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SYNOPSIS

The first case of Bourbon virus (BRBV) was iden-
tified in June 2014 in Bourbon County, Kansas, 

USA, after severe febrile illness developed in a pre-
viously healthy middle-aged (>50 years of age) man 
(1). Several days after he removed an engorged tick 
from his shoulder, nonspecific symptoms of disease 
appeared. After 3 days of worsening fever, myal-
gia, arthralgia, and diarrhea, the patient visited his 
primary care physician and was prescribed doxy-
cycline. The next day, the patient was admitted to 
the hospital because of dehydration, syncope, and 
a possible tickborne illness. Doxycycline treatment 
was continued; however, the patient did not re-
spond, and symptoms continued to progress toward 
multiorgan failure. Laboratory results revealed pro-
gressive leukopenia and thrombocytopenia (which 
are now considered identifiers of potential BRBV 
infection). Patient blood samples tested negative for 
all known regional tickborne diseases. Therefore, a 
whole blood sample was sent to the US Centers for 
Disease Control and Prevention (CDC) to test for 
Heartland virus (HRTV), a similar emerging tick-
borne virus in the region. The index patient died 11 
days after symptom onset.

Initial efforts at CDC to identify the causative 
agent of disease in this first case revealed heterolo-
gous (non-HRTV) viral plaques in plaque reduction 
neutralization tests performed by using serum from 
the deceased patient and including a control HRTV 
strain. Subsequent electron microscopy revealed 
pleiomorphic viral particles consistent with the fam-
ily Orthomyxoviridae (1). Phylogenetic analyses 
revealed a close relationship between the patient’s 
novel virus and Thogoto and Dhori viruses, placing 
it within the genus Thogotovirus. Subsequent genetic 
analyses supported this initial genus classification 
(2,3). Recently, another novel thogotovirus (Oz virus) 

was discovered in ticks in Japan; this virus was ca-
pable of replicating in mammalian cell lines and is 
the closest known relative of BRBV (3). BRBV was 
the first human pathogen in the genus Thogotovirus 
identified in the Western Hemisphere; Aransas Bay 
virus, another pathogenic member of this genus, was 
reported in ticks found in seabird nests in the United 
States (2). Since its initial identification, >5 human 
cases of BRBV-associated disease have been reported 
in the Midwest region of the United States (1,4–8). 
Because little is known about BRBV biology and no 
specific treatments or vaccines are available, further 
studies of BRBV are needed.

Bourbon Virus Genetics and Replication

Genetics and Classification
BRBV consists of a segmented, ≈10–11-kb, single-
stranded negative-sense RNA genome (Figure 1) 
(2,3). Phylogenetic analysis indicates that BRBV has 
the greatest similarity to Oz, Dhori, and Batken vi-
ruses within the genus Thogotovirus and family Or-
thomyxoviridae (1–3). The 6 negative-strand RNA 
segments of the BRBV genome encode the putative 
glycoprotein (GP), nucleoprotein (NP), matrix pro-
tein (M), and the 3 polymerase subunits PA, PB1, and 
PB2 (2). Gene expression and genetic organization are 
consistent with other orthomyxoviruses. 

The genus Thogotovirus contains several other 
emerging viruses: Araguari, Aransas Bay, Dhori (in-
cluding the subtype Batken), Jos, Oz, Thogoto, and 
Upolu viruses (3). Most of these species have yet to be 
accepted by the International Committee on Taxono-
my of Viruses. Thogoto, Dhori, and Bourbon viruses 
are known to cause infectious disease in humans.

Despite BRBV sharing several properties with 
Thogoto and Dhori viruses, such as dependence on 
hard ticks for transmission and similar virion struc-
tures, BRBV disease pathology remains distinct 
from those viruses and more closely resembles that 
of HRTV and severe fever with thrombocytopenia 
syndrome virus. However, genomic analysis of virus 
open reading frames (ORFs) revealed that BRBV has 
genetic identity with Dhori and Oz viruses ranging 
from ≈59% in the most divergent GP gene to ≈82% 
in the most conserved PB1 gene (2,3). Consequently, 
BRBV is classified in the Thogotovirus genus and rec-
ognized as a relative of both Oz and Dhori viruses.

BRBV Virion Structure and Replication
BRBV forms a pleomorphic (filamentous or round), 
≈100–130-nm enveloped virion that is consistent with 
virions of other orthomyxoviruses (Figure 2) (1,3). 
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The emergence of SARS-CoV-2 and the worldwide  
COVID-19 pandemic triggered considerable attention to 
the emergence and evolution of novel human pathogens. 
Bourbon virus (BRBV) was first discovered in 2014 in Bour-
bon County, Kansas, USA. Since its initial discovery, sev-
eral cases of BRBV infection in humans have been identi-
fied in Kansas, Oklahoma, and Missouri. BRBV is classified 
within the Thogotovirus genus; these negative-strand RNA 
viruses appear to be transmitted by ticks, and much of 
their biology remains unknown. In this review, we describe 
the emergence, virology, geographic range and ecology, 
and human disease caused by BRBV and discuss poten-
tial treatments for active BRBV infections. This virus and 
other emerging viral pathogens remain key public health 
concerns and require continued surveillance and study to 
mitigate human exposure and disease.



Emergence and Virology of Bourbon Virus

Electron microscopy of BRBV virions shows multiple 
genomic segments that are likely coated internally 
with NPs and numerous GP molecules studding the 
virion surface (1,5). Although replication of BRBV has 
not yet been directly investigated, BRBV genetic anal-
ysis, recent crystallization of the BRBV postfusion GP, 
and studies of replication of related thogotoviruses 
provide several clues regarding the replication cycle 
of this virus.

All thogotoviruses use a single attachment GP to 
mediate virus attachment to and fusion with the host 
cell (5,9). The postfusion conformation of BRBV GP 
was recently crystallized; several structural similari-
ties and distinct differences to previously crystallized 
Dhori and Thogoto virus GPs were observed (2,5). 
The BRBV GP is a type III fusion protein related to 
baculovirus Gp64 and consists of 5 distinct domains 
that assemble into homotrimers on the virus surface 
(5,10). The cell receptor for BRBV remains unknown; 
however, ecologic surveillance and in vitro cell cul-
ture studies collectively suggest that BRBV exhibits 
wide vertebrate and invertebrate species tropism 
(2,11,12). Electron microscopy and postfusion GP 
crystal structure suggest that BRBV attaches to host 
cells through a glycan-like cellular receptor and initi-
ates entry by endocytosis (1,5).

After an endosome has formed, acidification 
of the endocytic compartment triggers a conforma-
tional change in the GP that causes fusion of the 
viral envelope with the endosomal membrane and 
release of the genome into the cytoplasm (5,13). All 
6 genomic RNA segments are encapsidated by vi-
ral NPs, forming viral ribonucleoprotein complexes 
(14). Intracellular trafficking of viral ribonucleo-
protein complexes into the nucleus, the site of rep-
lication for thogotoviruses, is driven by viral NPs, 
which contain a nuclear translocation signal and are 
known to accumulate in the nucleus during active 
infection (14,15). Virus replication is induced by het-
erotrimeric polymerase complexes formed from PB1, 
PB2, and PA protein subunits and is believed to be 
consistent with mechanisms described for other or-
thomyxoviruses (16). Similar to influenza virus and 
other orthomyxoviruses, thogotoviruses depend 
on host RNA polymerase II activity and a unique 
cap-snatching mechanism, whereby the viral poly-
merase complex cleaves the 5′-methylated cap of cel-
lular mRNA and uses this capped leader sequence 
to prime viral mRNA transcription (16–18). Little is 
known about the nuclear export pathways of new-
ly formed viral ribonucleoprotein complexes, but 
both M and NP have been implicated in aiding this 
process (15,19). Thogotovirus assembly and release  

appears to occur at the plasma membrane, activated 
by pH-dependent oligomerization of M particles in  
the cytoplasm (1,19).

Vectors, Hosts, and Geographic Range of BRBV

Detection and Distribution of BRBV in Invertebrates
To date, all known human cases of BRBV infection 
have been found in 3 US states, Kansas, Oklahoma, 
and Missouri (Figure 3). In each case, recent tick bites 
were associated with the onset of disease (1,8). Since 
the initial identification of BRBV in a tick-infected 
person, several studies have used PCR-based surveil-
lance testing to show that BRBV can be detected in all 
life stages (larvae, nymph, and adult) of lone star ticks 
(Amblyomma americanum) (4,20). Lone star ticks (also 
known as northeastern water ticks or turkey ticks) are 
a species of hard tick with a wide range throughout 
the eastern and central United States (Figures 3, 4); 
they are commonly found in both wooded and grassy 
areas and known to harbor several human pathogens, 
including HRTV and Tacaribe virus and the bacteria 
Ehrlichia spp., Francisella tularensis, Coxiella burnetti, 
and Rickettsia amblyommii (21). Although other com-
mon species of ticks have been tested at surveillance 
sites, such as Amblyomma maculatum, Dermacentor 
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Figure 1. Gene segments of Bourbon virus. Bourbon virus genome 
comprises segmented, ≈10–11-kb, single-stranded negative-sense 
RNA. Specific proteins are encoded by 6 gene segments. GP, 
glycoprotein; M, matrix protein; NP, nucleoprotein; PA, polymerase 
acidic protein, PB1, polymerase basic protein 1; PB2, polymerase 
basic protein 2; –ssRNA, negative single-strand RNA. 
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variabilis, Haemaphysalis leporispalustris, Ixodes scapu-
laris, and Ixodes dentatus, to date, BRBV has only been 
found in A. americanum ticks (4,20). Recently, A. ameri-
canum ticks were shown to be capable of sustaining 
and transmitting BRBV through cofeeding on animal 
hosts (22). Although the A. americanum tick remains 
the only vector to harbor BRBV thus far, in vitro stud-
ies using cell culture have shown wide species tro-
pism of BRBV. Multi-logarithmic BRBV replication 
was shown in the vertebrate cell lines Vero, Vero E6, 
LLC-MK2, BHK21Cl-15, HeLa, and HUH-7 and tick 
cell lines RAE/CTVM1, HAE/CTVM9, and AVL/
CTVM17, indicating further surveillance will be nec-
essary to detect additional invertebrate hosts (2).

Detection of BRBV in Nonhuman Vertebrates
Similar to many other tickborne viruses, BRBV is 
believed to be transmitted to and amplified in non-
human vertebrate hosts. Serologic testing was per-
formed on a wide array of common mammal and 
avian fauna found near the sites of confirmed hu-
man cases in Missouri and at a distant site in North 
Carolina (still within the range of A. americanum 
ticks); numerous mammals were seropositive for 
BRBV, including domestic dogs, eastern cottontail 
rabbits, horses, raccoons, and white-tailed deer 
(11,12). The 2 most common seropositive animals 
identified were raccoons and white-tailed deer. No 
evidence of prior infections was observed in any 

4 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023w 

Figure 2. Diagram (left) and 
electron micrographic image 
(right) of Bourbon virus showing 
putative structural organization 
of the virion. Red structures 
represent glycoproteins attached 
to the outside of the virion; green 
structures represent the 6 RNA 
gene segments coated with 
nucleoproteins. Scale bar is 100 
nm. Electron micrographic image 
credit: Public Health Image Library 
(https://phil.cdc.gov). 

Figure 3. Geographic range 
of BRBV and its vector, the 
Amblyomma americanum tick . 
Confirmed human cases of BRBV 
infection and virus detection 
in nonhuman animals are 
superimposed over historic and 
expanded geographic ranges of 
the lone star tick (A. americanum). 
Confirmed human cases of BRBV 
infection were identified by the US 
Centers for Disease Control and 
Prevention, and detection of virus 
in nonhuman animals occurred 
primarily through sampling of ticks 
and subsequent testing by using 
PCR and serologic testing of 
mammals. BRBV, Bourbon virus.
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tested bird species, suggesting that common non-
human mammals likely serve as potential BRBV 
amplifier hosts (12).

Bourbon Virus Disease in Humans and  
Potential Treatments
Five confirmed cases of BRBV infection have been 
reported in humans (5,7), and all 5 cases are be-
lieved to have been caused by tick bites. Although 
A. americanum ticks remain the only confirmed com-
petent vector for BRBV, no tick species identification 
was made in those human cases (22). Limited data 
are available on BRBV disease in humans; however, 
initial symptoms of infection appear ≈2–7 days post-
exposure (tick bite) and include weakness, nausea, 
myalgia, arthralgia, fatigue, and diarrhea (1,7,8). 
Concurrently or shortly after the onset of initial 
symptoms, a fever and papular rash developed in all 
described cases. Laboratory testing of blood samples 
from infected persons showed consistent evidence of 
thrombocytopenia, leukopenia, lymphopenia, and 
elevated levels of aspartate transferase and alanine 
transferase (1,8). Late-stage BRBV disease is associ-
ated with shock, cardiac dysregulation, and pleural 
effusions (1,7,8). In confirmed fatal cases, time from 
initial symptoms to death was ≈11–24 days. In post-
mortem analysis of the index case, acute bone mar-
row suppression was noted (1).

The pathogenesis of BRBV in humans remains 
largely unknown. However, studies using footpad 
or intraperitoneal BRBV inoculations in type I inter-
feron receptor deficient Ifnar1−/− mice showed the 
virus caused active viremia and lethal systemic in-
fection; the highest viral loads were detected in the 
liver and spleen, and lower viral loads were detected 
in the blood, kidneys, and heart (8,23). Pathogenesis 

observed in those mice was consistent with progres-
sive infection from the initial entry site to multiple or-
gans, including the liver (supported by altered aspar-
tate transferase and alanine transferase levels), lungs 
(pleural effusions), and heart (cardiac dysregulation). 
Efforts to establish infection or lethal disease in wild-
type mice were largely unsuccessful (8,23). BRBV is 
highly sensitive to type I and II interferons, suggest-
ing that advanced human disease and death might be 
caused, in part, by existing weaknesses in antiviral in-
nate host immunity (23). 

Because of the low incidence rate of BBRV infec-
tion and similarities to other tickborne diseases, ad-
ditional cases of BRBV disease have likely been either 
misidentified or unreported. All cases to date have 
been confirmed at CDC by using PCR (4,24). No estab-
lished treatment for BRBV disease has been reported 
other than supportive care. Studies in Ifnar1−/− mice 
indicate that early introduction of several known 
antiviral treatments might be effective, including 
interferon-α or the viral replication inhibitors riba-
virin, favipiravir, or myricetin (8,23,25). Recently, a 
reporter system for BRBV was developed, which will 
enable more efficient screening of putative inhibitors 
of this virus (25).

Future Outlook
During the past 3 years, the emergence and pandemic 
spread of SARS-CoV-2 has highlighted the potential 
for evolution and proliferation of new pathogens. 
Thus far, BRBV has remained limited to a small num-
ber of confirmed human cases. However, many un-
answered questions persist that are related to both 
virology and ecology of BRBV. Most of what is cur-
rently known about BRBV originates from 2 published  
confirmed cases of disease or ecologic surveillance  
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Figure 4. Female (A) and male 
(B) lone star ticks (Amblyomma 
americanum). Image credit: 
Public Health Image Library 
(https://phil.cdc.gov).
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studies in a small number of states in the US Midwest 
or North Carolina. Therefore, a substantial need re-
mains to determine mechanisms of viral replication, 
detect other potential vector hosts, and conduct addi-
tional surveillance in unexplored regions within the 
geographic range of A. americanum ticks.

The A. americanum tick is the only known vector 
responsible for BRBV spread to humans. The expand-
ing range of A. americanum ticks, partly driven by 
climate change, might lead to more exposure events 
(26). Monitoring trends in tickborne and mosquito-
borne diseases has become more prominent in re-
cent literature (27). Proactive safety and awareness 
of tickborne diseases has been encouraged, especially 
because ticks such as A. americanum continue to be 
dominant health threats in much of the forested re-
gions of the United States (21). Because of the lack of 
knowledge and established treatments or vaccines 
for BRBV, CDC recommends using insect repellent, 
wearing long sleeves and pants, and conducting a 
thorough tick check after spending time in known 
tick-infested regions (28). 

Recent evidence suggests increasing potential for 
BRBV genetic evolution through recombination with 
related thogotoviruses. The recent discovery in Japan 
of Oz virus, which exhibits high sequence identity to 
BRBV, in Amblyomma sp. ticks, which share the same 
genus as the lone star tick, illustrates the necessity for 
further examination of thogotoviruses and their geo-
graphic distribution (3). To survive in its human host, 
BRBV must first overcome the interferon-induced 
myxovirus resistance protein A (MxA) to avoid the 
host’s innate antiviral defense system. Thogotoviruses 
are normally susceptible to inactivation by MxA, but 
a recent study of Jos virus showed that mutations in 
the viral NP can lead to resistance (14). Although this 
position is conserved among viruses in the Thogotovi-
rus genus, only 1 amino acid change in the viral NP 
was required to fully escape MxA without replicative 
fitness loss. As described previously, BRBV is particu-
larly sensitive to interferon signaling, which suggests 
a possible therapeutic agent for active BRBV infections 
(23). However, those studies indicate that thogotovi-
ruses, including BRBV, might find novel mechanisms 
to evade host interferon-stimulated gene expression.

A substantial need exists for further research 
on other possible tick vectors of BRBV and the role 
of amplifier hosts. Seropositivity of several common 
animals and the ability of BRBV to replicate in mul-
tiple animal and tick cells in vitro collectively high-
light the need for more BRBV surveillance to mitigate 
human exposure and disease. Increases in population 
dynamics, climate change, and vectors mean that  

vectorborne pathogens such as BRBV remain a ma-
jor public health concern. More surveillance of both 
viruses and vectors will elucidate the potential for in-
creased transmission to and pathogenicity in humans.

Addendum
As of 2022, Bourbon virus has now been detected in 
the Asian longhorned tick (Haemaphysalis longicornis) 
through a surveillance study performed in Virginia, 
USA (29). This recent finding provides evidence of 
possible transmission of Bourbon virus in 2 separate 
species of ticks, A. americanum and H. longicornis. In 
addition, that study expands the known region of 
Bourbon virus to include Virginia.
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 COVID-19–Associated Mucormycosis Outbreak, India 

Mucormycosis is an invasive fungal infection as-
sociated with high death rates. Poorly controlled 

diabetes mellitus, organ transplantation, hematological 
malignancies, and immunosuppression are the known 
predisposing factors for mucormycosis (1). During the 
second wave of the COVID-19 pandemic (April–June 
2021), a large number of cases of COVID-19–associated 
mucormycosis (CAM) were reported globally, primar-
ily in India (2–5). The explanation for this outbreak of 

CAM in India remains unclear. Diabetes mellitus and 
glucocorticoids (used for treating COVID-19) have 
been identified as risk factors for CAM (2,6). Other fac-
tors proposed in the pathogenesis of CAM include al-
tered iron metabolism, the severity of COVID-19, and 
immune dysfunction resulting from COVID-19 (e.g., 
lymphopenia and others) (7,8).

A high burden of Mucorales (in the hospital and 
outdoor environments) has been reported in India 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023 9

Author affiliations: Postgraduate Institute of Medical Education  
and Research, Chandigarh, India (V. Muthu, R. Agarwal, S.M. 
Rudramurthy, N. Panda, A. Chakrabarti); Kovai Medical Center 
and Hospital, Coimbatore, India (D. Thangaraju, G.D. Rajagopal); 
Avron Hospitals, Ahmedabad, India (M.R. Shevkani, R.S. Parwani); 
Sterling Hospital, Ahmedabad (A.K. Patel, K. Patel); Sir Gangaram 
Hospital, New Delhi, India (P.S. Shastri); Kingsway Hospital,  
Nagpur, India (A. Tayade, A. Deshmukh); Sawai Man Singh  
Medical College, Jaipur, India (S. Bhandari, A. Vyas); Asian Institute 
of Gastroenterology, Hyderabad, India (V. Gella, S.K. Sistla); St. 
John’s Medical College and Hospital, Bengaluru, India (J. Savio, 
P.A. Padaki); Care Institute of Medical Sciences, Ahmedabad  
(S. Madan, D. Ramar); All India Institute of Medical Science  
Bhubaneswar, Odisha, India (V.K. Hallur, S. Sarkar); Yashoda 
Hospitals, Hyderabad (V.N. Maturu, B. Rachagulla); Royal Care 
Hospital, Coimbatore (A. Srinivasan, P. Vallandaramam); Apollo 
Hospitals, Chennai, India (N. Sethuraman, K.P. Premachandran); 

Government Medical College, Patiala, India (R.P.S. Sibia,  
S. Pawar); Poona Hospital and Research Centre, Pune, India  
(S. Pujari, P. Gugale); Apollo Hospitals, Bengaluru (R. Mehta,  
H. Kalpakkam, P. Hosamani, S.N. Dutt, S. Nair); Kokilaben  
Dhirubhai Ambani Hospital and Medical Research Institute, 
Mumbai, India (T. Singhal, S. Badhwar); Army Hospital (Research 
and Referral), New Delhi (P. Saxena, K.K. Kompella); Government 
Medical College, Chandigarh (V. Gupta, N. Singla); Global Hospital, 
Mumbai (V. Nagvekar, M. Navlakhe); Deenanath Mangeshkar 
Hospital, Pune (P. Prayag, A. Prayag); City Clinic and Bhailal Amin 
General Hospital, Vadodara, India (D. Patel); All India Institute  
of Medical Sciences, New Delhi (I. Xess, G. Singh); Institute of 
Infectious Disease and Critical Care Hospital, Surat, India (P. Savaj, 
P. Dhakecha)

DOI: https://doi.org/10.3201/eid2901.220926

Valliappan Muthu, Ritesh Agarwal,1 Shivaprakash Mandya Rudramurthy, Deepak Thangaraju,  
Manoj Radhakishan Shevkani, Atul K. Patel, Prakash Srinivas Shastri, Ashwini Tayade, Sudhir Bhandari, 

Vishwanath Gella, Jayanthi Savio, Surabhi Madan, Vinay Kumar Hallur, Venkata Nagarjuna Maturu,  
Arjun Srinivasan, Nandini Sethuraman, Raminder Pal Singh Sibia, Sanjay Pujari, Ravindra Mehta,  
Tanu Singhal, Puneet Saxena, Varsha Gupta, Vasant Nagvekar, Parikshit Prayag, Dharmesh Patel, 
Immaculata Xess, Pratik Savaj, Naresh Panda, Gayathri Devi Rajagopal, Riya Sandeep Parwani,  
Kamlesh Patel, Anuradha Deshmukh, Aruna Vyas, Srinivas Kishore Sistla, Priyadarshini A Padaki,  

Dharshni Ramar, Saurav Sarkar, Bharani Rachagulla, Pattabhiraman Vallandaramam,  
Krishna Prabha Premachandran, Sunil Pawar, Piyush Gugale, Pradeep Hosamani, Sunil Narayan Dutt, 

Satish Nair, Hariprasad Kalpakkam, Sanjiv Badhwar, Kiran Kumar Kompella, Nidhi Singla,  
Milind Navlakhe, Amrita Prayag, Gagandeep Singh, Poorvesh Dhakecha, Arunaloke Chakrabarti1

1These senior authors contributed equally to this article..

We performed a case–control study across 25 hospitals 
in India for the period of January–June 2021 to evaluate 
the reasons for an COVID-19–associated mucormycosis 
(CAM) outbreak. We investigated whether COVID-19 treat-
ment practices (glucocorticoids, zinc, tocilizumab, and oth-
ers) were associated with CAM. We included 1,733 cases 
of CAM and 3,911 age-matched COVID-19 controls. We 
found cumulative glucocorticoid dose (odds ratio [OR] 
1.006, 95% CI 1.004–1.007) and zinc supplementation (OR 

2.76, 95% CI 2.24–3.40), along with elevated C-reactive 
protein (OR 1.004, 95% CI 1.002–1.006), host factors (re-
nal transplantation [OR 7.58, 95% CI 3.31–17.40], diabetes 
mellitus [OR 6.72, 95% CI 5.45–8.28], diabetic ketoacidosis 
during COVID-19 [OR 4.41, 95% CI 2.03–9.60]), and rural 
residence (OR 2.88, 95% CI 2.12–3.79), significantly as-
sociated with CAM. Mortality rate at 12 weeks was 32.2% 
(473/1,471). We emphasize the judicious use of COVID-19 
therapies and optimal glycemic control to prevent CAM.
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during and even before the CAM epidemic (9,10). 
We also found no difference in the Mucorales spe-
cies causing mucormycosis before and during the  
COVID-19 pandemic (2,11). The epidemiologic triad 
of agent, environmental, and host factors is helpful to 
explain the occurrence of a new illness or the recru-
descence of an old disease (6,8,9). Because the data 
indicate no change in the environment or the agent 
(Mucorales), we hypothesized that COVID-19, its 
treatment, and specific host factors contributed to the 
CAM outbreak. 

We evaluated the risk factors and clinical out-
comes of CAM in a nationwide study. The main ob-
jective of our study was to assess whether treatment 
practices in COVID-19 were associated with the oc-
currence of CAM. We also evaluate the factors associ-
ated with death from CAM at 12 weeks.

Methods

Study Design and Setting
We performed a multicenter (25 centers across India) 
case–control study during January 1–June 30, 2021 
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/29/1/22-0926-App1.pdf). We included CAM 
patients (cases) and at least 2 COVID-19 patients 
without mucormycosis (controls) for each case. Only 
those centers willing to provide data on >15 cases of 
mucormycosis during the outbreak were included 
(Appendix Table 1).

The Institute Ethics Committees approved the 
study protocol at the individual study sites. A con-
sent waiver was granted because we used anony-
mized patient data for analysis. The study is report-
ed according to the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) 
guidelines (Appendix) (12).

Cases and Controls
We confirmed COVID-19 diagnosis by SARS-CoV-2 
RNA positivity in respiratory specimens by reverse 
transcription PCR or a positive rapid antigen test. We 
included only confirmed (proven and probable) cases 
of mucormycosis diagnosed and managed at the indi-
vidual centers (13). Participating centers were tertiary 
care referral hospitals or research institutes equipped 
with the facilities required to evaluate and manage 
mucormycosis. We evaluated patient samples at the 
study sites by conventional microscopy (KOH-calco-
fluor method), culture, histopathology, or molecular 
diagnostic techniques, as appropriate. We identified 
positive cultures on the basis of macroscopic and mi-
croscopic characteristics of the growth or by sequencing 

of the internal transcribed spacer region of rDNA. We 
subjected tissue samples for histopathological exami-
nation and used hematoxylin and eosin, periodic acid 
Schiff, or Gomori’s methenamine silver stain. We diag-
nosed invasive mucormycosis on the basis of existing 
guidelines and as previously described (11,13). In brief, 
we categorized participants’ illness as proven mucor-
mycosis if Mucorales were isolated or broad ribbon-like 
aseptate hyphae were demonstrated from sterile sites or 
deep tissue biopsy. We defined probable mucormycosis 
in the presence of host risk factors, consistent imaging 
(e.g., reversed halo sign, thick-walled cavity, and oth-
ers on computed tomography), and the demonstration 
of Mucorales by either microscopy or culture from a 
nonsterile site (sputum, nasal smear, or bronchoalveolar 
lavage fluid) (13,14). We defined disseminated mucor-
mycosis as >1 noncontiguous site being involved. We 
excluded cases without microbiological or pathological 
confirmation of mucormycosis. We considered isola-
tion of Mucorales from respiratory secretions without 
compatible host factors, clinical features, or radiology 
as colonization, and these cases were not included. We 
further classified CAM as concurrent (occurrence of 
mucormycosis within 7 days before or after diagnosing 
COVID-19) or nonconcurrent (after 7 days but within 3 
months of COVID-19 diagnosis).

We enrolled >2 age-matched (+5 years) per-
sons with confirmed COVID-19 as controls for each 
CAM case. The controls were selected randomly by 
the individual centers. We also reviewed patient re-
cords or contacted control-patients by telephone 3 
months after COVID-19 diagnosis to ensure CAM 
had not developed.

Patients were managed per the local institution-
al protocol and the treating physician’s discretion. 
Mucormycosis was treated according to the stan-
dard recommendations, subject to the availability of 
drugs and other factors (1,15). We recorded the first 
antifungal medication (amphotericin B, posacon-
azole, isavuconazole, or a combination) used for 
managing mucormycosis and whether lack of avail-
ability of the intended drug led to the use of an al-
ternate agent. We defined the use of >2 antifungal 
agents effective against Mucorales within the first 
14 days of CAM as primary combination antifun-
gal therapy. We also noted whether >1 doses were 
missed because of drug unavailability.

Exposures and Confounding Variables
The primary exposure variable was the type of treat-
ment offered for COVID-19. The therapies consisted of 
glucocorticoids, remdesivir, tocilizumab, baricitinib 
zinc supplements, antibacterial agents, and antifungal 
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therapy (before onset of mucormycosis). We defined 
inappropriate glucocorticoid therapy as use of sys-
temic glucocorticoids for COVID-19 without related 
hypoxemia. We recorded information on the dose 
and duration of glucocorticoids used for COVID-19 
and calculated the cumulative dose of glucocorticoids 
by multiplying the number of days of therapy and the 
dose used (dexamethasone equivalent).

We accounted for potential confounding vari-
ables pertaining to CAM by retrieving demographic 
and clinical information about COVID-19 illness from 
patient records. That information was sex; place of 
residence (rural or urban); investigations performed 
during admission (the first available values) for acute 
COVID-19 illness, including glycated hemoglobin 
(HbA1C), plasma glucose, complete blood count, 
serum ferritin, C-reactive protein, and neutrophil-
to-lymphocyte ratio; host factors, including diabetes 
mellitus (labeled as recent-onset if diagnosed dur-
ing the current admission and there was no previ-
ous history of diabetes), diabetic ketoacidosis during 
admission for COVID-19, hematological malignancy, 
stem cell or organ transplantation, and immuno-
suppressive therapy (for indications unrelated to  
COVID-19); chronic comorbidities (chronic liver, 
kidney, lung, and other diseases); hypoxemia dur-
ing acute COVID-19 (<94% oxygen saturation while 
breathing ambient air or requiring supplemental oxy-
gen); and the need for mechanical ventilation.

We also evaluated factors associated with 12-
week mortality in CAM patients. We collected the 
following data: time to diagnosis of mucormycosis af-
ter confirmed COVID-19, diagnosis of mucormycosis 
(microscopy, culture, histopathology), anatomic site 
of involvement (rhino-orbital mucormycosis, pulmo-
nary, or others), treatment details (antifungal therapy, 
surgery, and others), and outcome at 6 and 12 weeks.

Study Size
We assumed the primary exposure of interest (treat-
ment practices, primarily glucocorticoids) would 
be present in 60% of controls and 70% of cases. The 
estimated sample size was 374 cases and 747 con-
trols for a case: control enrollment ratio of 1:2, at a 
power of 90% for detecting 1.25 odds (in cases than 
controls). We planned a convenient sample size by 
enrolling >15 consecutive CAM cases from each 
participating center.

Statistical Analysis
We analyzed data by using the commercial statistical 
package SPSS Statistics 22.0 (IBM, https://www.ibm.
com). As appropriate, descriptive data are presented 

as frequencies, means and SDs, or medians and inter-
quartile ranges. We compared categorical variables 
by using the χ2 test or Fisher exact test and analyzed 
the differences between continuous data by using the 
Student t-test or Mann-Whitney U test, as appropri-
ate. We considered a p value <0.05 significant.

We imputed the missing data for performing the 
subsequent logistic regression analysis. The pattern 
of missing data (missing at random or not) was ascer-
tained. We then performed multiple imputations (50 
iterations) by using the Markov Chain Monte Carlo 
method (Appendix Table 2). We performed multi-
variate logistic regression analyses to identify the 
factors associated with the development of CAM (vs.  
COVID-19 controls) and ascertain factors associated 
with 12-week mortality in persons with CAM. The 
variables included in the logistic regression model 
were decided on the basis of the univariate analysis 
and biologic plausibility. The strength of association 
was reported as an adjusted odds ratio (aOR) with 
95% CI. To elucidate the confounding resulting from 
the difference in severity among the controls and cas-
es, we repeated the multivariate analysis in the fol-
lowing subgroups: nonhypoxemic versus hypoxemic 
COVID-19 control-patients and COVID-19 control-
patients with and without comorbidities. We also 
report the sensitivity analysis on the available data 
(complete case analysis) for the logistic regression.

Results
We included 1,733 CAM case-patients and 3,911 con-
trol-patients in the study (Table 1). Of the study par-
ticipants, 684 did not require hospitalization for the 
management of acute COVID-19. 

Exposure
Glucocorticoids were used for COVID-19 in 71.6% 
(3,890/5,431) patients (cumulative dose range 0.76–
679.53 mg dexamethasone equivalent), and their use 
was more frequent in CAM case-patients. The medi-
an dose and duration of glucocorticoid use was also 
higher in case-patients than control-patients (Table 1). 
The proportion of persons receiving glucocorticoids 
in the absence of hypoxemia (inappropriate use) was 
even higher in CAM patients (34.2% vs. 22.3%; p = 
0.0001) than control-patients. In addition, the percent-
age of persons receiving more than the recommend-
ed dose (>60 mg of dexamethasone or equivalent) 
of glucocorticoids was higher among CAM case-
patients than COVID-19 control-patients (Figure), 
both for hypoxemic (269/439 [61.3%] vs. 683/1389 
[49.2%]; p = 0.0001) and nonhypoxemic (124/329 
[37.7%] vs. 143/633 [22.6%]; p = 0.0001) persons. Zinc  
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supplementation during COVID-19 illness was high-
er among case-patients than controls (47.9% vs. 41.3%; 
p = 0.0001). Remdesivir (49.2% vs. 20.6%; p = 0.0001) 
and antibacterial therapy (64.2% vs. 61.1%; p = 0.03) 

were more commonly used in controls. No difference 
was noted in the proportion of participants receiving 
tocilizumab, baricitinib, or antifungal therapy before 
the development of CAM.
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Table 1. Baseline features of CAM case-patients and COVID-19 control-patients at admission for COVID-19, India, January– 
June 2021* 
Category Controls, n = 3,911 CAM, n = 1,733 p value 
Age, y, mean (SD) 52.7 (13.5) 52.6 (12.5) 0.66 
Male sex  2,738/3,911 (70.0) 1,285/1,733 (74.1) 0.002 
Rural residence, n = 3,924 309/2,615 (11.8) 360/1,309 (27.5) 0.0001 
Risk factors for mucormycosis   0.0001 
 None 2,076/3,911 (53.1) 316/1,733 (18.2)  
 1 risk factor 1,743/3,911 (44.5) 1,374/1,733 (79.3)  
 >1 risk factors 92/3,911 (2.4) 43/1,733 (2.5)  
Details of potential risk factors for mucormycosis†    
 Diabetes mellitus 1,763/3,911 (45.1) 1,402/1,733 (80.9) 0.0001 
  Hyperglycemia at admission, n = 5,236 998/3,625 (27.5) 758/1,611 (47.1) 0.0001 
  Plasma glucose at admission, mg/dL, mean (SD), n = 3,487 195 (94) 235 (106) 0.0001 
  Glycated hemoglobin, mean (SD), n = 1,856 7.7 (2.5) 10.1 (2.9) 0.0001 
  Duration of diabetes, y, mean (SD), n = 861 9.6 (9.5) 8.4 (6.8) 0.04 
  Recent onset of diabetes mellitus 319/1,763 (18.1) 246/1,402 (17.5) 0.66 
  DKA at the time of admission for COVID-19 48/1,763 (2.7) 73/1,402 (5.2) 0.0003 
 Renal transplant 36/3,911 (0.9) 31/1,733 (1.8) 0.005 
 Bone marrow transplant 0/3,911 (0) 1/1,733 (0.1) 0.31 
 Hematological malignancy 36/3,911 (0.9) 6/1,733 (0.3) 0.02 
 Immunosuppressive therapy 76/3,911 (1.9) 22/1,733 (1.3) 0.07 
 HIV 7/3,911 (0.2) 6/1,733 (0.3) 0.23 
 Others‡ 2/3,911 (0.0) 2/1,733 (0.1) 0.23 
Comorbidities    
 Any comorbidity 828/3,911 (21.5) 265/1,733 (15.3) 0.0001 
 Coronary artery disease 285/3,911 (7.3) 126/1,733 (7.3) 0.98 
 Chronic kidney disease 284/3,911 (7.3) 98/1,733 (5.7) 0.03 
 Chronic heart failure 59/3,911 (1.5) 17/1,733 (1.0) 0.11 
 Chronic liver disease 71/3,911 (1.8) 13/1,733 (0.8) 0.002 
 Chronic respiratory disease 104/3,911 (2.7) 17/1,733 (1.0) 0.0001 
 Others§ 151/3,911 (3.9) 35/1,733 (2.0) 0.0001 
Laboratory parameters during COVID-19 illness    
 Hemoglobin, g/dL, mean (SD), n = 4,506 12.2 (2.4) 12.1 (2.2) 0.11 
 Total leukocyte count, cells/µL, mean (SD), n = 4,501 9,853 (6,844) 11,396 (6,110) 0.0001 
 Median absolute lymphocyte count, cells/µL (IQR), n = 4,129 1,135 (720–1,706) 1,275 (803–1,833) 0.0001 
 Median absolute neutrophil count, cells/µL (IQR), n = 4,071 6,177 (3,658–10,244) 7,858 (4,943–11,867) 0.0001 
 Median NLR (IQR), n = 4,061 5.5 (2.7–11.4) 5.7 (3.2–11.7) 0.04 
 Platelet count,  103/µL, mean (SD), n = 4,454 222 (107) 240 (105) 0.0001 
 Median C-reactive protein mg/dL (IQR), n = 3,972 26.7 (8.4–79.3) 48.8 (20–102.5) 0.0001 
 Median serum ferritin, µg/L (IQR) n = 3,168 454 (189–977) 580 (238–1,052) 0.02 
Details of COVID-19 illness    
 Hypoxemia, n = 5,476 2,100/3,851 (54.5) 751/1,625 (46.2) 0.0001 
 ICU admission, n = 5,425 1,551/3,809 (40.7) 331/1,616 (20.5) 0.0001 
 Mechanical ventilation, n = 5,376 1,126/3,765 (29.9) 153/1,611 (9.5) 0.0001 
Management during COVID-19    
 Glucocorticoid therapy, n = 5,431 2,690/3,827 (70.3) 1,200/1,604 (74.8) 0.001 
 Glucocorticoid use in the absence of hypoxemia, n = 5,021 789/3,532 (22.3) 509/1,489 (34.2) 0.0001 
 Median cumulative dose of glucocorticoids in milligram  
 equivalent of dexamethasone (IQR), n = 2,809 

52.8 (30–84) 62.6 (30.2–120) 0.0001 

 Median no. days on glucocorticoid treatment (IQR), n = 2,887 8 (5–12) 10 (6.3–14) 0.0001 
 Zinc supplementation, n = 5,179 1,502/3,633 (41.3) 741/1,546 (47.9) 0.0001 
 Remdesivir, n = 5,167 1,785/3,631 (49.2) 317/1,536 (20.6) 0.0001 
 Tocilizumab, n = 5,167 72/3,631 (2.0) 37/1,536 (2.4) 0.41 
 Baricitinib, n = 5,167 38/3,631 (1.0) 13/1,536 (0.8) 0.50 
 Antibacterial therapy, n = 5,396 2,467/3,841 (64.2) 952/1,555 (61.2) 0.04 
 Antifungal therapy before CAM, n = 5,039 174/3,513 (5.0) 68/1,526 (4.5) 0.45 
*Values are no. observed/total no. (%) unless otherwise indicated. CAM, COVID-19–associated mucormycosis; DKA, diabetic ketoacidosis; DM, diabetes 
mellitus; ICU, intensive care unit; IQR, interquartile range; NLR, neutrophil-to-lymphocyte ratio. 
†A single person might have had >1 risk factor; hence the numbers do not sum to 5,644. 
‡Others include neutropenia (n = 3) and primary immunodeficiency (n = 1). 
§Others include neurologic, endocrinologic, and rheumatologic illnesses. 
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Confounders
Chronic comorbidities (chronic liver, kidney, lung, 
and other diseases) were present in 37% of study par-
ticipants and were seen more often in controls than 
in CAM patients. Significantly higher plasma glucose, 
neutrophil-to-lymphocyte ratio, platelet count, C-re-
active protein, and serum ferritin were seen in CAM 
patients during their hospitalizations for COVID-19. 
We identified >1 host factors for mucormycosis in 
46.9% of controls versus 81.8% of case-patients (p = 
0.0001). The proportion of diabetes mellitus was sig-
nificantly higher in case-patients (80.9% vs. 45.1%; p 
= 0.0001) than in controls. Recent-onset diabetes mel-
litus was similar in both the study groups, whereas 
diabetic ketoacidosis was significantly more common 
among CAM than in the controls (5.2% vs. 2.7%; p = 
0.0003). We found hypoxemia during acute COVID-19 
(54.5% vs. 46.2%), admission to an intensive care unit 

(40.7% vs. 20.5%), and mechanical ventilation (29.9% 
vs. 9.5%) significantly higher among control-patients.

