age groups. Cocooning and 
enhanced cocooning are for persons >65 years of age and persons <65 years of age with high-risk underlying conditions.  
§The hospitalization rate and fatality rate for the high-risk group is assumed to be 10 times higher than the corresponding low-risk group in the same age 
range. The overall hospitalization rate and fatality rate is based on the age-specific values listed in corresponding literature. 
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of shelter-in-place measures would not prevent a 
second pandemic wave but could buy more time to 
protect vulnerable populations (Appendix Figure 1).

Cities likely will experience additional waves of 
COVID-19 when social distancing orders are relaxed. 
Our model indicates that Austin must aggressively 
reduce SARS-CoV-2 spread to avoid overwhelming 
hospital capacity by the end of 2020. Without 
cocooning, measures that reduce transmission with 
>90% the efficacy of the stay-home order are needed; 
with cocooning, social distancing measures for persons 
at lower risk can be more relaxed (Appendix Figure 1). 
Cocooning of older adults and persons with known 
high-risk conditions (8) can protect thousands in Austin 
and millions worldwide. The high-risk population in 
Austin, like many cities, is diverse; 66% are >65 years 
of age, »5,000 are residents in LTCs, and almost 3,000 
are persons experiencing homelessness (9). Cocooning 
should be resourced proactively and tailored to meet 
the distinct needs of high-risk subgroups, including 
work-at-home and paid leave programs that enable 
high-risk workers to self-isolate (10). Concerted efforts 
also are needed to shelter residents of LTCs (3) and 
persons experiencing homelessness, where risks are 
compounded by group living conditions that amplify 
COVID-19 transmission. Thus, cocooning should be 
added to the national gating criteria prior to relaxation 
of social distancing.

This article was published as a preprint at https://www.
medrxiv.org/content/10.1101/2020.05.03.20089920v1.
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We report the investigation of illness and infection 
with severe acute respiratory syndrome corona-

virus 2 (SARS-CoV-2) in a household cat in Belgium (1). 
The cat was a female domestic shorthair, ≈15 years of 
age, that had been adopted 2 years earlier. The owner 
considered the cat to have been healthy since adoption, 
although it had never been assessed by a veterinarian. 
In February 2020, the owner took part in a 7-day tour 
to a mountain resort in Lombardy, Italy. The day after 
returning home, March 2, the owner felt suddenly too 
short of breath to conduct normal activities. As a pre-
cautionary measure, the family doctor decided to take 
a deep oropharyngeal swab sample and asked the pa-
tient to remain at home until the test result was report-
ed. Over the next 10 days, the patient experienced a 
series of general, respiratory, and then digestive symp-
toms consistent with the clinical signs associated with 
coronavirus disease (COVID-19) (Figure). On March 6, 
the swab sample was declared positive for the SARS-
CoV-2 genome, and home quarantine was extended 
until the end of March.

During that time, the patient’s household cat 
was asymptomatic (Video 1, https://wwwnc.cdc.
gov/EID/article/26/12/20-2223-V1.htm). However, 
1 week later, the cat suddenly demonstrated clinical 
signs; the cat was found prostrated and vomiting in 
her litter, then showed pronounced lethargy, poor 
appetite to anorexia, vomiting, and diarrhea (Figure). 
Several days later, the clinical signs worsened. The cat 

demonstrated sneezing (Video 2, https://wwwnc.
cdc.gov/EID/article/26/12/20-2223-V2.htm; Video 
3, https://wwwnc.cdc.gov/EID/article/26/12/20-
2223-V3.htm); a harsh, productive cough sev-
eral times a day; episodes of paroxysmal reverse 
sneezing (Video 4 https://wwwnc.cdc.gov/EID/
article/26/12/20-2223-V4.htm; Video 5, https://ww-
wnc.cdc.gov/EID/article/26/12/20-2223-V5.htm); 
labored breathing with increased respiratory effort 
and frequency; and emaciation (Video 6, https://
wwwnc.cdc.gov/EID/article/26/12/20-2223-V6.
htm). The clinical impression at this time was that of 
a restrictive breathing pattern suggestive of substan-
tial involvement of parenchyma, pleura, or both. The 
cat’s condition then gradually improved; she became 
less lethargic, vomiting stopped, feces resumed nor-
mal consistency, episodes of cough became less fre-
quent, and appetite quickly improved. The cat recov-
ered completely within <2 weeks.

A series of laboratory analyses were then con-
ducted (Appendix, https://wwwnc.cdc.gov/EID/
article/26/12/20-2223-App1.pdf). The cat’s owner 
collected 26 swab samples according to instructions 
received by telephone; 16 samples contained varying 
amounts of the SARS-CoV-2 genome (Table). Overall, 
positive samples were detected March 11–24. The cat 
was examined by veterinarians at the time of blood 
sampling on day 22 after onset of first symptoms. 
Clinical examination of the cat was unremarkable at 
that time, and auscultation of the thorax revealed no 
abnormalities. Results of a complete blood count and 
a serum biochemistry panel were within reference 
ranges. Presence of serum IgG was first sought by 
Western blotting of mock-exposed and SARS-CoV-2–
exposed Vero E6 cells lysates. In convalescent-phase 
serum, 5 protein bands that were simultaneously ab-
sent from mock-exposed Vero E6 cell lysates were 
identified (Appendix Figure). Furthermore, the con-
valescent-phase serum was positive by double-epit-
ope sandwich ELISA and for 2 of the 3 antigens tested 
by double-epitope luciferase assay (Table; Appendix 
Table). Whereas serum samples from 30 control cats 
and 10 control humans were negative by virus neu-
tralization assay, the convalescent-phase serum sam-
ples from the cat and her owner were positive; end-
points were 1:512 for the cat and 1:128 for the human.

The cat at first showed general signs, then gastro-
intestinal signs, and finally respiratory signs, similar 
to those observed in humans. Subsequently examined 
samples from the cat revealed viral RNA persisting 
for about 10 days. With the exception of a vomitus 
fluid sample collected on March 13, the amounts of 
viral RNA were relatively low. For this reason, and 

In March 2020, a severe respiratory syndrome developed 
in a cat, 1 week after its owner received positive test re-
sults for severe acute respiratory syndrome coronavirus 
2. Viral RNA was detected in the cat’s nasopharyngeal 
swab samples and vomitus or feces; immunoglobulin 
against the virus was found in convalescent-phase se-
rum. Human-to-cat transmission is suspected.
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despite the simultaneous presence of a compatible 
clinical syndrome and a suggestive chronology of 
events, we cannot automatically rule out passive con-
tamination of the cat’s samples by its owner.

To confirm the hypothesis of a productive in-
fection of the cat, we conducted a series of serologic 
analyses by using 4 different testing approaches and 
targeting distinct viral protein targets. All procedures 

Figure. Timeline of disease course for human and cat with SARS-CoV-2 infection, by days from illness onset according to the cat 
owner, Belgium, February 22–March 25, 2020. NA, not available; ND, not determined; SARS-CoV-2, severe acute respiratory syndrome 
coronavirus 2.

 
Table. Severe acute respiratory syndrome coronavirus 2 genome loads measured by qRT-PCR in a series of consecutive swab 
samples from cat, Belgium, March 2020* 

Date 
Oropharyngeal swab samples 

 
Vomitus 

 
Feces 

-actin gene N gene actin gene N gene -actin gene N gene 
 11 NS NS  26.95 23.5  0.1  35.5 33.3  0.2 
 12 33.4 38.2  0.5  NS NS  32.9 34.8  0.0 
 13 37.8 37.9  0  ND 34.9  0.1  34.4 37,6  0,1 
 14 25.1 39.3  0.1  NS NS  30.7 35.1 0.1 
 15 35.9 35.7  0.1  NS NS  27.8 33.2  0.1 
 16 38.2 Negative  NS NS  26.0 35.1  0 
 17 27.1 38.2  0  NS NS  28.7 Negative 
 18 26.7 Negative  NS NS  36.1 37.9  0 
 19 NS NS  NS NS  27.9 39.0  0 
 20 NS NS  NS NS  30.1 Negative 
 21 NS NS  29.9 33.8  0.1  32.8 Negative 
 22 37.9 Negative  NS NS  31.7 Negative 
 23 NS NS  NS NS  33.8 Negative 
 25 NS NS  34.9 Negative  35.0 Negative 
*Numbers reported are defined as the number of cycles required for the real-time PCR assay fluorescent signal curve to intersect with 
a threshold line that exceeds background level (mean  SD). It is a relative measure of the concentration of the genomic target in the 
qRT-PCR reaction (the severe acute respiratory syndrome coronavirus 2 N gene or cat β-actin gene); values >40 are considered 
negative. All samples with qRT-PCR values <40 were analyzed further by a standard gel RT-PCR targeting the coding sequence of 
the virus spike protein gene followed by Sanger sequencing of the correctly sized amplicon retrieved (370 bp). Only samples positive 
for all 3 tests were defined as positive, which was the case for all samples with a value <40 for the N gene aggregated in this table. 
NS, no sample available; negative, RT-qPCR and/or gel PCR and/or sequencing test failed; qRT-PCR, quantitative reverse 
transcription PCR. 
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converged toward the same result: the convalescent-
phase serum from the cat contained immunoglobu-
lins against SARS-CoV-2, which were absent from 
the serum from control cats. These antibodies target 
several distinct viral proteins, and they caused a total 
neutralizing effect up to a much higher dilution than 
those from the owner’s serum. This household cat 
was therefore productively infected with the SARS-
CoV-2 virus excreted by its owner, and the infection 
caused a nonfatal but nevertheless severe disease, 
mainly of the respiratory system (Videos 2–6).

Public health officials are still learning about 
SARS-CoV-2, but no current evidence indicates that 
pets play a role in spreading the virus. Therefore, tak-
ing measures against companion animals that may 
compromise their welfare is not justified.
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Naturally occurring human-to-animal trans-
mission of severe acute respiratory syndrome 

(SARS) coronavirus was reported during 2003 when 
viral RNA was detected in oropharyngeal and rec-
tal swab specimens from healthy domestic cats in a 
housing estate at the center of a large SARS cluster 
in Hong Kong, China; infections were confirmed se-
rologically (1). Susceptibility of cats to infection with 
this virus and transmission between cats were dem-
onstrated experimentally (2). Pulmonary pathologic 
changes, similar to those for humans with SARS, 
developed in infected cats, but the cats remained as-
ymptomatic (2,3).

These findings informed the current precaution-
ary strategy of the Agriculture, Fisheries and Con-
servation Department of Hong Kong to quarantine 
mammalian pets from households with confirmed 
human coronavirus disease (COVID-19) or their 
close contacts (defined as a person who had face-
to-face contact for >15 min with a person who had 
confirmed SARS Coronavirus-2 [SARS-CoV-2] in-
fection) in a holding facility, when alternative care 
was unavailable. Pets are swabbed for SARS-CoV-2 
testing and confined until reverse transcription PCR 
(RT-PCR) results are negative on 2 consecutive oc-

We tested 50 cats from coronavirus disease households or 
close contacts in Hong Kong, China, for severe acute re-
spiratory syndrome coronavirus 2 RNA in respiratory and 
fecal samples. We found 6 cases of apparent human-to-
feline transmission involving healthy cats. Virus genomes 
sequenced from 1 cat and its owner were identical.

1These authors contributed equally to this article.



3072 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020

RESEARCH LETTERS

casions. Findings for 2 infected dogs have been re-
ported (4). We report testing results for cats.

Swab (nasal, oral, rectal) specimens and feces 
collected from nonsedated cats after admission were 
tested for SARS-CoV-2 RNA at the Agriculture, 

Fisheries and Conservation Department Veterinary 
Laboratory by using a commercial RT-PCR target-
ing the partial envelope and  RNA-dependent RNA 
polymerase genes (Molbiol Lightmix; TIB MOLBIOL, 
https://www.tib-molbiol.com). This PCR does not 

Figure. Phylogenetic analysis of SARS-CoV-2 full genome from an infected cat and the human index case-patient, Hong Kong, China. A virus 
sequenced directly from a tiger in a zoo in United States was included in this analysis. Virus genome alignment was prepared and manually 
trimmed at genome 5′ and 3′ ends for low-alignment quality. A resulting alignment of 29,655 nt was analyzed by using PhyML (http://www.
atgc-montpellier.fr) and the generalized time reversible nucleotide substitution model. Branch support identified by using the fast approximate 
likelihood ratio test are shown at major nodes. The Hong Kong feline virus from cat 1 and that of its owner are shown in red. Canine and human 
viruses from Hong Kong, including from the dogs’ owners (HK_case 163 and HK_case 85) are shown in blue. Numbers along branches are 
bootstrap values. Scale bar indicates nucleotide substitutions per site. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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show cross-reactivity with these genes from enteric 
coronavirus (5).

For samples with positive or equivocal results, 
confirmatory quantitative RT-PCRs targeting non-
structural protein 4, nonstructural protein 16, nu-
cleoprotein, and membrane genes were performed at 
the World Health Organization COVID-19 Reference 
Laboratory at the University of Hong Kong (4). Ani-
mals with positive results were evaluated by repeated 
sampling to monitor viral shedding by RT-PCR. Sero-
logic analysis was used selectively.

We sampled 50 cats during February 11–August 
11, 2020. Time from onset of COVID-19 symptoms in 
owners to first sampling of their cats was available for 
21 owners of 35 cats and ranged from 3 to 15 (median 8, 
interquartile range 4) days. SARS-CoV-2 RNA was de-
tected in samples from 6 (12%) of 50 cats (Table, https://
wwwnc.cdc.gov/EID/article/26/12/20-2786-T1.htm).

The first positive case (cat 1) was from a house-
hold that had 3 persons with confirmed cases of CO-
VID-19; their symptoms (fever, cough, or shortness of 
breath) started on March 20, 29, and 30, 2020. Their 
7-year old, female, domestic shorthair cat was exam-
ined by a veterinarian at admission on day 1 (March 
30), and reported to be clinically healthy. Nasal, oral, 
and rectal swab specimens collected on day 1 were 
positive for SARS-CoV-2 RNA; viral nucleoprotein 
gene copy numbers were log10 6.3/mL, log10 5.6/mL, 
and 3.2 log10/mL, respectively.

Attempts to culture virus from day 1 samples on 
Vero E6 (ATCC CRL-1586) cells as described (4) were 
unsuccessful. Viral RNA was detected in oral swab 
specimens for 8 days and nasal swab specimens for 11 
days, but rectal swab specimens were negative after 
day 1 (Table).

We performed serologic analysis to detect neu-
tralizing antibodies by using a 90% plaque reduction 
neutralization test for SARS-CoV-2 (4). The result was 
positive for the only serum sample collected (on day 
19) and had titer >1:320 (4).

Viral genomes from cat 1 and 1 owner were se-
quenced by using a MiSeq Sequencing Platform (Il-
lumina, https://www.illumina.com) after reverse 
transcription of viral RNA and multiple, overlap-
ping, ≈2-kb PCRs that targeted the viral genome (4). 
Both genome sequences (29,830 nt sequenced; 99.8% 
of the genome) were identical (Figure) and deposited 
in GenBank (accession no. MT628701).