Association of COVID-19 Treatment Practices with CAM
We found the cumulative dose of glucocorticoid used 
(OR 1.006, 95% CI 1.004–1.007) and zinc supplemen-
tation (OR 2.76, 95% CI 2.24–3.40) independently as-
sociated with CAM, in addition to elevated C-reactive 
protein, host factors (renal transplantation, diabetes 
mellitus, diabetic ketoacidosis during COVID-19), 
and rural residence (Table 2). Hypoxemia during 
COVID-19 and comorbidities were associated with 
lower odds of CAM. The results were similar on a 
complete case analysis (Appendix Table 3). Because 
the proportion of persons with hypoxemia and co-
morbidities was higher in COVID-19 controls than in 
CAM patients, we also performed a subgroup analy-
sis (hypoxemic vs. nonhypoxemic controls and any  
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Figure. Percentages of hypoxemic and nonhypoxemic participants receiving cumulative glucocorticoid doses above and below the 
current recommendations (cumulative dexamethasone dose equivalent to 60 mg) as determined in multicenter case-control study of 
COVID-19–associated mucormycosis outbreak, India, January–June 2021. Case-patients are shown in black and control-patients are 
shown in gray. More case-patients than control-patients had received higher-than-recommended doses of glucocorticoids.

 
Table 2. Multivariate logistic regression analysis showing factors associated with CAM, India, January–June 2021* 
Parameter Adjusted OR (95% CI) p value 
Female sex 0.92 (0.74–1.14) 0.46 
Rural residence 2.88 (2.12–3.79) 0.0001 
Risk factor   
 No risk factor Referent  
 Diabetes mellitus 6.72 (5.45–8.28) 0.0001 
 Renal transplantation 7.58 (3.31–17.40) 0.0001 
 Others† 1.20 (0.67–2.18) 0.54 
Presence of any comorbidity 0.50 (0.39–0.63) 0.0001 
Hypoxia during COVID-19 0.26 (0.21–0.32) 0.0001 
Diabetic ketoacidosis during COVID-19 4.41 (2.03–9.60) 0.0001 
Cumulative glucocorticoid dose for COVID-19‡ 1.006 (1.004–1.007) 0.0001 
Zinc supplementation during COVID-19 2.76 (2.24–3.40) 0.0001 
C-reactive protein at admission 1.004 (1.002–1.006) 0.0001 
Serum ferritin, µg/L 1.00 (1.00–1.00) 0.21 
Neutrophil-to-lymphocyte ratio 1.0 (0.99–1.01) 0.92 
*CAM, COVID-19–associated mucormycosis. 
†Includes malignancies, hematological malignancies, immunosuppressive therapy, HIV, and others. 
‡In milligram equivalent of dexamethasone. 
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comorbidity vs. no comorbidity; Appendix Tables 4, 5). 
We found the primary exposure of interest (COVID-19 
treatment factors) significantly associated with CAM 
in both the subgroups (Appendix Tables 4, 5).

We also assessed the association of inappropriate 
glucocorticoid therapy (i.e., glucocorticoids adminis-
tered in the absence of hypoxemia) with CAM. In an 
alternative logistic regression model, we replaced glu-
cocorticoid doses with inappropriate glucocorticoid 
therapy (Appendix Table 6) and found inappropriate 
therapy also significantly associated with CAM.

Additional Analyses of Clinical Features, Diagnosis, 
Treatment, and Outcome of CAM
CAM occurred nonconcurrently (>7 days after  
COVID-19 diagnosis) in 1,405 (81.7%) of 1,720 persons; 
the remaining 315 (18.3%) cases were concurrent with 
the COVID-19 illness (within 7 days of diagnosis). The 
duration between COVID-19 and the diagnosis of CAM 

was shorter for those hospitalized for COVID-19 (mean 
20, 95% CI 19–21 days) versus those isolated at home 
(mean 25, 95% CI 24–27 days). The median duration 
between symptoms of CAM and confirmation of the 
diagnosis was 6 (interquartile range 3–10) days (n = 
1,024 persons). Rhino-orbital mucormycosis accounted 
for 92.4% of the cases, followed by pulmonary (7%) and 
other sites (0.6%). The proportion of pulmonary mu-
cormycosis was higher in persons who had undergone 
organ transplants (17.2%) and persons with hemato-
logical malignancies (33.3%) than in those with diabetes 
mellitus (6.4%). Of the 1,602 patients with rhino-orbital 
mucormycosis, we noted intracranial extension in 261 
(16.3%) cases. Nearly two thirds (1,143/1,733; 66.0%) of 
the CAM patients had evidence of mucormycosis from 
>1 sample (smear, culture, or histopathology) (Table 3). 
The most common etiologic agent causing mucormyco-
sis was Rhizopus spp. (mainly R. arrhizus). The other re-
ported organisms included Mucor and Rhizomucor spp., 
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Table 3. Diagnosis, treatment practices, and survival in patients with CAM, India, January–June 2021* 
Parameter No. observed/total no. (%) 
Site of mucormycosis†  
 Rhino-orbito-cerebral  
  Sinus 1,526/1,733 (88.1) 
  Orbit 789/1,733 (45.5) 
  Palate 373/1,733 (21.5) 
  Jaw 315/1,733 (18.2) 
  Brain 261/1,733 (15.1) 
  Blackening of skin over face 102/1,733 (5.9) 
  Cavernous sinus 44/1,733 (2.5) 
  Skull base 65/1,733 (3.8) 
 Pulmonary† 122/1,733 (7.0) 
 Cutaneous or soft tissue 5/1,733 (0.3) 
 Gastrointestinal 2/1,733 (0.1) 
 Renal† 2/1,733 (0.1) 
Diagnosis of mucormycosis  
 Microscopy alone 352/1,733 (20.3) 
 Culture growth of Mucorales alone 61/1,733 (3.5) 
 Histopathology alone 177/1,733 (10.2) 
 >1 evidence (smear, culture, or histopathology) of mucormycosis 1,143/1,733 (66.0) 
Treatment practices  
 Intended therapy could not be administered 321/1,526 (21.0) 
 Missed doses due to drug non-availability 248/1,457 (17.0) 
Primary therapy  
 Any formulation of amphotericin B‡ 1,634/1,733 (94.3) 
Primary combination therapy§  
 Any combination 699/1,733 (41.6) 
  Amphotericin B and posaconazole 541/699 (77.4) 
  Amphotericin B and isavuconazole 121/699 (17.3) 
  Amphotericin B and isavuconazole or posaconazole 37/699 (5.3) 
Surgery  
 Combined medical and surgical treatment 1,449/1,773 (83.6) 
Survival  
 Death by 6 weeks 442/1,546 (28.6) 
 Death by 12 weeks 473/1,471 (32.2) 
*CAM, COVID-19–associated mucormycosis 
†Total number does not sum to 1,733 since patients might have had involvement at >1 site. There were 18 cases of disseminated mucormycosis (17 had 
pulmonary in addition to rhino-orbital, while 1 person had rhino-orbito-cerebral and renal mucormycosis). 
‡Of the 1,634 persons receiving amphotericin B, liposomal amphotericin B alone was used in 1,210 (74.1%) patients, amphotericin B deoxycholate in 143 
(8.7%) patients, amphotericin B lipid emulsion in 21 (1.3%) patients, >1 formulation in 236 (14.4%) patients, and the information was not clear in 24 
(1.5%) patients. 
§Primary therapy with a combination of amphotericin and isavuconazole or posaconazole within the first 14 days was used in 699/1,733 (41.6%) patients. 
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and rarely Cunninghamella, Syncephalastrum, Apophyso-
myces, Lichtheimia spp., and others.

The treatment of CAM varied widely and was in-
fluenced by antifungal drug availability. The intended 
antifungal agent could not be administered in 21.0% 
(321/1,526) of cases, and >1 dose was missed because the 
antifungal drugs were unavailable in 17% (248/1,547) 
of CAM cases. Amphotericin B was the most prescribed 
antifungal agent. A combination of antifungal agents 
was used for primary therapy in 41.6% of patients. Sur-
gery was performed in most case-patients (1,449/1,733; 
83.6%). The mortality rate at 6 weeks (data available for 
89.2% of cases) was 28.6% and at 12 weeks (data avail-
able for 84.9% cases) was 32.2%.

We found surgical resection and primary antifun-
gal combination therapy independently associated 
with better odds of survival at 12 weeks (Table 4). We 
also found increasing age and intracranial extension 
associated with worse odds of survival after adjust-
ing for sex, comorbidities, and COVID-19–related hy-
poxemia. The results were similar on a complete case 
analysis (Appendix Table 7).

Discussion
In this large case-control study, we found that glu-
cocorticoid use and zinc supplementation in the 
treatment of COVID-19 were significantly associated 
with CAM. In addition, several host factors for mu-
cormycosis (i.e., renal transplantation, diabetes mel-
litus, and diabetic ketoacidosis), elevated C-reactive 
protein, and rural residence were also associated with 
CAM. The unprecedented rise in the number of CAM 
cases during the second wave of the COVID-19 pan-
demic indicates that COVID-19 or its treatment had a 
role in causing CAM (2,16).

We provide strong evidence to incriminate glu-
cocorticoid therapy in CAM even after adjusting 

for host factors. Our results strengthen the current 
recommendation of avoiding glucocorticoid use in  
COVID-19 patients not experiencing hypoxemia 
(17,18). More critically, we found that the cumulative 
glucocorticoid dose is also a contributory factor for 
CAM. Thus, even in hypoxemic COVID-19 patients, 
glucocorticoids should be used judiciously (dexa-
methasone at a dose of 6 mg 1×/d for up to 10 days or 
until hospital discharge, whichever is earlier) (19). We 
also found zinc supplementation an independent fac-
tor associated with CAM. A small study suggested a 
protective role of zinc in CAM (6), but 2 other studies 
found an association between zinc and CAM (20,21). 
The biologic plausibility (22) and in vitro evidence of 
abundant growth of Mucorales strains (isolated from 
CAM patients) demonstrated on zinc-supplemented 
media supports the possible role of zinc in causing 
CAM (20). Although we found a few factors related 
to the severity and treatment of COVID-19 in the de-
velopment of CAM, we did not evaluate the role of  
COVID-19–related immune dysfunction in this study. 
Nonetheless, we provide weak indirect evidence im-
plicating the severity of COVID-19 illness (elevated 
C-reactive protein) in the development of CAM. Fi-
nally, rural residence was significantly associated 
with CAM and might be attributed to higher levels of 
fungal spores in the rural environment (23–26). 

The time to develop CAM was significantly short-
er in hospitalized persons than in persons isolated at 
home. This finding could suggest hospital-acquired 
mucormycosis; however, the hospitalization could 
simply mean that severe COVID-19 led to mucormy-
cosis early in the course of illness or, more likely, that 
CAM was diagnosed earlier simply because these 
persons were hospitalized. Based on a few media re-
ports, 1 review hypothesized that the burning of cow 
dung led to the mucormycosis outbreak in India (27). 
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Table 4. Factors associated with death at 12 weeks in persons with CAM, India, January–June 2021* 
Parameter Adjusted odds ratio (95% CI) p value 
Age 1.02 (1.01–1.04) 0.0001 
Sex 1.00 (0.74–1.34) 0.99 
Risk factor   
 No risk factor Referent  
 Diabetes mellitus 1.27 (0.93–1.74) 0.13 
 Renal transplantation 2.66 (1.04–6.81) 0.04 
 Others† 1.51 (0.55–4.18) 0.42 
Presence of any comorbidity 1.38 (0.97–1.97) 0.08 
Hypoxemia during COVID-19 illness 1.31 (0.93–1.83) 0.12 
Site of mucormycosis   
 Rhino-orbital mucormycosis  Referent  
 Rhino-orbital mucormycosis with brain involvement 2.30 (1.66–3.19) 0.0001 
 Other sites‡ 1.44 (0.90–2.32) 0.13 
Primary combination medical therapy 0.53 (0.37–0.77) 0.001 
Combined medical and surgical treatment 0.20 (0.14–0.27) 0.0001 
*CAM, COVID-19–associated mucormycosis. 
†Includes hematological malignancies, immunosuppressive therapy, and HIV infection. 
‡Includes pulmonary, gastrointestinal, disseminated, and renal mucormycosis. 
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However, a recent experimental aeromycological 
study found no evidence for this theory (25).

Several case-control studies (n = 13) have assessed 
the risk factors associated with CAM (Appendix Table 
8) (6,7,20,21,28–36). In 8 studies (sample sizes ranging 
from 46 to 870), risk factors for CAM were assessed 
using multivariate analysis (6,7,29–33,35). Diabetes 
mellitus and glucocorticoid therapy were shown to be 
the major contributors for CAM in the case–control 
studies and large case series (2,3,6,21,35,37). Further, 
in addition to zinc and elevated inflammatory mark-
ers (C-reactive protein), which were also associated 
with CAM in this study, the use of cloth masks, na-
sal washing during COVID-19, and elevated serum 
glucose-regulated protein 78 were other possible as-
sociations described in smaller case–control studies 
(29,30,33). In our study, mean glycated hemoglobin 
values were significantly higher in the CAM cases. In 
another study, optimal glycemic control and adher-
ence to low-dose glucocorticoid protocol eliminated 
the occurrence of mucormycosis in a COVID-19 in-
tensive care unit even during the surge in CAM cases 
(38). Unfortunately, because of the overwhelming 
case burden, many COVID-19 patients were taking 
various prescription or over-the-counter medications 
(including glucocorticoids and zinc) unmonitored, 
which probably contributed to the outbreak.

We found lower rates of mortality in mucormy-
cosis patients than in previous reports (11,39,40). The 
lower mortality rate in our study might be attributed 
to several factors. First, more severe forms of the dis-
ease, including pulmonary and disseminated mucor-
mycosis, could have been underrepresented (41,42). 
For instance, pulmonary mucormycosis accounted 
for only 7% of the cases in this study (vs. 13% in a pre-
COVID-19 large multicenter study from India) (11). 
Second, the increased awareness about mucormycosis 
because of the outbreak led to timely diagnosis (me-
dian time to diagnosis 6 days) and surgical interven-
tion in a higher percentage of cases (84%) than in the 
pre–COVID-19 era (62%) (11). Also, the predisposing 
factors in CAM cases, such as glucocorticoid therapy 
and hyperglycemia, were mostly reversible. The use 
of primary combination antifungal therapy might 
have contributed to improved outcomes. A previous 
multicenter observational study on CAM also indicat-
ed that combining amphotericin B with posaconazole 
might be associated with better outcomes than mono-
therapy (2). However, attributing the benefit of com-
bination treatment to survival without a randomized 
clinical trial is difficult. Our results also confirm the 
existing knowledge that surgical treatment is associ-
ated with better outcomes in mucormycosis (1,11).

The first limitation of our study is that data were 
collected during the peak of the pandemic with limit-
ed resources, and some information was missing as a 
result. Although our study supports the definite asso-
ciation of glucocorticoids with CAM, the same might 
not be accurate for zinc. Zinc might be synergistic to 
glucocorticoids or other factors in the development 
of CAM. However, it was an independent risk factor 
across different subgroups and in different multivari-
ate models. Although we could obtain information 
on zinc supplementation during the treatment of 
COVID-19, the wide variation in prescription prac-
tice, over-the-counter availability of drugs, and use 
of different formulations and dosages precluded es-
tablishing a dose-response relationship between zinc 
and CAM. Thus, prospective studies and animal ex-
periments are warranted to establish the association 
of zinc with CAM. Even though we enrolled a large 
number of control-patients, the control-patients were 
sicker than case-patients. This difference in severity of 
COVID-19 symptoms influenced a few of our results. 
For instance, the presence of any comorbidity and the 
need for mechanical ventilation were associated with 
a lower risk for CAM. One could argue that our asso-
ciation of the primary exposure variable with CAM is 
invalid because the control-patients critically ill with 
COVID-19 might not have survived long enough for 
CAM to develop. Imperfect matching for COVID-19 
severity is thus a major limitation. To adjust for the 
severity of COVID-19, we performed a subgroup 
analysis in which we compared the CAM patients 
with either hypoxemic or nonhypoxemic COVID-19 
control-patients. We found the COVID-19 treatment 
factors (primary exposure) remained significantly as-
sociated with CAM in both groups (Appendix Table 
4). We restricted our data collection to information 
that could be accessed reliably despite the pandemic. 
Thus, we cannot exclude residual confounders. Not 
all the participating centers could provide the desired 
number of control subjects, and there was variation 
in mortality reported from different centers (Appen-
dix Table 1). A referral bias to the participating study 
centers and underrecognition of certain forms of mu-
cormycosis (pulmonary and others) could have influ-
enced our observations. We could not assess the bur-
den of CAM among COVID-19 case-patients. Also, 
we included cases diagnosed by conventional mi-
crobiological techniques, and we might have missed 
several presumed cases of mucormycosis. However, 
the objective of our study was to evaluate the risk fac-
tors in a case-control model, and hence we included 
confirmed cases only. Finally, the results might not 
be generalizable because the information is from just 
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1 country. The key strength of our study is the large 
sample size and representation from across the coun-
try, which lends credibility to our observations.

In conclusion, we found several treatment practic-
es associated with CAM in addition to rural residence 
and host factors. Our results suggest the judicious use 
of COVID-19 therapies and optimal glycemic control 
to prevent CAM.
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Rodents are widespread, opportunistic, and compe-
tent host reservoirs involved in the maintenance, 

circulation, and transmission of a wide panel of zoo-
notic pathogens (1). Rodent-related zoonoses cause up 
to 400 million human infections worldwide each year 
(1,2). Among zoonotic pathogens, hantaviruses (order 
Bunyavirales, family Hantaviridae, genus Orthohan-
tavirus) are among agents considered most likely to 
emerge and have a global public health impact (3). 

Hantaviruses are enveloped, negative, single-
stranded RNA viruses with a tripartite genome com-
prised of large, medium, and small segments. Trans-
mitted to humans via inhalation of aerosolized virus 
in contaminated rodent urine and feces, hantaviruses 

can cause hemorrhagic fever with renal syndrome 
(HFRS) or hantavirus pulmonary syndrome (4). 
Hantaviruses are generally carried by a rodent spe-
cies host, and geographic distribution of the host can 
determine the area in which the associated disease 
occurs among humans. From this perspective, Seoul 
orthohantavirus (SEOV), identified in South Korea in 
1982, deserves special attention because its cosmopol-
itan host, the Norwegian rat (Rattus norvegicus), also 
known as the brown rat, has been dispersed world-
wide, resulting in a global distribution of the virus 
today (5). Detection of SEOV is often considered an-
ecdotal and speculated to be driven by sporadic intro-
duction of infected brown rats via transportation but 
also by pet or laboratory rats (6,7). Diagnosing SEOV 
in humans remains a challenge due to milder and 
atypical HFRS pathology (8). However, mild symp-
toms can progress to acute renal disease associated 
with HFRS, in which patients experience low blood 
pressure, acute shock, and acute kidney failure, and 
the case-fatality rate is ≈1% (9). 

History of Hantaviruses in Africa
Fifteen years ago, no indigenous hantavirus was 
known in Africa (10). Since then, few studies have 
investigated hantaviruses, including SEOV, in Africa 
and consequences for human health. The dearth of 
studies gives the appearance that SEOV is not a ma-
jor public health threat on the continent because of 
the lack of local specific testing for SEOV among hu-
man serum samples (11). Nonetheless, suspicions of 
SEOV-like agents in humans and wild rats in 17 dif-
ferent countries in Africa are strong (5). Until recent-
ly, immunofluorescence assays positive for Hantaan 
virus (HTNV), a closely related orthohantavirus in 
rats, was the only indication that SEOV probably 
was in Africa. Unfortunately, these serologic analy-
ses were mainly based on cross-reactivity with bet-
ter documented hantaviruses from Eurasia within 
the Murinae-associated hantavirus virus genera  

Role of Seaports and Imported 
Rats in Seoul Hantavirus  

Circulation, Africa
Guillaume Castel, Claudia Filippone, Caroline Tatard, Jacques Vigan, Gauthier Dobigny

20 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023

SYNOPSIS

Author affiliations: CBGP, INRAE, CIRAD, IRD, Institut Agro,  
University of Montpellier, Montpellier, France (G. Castel, C. Tatard, 
G. Dobigny); European Research Infrastructure on Highly  
Pathogenic Agents, Bruxelles, Belgium (C. Filippone); National 
University Hospital Center, Cotonou, Benin (J. Vigan); Institut  
Pasteur de Madagascar, Antananarivo, Madagascar (G. Dobigny)

DOI: https://doi.org/10.3201/eid2901.221092

Seoul orthohantavirus (SEOV) is not considered a major 
public health threat on the continent of Africa. However, 
Africa is exposed to rodentborne SEOV introduction 
events through maritime traffic after exponential growth 
of trade with the rest of the world. Serologic studies have 
already detected hantavirus antibodies in human popu-
lations, and recent investigations have confirmed circu-
lation of hantavirus, including SEOV, in rat populations. 
Thus, SEOV is a possible emerging zoonotic risk in Af-
rica. Moreover, the range of SEOV could rapidly expand, 
and transmission to humans could increase because 
of host switching from the usual brown rat (Rattus nor-
vegicus) species, which is currently invading Africa, to 
the more widely installed black rat (R. rattus) species. 
Because of rapid economic development, environmental 
and climatic changes, and increased international trade, 
strengthened surveillance is urgently needed to prevent 
SEOV dissemination among humans in Africa.
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and did not enable identification of viruses at a finer 
specific level (12). In addition, these analyses usually 
lacked confirmatory assays (13). However, because 
of the high specificity of hantaviruses for their ro-
dent hosts, positive serologic tests in rats could be 
ascribed to cross-reactions with SEOV or SEOV-like 
variants (5), as seen in Senegal (12,13). Of note, older 
serologic studies in Africa, including regions in West 
Africa, have detected antibodies against hantavirus-
es in the human general population and in febrile 
patients with putative hantavirus disease (13–15). 
Detecting putative hantavirus in febrile patients is a 
crucial public health issue in Africa, where fever of 
unknown etiology is very common. However, in the 
absence of differential diagnosis and further labora-
tory confirmation, we cannot be certain of the virus 
involved in these cases. We also cannot consider 
these initial observations exhaustive because of the 
lack of a proper epidemiologic approach and the 
limits of the methods used. Nonetheless, those re-
ports might represent a primordial reflection of the 
health effects that hantavirus zoonoses could have 
in Africa. 

Since 2006, a genus-reactive pan-hantavirus 
PCR has been available to search for new hantavi-
ruses in small mammals (16,17). This PCR led to the 
discovery of the 2 molecularly characterized endem-
ic hantaviruses in mammals in Africa: Sangassou 

virus in the African wood mouse (Hylomyscus simus) 
and Tanganya virus in the Therese’s shrew (Croc-
idura theresae) (13,16,17). Since those discoveries, up 
to 10 indigenous hantaviruses have been identified 
in rodents, shrews, and even bats in Africa, making 
it the continent with the most recent scientific prog-
ress in hantavirus epizootiology and epidemiology 
(10). Recently, 2 studies using the pan-hantavirus 
PCR have molecularly assessed SEOV in rodents 
from southeastern Senegal (18) and southern Be-
nin (19), confirming that SEOV circulates in West 
Africa and could be a cause of hantavirus disease 
in humans (Figure). In both cases, phylogenic 
analyses grouped the retrieved viral sequences 
with SEOV strains from Asia but from 2 different 
genetic lineages (19). Strains from Benin belonged 
to SEOV lineage 7, whereas lineages from Senegal 
belonged to SEOV lineage 3 or 4, depending on the 
genomic segment considered (Figure); this differ-
ence could indicate different introduction events in  
these 2 countries (19).

Role of Seaports and Maritime Traffic in  
Global SEOV Dissemination 
Seaports have already been identified as potential 
entry points for hantavirus-infected brown rats, 
suggesting that brown rat–associated SEOV can be 
readily propagated worldwide through maritime 
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Figure. Seaports in which SEOV was detected in rats, West Africa. Detailed map shows localization of the 2 genetically characterized 
SEOV variants isolated from black rats (Rattus rattus) (18) and brown rats (R. norvegicus) (19). Red arrows indicate potential 
transmission between the rat species. Red question marks indicate current unknown SEOV infection status in the considered rat 
species. Inset shows the areas of interest on the continent of Africa. SEOV, Seoul orthohantavirus.



SYNOPSIS

transportation systems (20–22). In Japan, during 
the 1960s, brown rats captured in the Tokyo seaport 
area were shown to have a higher seroprevalence for 
an HTNV-like agent (5). Since then, hantavirus has 
been detected in rats in other port areas in Asia, in-
cluding China (21,23), and in Taiwan, where hanta-
virus antibody prevalence was much higher (20%) 
in rodents trapped in international seaports than in 
rural regions (≈5%), thus suggesting that hantavirus 
in Taiwan mainly originated from sea transportation 
(24). The role of seaports as the source of hantavirus 
was further supported by an inverse correlation be-
tween the seropositive rate of reservoir host species 
and the distance of small mammal sampling sites to 
the seaport (21). Of note, SEOV seroprevalence in 
brown rats from small islands closed to Taiwan was 
similar to that retrieved in seaports in Taiwan, and 
the SEOV lineage identified was genetically closely 
related to SEOV strains from Taiwan. In addition, 
since 1949, the only channels to trade or travel with 
those islands has been by boat or airplane to and 
from Taiwan, pointing again toward the critical 
role of ship-mediated transportation of rats (rats are 
more likely transported by boat) in disseminating 
SEOV in this region (24).

From this perspective, Africa is particularly ex-
posed to future introduction events of rodentborne 
pathogens through maritime traffic due to the 
exponential increase of trade with the other con-
tinents. Increased maritime traffic potentially in-
creases opportunities for ratborne pathogens, par-
ticularly SEOV, to expand their geographic range 
(18). Although one third of countries on the con-
tinent are landlocked, maritime trade constitutes 
Africa’s main gateway to international trade with 
the global marketplace (25). Therefore, seaports in 
Africa can constitute a gateway for allochthonous 
rodentborne pathogens, notably from Europe and 
the Americas, the main regions with trading part-
ners, but also from Asia, from which trade has been 
continuously increasing (26). Several rat species are 
well-known commensals to humans, among which 
brown rats live in close association with human 
infrastructure in many countries (11). This associa-
tion could translate into the omnipresence of po-
tential SEOV-carrying brown rats in human-made 
environments in Africa (5). In addition, brown rats 
can be numerous in seaports located within coastal 
cities (27,28), which provides opportunities for lo-
cal SEOV infection among rats and port workers. 
Indeed, higher SEOV seroprevalence has been re-
ported in workers in areas where seropositive ur-
ban rats were detected (29).

Ratborne Hantavirus Transportation and 
Spread Via Maritime Traffic
Ratborne hantavirus dissemination through mari-
time traffic is not a new phenomenon and prob-
ably has been occurring since human navigation 
for migration and trade, involuntarily transporting 
rodents aboard vessels (22). In Madagascar, molec-
ular evidence showed circulation of the variant An-
jozorobe virus (ANJZV), belonging to the Thailand 
hantavirus (THAIV) species, in black rats (R. rattus) 
and in the indigenous Major’s tufted-tailed rat (Eli-
urus majori) (30). THAIV is phylogenetically close 
to but distinct from SEOV, but the 2 viruses share a 
recent common ancestor (31). THAIV is associated 
with the greater bandicoot rat (Bandicota indica) in 
Thailand (31). In addition, THAIV strains Serang 
and Jurong have been found circulating in Asian 
house rats (R. tanezumi) in Indonesia and Singapore 
and in Cambodia in R. rattus rats (32). Detection 
of the ANJZV variant in Madagascar, far from its 
most probable areas of origin in South and South-
east Asia, is likely the result of black rat importa-
tion into Madagascar through the Arabian Penin-
sula 2,000–3,000 years ago, when humans colonized 
the island during a period of vast trading activity 
in the Indian Ocean (30,33). Serologic indication of 
hantavirus circulation in humans also was recently 
demonstrated in a large national population-based 
study in Madagascar (34), confirming previous 
observations (35). In another study conducted on 
nearby Mayotte Island, a novel hantavirus, Mayo-
tte virus (MAYOV), which clustered within the 
THAIV clade, was detected in 18% (29/160) of cap-
tured black rats (36). That finding also points to 
ship-transported virus by black rats from Southeast 
Asia via the Middle East during trade from Arabia 
thousands of years ago (30,36).

No available studies describe similar putative 
human-mediated scenarios for the introduction and 
spread of hantaviruses within continental Africa. 
However, SEOV was recently detected in invasive 
rats in Senegal and Benin (18,19), suggesting that 
human-mediated introductions have likely occurred.

Cross-Transmission from Brown Rats  
to Other Rodent Species
Although a strong virus–reservoir host specificity is 
globally accepted for hantaviruses, evidence of in-
terspecies spillover among wild rodents exists, chal-
lenging the strict rodent–hantavirus coevolution and 
giving rise to fears of potential rodent host spectrum 
expansion (37). In Madagascar, the indigenous Ma-
jor’s tufted-tailed rat was found to be infected by the  

22 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023w 



Role of Seaports and Rats in Seoul Hantavirus 

ANJZV variant, pointing toward a spillover event 
among rodents from the Muroidea superfamily (30). In 
the same manner, spillover infection is the suspected 
cause of MAYOV and ANJZV acquisition by R. rattus 
rats from other hantavirus rodent reservoirs in South-
east Asia, such as B. indica for THAIV in Thailand and 
R. tanezumi for Jurong and Serang variants in Indo-
nesia (36). Another study also showed that, although 
hantaviruses have preferred host species, spillover 
events can occur between black rats and domestic mice 
(Mus musculus) (38). Natural reassortment has already 
been documented for SEOV in brown rats and another 
hantavirus hosted by the striped field mouse (Apode-
mus agrarius) in Asia (39). Furthermore, the unambigu-
ous detection of SEOV, both molecularly and serologi-
cally, in black rats from Senegal (18) shows that SEOV 
is not restricted to brown rats in Africa and can po-
tentially jump to allied rat species via infected brown 
rats imported by ship (Figure). This hypothesis has not 
yet been investigated, but it could have major conse-
quences for SEOV ecology and epidemiology on the 
continent. Indeed, the brown rat is currently expand-
ing its range across the continent (40), which, by itself, 
might fuel SEOV dissemination in Africa. Even more, 
SEOV transmission and circulation in black rats could 
enhance geographic expansion because the R. rattus 
rat species was probably introduced centuries ago (41), 
is already widespread across the continent (40), and 
is still propagating because of its substantial invasive 
ability (42,43). When not dominated by other species, 
black rats are quite numerous in cities and live in close 
proximity to humans, including within households, 
especially in socioeconomically and environmentally 
degraded settlements where rat-to-human zoonotic 
spillover is possible (G. Dobigny et al., unpub. data, 
https://doi.org/10.5281/zenodo.6444777). Thus, if R. 
rattus rats are found to be a regular SEOV reservoir, the 
risk associated with this pathogenic but poorly docu-
mented virus in Africa could be even higher than is 
currently thought.

Discussion
Because of rapid economic development, environ-
mental and climatic changes, and increased inter-
national trade, Africa urgently needs strengthened 
surveillance and timely rodent elimination in seaport 
areas, where rats can be numerous, to prevent trans-
mission of rat-associated pathogens and potential 
disease outbreaks in humans (22,44). This strategy 
also represents an efficient way to limit the risk that 
newly introduced rodentborne viruses might dis-
seminate further across the continent from seaports. 
To delineate the eco-epidemiology of hantaviruses 

and their associated risks in Africa, surveillance of 
viral genetic variability would provide valuable in-
sights into pathogen transmission dynamics among 
animal reservoirs and the associated disease when 
human infection occurs. Low intrinsic genetic vari-
ability might reflect limited viral evolution and sug-
gest recent colonization events from infected rats ar-
riving via ships from a common source (20,36). This 
type of surveillance requires tools available on-site to 
amplify and characterize viral nucleic acid sequences 
from hantavirus-infected rodents or patients to un-
equivocally identify particular variants of SEOV or 
other hantaviruses, which is not possible with avail-
able serologic tests (45).

Surveillance in Africa should initially be directed 
to seaports and seaport workers, which represent the 
front lines for contamination by newly introduced 
viruses. However, surveillance is also needed inland 
because of passive dissemination of the rodent hosts 
(22,46), especially if SEOV has already jumped to 
more widely distributed rodent species. Urban envi-
ronments might further increase the risk for disease 
emergence because of close daily contact between hu-
mans and rodents, especially rats (47; G. Dobigny et 
al., unpub. data). 

No effective approved hantavirus diseases treat-
ment is available, and whole-virus inactivated vac-
cines are only licensed for use in South Korea and 
China but have uncertain protective efficacies (48). In 
addition, only supportive care is available to patients 
with Seoul virus disease (9). Follow-up for rodent 
biologic invasion, particularly in seaports, is explic-
itly recommended by the World Health Organiza-
tion International Health Regulations (2005) (49) and 
is critical for preventing future zoonotic emergence. 
Thus, seaports could play a role as sentinels of larger 
surveillance networks.

Conclusions
Because of associated risk for animal-to-human spill-
over of SEOV (3), prevention, detection, and health-
care personnel awareness of this often-misdiagnosed 
infection remain critical on the continent of Africa. 
Control of rats would require more effective and com-
prehensive collaboration between local authorities and 
the academic and research communities. This type of 
collaboration fits well with the World Health Orga-
nization 13th General Program of Work (49). Reduc-
ing the reservoir population by using a targeted pest 
management plan in areas where rodents are highly 
abundant and in frequent contact with humans could 
enable mitigation of rodent-related issues and the risk 
for human disease (K.R. Blasdell et al., unpub. data,  
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https://doi.org/10.1101/2021.03.18.436089). Howev-
er, eradication of rat populations in areas of the most 
concern likely constitutes a more ambitious and un-
attainable goal and can paradoxically have contrary 
effects (50). Thus, a surveillance rather than riposte-
based strategy, combined with medical staff training 
and implementation of on-site diagnostic methods 
(13), could reduce SEOV outbreak risk among humans 
in Africa.
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Described by John Langdon Down in the 19th Cen-
tury, Down syndrome is a birth defect caused by 

a random error in cell division during meiosis that 
results in an additional full or partial copy of chro-
mosome 21. Down syndrome is rare but is the most 
common chromosomal disorder; the global estimated 
birth prevalence is 14 cases/10,000 live births, and 
prevalence in Brazil is 4 cases/10,000 live births (1). 
The lower prevalence in Brazil might be because of 

the difference in the maternal age profile (1). Never-
theless, death among persons with Down syndrome 
in Brazil has increased in recent years, particularly 
among children (2). Socioeconomic and regional dif-
ferences in the quality of and access to healthcare, par-
ticularly in the North and Northeast regions, might 
explain increased death rates (2,3). Furthermore, the 
government of Brazil has proposed healthcare guide-
lines for persons with Down syndrome, but compli-
ance remains poor (4).