Four of the other 5 positive cats were from con-
firmed COVID-19–infected households, and 1 indoor-
only cat belonged to a close contact who was not  
confirmed to be infected. Time from onset of COV-
ID-19 symptoms in owners to animal sampling was 

known for 3 cats (5, 11, and 8 days); 1 had equivo-
cal envelope gene PCR results but was positive by a 
novel surrogate virus neutralization test (6). Signs of 
disease did not develop in any infected cats, consis-
tent with experimental feline infections, which are 
also usually subclinical (7; A. Bosco-Lauth et al., un-
pub. data).

COVID-19–like signs have been reported in do-
mestic cats naturally infected with SARS-CoV-2 in oth-
er countries (8). In addition, 4 tigers and 3 lions with 
respiratory signs in a zoo in New York, New York, 
USA, were confirmed to be shedding SARS-CoV-2 in 
feces (S.L. Bartlett et al., unpub. data). Susceptibility to 
SARS-CoV-2 might differ between felid species.

SARS-CoV-2 RNA persisted longest in nasal se-
cretions in 1 case for 11 days at low levels. Viral RNA 
was detected in nasal washes from kittens experimen-
tally inoculated with SARS-CoV-2 for 8–9 days, after 
which sampling was stopped (7). Cats acquiring in-
fection from being cohoused with experimentally in-
fected cats shed virus in respiratory secretions longer 
(7 days) than directly inoculated cats (5 days) (8).

Although feline-to-human transmission is theo-
retically possible, we did not find any evidence of this 
transmission. The timeline of infection in cat 1 and the 
finding of an identical SARS-CoV-2 genome sequence 
in a human from the same household is consistent 
with human-to-animal transmission. In support of 
these findings, the cat had no outdoor access.

More widespread serologic surveillance of cats in 
contact with COVID-19 patients is warranted to de-
termine the prevalence of human-to-cat transmission. 
Some infected cats might have stopped shedding vi-
rus before being quarantined because viral shedding 
periods as short as 3 days have been reported in ex-
perimentally infected cats (7).
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Coronaviruses of animals periodically transmit 
to humans (1), as recently occurred with severe 

acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). SARS-CoV-2 was recognized in December 
2019 in cases of atypical pneumonia in hospitalized 
patients in Wuhan, China. The virus is a novel be-
tacoronavirus, related to the now-eradicated severe 
acute respiratory syndrome coronavirus (SARS-CoV) 
from 2003, with which SARS-CoV-2 has 82% identity 
across the genome (2). SARS-CoV-2 is highly trans-
missible among humans and particularly virulent for 
elderly persons and those with certain underlying 
health conditions. Multiple studies have examined 
the susceptibility of domestic animals to SARS-CoV-2 
to establish the risk for zoonotic transmission; 2 stud-
ies have shown chickens and Pekin ducks were not 
susceptible to infection (3,4).

Middle East respiratory syndrome coronavirus 
(MERS-CoV), another coronavirus of high concern 
associated with zoonotic infection, was first detected 
in patients with severe acute lower respiratory tract 
disease in Saudi Arabia in 2012. MERS-CoV causes 
lower respiratory disease, similar to the SARS-CoVs 
(5). Unlike SARS-CoV-2, MERS-CoV transmits poorly 
to humans and does not exhibit sustained human-
to-human transmission; however, it has a high case 
fatality rate of ≈30%. Although the MERS-CoV case 
count is low, human cases continue to be reported, 
therefore there is a possibility for the virus to adapt 
to humans.

Based on sequence similarity, the closest rela-
tives of SARS-CoV-2 and MERS-CoV are believed to 
be bat betacoronaviruses (6); the sequence difference  

We challenged chickens, turkeys, ducks, quail, and 
geese with severe acute respiratory syndrome coro-
navirus 2 or Middle East respiratory syndrome corona-
virus. We observed no disease and detected no virus 
replication and no serum antibodies. We concluded 
that poultry are unlikely to serve a role in maintenance 
of either virus.
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between human and bat isolates suggests the existence 
of an intermediary host. For MERS-CoV, dromedary 
camels appear to be the primary natural reservoir 
of infection to humans, but other domestic animals 
seem to be susceptible to infection (7,8). Hemida et 
al. looked for MERS-CoV antibodies in chickens; all 
samples were negative (9).

Because poultry are so widespread and have 
close and extended contact with humans and other 
mammals in many production systems, including live 
animal markets, we conducted susceptibility studies 
with SARS-CoV-2 and MERS-CoV in 5 common poul-
try species. Embryonating chicken eggs (ECE) have 
been used for virus isolation culture, including use in 
vaccine production, for diverse avian and mamma-
lian viruses; therefore, we tested ECE for their ability 
to support the replication of both viruses.

We examined 5 poultry species: chickens (Gallus 
gallus domesticus), turkeys (Meleagris gallopavo), Pekin 
ducks (Anas platyrhinchos domesticus), Japanese quail 
(Coturnix japonica), and white Chinese geese (Anser 
cygnoides). The US National Poultry Research Center 
Institutional Animal Care and Use Committee re-
viewed and approved all procedures involving ani-
mals; the Institutional Biosafety Committee approved 
the use of the viruses.

To evaluate their susceptibility to these viruses, 
10 birds of each species were challenged with a virus 
isolate obtained from the Biodefense and Emerging 
Infections Research Resources Repository (BEI Re-
sources; National Institute of Allergy and Infectious 
Diseases, National Institutes of Health). We used ei-
ther the USA-WA1/2020 isolate of SARS-CoV-2 (BEI 
NR-58221) or the Florida/USA-2_SaudiArabia_2014 
isolate of MERS-CoV (BEI NR-50415) (Appendix, 
https://wwwnc.cdc.gov/EID/article/26/12/20-
2989-App1.pdf). 

We collected oropharyngeal and cloacal swabs 
from all birds at 2, 4, and 7 days postchallenge (dpc) 
and tested them for virus by real-time reverse tran-
scription PCR. At 14 dpc we collected serum speci-
mens from the birds and tested for antibody to the 
challenge virus by microneutralization. No clinical 
signs were observed at any time in any species, and 
virus was not detected in any swab material (Table). 
Antibodies were not detected in serum from any 
birds at 14 dpc. These results suggest that neither vi-
rus replicated in any of the avian species evaluated 
or that they replicated at a level that was too low to 
be detected.

We tested ECE for their ability to support SARS-
CoV-2 or MERS-CoV replication after inoculation 
with any of the 3 most common routes: yolk sac, 
chorioallantoic sac, or chorioallantoic membrane 
(Appendix). We collected yolk, allantoic fluid (albu-
min), and embryo tissues from inoculated eggs; we 
tested for viral replication by attempting virus isola-
tion in Vero cells from the egg material after each of 
2 ECE passages. We did not recover either virus in 
Vero cells from the inoculated ECEs, nor did we ob-
serve lesions in any of the embryos inoculated with 
SARS-CoV-2 or MERS-CoV. The ECE results with 
SARS-CoV-2 are consistent with the results reported 
by Barr et al. (10).

Identifying potential reservoir hosts of the novel 
coronaviruses is critical to controlling exposure and 
subsequent infection, as well as to preserving a safe 
and consistent food supply. None of the avian spe-
cies nor the ECE appeared to support replication of 
either virus. Our findings demonstrate that poultry 
are unlikely to serve a role in the maintenance or 
transmission of either SARS-CoV-2 or MERS-CoV, 
and furthermore that ECE are not a viable laboratory 
host system.

 
Table. Poultry testing positive for SARS-CoV-2 or MERS-CoV, United States* 

Species 

SARS-COV-2 

 

MERS-CoV 
No. 

positive 
at 2 dpc 

 

No. 
positive 
at 4 dpc 

 

No. 
positive 
at 7 dpc  

No. 
positive 
at 2 dpc 

 

No. 
positive 
at 4 dpc 

 

No. 
positive 
at 7 dpc  

OP CL OP CL OP CL Antibody OP CL OP CL OP CL Antibody 
Chickens (Gallus gallus 
domesticus) 

0 0  0 0  0 0 0  0 0  0 0  0 0 0 

Turkeys (Meleagris gallopavo) 0 0  0 0  0 0 0  0 0  0 0  0 0 0 
Japanese quail (Coturnix 
japonica) 

0 0  0 0  0 0 0  0 0  0 0  0 0 0 

Pekin ducks (Anas 
platyrhinchos) 

0 0  0 0  0 0 0  0 0  0 0  0 0 0 

Chinese domestic geese (Anser 
cygnoides) 

0 0  0 0  0 0 0  0 0  0 0  0 0 0 

*Real-time reverse transcription PCR was used to test the oropharyngeal and cloacal swabs collected from 10 individuals of each poultry species 
inoculated with SARS-CoV-2 or MERS-CoV. We tested serum samples for antibody 14 dpc by virus neutralization assay. Three birds of each species 
served and noninoculated controls. CL, cloacal swab; dpc, days postchallenge; MERS-CoV, Middle East respiratory syndrome coronavirus; OP, 
oropharyngeal swab; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.   
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In March 2020, mild signs and symptoms of coronavirus 
disease developed in a healthy 33-year-old man in Hong 
Kong. His first infection did not produce virus neutralizing 
antibodies. In August, he had asymptomatic reinfection, 
suggesting that persons without a robust neutralizing an-
tibody response might be at risk for reinfection.
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Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is the causative agent of corona-

virus disease, which has caused a pandemic in hu-
mans. Whether SARS-CoV-2 infection induces sero-
logic immunity and the duration of that immunity 
is unknown. In humans, reinfection with seasonal 
coronaviruses occurs naturally and in experimental 
conditions (1,2).

Within 30 days after infection, most persons with 
SARS-CoV-2 begin producing antibodies against the 
spike and N proteins of the virus (3,4). An outbreak 
of SARS-CoV-2 on a fishing vessel showed that per-
sons with prior neutralizing antibodies against SARS-
CoV-2 were not reinfected (5). We analyzed the sero-
logic and cytokine responses of a patient who had 2 
episodes of SARS-CoV-2 infection (6). These findings 
have implications for population immunity gener-
ated from natural infection or vaccines.

On March 23, 2020, fever, headache, cough, and 
sore throat developed in a 33-year-old Caucasian 
man with no underlying conditions in Hong Kong. 
Six days later, the patient was admitted to the hospi-
tal with mildly elevated levels of alanine aminotrans-
ferase (73 U/L, reference range <50 U/L) and lactate 
dehydrogenase (236 U/L, reference range 106–218 
U/L). Chest radiographs did not show any infiltrates. 
He tested negative for hepatitis B surface antigen and 
antibodies against HIV and hepatitis C virus. He had 
IgG against measles virus and varicella zoster virus. 
Symptoms resolved completely within 3 days. A 
sample of the patient’s deep throat saliva tested posi-
tive for SARS-CoV-2 RNA by reverse transcription 
PCR (RT-PCR). During days 6–20 after symptom on-
set, the patient tested positive 7 more times; RT-PCR 
cycle thresholds ranged from 31 through 36 (Figure). 
He was isolated in the hospital until twice testing  

negative for SARS-CoV-2 by RT-PCR, on days 21 and 
22. At a follow-up visit on day 43 (i.e., May 5, 2020), he 
was asymptomatic and had resumed his usual work. 
We took serum samples on days 10 and 43 (Figure).

On August 15, 2020, the patient returned to Hong 
Kong after a 1-week trip in Spain. As a part of border 
surveillance, he submitted a deep throat saliva sam-
ple for RT-PCR; this sample tested positive for SARS-
CoV-2 RNA. He remained asymptomatic throughout 
his second infection. The clinical course of this second 
episode has been reported elsewhere (Figure) (6). We 
confirmed the previous report (6) that viruses from 
the first and second infection of this patient were phy-
logenetically distinct (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/26/12/20-3833-App1.
pdf), demonstrating reinfection. We collected base-
line serum on day 3 after detection of reinfection (day 
148 after symptom onset of his first infection) to infer 
his probable preinfection serologic results.

The 50% plaque reduction neutralization test (3) 
and surrogate virus neutralization test (7) on the se-
rum samples collected on days 10, 43, and 148 did not 
detect antibodies against SARS-CoV-2. ELISA showed 
decreasing titers of serum IgG against the spike re-
ceptor-binding domain (RBD) of SARS-CoV-2; on 
day 148, the patient tested negative for these antibod-
ies (3). All 3 serum samples tested negative for IgM 
against spike RBD (Appendix Figure 2). On day 10, 
the patient tested negative for N-specific serum IgG 
by chemiluminescent microparticle immunoassay 
assay (Abbott, https://www.corelaboratory.abbott) 
and indirect microtiter plate enzyme immunoassay; 
he tested weakly positive on day 43 in a validated lu-
ciferase immunoprecipitation assay (4) (Figure). As 
reported previously (6), a strong antibody response 
to N protein developed by day 5 of reinfection. This 

Figure. Timeline of primary infection and reinfection with severe acute respiratory syndrome coronavirus 2, Hong Kong, August, 2020. 
A) Onset. B) Discharge. C) Clinical follow-up. D) Mandatory testing. Black font indicates data from this investigation; red font indicates 
data from To et al. (6). Ct, cycle threshold; ELISA-N, enzyme linked immunosorbent assay for N protein; LIPS, luciferase immune 
precipitation assay; PRNT50, 50% plaque reduction neutralization test titer; RBD, receptor binding domain; RT-PCR, reverse transcription 
PCR; S/CO, ratio of optical density readings of sample divided by cutoff (ratio of >1.4 considered positive); sVNT, surrogate virus 
neutralization test; +, positive; –, negative; +/–, borderline.
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response suggests that antibody against SARS-CoV-2 
developed on reinfection.

Levels of adaptive cytokine interleukin-2 were 
elevated on days 10 and 43 (Appendix Figure 3, pan-
els A, B). Reinfection coincided with a stronger inter-
leukin-21 memory type response on day 148 than on 
days 10 and 43.

Previous studies show that most patients with 
mild, severe, or asymptomatic SARS-CoV-2 infection 
produce neutralizing antibodies and antibodies against 
spike RBD and N proteins (3,4). This case was unusual 
because the patient had low or undetectable levels of 
neutralizing and binding antibodies against multiple 
viral proteins during his primary infection and acute 
stage of asymptomatic reinfection. He was not immu-
nodeficient because he had IgG against measles and 
varicella zoster viruses and no history of recurrent in-
fections. The virus from the first infection had a trun-
cation in the 58AA open reading frame 8 gene, which 
mediates immune evasion through downregulation of 
major histocompatibility complex and interferon re-
sponses (Y. Zhang et al., unpub. data, https://www.
biorxiv.org/content/10.1101/2020.05.24.111823v1) (8). 
However, it is unclear if this mutation contributed to 
the patient’s lack of antibody production.

Reasons for this patient’s unusual response need 
to be further investigated. He recovered from his 
primary infection within 3 weeks, and his second-
ary infection was asymptomatic. These findings in-
dicate that, in the absence of primary neutralizing 
antibodies, T cells and mucosal immunity might 
have played a critical role in resolving the infec-
tion. Given the unusual antibody response in this 
patient to his first infection, researchers must be 
cautious about generalizing more widely from this  
patient’s experience.
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Brucella canis is a dog-adapted Brucella species that 
most commonly causes reproductive disease and 

diskospondylitis in dogs and can be carried long-term 
and subclinically. Zoonotic infections are uncommon-
ly reported (1–4), but may be underdiagnosed (3,5).

In Canada, Brucella canis has been found predomi-
nantly in imported dogs. However, it was identified in 
2 adult female dogs from a commercial breeding kennel 
in Ontario, Canada, in March 2019. We conducted an 
investigation of prevalence and distribution of B. canis 
in the broader commercial dog breeding population.

We collected serum samples from a convenience 
sample of dogs at commercial breeding kennels in 
southern Ontario, Canada. We used rapid slide ag-
glutination test (RSAT) and followed up with positive 
results using 2-mercaptoethanol RSAT (2ME-RSAT). 
We performed PCR on whole (EDTA treated) blood 
from a subset of B. canis−seropositive dogs. 

We identified positive RSAT and 2ME-RSAT 
tests in 127/1,080 (11.8%) clinically normal dogs from 
23/63 (37%) kennels during March 15−December 18, 
2019 (1–61 dogs/kennel, median 7). We considered 
reactive an additional 82 (7.6%) dogs that were posi-
tive by RSAT but negative by 2ME-RSAT; 63 (77%) 
of those were from kennels from which positive dogs 
were identified. The prevalence of positive dogs with-
in kennels that had >1 positive dog ranged from 3.9% 
to 100% (median 33%). Whole blood samples from 20 
dogs tested by PCR were all negative. We retested 130 
dogs 4–6 weeks after the initial test (Table).

The seropositive rate contrasts with a 1980 study 
that reported 0.3% seroprevalence in dogs from south-

western Ontario (6). Studies in other regions have re-
ported seroprevalence rates of 0%–4.6%; higher rates 
(e.g., 20%–83%) were reported in some breeding ken-
nels (1,7–9). A structured approach to enrollment was 
not possible because enrollment was based on kennel 
operators’ willingness to participate. Various popula-
tion enrollment biases might be present in the preva-
lence estimate. These results should be taken as an 
indication of widespread presence of B. canis bacteria 
in this population, with high rates in some kennels 
and the potential for introduction of infected puppies 
into households.

Because B. canis infection is a notifiable disease in 
Ontario, we obtained data from 2013–2018 from the 
Ontario Ministry of Agriculture Food and Rural Af-
fairs. Provincially, there were no positive test results 
for B. canis in dogs in 2013, 2015 and 2017, and 1–3 
cases in each of 2014, 2016, and 2018. Because prior 
surveillance was limited, it is unclear whether this is a 
new problem or one that was previously overlooked. 
However, these 0–3 diagnoses/year and anecdotal 
data about recent reproductive disease in some af-
fected kennels make it unlikely that B. canis infection 
was present but undiagnosed. The origin of the in-
fection could not be properly investigated, but it was 
suspected to have originated from breeding dogs im-
ported from eastern Europe in 2018.

Without a standard approach for clinical or sur-
veillance testing for B. canis bacteria, we used the 
sensitive RSAT followed by the more specific 2ME-
RSAT, which is considered a confirmatory test (10). 
Cases with RSAT-positive but 2ME-RSAT−negative 
results were common;  most were subsequently nega-
tive. A possible cause was transient cross-reaction 
with Bordetella bronchiseptica vaccination or another 
pathogen; we could not investigate specifically be-
cause information about B. bronchiseptica vaccination 
or infection in these dogs was not available. The po-
tential for false-positive results should be considered, 
particularly because infected dogs are often eutha-
nized in accordance with regulatory requirements.

We evaluated the prevalence of Brucella canis seroposi-
tivity in a convenience sample of dogs from commercial 
breeding kennels in Ontario, Canada. Overall, 127/1,080 
(11.8%) dogs from 23/63 (37%) kennels were seroposi-
tive. The prevalence of positive dogs within kennels with 
>1 positive dog ranged from 3.9% to 100% (median 33%).

 
Table. Initial and follow-up serologic testing for Brucella canis in 
130 dogs, Canada 
Initial result No. Follow-up result* No. (%) 
Negative 84 Positive 0 (0) 
  Reactive 0 (0) 
  Negative 84 (100) 
Positive  9 Positive 6 (67) 
  Reactive 1 (11) 
  Negative 2 (22) 
Reactive  37 Positive 1 (0.3) 
  Reactive 2 (0.5) 
  Negative 34 (92) 
*Follow-up testing was performed 4–6 weeks after the initial test. 
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Limited PCR testing was performed because of 
negative results in the first 20 samples; negative re-
sults were presumed due to the intermittent nature of 
B. canis bacteremia in clinically normal animals. Al-
though PCR or culture can provide a definitive diag-
nosis, sensitivity can be low for screening; it is higher 
when testing reproductive or fetal fluids or tissues 
from abortions or stillbirths for B. canis. 

Limited clinical data were available. Some affect-
ed kennels reported substantial reproductive chal-
lenges presumably associated with brucellosis (e.g., 
small litter sizes, abortions, stillbirths, low conception 
rates) whereas no problems were reported in others. 
Whether this reflects lack of recognition of problems, 
subclinical infection, or early infection that had not 
yet resulted in overt reproductive disease is unclear.

Underdiagnosis of B. canis as a cause of nonspecific 
disease (e.g., undulating fever, fatigue, headache, mal-
aise, chills, weight loss, hepatomegaly, splenomegaly, 
lymphadenopathy) and human brucellosis is a con-
cern; physicians are more likely to perform serologic 
tests that target smooth Brucella species (B. abortus, B. 
suis, and B. melitensis). Physicians should consider the 
potential presence of B. canis in patients with disease 
suggestive of brucellosis, especially those with animal 
contact, and realize the limitations of serologic testing.

Brucella canis should be considered endemic to 
commercial dog kennels in Ontario, with potential hu-
man health risks. B. canis screening of breeding dogs is 
recommended (10), and testing of puppies from par-
ents of unknown Brucella status is reasonable.
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Epizootic hemorrhagic disease virus (EHDV; family 
Reoviridae, genus Orbivirus) is transmitted between 

ruminants by Culicoides spp. biting midges. It is wide-
spread in tropical and subtropical regions and primarily 
infects white-tailed deer and cattle (1); EHDV infection 
often causes death in white-tailed deer. Seven serotypes 
of EHDV (EHDV-1, -2, -4, -5, -6, -7, and -8) have been of-
ficially assigned; EHDV-3 (NIG1967/01 strain) has been 
combined into EHDV-1 (1,2). Recently, 2 novel EHDV 
strains isolated from South Africa (3) and Japan (4) were 
suggested as new serotype candidates. Although only 
Ibaraki virus (a strain of EHDV-2 from Japan) was pre-
viously known to cause a bluetongue-like illness in cat-
tle (1), EHDV-1, EHDV-2, EHDV-6, and EHDV-7 have 
recently been associated with illness and death in cattle 
in Asia, the Mediterranean Basin, South Africa, North 
America, and Réunion Island (1,5–7), suggesting that 
the distribution and the pathogenicity associated with 
EHDV infection are increasing. EHDVs belonging to se-
rotypes 1, 5, 6, and 7, as well as a nontyped serotype, 
have been isolated from sentinel cattle in southern Chi-
na (H. Li et al., unpub. data).

In 2018, we placed 10 Yunnan yellow cattle 6−12 
months of age and free of EHDV antibodies un-
der field conditions at Sanjiaoyan village, Mangshi 
County, Dehong Prefecture, Yunnan Province, China 
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/26/12/19-1301-App1.pdf) as sentinel ani-
mals. We took blood samples at weekly intervals dur-
ing May−October: whole blood for serology, EDTA 
samples for viral nucleic acid detection, and heparin 
blood samples for virus isolation.

During June−September, we confirmed EHDV in-
fections in 3 of the sentinel cattle by EHDV competitive 
ELISA (cELISA; ID-Vet, https://www.id-vet.com) and 
real-time quantitative reverse transcription PCR (qRT-
PCR) (3). We isolated viruses from blood samples by in-
oculating C6/36 cells and blindly passaging for 5 times 
on BHK-21 cells (1). We isolated EHDV-1 and EHDV-5 
strains from 2 of the cattle and an additional strain of 
EHDV, YNDH/V079/2018, from the third animal. Se-
rotype identification of YNDH/V079/2018 displayed 
uniform negative results through serotype-specific 
RT-PCR (8) and virus neutralization tests using serum 
samples against EHDV-1, EHDV-2, EHDV-5, EHDV-
6, EHDV-7, EHDV-8, and nontyped serotype refer-
ence strains. Furthermore, serum from the YNDH/
V079/2018-infected calf showed no neutralization to 
tested serotypes of EHDV reference strains.

Double-stranded RNA extracted from YNDH/
V079/2018 generated a genome segment migration 
pattern typical of bluetongue virus or EHDV (Appen-
dix Figure 2) by agarose gel electrophoresis. Transmis-
sion electron microscopy revealed virus particles ≈80 
nm in diameter, with a ring-shaped capsomere char-
acteristic of Orbivirus (Appendix Figure 3). Full-length 
cDNA copies of segments 2 and 3 (Seg-2 and Seg-3) of 
YNDH/V079/2018 were synthesized and sequenced 
as described by Maan et al. (9). BLAST analyses 
(https://www.ncbi.nlm.nih.gov/BLAST) of Seg-2 and 
Seg-3 sequences (GenBank accession nos. MN418446 
and MN418447) revealed the highest matching identi-
ties with equivalent genome segments of other EHDVs.

Subcore shell viral protein (VP) 3 of EHDV, en-
coded by Seg-3, is highly conserved, showing >95.5% 
amino acid sequence identity within EHDVs (10). 
Seg-3/VP3 of YNDH/V079/2018 showed overall nu-
cleotide/amino acid identity levels of 78.5%/94.6% to 
80.0%/96.5% with other EHDVs, confirming its iden-
tity as an EHDV isolate. However, Seg-3 of YNDH/
V079/2018 did not cluster with previously identified 
Eastern or Western EHDV topotypes (10); maximum 
sequence identities were 80.0% nt and 78.9% aa, 
which placed YNDH/V079/2018 as a distinct topo-
type in the phylogenetic tree (Figure, panel A).

The outer capsid protein VP2 of EHDV, encod-
ed by Seg-2, is highly variable and is definitive for 
serotype determination (2). Seg-2/VP2 of YNDH/
V079/2018 sharing sequence identities of 44.3%–
50.9% nt and 31.0%–40.6% aa to previously recog-
nized EHDV serotypes, which supports it as a distinct 
EHDV Seg-2 group (2), herein named group E (Fig-
ure, panel B). This finding coincides with the results 
of neutralization tests and indicates that YNDH/
V079/2018 represents a novel serotype of EHDV.
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In 2018, a strain of epizootic hemorrhagic disease virus 
(EHDV), named YNDH/V079/2018, was isolated from a 
sentinel calf in Mangshi County, Yunnan Province, China. 
Nucleotide sequencing and neutralization tests indicated 
that the virus belongs to a novel serotype of EHDV that 
had not been reported previously.

1These authors contributed equally to this article..



We developed conventional RT-PCR and qRT-
PCR targeting Seg-2 of YNDH/V079/2018 (Appen-
dix Table 1) and used them in combination with 
cELISA and serum neutralization tests to trace prog-
ress of the infection in the sentinel animal (Appen-
dix Table 2). We defined the earliest week in which 
the virus was detectable in the blood using qRT-PCR 
as infection week 1. We isolated YNDH/V079/2018 
in week 2 from the sentinel calf, which experienced 
fever to 40.2°C, anorexia, and respiratory distress. 
Viral nucleic acid in the blood peaked in weeks 1–2; 
levels decreased gradually until none was detected 
at week 14. cELISA and neutralization antibodies 
first appeared at week 2, peaked in weeks 7–8, and 
remained elevated until week 17, when blood sam-
pling ceased.

To determine the prevalence of YNDH/
V079/2018, we tested 87 EDTA cattle blood samples 
from 3 farms in Mangshi County during April–Oc-
tober 2018 but detected no nucleic acid consistent 
with YNDH/V079/2018. Additional genome se-
quencing, type-specific diagnostic tests, and epi-
demiologic and pathogenic investigations of this 
novel EHDV are planned. Our study will help 
clarify the diversity of EHDV serotypes and the  
distribution and pathogenicity of this novel EHDV 
and its potential risk to ruminants.

Acknowledgments
We thank colleagues from the Center for Animal Disease 
Control and Prevention of Dehong Prefecture who  
collected blood samples from sentinel animals.

This study, “Arbovirus Disease Research in Cattle and 
Sheep,” was supported by Special Fund for Agro-scientific 
Research in the Public Interest (project no. 201303035) 
and National Key R&D Program of China (project no. 
2017YFC1200500).

About the Author
Dr. Yang is a research fellow in Yunnan Animal Science 
and Veterinary Institute, Kunming, China. His current 
research interests include characterization of bluetongue 
virus and other related arboviruses of ruminants.

References
  1. World Organisation for Animal Health. Epizootic hemorrhagic 

disease (infection with epizootic hamorrhagic disease virus). 
In: Manual of diagnostic tests and vaccines for terrestrial 
animals 2019. Paris; The Organisation: 2018. p. 422–32.

  2. Anthony SJ, Maan S, Maan N, Kgosana L,  
Bachanek-Bankowska K, Batten C, et al. Genetic and  
phylogenetic analysis of the outer-coat proteins VP2 and  
VP5 of epizootic haemorrhagic disease virus (EHDV):  
comparison of genetic and serological data to characterise  
the EHDV serogroup. Virus Res. 2009;145:200–10.   
https://doi.org/10.1016/j.virusres.2009.07.012

3082 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 12, December 2020

RESEARCH LETTERS

Figure. Phylogenetic analyses of EHDV based on segment 3 (A) and segment 2 (B) of YNDH/V079/2018 from Mangshi County, 
Yunnan Province, China (red dot), compared with other global EHDV isolates. The following convention was used to identify sequences: 
GenBank accession no., EHDV-serotype, country, isolation year. Eastern and Western topotypes of segment 3 and A−D groups of 
segment 2 were assigned as described by Anthony et al. (2,10); a distinct segment 2 group of the strain YNDH/V079/2018 isolated 
in China (2) is marked as group E. The nontyped strain from Japan isolated in 1998 is included in accession nos. LC202966 and 
LC202944 (4). We did not include the nontyped strain from South Africa, due to the lack of sequence information in GenBank. BTV 
strains were used as the outgroups. Number at each branch indicates a bootstrap value. Scale bars indicate nucleotide substitutions per 
site. BTV, bluetongue virus; EHDV, epizootic hemorrhagic disease virus.
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Borrelia is a genus comprising 3 groups of spiro-
chetes: the Lyme disease group, the relapsing fever 

group, and a nonconformist third group. Typically, 
Lyme disease borreliae are transmitted by hard ticks 
and have a worldwide distribution, but most relaps-
ing fever Borrelia are transmitted by soft ticks, except 
for louse-borne B. recurrentis. Relapsing fever borreliae 
are further classified into 2 subgroups, New World 
relapsing fever (NWRF) Borrelia and Old World re-
lapsing fever, on the basis of epidemic regions and 
the genetic lineage of the causative agent. B. lonestari 
and B. miyamotoi are transmitted by hard ticks, but are 
more closely related to relapsing fever borreliae than 
to Lyme disease borreliae and are distributed both in 
the New World (North and South America and Ocea-
nia) and the Old World (Europe, Asia, and Africa). The 
nonconformist third group includes an orphan Borrelia 
species named B. turicata (1). We identified Candidatus 
Borrelia fainii in a Myotis bat from eastern China. 