Down syndrome is characterized by anatomic ab-
normalities and intellectual disabilities. Persons with 
Down syndrome are more prone to chronic diseases, 
including visual impairment (prevalence 73%), thy-
roid disease (50%), congenital heart disease (25%), 
hypoacusis (27%), obesity (22%), osteoporosis (20%), 
and epilepsy (8%) (5). Because of immune disturbanc-
es, Down syndrome patients are more susceptible to 
respiratory tract infections and acute respiratory dis-
tress syndrome (ARDS) (6). Congenital heart defects 
and respiratory infections remain the most common 
causes of death and hospitalization among persons 
with Down syndrome (7,8). In children with Down 
syndrome, <80% of all hospitalizations and intensive 
care unit (ICU) admissions result from lower respira-
tory tract infections, and <29% of deaths are associ-
ated with pneumonia, influenza, and aspiration (9).

Patients with Down syndrome might be at high-
er risk for COVID-19–related death because they 
are more susceptible to respiratory failure, a major 
cause of death among COVID-19 patients. In addi-
tion, common underlying conditions among per-
sons with Down syndrome, such as cardiovascular 
disease and obesity, have been identified as inde-
pendent risk factors for COVID-19–related death 
(10). Despite these factors, studies of SARS-CoV-2 
infection in children and adolescents with Down 

Risk for Severe Illness and Death 
among Pediatric Patients with 
Down Syndrome Hospitalized  

for COVID-19, Brazil
Char Leung, Li Su, Ana Cristina Simões-e-Silva,  

Luisamanda Selle Arocha, Karina Mary de Paiva, Patricia Haas

RESEARCH

Author affiliations: University of Leicester, Leicester, England, UK 
(C. Leung); University of Cambridge, Cambridge, England, UK  
(C. Leung, L. Su, A.C. Simões-e-Silva, L.S. Arocha); 
Universidade Federal de Minas Gerais, Belo Horizonte, Brazil 
(A.C. Simões-e-Silva); University of Cambridge, Cambridge  
(L. Selle Arocha); Universidade Federal de Santa Catarina,  
Florianopolis, Brazil (K.M. de Paiva, P. Haas)

DOI: https://doi.org/10.3201/eid2901.220530

Down syndrome is the most common human chromo-
somal disorder. Whether Down syndrome is a risk fac-
tor for severe COVID-19 outcomes in pediatric patients 
remains unclear, especially in low-to-middle income 
countries. We gathered data on patients <18 years of 
age with SARS-CoV-2 infection from a national registry 
in Brazil to assess the risk for severe outcomes among 
patients with Down syndrome. We included data from 
14,684 hospitalized patients, 261 of whom had Down 
syndrome. After adjustments for sociodemographic and 
medical factors, patients with Down syndrome had 1.8 
times higher odds of dying from COVID-19 (odds ratio 
1.82, 95% CI 1.22–2.68) and 27% longer recovery times 
(hazard ratio 0.73, 95% CI 0.61–0.86) than patients 
without Down syndrome. We found Down syndrome 
was associated with increased risk for severe illness and 
death among COVID-19 patients. Guidelines for manag-
ing COVID-19 among pediatric patients with Down syn-
drome could improve outcomes for this population.
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syndrome remain rare, and findings are limited. 
One case–control study found low mortality rates 
in pediatric patients with COVID-19 overall in high 
and low-to-middle income countries, despite more 
severe COVID-19 clinical manifestations among pa-
tients with Down syndrome (11). The same study re-
ported higher mortality rates for adults with Down 
syndrome than those without, but because of limi-
tations of the data, the study did not find an asso-
ciation between pediatric Down syndrome and risks 
for COVID-19–related death (11). 

To assess whether pediatric patients with Down 
syndrome are at higher risk for severe COVID-19 
outcomes, we conducted a cohort study by using 
propensity score matching to reduce confounding 
from underlying conditions associated with Down 
syndrome. We used a nationwide database in Brazil 
to examine whether pediatric Down syndrome was 
associated with increased risk for severe COVID-19 
outcomes among hospitalized patients.

Methods

Study Cohort
The study population included persons registered in 
the Severe Acute Respiratory Syndrome Database of 
Sistema de Informacao de Vigilancia Epidemiologica 
da Gripe (SIVEP-Gripe; https://painel-sivep-gripe.
herokuapp.com), a nationwide database managed by 
the government of Brazil (2). SIVEP-Gripe was devel-
oped for severe acute respiratory syndrome surveil-
lance related to influenza and other respiratory viruses 
during the influenza A(H1N1) pandemic in 2009. Pa-
tients who have a reportable disease and are admitted 
to public or private hospitals are registered in SIVEP-
Gripe. When the 2020 pandemic began, COVID-19 was 
declared a reportable disease and incorporated into 
the surveillance network. SIVEP-Gripe is the primary 
source of information on COVID-19 hospitalizations 
and deaths in Brazil. Basic demographic and medical 
data were systematically registered in a predetermined 
form used for severe respiratory disease hospitaliza-
tions; data were verified by the medical practitioner at 
the point of care.

On November 26, 2021, we collected data on all 
COVID-19 cases registered in SIVEP-Gripe during 
March 5, 2020–November 22, 2021. We included cases 
in our study that met all these criteria: PCR positive for 
SARS-CoV-2; patient recovered or died; and patient 
was <18 years of age. We excluded data for patients 
who died of causes other than SARS-CoV-2 infec-
tion. We categorized patients as Down syndrome or 
non–Down syndrome, according to the SIVEP-Gripe 

database, where Down syndrome is reported by clini-
cal providers on a standardized registry form.

Data Sources and Measurement
We collected covariate data from SIVEP-Gripe, in-
cluding sociodemographic factors and clinical char-
acteristics. These data were age, sex, clinical endpoint 
(discharge or death), time to recover (i.e., time from 
admission to discharge), ethnicity (Caucasian, Asian, 
Hispanic/African, or Indigenous), location by region, 
need for ventilation, ICU admission, vaccination 
(against influenza and SARS-CoV-2), use of antiviral 
drugs, and signs and symptoms (including asymp-
tomatic). Data also included underlying conditions, 
such as cardiovascular, hematologic, liver, renal, pul-
monary, and neurologic diseases; asthma; diabetes; 
immunocompromise; and obesity. 

Patients self-identified sex and ethnicity. We in-
cluded ethnicity to reflect racial disparities in healthcare 
access. Signs, symptoms, and underlying conditions re-
ferred to those noted at symptom onset or admission. 
Except for low oxygen saturation (<95%), other signs 
and symptoms were assessed by certified medical 
practitioners. We included these signs and symptoms 
because they are predictors of in-hospital COVID-19 
death (12). Location referred to North, Northeast, 
Southeast, Center West, and South regions of Brazil, 
which we included to reduce bias due to geographic 
disparities in healthcare access. Other clinical covari-
ates were recorded during the clinical course. Antiviral 
drugs referred to those used against influenza, such as 
oseltamivir and zanamivir. Respiratory viral infections 
were confirmed by PCR tests for influenza, respiratory 
syncytial virus, human parainfluenza virus, adenovi-
rus, metapneumovirus, bocavirus, rhinovirus, entero-
virus, and other coronaviruses that do not generally 
cause ARDS (namely NL63, OC43, 229E, and HKU1), 
but that should not be ignored in high-risk populations 
(13); thus, we included them in the analysis.

Not all variables had complete data. For missing 
data on signs, symptoms, or underlying conditions, 
we assumed the clinical condition to be absent, fol-
lowing the approach used in a previous study that 
analyzed the same database (14). To reduce age-relat-
ed selection bias, we calculated age as the difference 
between the date of birth and the date of symptom 
onset, rather than the self-reported age. We consid-
ered cases without date of birth as missing data and 
excluded them.

Outcome and Comparison Group Definitions
The primary outcome was whether Down syndrome 
is associated with increased risk for in-hospital 
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death, measured by odds ratio (OR) for mortality. 
The secondary outcome was whether Down syn-
drome is associated with increased risk for severe 
illness, measured by hazard ratio (HR) for recovery. 
We adjusted both outcomes for demographic fac-
tors, underlying conditions other than Down syn-
drome, and intervention.

Statistical Analysis
To compare descriptive statistics between Down 
syndrome and non–Down syndrome cohorts, we 
used Mann-Whitney or Student t-tests for continu-
ous variables, such as age and time to recovery, de-
pending on the normality condition. We used Fisher 
exact rather than χ2 tests for dichotomous variables 
because χ2 is an approximate test. For the primary 
outcome, we calculated the OR for death by using 
a multivariable logistic regression model. For the 
secondary outcome, we calculated HR for time to 
recovery by using a multivariable Cox regression 
model. We assessed the assumption of proportional 
hazard by using Grambsch-Therneau test and modi-
fied the regression model to meet this assumption if 
the test result indicated any violations.

For both primary and secondary outcomes, we ad-
opted the forward variable selection procedure for all 
regression models and used p<0.1 as the threshold and 
the expected (E) value for sensitivity analysis (15). In 
brief, E value is the minimum strength of association 
that an unmeasured confounder would need to have 
with both the case and the control group to fully ex-
plain away a specific exposure–outcome association, 
conditional on the covariates (15). Because signs, symp-
toms, ICU admission, and ventilation are mediators 
rather than confounders, we removed them from the 
regression analysis. We chose the Southeast region as 
the reference for the location variables because health-
care is generally more accessible in this region. We 
chose Hispanic/African as the reference for ethnicity 
because those ethnicities represent the largest ethnic 
group in the country. For the logistic regression model, 
we used the area under the receiver operating charac-
teristic curve (AUC) to assess the goodness-of-fit. For 
the Cox regression model, we used the concordance 
index to assess the goodness-of-fit. We performed all 
calculations in R version 4.1.1 (The R Foundation for 
Statistical Computing, https://www.r-project.org) by 
using MatchIt and survival packages. We considered 
p<0.05 statistically significant.

Because some variables had missing data, we 
created an additional category for missing data in 
categorical variables that allowed for nonrandom  
missingness. For quantitative variables, we excluded 

cases with missing data from the corresponding 
statistical analysis because no reliable information 
was available for imputation. Neither Brazil nor 
the United Kingdom required ethics approval for 
this study because we used de-identified, publicly 
available data. 

Results
A total of 2,812,965 cases were registered in the SIVEP-
Gripe, of which 1,162,755 (41.3%) were PCR positive for 
SARS-CoV-2 (Figure 1). Among those patients, 17,018 
(1.5%) were <18 years of age, 1,144,249 (98.4%) were 
>18 years of age, and 1,488 (0.1%) had missing age data. 
Among 17,018 patients <18 years of age, 261 (1.5%) had 
Down syndrome and 16,757 (98.5%) did not, 78 (0.5%) 
died of causes other than SARS-CoV-2 infection, and 
2,256 (13.3%) had missing outcomes. Consequently, 
the study included a total of 14,684 (86.3%) cases that 
met all selection criteria and had COVID-19 diagnosed 
by PCR during March 5, 2020–November 22, 2021.

Among 14,684 patients in the study, 236 (1.6%) 
had Down syndrome and 14,448 (98.4%) did not (Ta-
ble). The sample was well balanced for sex (p = 0.237) 
and median age (p = 0.670) between the 2 groups. We 
noted no significant difference in ethnicity among the 
cohort, for Asian (p>0.999) or Indigenous (p>0.999) 
persons, and for those missing data (p = 0.238). The 
in-hospital case-fatality rate for patients with Down 
syndrome was 23.7% and was 8.2% for patients with-
out Down syndrome, and the difference was highly 
significant (p<0.001). The Down syndrome group 
also had a longer median time to recover (8.5 days vs. 
5 days; p<0.001). Patients with Down syndrome had 
more signs and symptoms of severe COVID-19 clini-
cal course than patients without Down syndrome, 
including dyspnea (59.8% vs. 48.9%; p = 0.001), low 
oxygen saturation (58.9% vs. 37.4%; p<0.001), and re-
spiratory discomfort (59.8% vs. 45.8%; p<0.001). Not 
surprisingly, patients with Down syndrome were 
more prone to health conditions, most notably car-
diovascular disease (35.6% vs. 3.5%; p<0.001) and im-
mune disorders (6.78% vs. 3.55%; p = 0.013). Further-
more, patients with Down syndrome required more 
advanced healthcare, evidenced by the higher rates 
of ICU admission (47.5% vs. 27.0%; p<0.001) and me-
chanical ventilation (67.4% vs. 44.5%; p<0.001).

After the adjusting for demographic and clinical 
factors, multivariable logistic regression suggested 
that patients with Down syndrome had higher risk 
for in-hospital death (adjusted OR [aOR] 2.06, 95% 
CI 1.39–3.01) (Figure 2). Adjusted factors were car-
diovascular diseases (aOR 3.04, 95% CI 2.38–3.87),  
neurologic diseases (aOR 3.23, 95% CI 2.62–3.96),  
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renal diseases (aOR 1.90, 95% CI 1.29–3.01), liver dis-
eases (aOR 4.15, 95% CI 2.24–7.53), and obesity (aOR 
2.30, 95% CI 1.59–3.25).

The difference in the crude and adjusted OR for 
location and ethnicity variables might not reflect con-
founding effects because we calculated aOR by using 
a reference group, giving different interpretations. 
For example, the crude OR for North means that pa-
tients from that region had 2 times the odds of death 
compared with persons from other regions, whereas 
the aOR showed that patients in the North had ≈2.7 
times the odds for death compared with persons in 
the Southeast region, the reference group.

The AUC was 0.75 (95% CI 0.73–0.75), indica-
tive of accuracy. ORs related to COVID-19 death 
were usually ≈2 (16), close to the computed E values 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/29/1/22-0503-App1.pdf). This result indi-
cates fair robustness of our results for the influence of 
unmeasured confounders.

For time to recovery, we created Kaplan-Meier 
curves for patients with and without Down syndrome 
(Figure 3). The log-rank test suggested a difference in 
the 2 survival curves (p<0.001), indicating that pa-
tients with Down syndrome had a lower probability 
of recovery during the first month of hospitalization 
than patients without Down syndrome. Grambsch-
Therneau test results showed that proportional  

hazard assumption of the multivariable Cox regres-
sion model was violated (p<0.001). We stratified the 
variables for age and Caucasian, based on p values 
from the Grambsch-Therneau test, and found p = 
0.140 in the stratified model (Figure 4). After adjust-
ing for demographic and clinical factors, patients 
with Down syndrome had 59% longer time to recov-
ery (adjusted HR [aHR] 0.41, 95% CI 0.19–0.97). We 
also noted statistically significant associations be-
tween other underlying conditions and longer time to 
recovery. Patients with renal disease had 77% longer 
time to recovery (aHR 0.23, 95% CI 0.10–0.53), those 
with neurologic disease had 59% (adjusted HR 0.41, 
95% CI 0.29–0.59) longer, those with hematologic dis-
ease had 57% (aHR 0.43, 95% CI 0.22–0.86) longer, 
and those with cardiovascular disease had 55% (aHR 
0.45, 95% CI 0.32–0.64) longer.

The concordance index was 0.59 (95% CI 0.57–0.61), 
indicating that the Cox regression model was adequate. 
Adjusted HR of risk factors related to time to recovery 
in COVID-19 patients was usually 1.2–1.7 (17), smaller 
than most of the computed E values (Appendix Table 2), 
indicative of fair robustness of our results.

Discussion
After adjusting for demographic and medical factors, 
we found pediatric patients with Down syndrome 
hospitalized for COVID-19 had higher risk for severe 

Figure 1. Flowchart of case inclusion in a study of risk for severe illness and death among pediatric patients with Down syndrome 
hospitalized for COVID-19, Brazil. We used publicly available data from COVID-19 cases registered in the Severe Acute Respiratory 
Syndrome Database of Sistema de Informacao de Vigilancia Epidemiologica da Gripe (SIVEP-Gripe; https://painel-sivep-gripe.
herokuapp.com), a nationwide database managed by the government of Brazil.
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illness and death than those without Down syn-
drome. We observed higher mortality rates (23.7%) 
among Down syndrome patients than in a previ-
ous case–control study (11). In that study, the au-
thors reported a 6.7% mortality rate among 328 
children with Down syndrome from low-to-middle 
income countries (11), but their result might be 

prone to selection bias because all controls were 
from the United States. Mortality rates reported in 
that study might also be lower than we observed 
because of socioeconomic inequality and vulner-
ability in Brazil. Despite efforts to ensure access 
to health services for persons with disabilities 
(18), inequality in healthcare access continues in 

 
Table 1. Characteristics of patients with and without Down syndrome in a study of risk for severe illness and death among pediatric 
patients hospitalized for COVID-19, Brazil* 

Characteristics 
No. participants  

p value With Down syndrome, n = 236 Without Down syndrome, n = 14,448 
Median age, y (IQR) 3.4 (0.6–12.4)  3.6 (0.7–11.5) 0.670 
Sex, % N = 236 N = 14,440  
 M 50.0  53.9 0.237 
 F 50.0 46.1  
Died, no. (%) 56 (23.7) 1,181 (8.2) <0.001 
Median time to recover, d (IQR) 8.5 (4.0–18.0), n =172 5.0 (3.0–10.0), n = 11,919 <0.001 
Region, no. (%)    
 North 17 (7.2) 907 (6.3) 0.501 
 Northeast 42 (17.8) 3,350 (23.2) 0.052 
 Southeast 100 (42.4)  6,908 (47.8) 0.101 
 Center West 23 (9.7) 1,330 (9.2) 0.734 
 South 54 (22.9) 1,953 (13.5) <0.001 
Ethnicity, no. (%) n = 191 n = 11,210  
 Caucasian 107 (56.0) 4,894 (43.7) 0.001 
 Asian 1 (0.5) 87 (0.8) >0.999 
 Hispanic 82 (42.9) 6,150 (54.9) 0.001 
 Indigenous 1 (0.5) 79 (0.7) >0.999 
 Missing 42 (19.1), n = 236 3,238 (22.4), n = 14,448 0.238 
Signs and symptoms, no. (%)    
 Asymptomatic 1 (0.4) 60 (0.4) >0.999 
 Abdominal pain 13 (5.5) 883 (6.1) 0.891 
 Anosmia 2 (0.8) 304 (2.1) 0.248 
 Ageusia 1 (0.4) 297 (2.1) 0.097 
 Coryza 18 (8.1) 1,470 (10.2) 0.328 
 Cough 134 (56.8) 8,909 (61.7) 0.138 
 Diarrhea 48 (20.3) 1,979 (13.7) 0.006 
 Dyspnea 141 (59.7) 7,059 (48.9) 0.001 
 Fatigue 23 (9.7) 1,250 (8.7) 0.559 
 Fever 163 (69.1) 9,676 (67.0) 0.530 
 Headache 6 (2.5) 800 (5.5) 0.043 
 Myalgia 1 (0.4) 387 (2.7) 0.023 
 Oxygen saturation <95% 139 (58.9) 5,400 (37.4) <0.001 
 Respiratory discomfort 141 (59.7) 6,612 (45.8) <0.001 
 Sore throat 31 (13.1) 1,941 (13.4) >0.999 
 Vomiting 41 (17.4) 2,447 (16.9) 0.861 
 Other symptoms 77 (32.6) 5,189 (35.9) 0.306 
Underlying conditions, no. (%)    
 Cardiovascular disease 84 (35.6) 505 (3.5) <0.001 
 Hematologic disease 4 (1.7) 274 (1.9) >0.999 
 Liver disease 2 (0.8) 68 (0.5) 0.311 
 Asthma 13 (5.5) 1,050 (7.3) 0.374 
 Diabetes 2 (0.8) 286 (2.0) 0.337 
 Neurologic disease 20 (8.5) 805 (5.6) 0.063 
 Pulmonary disease 11 (4.7) 301 (2.1) 0.018 
 Immunocompromised 16 (6.8) 513 (3.6) 0.013 
 Renal disease 6 (2.5) 189 (1.3) 0.137 
 Obesity 6 (2.5) 324 (2.2) 0.658 
Intervention, no. (%)    
 Antiviral against influenza 30 (12.7) 1,559 (10.8) 0.341 
 ICU admission 112 (47.5) 3,904 (27.0) <0.001 
 Ventilation 159 (67.4) 6,426 44.5) <0.001 
 Influenza vaccinate 18 (7.6) 981 (6.8) 0.601 
 COVID-19 vaccine 3 (1.3) 81 (0.6) 0.153 
*ICU, intensive care unit. 
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Brazil. We noted that pediatric Down syndrome  
patients hospitalized with COVID-19 in regions of 
Brazil with a low socioeconomic profile, such as the 
North and Northeast, had ≈3–4 times the odds for 
death and ≈30% longer time to recovery than those 
in the South region (Figures 2, 4). Furthermore, in-
equality in access to heart surgery to treat Down 
syndrome–related heart defects also might explain 
the higher in-hospital case-fatality rate observed in 
our study because cardiovascular disease is an inde-
pendent risk factor for COVID-19–related in-hospi-
tal death. Even in southern Brazil, where healthcare 
is more accessible, recent literature indicates only 
one quarter of patients with Down syndrome have 
undergone heart surgery (19). Nevertheless, we 

found that Down syndrome was a risk factor for se-
vere COVID-19 after we adjusted for cardiovascular 
disease; having undergone heart surgery implies the 
presence of cardiovascular disease.

Beyond Brazil, several factors specific to Latin 
America might explain why Down syndrome could 
be a risk factor for severe COVID-19 outcomes. First, 
quality healthcare might be out of reach for families 
of children with Down syndrome because they often 
are ostracized by the community due to religiously 
motivated social perceptions of Down syndrome. For 
instance, one study reported medical practitioners in 
Ecuador rarely diagnose Down syndrome in an em-
pathetic manner (20), which can lead parents to dis-
trust the healthcare system and discourage them from 

Figure 2. Crude and adjusted odds 
ratios for various factors associated 
with risk for severe illness and 
death among pediatric patients with 
Down syndrome hospitalized for 
COVID-19, Brazil. We calculated 
odds ratios by using logistic 
regression. Circles indicate odds 
ratios; error bars indicate 95% CI; 
dotted vertical line indicates the null 
hypothesis of odds ratio being equal 
to 1. 
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seeking professional help. Second, some families lack 
the financial ability to access healthcare for COVID-19 
even when they live in a geographic area where 
healthcare is accessible. Therefore, the increased risk 
for death related to the lack of healthcare might not 
reflect geographic variables in our study but instead 
might be associated with Down syndrome status. 
This problem does not only exist in Brazil; a size-
able portion of the population in Latin America has 
no access to any kind of health insurance (21). Third, 
Latin America remains one of the least vaccinated 
areas in the world; barely 30% of the population has 
been vaccinated against COVID-19 (22). Although 
Latin America has only 8.4% of the world’s popula-
tion, the region contributed 20% of confirmed global  
COVID-19 cases and 30% of deaths (22). Vaccination 
rate was low in the pediatric population in our study, 
and no information was available regarding differenc-
es in vaccination rates among children with and with-
out Down syndrome. Finally, ICU admission and ven-
tilation might be less available to children with Down 
syndrome in low-income countries such as Brazil.

Increased risk for severe illness and death among 
patients with COVID-19 and Down syndrome inten-
sifies the burden of Down syndrome, which already 
has greater effects on society in Latin America be-
cause resources are scarce. Prenatal diagnostic testing 
is not affordable for many in Latin America; nonin-
vasive prenatal testing costs 238% and amniocentesis 
costs 68% of the average monthly income in Brazil 

(23). As of 2014, Paraguay had only 1 laboratory for 
genetic testing, but many samples were sent to Chile, 
Brazil, or Argentina for testing (24), further straining 
the resources in these countries.

No literature confirming a biological link be-
tween Down syndrome and COVID-19 outcomes 
is available. Because cytokine release syndrome is 
a leading cause of COVID-19 deaths, we speculate 
that increased interleukin-6 (IL-6) production in chil-
dren with Down syndrome (25) could increase risk 
for death and that elevated IL-6 results from altered 
immune response to viral infection in patients with 
Down syndrome, as noted with influenza (26). We 
also hypothesize that patients with Down syndrome 
might be more susceptible to poor COVID-19 out-
comes because the TMPRSS2 gene, a serine protease 
for SARS-CoV-2 spike protein priming for viral host 
cell entry, is located on the 21q22.3 gene (27), a critical 
part of the Down syndrome region.

Several studies have reported on SARS-CoV-2 
infection among Down syndrome patients, but those 
studies focused on the general population or adults. 
Nonetheless, those studies generally noted more se-
vere COVID-19 in persons with Down syndrome, 
aligning with our work. One case series in Belgium 
reported on 5 adult patients, 43–62 years of age, with 
Down syndrome, 4 of whom had a severe clinical 
course; the other was asymptomatic (28). In a dual-
center study comprising 7,246 COVID-19 patients, 
including 12 with Down syndrome, levels of inflam-
mation markers, such as C-reactive protein and IL-6, 
were not much different between 12 patients with 
Down syndrome and 60 patients without, but the 
Down syndrome patients had more severe disease 
(29). Nevertheless, the sample size of that study is too 
small to refute the general belief that IL-6 is a prog-
nostic biomarker for COVID-19. In a study conducted 
in Sweden, COVID-19 patients with Down syndrome 
(n = 85) had 1.8 times higher odds of COVID-19 di-
agnosis and 4.3 times higher odds of ICU admission 
(30). Based on a time-to-event analysis, a study on 8 
million adults with SARS-CoV-2 infection reported a 
10-fold increase in risk for COVID-19 related hospi-
talization and 4-fold increase in risk for death among 
patients with Down syndrome (31).

We reduced confounding in our study to enhance 
the robustness of the results. First, we included sever-
al variables, such as intervention and respiratory viral 
infections, that were not considered in other studies. 
We also included location variables to account for ef-
fects of geographic disparities in access to healthcare. 
Second, Down syndrome patients have underlying 
conditions that are also independent risk factors for 

Figure 3. Kaplan-Meier curves for probability of recovery in 
a study of risk for severe illness and death among pediatric 
patients with Down syndrome hospitalized for COVID-19, 
Brazil. The log-rank test suggested a difference in the 2 survival 
curves (p<0.001), indicating that patients with Down syndrome 
had a lower probability of recovery during the first month of 
hospitalization than patients without Down syndrome. Gray 
shading around lines represents 95% CI.
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COVID-19–related death. These conditions are strong 
confounders between Down syndrome and death, 
and between Down syndrome and time to recovery. 
We used a multivariable regression model to reduce 
confounding, plus we used propensity score match-
ing to confirm the results. Finally, we included cases 
and controls from the same target population, which 
increases the level of evidence.

Limitations of this study include missing data, 
which usually arises in nationwide registries. Using a 
nationwide database implies large population cover-
age, but inaccurate data are inevitable. Nevertheless, 
we made every effort to verify data. Furthermore, we 
created an additional category for missing data in eth-
nicity, enabling nonrandom missingness. For miss-
ing data in the date of clinical endpoint, we observed 
many variables that had a statistically significant 
difference between groups with missing and avail-

able data included in the logistic and Cox regression 
models (Appendix Table 3). This partly accounts for 
random missingness by conditioning these variables 
in the regression models. Nonetheless, nonmissing 
randomness in the date of clinical endpoint remains a 
limitation. In addition to missing data, we only consid-
ered hospitalized cases, limiting the generalizability of 
our findings. Because predetermined forms were used 
to standardize the nationwide reporting, no informa-
tion on clinical management for Down syndrome was 
available. However, those data are partly reflected in 
geographic variables that imply access to healthcare. 
Furthermore, no guidance or details were available on 
diagnosis of most underlying conditions, except for 
respiratory viral infections, which were confirmed by 
PCR; however, data on underlying conditions were 
registered and verified by certified medical practitio-
ners. Finally, the sample size for the Down syndrome 

Figure 4. Crude and stratified 
hazard ratios for various factors 
associated with risk for severe 
illness and death among pediatric 
patients with Down syndrome 
hospitalized for COVID-19, Brazil. 
We calculated hazard ratios by 
using Cox regression. Circles 
indicate hazard ratio; error bars 
indicate 95% CI; dotted vertical 
line indicates the null hypothesis of 
hazard ratio being equal to 1.
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group was small because Down syndrome is a rare dis-
order, and we only considered a subset of this popula-
tion, children and adolescents.

In conclusion, our data showed that Down syn-
drome in children and adolescents is associated with 
increased risk for severe COVID-19 illness and death 
among hospitalized patients, even after adjusting for 
sociodemographic factors and clinical factors com-
mon in Down syndrome, such as cardiovascular dis-
eases. Social stratification and the lack of resources 
at the national level might intensify the risk for se-
vere COVID-19 outcomes among pediatric patients 
with Down syndrome. Guidelines for managing  
COVID-19 among Down syndrome patients could 
improve outcomes for this population.
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Reports of the expansion of the malaria vector 
Anopheles stephensi mosquito (1–6) are increas-

ing, intensifying the threat of urban malaria (7). The 
gradual southward expansion of this species has been 
recorded in India since the 1970s (1). The first occur-
rence of An. stephensi mosquito in Africa was reported 
as early as 1966 in a town in Egypt (2). During the past 
2 decades, several reports of expansion of this species 
in the Horn of Africa, Sudan, Sri Lanka, and Lakshad-
weep (a union territory of India) have appeared (1–6). 
A high probability of presence within many urban cit-
ies across Africa has been predicted, which warrants 
prioritizing vector surveillance (8). 

As a consequence of recent invasions of this vec-
tor species in several countries, the World Health 

Organization (WHO) recommended conducting 
active surveillance of An. stephensi mosquitoes in 
urban and periurban areas, in addition to routine 
surveillance in rural areas in the affected and sur-
rounding geographic areas (9). However, identify-
ing this species, a process that relies mainly on the 
morphologic characteristics of adult female mos-
quitoes, is often challenging. Sampling of adult An. 
stephensi mosquitoes from their resting habitats is 
difficult because they are secretive in their habits 
(10). WHO has recommended sampling immature 
An. stephensi mosquitoes from natural breeding hab-
itats and rearing them in the laboratory until their 
emergence into adults to enable species identifica-
tion (9). This practice is being adopted for sampling 
this species in regions of Africa (4,5,11), which is a 
time-consuming and labor-intensive process. Even 
freshly emerged adults have been reported to be 
misidentified as An. gambiae mosquitoes because of 
superficial resemblance (11). 

Adult mosquito collection through light-trap 
or pyrethrum spray collections are alternative and 
popular methods of sampling An. stephensi mos-
quitoes, but identifying adults collected through 
such methods can be difficult because of the loss of 
morphologic characteristics critical for their correct 
identification. Therefore, developing highly specif-
ic PCR-based assays is crucial for identifying both 
larval and adult An. stephensi species collected by a 
variety of methods. Such diagnostics will be helpful 
to field technologists who are not familiar with the 
morphology of this species. Those assays can detect 
An. stephensi mosquitoes in a large pool of mosqui-
toes when their proportion is extremely low. Equally 
vital is developing a DNA sequencing strategy to 
confirm the presence of An. stephensi mosquitoes in 
such pools of mixed species. Such molecular tools 
will help detect invasions of An. stephensi mosqui-
toes early in new geographic areas where they are 
present in extremely low densities.
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Reports of the expansion of the Asia malaria vector 
Anopheles stephensi mosquito into new geographic ar-
eas are increasing, which poses a threat to the elimina-
tion of urban malaria. Efficient surveillance of this vector 
in affected areas and early detection in new geographic 
areas is key to containing and controlling this species. 
To overcome the practical difficulties associated with 
the morphological identification of immature stages and 
adults of An. stephensi mosquitoes, we developed a 
species-specific PCR and a real-time PCR targeting a 
unique segment of the second internal transcribed spac-
er lacking homology to any other organism. Both PCRs 
can be used to identify An. stephensi mosquitoes indi-
vidually or in pooled samples of mixed species, including 
when present in extremely low proportions (1:500). This 
study also reports a method for selective amplification 
and sequencing of partial ribosomal DNA from An. ste-
phensi mosquitoes for their confirmation in pooled sam-
ples of mixed species.



 Detection of Invasive An. stephensi Mosquitoes

Methods

Mosquito Samples
We obtained adult mosquitoes or their DNA samples 
belonging to a total of 17 anopheline and 3 culicine 
species from different parts of the world either from 
BEI Resources (https://www.beiresources.org) or 
locally (Appendix Table, https://wwwnc.cdc.gov/
EID/article/29/1/22-0786-App1.pdf). Field-collected  
An. stephensi mosquitoes were processed for iden-
tifying biologic forms according to the methods de-
scribed by  Singh et al. (10).

DNA Isolation from Individual and Pooled Samples
We isolated DNA from individual specimens as well as 
pooled samples of mosquitoes to standardize PCR-based 
assays and their validation. We used pooled samples of 
different sizes, each consisting of a single An. stephensi 
mosquito and the rest An. culicifacies mosquitoes. We 
also used a pool of field-collected mosquitoes consisting 
of a single An. stephensi mosquito and other species.

We selected 2 commercial kits for DNA isola-
tion. For DNA isolation from individual mosquitoes 
or smaller pool sizes, we used the DNeasy Blood and 
Tissue kit (QIAGEN, https://www.qiagen.com), 
recommended for >25 mg of tissue. For larger pools, 
we used DNAzol Reagent (ThermoFisher Scientific, 
https://www.thermofisher.com), recommended for 
25–50 mg of tissue per milliliter of reagent. In addi-
tion, we isolated DNA from individual An. stephensi 
mosquitoes by boiling method.

DNeasy Blood and Tissue Kits
We isolated DNA from individual mosquitoes of some 
Anopheles, Culex, and Aedes species (Appendix Table) 
following the manufacturer’s protocol and eluted in 
200 µL elution buffer. We isolated DNA from smaller 
pools of III–IV instar larvae or adults, each containing 
a single An. stephensi mosquito and the rest An. culici-
facies mosquitoes in different pool sizes (i.e., 2, 5, 10, 
20, and 50). We also isolated DNA from the single leg 
of an An. stephensi mosquito, which was eluted in 50 
µL of elution buffer.

DNAzol Reagent
We used DNAzol Reagent for DNA isolation from 
pools (i.e., 25, 100, and 500) of adult mosquitoes and 
pools of 100 larvae (III–IV instar), each containing 
1 An. stephensi mosquito and the rest An. culicifacies 
mosquitoes. We directly homogenized pools of 25 
and 100 mosquitoes in 1 mL of DNAzol reagent in 
a microcentrifuge tube. In the case of pools of 100 
mosquitoes, we transferred 250 µL of the triturate to 

a separate microcentrifuge tube to make up a volume 
of 1 mL with DNAzol. We ground the pools of 500 
mosquitoes in liquid nitrogen and transferred ≈25 
mg of triturate in a microcentrifuge tube and homog-
enized in 1 mL of DNAzol reagent. We centrifuged 
all triturates at 10,000 × g for 10 min and transferred 
500 µL of supernatant to a fresh 1.5-mL microcentri-
fuge tube, which we subjected to ethanol precipita-
tion, washing, and solubilization of DNA following 
the vendor’s protocol. We dissolved DNA in 200 µL 
of 8.0 mM NaOH. We also isolated DNA from a pool 
of 100 mosquitoes containing a single An. stephensi 
mosquito and field-collected (through hand-catch 
method) mosquitoes belonging to An. culicifacies, An. 
subpictus, An. fluviatilis, and Culex quinquefasciatus.

Boiling Method
We isolated DNA from 10 individual specimens of 
An. stephensi mosquitoes by the boiling method de-
scribed by Sharma et al. (13). We either used the DNA 
isolated from this method immediately after isolation 
or preserved it at –20 °C for later use.

Selecting Target Sites for Designing  
Primers and Probes
We selected ribosomal DNA (rDNA) as a target site 
for developing diagnostics to identify An. stephensi 
mosquitoes, which are present in hundreds of copies 
in an individual and are highly conserved in a spe-
cies because of homogenization of sequence through 
unequal crossing over and gene conversion, a pro-
cess known as concerted evolution. We selected the 
internal transcribed spacer 2 (ITS2) rDNA, which is 
conserved within a species but highly variable across 
taxa, for designing An. stephensi–specific primers and 
probes. For designing An. stephensi–specific primers 
and probes, we conducted a homology search of ITS2 
sequences of An. stephensi (14) through a nucleotide 
BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). We optimized the search for blastn (somewhat 
similar sequences) and excluded the taxon Anopheles 
stephensi from the search. All 297 search returns be-
longed to the Anopheles mosquitoes, all belonging to 
the Neocellia series (subgenus Cellia); however, none 
of the returns showed homology to the last 122 bp 
segment of ITS2. We considered this region unique to 
An. stephensi mosquitoes and exploited this region for 
designing highly specific An. stephensi–specific prim-
ers and probes (Figure 1). For designing universal 
primers and a probe, we identified highly conserved 
regions from 5.8S and 28S rDNA (Figure 1) based 
on the alignment of sequences of anophelines avail-
able in the GenBank. To verify the specificity of each  
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An. stephensi–specific primer and probe (Table 1), we 
performed a blastn search in silico, which ensured 
that none of the primers and probes matched rDNA 
sequences of any other mosquitoes.

Development of a Hydrolysis Real-Time PCR 
For An. stephensi–specific hydrolysis real-time PCR, we 
designed 2 oligonucleotide primers, (Stq-F and Stq-R) 
and a hydrolysis probe (Stq-P) from the An. stephensi–
specific ITS2 region (Table 1; Figure 1). For internal con-
trol (IC), we designed primers (Uq-F and Uq-R) and a 
hydrolysis probe (Uq-P) from a region of 28S-rDNA con-
served in anophelines (Table 1; Figure 1). We performed 
real-time PCR in 10 μL of reaction mixture containing 
0.4 μM each of Uq-F, Uq-R and Stq-F; 0.5μM of Stq-R; 0.2 
μM of each probe (Stq-P and Uq-P); 1X QuantiFast Mul-
tiplex PCR kit (QIAGEN); and 1 μL of template DNA in 
Bio-Rad CFX96 Touch Real-Time PCR Detection System 
(https://www.bio-rad.com). The cyclic conditions were 
predenaturation at 95°C for 5 min, followed by 35 cy-
cles, each with denaturation at 95°C for 10 s and anneal-
ing/extension at 60°C for 30 s. We scored the number 

of cycles required for the fluorescent signal to cross the 
threshold (cycle threshold [Ct] values) by using the soft-
ware CFX Maestro (Bio-Rad) (Appendix Figure 1).

We evaluated PCR efficiencies of each hydrolysis 
probe assay by performing duplex real-time PCR as-
says in triplicate at 6 different concentrations, diluted 
serially by 10-fold. We performed the experiments on 
2 samples of An. stephensi DNA with different DNA 
concentrations, 8.7 and 3.2 ng/μL (Figure 2). To de-
termine the limit of detection (LOD), we conducted 
real-time PCR on the diluted DNA of An. stephensi 
mosquitoes with concentrations of 160 fg, 80 fg, 40 fg, 
and 20 fg, each with 12 replicates.

Development of Size-Diagnostic PCR
For a size-diagnostic PCR, we designed 3 prim-
ers: we designed the An. stephensi–specific forward 
primer (St-F) from the An. stephensi–specific region 
of ITS2 and designed 2 flanking universal primers 
from conserved 5.8S rDNA (U5.8S-F) and D2 domain 
of 28S rDNA (UD2-R). According to the strategy de-
signed (Figure 1), an An. stephensi–specific diagnostic 
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Figure 1. Schematic representation of PCR and sequencing strategies used for early detection of invasive malaria vector Anopheles 
stephensi mosquitoes

 
Table 1. Sequences of primers and probes used in study of molecular tools for early detection of invasive malaria vector Anopheles 
stephensi mosquitoes 
Name Sequence, 5′ → 3′ Annealing specificity Reference 
Stq-F TCTTTCCTCGCATCCAGTTG An. stephensi This study 
Stq-R CGGGAGAAGCGGTGATAAAT An. stephensi This study 
Stq-P /56-FAM/CGTGCTAAC/ZEN/CTCACTCACCCACAC/3IABKFQ/ An. stephensi This study 
Uq-F GAGATTCCCTCTGTCCCTATCT Universal This study 
Uq-R AGCTCAACAGGGTCTTCTTTC Universal This study 
Uq-P /5HEX/TAGCGAAAC/ZEN/CACAGCCAAGGGAA/3IABKFQ/ Universal This study 
U5.8S-F ATCACTCGGCTCATGGATCG Universal  (15) 
St-F CGTATCTTTCCTCGCATCCA An. stephensi This study 
UD2-R GCACTATCAAGCAACACGACT Universal This study 
StD2-R GTCTGCCACCACAGTCCT An. stephensi This study 
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amplicon of 438 bp size will be formed by the primers 
St-F and D2-R, and a universal amplicon of varying 
sizes (>600 bp), depending upon the length of ITS2 
in a particular species, will be formed by the primers 
5.8S and D2-R. The universal amplicon will serve as 
an IC to rule out PCR failure.

Because of the competitive nature of primers in 
multiplex-PCR, we optimized 2 protocols of PCR 
on the basis of the number of mosquitoes in a pool. 
For individual mosquitoes or smaller pools, we 
conducted size-diagnostic PCR assays by using Hot 
Start Taq 2X Master Mix (New England Biolabs, 
https://www.neb.com) in a 20-µL reaction mixture 
containing 0.5 units of taq polymerase, 1.5 mM of 
MgCl2, 0.25 µM of primer St-F, 0.25 µM of primer 
U5.8S-F, 0.375 µM of UD2-R, and 0.50 µL of DNA 
template (protocol-1). In another protocol (pro-
tocol-2), we reduced the concentration of primer 
U5.8S-F to 0.10 µM and increased the concentration 
of UD2-R to 0.50 µM for larger pools of mosquitoes 
(25–500). We also observed that the intensity of am-
plicon in size-diagnostic PCR with pools of mos-
quitoes (>25) could be improved by the dilution 
of template DNA. Therefore, the template DNA 
of larger pools of mosquitoes (>25) was further di-
luted by 1/10 before using it as template DNA for 
size-diagnostic PCR reactions to minimize the PCR 
inhibitors in PCR reactions. However, such dilu-
tion was not required for real-time PCR. Optimized 
thermal cycling conditions were an initial denatur-
ation step at 95°C for 30 s, 30 cycles each with a de-
naturation step at 95°C for 30 s, annealing at 55°C 
for 30 s and extension at 68°C for 45 s, and final 
extension at 68°C for 7 min. Five µL of PCR product 

was run on 2% agarose gel and visualized in the gel 
documentation system.

DNA Sequencing Strategy for the Confirmation  
of PCR-Based Identification of An. stephensi  
Mosquitoes in Pooled Samples
We amplified An. stephensi–targeted amplicons from 
DNA isolated from pools of 100 (field-collected) and 
500 mosquitoes, each pool containing a single An. 
stephensi mosquito, using primers St-F and UD2-R. 
We performed PCR by using Hot Start Taq 2X Mas-
ter Mix in a 20 µL reaction mixture containing 0.25 
μM of each primer. PCR conditions were similar to 
PCR protocol-1 but with extension time reduced to 
30 s and number of cycles increased to 35. The am-
plified products were treated with Exo-Sap II, and 
sequence termination reactions were performed 
from both directions of strands using BigDye Termi-
nator v3.1 Cycle Sequencing Kit (both ThermoFisher 
Scientific). The primers used for sequencing were 
the primers used for PCR amplification as well as 
the 2 internal primers (Stq-F and StD2-R) (Table 1; 
Figure 1). Both internal primers are specific to An. 
stephensi and were expected to provide a noise-free 
sequence by eliminating the possibility of sequenc-
ing nonspecific PCR product. The sequencing prod-
ucts were electrophoresed on an ABI Prism 3730xl 
(ThermoFisher Scientific).

Results

Real-time PCR
PCR efficiencies, as estimated based on Ct values of 6 
serially diluted concentrations of DNA, were 97.5%–
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Figure 2. Standard curve showing 
correlation of Ct values against 
10-fold serially diluted DNA 
samples of Anopheles stephensi 
mosquitoes (2 samples, A and 
B) in the duplex hydrolysis 
fluorescent probe assay. The 
slope of each line represents 
[–1/log10 (PCR efficiency)] for 
a hydrolysis probe assay. R2 
represents correlation coefficient 
of a slope. Ct, cycle threshold.
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101% for An. stephensi–diagnostic (Fam-labeled 
probe) PCR and 97.4%–98.2% for IC (Hex-labeled 

probe) PCR (Figure 2). The dynamic range of Ct val-
ues for real-time PCR for An. stephensi–specific PCR 
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Table 2. Results of hydrolysis real-time PCR and size-diagnostic PCR on individual and pooled mosquitoes for early detection of 
invasive malaria vector Anopheles stephensi mosquitoes* 

Specimen type 

DNA 
isolation 
method 

Real-time PCR 

 

Size-diagnostic PCR 

No. 
Ct values (An. 
stephensi)† Ct values IC No. 

An. stephensi– 
specific band IC band 

Anophelines         
 Neocellia series         
  An. stephensi type DNeasy 26 13.47–17.23 15.20–18.93  24 Positive Positive 
  An. stephensi intermediate DNeasy 2 14.75–15.60 15.39–16.06  2 Positive Positive 
  An. stephensi var. mysorensis DNeasy 1 14.54 15.01  1 Positive Positive 
  An. stephensi strain STE2 DNeasy 1 14.85–15.25 16.06–16.51  2 Positive Positive 
  An. stephensi type form Boiling 10 15.17–17.41 15.97–18.05  - Not done Not done 
  An. stephensi type form, single leg DNeasy 4 18.64–22.29 19.02–23.51  4 Positive Positive 
 Pyretophorus series         
  An. gambiae DNeasy 3 Negative 14.58–17.32  3 Negative Positive 
  An. quadrimaculatus DNeasy 2 Negative 14.52–15.64  2 Negative Positive 
  An. merus DNeasy 2 Negative 15.22–15.35  2 Negative Positive 
  An. subpictus form A DNeasy 2 Negative 16.61–17.02  1 Negative Positive 
  An. subpictus form A‡ Pre-isolated§ 1 33.09 18.32   Negative Positive 
  An. subpictus form B Pre-isolated§ 2 Negative 16.17–16.35  1 Negative Positive 
  An. sundaicus cytoform D Pre-isolated§ 1 Negative 14.47  1 Negative Positive 
 Albimanus series         
  An. albimanus DNeasy 2 Negative 16.21–16.58  1 Negative Positive 
 Anopheles series         
  An. freeborni DNeasy 2 Negative 15.73–15.81  1 Negative Positive 
  An. atroparvus DNeasy 2 Negative 14.70–15.88  1 Negative Positive 
 Neomyzomyia series         
  An. dirus DNeasy 2 Negative 17.34–18.01  1 Negative Positive 
  An. farauti DNeasy 2 Negative 19.09–19.48  1 Negative Positive 
 Myzomyia series         
  An. funestus DNeasy 2 Negative 15.50–15.62  1 Negative Positive 
  An. culicifacies species A DNeasy 1 Negative 17.41  1 Negative Positive 
  An. culicifacies species B Pre-isolated§ 1 Negative 17.48  1 Negative Positive 
  An. fluviatilis species S Pre-isolated§ 1 Negative 16.61  1 Negative Positive 
  An. fluviatilis species T Pre-isolated§ 1 Negative 17.02  1 Negative Positive 
Culicines         
 Culex quinquefasciatus DNeasy 3 Negative 16.58–19.20  2 Negative Positive 
 Aedes albopictus DNeasy 2 Negative 16.65–16.68  2 Negative Positive 
 Ae. aegypti DNeasy 2 Negative 18.96–19.20  2 Negative Positive 
 Ae. aegypti‡ Pre-isolated§ 1 32.95 20.97   Negative Positive 
Single An. stephensi individual pooled with An. culicifacies¶       
 Adults (1/2) DNeasy 1 17.06 18.31  1 Positive Positive 
 Adults (1/5) DNeasy 1 15.37 16.11  1 Positive Positive 
 Adults (1/10) DNeasy 1 15.77 15.30  1 Positive Positive 
 Adults (1/20) DNeasy 1 15.74 13.71  1 Positive Positive 
 Adults (1/50) DNeasy 1 15.43 11.43  1 Positive Positive 
 Adults (1/25) DNAzol 1 14.53 12.61  1 Positive Positive 
 Adults (1/100) DNAzol 1 16.37 11.27  1 Positive Positive 
 Adults (1/500) DNAzol 2 20.12–23.96 11.08–11.50  2 Positive Positive 
 Larvae (1/2) DNeasy 1 15.56 16.87  1 Positive Positive 
 Larvae (1/5) DNeasy 1 15.49 16.65  1 Positive Positive 
 Larvae (1/10) DNeasy 1 16.36 15.53  1 Positive Positive 
 Larvae (1/20) DNeasy 1 16.51 15.06  1 Positive Positive 
 Larvae (1/50) DNeasy 1 16.27 14.40  1 Positive Positive 
 Larvae (1/100) DNAzol 1 18.14 13.16  1 Positive Positive 
Single An. stephensi individual pooled with field collected mosquitoes (mixed mosquito-species)¶   
 Adults (1/100) DNAzol 1 17.61 11.70  1 Positive Positive 
*Ct, cycle threshold; IC, internal control. 
†Ct value shown as Negative implies that no Ct value was scored within 35 cycles of reactions.  
‡Contaminated with An. stephensi DNA. 
§Preserved DNA isolated manually for other studies.  
¶Denominator of numeric expression inside parenthesis indicate total number of mosquitoes in a pool.  
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was 13.5–32 and for IC-PCR was 15.5–33.5; the LOD 
was 40 fg of genomic DNA.

The real-time PCRs conducted on DNA isolated 
from individual An. stephensi mosquito samples, 19 
different nontarget Anopheles mosquito species, and 
a single An. stephensi mosquito in different pool sizes 
were specific based on software-determined Ct value 
scored within 35 cycles of reactions, except in the case 
of 2 preisolated DNA (1 each of Aedes aegypti and An. 
subpictus mosquitoes) showing false positivity with 
late Ct values (>32) (Table 2). The 2 false-positive 
samples were contaminated with the An. stephensi 
mosquito DNA as revealed through An. stephensi–
targeted sequencing (Appendix). Although prim-
ers and probe for IC were designed on the basis of 
anophelines’ 28S rDNA sequences, they also worked 
on all 3 nonanopheline species tested (i.e., Cx. quin-
quefasciatus, Ae. aegypti, and Ae. albopictus mosqui-
toes). The real-time PCR also successfully identified 
An. stephensi mosquito from DNA samples isolated 
by boiling method and DNA isolated from a single 
leg of mosquitoes. The real-time PCR was sensitive 
to detecting a single An. stephensi mosquito in pools 
of 500 mosquitoes with low Ct values (<24) (Table 2). 
Rising of fluorescent signal was noticed with IC probe 
in some experiments only in negative controls after 30 
cycles but not with An. stephensi–specific probe (Ap-
pendix Figure 1).

Size-Diagnostic PCR
We performed PCR protocol-1 on DNA samples iso-
lated from individual An. stephensi mosquito samples, 
nontarget mosquitoes, and pooled samples of mixed 

species (<50 mosquitoes), which provided desired 
amplicons. All An. stephensi mosquitoes were positive 
for An. stephensi–specific band (438 bp), and all other 
mosquito species were negative (Table 2; Figures 3, 
4). All species exhibited amplification of an IC band 
of varying sizes (>600 bp). Ae. aegypti mosquitoes ex-
hibited the smallest IC band (≈650 bp) because of the 
shortest length of ITS2 (200 bp). An. funestus and An. 
dirus mosquitoes exhibited the largest IC bands (>1 
kb) because of longer ITS2 (700 bp). PCR protocol 1 
successfully identified An. stephensi mosquitoes in 
all pooled samples of mixed species, where the An. 
stephensi–specific band was prominent in pools of 
<20 mosquitoes. We observed that the An. stephensi 
mosquito diagnostic band grew fainter as the concen-
tration of An. stephensi mosquito DNA decreased in 
larger pools (Figure 3, panel A). Therefore, a different 
protocol (protocol 2) with different primer concen-
trations was adopted for larger pools. PCR protocol 
2 successfully identified An. stephensi mosquitoes in 
pools of 25–500 mosquitoes and provided clearly vis-
ible An. stephensi–specific band in pools of <100 mos-
quitoes. On the basis of these results, we found PCR 
protocol-1 suitable for individual samples or smaller 
pools (up to 25) (Figure 3, panel A) and PCR proto-
col-2 suitable for larger pools (25–100 mosquitoes) 
(Figure 3, panels B and C).

Sequencing Results
An. stephensi–targeted DNA sequencing was suc-
cessful with all 4 sequencing primers. The quality of 
DNA sequences generated from pooled mosquitoes 
was reasonably high (Appendix Figure 2). The output 
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Figure 3. Gel photographs visualizing the result of PCRs specific to invasive malaria vector Anopheles stephensi mosquitoes. A) 
PCR protocol 1 on individual specimens and pools of An. stephensi and An. culicifacies. B) PCR protocol 2 on larger pools of An. 
stephensi and An. culicifacies. C) PCR protocol 2 on a pool of 100 mosquitoes containing a single An. stephensi mixed with other 
wild-caught anophelines (An. culicifacies, An. fluviatilis, An. minimus, and An. subpictus). The numerator of numeric expression 
shown on the top of each lane indicates number of An. stephensi in a pool, and denominator indicates size of mosquito-pool. L, 100-
bp ladder; NC, negative control.
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sequences showed 100% similarity with An. stephensi 
mosquito sequences in a BLAST search. The second 
highest similarity was with An. superpictus mosqui-
toes, which demonstrated 94.88% similarity on the 
basis of only 73% coverage. The remaining 27% nu-
cleotide sequence belonging to the ITS2 region did 
not show a match with any organism other than An. 
stephensi mosquitoes.

Discussion
The molecular methods developed in this study can 
identify and confirm An. stephensi mosquitoes indi-
vidually or in a large pool of mixed mosquito species, 
which could enable screening of large numbers of 
samples collected through a variety of methods (such 
as light trap, pyrethrum spray collection, larval col-
lection, etc.) with relatively limited effort and time. 
This method could help in early reporting of the pres-
ence of An. stephensi mosquitoes to concerned state 
health agencies and WHO.

In molecular diagnostics, we designed An. ste-
phensi–specific primers and probes from a segment 
of ITS2 lacking homology to any other organisms for 
which the rDNA sequence database is available in the 
public domain, enabling the design of primers that 
are highly specific to An. stephensi mosquitoes and 
refractory to nonspecific annealing. However, this 
process does not preclude the possibility of any mos-
quito’s sequence, as-yet unreported, having match-
ing sequences with An. stephensi–specific primers or 
probes. Therefore, confirmatory DNA sequencing 
should be performed in new areas using the An. ste-
phensi–specific primers suggested in this report. 

In earlier studies, confirmation of this species was 
done through sequencing of ITS2 and mitochondrial 
DNA using universal primers, which cannot be used 
in pooled samples of mixed species. Moreover, Mishra 
et al. (14) have shown that direct DNA sequencing 
of ITS2 in the case of An. stephensi mosquitoes is not 
fruitful because of the presence of indel variants, 
which causes the collapse of a sequence starting from 
the indel position. The method proposed here for se-
quencing An. stephensi mosquitoes in a pooled sample 
was targeted to indel-free partial ITS2 (which lacks 
homology with any organism) and D1-D2 domains of 
28S of rDNA, which are species-informative.

The real-time PCR developed in this study is for 
diagnostic purposes only and by no means intended 
for quantitative PCR (qPCR); qPCR is not reliable in 
the case of pooled mosquitoes belonging to different 
species because of interspecific variations in rDNA 
copy number (16) and body mass. However, the pro-
portion of An. stephensi mosquitoes in a mosquito pop-
ulation, when present in extremely low density, can 
be obtained by the method used for the estimation of 
infection rates in hematophagous insects by estimating 
minimum infection rate or maximum-likelihood pro-
cedure (17) on the basis of the number of pools posi-
tive, methods frequently used for xenomonitoring.

LOD for the real-time PCR is considered a vi-
tal criterion for assessing the sensitivity of real-time 
PCR when the copy number of target nucleic acid is 
a limiting factor (e.g., detecting pathogens in an or-
ganism). However, LOD is not a limiting factor for 
the An. stephensi–specific diagnostic real-time PCR; 
rDNA is abundantly found in the organism because 
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Figure 4. Gel photograph showing the result of PCR specific to invasive malaria vector Anopheles stephensi mosquitoes (protocol 1)  
on some individual mosquitoes belonging to the genus Anopheles, Culex, and Aedes. Lanes 1 and 19, 100-bp DNA ladder; 2,  
An. stephensi; 3, An. gambiae; 4, An. dirus; 5, An. albimanus; 6, An. quadrimaculatus; 7, An. farauti; 8, An. freeborni; 9, An. funestus; 
10, An. atroparvus; 11, An. merus; 12, An. fluviatilis species T; 13, Cx. quinquefasciatus; 14, An. subpictus molecular form A; 15,  
An. minimus sensu strictu; 16, Ae. aegypti; 17, Ae. albopictus; 18, negative control.
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of its high copy number. We observed in this study 
that LOD cannot be a limiting factor even when the 
proportion of target mosquitoes is 1/500 in a pooled 
sample or tested on DNA isolated from a single leg 
(Ct values <24). On the basis of our observations, we 
suggest a cutoff value of 30 for real-time PCR for more 
reliable results. Ct values above this threshold can be 
suspected to be DNA contamination which should 
be verified through DNA sequencing (Appendix). In 
this study, we observed false positivity for An. ste-
phensi mosquitoes with late Ct values (>32) in 2 DNA 
samples (1 each of the Ae. aegypti and An. subpictus 
mosquito) because of the contamination of DNA from 
An. stephensi mosquitoes.

The diagnostic PCRs in this study were designed 
to identify An. stephensi mosquitoes in large pools of 
samples. However, pooling of a large number of sam-
ples can accumulate potential PCR inhibitors. The 
heme compound in the blood (18) and eye pigment in 
the head of an insect (19) are reported potential inhib-
itors. Although we did not observe inhibitory effect of 
pooling in the real-time PCR, we observed substantial 
inhibitory effect in a size-diagnostic PCR with a pool 
of >50 mosquitoes. In this study, we experienced an 
improvement in the intensity of the band in size-diag-
nostic PCR in such pools by diluting DNA.

Although we have successfully demonstrated 
identifying a single An. stephensi mosquito in pools of 
500 mosquitoes, using a pool of up to 100 mosquitoes 
that can be ground in a single microcentrifuge tube 
during DNA isolation without the need for grinding 
by mortar and pestle is recommended. Grinding by 
using a mortar and pestle might increase the risk for 
carryover contamination. For confirmation of An. ste-
phensi mosquitoes in pooled samples through Sanger 
sequencing, we suggest using internal primers (Stq-F 
and StD2-R, both of which are specific to An. stephensi 
mosquitoes) for sequence termination reactions as a 
precautionary measure. This step is critical to rule out 
sequencing of false-positive PCR products because 
of nonspecific annealing with unknown nontarget  
species, if any.

In conclusion, the molecular tools developed in 
this study can be used to identify and confirm An. ste-
phensi mosquitoes, individually or in a pool of mixed 
mosquito species. This process will enable health au-
thorities to detect early invasion of the species, espe-
cially in areas where it exists with low density.
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For many people, the prolonged period of 
social distancing during the coronavirus dis-
ease pandemic felt frightening, uncanny,  
or surreal.
For Ron Louie, the sensation was reminiscent 
of a moth taking refuge in its cocoon, slum-
bering in isolation as he waited for better 
days ahead.
In this EID podcast, Dr. Ron Louie, a clinical 
professor in Pediatrics Hematology-Oncology 
at the University of Washington in Seattle, 
reads and discusses his poem about the early 
days of the pandemic.



Mapping the interface risk between wild birds and 
poultry requires information of wild bird dis-

tribution and migration patterns. Bird band recovery 
or global positioning system (GPS) tracking data are 
used for spatial risk mapping. Recently, citizen sci-
ence data has become an increasingly valuable source 
for addressing a wide range of ecologic research 
questions. With this study, we provided the analyti-
cal framework of using eBird, a Citizen Scientist data-
base (https://www.citizenscience.gov), to elucidate 
the dynamic distribution of wild birds and their po-
tential for avian influenza virus (AIV) exchange with 

domestic poultry. We generated a risk map that can 
be integrated into the current AIV surveillance sys-
tem, enabling strategic allocation of limited resources 
for spatially targeted virologic surveillance. The cod-
ing source, the open terrestrial environmental data-
set, and eBird dataset are fully available at http://aiv.
nchu.edu.tw.

AIV is an influenza A virus that belongs to the 
Orthomyxoviridae family. AIVs have been identi-
fied in a wide variety of species of wild and domestic 
birds, but their natural reservoir is wild waterbirds 
of the orders Anseriformes and Charadriiformes 
(e.g., ducks, geese, swans, and shorebirds). Wild 
waterbirds maintain a diverse group of low-patho-
genicity avian influenza A viruses (LPAIVs), which 
cause limited illness in these host species (1). On 
the contrary, highly pathogenic influenza A viruses 
(HPAIVs), characterized by mortality of gallinaceous 
poultry, are limited to H5 or H7 subtypes and con-
tinue to cause illness and death in poultry worldwide 
(2,3). Periodically, human infections associated with 
HPAIV have been detected (4). In particular, the Eur-
asian (goose/Guangdong/1996 [Gs/Gd]) lineage 
has substantially affected global epizootic outbreaks 
of highly pathogenic avian influenza (HPAI), which 
have become enzootic in some areas and involve mul-
tiple waves of influenza with genetically distinct vi-
rus clades and subclades (5). Wild geese and ducks 
may form the bridge for AIV transmission between 
wild and domestic birds, which are kept alongside 
each other, creating the opportunity for genetic mix-
ing of HPAIVs and LPAIVs when they infect the same 
bird concomitantly. Such genetic mixing promotes 
bidirectional virus exchange between wild and do-
mestic birds for the continued adaptation of Gs/Gd 
HPAIVs in wild bird hosts and long-distance spread 
to new geographic regions along the flyway (6–8). In-
formation about where wild and domestic birds can 
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The continuing circulation and reassortment with 
low-pathogenicity avian influenza Gs/Gd (goose/
Guangdong/1996)-like avian influenza viruses (AIVs) 
has caused huge economic losses and raised public 
health concerns over the zoonotic potential. Virologic 
surveillance of wild birds has been suggested as part of 
a global AIV surveillance system. However, underreport-
ing and biased selection of sampling sites has rendered 
gaining information about the transmission and evolu-
tion of highly pathogenic AIV problematic. We explored 
the use of the Citizen Scientist eBird database to eluci-
date the dynamic distribution of wild birds in Taiwan and 
their potential for AIV exchange with domestic poultry. 
Through the 2-stage analytical framework, we associated 
nonignorable risk with 10 species of wild birds with >100 
significant positive results. We generated a risk map, 
which served as the guide for highly pathogenic AIV sur-
veillance. Our methodologic blueprint has the potential to 
be incorporated into the global AIV surveillance system 
of wild birds.



RESEARCH

potentially interact on the landscape can help identify 
areas where disease transmission may be more like-
ly to occur, useful for risk management and control 
measures. Such regions could become focal areas for 
surveillance and prevention (9).

The first step of mapping the interface risk re-
quires information of wild bird distribution and mi-
gration patterns; however, obtaining such information 
is difficult. Without empirical data, previous studies 
implemented simulations or mathematical modeling 
for spatial risk mapping (10–13). Meanwhile, bird mi-
gration routes can be acquired from the bird band re-
covery (14) or GPS tracking data (15), but only a limit-
ed number of wild birds can be tracked and analyzed. 
Citizen science data are valuable for addressing a 
wide range of ecologic research questions, and the 
scope and volume of available data have rapidly in-
creased globally (16). However, data from large-scale 
citizen science projects typically present a number of 
challenges that can inhibit robust ecologic inferences, 
including species bias, spatial bias, varied efforts, and 
varied observer skills (17–19). When using citizen sci-
ence data, it is imperative to carefully consider the 
data processing and analytical procedures required 
to appropriately address the bias and variation.

Since 2015, Taiwan, which is on the East Asian 
Flyway of bird migration, has been affected by HPAI 
H5 virus clade 2.3.4.4, resulting in tremendous eco-
nomic loss (20,21). In this study, we established an 
analytical framework (Figure 1) using citizen science 
data, eBird (22), to map the interface risk between 
wild birds and poultry flocks and to shed light on 
the underlying mechanism of AIV transmission in  

Taiwan. Our risk map presents a quantitative evalu-
ation of the risk for AIV exchange at the interface be-
tween poultry flocks and wild birds, thereby enabling 
strategic allocation of limited resources for spatial tar-
geting surveillance for AIV in wild birds and poultry.

Materials and Methods

Datasets and Software
We obtained bird-sighting records from the eBird Cit-
izen Science database, the world’s largest citizen sci-
ence program, providing fine-scale occurrence data 
of bird species (23). The reporting system is based 
on checklists (22), whereby the observer provides a 
list of birds detected, GPS location, sampling effort 
(whether all detected species are reported), sampling 
duration, sampling protocol (e.g., stationary point, 
travel, and banding and distance traveled in the case 
of traveling protocol), starting time of the sampling 
event, and number of observers. We used the eBird 
Taiwan dataset focusing on the records from January 
2015 through June 2020. The Taiwan Endemic Spe-
cies Research Institute, Council of Agriculture, Tai-
wan, established an open terrestrial environmental 
dataset with 1-km high resolution spanning 5-decade 
periods during 1970–2020 and used it to predict oc-
cupancy probability of the selected wild bird species 
(24). This dataset contains 100 variables, including 9 
land-cover types (e.g., farmland, forest, or wetland), 
8 topographies (e.g., latitude or slope), 79 climates 
(e.g., monthly average temperature or rainfall), and 4 
other variables (e.g., traffic or length of roads). From 
the Council of Agriculture, Taiwan, we obtained the 
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Figure 1. Framework of the analyses performed to map the risk of wild birds introducing avian influenza virus (AIV) into poultry farms for 
study of integrating citizen scientist data into the surveillance system for avian influenza virus, Taiwan.
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complete poultry farm census dataset, established in 
2017 and based on an islandwide survey that used re-
mote satellite imaging technology conducted by the 
Taiwan Agriculture Research Institute. The poultry 
farm outbreaks dataset was obtained from the sur-
veillance system established by the Bureau of Animal 
and Plant Health Inspection and Quarantine, Taiwan, 
as described previously (20,25). During 2015–2017, a 
total of 1,223 poultry farm outbreaks were reported 
and laboratory confirmed in Taiwan (1,003 outbreak 
poultry farms in 2015, 38 in 2016, and 182 in 2017).

We partitioned Taiwan into 4,762 squares, each 
3 × 3 km, consisting of 306 grids, covering the coast-
line for follow-up spatial modeling. We performed 
all graphs and statistics in R software (The R Foun-
dation for Statistical Computing, https://www.R-
project.org) and produced maps by using QGIS  
(https://www.qgis.org). The packages used in R can 
be found from coding sources provided at http://aiv.
nchu.edu.tw/Open_data.html.

Spatial Exploration
To explore the spatial relationship of land-cover types 
or wild bird distribution, we subjected the area of each 
land-cover type or propensity score from each grid 
estimated for individual wild bird species from the 
wild bird species distribution map to principal com-
ponent analysis and t-distributed stochastic neighbor 
embedding (tSNE) analysis. The tSNE analysis is a 
modern dimension reduction method that uses an 
iterative algorithm to visualize the high-dimensional 
data in 2 dimensions while also revealing some global 
structures (i.e., clusters) (26).

Wild Bird Species Distribution Map
To investigate the risk for AIV exchange at the in-
terface between poultry flocks and wild birds, we 
first mapped the potential distribution of the wild 
bird species (Figure 1). All spatial models are based 
on partitions, which generated 4,762 grids, 3 × 3 km 
each. To eliminate spatial counting bias in eBird data, 
we applied a set of autoregressive logistic models 
to the eBird Taiwan dataset to estimate the occu-
pancy probability of the distribution of each species 
of wild bird in each spatial grid (27) (Appendix 1,  
https://wwwnc.cdc.gov/EID/article/29/1/22-
0659-App1.pdf). Because multicollinearity might be 
present, to improve the stability of regression esti-
mation, we used the elastic net method for variable 
selection. If the zero-inflated Poisson model did not 
fit the data well, we used the zero-inflated negative 
binomial regression model instead (28,29). Last, we 
used the occupancy probability of each bird species 

for individual grids to generate the distribution map 
for individual bird species. The estimated probability 
of occupancy is the propensity score, which we used 
for the matched-pair design (30).

Risk Mapping at the Interface of Wild Birds and Poultry
A fundamental problem with mapping the risk for 
AIV transmission at the interface between wild birds 
and poultry is the difficulty of quantifying the amount 
of contact between them. Hence, we measured rela-
tive spatial risk on a 3-km × 3-km grid by matching on 
the propensity score the occupancy probability (Pm) 
of each bird species. The tolerance of matching crite-
rion is Pm × 10%, which means if the case grid has its 
estimated score , the matched control should have a 
score lying within the tolerance interval (Pm,l,Pm,u), in 
which Pm,l = 0.90 and Pm,u = min(1.10, 1). We consid-
ered the approach of matched-pair design, in which 
the case grid contains >1 poultry farm outbreak and 
the control grid contains poultry farms with no out-
breaks during 2015–2017. Because the species of wild 
bird is both itself a risk factor as well as a confounder, 
propensity scores for each species with respect to all 
other species are matched out. By this manner, we 
estimated the partial effect of that particular species, 
possibly with adjustment for environmental and ter-
restrial factors. The association was measured by the 
McNemar χ2 statistic on 1 degree of freedom. Because 
there could be many candidate controls for each case 
grid, we performed 1,000 bootstrapped resamplings 
to produce 1,000 -realizations under the null hypoth-
esis that the specific species of bird has no association 
with the outbreaks. We report the bootstrap results 
using the notations Npa = number of positive associa-
tions in 1,000 replicates and Nsp = number of signifi-
cant positive associations in those Npa experiments 
(Table). The proportion of Nsp can be interpreted as 
parallel to the concept of p value, if the complement of 
(1 – Nsp/1,000) is taken. The proportion of Nsp/1,000 
reflects the strength against the null hypothesis; high-
er values imply stronger evidence. However, we did 
not adopt a strict criterion for statistical significance; 
that is, we did not require p to be <0.05 (Appendix 1). 
We used the proportion of Nsp as the probability of 
AIV being introduced by the wild birds into poultry 
farms or vice versa.

After matched-pair McNemar analysis, we used 
only the bird species with positive association to 
depict a risk map of AIV exchange at the interface 
between poultry flocks and wild birds. The risk, de-
fined as an infection probability (Rj) of grid j, can be 
estimated by an additive-multiplicative risk model 
(Appendix 1).
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Results
We report all grids with bird-sighting records for 
2015–2020 (Figure 2, panel A). There are no records 
for central grids of Taiwan because they are high-
mountain areas and are not easily accessible by bird 
sighters. Because poultry farms are not distributed in 
the high-mountain areas (Figure 2, panels B, C), such 
sparse data did not affect our follow-up analysis.

Occupancy probability was estimated by zero-
inflated Poisson model (Figure 3, panel B). The dis-
tribution of the predicted occupancy probability is 
consistent with the bird-sighting distribution from 
the observer records (Figure 3, panel A) and highly 
overlaps with the wetland land-cover type (Figure 
3, panel C). Distribution maps for all 68 species of 
wild bird are shown at http://aiv.nchu.edu.tw/
migrating_species.html. Among the 68 species, 66 
selected for this study can be well modeled for their 

occupancy probabilities by using a zero-inflated 
Poisson model.

The major land-cover type in Taiwan is forest, 
which comprises 55.8% of the total area of Taiwan’s 
main island, and <0.1% of the area is poultry farms 
(Figure 4, panel A). On the contrary, <2.5% of main is-
land area is covered by bush, wetland, and bare land, 
which are the main land-cover types for poultry farm-
ing. Water bodies cover only 1.19% of the island but 
also contain 3.27% of the area for poultry farming, 
mainly Anseriformes, such as ducks and geese. Be-
cause the estimated occupancy probability of wild bird 
species is based on 4,762 grids, 3-km × 3-km, generated 
for the whole island, many grids are made of mixed 
land-cover types (Figure 4, panel B). To explore the 
relationship of wild bird distribution with land-cover 
type, the estimated occupancy probabilities, also re-
ferred to as propensity scores, of 68 different species of 
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Table. Risk for avian influenza virus transmission from wild birds to poultry, with and without adjustments for environmental and 
terrestrial factors* 

Wild bird species 
 

Without adjustment 
 

With adjustment 
Scientific name Common name Npa Nsp (in Npa) Npa Nsp 
Calidris subminuta Long-toed stint  998 544  1,000 784(A) 
Chroicocephalus ridibundus Black-headed gull  1,000 896  1,000 482 
Tachybaptus ruficollis Little grebe  976 116  998 402 
Gallinago gallinago Common snipe  944 87  991 191 
Anas acuta Pintail duck  916 18  980 174 
Pluvialis fulva Pacific golden plover  987 171  993 157 
Himantopus himantopus Black-winged stilt  968 138  816 27 
Sternula albifrons Little tern  999 416  964 9 
Hirundo rustica House swallow  956 119  X X 
Bubulcus ibis Cattle egret  972 188  X X 
*Npa, no. positive associations in 1,000 replicates; Nsp, no. significant positive associations in the Npa experiments. 

 

Figure 2. Distribution maps for study of integrating citizen scientist data into the surveillance system for avian influenza virus, Taiwan. A) 
The 3-km × 3-km grid with bird-sighting records based on Taiwan eBird dataset during 2015–2020; B) average altitude based on Taiwan 
open terrestrial environmental dataset; C) poultry farm census data for Taiwan.
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wild bird were also subjected to principal component 
analysis and tSNE. The results showed that various 
wild birds were distributed in different ecologic en-
vironments, including forest and bodies of water, for 
which probabilities for AIV exchange between poultry 
farms and wild birds might differ (Figure 4, panel C).

In the second stage of our analysis, we performed 
propensity score matching with bootstrapping to pre-
cisely map the probability of AIV exchange between 
poultry flocks and wild birds. By doing so, we treated 
environmental factors as confounders and included 
them for the purpose of multivariate adjustment. 
Through propensity score matching with the prob-
ability of wild bird appearance, the significance of 
poultry farm outbreaks caused by HPAIV could be 
examined by bootstrapped resampling scheme based 
on randomness in selecting case–control matched 
pairs. There were nonignorable species with >100 
significant results among the 1,000 bootstrapped real-
izations of the McNemar statistic (Table 1). Four spe-
cies of wild bird, including the long-toed stint, black-
headed gull, little grebe, and pacific golden plover, 
were highly correlated with the HPAIV outbreaks on 
poultry farms, with or without adjustment. The wild 
bird species that can be viewed as being significant 
when environmental factors were considered, is the 
long-toed stint, with a p value of 0.216 (1 – 0.784) 
(Table 1). On the other hand, if environmental factors 
were not considered, the black-headed gull shows a 
highly significant association (p = 1–0.896 = 0.104).