During March–October 2015, with the help of lo-
cal farmers, we caught a total of 145 bats from various 
niches in Mengyin County, Shandong Province, China, 
using mist nets or butterfly nets and took tissue sam-
ples (liver, spleen, lung, or kidney). The captured bats 
included 4 Rhinolophus ferrumequinum and 14 Rh. pusil-
lus from a karst cave, 26 Eptesicus serotinus from 2 farm 
houses, 34 Myotis fimbriatus and 10 M. ricketti from a city 
sewer, and 57 M. pequinius from a cave. We extracted 
DNA from the bat tissue, then screened for Borrelia by 
amplifying the rrs, flaB, and glpQ genes using methods 
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We identified Candidatus Borrelia fainii, a human patho-
genic bacterium causing New World relapsing fever in a 
Myotis bat in eastern China. This finding expands knowl-
edge about the geographic distribution of Borrelia spp. 
and the potential for infection with New World relapsing 
fever in China. 



described previously (2–4); after gel extraction, we 
cloned the PCR products into pMD19 T-vectors (TaKa-
Ra, https://www.takarabio.com) for sequencing. 

We found 1 M. ricketti bat positive for Borrelia 
(GenBank accession nos. MG832412 for rrs, MG832413 
for flaB, and MG921625 for glpQ). BLAST searches 
showed that rrs exhibited 99.7% (1,491/1,495 bp) 
identity with Candidatus Borrelia fainii (accession no. 
LC382043), flaB exhibited 97.9% (756/772 bp) identity 
with B. turicatae (accession no. CP015629), and glpQ 
exhibited 97.6% (859/880 bp) identity with B. parkeri 
(accession no. AY934633). 

We performed multilocus sequence typing (MLST) 
by amplifying 8 housekeeping genes (clpA, clpX, nifS, 
pepX, pyrG, recG, rplB, and uvrA) with degenerate 

primers from the Borrelia MLST database (https://
pubmlst.org/borrelia). Sequence query showed that 
all 8 housekeeping genes were novel alleles, which 
were assigned the following novel allele numbers: clpA 
(298), clpX (261), nifS (235), pepX (264), pyrG (277), recG 
(292), rplB (254) and uvrA (268); the Borrelia species of 
this study was designated sequence type (ST) 927. 

Sequences of the 8 housekeeping genes were con-
catenated in the order clpA, clpX, nifS, pepX, pyrG, recG, 
rplB, and uvrA and imported into MEGA7 (MEGA, 
https://www.megasoftware.net) for phylogenetic 
analysis. We constructed a phylogenetic tree using 
the maximum-likelihood method with the Kimura 
2-parameter model. The ST927 Borrelia species was 
phylogenetically closely related to multiple NWRF 
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Figure. Phylogenetic analysis of Borrelia species based on 8 concatenated housekeeping genes (clpA-clpX-nifS-pepX-pyrG-recG-rplB-uvrA). 
Bold indicates Borrelia species identified in study of pathogenic New World relapsing fever Borrelia in a Myotis bat, eastern China, 2015. The 
tree was constructed by using the maximum-likelihood method in MEGA7 (https://www.megasoftware.net). Bootstrap values were calculated 
with 1,000 replicates. There were a total of 4,776 positions in the final dataset. Reference sequences of Borrelia species were downloaded 
from the Borrelia MLST database; the corresponding sequence type (ST) number of each Borrelia species is shown in parentheses. For 
Candidatus Borrelia fainii, the GenBank accession number is shown instead of an ST number because the 8 housekeeping gene sequences 
of Candidatus Borrelia fainii were only submitted to GenBank and no ST number was assigned. Scale bar indicates 5% divergence. 



Borrelia species, including B. turicatae, B. parkerii, and 
Candidatus Borrelia johnsonii, which are endemic in 
the United States, as well as Candidatus Borrelia fainii, 
which was recently identified in Zambia (Figure 1). 

We calculated pairwise genetic distances using 
the Kimura 2-parameter model and identified relaps-
ing fever Borrelia spp. using the threshold of 98.3% 
similarity and genetic distance 0.017 (5). Genetic dis-
tance analysis of the 8 concatenated housekeeping 
genes (4,776 bp) revealed a value of 0.015 compared 
with Candidatus Borrelia fainii, strain Qtaro. Thus, the 
Borrelia sp. in our study was identified as Candidatus 
Borrelia fainii. 

There have been several reports of NWRF Borrelia 
spp. in the Old World, although exclusively in Africa. 
A new human pathogenic Borrelia spp. was identified 
in Ornithodoros ticks from Tanzania that grouped to-
gether with NWRF borreliae rather than the relapsing 
fever–inducing spirochetes previously known to be 
endemic in East Africa (6). Another study described 
the discovery of a NWRF Borrelia, Candidatus Borrelia 
kalaharica, in a traveler returning from the Kalahari 
Desert (7). Finally, a 2019 study reported on a NWRF 
Borrelia–like spirochete, Candidatus Borrelia fainii, re-
cently isolated from a febrile patient as well as from 
bats and bat ticks in Zambia (8). 

Whether bats are reservoirs for Borrelia remains 
inconclusive. A new Old World relapsing fever Bor-
relia species, CPB1, was found responsible for the 
death of a Pipistrelle bat in the United Kingdom (9) 
and was also detected in bat soft ticks in France (10). 
A recent study found that bats and bat soft ticks 
collected from a cave in Zambia showed a high in-
fection rate for Candidatus Borrelia fainii, and the 
authors proposed that bats contribute to the envi-
ronmental cycle of Candidatus Borrelia fainii as hosts 
and bat soft ticks as vectors (8). For this study, we 
found only 1 bat infected with Candidatus Borrelia 
fainii, and it remains unclear whether bats serve as 
reservoirs of this Borrelia species. However, with the 
discovery of Candidatus Borrelia fainii in China, both 
health officials and physicians should pay attention 
to its potential emergence. 
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Q fever is caused by the bacteria Coxiella burnetii and 
can manifest as acute or chronic illness. Veteri-

narians who care for livestock are prone to C. burnetii 
infection (1,2). A high seroprevalence among veteri-
nary students has been reported (3–5). However, the 
incidence of Q fever and associated risk factors during 
veterinary training are still unknown. We conduct-
ed a longitudinal study at the Faculty of Veterinary 
Medicine of Utrecht University (FVMUU), Utrecht, 
the Netherlands, in which we followed incoming,  
seronegative veterinary students and investigated po-
tential associated factors for seroconversion.

Veterinary students who started in 2006 or 2008 at 
FVMUU were invited to participate. After obtaining 
written informed consent, we collected blood samples, 
and participants completed a baseline questionnaire. 
From participants who began at FVMUU in 2006 (co-
hort 2006), <2 additional blood samples and follow-up 
questionnaires were obtained in 2008 and 2010. Students 
who started in 2008 (cohort 2008) provided 1 follow-up 
blood sample and 1 follow-up questionnaire in 2010.

Serum samples were tested for IgG against phase 
I and II of C. burnetii, using an indirect immunofluo-
rescence assay as previously described (3). Those 
samples with IgG phase I or II IgG >1:32 were clas-
sified as C. burnetii seropositive. Seroconversion was 
defined as the change observed in a participant who 
was IgG seronegative at baseline and seropositive in 
a follow-up sample.

We determined differences in demographics and 
past animal exposure between seropositive and sero-
negative participants at baseline. Risk factors for sero-
conversion were estimated by using univariable logis-
tic regression analyses through generalized estimating 
equations models (Appendix, https://wwwnc.cdc.
gov/EID/article/26/12/20-0063-App1.pdf).

At the beginning of their veterinary training, 447 
students were invited to participate in the study. Of 
those, 131 participated, of whom 13 (10%) were C. 
burnetii IgG seropositive at baseline. Students who 
were seropositive at baseline were more likely to 
have lived on a farm and to have had contact with 
cattle and poultry (Appendix Table 1).

Of the 118 participants seronegative at base-
line, 78 started their training in 2006 and 40 in 2008  
(Figure). Of those students, 23 seroconverted during the 
follow-up period of 362 person-years, translating to an 
incidence of 0.06/person-year. Of the 17 seroconversions 
in cohort 2006, 11 occurred between baseline and the 
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We examined Coxiella burnetii seroconversion rates by 
measuring C. burnetii IgG among 2 cohorts of veterinary 
students. During follow-up of 118 seronegative veterinary 
students, 23 students seroconverted. Although the clini-
cal importance of the presence of antibodies is unknown, 
veterinary students should be informed about the poten-
tial risks for Q fever.

Figure. Follow-up timeline 
illustrating number and percentages 
of seronegative participants at 
baseline, per follow-up moment, 
in study of Coxiella burnetii 
seroconversion rate in veterinary 
students, the Netherlands, 2006–
2010. The 17 seropositive students 
in 2010 include the 11 students 
who already seroconverted during 
2006–2008 and were censored from 
risk factor analysis in 2010.
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Table. Characteristics from follow-up questionnaire in association with Coxiella burnetii seroconversion among 118 veterinary students 
seronegative at baseline, the Netherlands* 
Characteristic Odds ratio (95% CI) p value 
Age group, y   
 ≤20 Referent  
 21 0.9 (0.2–3.5) 0.85 
 ≥22 1.3 (0.4–4.2) 0.69 
Sex   
 M Referent  
 F 0.7 (0.2–2.3) 0.53 
Regular exposure to cigarette smoke   
 Yes 1.1 (0.4–2.8) 0.81 
 No Referent  
Living on a farm with cattle   
 Yes ND  
 No ND  
Living on a farm with sheep or goats   
 Yes 6.2 (1.4–28.1) 0.02 
 No Referent  
Living on a farm with pigs   
 Yes ND  
 No ND  
Living on a farm with chickens   
 Yes 3.0 (0.3–35.0) 0.39 
 No Referent  
Regular contact with cattle outside veterinary training   
 Yes 0.3 (0.1–2.7) 0.31 
 No Referent  
Regular contact with goats outside veterinary training   
 Yes 0.6 (0.1–3.8) 0.56 
 No Referent  
Regular contact with horses outside veterinary training   
 Yes 0.7 (0.3–1.7) 0.40 
 No Referent  
Regular contact with pigs outside veterinary training   
 Yes ND  
 No ND  
Regular contact with chickens outside veterinary training   
 Yes 0.5 (0.1–3.8) 0.50 
 No Referent  
Regular contact with sheep outside veterinary training   
 Yes 4.4 (1.2–16.7) 0.03 
 No Referent  
History of performing animal nursing on farm where they lived    
 Yes 3.6 (0.9–14.3) 0.07 
 No Referent  
History of working with straw or hay on farm where they lived   
 Yes 6.4 (1.6–26.1) <0.01 
 No Referent  
History of working with fertilizers on farm where they lived    
 Yes 3.2 (0.5–19.6) 0.21 
 No Referent  
History of performing plant nursing on farm where they lived   
 Yes 3.1 (0.3–33.5) 0.35 
 No Referent  
No. years after study start†   
 2 Referent  
 4 1.0 (0.3–2.9) 0.96 
Cohort‡   
 2006 Referent  
 2008 0.7 (0.3–2.0) 0.56 
Chosen specialization during veterinary training   
 Individually kept animals Referent  
 Veterinary public health or farm animals 1.6 (0.5–5.0) 0.38 
*ND, not determined because of low numbers. 
†Only adjusted for cohort. 
‡Only adjusted for number of years after the study. 
 



first follow-up, and 4 occurred between the first and 
second follow-up (Appendix Table 2). None of the se-
roconverted participants reported a diagnosis of acute 
Q fever from a general practitioner or medical special-
ist, suggesting all cases were mild or asymptomatic. In 
addition, no participants had serologic indication of a 
chronic infection. Of the 20 investigated characteristics, 
“living on a sheep or goat farm,” “having contact with 
sheep outside [veterinary] training,” and “working 
with hay, straw, silage grass, or animal feed” outside 
FVMUU increased the odds of seroconversion (Table).

We were not able to identify education-related 
potential risk factors, such as courses taken, for 2 rea-
sons. First, the curriculum changed during our study, 
so participants from the 2006 and 2008 cohorts took 
different courses, causing low power in the analysis. 
Second, within each cohort, little variation occurred 
in courses taken. Another limitation of this study is 
our assumption of a constant risk for C. burnetii expo-
sure during the study period. Students seem to have 
been at higher risk for infection in the first 2 study 
years, although we cannot draw definite conclusions 
from this small group of students.

Identified risk factors for seroconversion were not 
education-related. Proximity to (aborting) small rumi-
nants, such as goats and sheep, was a risk factor in an 
outbreak in the Netherlands (6). Veterinary students 
have a high prevalence of animal contacts outside their 
education (7). In addition, contact with hay, straw, silage 
grass, or animal feed, is a known risk factor for human 
Q fever (8). A major outbreak of acute Q fever occurred 
in the Netherlands during 2007–2010 (9), and some stu-
dents might have contracted the infection then, although 
increased seroprevalence of Q fever in veterinary stu-
dents before that outbreak has been reported (3).

In conclusion, we found a considerable C. bur-
netii seroconversion rate among veterinary students. 
Although the clinical importance of the presence of 
antibodies is unknown, students should be advised at 
the beginning of their education about potential risks 
and instructed to seek care if they experience symp-
toms of acute or chronic Q fever infection.
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Middle East respiratory syndrome (MERS) coro-
navirus (MERS-CoV) is a zoonotic disease of 

concern for global public health (1,2). Dromedary 
camels are the source of zoonotic infection (3). Dur-
ing 2016–2018, a total of 80 full-length MERS-CoV 
genome sequences were available from human infec-
tions in the Arabian Peninsula where all zoonotic dis-
ease has occurred, but only 30 sequences from drome-
dary camels were available, highlighting the need for 
contemporary dromedary MERS-CoV sequence data.

During November 2015–June 2018, nasal and 
rectal swab specimens were collected, typically on a 
monthly basis, from dromedary camels slaughtered 
at an abattoir and camel market complex in Al Hasa, 
Eastern Province, Saudi Arabia (Appendix, https://
wwwnc.cdc.gov/EID/article/26/12/19-1094-App1.
pdf). Most camels for slaughter were bred locally, but 
some camels were imported from Somalia or Sudan 
for slaughter. Imported camels came through the port 
of Jeddah, usually via a large central camel market  
in Riyadh.