Discussion
The continuing circulation and reassortment of Gs/
Gd-like HPAIV with LPAIV has caused huge eco-
nomic losses and raised public health concerns be-
cause of its zoonotic potential (31). Virologic surveil-
lance of wild birds has been suggested as part of a 
global AIV surveillance system (32,33) and could 
directly benefit human and animal health through 
knowledge of how avian influenza virus genes flow 
among different hosts and how factors that drive 
AIV prevalence in wild birds enable virus spillover, 
emergence, and maintenance. However, problems 
with understanding the transmission and evolution 
of HPAIV include underreporting, biased selection of 
sampling sites, and limiting AIV surveillance to wild 
bird carcasses (34). The risk map generated in this 
study (Figure 5) can be used for, but is not limited to, 
educational purposes of the government to commu-
nicate with stakeholders to increase their biosecurity 
of poultry farms; a sustained cost-effective AIV sur-
veillance program that promotes sampling site selec-
tions, thereby enabling limited resources to be strate-
gically allocated for early detection of changing AIV 
dynamics in reservoir populations to support public 
health and pandemic preparedness (35); and a quanti-
tative assessment of the risk of introducing AIV from 
wild birds into poultry flocks as well as the possible 
transmission of AIVs between wild bird populations 
affected by bird behavior, age structures of popula-
tions, and detailed migration routes.
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Figure 3. Distribution maps of pintail duck (Anas acuta) for study of integrating citizen scientist data into the surveillance system for avian 
influenza virus, Taiwan. A) True observation frequency from Taiwan eBird dataset; B) occupancy probability estimated by zero-inflated 
Poisson model; C) distribution map of wetland, based on the land-cover type from the Taiwan open terrestrial environmental dataset.
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Pathogens that cross the interface between di-
verse populations, such as wildlife and livestock or 
animals and humans, pose particular challenges to 
developing effective and efficient surveillance and 
control measures. AIVs can spread globally among 
wild birds, poultry, and humans, with potentially 
devastating effects. The Citizen Science project eBird, 
which collects large volumes of data across broad 
spatial and temporal dimensions, provides a great 

opportunity for investigating how wild birds contrib-
ute to this spread. However, citizen science data often 
suffer from bias arising from bird sighters’ viewing 
preferences, convenience (for bird sighting and travel 
planning), incentives (if any), and others. It may even 
come from the process of data recording and report-
ing. Although different analytical approaches for 
minimizing the bias have been published (36–38), our 
study used a high-quality inventory filtering proce-
dure by constraining aspects of the observation pro-
cess (e.g., the duration of observation and records of 
bird species sighting by ignoring the counts of birds 
on the checklists to remove potential sources of varia-
tion and facilitate subsequent analysis). Furthermore, 
birds are observed mostly during the day, and wild 
birds may forage near waterfowl poultry farms dur-
ing the night (39). Such foraging flight distance is rela-
tively short (e.g., the median for pintail ducks marked 
with satellite transmitters is within 3 km) and is cov-
ered by the size of the grids here (C.-C. Chen, Nation-
al Pingtung University of Science and Technology, 
pers. comm., 2022 Jul 1).

Another layer of bias in using the eBird dataset 
comes from the accessibility of bird sighting by the 
observers. Because the locations for bird sighting are 
highly influenced by the proximity to the road acces-
sible by the observers, the distribution of bird-sight-
ing records cannot fully reflect the ecologic distribu-
tion of the wild birds. However, the main difficulty 
with building a unified regression model to map the 
ecologic distribution of wild birds and using the eBird 
dataset is the number of variables from the open ter-
restrial environmental dataset. In our study, the num-
bers of bird species and environmental variables both 
exceed 100. Therefore, we focused on 1 species at a 
time but kept all other variables as confounders. The 
elastic net regularization method was first used as a 
unified machine learning algorithm to generate par-
simonious models for estimating potential risk maps 
(40). The elastic net regularization method is a com-
promise between ridge regression and lasso regres-
sion. To avoid complexity, we modeled only the pres-
ence or absence of individual bird species in each grid 
by using a conditional autoregressive logistic model, 
taking spatial autocorrelations into account.

Wild waterfowl are known reservoirs for LPAIV 
and potentially HPAIV because of the global evolu-
tion and circulation of Gs/GD-derived clade 2.3.4.4 
(41), which resulted in a new era of AIV surveillance 
requiring identification of critical interfaces between 
wild birds and poultry on the landscape for poten-
tial interspecies transmission and virus evolution. 
Although such estimates can be extrapolated from 
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Figure 4. Land cover and bird distribution data for study of 
integrating citizen scientist data into the surveillance system for 
avian influenza virus, Taiwan. A) Percentages of 9 land-cover types 
in the total area of Taiwan main island (bars), area of poultry farms 
in the total area of indicated land-cover types (line). B, C) The 
clustering pattern of the area of each land-cover type (B) and the 
propensity score for each bird species from 3,764 grids partitioned 
by 3-km × 3-km squares of the main island of Taiwan (C), are based 
on principal component analysis and tSNE dimension reduction. 
Clusters are colored by the land-cover type as shown in panel A. 
For 4,762 grids, if 1 specific land-cover type is composed of >90% 
in the grid, such grid will be regarded as such specific land-cover 
type. Otherwise, it will be labeled as the mixed land-cover type. The 
labels of clusters in panels B and C are consistent with those in 
panel A. FF, farm field; FO, forest; FW, farm wetland; MD, meadow; 
mix, mixed land-cover types; tSNE, t-distributed stochastic neighbor 
embedding; UB, urban; WB, water body. 
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active poultry surveillance, as suggested by previ-
ous studies (42–44), accurately determining the like-
lihood (or potency) of the exchange of AIV at the 
interface between poultry flocks and wild birds is 
difficult because of incomplete active surveillance 
and a lack of biosecurity information for individ-
ual farms. In this study, we performed propensity 
score matching with bootstrapping by ensuring the 
randomness of case–control pair selections for esti-
mating probability (45). By doing so, environmental 
factors were seen as confounders for which further 
adjustment can be made. We identified 10 nonignor-
able species of wild bird with >100 significant results 
among the 1,000 bootstrapped realizations of the 
McNemar statistic (Table 1). Among them, 4 wild 
bird species, including the long-toed stint, black-
headed gull, little grebe, and pacific golden plover, 
were highly correlated with the introduction of 
HPAIV into poultry farms, with or without adjust-
ment (Table 1). Those 4 species are mainly wintering 
birds; their preferred habitats are wetland or farm-
land. In particular, based on GISAID (https://www.
gisaid.org), there are extensive records of LPAI in 
black-headed gull, little grebe, and pacific golden 
plover, which increases their chances of transmitting 
AIV into poultry farms as shown for the bootstrap-
ping results (Table 1). Although the p values are not 
high, note that the term “p value” used here repre-
sents a concept of significance level based on boot-
strapped samples, rather than the 0.05 level of sig-
nificance criterion traditionally pursued in statistics.

The key limitation of our study is the lack of de-
tailed information contributing to between-farm AIV 
transmission. Such information includes bridge bird 
species on or near poultry farms, transportation ve-
hicles, or other farm animals (e.g., rats feeding on 
bird carcasses). It is also evident that different AIV 
subtypes and pathotypes can vary according to the 
epidemiology and prevalence of wild birds (46). For 
example, the following can interfere with significance 
results in McNemar tests: spatiotemporal variation 
in between-farm transmission by wild birds, spe-
cies age structure, behaviors including roosting/
breeding sites, AIV susceptibility, and AIV pathol-
ogy. Although phylogenetic analysis of HPAIV from 
individual outbreak poultry farms could reveal be-
tween-farm transmission events, we, unfortunately, 
had no access to sequence data of outbreak viruses. 
We also selected 36 different nonmigratory wild 
birds and followed the same analytical frameworks 
as those for migratory birds. The results suggested 
that 4 nonmigratory wild bird species, including 
the black bulbul, black-headed munia, red collared 

dove, and common moorhen, could potentially serve 
as bridging species for introducing AIV into poul-
try farms (Appendix 2 Table 2, https://wwwnc.cdc.
gov/EID/article/29/1/22-0659-App2.pdf), although 
other bridging species could also play major roles. 
Furthermore, increased occurrence of HPAI in wild 
birds resulted in disease and death of fairly large 
numbers of birds (>10,000 individuals) and affected 
diverse species (47). Mortality data for birds, espe-
cially nonmigratory species, could be indicators for 
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Figure 5. Risk maps showing risk of poultry farm acquiring avian 
influenza virus infection from migratory wild birds, from study of 
integrating citizen scientist data into the surveillance system for 
avian influenza virus, Taiwan. Each dot represents each 3-km × 
3-km grid. Red dots represent the high-risk area with probability 
calculated based on 10 bird species with high risk of transmitting 
avian influenza virus into poultry farms (Table). Orange dots 
represent the middle-risk area, with bird species with >1 positive 
McNemar test result. Gray dots represent the low-risk area with 
bird species having no positive or negative McNemar test results.
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HPAIV transmission and could be incorporated into 
spatiotemporal data analysis together with other ge-
netic or bird behavior data in the future (25).

In summary, information about the spatial distri-
bution of wild birds and how they exchange AIV with 
poultry, as well as the related risks, has the potential 
to benefit surveillance, pandemic preparedness, and 
prevention plans. However, poor availability of data 
presents challenges. The integration of citizen science 
data, such as eBird, into the surveillance system is un-
derappreciated, and the workflow developed in our 
study can be applied in other countries for AIV sur-
veillance in wild bird site selections to increase the 
breadth of virus strain coverage and knowledge of 
gene flow of AIV among wild birds.
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Annual temperatures in the circumpolar Arctic 
are rising at 2–3 times the global average, re-

ducing ecologic barriers for arthropod reproduction 
and fueling shifts in insect diversity and distribution 

(1,2). The northward advancement of the tree line 
and a 50%–60% increase in Arctic precipitation over 
the past 20 years provide a favorable environment 
for arthropod emergence (3,4). Consequently, arbo-
viruses are a growing wildlife and public health con-
cern in the Arctic. Limited information exists on the 
diversity of arboviruses in Arctic ecosystems, and 
few studies have identified hosts in sylvatic trans-
mission cycles.

California serogroup (CSG) viruses are antigeni-
cally and genetically related emerging vectorborne 
pathogens of the genus Orthobunyavirus that are 
found throughout North America and are associated 
with febrile illness and cases of neuroinvasive disease 
in humans (5). Pathogenic strains include La Crosse, 
Jamestown Canyon (JCV), California encephalitis, 
snowshoe hare (SSHV), Chatanga, and Inkoo vi-
ruses (6). Both JCV and SSHV have been identified 
as causes of arbovirus-associated neurologic diseases 
in North America (7). CSG viruses are transmitted 
through mosquitoes (Aedes, Culiseta, and Anopheles 
spp.), maintained by transovarial vector transmission,  
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Northern Canada is warming at 3 times the global 
rate. Changing diversity and distribution of vectors and 
pathogens is an increasing health concern. California 
serogroup (CSG) viruses are mosquitoborne arbovi-
ruses; wildlife reservoirs in northern ecosystems have 
not been identified. We detected CSG virus antibod-
ies in 63% (95% CI 58%–67%) of caribou (n = 517), 
4% (95% CI 2%–7%) of Arctic foxes (n = 297), 12% 
(95% CI 6%–21%) of red foxes (n = 77), and 28% (95% 
CI 24%–33%) of polar bears (n = 377). Sex, age, and 
summer temperatures were positively associated with 
polar bear exposure; location, year, and ecotype were 
associated with caribou exposure. Exposure was high-
est in boreal caribou and increased from baseline in 
polar bears after warmer summers. CSG virus expo-
sure of wildlife is linked to climate change in northern 
Canada and sustained surveillance might be used to 
measure human health risks. 
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and circulate in a wide range of vertebrate hosts (5,8). 
Since 2006, documented human exposure to CSG vi-
ruses has steadily increased in Canada as serologic 
tests have become available, although infections are 
still likely underdiagnosed (5).

Studies on CSG virus ecology and epidemiology 
have primarily focused on southern Canada and the 
contiguous United States. However, recent cases of 
human exposure in Alaska and the province of Man-
itoba, Canada have been reported (9,10), indicating 
that those viruses exist in northern ecosystems. Hu-
man encephalitis in Canada, while rare, has gen-
erally been linked to JCV and SSHV serotypes (5). 
Furthermore, we recently detected JCV and SSHV 
in Aedes sp. mosquitoes and biting midges collected 
in northern Québec (11), further confirming circula-
tion of CSG viruses in northern vectors. Potential 
reservoirs in southern Canada and the United States 
are cervids for JCV and rodents and lagomorphs for 
SSHV (5). We assessed potential reservoir and senti-
nel hosts in northern Canada by surveying caribou, 
rodents and shrews, and carnivores for CSG virus 
antibodies or RNA across a broad geographic range 
and identified biologic and ecologic factors associ-
ated with exposure.

Materials and Methods

Study Area
We collected samples in Yukon, Northwest Territo-
ries (NT), Nunavut, Quebec, Manitoba, and British 
Columbia (BC), Canada (Figure). The study areas 
comprised tundra, boreal, and mountain ecosystems.

Sample Collection
We collected blood from hunter-harvested migratory 
tundra and boreal caribou (Rangifer tarandus) in Nun-
avik (2018, Tasiujaq and Umiujaq, n = 53) and Nuna-
vut (2016, Bathurst Inlet, n = 19). We collected serum 
samples from caribou live-captured for radio collar-
ing in Yukon (2017–2019, n = 152), BC (2018–2019, n = 
20), NT (2010–2019, n = 219) and Nunavut (2019, Ku-
gluktuk, n = 10; 2018, Bathurst Inlet, n = 44) (Figure). 
We determined sex but not age for caribou.

We collected blood from Arctic and red fox car-
casses harvested for fur by licensed trappers in the 
NT (2018–2019, Inuvik, Sachs Harbour, and Ulukhak-
tok, n = 72), Nunavut (2019–2021, Cambridge Bay and 
Gjoa Haven, n = 85), Nunavik (2019–2021, Inukjuak 
and Tasiujaq, n = 20), and southern Quebec (2016–
2017, n = 61). We collected serum samples from Arctic 
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Figure. Distribution of animals in study of widespread exposure to mosquitoborne California serogroup viruses in caribou, Arctic fox, red 
fox, and polar bears, Canada. The green region is the mean on-ice home range of polar bears according to adult female movement (12). 
Locations of caribou include both capture/release and hunter-harvested samples. Dashed line indicates the tree line.
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foxes trapped alive at Karrak Lake, Nunavut (2014–
2018, n = 108) and Cambridge Bay, Nunavut (2021, n 
= 28) (13). We determined sex of the animals and esti-
mated ages according to a tooth condition index (14).

Serum samples were collected from live-captured 
adult polar bears (n = 377) as part of a long-term 
study of the western Hudson Bay population during 
1986–1989, 1995–1998, and 2015–2017 (15,16). Sex was 
determined, and age was estimated by extracting a 
vestigial premolar tooth and counting cementum an-
nuli (17,18). 

We collected tissues (instead of blood because 
of their small size) from rodents and shrews lethally 
trapped on line transects in the NT during the sum-
mers of 2017, 2018, and 2019 (n = 496). We also col-
lected samples at Karrak Lake, Nunavut, during the 
summers of 2018 and 2019 (n = 9).

Serology
We stored blood (from carcasses) and serum samples 
(from live captures) at –20°C until processing. Se-
rologic methods were performed as previously de-
scribed (19). In brief, we detected SSHV and JCV IgM 
in samples from foxes, caribou, and bears by using 
a competitive ELISA (cELISA). We measured optical 
densities at 450 nm, and samples with an inhibition 
value >30% were considered seropositive. Because 
this approach was originally developed for serum 
samples, we compared a positive caribou serum sam-
ple diluted in heart blood (1:2) and the same serum 
sample diluted in blocking buffer (1:2) to identify po-
tential inhibitory effects of whole blood. The dilution 
in heart blood resulted in 15% loss of inhibition, in-
dicating that whole blood likely underestimates IgM 
prevalence.

After performing cELISAs, we sent subsets of 
positive caribou (n = 18) and fox (n = 4) serum sam-
ples to the National Microbiology Laboratory in Win-
nipeg for plaque reduction neutralization tests (PRN-
Ts) to determine exposures to different viruses within 
the serogroup (20). We only conducted differential 
testing of this subset of animals because of resource 
limitations arising from the SARS-CoV-2 pandemic. 
Samples were considered positive for CSG viruses if 
neutralizing antibody titers were >1:20. A 4-fold in-
crease in titer was used to determine antibody speci-
ficity to a single CSG virus versus previous exposures 
to multiple viruses.

RNA Extraction and Reverse Transcription  
PCR for CSG Viruses
We stored tissues from rodents at –20°C until RNA was 
extracted from a pooled sample of liver, lung, spleen, 

and kidney for each animal by using the RNeasy 
Mini Kit (QIAGEN, https://www.qiagen.com). We 
performed real-time reverse transcription PCR on ex-
tracted RNA samples by using the primers CE-NC-F1  
(5′-GTGTTTTATGATGTCGCATCA-3′) and CE-NC-
R1(5′-CATATACCCTGCATCAGGATCAA-3′) for 
SSHV and CE-NC-F2 (5′-GTTTTCTATGATGAT-
GCATCC-3′) and CE-NC-R2 (5′-CACAAACCCT-
GCATCTGGATCAA-3′) for JCV. The probe for 
both SSHV and JCV was CE-NC (Fam-CAGGTG-
CAAATGGA-MGB; Integrated DNA Technologies, 
https://www.idtdna.com). We performed PCR un-
der the following conditions: 50°C for 5 min, 95° for 
20 s, then 45 cycles of 95°C for 3 s and 60°C for 30 
s. A 20 µL reaction mixture was used containing 5 
µL TaqMan Fast Virus 1-Step Master Mix (Thermo 
Fisher Scientific, https://www.thermofisher.com), 
9.4 µL H2O, 0.1 µl of each primer (100 µmol/L), 0.2 
µL of probe (25 µmol/L), and 5 µL of template. Posi-
tive controls were gBlock gene fragments (Integrated 
DNA Technologies) from the small segment of SSHV 
and JCV isolates reported in GenBank (accession nos. 
MK352486.1 and MN135989.1).

Statistical Analysis
We calculated sample prevalence and 95% CIs by us-
ing EpiTools epidemiologic calculators (21). We used 
multiple linear regression to model seropositivity 
with fixed effect variables 1/0 (positive/negative) as 
the dependent variables and region, year, age, spe-
cies, and sex as predictor variables for fox data. We 
also used multiple linear regression to predict sero-
positivity (1/0) according to region, year, ecotype, 
and sex (but not age) for caribou. We classified re-
gions as provinces or territories (BC, Yukon, NT, 
Nunavut, and Quebec) and ecotypes as migratory 
tundra, mountain, and boreal. The Leaf River caribou 
herd in Quebec was classified as migratory tundra 
caribou during this study, although they are often 
grouped as woodland forest-tundra caribou.

We also examined co-exposures to CSG viruses 
and 7 pathogens previously documented in the same 
polar bears (18) by using Pearson χ2 tests. Because of 
the long timeline for polar bear sample collection, 
we related seroprevalence (1/0) in polar bears to 
biologic and climatic factors (Table 1) by using bi-
nomial (logit link function) generalized linear mixed 
models and the same constrained set of a priori 
models for each pathogen as described previously 
(18). In brief, we evaluated sets of biologic and cli-
matic variables separately and identified top factors 
by using Akaike information criterion corrected for 
small sample size and weight of the model >0.60. To 
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assess the comparative influence of biologic and cli-
matic factors on CSG virus exposure, we combined 
top biologic and climatic factors into 1 model and 
used log-likelihood ratio tests to examine model im-
provement (reported as χ2).

We performed analyses by using SPSS Statistics 
28 (IBM, https://www.ibm.com) for caribou and 
foxes and R software version 3.3.3 (The R Project for 
Statistical Computing, https://www.r-project.org) 
for polar bears. We reported all variances with 95% 
CIs, and α was set to 0.05 for significance. We consid-
ered all animals sampled multiple times during the 
study (bears, n = 40; Arctic foxes, n = 12; Caribou; n 
= 52) positive if a single blood sample tested positive. 
We did not include subsequent results from positive 
animals in the analyses because duration of virus an-
tibody production is not well understood.

Results

Prevalence
Mean seroprevalence was 63% (95% CI 58%–67%, n = 
517) for caribou, 4% (95% CI 2%–7%, n = 297) for Arc-
tic foxes, 12% (95% CI 6%–21%, n = 77) for red foxes, 
and 28% (95% CI 24%–33%, n = 377) for polar bears 
(Table 2). The prevalence for bears varied significantly 
between time periods (χ2 = 9.98, degrees of freedom 
[d.f.] = 2, p = 0.007); a significant increase in positive 
cases was observed between the mid-1980s and mid-
1990s (χ2 = 9.78, d.f. = 1, p = 0.002). Seropositivity in the 
mid-2010s did not significantly differ from either the 

mid-1980s (χ2 = 1.55, d.f. = 1, p = 0.213) or mid-1990s  
(χ2 = 2.71, d.f. = 1, p = 0.100) (Table 3). Polar bears 
sampled repeatedly (3 during 1995–1998 and 2 during 
2015–2017) had positive titers that decreased below 
the cELISA threshold in subsequent sampling. Three 
of those bears were sampled again 1 year after initial 
positive samples, indicating that virus antibodies were 
short-lived (inhibition values were 38%, 45%, and 94% 
the year before). The other 2 bears were sampled 18–19 
years after initial positive samples.

Estimated seroprevalence varied between regions 
for caribou and foxes; the highest prevalence was ob-
served in the NT (83%, n = 219) and Nunavut (80%, n 
= 73) for caribou and in Nunavik for red foxes (20%, 
n = 10) and Arctic foxes (30%, n = 10) (Table 2). Boreal 
caribou (87%, n = 172) were exposed more often than 
migratory tundra (48%; n = 243) or mountain caribou 
(59%, n = 87) (Table 4). By PRNT, 18 positive cELISA 
samples from caribou in the NT had a positive titer 
>1:20 for JCV. We observed an SSHV titer of 1:40 in 4 
caribou, 2 of which had a JCV titer of 1:160 and 1:320, 
indicating exposure to JCV. Furthermore, PRNT of 
4 positive fox samples (3 from Nunavut and 1 from 
Quebec) indicated exposure to JCV.

Of the caribou that were repeatedly sampled 
during 2016–2018 (n = 52), 3 animals had titers that 
dropped below the cELISA cutoff value between 
winter and the following spring. Conversely, 3 
animals seroconverted during the same time frame 
(inhibition values between 31%–43%). We did not 
detect viral RNA by PCR in samples from 349 red 
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Table 1. Covariates used to model the likelihood of California serogroup virus seropositivity in adult polar bears of western Hudson 
Bay, Canada, 1986–2017, in study of widespread exposure to mosquitoborne California serogroup viruses in caribou, Arctic fox, red 
fox, and polar bears* 
Variables Range Description (reference) 
Biologic 
 Age, y 5–31 Age of polar bear according to tooth histology (17) 
 Sex 1/0# Field determination with females as reference category 
 Poor condition† 1/0# Polar bears rated 1 or 2 on 5-point body condition index (22) 
 Good condition† 1/0# Polar bears rated 4 or 5 on 5-point body condition index (22) 
 Weight, kg‡ 136–602  Calculated weight (23) matched to temporal equations for WHB 
 Conflict§ 1/0# Polar bears captured by Manitoba Conservation in Churchill, MB (24) before 

sample collection 
Climatic¶ 
 Ice free, d 110–152 No. days sea ice concentration was <15% as determined by SSM/I (25), within 

95% MCP estimate of polar bear home range (12) 
 Summer temperature, C 7.8–10.8 Mean air temperature, June–September, measured at Churchill airport, MB (26) 
 Summer precipitation, mm 169.0–310.6 Total precipitation, June–September, measured at Churchill airport, MB (26) 
 Winter  temperature, C –30.0 to –24.9 Mean minimum air temperature, December–March, measured at Churchill airport, 

MB (26) 
 Annual temperature, C –7.4 to –5.2 Mean annual air temperature measured at Churchill airport, MB (26) 
 Annual precipitation, mm 344.7–507.8 Total annual precipitation measured at Churchill Airport, MB (26) 
*This table was published previously (18). MB, Manitoba; MCP, minimum complex polygon; SSM/I, special sensor microwave/imager; WHB, western 
Hudson Bay. 
†The 5-point body condition index was dummy-coded with an average score of 3 forming the reference category. 
‡Mean weight centered within sex before modeling. 
§Bears with a history of capture as part of the Polar Bear Alert Program prior to sampling. 
¶All climate variables measured the year before serum sample collection. 
#Multiple linear regression was used to model seropositivity with fixed effect variables 1/0 (positive/negative) as dependent variables. 
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backed voles (Myodes rutilus), 20 meadow voles  
(Microtus pennsylvanicus), 68 deer mice (Peromys-
cus maniculatus), 9 collared lemmings (Dicrostonyx 
groenlandicus), and 59 shrews (species unidentified).

Biologic, Ecologic, and Climatic Factors
We did not detect substantial co-occurrence between 
CSG viruses and 7 other pathogens previously exam-
ined in the same polar bears (18). Both biologic and 
climatic factors influenced polar bear exposure to 
CSG viruses. Adult female polar bears were 2.6 (95% 
CI 1.6–4.2) times more likely to be seropositive than 
adult male polar bears. Age was negatively correlat-
ed with seropositivity, although the 95% CI included 
zero (β = −0.04, 95% CI –0.04 to 0.0). Polar bears pre-
viously captured in the town of Churchill, Manitoba, 
were 3.4 (95% CI 1.8–6.4) times less likely to be sero-
positive for CSG viruses. Summer temperature in the 
preceding year (corrected Akaike information crite-
rion, weight of model = 0.97) was a top climatic factor 
in the model, and warmer summer air temperatures 
were positively correlated with polar bear exposure 
to CSG viruses (β = 0.78, 95% CI 0.47–1.09). Inclusion 
of biologic and climatic factors in the same model 
significantly improved model fit (χ2 = 29.0, d.f. = 3, 
p<0.001) (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/29/1/22-0154-App1.pdf).

Biologic factors did not influence fox exposure to 
CSG viruses; however, location was significantly as-
sociated with seroprevalence (β = −0.2, p<0.05) and 
was highest in foxes in the eastern Arctic (R2 = 0.06, 
d.f. = 5, p<0.05). For caribou, location was also signifi-
cantly associated with exposure (β = −0.6, p<0.001); 
the highest prevalence was observed in Nunavut and 
NT. In addition, ecotype (β = 0.3, p<0.001) and year 
(β = −0.2, p<0.001) were significant variables in the 
model (R2 = 0.22, d.f. = 4, p<0.001); the highest expo-
sures occurred in 2010 (94%) and 2012 (93%) in the 
boreal woodland ecotype (Table 4).

Discussion
This study demonstrates widespread exposure to 
mosquitoborne viruses in wildlife across northern 
Canada. Caribou were most often exposed to CSG 
viruses (likely JCV) with seroprevalence >80% in the 
NT and Nunavut. The high prevalence, along with 
identification of cervids as reservoir hosts in tem-
perate regions, suggests that caribou might serve as 
reservoirs and sentinels for JCV (27). Caribou con-
gregate in herds and are particularly vulnerable to 
arthropod bites during calving when they are seden-
tary (28). Thus, we expected higher rates of CSG virus  
exposure in caribou than in polar bears that spend a 
considerable amount of time on sea ice or foxes that 
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Table 2. Prevalence of California serogroup viruses in wildlife in Canada, 2017, in study of widespread exposure to mosquitoborne 
California serogroup viruses in caribou, Arctic fox, red fox, and polar bears* 

Species 
Sample 

size Test 
Total prevalence, 

% (no./total) Location 
Regional prevalence, 
% (95% CI) (no./total) 

Prevalence, 
serum, % 
(no./total) 

Prevalence, 
whole blood, 
% (no./total) 

Caribou 517 cELISA 63 (324/517) BC 45 (26–66) (9/20)  45 NA 
 Yukon 45 (37–53) (68/152)  45 NA 

NT 83 (78–88) (182/219)  83 NA 
Nunavut 80 (69–87) (58/73)  91 (49/54) 47 (9/19) 
Nunavik 13 (7–25) (7/53)  NA 13 

Arctic fox 297 cELISA 4 (11/297) NT 0 (0–6) (0/66) NA 0 
Nunavut 4 (2–7) (8/221)  5 (7/136) 1 (1/85) 
Nunavik 30 (11–60) (3/10)  NA 30 

Red fox  77 cELISA  12 (9/77) NT 0 (0–39) (0/6) NA  0 
Nunavik 20 (6–51) (2/10) NA 20 

South QC 12 (6–22) (7/61) NA 12 
Polar bear 377 cELISA 28 (107/377) Manitoba 28 (24–33) 28 NA 
Red-backed vole 349 qPCR 0 NT 0 (0–1) NA NA 
Meadow vole 20 qPCR 0 NT 0 (0–16) NA NA 
Deer mouse 68 qPCR 0 NT 0 (0–5) NA NA 
Collared lemming 9 qPCR 0 Nunavut 0 (0–30) NA NA 
Shrew, unidentified 59 qPCR 0 NT 0 (0–6) NA NA 
*BC, British Columbia; MB, Manitoba; NA, not applicable; NT, Northwest Territories; QC, Québec; qPCR; quantitative PCR; cELISA, competitive ELISA. 

 

 
Table 3. Seroprevalence of California serogroup viruses in the western Hudson Bay polar bear population during 3 periods in study of 
widespread exposure to mosquitoborne California serogroup viruses in caribou, Arctic fox, red fox, and polar bears, Canada* 
Years Sample size Prevalence, % (95% CI) No. males Prevalence, % (no.) No. females Prevalence, % (no.) 
1986–1989 142 21 (13–26) 67 18 (12) 70 23 (16) 
1995–1998 149 36 (28–44) 73 23 (17) 76 47 (36) 
2015–2017 100 27 (19–36) 47 17 (8) 53 36 (19) 
*Repeat samples from bears were counted individually if bears were sampled between periods. Only one sampling was counted if bears were sampled 
multiple times within the same period. Sex was not determined for 5 bears. 
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have a smaller body size and are nocturnally active 
(29,30). Sampling location (province/territory) was 
associated with exposure, and high seroprevalence 
in caribou in central and western Arctic regions con-
trasted with 13% seroprevalence in the eastern Arctic 
(Nunavik, Quebec). This result reflects a difference 
in virus prevalence, although the use of whole blood 
from harvested animals in the eastern Arctic likely 
underestimated seroprevalence, especially in the 
migratory tundra ecotype. Noticeable differences in 
prevalence were also observed between whole blood 
and serum samples from caribou in Nunavut (Table 
2), indicating that whole blood is likely not an ideal 
sample for the cELISA.

Canada’s changing climate might play a role in 
CSG virus seroprevalence. The western Arctic region 
in Canada is warming more rapidly than the eastern 
Arctic region of Canada and the rest of the world (2). 
Warming temperatures have been linked to chang-
es in mosquito diversity, density, distribution, and 
host-seeking behaviors (31,32). For example, rising 
temperatures can increase mosquito development 
and survival and bring mosquitoes into phenologic 
synchrony with caribou, providing opportunities for 
pathogen transmission (31). Increases in precipitation 
might also influence regional differences in vector 

abundance and competence. Normalized precipita-
tion increased 30% from 1948 to 2012 in the Arctic re-
gion of Canada (33), especially in Nunavut, thereby 
increasing the abundance of larval development sites 
for mosquito vectors (2,34). Sampling year also influ-
enced caribou exposure. Therefore, future long-term 
studies should investigate associations between cli-
mate and temporal patterns of exposure in caribou, 
as we did for polar bears.

Ecotype was the final factor that was associated 
with caribou exposure. Boreal caribou had greater ex-
posure than those in other ecotypes (87%; Table 4). Bo-
real caribou remain in treed environments year-round, 
whereas tundra and mountain caribou migrate to tun-
dra and alpine habitats during the summer months 
(35,36). Warmer temperatures at lower altitudes and 
lower windspeeds in treed environments might in-
crease exposure to insect bites (37). Climate change 
has been linked to the northward advancement of the 
tree line, which might increase exposure to CSG vi-
ruses for caribou populations in the future (4). These 
factors, along with differences in the distribution and 
diversity of mosquito species and their vector compe-
tence, might all contribute to observed variations in se-
roprevalence among caribou and might also correlate 
with risk for human exposure.
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Table 4. Prevalence of California serogroup viruses within caribou ecotypes and herds/study areas across Canada in study of 
widespread exposure to mosquitoborne California serogroup viruses in caribou, Arctic fox, red fox, and polar bears* 

Ecotype 
Prevalence, % (95% CI) 

(no./total) Herd or study area Capture location 
Prevalence, % (95% CI) 

(no./total) 
Migratory tundra caribou 48 (42–54) (116/243) 

 
Beverly NT 83 (55–95) (10/12)  

Bluenose East NT 60 (36–80) (9/15)  
Bathurst NT 77 (50–92) (10/13)  

Dolphin and Union Nunavut 80 (69–87) (58/73)  
Porcupine Yukon 24 (15–35) (17/72)  
Forty Mile Yukon 100 (57–100) (5/5)  
Leaf River Nunavik, QC 13 (7–25) (7/53)  

Mountain woodland caribou 59 (48–68) (51/87) Heart River Yukon 78 (58–90) (18/23)  
Ibex Yukon 38 (14–69) (3/8)  

Clear Creek Yukon 70 (48–86) (14/20)  
Carcross Yukon 43 (25–64) (9/21)  
Tay River Yukon 50 (10–91) (1/2)  
Laberge Yukon 100 (21–100) (1/1)  

Pink Mountain BC 67 (21–94) (2/3)  
Muskwa BC 24 (5–70) (1/4)  

Kennedy Siding BC 50 (10–91) (1/2)  
Itcha-Ilgachuz BC 0 (0–79) (0/1)  

Chase BC 0 (0–79) (0/1)  
Quinette BC 100 (21–100) (1/1)  

Boreal woodland caribou 87 (81–91) (149/172) Chinchaga BC 50 (10–91) (1/2) 
Snake-Sahtaneh BC 100 (21–100) (1/1) 

Maxhamish BC 0 (0–79) (0/1)  
Calendar BC 100 (21–100) (1/1)  

North Deh Cho NT 92 (78–97) (33/36) 
South Deh Cho NT 89 (74–95) (31/35)  

Pine Point-Buffalo Lake NT 97 (85–99) (34/35)  
Hay River Lowlands NT 78 (61–89) (25/32)  

Mackenzie NT 79 (62–90) (23/29)  
*Ecotype data were not available for 13 caribou; herd/study area data were not available for 15 caribou. BC, British Columbia; NT, Northwest Territories; 
QC, Québec. 
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In foxes, overall CSG virus seroprevalence was 
much lower than for caribou, likely because of lower 
exposure to mosquitoes (smaller body size, nocturnal 
activity) (30). Region was associated with exposure in 
foxes. However, contrary to the results from caribou, 
the highest seroprevalence for foxes was in northern 
Quebec (30% for Arctic fox and 20% for red fox). This 
result might reflect a difference in viral serotype in 
foxes. Caution is warranted when interpreting these 
results because the sample size in this region was 
small (n = 10 for each species) and only samples from 
4 foxes were successfully tested by using PRNTs, 
which revealed exposure to JCV. Increasing the num-
ber of fox samples tested with cELISA and PRNT 
would help identify what CSG viruses are present in 
northern Quebec.

Archived serum samples from western Hudson 
Bay polar bears provided a unique opportunity to 
monitor changes in exposure to CSG viruses and 
other pathogens (18) over time in one of the most 
rapidly warming Arctic regions in Canada. Expo-
sure to CSG viruses in polar bears increased between 
1986–1989 and 1995–1998 but did not continue to in-
crease during 2015–2017 (Table 3). We found a strong 
positive association between air temperatures in the 
previous summer and virus exposure. Warmer air 
temperatures during summer when bears are on 
land likely increased the abundance of mosquitoes 
and bite exposures, especially in peatland ecosys-
tems that are not moisture limited, overwhelming 
the influence of other climatic factors on CSG virus 
exposure. Summer air temperature and ice-free days 
did not increase from 1995–1998 to 2015–2017 (Ap-
pendix Table 2), which might explain the lack of con-
tinued increase in exposure to CSG viruses. How-
ever, because sea ice breakup in western Hudson 
Bay has been occurring ≈5–6 days earlier per decade 
(15,29) and temperatures continue to rise, polar bear 
exposures to vectorborne pathogens, including CSG 
viruses, will likely increase.

Summer segregation of polar bears by age and 
sex might partly explain why female and younger 
adult bears had higher CSG virus exposure. Hudson 
Bay is ice-free during the summer and fall, forcing po-
lar bears onshore for 3–4 months; pregnant females 
are forced onshore for 8 months (38–40). While on-
shore, adult males are typically found in drier coastal 
areas, whereas adult females with cubs and pregnant 
females travel inland (39). The inland area consists of 
peatlands that are underlain by continuous perma-
frost resulting in poor drainage and extensive bogs 
and fens (41,42). Dens are constructed in peat deposits  
near water sources (41–44). Thus, proximity to stagnant 

water likely accounts for increased exposure of fe-
males and young bears to mosquito bites. Our study 
design limited the analysis to adult polar bears, and 
the age effect might have been more pronounced with 
the inclusion of younger animals.

Polar bears that were captured in Churchill were 
less likely to be exposed to CSG viruses, which is con-
gruent with patterns of exposure to Francisella tularensis 
previously described (18). Similar to CSG viruses, the 
life cycle of F. tularensis involves transmission by bit-
ing insects (45). Churchill is on the Hudson Bay coast, 
and polar bears previously captured in town might be 
more likely to inhabit coastal areas that have reduced 
exposure to biting insects than polar bears found far-
ther inland. These results suggest that persons in coast-
al regions of the Arctic have lower risk for arboviral 
exposure than those who live or travel inland.

Rodents and lagomorphs are theorized reservoirs 
for SSHV (5). However, all rodent samples tested dur-
ing this study were negative for SSHV RNA, possibly 
caused by the short viremia duration typically associ-
ated with arboviral infections or by sample storage. For 
example, white-tailed deer (Odocoileus virginianus) had 
detectable JCV in the blood for only 2–4 days after inoc-
ulation (27). Thus, antibody rather than virus detection 
might be more practical for CSG virus surveillance, and 
hosts with larger blood volume (such as hares) might 
be better suited as sentinels for SSHV surveillance. 
However, serologic methods also introduce challenges. 
Results from repeatedly sampled caribou and polar 
bears suggest that antibodies might be relatively short-
lived. In addition, 3 caribou seroconverted over winter, 
which suggests that false positives are possible.

All caribou samples from the NT tested by us-
ing PRNT had neutralizing antibodies against JCV, 
which was expected because white-tailed deer have 
been suggested as reservoir hosts for JCV in the Unit-
ed States and Canada (46,47). In Quebec, areas with 
moderate densities of white-tailed deer were associ-
ated with greater risk for human JCV seropositivity 
(48). Although exposure to JCV was expected, 4 cari-
bou from the NT also had antibodies against SSHV, 
suggesting serologic cross-reactivity or exposure to 
both viruses.

Climate change, along with a deep cultural re-
lationship between Indigenous persons and wildlife, 
suggests that northern Canada is an ideal location to 
study the effects of environmental variability on diseas-
es that affect both human and animal health (49). This 
study demonstrated widespread distribution and re-
gional differences in exposure to CSG viruses in wild-
life of northern Canada across multiple ecosystems,  
highlighting the benefit of monitoring wildlife as  
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sentinels for human disease risk. We identified high 
CSG virus seroprevalence in caribou populations, 
some of which are declining across northern Canada, 
emphasizing the need to determine whether caribou 
are reservoir hosts and whether JCV affects health 
and fecundity of these animals. Our finding of in-
creased CSG virus seroprevalence in polar bears over 
time demonstrates the utility of comparing preva-
lence of climate sensitive diseases against baseline 
values for species known to be affected by rapid cli-
mate change (18,50). We identified summer air tem-
perature as a key factor influencing polar bear expo-
sure to CSG viruses, suggesting that infections will 
likely become more prevalent as the climate contin-
ues to change. Our study provides preliminary data 
for future surveillance of mosquitoborne viruses and 
highlights the need for continued studies to decipher 
the transmission dynamics of vectorborne diseases 
in regions experiencing substantial climate change. 
Future sustained surveillance of CSG and other ar-
boviruses would provide additional information to 
measure health risks for humans and wildlife of con-
servation significance.
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Lyme disease is a multisystem disorder caused by 
infection with bacteria of the Borrelia burgdorferi 

sensu lato species complex. Three members of this 
complex, B. burgdorferi sensu stricto, B. garinii, and B. 
afzelii, are responsible for most cases of Lyme disease 
worldwide (1,2). B. burgdorferi s.l. is the only one of 
these 3 species that is found widely in North America, 
although B. garinii has been identified on islands off the 
coast of Newfoundland and Labrador, Canada (3–5).

We describe the isolation and genome sequenc-
ing characterization of a South Carolina B. garinii iso-
late from a repository of strains from rodent hosts and 
tick vectors in the southeastern United States that had 
been identified as B. burgdorferi s.l. A second B. garinii 
isolate from the same B. burgdorferi s.l. strain reposito-
ry was identified on the basis of multilocus sequence 

typing (MLST). Phylogenetic analysis showed that 
these 2 strains from the southeastern United States 
were most closely related to a group of B. garinii iso-
lates from Europe but were not derived from strains 
from Canada, or vice versa (3).

Methods

Sources, Cultivation, and Analyses of Borrelia spp.
The 2 Borrelia isolates described were isolated from 
ear biopsy specimens from a cotton mouse (Pero-
myscus gossypinus) (SCCH-7) trapped in Charleston 
County, South Carolina, in 1995 and from an eastern 
woodrat (Neotoma floridana) (SCGH-19) trapped in 
Georgetown County, South Carolina, in 1996 (Appen-
dix, https://wwwnc.cdc.gov/EID/article/29/1/22-
0930-App1.pdf) (6). We performed Borrelia culture in 
Barbour-Stoenner-Kelly H medium, DNA purifica-
tion, and PCR analyses as described (7). We detected 
B. burgdorferi s.l. in samples by amplification of the 
5S-23S intergenic region (8) (Appendix) by using spe-
cies-specific PCR and primers designed on the basis 
of the ospA gene, which confirmed the presence of 
multiple spirochete species (9). Cultures in which B. 
garinii was confirmed were plated on solid medium, 
and clonal single colonies were isolated according to 
a modified protocol (10) (Appendix).

Whole-Genome Sequencing and Genome Assembly
We performed whole-genome sequencing by using 
the Pacific Biosciences Sequel II system (https://
www.pacb.com). We performed genome assem-
bly by using the Genome Assembly tool in PacBio  
SMRTLink version 10.2 and 150 Mb of the HiFi reads 
>5 kb (Appendix).

Nucleotide Sequence Accession Numbers
Sequences have been deposited in GenBank. The 
genome assembly of SCCH-7 has been deposited 
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Lyme disease is a multisystem disorder primarily caused 
by Borrelia burgdorferi sensu lato. However, B. garinii, 
which has been identified on islands off the coast of New-
foundland and Labrador, Canada, is a cause of Lyme dis-
ease in Eurasia. We report isolation and whole-genome 
nucleotide sequencing of a B. garinii isolate from a cot-
ton mouse (Peromyscus gossypinus) in South Carolina, 
USA. We identified a second B. garinii isolate from the 
same repository. Phylogenetic analysis does not associ-
ate these isolates with the previously described isolates 
of B. garinii from Canada.



Genomic Confirmation of B. garinii, United States

in GenBank under BioProject PRJNA431102 and 
BioSample accession no. SAMN26226110 (Appen-
dix). Nucleotide sequences of 8 housekeeping genes 
(clpA, clpX, nifS, pepX, pyrG, recG, rplB, and uvrA) of 
SCCH-7 and SCGT-19 have been deposited in Gen-
Bank under accession nos. KP795353–60 (SCCH-7) 
and KT285873–80 (SCGT-19). The MLST sequences 
have also been deposited into the PubMLST database 
(https://pubmlst.org) under allele numbers assigned 
to unique loci (SCCH-7, clpX allele no. 272 and uvrA 
allele no. 278; SCGT-19, clpA allele no. 311 and clpX 
gene allele no. 273). Unique sequence type (ST) num-
bers in the PubMLST database are 1049 for SCCH-7 
and 1050 for SCGT-19.

Sequence Analysis
We performed MLST analysis of 8 housekeeping 
genes (clpA, clpX, nifS, pepX, pyrG, recG, rplB, and 
uvrA) of both isolates (SCCH-7 and SCGT-19) and 
whole-genome sequencing of strain SCCH-7 on DNA 
isolated at passage 6 as described (11). The maximum-
likelihood phylogeny of B. garinii strains from a con-
catenated dataset of the 8 housekeeping loci sequenc-
es (184 total isolates, 4,791 nt) was inferred in RaxML 
(https://raxml-ng.vital-it.ch) under the generalized 
time reversible plus Γ4 model (Appendix). We per-
formed phylogeographic analysis of diffusion on 
discrete space as implemented in BEAST (12) under 
the constant-size coalescent tree prior, and symmetric 
substitution model with Bayesian stochastic search 
variable selection enforced (Appendix). To compare 
sequences for the entire chromosome, we aligned the 
SCCH-7 chromosomal sequence with the 2 published 
chromosomal sequences of strain 20047 by using NU-
CMER (13). We derived a phylogenetic tree by using 
IQTREE (14) with default parameters from an MLST 
alignment of 34 B. garinii isolates most closely related 
to the 2 isolates from the United States.

Results

B. garinii from Rodents in South Carolina
The 2 B. garinii isolates we report were cultured from 
ear biopsy samples of a cotton mouse (Peromyscus 
gossypinus) (isolate SCCH-7) and an eastern wood-
rat (Neotoma floridana) (isolate SCGT-19); both were 
trapped in South Carolina (6). Those cultures were 
part of a southeastern United States collection of ≈300 
Borrelia isolates that were obtained during 1991–1999 
in Missouri, Georgia, Florida, Texas, and South Car-
olina and housed in the James H. Oliver, Jr., Institute 
of Arthropodology and Parasitology, Georgia South-
ern University (Statesboro, Georgia, USA). Multiple  

Borrelia species in numerous cultures of this collec-
tion, often present as co-infections, were reported 
in earlier investigations, including B. andersonii (15–
18), B. burgdorferi s.s. (6,15,19), B. bissettiae (15–18), B. 
carolinensis (7,20), B. americana (21), and a previously 
undescribed isolate from Texas, TXW-1 (16–18).

We confirmed B. burgdorferi s.l. in cultures by 
PCR amplification of total DNA with a 5S-23S rRNA 
set of primers (8). We identified the B. burgdorferi s.l. 
species present by cloning the total PCR products into 
the pCR4-TOPO TA vector and sequencing individ-
ual recombinants. We observed sequences with high 
similarity to B. garinii from 5 cultures. We then plat-
ed those cultures on solid medium to obtain single 
colonies and chose pure clonal cultures of B. garinii 
SCCH-7 clone 138 and SCGT-19 clone 19 from 2 of the 
cultures for further study.

Whole-Genome Sequence of B. garinii Isolate SCCH-7
We determined the whole-genome sequence of iso-
late SCCH-7 by single-molecule real-time PacBio 
methods (Appendix). Similar to other B. burgdorferi 
sensu lato genomes (22–24), the SCCH-7 genome 
contains a linear chromosome and several linear 
plasmids (lp) and circular (cp) plasmids. SCCH-
7 carries lp17, lp28–7, lp32–10, lp36, and lp54 and 
cp26, cp32–3, and cp32–6 (25). Plasmid SCCH-7 
sequences are typical of known B. garinii genomes 
and are similar to those of B. garinii strain 20047, al-
though strain 20047 carries an lp28–4 plasmid that is 
lacking in SCCH-7. The SCCH-7 genome is 1,161,212 
bp (chromosome 906,106 bp, linear plasmids 168,083 
bp, and circular plasmids 87,023 bp). Because the lin-
ear chromosome and plasmid sequences include all 
telomeres, this genome joins B. burgdorferi B31 and 
B. mayonii MN14–1539 genomes in being truly com-
plete (26–28). The SCCH-7 chromosome differs from 
that of B. garinii strain 20047 by only 2 single-nucle-
otide variations (SNVs) and 2 short insertion/dele-
tions from the sequence in accession no. CP028861 
and by 8 SNVs and 4 short indels from the sequence 
in CP018744 (those 2 20047 chromosomal sequences 
were produced by 2 independent research groups, 
those of S. Bontemps-Gallo and G. Margos, Biopro-
ject PRJNA224116). The 20047 plasmids were de-
scribed briefly by Casjens et al. (24). This whole-ge-
nome sequence unambiguously demonstrates that 
SCCH-7 is a B. garinii isolate.

Phylogenetic Analysis
B. garinii isolates from North America have been 
previously reported on coastal islands in the Atlan-
tic Ocean in eastern Canada (3–5,29). To investigate 
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whether the South Carolina isolates might have  
originated from these islands in Canada or vice versa, 
and to clarify the relationship of SCCH-7 and SCGT-
19 with other B. garinii isolates, we amplified by us-
ing PCR and determined SCGT-19 sequences for the 8 
genes (Appendix) previously used in MLST analyses 
of B. burgdorferi sensu lato isolates. We then extracted 
those sequences from the SCCH-7 and 20047 whole-
genome sequences. 

We compiled a phylogenetic tree (Appendix Fig-
ure 1) of the MLST data from isolates in this branch 
of the B. burgdorferi s.l. species and a maximum-like-
lihood (RAxML) tree (Figure) of the MLST sequences 
that includes isolates SCCH-7 and SCGT-19 and the 
178 other isolates available from the closely related 
species B. garinii and B. bavariensis, as well as 5 iso-
lates of B. turdi as an outgroup (Appendix Table 1). 
Apart from 1 unusual isolate from European Russia 
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Figure. Maximum-likelihood 
phylogeny of Borrelia garinii/B. 
bavariensis. A) Maximum-
likelihood phylogeny of B. 
garinii/B. bavariensis rooted 
with B. turdi. Topology is based 
on analysis of the partitioned 
dataset of 8 multilocus 
sequence typing genotyping 
loci s) under the generalized 
time reversible plus Γ4 model 
(for each partition) in RAxML 8 
(https://cme.h-its.org/exelixis/
web/software/raxml). The 
final alignment comprises 184 
taxa and 4,791-nt positions. 
Thickened branches indicate 
branching support as estimated 
by nonparametric bootstrap 
analysis based on 1,000 
replicates in RAxML 8. For 
better readability, support is 
categorized according to the 
scheme shown at the bottom 
of the tree. Isolates were 
clustered into 7 categories 
according to their geographic 
origin, which is color-coded 
according the scheme in the 
upper right part of the tree on 
the topology. The position of 2 
US isolates is indicated by an 
asterisk. B) Subset of results 
phylogeographic analysis 
of diffusion on the discrete 
space showing the estimated 
geographic origin of the inner 
branches for the ancestral 
clade of B. garinii from Asia. 
Full topology is shown in 
Appendix Figure 2, panel B 
(https://wwwnc.cdc.gov/EID/
article/29/1/22-0390-App1.pdf), 
and full details on the methods 
used are provided in the 
Appendix. Scale bars indicate 
nucleotide substitutions per 
site. BS, branching support.
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(pubMLST ID:2488 Om16-103-Iapr) that is a sister 
branch to all the other isolates, the remaining 178 iso-
lates form 2 clades that agree with previously defined 
B. bavariensis (39 isolates) and B. garinii (139 isolates) 
species (Figure) (30). The B. bavariensis group contains 
4 isolates from Europe and 1 isolate from Canada, in-
terspersed among most isolates from Asia, suggest-
ing, on the basis of maximum parsimony, that this 
group is an ancestrally clade from Asia that has had 
several independent introgressions into Europe (31).

The B. garinii clade is split into 2 major clades. The 
larger one (clade A, 108 isolates) comprises 76 isolates 
from Europe, 13 from continental Asia, 2 from Japan, 
9 from Canada (Newfoundland and Labrador), and 8 
from Iceland that are mostly distributed within this 
branch without apparent clustering by geographic 
origins. The smaller B. garinii clade (clade B, 31 iso-
lates) contains 21 isolates from continental Asia and 
Japan, 8 from Europe, and the 2 described here from 
the United States. The 2 United States isolates form 
a nested subclade with 5 strains of European origin 
in clade B (Figure, panel B). Also, the B. garinii from 
Canada are members of clade A (Figure) and are not 
closely related to the United States isolates.

To shed more light on the possible origin of the 2 
United States isolates and the evolutionary history of 
B. garinii in general, we performed phylogeograph-
ic analysis of diffusion in discrete space as imple-
mented in BEAST (Appendix). This Bayesian meth-
od infers the ancestral state at each node of a given 
discrete trait (in this case, the geographic origin of 
the strain). The resulting tree topology (Appendix 
Figure 2, panel A), as inferred under the Coales-
cence (https://www2.unil.ch/popgen/softwares/
quantinemo/coalescence.html) constant size model, 
separated the isolates into several groups. The B. ba-
variensis clade and clade B, whose composition cor-
responds to the MLST topology (Figure), are both 
predicted to originate in Asia. The 2 United States 
isolates (Figure) are in clade B and nested among a 
few sequences from Europe (Appendix Figure 2). 
The isolates from Europe are split into 3 clades (A1, 
A2, and A3), the first of which (A1) is found at the 
base of the whole B. bavariensis/B. garinii portion of 
the tree. Clade A1 is composed of 5 divergent B. ga-
rinii isolates from Slovakia separated from all other 
isolates from Europe and the B. bavariensis isolates. 
The ancestral clade from Asia (clade B) (Figure; Ap-
pendix Figure 2, panel A) is nested within clade A1 
and clade A2, which were both predicted to have 
origins in Europe. The terminal position of strains 
from Europe in the ancestral clade from Asia (clade 
B) suggests a secondary, more recent introduction 

into Europe from Asia. Thus, ancestral reconstruc-
tion with BEAST suggested frequent historical and 
recent migration events of B. bavarensis and B. garinii 
species within Eurasia.

The affiliation of United States isolates with Eu-
rope and the broader B. garinii ancestral clade from 
Asia (clade B) is consistently present in both trees (Fig-
ure; Appendix Figure 2, panel A) and is supported by 
phylogeographic reconstruction using the Bayesian 
stochastic search variable selection algorithm (33,34). 
However, because of the large single number of iso-
lates and relatively low number of phylogenetic-in-
formative positions (i.e., high sequence similarity), 
the bootstrap support of inner branches was not high. 
Therefore, we tested the independent evolutionary 
history of isolates from the United States and Canada 
by using the approximately unbiased topology test 
(35). First, we force-constrained the monophyly of 
the 2 United States isolates with each of the 9 isolates 
from Canada; we then used RAxML to reoptimize the 
general topology. We then compared the per-site log-
likelihood scores of those alternative topologies with 
the original MLST topology (Figure) by using the ap-
proximately unbiased in CONSEL (36). The resulting p 
values, ranging from 1.48 × 10−36 to 1.9 × 10−2 (Appen-
dix Table 2), support the rejection of a common origin 
of B. garinii from Canada and the United States. We 
conclude that, in contrast to the isolates from Canada, 
which might have been introduced there from Europe 
or Iceland by seabirds and ticks associated with them 
(37), B. garinii from the southeastern United States are 
a part of ancestral lineage from East Asia that might 
have arrived in the United States from Europe.

Chromosomal Relationships with Closely  
Related B. garinii Genomes
A maximum-likelihood tree of 32 closely related B. 
garinii genomes based on 8 housekeeping loci (Ap-
pendix Figure 3) shows that the 2 isolates from the 
United States cluster with a few isolates from Europe, 
which, by tree topology, were probably associated 
with an ancestor from Asia (Figure). We compiled 
all sequence differences at the 8 housekeeping loci 
among the strains that are most closely related to the 
2 isolates from the United States (Appendix Table 3). 
The genome-derived MLST SCCH-7 sequence and 2 
independent 20047 MLST sequences are nearly iden-
tical. The reported 20047 MSLT sequence has 2 differ-
ences in the recG gene compared with the 3 whole-
genome sequences, probably caused by sequencing 
errors. Those sequence identities strongly support a 
non-Canada origin, specifically a recent Europe ori-
gin, of United States isolate SCCH-7.
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In contrast to SCCH-7, strain SCGT-19 shows a 
distinct MLST haplotype defined by 16 SNVs and 1 
short indel (Appendix Table 3). The SCGT-19 ver-
sions of some of these SNVs and the indel are found 
in other B. garinii strains from Japan and Europe, sug-
gesting that they are unlikely to be sequencing errors. 
Furthermore, consecutive runs of SNVs at the clpA 
and clpX loci strongly indicate that their origins are 
caused by recombination and not de novo mutation. 
The differences between SCCH-7 and SCGT-19 sug-
gests that a migration or importation of B. garinii from 
Eurasia to the United States might have consisted of 
multiple strains of a source population.

Discussion
Our results provide strong evidence that B. garinii has 
been present in rodents in South Carolina, although its 
current status there is not known. Specifically, 5 sam-
ples we tested were positive for B. garinii, and from 
2 independent B. garinii cultures, we propagated and 
analyzed, SCCH-7 clone 138 and SCCH-19 clone 19.

MLST analyses of both isolates and whole-ge-
nome sequencing of SCCH-7 showed that these iso-
lates are not closely related to B. garinii strains from 
Canada; however, they are closely related to a subset 
of Eurasian isolates. How and when B. garinii arrived 
in South Carolina remains unknown. There were no 
reported Lyme disease outbreaks in the southeastern 
United States in humans at the time the strains were 
deposited in the repository or during the subsequent 
2 decades. This finding minimizes the urgency for 
an immediate new search for B. garinii in this region. 
Nonetheless, clinical vigilance for B. garinii in humans 
in this region seems warranted.
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Diphtheria is an infectious disease caused by toxi-
genic strains of Corynebacterium diphtheriae, C. 

ulcerans, and, rarely, C. pseudotuberculosis (1–3). Al-
though the diphtheria toxoid vaccine contributed to 

a decrease in the number of diphtheria cases globally, 
the disease remains a threat to public health, particu-
larly in South and Southeast Asia (4,5).

Currently, the World Health Organization rec-
ommends 3 primary doses of the diphtheria–tetanus–
pertussis (DTP) vaccine in young infants (i.e., at 6, 10, 
and 14 weeks of age), followed by 3 booster doses at 
12–23 months, 4–7 years, and 9–15 years of age, to 
protect all age groups. Nevertheless, many low- and 
middle-income countries have not introduced all 
booster doses.

The Vietnamese Ministry of Health (MOH) first 
introduced DTP in 1981, targeting infants 2, 3, and 4 
months of age. A booster dose targeting children 18 
months of age was introduced during 2011 (6). Be-
cause of efforts in vaccination, reported diphtheria 
cases in Vietnam decreased to nearly zero by 2010. 
However, several small diphtheria outbreaks in re-
mote districts in central and western Vietnam have 
been observed since 2013 (7).

Supplemental immunization activities (SIAs), in 
which vaccination is delivered to all targeted persons 
regardless of their previous vaccination history, were 
conducted in the areas surrounding Quang Ngai 
Province when diphtheria cases were identified dur-
ing 2013–2019 (8). However, most of the population 
of Quang Ngai Province has not been covered by SIAs 
as of October 2019. According to the national surveil-
lance program, Quang Ngai Province reported 2 lab-
oratory-confirmed cases in 2017–2018 and 47 in 2019–
2020, among an estimated population of 1,231,697 (9). 
Among these cases, 36 (73%) cases were in school-age 
children (6–17 years of age). Among confirmed cases, 
3 (6%) were fatal.

Although national administrative coverage of 
3 doses of DTP among infants has been maintained 

Seroepidemiology and Carriage  
of Diphtheria in Epidemic-Prone 

Area and Implications for  
Vaccination Policy, Vietnam

Noriko Kitamura, Thanh T. Hoan, Hung M. Do, The A. Dao, Lien T. Le, Thao T.T. Le, Thuy T.T. Doan,  
Thuong N. Chau, Hoi T. Dinh, Masaaki Iwaki, Mitsutoshi Senoh, Androulla Efstraciou, Nen M. Ho,  

Duc M. Pham, Duc-Anh Dang, Michiko Toizumi, Paul Fine, Hung T. Do, Lay-Myint Yoshida

70 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023 

RESEARCH

Author affiliations: London School of Hygiene and Tropical  
Medicine, London, UK (N. Kitamura, P. Fine); Nagasaki University, 
Nagasaki, Japan (N. Kitamura, M. Toizumi, L.-M. Yoshida); 
Pasteur Institute in Nha Trang, Nha Trang, Vietnam (T.T. Hoan, 
H.M. Do, T.A. Dao, L.T. Le, T.T.T. Le, T.T.T. Doan, H.T. Do); Quang 
Ngai Provincial Health Services, Quang Ngai, Vietnam (T.N. Chau, 
H.T. Dinh, N.M. Ho, D.M. Pham); National Institute of Infectious 
Diseases, Tokyo, Japan (M. Iwaki, M. Senoh); National Institute 
of Hygiene and Epidemiology, Hanoi, Vietnam (D.-A. Dang); UK 
Health Security Agency, London (A. Efstraciou)

DOI: https://doi.org/10.3201/eid2901.220975

In 2019, a community-based, cross-sectional carriage sur-
vey and a seroprevalence survey of 1,216 persons 1–55 
years of age were conducted in rural Vietnam to investi-
gate the mechanism of diphtheria outbreaks. Seropreva-
lence was further compared with that of an urban area 
that had no cases reported for the past decade. Carriage 
prevalence was 1.4%. The highest prevalence, 4.5%, was 
observed for children 1–5 years of age. Twenty-seven as-
ymptomatic Coerynebacterium diphtheriae carriers were 
identified; 9 carriers had tox gene–bearing strains, and 3 
had nontoxigenic tox gene–bearing strains. Child malnu-
trition was associated with low levels of diphtheria toxoid 
IgG, which might have subsequently increased child car-
riage prevalence. Different immunity patterns in the 2 pop-
ulations suggested that the low immunity among children 
caused by low vaccination coverage increased transmis-
sion, resulting in symptomatic infections at school-going 
age, when vaccine-induced immunity waned most. A 
school-entry booster dose and improved infant vaccina-
tion coverage are recommended to control transmissions.
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above 90% in Vietnam since 1994 (excluding 2002 and 
2013), subnational coverage has not always been high 
(10). In addition, although low vaccination cover-
age in localized spots appeared to cause diphtheria 
outbreaks, the immune profile of the population in 
these areas is unknown (4). The World Health Or-
ganization suggests including adults in SIAs to con-
trol diphtheria outbreaks because adults might also 
be susceptible. However, no specific age groups are 
recommended because epidemiologic characteristics 
differ by country (2).

Asymptomatic carriers play a major role in trans-
mission dynamics, but details of the carrier stage in 
affected areas are largely unknown because the pro-
portion of healthy carriers who carry toxigenic and 
nontoxigenic strains has not been investigated in 
Southeast Asia (11,12). Moreover, host factors that 
govern carriage status have not been elucidated.

This study aimed primarily to measure the car-
riage prevalence of Corynebacterium species in the re-
spiratory tract in areas in which outbreaks occurred 
and to assess potential risk factors for carriage. The 
second aim was to measure the age-stratified sero-
logic immune profile against diphtheria toxin to help 
to identify the mechanism of the recent outbreaks 
and target the most appropriate age groups for SIA. 
Reflecting a previous study suggesting that low anti-

body levels increased the risk for being a carrier (13), 
this study also examined the factors that contributed 
to low immunity among persons. The third aim was 
to compare the immune profile patterns in areas in 
which cases have been reported and not reported to 
discuss the current DTP schedule in Vietnam.

Methods

Study Site
Two districts, Tay Tra and Son Ha in Quang Ngai 
Province, were selected as a study area because 3 
diphtheria cases were identified there during Janu-
ary–September 2019, and no SIAs had been imple-
mented (Figure 1). Two communes in the Son Ha 
District were excluded because a mop-up vaccination 
campaign of DTP was conducted in those communi-
ties during 2018. The estimated population of the 2 
study districts was 99,121 in 2019 (9). Health access 
is limited in this area because of the mountainous to-
pography.

Study Design and Sampling Method
We conducted a community-based cross-section-
al survey in October 2019. We stratified age into 4 
groups, 1–5, 6–17, 18–40, and 41–55 years of age; chil-
dren attend primary through high school between 
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Figure 1. Study areas and 
locations where the cases 
were identified before and 
during diphtheria study in Tay 
Tra and Son Ha districts in 
Quang Ngai Province, Vietnam. 
Red and purple indicate 10 
communes selected for this 
study. Blue and purple indicate 1 
laboratory-confirmed diphtheria 
case reported during January‒
September 2019 in each of 
these communes. Purple (Son 
Ha commune) indicates 12 
confirmed cases reported in this 
commune within 1 month from 
the survey date, October 2019. 
Green indicates 2 communes 
excluded from the selection 
process of this study because a 
mop-up vaccine campaign was 
conducted in 2018. Inset map 
shows location of the study area 
in Vietnam. 
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the ages of 6 and 17 years in Vietnam. On the basis of 
previously obtained age-stratified seroprevalence in 
Vietnam (14,15), the required sample size for each age 
stratum was estimated to be 350, 400, 400, and 350, 
respectively, with 10% precision, a 3.5 design effect, 
and an 80% response rate.

We conducted multistage cluster sampling. In 
each district, we sampled 5 communes by popula-
tion proportion to size and selected 3 villages from 
each commune by simple random sampling. A to-
tal of 30 villages were selected (Figure 1). Because 
the average household size in Vietnam is 4 persons 
(16), we selected 15 households in each village and 
450 households to recruit 1,500 persons. We over- 
sampled households that had children 1–5 years of 
age to recruit a higher proportion of the sample size 
than the original population.

Data and Sample Collection and Ethics
Local healthcare workers visited homes of partici-
pants to invite them to participate in the survey. 
Written informed consent was obtained from each 
participant or guardian. The survey teams inter-
viewed each participant by using a standardized 
questionnaire and collected sociodemographic in-
formation. Based on previously reported risk factors 
for diphtheria infection or carriage of C. diphtheriae, 
age, vaccination history, seropositivity (diphtheria 
toxoid IgG titer >0.1 IU/mL), bed-sharing, school 
attendance, staying in school dormitories, house-
hold size, frequency of bathing or handwashing, 
having livestock or companion animals, diphtheria 
toxoid IgG level, and mid-upper arm circumfer-
ence (MUAC) were assessed for their association 

with carriage of Corynebacterium species (13,17–21). 
MUAC was used as a measure of the nutritional sta-
tus of children 1–5 years of age. We collected vac-
cination history for children <10 years of age from 
either the vaccination card of the participant or the 
vaccine registration book at the respective commu-
nity health centers in their residence area.

We collected dried blood spots (DBS) by using 
venipuncture or fingerprick onto 903 protein saver 
cards (#Z761575; Whatman, https://www.cytivalife 
sciences.com/en/us/about-us/our-brands/ 
whatman) and stored them at −80°C according to the 
procedure of the Centers for Disease Control and Pre-
vention (22,23). We collected throat swab specimens 
and stored them in Amies medium and collected na-
sopharyngeal swab specimens and stored them in 
skim milk, tryptone, glucose, and glycerin medium (3). 
All collected samples were stored at the Institut Pas-
teur Institute in Nha Trang and stored at −80°C until 
testing. Ethics approval was obtained from the ethical 
review boards of the Pasteur Institute in Nha Trang, 
MOH Vietnam, Nagasaki University, and the London 
School of Hygiene and Tropical Medicine (1775/IPN-
DT, 1046/K2DT-KHCN, Nagasaki University Institu-
tional Review Board approval no. 191226228, LSHTM 
ethics reference no. 17518).

Microbiological Tests
We cultured collected swab specimens on tellurite-
containing agar medium in a 35°C incubator for 
24–48 hours (3). If black colonies grew, we initially 
tested them by Gram stain to identify gram-positive 
bacilli (3). We used the API Coryne Test (bioMérieux, 
https://www.biomerieux.com) to identify species 
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Figure 2. Best-fitted linear 
regression line (blue line) 
comparing log-transformed IgG 
concentrations measured by 
Binding Site and IBL ELISAs. 
Shaded region indicates 95% CI.
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and biovars for each subculture (3). We tested subcul-
tures for expression of the diphtheria toxin by using 
the modified Elek test (24).

We conducted quadruplex, real-time, reverse 
transcription PCR (qRT-PCR) directly on throat swab 
specimens and aliquots of skim milk, tryptone, glu-
cose, and glycerin medium to identify C.diphtheriae, 
C.ulcerans, or C. pseudotuberculosis and the diphtheria 
toxin gene according to published methods (3,25). 
DNA was extracted by using the QIAmp DNA Ex-
traction Kit (QIAGEN, https://www.qiagen.com) 
(26). Primers and probes targeted 2 rpoB genes, the 
tox gene, and the green fluorescent protein gene (gfp), 
which we used as internal positive controls.

Diphtheria Toxoid Serologic Assay
We measured diphtheria toxoid IgG levels by using 
a commercially available ELISA Kit (Binding Site, 
https://www.bindingsite.com) according to the 

manufacturer’s protocol. We punched out a DBS with 
a 6-mm hole punch and stored in Eppendorf tubes, 
then eluted DBS with 500 µL elution buffer and incu-
bated overnight at 4°C. We then used the supernatant 
of the eluted solution for the ELISA (27–30). We de-
fined an IgG level >0.1 IU/mL, an international stan-
dard cutoff value, as seropositive (31,32).

Comparison of Seroprevalence in 2 Areas  
with or without Reported Cases
This study compared seroprevalence in an epidemic-
prone area (Quang Ngai Province) and a nonepidem-
ic area in Vietnam. Regarding the nonepidemic area, 
Nha Trang (city) in Khanh Hoa Province was selected 
because the population is well-vaccinated and has 
not reported any diphtheria cases since 2013. More-
over, the age-stratified seroprevalence data among 
persons 1–55 years of age were investigated in Nha 
Trang during 2017 (15). Therefore, we compared the 
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Table 1. Sociodemographic characteristics of participants and households in Tay Tra and Son Ha District in survey, Quang Ngai 
Province, Vietnam, 2019* 
Individual data All, n = 1,216 Tay Tra, n = 604 Son Ha, n = 612 p value 
Age, y     
 <5 269 (22) 125 (21) 144 (24) 0.45† 
 6‒17 322 (26) 171 (28) 151 (25) 
 18‒40 523 (43) 258 (43) 265 (43) 
 40‒55 102 (8) 50 (8) 52 (8) 
Sex     
 M 615 (51) 309 (51) 306 (50) 0.69† 
 F 601 (49) 295 (49) 306 (50) 
Ethnic group     
 Co 487 (40) 486 (80) 1 (0.2) <0.01† 
 Hre 531 (44) 0 (0) 531 (87) 
 K’Dong 110 (9) 105 (17) 5 (1) 
 Kinh 79 (6) 5 (1) 74 (12) 
 Other 9 (1) 8 (1) 1 (0.2) 
>18 years old All, n = 625 Tay Tra, n = 308 Son Ha, n = 317 

 

 Occupation     
  Farmer 569 (91) 278 (90) 291 (92) 0.50† 
  Other 56 (9) 30 (10) 26 (8) 
<10 years old All, n = 464 Tay Tra, n = 231 Son Ha, n = 233 

 

 Confirmed vaccination history     
  BCG 361 (78) 165 (71) 196 (84) <0.01† 
  DTP1 347 (75) 165 (71) 182 (78) 0.12† 
  DTP3 343 (74) 163 (71) 180 (77) 0.12† 
  DTP4 198 (43) 90 (39) 108 (46) 0.13† 
  Measles 350 (75) 160 (69) 190 (82) 0.02† 
MUAC, cm All, n = 235 Tay Tra, n = 111 Son Ha, n = 124 

 

 Mean (SD) 14.7 (1.3) 14.6 (1.4) 14.8 (1.2) 0.20‡ 
Household data All, n = 458 Tay Tra, n = 252 Son Ha, n = 206  
 Toilet facility 323 (71) 215 (85) 108 (52) <0.01§ 
 Water source     
  Well 168 (37) 2 (1) 166 (81) <0.01§ 
  River 249 (54) 247 (98) 32 (16) <0.01§ 
 Energy source     
  Gas 95 (21) 22 (9) 73 (35) <0.01§ 
  Bio fuel 358 (78) 226 (90) 132 (64) <0.01§ 
*Values are no. (%) except as indicated. BCG, Mycobacterium bovis Bacillus Calmette–Guérin; DTP, diphtheria‒tetanus‒pertussis; MUAC, mid-upper 
arm circumference. 
†By 2 test. 
‡By t-test. 
§By 2 test or Fisher exact test. 

 



RESEARCH

immunity pattern of the population in Quang Ngai 
Province with that for Nha Trang.

We used 2 different ELISAs for measuring diph-
theria toxoid IgG: the Binding Site ELISA for the 
study in Quang Ngai and the IBL ELISA (https://
www.ibl-international.com) for the study in Nha 
Trang. First, we tested 546 subsets of the samples col-
lected in Quang Ngai by using 2 ELISA kits in parallel 
and compared the 2 results by using linear regression 
analysis. On the basis of the best-fitted line, we con-
verted the log-transformed IgG value measured by 
the Binding Site test to the value of IBL by using the 
equation Y(log IgG IBL) = −0.7652 + 0.72197X (log IgG 
Binding Site) (Figure 2).

We recalculated seroprevalence for Quang Ngai 
by using the converted IgG concentration and strati-
fied seroprevalence into 5 age groups of 1–5, 6–15, 
16–25, 26–35, and 36–55 years. We compared age-
stratified seroprevalence and 95% CIs in Quang Ngai 
and Nha Trang.

Statistical Analysis
We measured carriage prevalence and seroprevalence 
by using 95%s CIs after being weighted by population 
size. We summarized sociodemographic information 
on the participants by districts. We examined differ-
ences in characteristics of the districts by using the χ2 
test or t-test.

We used the Fisher exact test or t-test to examine 
the association between carriage status and each risk 
factor. We conducted multivariate logistic regression 
to confirm whether carriage status was associated 
with young persons or persons who had low lev-
els of IgG. Because nutrition is a critical element for  

immunoresponse, we conducted multivariate linear re-
gression to explore the association between immunity 
level (natural log-transformed IgG) and nutrition sta-
tus (MUAC) of a person with adjustment for age. We 
conducted statistical analyses by using Stata 15 (33).

Results
We recruited 1,216 persons from 458 households. Of 
those, 269 (22%) were 1–5 years of age, 322 (26%) 6–17 
years of age, 523 (43%) 18–40 years of age, and 102 
(8%) 41–55 years of age; 615 (51%) were male and 
601 (49%) female. Of children <10 years of age, 75% 
had received >1 dose, 74% had received 3 doses, and 
43% had received 4 doses of DTP (DTP1, DTP3, and 
DTP4). There was no statistical difference in DTP3 or 
DTP4 coverage between the 2 districts. No partici-
pants recalled any symptom or diagnosis of diphthe-
ria in the past. Nobody had received DTP or tetanus–
diphtheria vaccine because of injuries or involvement 
in the recent SIAs. Eighty percent of participants in 
Tay Tra District were in the Co ethnic group, and 87% 
of participants in Son Ha District were in the Hre eth-
nic group. The major ethnic group in Vietnam, the 
Kinh, accounted for only small proportions in the 2 
districts. Most (91%) of the adult participants were 
farmers (Table 1).

Overall weighted carriage prevalence of Coryne-
bacterium species was 1.4% (95% CI 0.4%–5.3%), and 
the prevalence of the tox gene–bearing strain was 0.5% 
(95% CI 0.0%–4.7%). Age-stratified carriage preva-
lence levels were 4.5% for those 1–5 years of age, 2.5% 
for 6–17 years of age, 1.0% for 18–40 years of age, and 
0.0% for 41–55 years of age. Overall weighted serop-
revalence of diphtheria toxoid IgG (>0.1 IU/mL) in 
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Table 2. Age-stratified carriage prevalence of Corynebacterium diphtheriae and seroprevalence of diphtheria toxoid IgG in 2 districts, 
Quang Ngai Province, Vietnam* 

Group Mean ± SD age, y  Total 
Seroprevalence, no. 