Nasal and rectal swab specimens were collected 
from 1,131 camels; 4–143 camels were sampled each 
month. Overall, 288 (25.5%) nasal and 85 (7.5%) rec-
tal swabs were MERS-CoV–positive as confirmed 
by reverse transcription PCR (RT-PCR; Appendix); 
cycle threshold values ranged from 15.3 to 39.1 (me-
dian 33.6). Most (68/85; 80%) positive rectal swab  

specimens were collected from animals that also 
had a positive nasal swab. Overall, 305 (27%) camels 
sampled were MERS-CoV–positive from either nasal 
or rectal swabs. Despite regular exposure to infected 
camels, none of the abattoir workers had diagnosed 
clinical MERS disease.

MERS-CoV–positive samples were detected dur-
ing most months in which samples were tested. Age, 
sex, date of sampling, and breed data were available 
for 847 camels. Among animals for which age and sex 
data were available, RT-PCR positive rates for MERS-
CoV were not statistically significantly different by 
age or sex. Among local camels, MERS-CoV–positive 
rates by breed were 81/227 (35.7%) Magaheem, 19/87 
(21.8%) Sofor, and 27/158 (17.1%) Wodaoh. Among 
imported camels, 21/146 (14.4%) from Somalia and 
64/221 (29%) from Sudan were MERS-CoV–positive.

We obtained 48 full genomes of MERS-CoV from 
the camel samples; dates of sampling were available for 
35 (GenBank accession nos. MN654970–5017). We did 
not detect evidence of deletions in accessory or other 
genes. Our newly generated virus genomes phylogenet-
ically clustered within the recombinant lineage 5 clade, 
a novel recombinant clade that has become progressive-
ly dominant in Saudi Arabia since 2014 (4,5) (Appendix 
Figure). The 48 sequences in this study appear to cluster 
into 2 groups, which we named group A and group B 
for ease of description rather than a formal taxonomic 
designation (Figure). Other sublineages within lineage 
5 appear to have gone extinct with no human or animal 
viruses detected since 2016. Virus group A had viruses 
sampled from 2014–2017, whereas group B had viruses 
sampled in 2014–2018. Both virus groups cocirculated in 
the region during the study period (Figure).

Genetically identical viruses were collected 
mostly during the same sampling period, suggest-
ing cross-infection in the market. However, identi-
cal viruses sometimes were from samples collected 1 
month apart, such as SA2557 and SA2626, or 3 months 
apart, such as SA2199, SA2159, and SA2247, suggest-
ing reintroduction of viruses from the same herd or 
area into the abattoir at different times. Although we 
sampled imported camels from Somalia and Sudan, 
the viruses we detected were clade B lineage 5 viruses 
rather than the clade C viruses that are known to be 
enzootic in Africa (6). In several instances, viruses 
from camels from Sudan (for example, SA4104/2017 
in December 2017 or SA2687/2017 in May 2017) were 
almost identical to viruses concurrently detected in 
camels from Saudi Arabia, indicating likely cross-in-
fection in the camel market. Virus cross-infection and 
amplification in the camel market could explain the 
high overall MERS-CoV–positive rate in the abattoir.
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We detected Middle East respiratory syndrome coronavi-
rus (MERS-CoV) RNA in 305/1,131 (27%) camels tested 
at an abattoir in Al Hasa, Eastern Province, Saudi Arabia, 
during January 2016–March 2018. We characterized 48 
full-length MERS-CoV genomes and noted the viruses 
clustered in MERS-CoV lineage 5 clade B.

1These authors contributed equally to this article.



A virus from a patient from Saudi Arabia who 
had diagnosed MERS in the United Kingdom in Au-
gust 2018 (MERS-CoV_England-KSA_1/2018-08-22) 
was found to be closely genetically related (99.81% 

similarity) to a camel virus sampled during this 
study in 2018 (Figure). As previously reported, vi-
ruses from camels and humans interleave within 
the phylogenetic tree (7), suggesting that viruses in 
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Figure. Phylogeny of Middle East respiratory syndrome coronavirus (MERS-CoV) sequenced from nasal and rectal samples collected 
from camels in an abattoir, Saudi Arabia. Phylogeny was constructed by using IQTREE (http://www.iqtree.org) with the automatic 
nucleotide transition model selection. Branch supports, shown at major nodes, were generated by ultrafast bootstrap approximation 
(Appendix, https://wwwnc.cdc.gov/EID/article/26/12/19-1094-App1.pdf). Genomes generated from this study are underlined; asterisks 
(*) indicate viruses from humans. Blue indicates viruses from camels from Saudi Arabia; red indicates viruses in camels imported from 
Sudan; green indicates viruses in camels imported from Somalia. The overall topology of the phylogeny of MERS-CoV also is available 
(Appendix Figure). Scale bar indicates 104 mutations per site.



camels continue to be the source of human infections 
through separate zoonotic transmission events with-
out sublineage separation between viruses in camels 
and humans.

In conclusion, our study suggests multiple lin-
eage 5 clade B viruses continue to be dominant among 
camels in eastern Saudi Arabia. Camels imported 
from Sudan and Somalia also had evidence of MERS-
CoV B lineage 5 clade viruses prevalent in the Ara-
bian Peninsula, rather than clade C viruses known to 
be enzootic in camels in Africa. These data suggest 
imported camels likely acquired MERS-CoV after 
arriving in Saudi Arabia and that lineage 5 viruses 
have the greater evolutionary fitness and appear to 
outcompete other viral lineages, which is concordant 
with other recently reported data (8). The high rates 
of MERS-CoV we detected and viral phylogeny sug-
gest likely cross-transmission of MERS-CoV within 
the camel market and abattoir complex, even among 
imported animals.
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We conducted a retrospective review of psychiatric con-
sultations for  hospitalized patients with Lassa fever in 
southern Nigeria. Ten (8.8%) of 113 patients had psychi-
atric consultations. Delirium was the most common psy-
chiatric manifestation complicating Lassa fever. Findings 
suggest that psychiatric intervention could improve over-
all outcomes of Lassa fever.

1This author was the principal investigator.
2These authors were co-principal investigators.
3These authors contributed equally to this article.



Viral hemorrhagic fever viruses may cause a wide 
spectrum of neurologic manifestations, includ-

ing psychiatric syndromes (1–3). To the best of our 
knowledge, only 1 study, performed in 1991 in Sierra 
Leone, attempted to show that psychiatric syndromes 
are possible in acute Lassa fever (LF)  (3). This case 
series, reported by Solbrig and McCormick, showed 
psychiatric syndromes including delirium, depres-
sion, and abnormal behavior in 3 of 9 patients with 
central nervous system (CNS) manifestations (3).

This review was conducted at the Institute of 
Lassa Fever Research and Control, Irrua Specialist 
Teaching Hospital Irrua, Edo state, Nigeria, a nation-
al LF referral center. We retrospectively reviewed the 
files of patients with Lassa virus reverse transcription 
PCR–positive blood samples, who were admitted at 
the center during 2012, and included in the study pa-
tients who had psychiatric consultations. A question-
naire designed by the researchers was used to collect 
information from patient files. We examined each file 
for psychopathology and coded the eventual diagno-
sis using the International Classification of Diseases, 
Tenth Revision (ICD-10) (4).

Ten (8.8%) of 113 hospitalized patients with LF 
had psychiatric consultations. All 10 patients met 
ICD-10 criteria for delirium (hyperactive motor type) 
and 2 had co-occurring depression. None of the 10 
patients had a history of  psychiatric illness. All 10 
patients received supportive psychotherapy and hal-
operidol in low doses (2.5-5 mg daily). Citalopram (20 
mg) was used for depression. All 113 patients were 
given ribavirin and received symptomatic manage-
ment and treatment of medical complications and 
other preexisting conditions by the infectious disease 

physicians. All patients recovered from delirium and 
depression within 3 weeks and survived the infection 
despite an overall mortality rate of 45.1% (54/113) in 
the hospitalized patients (Table).

The finding of delirium in 100% of our patients 
with psychiatric manifestations is comparable with 
findings of a study that evaluated psychiatric illness 
in a typhoid fever cohort in Nigeria, where delirium 
was reported in 73% of 26/136 patients with psychi-
atric symptoms (5). Although mild and self-limiting 
confusion occurs in many febrile illnesses, delirium 
has been reported to be associated with prolonged 
hospital stay (14–40 days) in patients with infectious 
diseases; this was statistically significant (p<0.001) 
when compared with patients without delirium (hos-
pital stay <14 days) in Nigeria (6). The strict ICD-10 
criteria require symptoms of delirium to be present 
in each of the following 5 areas: disturbance of con-
sciousness and attention, cognition, psychomotor, 
emotional, and sleep-wake cycle disturbances (4). Us-
ing these criteria, we found delirium in our patients, 
who were all hyperactive, and ruled out mild confu-
sion. Of note is that fever had subsided in 4 of our 
patients by the time of onset of psychiatric symptoms. 
No patient with anxiety was seen, and only 2 patients 
had co-occurring depression. 

The absence of past psychiatric illness in the pa-
tients we studied suggests that LF was likely the di-
rect or indirect cause of delirium/depression in these 
patients. Psychiatric manifestations and viral infec-
tions are linked through a complex interaction; in our 
patients, this interaction could have been a direct cy-
topathic effect of LF virus on their CNS. Generally, vi-
ruses enter the CNS through several pathways, which 
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Table. Sociodemographic and clinical characteristics observed in a retrospective review of psychiatric consultations in patients with 
Lassa fever conducted at the Irrua Specialist Teaching Hospital, Irrua, Edo State, Nigeria, January–December 2012* 

ID 
Age, y/ 

sex 
Duration 

of fever, d 

Temperature at 
onset of 

psychiatric 
symptoms, °C 

Medical 
complications 

Preexisting 
conditions 

Family history of 
mental illness 

ICD-10 
diagnosis 

1 25/M 14 38.0 Acute renal failure No No Delirium 
2 30/F 14 37.2 Acute renal failure No No Delirium 
3 31/M 6 38.0 Anemia, 

hypokalemia 
No No Delirium 

4 33/F 6 36.8 Low platelet levels No No Delirium 
5 38/M 14 38.6 Altered liver 

enzyme levels, 
hypernatremia 

Diabetes No Delirium 

6 45/F 14 38.0 Uremia No No Delirium 
7 55/F 14 36.5 Anemia Hypertension Yes Delirium 
8 60/M 6 38.0 Acute renal failure, septicemia Hypertension No Delirium, 

depression 
9 38/M 14 38.5 Anemia Diabetes No Delirium, 

depression 
10 20/F 10 37.6 Acute renal failure, 

seizures, anemia 
No No Delirium 

*All patients had fever and tested positive for Lassa fever by reverse transcription PCR. All patients survived. ICD-10, International Statistical 
Classification of Diseases and Related Health Problems, 10th revision; ID, identification. 

 



may include a hematogenous route, directly breach-
ing the blood–brain barrier, or through infected leu-
kocytes, which then infect vascular endothelial cells 
(2,7). A case of infection with Lassa virus in cerebro-
spinal fluid has been reported in a patient with blood 
samples negative for Lassa virus (8). In fact, psychiat-
ric symptoms without neurologic symptoms may be 
the initial presentation of viral encephalitis (9).

All our patients, like some other patients with se-
vere LF, had various medical complications, such as 
acute renal failure, septicemia, and electrolyte distur-
bances. These are well documented etiologic factors 
for delirium (10) and could have contributed to de-
lirium in our patients.

All 10 patients recovered from delirium and de-
pression within 3 weeks of intervention and survived 
the infection despite an overall mortality rate of 45.1% 
for patients admitted to the hospital with LF. This is 
irrespective of the presence of poor prognostic fac-
tors in these patients and the fact that the same LF 
case management protocol was applied to all patients 
admitted to the center. Unfortunately, there were no 
data on viral load and oxygen saturation for com-
parison between our patients and other patients with 
LF  who did not receive psychiatric intervention. Al-
though we cannot adequately explain this excellent 
prognosis, we note that identifying and managing 
psychiatric complications could contribute to im-
proved LF outcome.

The limitation of this study was that it was retro-
spective and looked at only those who had psychiat-
ric consultations, which made the sample size small 
and did not permit causal inferences. A prospective 
study might have identified more cases and given 
more room for a comparative study design. Based on 
our findings, we recommend prospective studies to 
determine the pattern of psychiatric manifestations in 
LF and integrating mental healthcare into the man-
agement of LF.

About the Author
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Low pathogenicity avian influenza virus (LPAIV) 
subtype H5N2 has caused outbreaks in poultry 

in Mexico since 1993 and mutated into highly patho-
genic avian influenza virus (HPAIV) H5N2 during 
1994–1995 (1). In 1994, a vaccination program against 
H5N2 in poultry was established in Mexico; HPAIV 
H5N2 was eradicated there in 1995 (2). However, 
LPAIV H5N2 persisted and related viruses spread to 
neighboring countries (1,3,4). In addition, the H5N2 
virus lineage from Mexico was introduced to Taiwan 
in 2003, likely because of inadequately inactivated 
vaccines. The virus then reassorted with the local 
avian influenza (H6N1) virus strain that has been 
enzootic in chickens in Taiwan since 1997 to produce 
reassortant H5N2 virus possessing hemagglutinin 
(HA) and neuraminidase (NA) genes of H5N2 virus 
from Mexico and internal genes of the Taiwan H6N1 
virus. The reassortant H5N2 virus mutated into 
an HPAIV and caused outbreaks in poultry in Tai-
wan during 2012 (5).

In 2007, outbreaks of LPAIV H5N2 occurred 
among chickens in Santo Domingo and Higüey-La 
Otra Banda, Dominican Republic, and were reported 
to the World Organisation for Animal Health (OIE) 
(6). The OIE Reference Laboratory detected LPAIV 
H5N2 lineages from Mexico in samples from the 
Dominican Republic outbreaks on December 21, 
2007. During December 2007–February 2008, a total 

of 11 avian influenza A viruses were detected in the 
Dominican Republic from backyard birds, fighting 
birds, and a live bird market (7) (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/26/12/20-
0268-App1.pdf). During 2007–2016, serologic sur-
veillance of poultry detected 364/45,440 (0.80%) 
samples exhibiting positive antibody responses, 
suggesting low level circulation of LPAIVs in the 
Dominican Republic, but the HA and NA sub-
types were not identified (data not shown). During 
September–November 2017, the H5N2 LPAIV re-
emerged and affected 5 commercial chicken farms 
in Espaillat, San Juan, and La Vega (Appendix Ta-
ble 2). Subsequently, the viruses were detected in 
23 commercial and backyard poultry flocks during 
September 2018–February 2019 (8). During the 2017–
2019 H5N2 LPAIV outbreak period, seropositivity 
reached 52% (8,740/16,543).

Since 2007, limited information on H5N2 LPAIVs 
and few genetic sequences have been reported. We 
provide sequenced genomes of 19 H5N2 LPAIVs 
identified in the Dominican Republic during 2007–
2019: 1 virus from 2007, 6 from 2017, 1 from 2018, and 
11 from 2019.