(%, 95% CI) 
Carriage prevalence, 

no. (%, 95% CI) 
Age group, y     
 <5 3.2 ± 1.36 269 108 (39.5 22.7‒59.2) 12 (4.50, 3.7‒5.5) 
 6‒17 10.1 ± 3.17 332 120 (36.7 29.4‒44.6) 10 (2.5, 0.1‒47.5) 
 18‒40 29.5 ± 5.61 513 283 (55.3 42.8‒67.1)  5 (1.0, 0.6‒1.7) 
 41‒55 46.3 ± 4.30 102 64 (62.9, 60.9‒64.8) 0 
 Total 20.0 ± 14.3 1,216  575 (51.4, 3.6‒59.1) 27 (1.4, 0.4‒5.4) 
District     
 Tay Tra, by age group, y    
  <5 3.1 ± 1.42 125 41 (32.8, 25.1‒41.5) 6 (4.8, 2.2‒10.3) 
  6‒17 9.9 ± 3.09 171 59 (34.5, 27.8‒41.9) 0 
  18‒40 29.7 ± 5.19 258 152 (58.9, 52.8‒64.8) 3 (1.2, 0.4‒3.5) 
  41‒55 46.4 ± 4.69 50 31 (62.0, 47.9‒74.3) 0 
  Total 20.0 ± 14.2 604 283 (50.6, 33.6‒67.5) 9 (0.9, 0.2‒3.7) 
 Son Ha, by age group, y    
  <5 3.2 ± 1.31 144 67 (46.5, 38.5‒54.7) 6 (4.2, 1.9‒9.0) 
  6‒17 10.4 ± 3.25 151 61 (40.4, 32.9‒48.4) 10 (6.6, 3.6‒11.9) 
  18‒40 29.4 ± 6.04 265 131 (49.4, 43.4‒55.4) 2 (0.8, 0.2‒0.3) 
  41‒55 46.2 ± 3.94 52 33 (63.5, 49.7‒75.3) 0 
 Total 20.0 ± 14.4 612 292 (52.4, 39.1‒65.3) 18 (2.0, 0.3‒11.0) 
*Seroprevalence and carriage prevalence were weighted for overall groups. IgG cutoff >0.1 IU/mL.  
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the study area was 51% (95% CI 44%–59%). Age-strat-
ified seroprevalence levels were 40% for those 1–5 
years of age, 37% for 6–17 years of age, 55% for 18–40 
years of age, and 63% for 41–55 years of age (Table 2).

We identified 27 carriers of C. diphtheriae by qRT-
PCR. Among identified carriers, 17 (63%) were female 
(10 1–5 years of age) and 10 (37%) male (2 1–5 years of 
age). Sixteen carriers had received >3 doses of DTP. C. 
diphtheriae was isolated by culture from 17 of 27 qRT-
PCR–positive samples. Eleven samples were biovar 
mitis, and 6 were biovar gravis. Swab specimens from 
9 of the 27 carriers (33%) were tox gene positive by 
qRT-PCR, but only 6 specimens were successfully re-
covered by isolation. From those 6 isolates, diphtheria 
toxin expression was confirmed in 3 isolates by using 
the modified Elek test (2 biovar mitis and 1 biovar gra-
vis). The remaining 3 isolates did not express diphthe-
ria toxin and were thus tox gene–bearing nontoxigenic 
strains (NTTB). All 3 belonged to biovar mitis (Table 3).

We identified 27 carriers from 21 households lo-
cated in 8 communes. Ten of 27 lived in a commune 
known as the Son Ha commune. Of 21 households, 
>1 carriers were identified in 5 households. Four 
households had 2 carriers, and 1 household had 3 car-
riers (Table 3).

We found strong evidence that age and IgG level 
were associated with carriage status (Table 4). Young 
children were likely to be carriers, after adjusting for 
IgG levels. High IgG levels were unexpectedly as-
sociated with carriers after adjusting for age. Multi-
variate linear regression analysis showed that smaller 
MUAC was associated with low IgG levels after ad-
justing for age, although MUAC was not associated 
with carriage status (Tables 4, 5).

The overall seroprevalence was higher for Quang 
Ngai (47%, 95% CI 45%–50%) than for Nha Trang 
(26%, 95% CI 20%–32%). The seroprevalence among 
children 1–5 years of age was lower in Quang Ngai 
(36%, 95% CI 31%–42%) than in Nha Trang (68%, 95% 
CI 67%–69%), and the seroprevalence among chil-
dren 6–15 years of age in Quang Ngai (34%, 95% CI 
29%–40%) was higher than in Nha Trang (7%, 95% CI 
4%–11%) (Table 6; Figure 3).

Discussion
We conducted this study to investigate the potential 
mechanisms underlying the recent outbreaks of diph-
theria in Vietnam and to recommend a reasonable out-
break response and vaccination strategy. This study 
described community-based C. diphtheriae carriage 
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Table 3. Geographical distribution, characteristics, and vaccination history of 27 carriers of Corynebacterium diphtheriae, Vietnam* 

Patient 
no. District Commune Village 

HH ID 
no. 

Age, 
y/sex 

tox 
gene Biovar 

Elek  
test result 

Vaccine 
status, no. 

doses 

DTP3 
coverage, % 

(95% CI) 
1 Tay Tra Tra Phong Tra Nga 305 25/M ‒ gravis ‒ NA 60 (35‒81) 
2 Tra Thanh Thon Mon 818 23/M ‒ NA NA NA 76 (1‒91) 
3† Tra Lanh Tra Luong 1003 40/F ‒ mitis ‒ NA 64 (34‒86) 
4 Tra Xinh Tra Kem 1401 5/F ‒ NA NA 4 85 (55‒96) 
5 1404 2/F ‒ NA NA 4 
6 1407 4/F ‒ NA NA 4 
7 Tra Veo 1501 3/F ‒ mitis ‒ 4 63 (38‒82) 
8 5/F ‒ mitis ‒ 4 
9 1505 2/F + mitis ‒ 4 
10 Son Ha Son Ha Deo Ron 1607 10/F + NA NA 0 71 (44‒89) 
11 3/F ‒ mitis ‒ 3 
12 2/F + NA NA 4 
13 Dong Reng 1704 9/M ‒ NA NA 0 40 (19‒65) 
14 1707 14/M + mitis + NA 
15 Ha Bac 1807 9/M + NA NA 0 71 (46‒87) 
16 1811 7/F + mitis + 4 
17 10/M + mitis ‒ 3 
18 1812 10/M + mitis ‒ 3 
19 4/M ‒ mitis ‒ 0 
20 Son Giang Lang Ri 2314 10/F ‒ mitis ‒ 0 94 (68‒99) 
21 Ta Dinh 2406 28/M ‒ gravis ‒ NA 93 (63‒99) 
22 25/F + gravis + NA 
23 2409 3/M ‒ gravis ‒ 4 
24 Son Ky Lang Re 2505 7/F ‒ NA NA 4 88 (61‒97) 
25 Son Hai Lang Trang 3004 7/F ‒ gravis ‒ 3 80 (57‒92) 
26 3011 2/F ‒ NA NA 3 
27 3012 5/F ‒ gravis ‒ 3 
*DTP3 coverage was the coverage at the village level where carriers were living. DTP, diphtheria‒tetanus‒pertussis; HH, household; ID, identification; 
NA, not available; ‒, negative; +, positive. 
†For patient 3, C.diphtheriae was identified from a nasopharyngeal swab specimen and a throat swab specimen. Others were identified only from 
nasopharyngeal swab specimens. 
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prevalence in a diphtheria epidemic-prone area and 
assessed potential risk factors for carrier status and 
low immunity among persons. We also highlighted 
the difference in population immunity between the 
diphtheria epidemic-prone and nonepidemic areas.

The carriage prevalence, especially the preva-
lence of toxigenic strains, in the study population was 
much higher than that reported recently in Europe. 
According to a multicountry study conducted in Eu-
rope during 2007–2008, the prevalence of toxigenic 
strain in 8 countries in Europe was 0% (34). Toxigenic 
strains were isolated only in Latvia (0.08%) and Lith-
uania (0.07%), which had >1,500 cases and 112 cases 
reported, respectively, since 1994 (35,36). The preva-
lence of nontoxigenic strain was reported as 0.4% in 
Turkey in the same study (34). In our study, carriage 

prevalence was highest in the youngest age group 
and decreased by age. In Italy, 0.15% of healthy chil-
dren 6–14 years of age carried a nontoxigenic strain 
in the early 2000s (37). In Indonesia, the prevalence 
of a toxigenic strain was reported as 3% among chil-
dren 1–15 years of age during the outbreak in 2012 
(38). Based on these findings, the long-running child 
vaccination program in Europe appears to have re-
duced carriage prevalence, especially the carriage 
prevalence of toxigenic strains. Conversely, toxigenic 
strains were still identified in countries in which 
symptomatic cases have been reported in the past 10 
years. In addition, the current carriage prevalence in 
this study was similar to the situation in the United 
Kingdom during 1971 (1.2%) (39). If one considers 
that introduction of DTP in the United Kingdom was 
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Table 4. Associations between Corynebacterium diphtheriae carriage and potential risk factors, Vietnam* 

Risk factor 
Carriage, no. (%) 

p value† Total Tested 
Age group, y    
 <5 12 (4.5) 257 (95.5) <0.01 
 6‒17 10 (3.1) 314 (96.9)  
 18‒40 5 (1.0) 518 (99.0)  
 41‒55 0  102 (100.0)  
Sex    
 M 10 (1.6) 605 (98.4) 0.198 
 F 17 (2.8) 584 (97.2)  
DTP1 <10 years    
 0 doses 5 (4.5) 107 (95.5) >0.99 
 >1 dose 16 (4.5) 336 (95.5)  
DTP3 <10 years    
 <3 doses 5 (4.3) 111 (95.7) >0.99 
 >3 doses 16 (4.6) 332 (95.4)  
Diphtheria antibody, IU/mL    
 <0.1 11 (1.7) 630 (98.3) 0.24 
 >0.1 16 (2.8) 559 (97.2)  
School   

 

 Not attended 17 (1.8) 906 (98.2) 0.12 
 Attended 6 (2.1) 283 (97.9)  
Dormitory    
 Not staying 23 (2.2) 1,035 (97.8) 0.77 
 Staying 4 (2.5) 154 (97.5)  
Sharing bed    
 Yes 4 (2.7) 143 (97.3) 0.56 
 No 23 (2.2) 1,037 (97.8)  
Household size, no, persons    
 <4 13 (2.2) 585 (97.8) >0.99 
 >4 14 (2.3) 604 (97.7)  
Bathing, times/day    
 <1 0  72 (100.0) 0.40 
 >1 27 (2.4) 1,117 (97.6)  
Handwashing, times/day    
 <3 4 (1.6) 247 (98.4) 0.11 
 >3 18 (3.9) 445 (96.1)  
Livestock or pet animal     
 No 24 (2.7) 866 (97.3) 0.08 
 Yes 3 (0.9) 323 (99.1)  
Category Positive Negative p value by t-test 
 MUAC, cm, mean (SD) 15.0 (1.77) 14.8 (1.33) 0.16 
 Age, y, mean (SD) 7 (9.7) 20 (14.3) <0.01 
 log-transformed IgG level, mean (SD) ‒1.4 (2.1) ‒2.2 (1.2) <0.01 
*DTP, diphtheria‒tetanus‒pertussis; MUAC, mid-upper arm circumference. 
†By Fisher exact test except as indicated. 
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during 1941, forty years earlier than in Vietnam, vac-
cination coverage might be required to be adequate 
in the next few decades to reduce the carriage preva-
lence of toxigenic strain in Vietnam. The high preva-
lence of toxigenic strain indicates that more cases 
might be observed if the population remains suscep-
tible. Twelve additional laboratory-confirmed cases 
were identified within 1 month from the survey date 
in Son Ha commune in which the highest carriage 
prevalence was observed.

Nine (33%) of 27 carriers harbored tox gene–
bearing strains. The remaining 18 were nontoxi-
genic strains, which rarely cause invasive diseases 
(40,41). Conversely, nontoxigenic strains were often 
suggested to play a major role in maintaining the 
transmission of C. diphtheriae among human hosts 
(12,42). Nontoxigenic strains could be converted 
to toxigenic ones by lysogenization with a specific 
temperate bacteriophage. Lysogenic conversions 
might occur in nontoxigenic strains in carriers, and 
the converted strains might infect others (43). Multi-
locus sequence typing of the identified strains from 
carriers and cases in this study might provide evi-
dence to indicate that this conversion might have 
occurred in this community.

For 9 tox gene–bearing strains, all 3 healthy carri-
ers who had a nontoxigenic tox gene–bearing (NTTB) 
strain have received 3 doses of DTP, which supports 
that NTTB strains are increasingly identified in Eu-
rope because of vaccine pressure (11,44). The current 
vaccine does not protect persons from NTTB strains 
(45). Although it is unlikely that NTTB strains will be 
an immediate threat in Vietnam, it might be neces-
sary to monitor NTTB strains as a potential cause of 
disease in the future.

We found that carriers were concentrated in spe-
cific households and communities. This observation 
was consistent with household transmission being 

the main route of C. diphtheriae transmission in the 
prevaccination era (46). Once diphtheria appears in 
a household or specific community, transmissions 
might continue if persons in neighboring areas are 
not well vaccinated (43).

We found no association between carrier status 
and bed-sharing, staying at the school dormitory, or 
less frequent bathing, but several other studies have 
identified those as risk factors for infection (17–21). 
A small number of carriers might be a reason that 
we could not identify the association; biologic char-
acteristics, such as age or individual immunity level, 
might have been played a greater role than social fac-
tors. At an aggregated level, carriage prevalence was 
negatively associated with seroprevalence against 
diphtheria. However, we could not identify the as-
sociation between carrier status and low IgG level 
at an individual level, probably because of natural 
boosting of immunity after being a carrier. Because 
this study was cross-sectional, we could not prove the 
chronological change in immunity and carriage status 
for an individual directly.

We confirmed the lowest seroprevalence was 
in persons 6–17 years old (37%) because it was ex-
pected from the previous findings that most of the 
laboratory-confirmed cases were of school-going 
age (7). In addition, the seroprevalence was simi-
larly low among children 1–5 years of age (40%), 
which might occur because of low DTP3 coverage 
and the waning of vaccine-derived immunity. An-
other potential reason is that the seroconversion 
rate after DTP vaccination might have been low 
because of host factors, such as malnutrition or ex-
ternal factors, such as suboptimum cold chains. In 
Quang Ngai Province, it was reported that 5.7% of 
children <5 years of age were wasted, and 25.5% 
were stunted in 2013 (47). Because small MUAC 
was associated with low levels of diphtheria toxoid 
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Table 5. Associations between Corynebacterium diphtheriae carriage and diphtheria toxoid IgG levels adjusted for age assessed by 
logistic regression and between IgG levels and mid-upper arm circumference adjusted for age by linear regression, Vietnam* 
Association between carriage status and IgG Crude odds ratio 95% CI)  p value Adjusted odds ratio (95% CI) p value 
log-transformed IgG level 1.49 (1.15‒1.93) <0.01 1.49 (1.17‒1.90) <0.01 
Age, y 0.94 (0.90‒0.97) <0.01 0.94 (0.90‒0.97) <0.01 
Association between IgG and MUAC Crude coefficient p value Adjusted coefficient p value 
MUAC, cm 0.01 (‒0.01 to 0.02) 0.43 0.02 (0.00‒0.03) 0.014 
Age, y ‒0.21 (‒0.34 to ‒0.08) <0.01 ‒0.31 (‒0.45 to ‒0.16) <0.01 
*MUAC, mid-upper arm circumference. 

 

 
Table 6. Associations between Corynebacterium diphtheriae carriage and age group in 2 districts, Vietnam 
Age, y Na Trang, % (95% CI) Qung Ngi, % (95% CI) 
1–5 68 (67–69) 36 (31–42) 
6–10 7 (4–9) 34 (29–40) 
16–25 12 (7–19) 39 (31–46) 
25–36 33 (27–40) 50 (47–56) 
36–55 28 (17–43) 54 (47–60) 
Total 26 (20–32) 42 (39–46) 
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IgG, poor nutrition status might be associated with 
low immunoresponse in persons.

The age-stratified seroprevalence for Quang Ngai 
Province compared with that for Nha Trang provided 
insights of waning and acquired immunity. The sero-
prevalence among  persons 1–5 years of age in Quang 
Ngai was lower than that in Nha Trang, most likely 
because of the low vaccination coverage in Quang 
Ngai. Conversely, the seroprevalence among those 
6–15 years of age in Quang Ngai was higher than that 
in Nha Trang, potentially reflecting the continuous 
natural exposure in Quang Ngai. This observation 
indicates that the low immunity among children 1–5 
years of age led to ongoing transmission, resulting in 
high seroprevalence among those >6–15 years of age 
in Quang Ngai than in Nha Trang. The same observa-
tion was found in a seroprevalence survey in Indone-
sia during 2012 (38).

This study compared the IgG levels measured in 
DBS and serum. Schou et al. reported a good correla-
tion for diphtheria serum DBS (28). In addition, we 
compared the diphtheria antibody levels measured 
by using the same ELISA kit (IBL) for serum sam-
ples and DBS by using 96 samples collected in Viet-
nam. We found high sensitivity (0.91) and specificity 
(0.92) of seropositive of age, when vaccine-induced  
immunity showed the greatest decrease. Persons 
>17 years of age were more protected than young 
age groups, probably by naturally acquired immu-
nity. Nevertheless, 50% of the population >17 years 
of age were susceptible, which explains why all age 
groups have been recently affected by diphtheria (4). 
A school-entry booster dose will be recommended to 
prevent future cases because the infant immunization 
program appeared to create low immunity in school 

age children (15). Conversely, low immunity in pre-
school age children would be another reason for the 
recent epidemic in Quang Ngai Province. Therefore, 
improving routine infant vaccination coverage will 
be essential to control diphtheria.

Based on the low seroprevalence in the age 
groups 1–5 and 6–17 years of age, SIAs would be 
most effective if they targeted the population 1–17 
years of age. The Vietnamese MOH so far included 
the population 1–40 years of age a target of diph-
theria SIAs, but SIAs in Indonesia, Bangladesh, and 
Haiti targeted children 1–14 years of age (48–50). 
In Vietnam, targeting the population of 18–40 years 
of age could be beneficial because 50% of this age 
group was susceptible. Also, we should also be 
aware that SIAs would not stop transmission in a 
short time once transmission has started in suscep-
tible populations.

This study found that 1.4% of the population 
were healthy carriers of C. diphtheriae. Two-thirds of 
them harbored nontoxigenic strains, which could be 
transmitted among human hosts asymptomatically. 
A school-entry booster dose and improved infant 
vaccination coverage are recommended to stop cur-
rent C.diphtheriae transmission in Vietnam. SIAs tar-
geting persons 1–17 years of age will be efficient as an 
outbreak response.
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Figure 3. Comparison of the 
age-stratified seroprevalence, 
the proportion of persons 
who had diphtheria toxoid 
antibody >0.1 IU/mL, between 
Quang Ngai Province and 
Nha Trang City (15), Vietnam. 
Seroprevalence of Quang Ngai 
was not weighted by population 
for this comparison. Nha Trang is 
a well-vaccinated community that 
has had no reported diphtheria 
cases since 2013. Error bars 
indicate 95% CIs.
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An estimated 500,000 deaths globally are attrib-
uted to diarrheal diseases each year among chil-

dren <5 years of age (1). Enteric pathogens infecting 
the intestinal tract can cause diarrhea and reduce a 
child’s ability to absorb nutrients, even when infec-
tions are asymptomatic, resulting in malnutrition and 
impaired growth (2,3). Globally, in 2021, a total of 149 

million children <5 years of age were estimated to be 
stunted in growth (4). Enteric diseases can have long-
lasting effects; studies have found that early child-
hood enteric infections leading to unmet energetic 
demands for adequate brain development can result 
in adverse cognitive developmental outcomes later in 
life (5–7). In the Democratic Republic of the Congo 
(DRC), an estimated 45 million diarrheal episodes oc-
cur each year, contributing to 10% of deaths among 
children <5 years of age; 43% of children in this age 
group are estimated to have stunted growth (8–10).

A recent study found that the presence of Akker-
mansia muciniphila, a commensal microorganism, in 
child fecal samples was associated with significantly 
less diarrhea and greater linear growth measured us-
ing height-for-age (HAZ) z-scores (Almeida et al., un-
pub data). We conducted this cross-sectional study as 
part of the Global Enteric Multicenter Study (GEMS) 
conducted in Mali, Kenya, Gambia, and Bangladesh. 
Additional prospective studies are needed, however, 
to investigate the association between A. muciniphila 
and child growth. Lactobacillus spp. have also been 
shown protective against enteric infections and as-
sociated with healthy gut microbiota composition 
(11–13). In a multicountry study, the presence of L. 
salivarius was associated with less Shigella-attributed 
diarrhea (14). Laboratory studies have found that L. 
salivarius can improve growth in animals (15), but no 
study has investigated this association in humans.

The Reducing Enteropathy, Undernutrition, and 
Contamination in the Environment (REDUCE) study 
focuses on identifying pathways of exposure to fe-
cal pathogens that are significant contributors to di-
arrheal diseases for young children in the DRC, and 
on developing and evaluating scalable interventions 
to reduce fecal contamination from these pathways. 

Akkermansia muciniphila  
Associated with Improved Linear 
Growth among Young Children, 

Democratic Republic of the Congo
Christine Marie George, Alves Birindwa, Shan Li, Camille Williams,  
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To investigate the association between enteric patho-
gens, fecal microbes, and child growth, we conducted 
a prospective cohort study of 236 children <5 years of 
age in rural eastern Democratic Republic of the Congo. 
We analyzed baseline fecal specimens by quantitative 
PCR and measured child height and weight at base-
line and growth at a 6-month follow-up. At baseline, 
66% (156/236) of children had >3 pathogens in their 
feces. We observed larger increases in height-for-age-
z-scores from baseline to the 6-month follow-up among 
children with Akkermansia muciniphila in their feces (co-
efficient 0.02 [95% CI 0.0001–0.04]; p = 0.04). Children 
with Cryptosporidium in their feces had larger declines 
in weight-for-height/length z-scores from baseline to the 
6-month follow-up (coefficient –0.03 [95% CI –0.05 to 
–0.005]; p = 0.02). Our study showed high prevalence of 
enteric pathogens among this pediatric cohort and sug-
gests A. muciniphila can potentially serve as a probiotic 
to improve child growth.
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Our primary objective in conducting this prospective 
cohort study was to determine whether the presence 
and quantity of enteric microorganisms, including L. 
salivarius and A. muciniphila, in feces was significantly 
associated with growth in young children in rural 
DRC. We hypothesized that the enteric pathogens 
Giardia, Shigella, Cryptosporidium spp., and Campylo-
bacter jejuni would impair child growth by increasing 
intestinal inflammation and reducing nutrient ab-
sorption. Conversely, we hypothesized that L. salivar-
ius and A. muciniphila would improve child growth 
by reducing intestinal inflammation and facilitating 
nutrient absorption.

Methods

Study Design
We conducted this prospective cohort study of 236 
children <5 years of age in rural Walungu Territory 
in South Kivu Province, DRC as part of the REDUCE 
program. The study was part of a larger USAID/Bu-
reau for Humanitarian Assistance–funded Develop-
ment Food Security Activities (DFSA) awarded with 
the goal of improving food and nutrition security 
and economic wellbeing in vulnerable households 
in South Kivu and Tanganyika provinces in DRC. 
We enrolled participants during June 2018–Janu-
ary 2019 and conducted 6-month follow-up visits in 
households during December 2018–August 2019. The 
number of samples for analysis was determined on 
the basis of the number of participants with baseline 
fecal samples and child growth data. We included in 
the analysis data from all children meeting these cri-
teria who were <5 years of age at follow-up with >5 
months of surveillance data from baseline to follow-
up. Caregivers were administered a questionnaire at 
baseline to obtain information on demographic fac-
tors. Informed consent was obtained from a parent or 
guardian of all study participants. Study procedures 
were approved by the research ethics review commit-
tees of the University of Kinshasa (protocol 043-2017) 
and the Johns Hopkins Bloomberg School of Public 
Health (protocol 8057).

At baseline, caregivers were provided DNase/
RNase-free feces cups and a cooler box with an icepack 
for collecting and storing feces specimens from chil-
dren <5 years of age during home visits. Research as-
sistants then transported fecal samples within 6 hours 
of collection to the microbiology laboratory at the 
Catholic University of Bukavu in Bukavu, DRC, where 
samples were stored in liquid nitrogen. Research  
assistants with training in standardized anthropom-
etry measured children’s weight 1 time and height or 

length 3 times at baseline and 6-month follow-up. We 
measured length for children <23 months and height 
for children 24–59 months of age. We used these mea-
surements to calculate z-scores according to World 
Health Organization (WHO) child growth standards 
(16): height-for-age (HAZ), weight-for-age (WAZ), and 
weight-for-height/length z-scores (WHLZ).

Laboratory Analysis
Fecal samples were transported on dry ice in temper-
ature-controlled shipping containers to the Enteric 
Microbiology Laboratory at the University of Mary-
land School of Medicine in Baltimore, Maryland, 
USA, and stored in a freezer at −80° C until analysis. 
We isolated DNA from frozen fecal samples using a 
modified procedure that included bead-beating steps 
and an adapted QIAGEN QIAamp (https://www.
qiagen.com) DNA stool extraction procedure (17). 
We measured concentration of DNA using a Nano-
drop spectrophotometer (ThermoFisher Scientific, 
https://www.thermofisher.com). We analyzed DNA 
for Shigella spp., ETEC, C. jejuni, G. intestinalis, and 
Cryptosporidium spp. by quantitative PCR (qPCR) us-
ing primers published elsewhere (18,19) and SYBR 
Green. In addition, we analyzed 2 commensal bac-
teria, A. muciniphila (forward primer TCCATCAT-
GAGCCTGTCCGA and reverse primer ACGAG-
CACCAGAATGATCAG) and L. salivarius (forward 
primer TTATCATTTTAGGCGTCTGGA and reverse 
primer ATGGGAGACTTGGTTGGATG). We deter-
mined gene copies in the specimens by quantification 
using a standard curve based on dilutions of purified 
total genomic DNA isolated by QIAGEN column for 
each 96-well plate (14). We combined the DNA con-
centration, qPCR measurement, and standard curve 
to estimate the number of gene copies per 100 ng of 
total fecal DNA. We set >1 copy/100 ng DNA as the 
cutoff to define the presence of an enteric microorgan-
ism, using methods published elsewhere (20,21).

Statistical Analysis
To assess the association between enteric microor-
ganisms and measures of child growth, we performed 
analyses in linear regression models using general-
ized estimating equations to account for clustering at 
the household level and to approximate 95% CIs; we 
recorded changes in HAZ, WAZ, and WHLZ from 
baseline to the 6-month follow-up as outcomes and 
presence and quantities of enteric microorganisms 
as predictors. We adjusted models to account for  
caregiver formal education (household education), 
number of persons in the household (household size), 
household wall type (housing type), breastfeeding  
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(exclusive, any, or none), and animal-source food 
intake (nutritional status measured using a struc-
tured dietary questionnaire on foods consumed in 
the 24 hours before sampling). We included house-
hold education because previous studies had found 
association between this variable and child growth 
(22,23). We included household wall type as a mea-
sure of socioeconomic status of the household, 
which has been associated with child growth (24). 
We included household size as a measure of crowd-
ing, which has been associated with food insecurity 
and delayed growth in young children (24–26). We 
included breastfeeding because of studies demon-
strating association between this variable and im-
proved child growth and reduced diarrheal diseases 
(27,28). We included animal-source food intake be-
cause of association between this variable and child 
growth (29,30). To assess factors associated with the 
presence of A. muciniphila, we performed analyses 
on linear regression models using generalized es-
timating equations to account for clustering at the 
household level and to approximate 95% CIs, using 
presence of A. muciniphila as the outcome and fac-
tors such as age and sex as predictors. We compared 
children with and without anthropometric data at 
the 6-month follow-up using a χ2 test and performed 
analyses in SAS version 9.4 software (SAS Institute 
Inc., https://www.sas.com).

Results
We obtained baseline fecal samples and anthro-
pometric measurements for 236 children. Median 
(±SD) baseline age for participants was 2 ±1 years 

(range 0.08–5.00 years) (Table 1). Girls accounted 
for 52% (153/236) of participants; 71% (167/236) 
resided in a household with >1 persons with any 
level of formal education. Caregivers reported 54% 
(127/236) of children had any or exclusive breast-
feeding in the 24 hours before sampling; 30% (8/27) 
of children <6 months of age were exclusively 
breastfed. Other variables among participating chil-
dren included 69% (163/236) consuming animal- 
source food in the 24 hours before sampling. For 
wall materials, 60% (153/236) of participants re-
sided in households with mud walls, 4% (9/236) 
wood, 5% (12/236) concrete, 6% (13/236) wood and 
mud, 5% (12/236) biomass, 2% (5/236) brick, and 
7% (16/236) wood and concrete.

We excluded 43 children in our cohort study 
from analyses because we did not have 6-month 
follow-up anthropometric measurements for them. 
We found no significant (p<0.05) differences for 
any enteric microorganism or demographic fac-
tors at baseline between children with or without 
anthropometric data at 6-month follow-up. At 
baseline, 95% (224/236) of children had Giardia, 
54% (127/236) C. jejuni, 35% (83/236) Shigella, 5% 
(11/236) Cryptosporidium, 70% (166/236) A. mu-
ciniphila, and 31% (73/236) L. salivarius (Table 2). 
Median copies per 100 ng DNA (range) was 197 
(0–2,258,242) for Giardia, 1.5 (0–4,724,251) for C. je-
juni, 0 (0–35,687,711) for Shigella, 19 (0–3,290,838) 
for Cryptosporidium spp., 15 (0–17,730,754) for A. 
muciniphila, and 0 (0–1,556) for L. salivarius. Median 
+SD pathogens in feces was 3 ±1 (range 0–5). For  
the number of pathogens, 2% (5/236) of children 
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Table 1. Baseline demographic characteristics for participants in prospective cohort study of enteric microbes and child growth among 
young children, Democratic Republic of the Congo* 
Characteristic Value 
Children <5 y of age 236 
Baseline age, y, median ±SD (range) 1.5 ±1.2 (0.08–4.6) 
Sex 

 

 F 122 (52) 
 M 114 (48) 
Household wall type 

 

 Mud walls 153 (66) 
 Wood walls 9 (4) 
 Concrete walls 12 (5) 
 Wood and mud walls 13 (6) 
 Biomass walls 12 (5) 
 Brick walls 12 (5) 
 Wood and concrete walls 5 (2) 
 Other 16 (7) 
Household member with any formal education 167 (71) 
Household size, median ±SD (range) 6 ±2.4 (2–17) 
Baseline growth measurements, z-score, median ±SD (range) 

 

 Height for age −2.0 ±1.6 (−5.7 to 5.9) 
 Weight for height 0.4 ±1.4 (−4.8 to 5.2) 
 Weight for age −0.7 ±1.3 (−4.7 to 3.0) 
*Values are no. (%) children except as indicated. 
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had zero, 9% (21/236) had one, 23% (54/236) had 
two, 47% (110/236) had three, 19% had four, and 1 
child had five.

We observed larger increases in HAZ, 0.34 HAZ 
coefficient (95% CI 0.2–0.67; p = 0.04), from baseline 
to 6-month follow-up for children with A. muciniph-
ila detected in their feces at baseline compared with 
those who did not (Table 3). When we included A. 
muciniphila as a continuous outcome (log trans-
formed) in the model, HAZ coefficient was also sig-
nificantly higher, 0.02 (95% CI 0.0001–0.04; p = 0.04). 
Children with versus without Cryptosporidium spp. in 
their feces had larger declines in WHLZ, −0.03 WHLZ 
coefficient (95% CI −0.05 to −0.005; p = 0.02). We ob-
served no other significant associations between en-
teric pathogens or microbes and child growth. In-
cluding caregiver-reported child antibiotic usage in 
our models did not significantly change our observed 
associations. Older children had significantly higher 
A. muciniphila in feces (p <0.05) (Appendix Table 1), 
whereas children <2 years of age had a significantly 
higher number of enteric pathogens in their feces (p = 
0.046) (Appendix Table 2).

Discussion
In this prospective cohort study conducted in rural east-
ern DRC, we found that A. muciniphila was associated 
with improved linear growth in young children, Cryp-
tosporidium was associated with impaired growth, and 
two thirds of children had a high prevalence (>3) of en-
teric pathogens in their feces. Children with Cryptospo-
ridium in their feces, as measured by WHLZ, grew more 
poorly as the abundance of the pathogen increased. In 
contrast, A. muciniphila in feces was associated with im-
proved linear growth. This promising finding suggests 
that A. muciniphila may have the potential to serve a pro-
biotic role to help improve growth in young children; 
however, experimental studies must first be conducted 

to prove this potential benefit. Children are most suscep-
tible to linear growth faltering during the first 2 years of 
life (31), and effective interventions are urgently needed 
to improve child health during this critical window 
of development.

Our finding that A. muciniphila was associated 
with improvements in linear growth is consistent 
with a recent cross-sectional study among children 
in GEMS, which found that children who had A. 
muciniphila in their feces had higher HAZ than did 
children who did not (Almeida et al., unpub. data). 
Previous studies in adult populations have found A. 
muciniphila more abundant in healthy persons com-
pared with those with inflammatory bowel disease 
(32). A. muciniphila resides in the intestinal mucin, 
which may serve as its carbon source (33). We hy-
pothesize that A. muciniphila impacts the gut muco-
sal barrier through reducing intestinal inflammation. 
Our results, however, do not imply causality, and 
our study is not a substitute for a randomized clinical 
trial. Low A. muciniphila presence may be a marker 
of pathogenic processes, such as increased intestinal 
inflammation, contributing to poor child growth, but 
the microbe itself may not be directly influencing 
child growth. Mechanistic studies are needed to fur-
ther investigate our observed association between A. 
muciniphila and child growth.

Findings from human and animal studies sug-
gest that A. muciniphila is a highly promising pro-
biotic (34). Oral A. muciniphila supplementation 
improved clinical responses to immune checkpoint 
inhibitors targeting the PD-1/PD-L1 (programmed 
death-1/programmed death ligand-1) axis in animal 
studies (35), and A. muciniphila reduced biomark-
ers of liver dysfunction and inflammation among 
persons who were overweight or obese (36); how-
ever, no studies have investigated its effect on child 
growth or diarrhea. Rhubarb extract has been shown 
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Table 2. Type and number of enteric pathogens and commensal microbes in feces samples from participants in prospective cohort 
study of enteric microbes and child growth among young children, Democratic Republic of the Congo 
Category No. (%) Median ±SD (range) 
Participants with >1 pathogen in feces, n = 236 73 (89) 3 ±1 (0–5) 
Pathogen type   
 Giardia 224 (95) 197 ±170,042 (0–2,258,242) 
 Shigella 83 (35) 0 ±2,937,024 (0–35,687,711) 
 Cryptosporidium 11 (5) 0 ±214,213 (0–3,290,838) 
 Campylobacter jejuni 127 (54) 1.5 ±487,706 (0–4,724,251) 
No. pathogens   
 None 10 (4)  
 1 58 (25)  
 2 118 (50)  
 3 49 (20)  
 4 1 (1)  
Commensal microbes   
 Akkermansia muciniphila 166 (70) 15 ± 1,196,734 (0–17,730,754) 
 Lactobacillus salivarius 73 (31) 0 ± 151 (0–1,556) 
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to promote A. muciniphila abundance (34) and might 
therefore serve as a potential natural source of A. 
muciniphila. Future mechanistic studies are needed 
to determine if A. muciniphila is associated with 
decreased enteric inflammation and systemic in-
flammation. Experimental studies are also needed 
to investigate our observed association between A. 
muciniphila and child growth in other global settings 
to determine whether this commensal microbe can 
be used as a potential therapeutic agent to improve 
child growth.

Cryptosporidium is a protozoan parasite that in-
fects the small intestine, resulting in damage to the 
intestinal epithelium walls, and causes an estimated 
44 million diarrheal episodes globally each year, 9 
million in sub-Saharan Africa (37,38). This intestinal 
damage can reduce nutrient absorption and barrier 
function and lead to a disorder named environmental 
enteropathy, associated with impaired linear growth 
in young children (39,40). Cryptosporidium is zoonotic 
in origin and can be spread through cattle and also 
through fecal–oral transmission (41). Consistent with 
our findings, a recent meta-analysis found that Cryp-
tosporidium was associated with declines in WHLZ 
(37). Future studies are needed to determine the pre-
dominant Cryptosporidium transmission pathways for 
patients in our study setting in eastern DRC.

Nearly all (98%) children in our study had >1 en-
teric pathogen in their feces, and 89% had >1. A re-
cent study of hospitalized diarrhea patients (children 
and adults) at a cholera treatment center in Uvira, 
South Kivu, DRC, found that 50% of girls and 68% of 
boys 1–15 years of age had >1 pathogen in their feces, 

a lower percentage than in our study (42). However, 
this difference is likely because the Uvira study in-
cluded children older than the children <5 years of 
age comprising our study cohort; older persons typi-
cally have fewer enteric pathogens. The most com-
mon enteric pathogen in the Uvira study was Crypto-
sporidium, experienced by 28% of participants.

Among our study’s limitations, we analyzed 
feces specimens only at baseline, which prevented 
us from investigating risk factors for subsequent 
enteric infections or determining the prevalence of 
enteric infections among our study population over 
time. Second, we did not perform an in-depth analy-
sis of a larger panel of enteric pathogens from the 
gut microbiome, which might have provided further 
information about potential pathways by which en-
teric microbes affect child growth (43). Third, we did 
not collect information on the HIV status of children. 
Persons with HIV are at higher risk for Cryptospo-
ridium infections (44). Fourth, we did not adjust for 
multiple comparison; however, all significant find-
ings were in the hypothesized direction. Fifth, we 
did not have data on diarrhea for all study children; 
future studies should apply model-derived quan-
titative cut-points to investigate causes of diarrhea 
in children (18). Finally, our small sample size did 
not support subgroup analyses by age, which would 
have been particularly useful for children during the 
first 2 years of life when they are most susceptible 
to growth faltering. Future studies should involve 
larger sample sizes to investigate data by age strata.