The 2007 H5N2 LPAIV, Ck/Dominican_
Republic/2007(H5N2), had an HA cleavage site 
sequence with 2 basic amino acids (PQRETR/G). 
However, the 2017–2019 viruses possessed 3 mono-
basic amino acids (PQRGKR/G, PQREKR/G, and 
LQREKR/G) (Appendix Table 3). Seven representa-
tive isolates were of low pathogenicity in chickens 
on intravenous inoculation (intravenous pathoge-
nicity index = 0.0). The acquisition of an additional 
basic amino acid in the HA cleavage site raises a 
concern regarding the increased risk for mutation 
to an HPAIV.

All genes formed a well-supported monophy-
letic clade (bootstrap support of 98–100 in maxi-
mum likelihood phylogeny and posterior probabil-
ity of 0.99–1.00 in Bayesian phylogeny), suggesting 
their close relationship from a single viral introduc-
tion into the poultry population descended from A/
Ck/Hidalgo/28159–232/94 (H5N2)–like virus and 
maintenance in poultry in the Dominican Repub-
lic (Figure 1; Appendix Figures 1–8). The inferred 
time to most recent common ancestor (tMRCA) for 
each gene of H5N2 viruses identified in the Do-
minican Republic ranged from February 2005 to 
August 2006, suggesting that ancestors of these vi-
ruses emerged from an H5N2 virus lineage intro-
duced from Mexico during this period (Appendix  
Table 4). Phylogenetic analyses show divergence 
of all 8 gene segments into 3 genetic sublineages 
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Low pathogenicity avian influenza (H5N2) virus was de-
tected in poultry in the Dominican Republic in 2007 and 
re-emerged in 2017. Whole-genome sequencing and 
phylogenetic analysis show introduction of an H5N2 virus 
lineage from Mexico into poultry in the Dominican Re-
public, then divergence into 3 distinct genetic subgroups 
during 2007–2019.



designated as sublineage A, which contains vi-
ruses collected in 2017 and 2019; B1, which con-
tains viruses collected during 2017; and B2, 
which contains viruses collected during 2018–
2019. The 8 gene segments of Ck/Dominican_
Republic/044726_013/2018(H5N2) fell into sublin-
eage B (Appendix Table 3).

The prediction of N-linked glycosylation sites 
in the HA protein revealed that the H5N2 LPAIVs 
have 9 potential glycosylation sites at position 27, 
39, 142, 181, 252, 277, 302, 496, and 555 (H5 number-
ing system), with a range of 6–8 sites for individual 
isolates (Appendix Table 5, Figure 9). The potential 
glycosylation at positions 142, 181, and 252 were 
found within antigenic sites (9). The initially iden-
tified Ck/Dominican_Republic/2007(H5N2) was 
predicted to contain N-linked glycosylation at the 
antigenic sites at positions 181 and 252. Sublineage 

A and B1 did not have the predicted glycosylation at 
position 252 but gained additional glycosylation at 
position 142. However, sublineage B2 was predicted 
to possess glycosylation at all antigenic sites at posi-
tions 142, 181, and 252, except for the Ck/Domini-
can_Republic/020695-012-1107-19-16/2019 (H5N2) 
strain, which has N-glycosylation only at positions  
142 and 252. 

Enhanced active surveillance is required to 
monitor the evolution and spread of H5N2 viruses 
in the Dominican Republic; such efforts could fur-
ther the epidemiologic understanding and the de-
sign of improved prevention strategies. Additional 
studies could elucidate whether the genetic changes 
in glycosylation and antigenic sites contribute to the 
alterations in antigenicity of the H5N2 LPAIV from 
the Dominican Republic against current H5 virus 
vaccine strains. 
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Figure. Relaxed clock molecular 
phylogenetic tree for hemagglutinin gene 
of low pathogenicity avian influenza 
(H5N2) viruses, Dominican Republic. The 
phylogenetic relationships and temporal 
evolutionary history have been estimated 
by molecular clock analysis. Red text 
indicates the monophyletic Dominican 
Republic influenza H5N2 viruses. Node 
bars indicate 95% credibility intervals 
on node ages. Scale bar shows time 
in years.
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Hantavirus infections cause febrile and often life-
threatening zoonoses known as hemorrhagic 

fever with renal syndrome and hantavirus cardiopul-
monary syndrome. Human pathogenic hantavirus 
species usually are carried by specific rodent reser-
voirs, which shed infectious virus in their excreta (1).

Seoul virus (SEOV), a species within the genus Or-
thohantavirus, is hosted by Norway or brown rats (Rattus 
norvegicus) and other Rattus species as main reservoir. 
SEOV-associated hantavirus disease is characterized 
by fever, acute kidney injury, often hepatitis and gas-
troenteritis, associated with transient thrombocytopenia 
and proteinuria (2,3). Most clinical cases are known to 
originate from China and South Korea; however, SEOV 
infection can occur worldwide because of the global dis-
tribution of Norway rats in the wild. Moreover, human 
infection has been described from contact with breeder 
rats (laboratory rats and laboratory rat–derived tissue 
cultures), pet rats, and feeder rats (3–6).

SEOV-caused hantavirus disease, especially 
in areas outside Asia to which it is not endemic, is  
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Outside Asia, Seoul virus (SEOV) is an underestimated 
pathogen. In Germany, autochthonous SEOV-associat-
ed hantavirus disease has not been unequivocally di-
agnosed. We found clinical and molecular evidence for 
SEOV infection in a young woman; her pet rat was the 
source of infection.

1These authors contributed equally to this article.
2Current affiliation: Robert Koch Institute, Berlin, Germany.



often misdiagnosed, perhaps because of its sometimes 
mild/atypical clinical presentation and healthcare 
providers’ low clinical awareness (2,3). A lack of ap-
propriate routine diagnostic tools also complicate the 
correct diagnosis. SEOV nucleocapsid protein shares 
a high antigenic similarity to related orthohantavi-
ruses, such as Hantaan virus (HTNV) and Dobrava-
Belgrade virus (DOBV), and is not always included in 
commercial assays (1,7).

Therefore, the use of molecular methods is the 
best way to unequivocally prove SEOV infections in 
Europe. Molecular evidence for SEOV infection has 
been found in patients from France and the Nether-
lands (6,8). Molecularly proven SEOV hantavirus 
disease in a German patient was reported in 2018, 
but the infection probably was acquired in Indonesia 
(7). Except for this travel-associated infection, neither 
SEOV-specific antibodies nor SEOV RNA had been 
detected in humans in Germany.

In October 2019, an 18-year-old woman was 
admitted to the intensive care unit of a hospital 
in Nordhorn in northwestern Germany with high 
fever and in critical condition. During the clinical 
course of her illness, acute kidney injury, gastro-
enteritis, and hepatopathy developed. Thrombo-
cytes were lowest at day 3 and normal from day 6 
on. Leukocytosis was evident during days 6–8, C-
reactive protein as an inflammation parameter was 
above normal, peaked on day 2, and then decreased 
continuously until day 12. Serum creatinine and 
urea were elevated, and glomerular filtration rate 
was reduced with most critical values of all 3 pa-
rameters on day 8. We also detected proteinuria. 
The >3-fold increase in serum creatinine concentra-
tion from day 1 to day 8 is consistent with an acute 
kidney injury severity level 3 in the 3-stage KDIGO 
(Kidney Disease: Improving Global Outcomes) 
classification (9). These parameters of kidney func-
tion reached normal or nearly normal levels on day 
12. Liver enzymes were elevated during the entire 
period and peaked on day 3 (Table). After receiv-
ing antimicrobial treatment and treatment for her 

symptoms, the patient was discharged from the 
hospital on day 13 in largely normal condition.

Serologic diagnostic approaches were based on 
recomLine HantaPlus IgG and IgM immunoblot as-
says (Mikrogen GmbH, https://www.mikrogen.de). 
The recomLine IgM blot showed strong reactivity to 
DOBV, HTNV, and SEOV nucleocapsid antigens, and 
in the IgG blot, we found a single weak reactivity to 
HTNV. A follow-up sample drawn 2 months after 
discharge revealed comparable band intensities in the 
IgM blot. The IgG blot showed a strong HTNV band 
but no DOBV or SEOV reactivities. However, neither 
DOBV nor HTNV are prevalent in the patient’s resi-
dential area, and she reported not traveling.

We conducted molecular virus typing. A serum 
sample collected on day 5 of hospitalization was 
tested by the pan-hanta reverse transcription PCR 
(RT-PCR) addressing a 412-nt region of the viral large 
(L) segment (10). The identified nucleotide sequence 
demonstrated SEOV infection.

The patient reported that she kept Norway rats 
as pets in her flat. RT-PCR investigation of lung tis-
sue of 1 of these rats yielded an L segment sequence 
identical to the patient-derived sequence (Figure). 
A subsequent small (S) segment RT-PCR enabled 
amplification of a 673-nt sequence from both the 
patient and the pet rat. Sequence alignment showed 
only a single silent nucleotide exchange. The ana-
lyzed S segment sequences exhibited the highest 
similarity to breeder-rat derived SEOV strains from 
the Netherlands and United Kingdom (Figure). The 
identities of the patient- and pet rat-derived se-
quences support the zoonotic transmission of the 
virus to the woman.

This case illustrates the importance of clinical 
awareness for SEOV infection after contact with rats. 
Along with this human case, we report a molecular-
ly proven SEOV infection in a pet rat in Germany. 
More information regarding the SEOV prevalence 
in domestic and wild rat populations in Germany is 
needed to assess the risk for infection in the general 
public, pet rat owners, and breeder-rat handlers.
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Table. Biochemical parameters of the patient with Seoul virus during hospitalization, Germany, 2018* 
Parameter (reference range) Day 1 Day 2  Day 3 Day 4 Day 6  Day 7  Day 8 Day 9 Day 11 Day 12 
Platelets (150–400/L) 183 93 73 89 167 185 334 379 515 537 
Leukocytes (4–10/L) 3.4 4.7 4.4 5.5 10.4 10.8 10.1 9.1 9.4 8.6 
CRP (0–0.5 mg/dL) 4.7 12.4 11.5 7.8 6.2 4.8 4.1 3.6 1.4 0.9 
Serum creatinine (0.5–0.9 mg/dL) 0.92 1.42 1.93 1.81 2.27 2.72 2.93 2.33 1.18 1.16 
Serum urea (16.6–48.5 mg/dL) ND 41.5 ND 55.2 63.3 67.5 67.8 53.0 17.9 17.0 
GFR (>89 mL/min) 91 54 37 40 31 25 22 30 67 69 
Protein in urine (0 mg/dL) ND ND 75 ND ND 75 75 ND ND – 
γGT (6–42 U/L) 67 202 206 172 187 177 159 141 110 156 
ALT (10–35 U/L) 28 164 233 140 117 96 67 55 39 54 
*ALT, alanine aminotransferase; CRP, C-reactive protein; GT, gamma-glutamyltransferase; GFR, glomerular filtration rate; –, negative; ND, not 
determined. 
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Children are disproportionally affected by Lyme 
disease, which is diagnosed in ≈300,000 persons 

in the United States each year (1). Clinicians diagnose 
Lyme disease using a 2-tier examination of enzyme 
immunoassay (EIA) and immunoblot results. Current 
Lyme disease diagnostic tests have well-described lim-
itations that include false negatives early in disease (3) 
and inability to distinguish between resolved, active, 
and recurrent infections (4). Clinicians must also wait 
several days for Lyme disease serologic results, a delay 
that might contribute to late or unnecessary treatment 
with antimicrobial drugs. The increased incidence of 
Lyme disease, limitations of current tests, and lack of 
studies in children demonstrate the need for a system-
atic approach to Lyme disease diagnosis in children.

Developing improved diagnostic techniques relies 
on biobanks of samples collected from patients with 
Lyme disease and clinical mimics (i.e., patients with 
similar signs and symptoms caused by non-Lyme ill-
nesses). The US Centers for Disease Control and Preven-
tion (Atlanta, GA, USA) curated the first Lyme disease 
biobank with samples from 86 adults with Lyme dis-
ease, 144 clinical mimics, and 203 healthy controls from 
11 collection sites (5). The Study of Lyme Disease Immu-
nology and Clinical Events (http://www.slicestudies.
org) at the Johns Hopkins Lyme Disease Research Cen-
ter (Baltimore, MD, USA) enrolled 40 adults with an 
erythema migrans (EM) lesion and followed up with 
patients for 1 year. The Lyme Disease Biobank, sup-
ported by the Bay Area Lyme Foundation, has enrolled 
550 adults with Lyme disease evaluated at 7 primary-
care collection sites (6). To date, none of these biobanks 
have included children or used emergency departments  
for enrollment.

In 2015, we founded Pedi Lyme Net, a pediat-
ric Lyme disease research network comprising 8 
emergency departments in a diverse range of areas 
to which Lyme disease is endemic. We conducted a 
prospective cohort study of children evaluated for 
Lyme at 1 of of these emergency departments (Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/
article/26/12/20-0920-App1.pdf). The Pediatric 
Lyme Disease Biobank, housed at Boston Children’s 
Hospital (Boston, MA, USA), stores and distributes 
the biosamples collected from enrolled children (7).
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In 2015, we founded Pedi Lyme Net, a pediatric Lyme 
disease research network comprising 8 emergency de-
partments in the United States. Of 2,497 children evalu-
ated at 1 of these sites for Lyme disease, 515 (20.6%) 
were infected. This network is a unique resource for 
evaluating new approaches for diagnosing Lyme disease 
in children.



We describe enrolled children 1–21 years of age 
who underwent emergency department evaluation 
for Lyme disease during June 1, 2015–January 31, 2020 
(Table). We obtained informed consent from parents/
guardians for study participation and child assent for 
those >8 years of age. Informed consent documents 
were available in English and Spanish. We defined 
disease stage on the basis of signs and symptoms: 
early (i.e., single EM lesion), early disseminated (i.e., 
multiple EM lesions, cranial neuritis, meningitis, or 
carditis) or late (i.e., arthritis or arthralgia). In addi-
tion, as asymptomatic controls, we enrolled children 
undergoing intravenous cannulation for procedural 
sedation for fracture reduction or laceration repair 
without acute infectious symptoms. We implemented 
standard operating procedures at each of the partici-
pating sites (Appendix Table). All deidentified data 
were collected electronically with Research Electronic 
Data Capture housed at Harvard University (https://
catalyst.harvard.edu/services/redcap).

We defined Lyme disease on the basis of an EM 
lesion diagnosed by the treating clinician or positive 
serologic results with compatible symptoms. We took 
serum samples from all enrolled patients, includ-
ing asymptomatic controls, and conducted a C6 EIA 
on each sample. If the EIA results were positive or 

equivocal, we also conducted a Western immunoblot 
interpreted using standard criteria (8). We consid-
ered a positive IgM immunoblot paired with a nega-
tive IgG immunoblot to be positive only if symptoms 
lasted <30 days (10). We classified symptomatic chil-
dren who tested negative for Lyme disease as clini-
cal mimics. We compared characteristics of children 
with Lyme disease and mimics using the χ2 test for 
categorical variables and the Mann-Whitney test for 
continuous variables with SPSS Statistics 23.0 (IBM 
Corp., https://www.ibm.com).

We enrolled and obtained samples from 2,497 
symptomatic and 377 asymptomatic control patients 
(Appendix Figure 2). Overall, 515 (20.6% of symp-
tomatic patients) had Lyme disease; of these children, 
46 (8.9%) had an EM lesion alone, 461 (89.5%) had a 
positive 2-tier serology alone, and 8 (1.6%) had both. 
Of the asymptomatic control patients, 4 (1.1%) had 
positive 2-tier serology.

Our Pediatric Lyme Disease Biobank is unique be-
cause it includes biosamples from pediatric patients, 
clinical mimics, and diverse geographic regions. The 
samples are linked to demographic, clinical, laborato-
ry, and treatment data about each patient. With >2,800 
children enrolled, this biobank is a unique resource for 
researching Lyme disease diagnosis in children.
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Table. Characteristics of enrolled children with Lyme disease and clinical mimics, United States, 2015–2020* 
Characteristics Lyme disease Clinical mimics p value 
Total 515 1,982  
Demographics    
 Median age, y (IQR) 8 (6–11) 9 (5–14) 0.02 
 Sex    
  M 345 (67.0) 1,048 (52.9) <0.01 
  F 170 (33.0) 934 (47.1)  
 Race    
  White 438 (85.0) 1,482 (74.8) <0.01 
  Black 42 (8.2) 255 (12.9)  
  Asian 8 (1.6) 53 (2.7)  
  Pacific Islander 0 3 (0.1)  
  Native American 0 2 (0.1)  
  Other 22 (4.3) 156 (7.9)  
  Missing data 5 (1.0) 31 (1.6)  
 Ethnicity    
  Hispanic 33 (6.4) 234 (11.8) <0.01 
  Non-Hispanic 480 (93.2) 1,734 (87.5)  
  Missing data 2 (0.4) 14 (0.7)  
History    
 Presentation during peak Lyme season† 343/515 (66.6) 1,187/1,982 (59.9) <0.01 
 Previous Lyme disease 47/514 (9.1) 79/1,945 (4.1) <0.01 
 Tick bite within past year 73/468 (15.6) 150/1,808 (8.3) <0.01 
 Fever 176/507 (34.7) 732/1,959 (37.4 0.35 
 Headache 152/510 (29.8) 760/1,926 (39.5) <0.01 
Examination    
 Erythema migrans lesion 54 (10.5) NA NA 
 Facial palsy 59 (11.5) 158 (8.0) <0.01 
 Lumbar puncture performed 47 (9.1) 155 (7.8) 0.33 
         Meningitis 21/47 (44.7) 57/155 (36.8)  
 Arthritis (joint swelling) 286 (55.5) 556 (28.1) <0.01 
*Values are no. (%) except as indicated. NA, not applicable. 
†June–October. 

 



Our biobank has a few limitations. First, we en-
rolled a convenience sample of children depending 
on the availability of study staff. However, in this 
study, the proportion of children with Lyme disease 
did not differ between enrolled and unenrolled but 
eligible patients. Second, some children with early 
or early-disseminated Lyme disease might have had 
false negative serologic results. However, we con-
ducted follow-up to identify children who had ini-
tially negative 2-tier Lyme serologic results but tested 
positive within 30 days of enrollment. Finally, be-
cause our network includes only 8 enrollment sites, 
we were unable to include all regions to which Lyme 
disease is endemic. 
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Orientia tsutsugamushi is a gram-negative obligately 
intracellular coccobacillus and a causative patho-

gen of scrub typhus, which is transmitted to humans 
by bites from trombiculid (chigger) mites (1). Scrub ty-
phus is a prevalent acute febrile disease that mainly oc-
curs in the Asia-Pacific region, infecting ≈1 million per-
sons worldwide each year. In South Korea, infections 
have increased rapidly since 2014 because of climate 
change, increased outdoor activities, and numbers of 
elderly farmers (2). The most typical clinical manifesta-
tion of scrub typhus is an eschar at the site of the bite 
(Figure, panel A); symptoms include fever, headache, 
muscle pain, nausea, and vomiting (3). Without proper 
diagnosis and antimicrobial drug treatment, severe ill-
ness with multiple organ system involvement can oc-
cur; the death rate is ≈10% (4). Immunohistochemical 
staining for O. tsutsugamushi antigens have revealed 
extensive endothelial cell infection in the heart, lung, 
kidney, pancreas, skin, and brain (5). Bacteria also 
have been detected in cardiac muscle cells and in mac-
rophages in the liver and spleen (5,6).

In humans, the liver secretes ≈1 L of bile daily 
into the intestinal tract. However, little information 
is available about the presence of gram-negative bac-
teria in bile (7). Pathogenic microorganisms must en-
dure potential impediments, such as variations in pH, 
low oxygen levels, nutrient limitation, and elevated 
osmolarity, to survive in this harsh environment (7). 
We collected bile from a patient with scrub typhus in 
South Korea (Figure, panel B) and visualized the ul-
trastructure of O. tsutsugamushi in the clinical sample 
using transmission electron microscopy.

In 2019, a 68-year-old woman reported fever, 
drowsy mental state, abdominal pain, and reduced 
oral intake. These symptoms had begun 7 days ear-
lier. Her vital signs were blood pressure 100/60 mm 
Hg and body temperature 38.9°C. Laboratory analy-
sis revealed a leukocyte count 10,350/mL (reference 
range 4,800–10,800/mL), platelet count 45,000/mL 
(reference 130,000–450,000/mL), serum creatinine 0.4 
mg/dL (reference 0.7–1.7 mg/dL), aspartate amino-
transferase 31 IU/L (reference 12–33 IU/L), alanine 
aminotransferase 41 IU/L (reference 5–35 IU/L), total 
bilirubin 1.72 mg/dL (reference 0.2–1.2 mg/dL), and 
C-reactive protein 196.86 mg/L (reference <5 mg/L). 
Abdominal computed tomography scan detected 
acute cholecystitis, and percutaneous transhepatic 
gallbladder drainage was performed. The presence 
of acute cholecystitis in scrub typhus cases is rare (5 
[1.1%] instances of 442 cases) (8). O. tsutsugamushi can 
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Scrub typhus, the third most frequently reported infectious 
disease in South Korea, causes serious public health 
problems. In 2019, we collected a bile specimen from a 
patient with scrub typhus through percutaneous transhe-
patic gallbladder drainage and performed transmission 
electron microscopy to confirm the ultrastructure of Ori-
entia tsutsugamushi.

Figure. Findings from a 68-year-old 
woman with scrub typhus, South 
Korea, 2019. A) Eschar in the right 
inguinal area. B) Human bile collected 
through percutaneous transhepatic 
gallbladder drainage in the gallbladder 
of a patient affected with scrub 
typhus. C–F) Transmission electron 
microscopy images of Orientia 
tsutsugamushi in the bile. Bacteria 
(black asterisks); outer membrane 
(OM) and plasma membrane (PM) 
(red arrows); multilamellar body (black 
arrowheads); Scale bars indicate 1 µm.
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also cause liver injury in some patients, but the patient 
reported here did not have any such signs (9). We 
confirmed scrub typhus using indirect immunofluo-
rescence assay (IgG 5,120) and nested PCR selective 
for the 56-kDa gene of O. tsutsugamushi (Appendix, 
https://wwwnc.cdc.gov/EID/article/26/12/20-
2188-App1.pdf). The O. tsutsugamushi identified 
belonged to the Boryong strain (the most common 
strain in South Korea). We also detected an eschar in 
the right inguinal area (Figure, panel A). The patient 
completely recovered after doxycycline treatment.

A drainage tube was placed in the patient’s gall-
bladder, and the bile was directly discharged and col-
lected through the tube (Figure, panel B). We tested 
the bile specimen for pathogens using nested quan-
titative reverse transcription PCR and DNA sequenc-
ing to detect a specific O. tsutsugamushi gene encod-
ing a 56-kDa protein (Appendix) (10). After chemical 
fixation, the sample was embedded in 100% Epon 
812 resin and ultrathin (≈80-nm thick) sections were 
stained with 2% uranyl acetate and 1% lead citrate 
(Appendix) (10). This sample preparation method 
might not preserve the ultrastructure of live bacteria, 
but structural features of the bacteria can be clearly 
observed. The ultrastructural details were acquired 
using transmission electron microscopy at 120 kV. 
Despite the presence of a wide variety of components, 
we detected O. tsutsugamushi in the bile (asterisks in 
Figure, panels C–E). The bacteria showed a coccoba-
cillus shape and were 0.5–0.7-µm in diameter and 1.2–
2.5-µm long, all typical features of O. tsutsugamushi 
(5,10). The bacterial cytoplasm was surrounded by an 
outer membrane, an internal plasma membrane, and 
a peptidoglycan layer (Figure, panel F). Moreover, 
the periplasmic space appeared as an electron-lucent 
gap between the 2 membranes. We also observed a 
thicker outer leaflet of the cell wall membrane, which 
is a typical and diagnostic sign of Orientia (5). We also 
detected multilamellar bodies, which are cholesterol-
carrying particles, in the bile sample (black arrow-
heads in Figure, panel F).

Previously, human scrub typhus disease was 
studied using a mouse model mimicking the disease 
and examining clinical samples postmortem (5,6). 
However, the host cell of O. tsutsugamushi in humans 
has not been completely defined. In this study, we 
confirmed detection of O. tsutsugamushi in human 
bile, an environment in which bacterial survival is 
challenging. This observation (i.e., the presence of O. 
tsutsugamushi in human bile) might be useful for di-
agnosing scrub typhus in patients who do not show 
clear eschars or skin rash, broadening the potential 
routes for diagnosing the disease.
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To the Editor: The recent etymologia by Henry in 
the March 2020 issue of Emerging Infectious Diseases 
recounts the fascinating origin of the name Buruli ul-
cer (1). Further to the history, in 1948, pathologist Pe-
ter MacCallum first described the clinical features for 
6 patients from Victoria, Australia, each with an ulcer 
with undermined edges on an arm or a leg, and the 
characteristic histopathologic findings, including ex-
tensive necrosis and abundant acid-fast bacilli with-
out granuloma formation (2). Five of the patients were 
identified by general practitioners D.G. Alsop, L.E. 
Clay, and J.R. Searls from the city of Bairnsdale (thus, 
another eponym “Bairnsdale ulcer”) (3). Glen Buckle 
and Jean Tolhurst at the Alfred Hospital in Melbourne 
established experimental animal infections, and even-
tually isolated the causative organism (2), which they 
later named Mycobacterium ulcerans (4). The growth of 
M. ulcerans required prolonged incubation at a temper-
ature of 30°C–33°C (2), which was only realized after 
the inadvertent use of a faulty incubator.

In 1964, Clancey described a “new” mycobac-
terium causing chronic skin ulcers in Uganda that 
“resembled” M. ulcerans which he named “Mycobac-
terium buruli” (5). However, the causative organism 
of Buruli ulcer was subsequently recognized as My-
cobacterium ulcerans, which had been originally de-
scribed in Australia.
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To the Editor: In their recent article, Nakamin-
ami et al. describe a case of human infection caused 
by Panton-Valentine leucocidin (PVL)–positive live-
stock-associated methicillin-resistant Staphylococcus 
aureus clonal complex 398 (MRSA CC398) in Japan 
(1). S. aureus CC398 includes 2 major MRSA variants 
with distinct genetic and epidemiologic properties, 
a highly transmissible and virulent human variant 
comprising both PVL-positive and PVL-negative 
strains and a more benign PVL-negative livestock-
associated variant (2). We have previously shown 
that, in Denmark, nearly all case-patients colonized 
or infected with PVL-positive MRSA CC398 strains 
of the human variant have links to countries in main-
land Asia, where the strain is endemic in the com-
munity (3). Our analysis revealed the existence of 2 
phylogenetically distinct lineages (L1 and L2) with 
unique sequence types (STs), ST398 linked to China 
and ST1232 linked to Vietnam, Thailand, and Cam-
bodia. Besides being PVL-positive and belonging to 
ST1232, the isolate described by Nakaminami et al. 
(1) also shared other genetic and phenotypic charac-
teristics with the L2 strains: it carried spa type t034 
and SCCmec type V and was resistant to aminogly-
cosides (gentamicin), lincosamides (clindamycin), 
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macrolides (clarithromycin), and tetracyclines (tet-
racycline). We therefore suspect that the isolate be-
longs to the human variant of MRSA CC398.

In recent years, Denmark has witnessed in-
creased importation of PVL-positive MRSA CC398 
from mainland Asia because of international travel, 
in 1 case leading to a large hospital outbreak among 
mothers and infants in a maternity ward (3), and it 
seems possible that Japan and other countries might 
face a similar risk in the near future. Strain identifi-
cation, source attribution, and knowledge about the 
transmission dynamics are essential for maintaining 
an effective MRSA infection control and prevention 
program. We therefore advocate using genotypic 
methods (e.g., as described by Stegger  et al. [4]) 
that can accurately distinguish the human variant of 
MRSA CC398 from the livestock-associated variant.
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In Response: In our article (1), we hypothesized 
that the transmission route of the Panton-Valentine leu-
kocidin (PVL)–positive sequence type (ST) 1232 (CC398) 
MRSA strain is not only from humans but also from im-
ported edible meat for humans. However, in their letter, 
Larsen and Larsen (2) indicated that S. aureus CC398 in-

cludes 2 major MRSA variants with distinct genetic and 
epidemiologic properties; 1 being a highly transmissible 
and virulent human variant comprising both PVL-
positive and PVL-negative strains, and the other being 
a more benign PVL-negative livestock-associated vari-
ant (3). The presence of PVL genes and immune evasion 
cluster (IEC) genes in CC398 strain provides supportive 
evidence for the association of human colonization or 
infections. Furthermore, they showed that most case-
patients in Denmark who were colonized or infected 
with PVL-positive MRSA CC398 strains of the human 
variant have links to countries in mainland Asia (4).

Actually, we confirmed scn, chp, and sak of the 
IEC genes in the PVL-positive ST1232 strain. Hence, as 
Larsen and Larsen suggested, the ST1232 strain might 
be a human variant of CC398. We recently reported a 
second case of the ST1232 strain with characteristics 
similar to the previous patient in Japan (5). The data 
strongly suggest that the incidence of human variant of 
CC398 has been increasing in Japan. Therefore, I agree 
with their opinion that accurate discrimination of the 
human variant of MRSA CC398 from the livestock-
associated variant is essential for maintaining effective 
MRSA infection control. I presume that detection of 
PVL and IEC genes might be a useful simplified mark-
er for classification of the human variant of CC398.
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To the Editor: Liu et al. (1) reported on a large 
outbreak of >70 cases of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection. The 
origin of the outbreak was traced back to an asymp-
tomatically infected traveler. However, delays in de-
tecting SARS-CoV-2 infections in families B and C1 
represent missed opportunities for earlier isolation 
and interruption of disease transmission.

After reading Lui et al. (1), we questioned wheth-
er April 7 was the first day of illness onset for the ini-
tial confirmed case, B2.3. Because viral load and in-
fectiousness peak around the time of symptom onset 
and exposure of family C1 to case B2.3 was 9 days 
before that date, presymptomatic transmission would 
be highly unlikely (2). Although B2.2, who was an 
asymptomatic carrier, also could have played a role 
in exposing the family of C1, a close examination of 
publicly available records (3) altered this hypothesis.

Exposed on March 26, case B2.3 transmitted the 
virus to family C1 3 days later, on March 29, which 
appears to be 1 day before his first symptoms. Case 
B2.3 went to an outpatient clinic with a subjective 
fever on March 30 but was not tested for SARS-
CoV-2. He was not isolated until he went to a clinic 
again on April 7 with worsening symptoms. Earlier 
isolation and testing of B2.3 could have prompted 
earlier contact tracing and triggered earlier diagno-
sis of C1 during his hospital stay, potentially pre-
venting the chain of >60 SARS-CoV-2 transmissions 
in 2 hospitals.

The uncooperative behavior of cases B2.2 and B2.3 
complicated efforts for early contact tracing (3), dem-
onstrating cooperation with medical officers, coupled 
with proactive case-finding and earlier case isolation, 
clearly are crucial in curbing disease spread (4,5). If 
timely actions had been implemented, the outbreak 
could have been prevented or greatly reduced in size.
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To the Editor: We read with great interest the ar-
ticle by Park et al. (1) on contact tracing of 5,706 pa-
tients with coronavirus disease (COVID-19) during 
the early phase of the pandemic in South Korea. In the 
study, the overall detection rate of COVID-19 among 
household contacts was 11.8%; the highest detection 
rate (18.6%) was in household contacts of those 10–
19 years of age and the lowest detection rate (5.3%) 
in household contacts of those 0–9 years of age. The 
media have reported the research as evidence that 
transmissibility in adolescents and adults is similar 
(2). Such an interpretation may influence decision-
making on the reopening of schools.
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Although this study nicely demonstrated the ef-
fectiveness of contact tracing strategy during a period 
of school closure, understanding transmissibility and 
the implications for the reopening of schools requires 
reinterpretation of the data. As of April 29, 2020, a total 
of 37.8% of the 10–19 age group were 19 years of age 
(223/590) and, therefore, were not school children (3). 
A recently published study in South Korea (4) report-
ed 107 primary source children (aged 0–18) had 248 
household contacts and only 1 became infected, giving 
a secondary attack rate of 0.5%. Data from source and 
contact tracing in the Netherlands (5) also confirmed 
low transmissibility in children <18 years of age (0/43, 
0%) compared with persons >18 years (55/566, 8.3%).

Accumulating data, including this study, suggest 
low transmissibility in infected children <10 years of 
age. However, transmissibility in the adolescent age 
group is unclear at this time. The 10–19 years age group 
includes diverse students who have completely differ-
ent contact patterns from elementary school through 
college; thus, transmission dynamics of COVID-19 may 
be different. Further detailed studies on understanding 
transmissibility of the virus by each school level can 
provide helpful insights for safe reopening of schools.
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Felis catus, the only domesticated species of cat in
the family Felidae, flourishes on every continent 

except Antarctica. Able to thrive in almost any cli-
mate and habitat, it is among the world’s most 
invasive species. Current estimates of the global 
cat popula-tion, including pet, stray, and feral cats, 
range from 200 million to 600 million. Where there 
are humans, more than likely there are also cats.  

Humans living in agricultural villages in northern 
Africa and the Near East are believed to have domes-
ticated the African wildcat (Felis lybica) between 8,000 
to 12,000 years ago. Archaeologist Magdalena Krajcarz 
and colleagues noted, “The cat’s way to domestica-
tion is a complex and still unresolved topic with many 
questions concerning the chronology of its dispersal 
with agricultural societies and the nature of its evolv-
ing relationship with humans.” Likely stored grains 
and trash piles in villages attracted rodent pests, which 
in turn lured local wildcats and initiated a nascent mu-
tualistic relationship that has since flourished.

From those villages, cats found their way around 
the world. Authors Lee Harper and Joyce L. White 
wrote that ancient sailors “were quick to see the ad-
vantage of having cats aboard ship during long voy-
ages to protect their food supplies from damage by ro-
dents.” Trade and commerce helped spread cats from 
the Middle East to various ports of call in Europe, the 
Far East and Orient, and the Americas. Throughout 
this common history, cats have been both reviled and 
revered by humans.

During the Middle Ages in Europe, some reli-
gious institutions considered cats evil, leading to 
thousands being killed. Later, however, the Black 
Death spread by fleas on rats contributed to cats’ re-
demption. Harper and White noted, “The cat’s skill as 
a hunter of vermin was desperately needed. Its repu-
tation was salvaged. Owning a cat was back in style.” 

Ancient Egyptians ascribed to cats many charac-
teristics shared with deities they worshipped. Freyja, 
Norse goddess of love, beauty, and fertility, rode on 
a cat-drawn chariot. Temples in medieval Japan of-
ten kept a pair of cats to protect precious manuscripts 
from being ruined by mice. In the Kingdom of Siam, 

which is modern-day Thailand, Buddhist monks wel-
comed cats into their temples, where they were pro-
tected as Maeo Wat (Temple Cats).

This month’s cover art, “two lucky cats to sup-
port leadership,” is the second folio from A Thai Trea-
tise on Cats, created in the 19th century in central Thai-
land and acquired by the British Library in 2011. Such 
manuscripts about cats were made for breeders in 
Thailand at least from the 18th century on, although 
it is believed that cat breeding goes back to the begin-
nings of the ancient Thai Kingdom of Ayutthaya in 
the 14th century.

This work comprises 12 folios that open from 
top to bottom to reveal illustrations of 23 different 
types of Thai cats with brief captions. Author and 
researcher Martin R. Clutterbuck notes that this Thai 
treatise (and similar ones) ascribes 18 of these cats 
to be “lucky” and to bring their owners good luck, 
rank, prosperity, or health. The remaining cats were 
deemed unlucky. As is often the case with manu-
scripts from this period in Thailand, the author or il-
lustrator is not identified nor is this example dated.

The cat depicted at the top is called Wilat (Beauty) 
and described as “having green eyes and dark fur, ex-
cept the legs, stomach, back and tail which are white.” 
The other cat is named Kao Taem (Nine Points) and has 
shiny emerald eyes and a white coat with nine darker 
spots of fur. Both males and females make a strong, 
melodious “maeo” sound, and keeping this cat “is un-
derstood to result in leadership.” (The names for the 
different cats in the booklet are commonly used by 
cat breeders and owners in Thailand.) All cats in this 
manuscript are depicted on a small pedestal, which is 
a symbol of respect―deities, monks, royals, and sacred 
white elephants are often also depicted on pedestals. 

Siamese cats, called Maeo Boran in Thai, have a 
wide variety of coat colors resulting from tyrosinase 
(TYR) mutations, and their eyes range from blue and 
green to yellow and gold. Naturally attached and 
loyal to humans, Maeo Boran are easy to keep in the 
home and to train to walk on a leash; they often have 
a beautiful, chatty voice and behave as if they were 
engaging in lively conversations. 

The positive side of cat ownership, as celebrated in 
those cat treatises, is acknowledged on the CDC web-
site, “Research has shown that cats can provide emo-
tional support, improve moods, and contribute to the 
overall morale of their owners. Cats are also credited 
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Artist Unknown. Tamrā maeo― 
Cat treatise, 1800–1870. Paper 
folding book, 12 folios, 2 images 
per side, ink, and water color on 
mulberry paper, Thai script. 14.2 in 
× 4.7 in/27.31 cm × 28.57 cm. 
British Library (Or 16797), London, 
UK. Public domain.

with promoting socialization among older individuals 
and physically or mentally disabled people.” Cats, as 
noted earlier, have also historically helped control the 
spread of rodent-borne diseases among humans.  

Nonetheless, living in close quarters with cats 
carries some health risks. Cats can transfer various 
zoonotic diseases, including Campylobacter infection, 
cat–scratch disease, cryptosporidiosis, hookworm in-
fection, plague, rabies, and salmonellosis. Cats are the 
only animal in which the Toxoplasma gondii parasite 
completes its life cycle, and humans in close contact 
with cat litter, for example, are at risk of developing 
toxoplasmosis, which pregnant women can potential-
ly transmit to a fetus. Much less common is transfer of 
disease from humans to animals, such as the suspect-
ed case of human-to-cat transmission of severe acute 
respiratory syndrome coronavirus 2 reported in this 
issue. (Both owner and cat recovered.)

Detecting, responding to, and preparing for 
emerging zoonotic infections―which, like cats, have 
made their way around the world with our help―are 
major challenges for public health leaders. Even if cats 
are not actual talismans or have the power to improve 
leadership, spending a few minutes considering these 
lucky cats may provide public health officials a brief 
respite or serendipitous insight.
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• Aspergillosis Complicating Severe Coronavirus Disease 

•  Nosocomial COVID-19 Outbreak Containment, Hanoi, 
Vietnam, March–April 2020 

•  Impact of Human Papillomavirus Vaccination, Rwanda 
and Bhutan 

•  Comparative Omics Analysis of Historic and Recent 
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•  Estimate of Burden and Direct Healthcare Cost of 
Infectious Waterborne Disease in the United States 

•  Using Repeated Serosurveys to Estimate the Force of 
Dengue Virus Infection in Ouagadougou, Burkina Faso 
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•  Differential Yellow Fever Susceptibility in New World 
Nonhuman Primates, Comparison with Humans, and 
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•  Using Structured Expert Judgment for Attribution 
of Foodborne and Waterborne Illnesses to 
Comprehensive Transmission Pathways, United States 

•  Prevalence of SARS-CoV-2, Verona, Italy, April–May 2020 

•  Cellular Immunity in COVID-19 Convalescents with 
PCR-Confirmed Infection but with Undetectable  
SARS-CoV-2–Specific IgG 

•  Human Diversity of Killer Cell Immunoglobulin-Like 
Receptors and Human Leukocyte Antigen Class I 
Alleles, and Ebola Virus Disease Outcomes 

•  IgG Seroconversion and Pathophysiology in Severe 
Acute Respiratory Syndrome Coronavirus 2 Infection 

•  Hospitalization for Invasive Pneumococcal Diseases in 
Young Children Before Use of 13-Valent Pneumococcal 
Conjugate Vaccine, Suzhou, China 

•  Hannibal’s Ophthalmia—A New Answer to An Ancient 
Question 

•  Primary Amebic Meningoencephalitis Associated with 
Recreational Aquatic Exposures, USA, 1978–2018 

• I n Vivo Observation of Cutaneous Larva Migrans by 
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Cheese Production Environment 
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in a Patient on Rituximab 

•  Severe Human Bocavirus-Associated Pneumonia in 
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Article Title

Clinical and Multimodal Imaging Findings and Risk Factors for Ocular 
Involvement in a Presumed Waterborne Toxoplasmosis Outbreak, Brazil

CME Questions
1.  Your patient is a 32-year-old man with blurred 
vision and floaters who may have been exposed to 
Toxoplasma gondii. According to the report of an 
outbreak in 2015 in Gouveia, Brazil, by Brandão-
de-Resende and colleagues, which of the following 
statements about clinical and multimodal imaging 
findings at presentation and prevalence of and risk 
factors for ocular involvement in toxoplasmosis  
is correct? 
A.  Two distinct patterns of retinochoroiditis were seen on 

multimodal imaging: necrotizing focal and punctate 
retinochoroiditis

B.  Age ≥40 years doubled the risk for ocular involvement
C.  Female sex was a strong risk factor for 

retinochoroiditis
D.  At baseline, one-tenth of patients had retinochoroiditis

2. According to the report by Brandão-de-Resende and 
colleagues, which of the following statements about 
recurrences and complications of toxoplasmosis 
reported during an outbreak in 2015 in Gouveia, Brazil, 
is correct?
A.  Among patients with baseline ocular involvement, 

21% had recurrent retinochoroiditis during follow-up 
after starting classic therapy

B.  All cases of recurrent retinochoroiditis occurred within 
1 year

C.  Similar proportions of patients with binocular vs 
monocular involvement had recurrent lesions 

D.  Complications included epiretinal membranes (25%); 
and 1 each had rhegmatogenous retinal detachment 
with pars plana vitrectomy, transient intraocular 
pressure elevation, and posterior vitreous detachment 

3. According to the report of an outbreak in 2015 
in Gouveia, Brazil, by Brandão-de-Resende and 
colleagues, which of the following statements about 
clinical implications of findings, course, and risk 
factors for ocular involvement in toxoplasmosis  
is correct? 
A.  Only patients with initial ocular involvement need long-

term ophthalmologic follow-up
B.  Careful retinal examination with multimodal imaging 

is needed to detect punctate retinal infiltrates, 
distinct from the classical pattern of necrotizing 
retinochoroiditis

C.  Among patients with confirmed acute infection, only 
patients with ocular symptoms need thorough eye 
examination

D.  Baseline parasite load is unlikely to affect risk for 
recurrence of retinochoroiditis
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Article Title

Tuberculosis among Children and Adolescents at HIV 
Treatment Centers in Sub-Saharan Africa

CME Questions
1. You are advising a pediatric HIV/tuberculosis (TB) 
center in sub-Saharan Africa about strategies to 
improve patient outcomes. According to the analysis 
of data from 7 integrated pediatric HIV/TB centers in 
6 countries in sub-Saharan Africa by Mandalakas and 
colleagues, which of the following statements about 
TB Incidence and period prevalence among children 
and adolescents living with HIV (C/ALHIV) is correct? 
A.  During 57,525 patient-years (PY) of follow-up, there 

were 1,160 cases of TB in C/ALHIV (2017/100,000 PY) 
B.  TB incidence rate was similar across sites and 

substantially lower than the population level incidence 
estimated by the World Health Organization (WHO) in 
the respective countries

C.  Rates of bacteriologically confirmed TB were higher in 
adolescents age 10 to 19 years than in young children 

D.  Prevalence of TB disease remained stable during the 
analytic period

2. According to the analysis of data from 7 integrated 
pediatric HIV/TB centers in 6 countries in sub-Saharan 
Africa by Mandalakas and colleagues, which of the 
following statements about TB outcomes and risk 
factors among C/ALHIV is correct?
A.  Every 10% increase in ART uptake was associated 

with a 1.2% decrease in TB prevalence
B.  Good TB outcomes were linked to increased time in 

care, early ART initiation, and immune preservation 
whereas severe immunosuppression was linked to death

C.  Younger age at the time of starting ART was linked to 

lower risk for death 
D.  Risk factors for unfavorable outcome included 

extrapulmonary disease and previous TB treatment

3. According to the analysis of data from 7 integrated 
pediatric HIV/TB centers in 6 countries in sub-Saharan 
Africa by Mandalakas and colleagues, which of the 
following statements about clinical implications of the 
association between ART and TB prevalence and risk 
factors for adverse TB outcomes among C/ALHIV  
is correct? 
A.  Early TB case detection and treatment initiation is 

unlikely to improve TB outcome among C/ALHIV, 
as ART and ATT cannot be given simultaneously 
because of adverse events (AEs)

B.  A population with excellent ART coverage should not 
have an elevated risk for TB

C.  The study showed that in children, HIV infection 
significantly reduces the likelihood of bacteriologic TB 
disease confirmation 

D.  The findings show that increasing ART uptake > 90% 
is linked to decreased TB incidence in high-burden 
settings and support integrated HIV/TB services for  
C/ALHIV
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