Among our study’s strengths, we collected an-
thropometric data at baseline and 6-month follow-up,  
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Table 3. Associations between enteric pathogens and anthropometric measurements for participants in study of Akkermansia 
muciniphila association with improved linear growth among young children, Democratic Republic of the Congo* 

Category 

Change from baseline to 6-month follow-up, coefficient (95% CI) 
Height-for-age 

z-score 
Weight-for height/ 

length z-score 
Weight-for-age  

z-score 
Pathogen or microbe, presence vs. absence 

   

 No. pathogens 0.08 (–0.05 to 0.21) –0.01 (–0.15 to 0.14) 0.06 (–0.04 to 0.15) 
 Giardia 0.27 (–0.25 to 0.80) –0.13 (–0.84 to 0.58) 0.02 (–0.36 to 0.41) 
 Shigella 0.01 (–0.30 to 0.33) 0.11 (–0.20 to 0.42) 0.03 (–0.21 to 0.27) 
 Cryptosporidium 0.37 (–0.08 to 0.81) –0.41 (–0.83 to 0.0008) 0.00 (–0.38 to 0.37) 
 ETEC 0.11 (–0.19 to 0.42) –0.26 (–0.60 to 0.09) 0.04 (–0.27 to 0.34) 
 Campylobacter jejuni 0.09 (–0.15 to 0.34) 0.11 (–0.17 to 0.40) 0.16 (–0.05 to 0.37) 
 Akkermansia muciniphila 0.34 (0.02–0.67) –0.04 (–0.37 to 0.28) 0.23 (–0.01 to 0.47) 
 Lactobacillus salivarius –0.12 (–0.40 to 0.17) –0.01 (–0.29 to 0.27) –0.03 (–0.26 to 0.19) 
Pathogen or microbe, log transformed presence vs. absence 

   

 Giardia 0.01 (–0.02 to 0.04) –0.01 (–0.04 to 0.03) 0.0005 (–0.02 to 0.02) 
 Shigella 0.0007 (–0.02 to 0.02) 0.01 (–0.01 to 0.03) 0.01 (–0.01 to 0.02) 
 Cryptosporidium 0.02 (–0.01 to 0.05) –0.03 (–0.05 to 0.005) –0.01 (–0.03 to 0.02) 
 ETEC –0.01 (–0.03 to 0.01) 0.0004 (–0.02 to 0.02) 0.003 (–0.01 to 0.02) 
 Campylobacter jejuni 0.004 (–0.01 to 0.02) 0.002 (–0.02 to 0.02) 0.01 (–0.01 to 0.02) 
 Akkermansia muciniphila 0.02 (0.001 to 0.04) –0.01 (–0.03 to 0.01) 0.01 (–0.01 to 0.02) 
 Lactobacillus salivarius –0.01 (–0.04 to 0.02) 0.00 (–0.03 to 0.03) –0.001 (–0.02 to 0.02) 
*Models adjusted for wall type, household educational level, number of persons in the household, animal source food, and breastfeeding. ETEC, 
enterotoxigenic Escherichia coli. 
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using a prospective design that enabled us to assess re-
lationships between enteric infections at baseline and 
subsequent changes in child growth over time. Second, 
in addition to enteric pathogens, we included data on 
commensal microbes, specifically A. muciniphila and 
L. salivarius, which could serve as potential therapeu-
tic interventions to promote subsequent child growth. 
Most studies have focused only on enteric pathogens 
in child feces. Third, we used qPCR and a bead beat-
ing step. qPCR detects enteric microbes at lower con-
centrations (i.e., qPCR has a higher sensitivity than 
traditional culture methods [14,45]). The bead beating 
step releases more DNA and higher quality DNA than 
other methods for microbial DNA (11,21).

In our community-based prospective cohort 
study, young children had a high burden of enteric 
pathogens in eastern DRC. We found Cryptosporidi-
um in feces was associated with growth faltering, fur-
ther evidence to support the role of enteric pathogens 
on child growth in a sub-Saharan Africa setting and 
highlighting the need for interventions to reduce pe-
diatric exposure to fecal pathogens. Our results also 
show that A. muciniphila was associated with im-
proved linear growth in young children, illustrating 
the potential of this enteric microbe to serve as a ther-
apeutic intervention for this high-risk population and 
suggesting pathways for future research globally. 
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etymologia revisited
Nipah Virus
[ne´-pə vī´-rəs]

In 1994, a newly described virus, initially called equine morbillivi-
rus, killed 13 horses and a trainer in Hendra, a suburb of Brisbane, 

Australia. The reservoir was subsequently identified as flying foxes, 
bats of the genus Pteropus (Greek pteron [“wing”] + pous [“foot”]). In 
1999, scientists investigated reports of febrile encephalitis and respi-
ratory illness among workers exposed to pigs in Malaysia and Singa-
pore. (The pigs were believed to have consumed partially eaten fruit 
discarded by bats.)

The causative agent was determined to be closely related to 
Hendra virus and was later named for the Malaysian village of 
Kampung Sungai Nipah. The 2 viruses were combined into the ge-
nus Henipavirus, in the family Paramyxoviridae. Three additional spe-
cies of Henipavirus—Cedar virus, Ghanaian bat virus, and Mojiang 
virus—have since been described, but none is known to cause hu-
man disease. Outbreaks of Nipah virus occur almost annually in In-
dia and Bangladesh, but Pteropus bats can be found throughout the 
tropics and subtropics, and henipaviruses have been isolated from 
them in Central and South America, Asia, Oceania, and East Africa.

Sources: 
  1. Centers for Disease Control and Prevention. Outbreak of Hendra-like  

virus—Malaysia and Singapore, 1998–1999. MMWR Morb Mortal Wkly 
Rep. 1999;48:265–9.

  2. Selvey  LA, Wells  RM, McCormack  JG, Ansford  AJ, Murray  K, Rog-
ers  RJ,  et al. Infection of humans and horses by a newly described 
morbillivirus.  Med J Aust. 1995;162:642–5.



Two years after the first detected case of COVID-19 
in Kinshasa, Democratic Republic of the Congo 

(DRC), the country experienced 4 subsequent waves 
of the virus, with peaks in June 2020 and January, 
June, and December 2021 (1). As observed across 
countries in Africa, the second wave in DRC was 
severe compared with the first wave in terms of dis-

ease incidence and associated deaths, partly because 
of lightening of stringent public health countermea-
sures implemented during the first wave, including 
international travel restrictions, and the spread of 
SARS-CoV-2 Beta variant (B.1.351) from southern 
Africa countries (2,3). By March 6, 2021, a total of 
26,468 laboratory-confirmed cases were reported, 
including 712 virus-related deaths and 132,929 tests 
performed; Kinshasa accounted for nearly 75% of all 
reported cases (1).

The true burden of COVID-19 in Kinshasa is 
likely underestimated because PCR testing is con-
ducted mainly on symptomatic persons meeting the 
case definition, omitting a large portion of persons 
who become infected with SARS-CoV-2  but are ei-
ther asymptomatic or paucisymptomatic. Limited 
testing facilities throughout Africa, combined with 
the population’s underutilization of healthcare ser-
vices, further widened the gap between the number 
of actual infections and detected cases (2,4). On the 
basis of data from a previously conducted house-
hold-based survey in Kinshasa after the first wave, 
we reported an infection-to-case ratio of 292:1 and 
a prevalence of 16.6% (5). The survey underscored 
the critical role of serologic surveys as complemen-
tary tools to routine testing results for guiding public 
health interventions.
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Serologic surveys are important tools for estimating the 
true burden of COVID-19 in a given population. After the 
first wave of SARS-CoV-2 infections, a household-based 
survey conducted in Kinshasa, Democratic Republic 
of the Congo, estimated >292 infections going undiag-
nosed for every laboratory-confirmed case. To ascertain 
the cumulative population exposure in Kinshasa after the 
second wave of COVID-19, we conducted a prospective 
population-based cross-sectional study using a highly 
sensitive and specific ELISA kit. The survey included 
2,560 consenting persons from 585 households; 55% 
were female and 45% male. The overall population-
weighted, test kit–adjusted SARS-CoV-2 seroprevalence 
was 76.5% (95% CI 74.5%–78.5%). The seroprevalence 
was 4-fold higher than during the first wave, and positiv-
ity was associated with age, household average monthly 
income, and level of education. Evidence generated from 
this population-based survey can inform COVID-19 re-
sponse, especially vaccination campaign strategies in 
the context of vaccine shortages and hesitancy.
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Serologic surveys reveal the extent of infection 
within a given population and provide timely esti-
mates on such key indicators as attack rate, mortality 
rate, and deaths, thus guiding public health actions 
and the development of evidence-based strategies (6). 
In the DRC particularly, natural infection immunity 
is more likely to outpace vaccine-induced immuni-
zation because vaccine rollout is hindered by factors 
such as vaccine hesitancy, low vaccine availabil-
ity, and low vaccine coverage rates (7,8). Evidence is 
needed, therefore, to guide overall public health re-
sponse, particularly vaccination strategies aimed at 
optimizing the use and delivery of available vaccines. 
We describe a population-based SARS-CoV-2 sero-
survey conducted in Kinshasa after the second wave 
(October 2020–April 2021) of the COVID-19 epidemic 
to ascertain the cumulative population exposure.

Methods

Study Design and Population
We conducted a prospective population-based, cross-
sectional study in Kinshasa on March 6–14, 2021, 
as part of the World Health Organization’s global 
framework for SARS-CoV-2 seroepidemiologic  

investigations (i.e., Unity Studies) (9). Kinshasa is the 
capital of the DRC and has an estimated population 
of 15 million, representing ≈15% of the population. 
Kinshasa is divided into 35 health districts, compris-
ing 380 health areas.

We used a multistage, cluster sampling proce-
dure to select study participants from a population 
spanning all 35 health districts of Kinshasa (Figure 
1). We randomly selected 3 health areas within each 
health district by using probability sampling pro-
portional to the size. After listing all streets or vil-
lages in each health area, we randomly selected 1 to 
2 streets or villages within each area. We then list-
ed all households in the selected streets or villages 
and systematically selected an average of 5 house-
holds from each health area. We determined eligi-
ble participants as persons of all ages who stayed 
in Kinshasa 2 weeks before the survey and had no 
contraindications to venipuncture. We obtained 
written informed consent from adults (participants 
≥18 years of age) and emancipated minors, paren-
tal consent for participants <18 years, and assent for 
participants 10–17 years of age. The ethics commit-
tee of the Kinshasa School of Public Health reviewed 
the study (ESP/CE/81B/2020), and the study was 
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Figure 1. Study area for prospective, population-based, cross-sectional study to ascertain the cumulative population SARS-CoV-2 
exposure in Kinshasa, Democratic Republic of the Congo, after the second wave of SARS-CoV-2. Inset maps show location of Kinshasa 
in Democratic Republic of the Congo (pink shading) and Democratic Republic of the Congo in Africa (blue shading).
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aligned with the World Health Organization’s Unity 
Studies’ master protocol.

Sample Size Calculation
We calculated the sample size based on the hypoth-
esis of an expected seroprevalence of 20%, with a pre-
cision of 3%, a design effect of 2.2, and a nonresponse 
rate of 30%. We determined that >2,146 participants 
needed to be recruited.

Data Collection
We presented a structured, pretested questionnaire 
to participants on an electronic tablet equipped 
with a mobile data-gathering application (Epicol-
lect 5; Imperial College, London, https://www.im-
perial.ac.uk). The questionnaire covered questions 
regarding sociodemographic characteristics, medi-
cal history (with emphasis on COVID-19, hyperten-
sion [blood pressure ≥140/90 mm Hg], stroke, pul-
monary disease, diabetes, chronic kidney disease, 
cancer, and obesity), alcohol and tobacco intake, 
SARS-CoV-2–related practices, and exposures to 
SARS-CoV-2. Exposures to SARS-CoV-2 comprised 
a previous SARS-CoV-2 infection, known contact 
with persons having suspected or laboratory-con-
firmed SARS-CoV-2 infection, and a history of travel 
to an affected province or country 2 weeks before 
the survey. We provided all participants with face 
masks and hand sanitizers and encouraged them to 
practice physical and social distancing.

Blood Collection and SARS-CoV-2 Antibody Detection
We collected 3–5 mL of venous blood samples from 
eligible participants in red-topped plain tubes, 
which were transported at 4°C in cool boxes to the 
National Institute of Biomedical Research in Kinsha-
sa the same day. At the institute, we processed blood 
specimens to obtain serum, aliquoted the serum in 
2-mL cryotubes, and stored the tubes at –20°C for 
subsequent analyses.

We used the Wantai SARS-CoV-2 ELISA kit (Bei-
jing Wantai Biologic Pharmacy Enterprise Co, Ltd, 
https://bjwtbp.en.ec21.com) to detect anti-spike IgG 
and IgM in a single replicate, according to the manu-
facturer’s instructions. We used known SARS-CoV-2–
positive and SARS-CoV-2–negative samples as con-
trols. We included prepandemic samples collected as 
part of measles surveillance, which tested negative 
for the measles virus serology (Appendix Figure 1). 
We considered a sample positive if the absorbance-
to-cutoff ratio was >1.1. In the case of borderline re-
sults, we reran the test in duplicate and considered 2 
matching results to be the final result.

The Wantai SARS-CoV-2 Total Antibodies ELISA 
kit has a sensitivity of 94.4% and a specificity of 100% 
(10). It detects whole antibodies against the receptor-
binding domain (RBD) within the S1 subunit of the 
spike protein. The RBD represents approximately 
one third of the S1 subunit and is highly variable be-
tween SARS-CoV-2 and other betacoronaviruses (11). 
In this way, the Wantai SARS-CoV-2 Total Antibod-
ies ELISA kit does not present cross-reactions with 
other coronaviruses that cause the common cold (i.e., 
OC43, HKU1, NL63, 229E). Besides providing high 
sensitivity and specificity, the Wantai kit offers dual 
detection of IgG and IgM, making the test kit useful 
in the very early phase of the disease course and in 
situations where the proportion of SARS-CoV-2 infec-
tions with asymptomatic or mild forms is prevalent; 
that is, when IgG synthesis is absent or low, and IgM 
is more likely to be abundantly synthesized and de-
tected (11–13). The test kit also detects antibodies in 
most COVID-19 cases where the order of IgM-IgG se-
roconversion might not always be observed. In addi-
tion, antibodies directed against the RBD of the spike 
protein are strongly correlated with virus neutraliza-
tion (11). The Wantai kit therefore can be helpful and 
informative as part of serologic surveys in gauging 
protective immunity in a general population.

Statistical Analyses
We extracted data from the Epicollect 5 server, con-
verted those results into a comma-separated values 
file, and transferred that information to Stata 15.1 
(StataCorp LLC, https://www.stata.com) for analy-
sis. We employed the svyset command to account 
for the survey design. We weighted estimates to 
reflect the population parameters. We used propor-
tions with corresponding 95% CIs to summarize cat-
egorical variables and the mean or the median with 
standard deviation or interquartile range to sum-
marize continuous variables. We used the Pearson 
χ2 test to assess the difference in seroprevalence be-
tween groups and the multivariable logistic regres-
sion to assess the association between SARS-CoV-2 
seropositivity and key exposures. Finally, we cor-
rected the seroprevalence to account for test kit per-
formance as described elsewhere (14).

Results
A total of 597 households were selected from 105 
health areas (clusters), of which 585 (97.9%) agreed 
to participate in the survey. From the selected 
households, 2,681 persons were surveyed, of whom 
2,601 (97%) were present on the survey dates. 
From the 2,601 eligible persons, only 2,560 (98.4%)  
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consented to be interviewed and provided blood 
samples. Of the 2,560 blood samples, 58 dried blood 
spots were excluded. We successfully processed 
2,502 (97.7%) samples, including 26 (1%) samples 
with borderline results that were not included in 
the analysis (Figure 2).

Of the 2,560 eligible participants, 1,412 (55.2%) 
were female and 1,148 (44.8%) were male. Most par-
ticipants (1,787, 69.8%) were from health districts 
located in the western part of Kinshasa (Table 1). 
The median age was 30 years (interquartile range 
18–46 years). Persons 20–29 years of age were the 
most represented (511/2,560, 19.9%), followed by 
those 30–39 years of age (409, 15.9%). The median 
size of the household was 7 (interquartile range 
of 6–9). Six households in 10 (349/585, 59.6%) re-
ported an average monthly income of $51–$250 (US 
dollars), whereas nearly one quarter (145/585) re-
ported an average monthly income of $1–$50. Most 
participants (1,209/2,560, 47.2%) had junior-high 
school education level, and 3.0% (77) had no formal  
education (Table 1).

Regarding COVID-19 prevention measures, 
37.9% (971/2,560) of participants reported washing 
their hands >6 times/day; another one fifth reported 
washing their hands daily (481 reported 1×/d, 535  

reported 2×/d). More than one quarter of partici-
pants reported wearing a face mask frequently (659, 
25.7%), but nearly one quarter reported rarely wear-
ing a face mask (623, 24.3%). Most participants were 
nonsmokers (2,410, 94.1%) and 67.2% (1,721) reported 
no alcohol consumption (Table 1).

One in 2 participants reported >1 symptom in-
dicative of COVID-19; fever was mentioned most 
frequently (713, 27.8%), followed by headache (627, 
24.5%), chills (423, 16.5%), fatigue (409, 15.9%), and 
cough (400, 15.6%), (Table 2). Only 12.0% (308) of par-
ticipants reported >1 comorbidity, with hypertension 
(166, 6.5%) and obesity (96, 3.7%) being the most re-
ported. Most participants reported no contact with a 
laboratory-confirmed COVID-19 case (2,493, 97.4%) 
(Table 2).

The overall population-weighted SARS-CoV-2 
seroprevalence was 72.2% (95% CI 69.8–4.4%) (Ap-
pendix Table 2). The seroprevalence was slightly 
higher, although not significantly, among female 
than male participants (73.8% vs. 70.1%; p = 0.146), 
and significantly higher in the western health districts 
of Kinshasa than in the eastern (74.3% vs. 68.3%; p 
= 0.021) (Appendix Table 1). Two health districts on 
either side of Kinshasa had the highest seropreva-
lence: Barumbu (88.4%, 95% CI 74.9%–95.1%) and 
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Figure 2. Flowchart of 
participants and household 
inclusion for prospective, 
population-based, cross-
sectional study to ascertain the 
cumulative population SARS-
CoV-2 exposure in Kinshasa, 
Democratic Republic of the 
Congo, after the second wave of 
SARS-CoV-2.



High SARS-CoV-2 Seroprevalence, DRC

Masina 2 (88.6%, 95% CI 77.1%–94.8%) (Appendix 
Table 2). Similarly, higher seroprevalence was found 
among participants 40–49 years of age (78.6%, 95% 
CI 72.9%–83.3%), those with university education 
(84.0%, 95% CI 69.9%–92.2%), and those who de-
clared washing hands 5–6 times a day (76.8%, 95% 
CI 71.9%–81.0%) (Appendix Table 1). Most house-
holds (94.2%, 551/585) had >1 seropositive member; 
median was 3 positive members (Appendix Table 3, 
Figures 2, 3). After adjusting for the laboratory test 
kit performance, the overall seroprevalence increased 
from 72.2% (95% CI 69.8%–74.4%) to 76.5% (95% CI 
74.5%–78.5%).

Participants living in households with an average 
monthly income of $51–$250 had 42% increased odds 
of SARS-CoV-2 infection compared with participants 
from a household with an average monthly income of 
$1–$50 (crude OR 1.42, 95% CI 1.12–1.80) (Table 3). In 
contrast, participants from households with an aver-
age monthly income of >$1,000 were 88% less likely 
to be infected with SARS-CoV-2 (crude OR 0.12, 95% 
CI 0.04–0.36). The likelihood of SARS-CoV-2 infection 
tended to increase with increasing education level 
and age. Participants with university-level education 
were >3 times more likely to be infected with SARS-
CoV-2 than those without formal education (crude 
OR 3.73, 95% CI 1.10–12.67) (Table 3).

On multivariable analysis, after adjusting for sex, 
age, and geographic area, an association emerged 
between SARS-CoV-2 infection and the 5–9-year 
age group (adjusted OR 0.38, 95% CI 0.15–0.96) and 
the 10–14-year age group (adjusted OR 0.33, 95% CI 
0.12–0.91) (Table 3). SARS-CoV-2 infection remained 
associated with average household monthly income, 
especially for a household earning >$1,000 (adjusted 
OR 0.12, 95% CI 0.04–0.33). The association with edu-
cation level remained and became stronger in effect 
size and statistical significance, especially for partici-
pants with university-level education (adjusted OR 
4.33, 95% CI 2.36–17.18) (Table 3).

Discussion
We conducted this population-based serologic survey 
at the end of the second wave (October 2020–April 
2021) of COVID-19 in Kinshasa, DRC, before vaccina-
tion became available. As such, our results provide 
evidence of the cumulative exposure to SARS-CoV-2 
among this population.

Our results show that, 1 year after detecting the 
first COVID-19 case, >3 out of 4 persons (76.5%) had 
been infected with SARS-CoV-2. This high seropreva-
lence indicates sustained community transmission in 
Kinshasa. Considering the Kinshasa population of 

15 million in March 2021 (15), we estimate 11.5 mil-
lion SARS-CoV-2 infections had occurred by March 6, 
2021, but only 19,831 confirmed cases were reported 
(1 PCR-confirmed case for nearly 580 estimated in-
fections). During the same period, 3,325 COVID-19 
cases were active, and <100 hospitalizations occurred 
in COVID-19 treatment centers. Factors such as the 
younger age of the population, the predominance of 
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Table 1. Sociodemographic and behavioral Characteristics of 
2,560 study participants in a study to ascertain cumulative SARS-
CoV-2 exposure in Kinshasa, Democratic Republic of the Congo, 
after the second COVID-19 wave* 
Variables  Value 
Sex  
 F 1,412 (55.2) 
 M 1,148 (44.8) 
Geographic area  
 Western 1,787 (69.8) 
 Eastern 773 (30.2) 
Median age, y (IQR) 30  (18–46) 
Age group, y  
 0–4 40 (1.6) 
 5–9 175 (6.8) 
 10–14 260 (10.2) 
 15–19 265 (10.4) 
 20–29 511 (19.9) 
 30–39 409 (15.9) 
 40–49 359 (14.0) 
 50–59 269 (10.5) 
 60–69 186 (7.3) 
 70–79 71 (2.8) 
 ≥80 15 (0.6) 
Household size, median (IQR) 7 (6–9) 
Household average monthly income, US $  
 1–50 634 (24.7) 
 51–250 1,525 (59.6) 
 251–500 340 (13.3) 
 501–1,000 56 (2.2) 
 >1,000 5 (0.2) 
Education  
 No formal education 77 (3.0) 
 Primary 473 (18.5) 
 Junior-high school 1,209 (47.2) 
 Secondary, vocational 268 (10.5) 
 Higher, vocational 46 (1.8) 
 University 487 (19.0) 
Daily hand washing frequency  
 <1 time 481 (18.8) 
 1–2 times 535 (20.9) 
 3–4 times 377 (14.7) 
 5–6 times 196 (7.7) 
 >6 times 971 (37.9) 
Face mask wearing  
 Never 422 (16.5) 
 Rarely 623 (24.3) 
 Sometimes 496 (19.4) 
 Often 659 (25.7) 
 Always 360 (14.1) 
Alcohol intake  
 N 1,721 (67.2) 
 Y 839 (32.8) 
Tobacco intake  
 N 2,410 (94.1) 
 Y 150 (5.9) 
*Values are no. (%) except as indicated. IQR, interquartile range. 
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mild and asymptomatic cases self-managed in the 
community, poor testing capacities, and low health-
care utilization might explain the discrepancies be-
tween reported cases, the actual number of infections, 
and the number of moderately or severely ill hospital-
ized persons.

The population-weighted and test kit–adjusted 
seroprevalence of 76.5% was nearly 4 times high-
er than that reported after the first wave (16.6%),  

reflecting an extensive community transmission af-
ter the lightening of lockdown measures, including 
the travel ban implemented during the first wave 
(5). Lower seroprevalence estimates were reported 
in Bangladesh (63.1%), Mali (58.5%), India (54.2%), 
Zimbabwe (53.0%), Kenya (44.2%), and Sierra Le-
one (2.6%) during similar periods (16–22). The char-
acteristics of the test kit used and the variability in 
exposure levels across countries might explain differ-
ences in seroprevalence estimates. In our study and 
that of Bangladesh, an ELISA-based test detecting 
total antibodies against the RBD of the spike protein 
was used (10,16). Studies from Zimbabwe and India 
used serologic assays, targeting IgGs directed against 
the nucleocapsid protein, which are known to wane 
faster over time than those directed against the spike 
protein (18,19,23). Studies from Mali and Kenya used 
serologic tests that only targeted anti-spike IgG, thus 
missing newly infected persons who could bear anti-
spike IgM rather than IgG (17,20). The Sierra Leone 
study used a lateral flow assay that targets both anti-
spike IgM and IgG but is less sensitive than ELISA 
(22). Female participants were nearly 20% more likely 
to be infected than male participants, but the differ-
ence was not statistically significant. Similar results 
have been reported from other sub-Saharan Africa 
countries (24,25). As reported after the first wave of 
the COVID-19 epidemic in the DRC, the seropreva-
lence was not statistically different between western 
and eastern health districts of Kinshasa on multivari-
able analysis, although more cases were reported in 
western health districts (5). In our study, we observed 
a trend of increasing seroprevalence with age. This 
trend is consistent with other reports from Africa and 
Asia, which found higher exposures among partici-
pants 39–59 years of age (16,17,20,22). In addition, our 
results suggest that the second wave was character-
ized by similar infection rates for all age groups (5).

The risk for SARS-CoV-2 infection increased 
with average monthly household income up to $500 
before decreasing dramatically, especially among 
households with incomes of >$1,000. Household 
income was associated with SARS-CoV-2 infection, 
and higher incomes reduced the risk for infection in 
households (26). The discrepancy in our study can 
be explained by respondent bias, because house-
hold income was assessed based on household 
heads’ responses rather than owned assets. Partici-
pants with a university education were more likely 
to be infected (84%), and having a university-level 
education was associated with a 4-fold increase in 
the risk for infection. A study from Portugal report-
ed that a lower level of education was a critical risk 
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Table 2 Clinical characteristics of 2,560 study participants in a 
study to ascertain cumulative SARS-CoV-2 exposure in 
Kinshasa, Democratic Republic of the Congo, after the second 
COVID-19 wave* 
Variables Value 
Symptoms suggestive of COVID-19 2 weeks before survey 
 N 1,280 (50.0) 
 Y 1,280 (50.0) 
 Fever 713 (27.8) 
 Headaches 627 (24.5) 
 Chills 423 (16.5) 
 Fatigue 409 (15.9) 
 Coughing 400 (15.6) 
 Runny nose 369 (14.4) 
 Myalgia 363 (14.2) 
 Abdominal pain 214 (8.4) 
 Sore throat 134 (5.2) 
 Nausea 132 (5.2) 
 Diarrhea 125 (4.9) 
 Anosmia/ageusia 83 (3.2) 
 Chest pain 73 (2.9) 
 Dyspnea 57 (2.2) 
 Median (IQR) no. symptoms 3 (1–4) 
Comorbidity  
 N 2,252 (88.0) 
 Y 308 (12.0) 
Hypertension  
 N 2,394 (93.5) 
 Y 166 (6.5) 
Stroke  
 N 2,540 (99.2) 
 Y 20 (0.8) 
Asthma  
 N 2,521 (98.5) 
 Y 39 (1.5) 
Diabetes mellitus  
 N 2,532 (98.9) 
 Y 28 (1.1) 
Kidney injury  
 N 2,553 (99.7) 
 Y 7 (0.3) 
Cancer  
 N 2,554 (99.8) 
 Y 6 (0.2) 
Obesity  
 N 2,464 (96.3) 
 Y 96 (3.7) 
Pregnancy†  
 N 1,371 (97.1) 
 Y 41 (2.9) 
Contact with a laboratory-confirmed case  
 N 2,493 (97.4) 
 Y 67 (2.6) 
*Values are no. (%) except as indicated. IQR interquartile range. 
†Only women were considered for pregnancy. 
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factor for SARS-CoV-2 transmission compared with 
tertiary education (27). Higher levels of education 
are usually associated with better job opportunities 
and higher income and, thus, better living condi-
tions and compliance with individual and collective 
protective measures. Conversely, a higher level of 
education and better employment may be associ-
ated with higher mobility and complex interactions 
with potentially infected persons, increasing the 
odds of infection.

Our study has several strengths, such as the ro-
bust sampling frame, which provided a large and 
representative sample size that included all 35 health 
districts of Kinshasa, and the high response rate 
among households (97.9%) and participants (98.4%). 

However, we were unable to perform a neutralizing 
antibody test on positive samples to ascertain protec-
tive immunity. In addition, there might have been 
respondent bias because we relied on self-reporting 
for variables such as comorbidities, household in-
come, face mask wearing, daily hand washing, alco-
hol intake, and tobacco use. The stigma associated 
with COVID-19 might have played a role in under-
reporting critical information, as exemplified by the 
lower proportion (2.6%) of participants who reported 
a known contact with a laboratory-confirmed case. Fi-
nally, we collected clinical symptoms by interviewing 
participants, and there might have been recall bias, 
especially for symptoms that occurred more than 2 
weeks prior to the survey.
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Table 3. Sociodemographic and behavioral characteristics associated with SARS-CoV-2 infection in a study to ascertain cumulative 
SARS-CoV-2 exposure in Kinshasa, Democratic Republic of the Congo, after the second COVID-19 wave* 
Characteristic Total no. Seropositive, no. (%) Crude OR (95% CI) Adjusted OR (95% CI) 
Sex     
 F 1,369 1,005 (73.8) Referent Referent 
 M 1,107 780 (70.1) 0.83 (0.64–1.07) 0.83 (0.62–1.06) 
Geographic area     
 Western 1,724 1,291 (74.3) Referent Referent 
 Eastern 752 494 (68.3) 0.74 (0.58–0.95) 0.81 (0.61–1.07) 
Age, y     
 0–4 32 22 (70.8) Referent Referent 
 5–9 165 98 (60.2) 0.62 (0.29–1.33) 0.38 (0.15–0.96) 
 10–14 255 163 (61.8) 0.66 (0.28–1.55) 0.33 (0.12–0.91) 
 15–19 258 187 (72.4) 1.08 (0.51–2.27) 0.40 (0.15 –1.06) 
 20–29 497 364 (72.7) 1.10 (0.53–2.26) 0.39 (0.14–1.04) 
 30–39 393 295 (74.8) 1.22 (0.57–2.62) 0.42 (0.15–1.18) 
 40–49 349 272 (78.6) 1.51 (0.71–3.19) 0.52 (0.19–1.44) 
 50–59 265 194 (74.0) 1.17 (0.53–2.63) 0.40 (0.15–1.08) 
 60–69 179 131 (73.4) 1.14 (0.54–2.39) 0.41 (0.16–1.03) 
 70–79 69 51 (76.6) 1.35 (0.51–3.56) 0.63 (0.24–1.68) 
 ≥80 14 8 (65.5) 0.78 (0.23–2.63) 0.39 (0.09–1.61) 
Household average monthly income, US $     
 1–50 602 386 (66.8) Referent Referent 
 51–250 1,471 1,099 (74.2) 1.42 (1.12–1.80) 1.22 (0.94–1.59) 
 251–500 335 259 (75.3) 1.50 (0.98–2.33) 1.16 (0.73–1.82) 
 501–1,000 53 35 (65.2) 0.93 (0.46–1.85) 0.81 (0.41–1.57) 
 >1,000 5 1 (20.0) 0.12 (0.04–0.36) 0.12 (0.04–0.33) 
Education     
 No formal education 66 41 (58.4) Referent Referent 
 Primary 457 281 (62.2) 1.17 (0.56–2.44) 1.73 (0.72–4.17) 
 Junior-high school 396 273 (69.7) 1.63 (0.82–3.24) 2.15 (0.88–5.23) 
 High school 782 595 (74.6) 2.09 (1.04–4.17) 2.44 (1.02–5.86) 
 Secondary, (vocational 263 203 (78.6) 2.61 (1.23–5.52) 3.02 (1.22–7.48) 
 Higher, vocational 46 37 (76.2) 2.28 (1.07–4.83) 2.75 (1.06–7.14) 
 University 466 355 (84.0) 3.73 (1.10–2.67) 4.33 (2.36–17.18) 
Daily hand washing frequency     
 <1 time 466 297 (64.1) Referent Referent 
 1–2 times 516 389 (75.4) 1.72 (1.18–2.50) 1.43 (0.89–2.31) 
 3–4 times 362 248 (66.1) 1.09 (0.73–1.62) 0.91 (0.59–1.41) 
 5–6 times 190 143 (76.8) 1.85 (1.30–2.64) 1.41 (0.85–2.36) 
 >6 times 942 708 (74.8) 1.66 (1.20–2.31) 1.47 (0.92–2.36) 
Face mask wearing     
 Never 398 247 (63.6) Referent Referent 
 Rarely 611 440 (71.6) 1.43 (0.96–2.14) 1.14 (0.66–1.96) 
 Sometimes 478 363 (74.8) 1.69 (1.19–2.41) 1.29 (0.80–2.07) 
 Often 640 477 (74.5) 1.66 (1.15–2.39) 1.22 (0.73–2.03) 
 Always 349 258 (74.1) 1.63 (0.96–2.76) 0.99 (0.51–1.96) 
*OR, odds ratio. 
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In conclusion, our data suggest an extensive 
transmission of SARS-CoV-2 during the second  
COVID-19 wave in Kinshasa, resulting in a higher se-
roprevalence. Evidence generated from this population-
based survey is critical to adjusting the COVID-19 re-
sponse and especially vaccination campaign strategies 
in the context of vaccine scarcity and hesitancy, when a 
large proportion of potential vaccinees have been natu-
rally exposed to SARS-CoV-2. The emergence and glob-
al spread of SARS-CoV-2 variants of concern, with their 
potential to resist neutralizing antibodies developed 
after natural infection, and antibodies waning could 
hamper the putative protective immunity. Serosurveil-
lance coupled with neutralization tests and genomic 
surveillance of SARS-CoV-2 variants is needed to adjust 
the COVID-19 response plan in the DRC, including vac-
cination strategies, as the pandemic evolves.
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Scrapie
[skra′pe]

Scrapie is a fatal neurodegenerative disease of sheep and goats that was 
the first of a group of spongiform encephalopathies to be reported 

(1732 in England) and the first whose transmissibility was demonstrated 
by Cuille and Chelle in 1936. The name resulted because most affected 
sheep develop pruritis and compulsively scratch their hides against fixed 
objects. Like other transmissible spongiform encephalopathies, scrapie 
is associated with an alteration in conformation of a normal neural cell 
glycoprotein, the prion protein. The scrapie agent was first described as a 
prion (and the term coined) by Stanley Prusiner in 1982, work for which 
he received the Nobel Prize in 1997.

Sources: 
  1. Brown  P, Bradley  R. 1755 and all that: a historical primer of  

transmissible spongiform encephalopathy. BMJ. 1998;317:1688–92. 
  2. Cuillé  J, Chelle  PL. The so-called “trembling” disease of sheep: is 
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  3. Laplanche  J-L, Hunter  N, Shinagawa  M, Williams  E. Scrapie, chronic 
wasting disease, and transmissible mink encephalopathy. In: Prusiner 
SB, editor. Prion biology and diseases. Cold Spring Harbor (NY): Cold 
Spring Harbor Laboratory Press; 1999. p. 393–429.

  4. Prusiner  SB. Novel proteinaceous infectious particles cause scrapie. 
Science. 1982;216:136–44.

https//wwwnc.cdc.gov/eid/article/26/6/et-2606_article



Influenza A viruses (IAVs) of the H3 subtype are 
endemic to humans, swine, and wild birds; they 

also cause outbreaks in horses and are often detected 
in domestic birds. An H3 IAV that crosses the spe-
cies barrier from animals to humans can result in a 
pandemic if the virus carries a hemagglutinin (HA) 
against which humans lack protective antibodies and 
the virus readily replicates in and spreads among hu-
mans. For example, in 1968, transmission of an IAV 
with an avian-origin H3 HA to humans caused the 
influenza A(H3N2) pandemic (1).

The natural IAV reservoir is considered to be wild 
waterfowl, but transmission to domestic poultry is fre-
quent. Avian H3 IAVs are classified as Eurasian and 
North American lineages, although the HA of these 

viruses is antigenically closely related (2,3). In contrast, 
after being introduced to humans in 1968, the HA of 
human H3 IAVs quickly drifted away from that of the 
avian precursor IAV. Consequently, contemporary hu-
man H3 IAVs are antigenically divergent from those in 
birds (2). Similarly, avian H3 IAVs were introduced into 
horses in the 1960s, after which their HA antigenically 
drifted. That evolution was, however, different and 
slower than for human H3 IAVs (4). Equine H3 IAVs 
of Florida clade 1 (FC1) are currently predominant (5). 
All swine H3 IAVs derived their HA from human IAVs. 

H3 IAVs from swine in Europe originated from a 
human IAV that circulated in the late 1970s. Of the 2 
major lineages cocirculating in North America, clus-
ter IV-A was derived from human IAVs from the late 
1990s and novel human-like swine H3 IAVs from hu-
man IAVs from the early 2010s (6). H3 IAVs undergo 
slower antigenic drift in swine than in humans. Con-
sequently, persons born after the swine viruses’ hu-
man ancestor IAV had circulated are unlikely to have 
cross-reactive antibodies against the swine H3 IAVs. 
Therefore, with time, human population immunity 
against swine H3 IAVs decreases, increasing the pan-
demic risk (7–10).

The infectious potential of swine H3 IAVs for 
humans is evident from >400 recorded zoonotic in-
fections in the United States caused by North Amer-
ican cluster IV-A or novel human-like H3 swine 
IAVs. Four zoonotic infections with H3 IAVs from 
swine in Europe have also been reported (6,11–13). 
H3 IAVs from equids can infect humans under ex-
perimental conditions, but there are no confirmed 
cases of natural transmission (14). Animal H3 IAVs 
might, however, become more adapted to humans 
by accumulating mutations in their viral proteins, 
reassortment of gene segments with IAVs of differ-
ent species, or both (6,15). Avian H3 IAVs can infect 
humans directly or via an intermediate host, such as 
poultry or swine (2,15). In 2019, an H3N1 IAV that 
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Influenza A viruses (IAVs) of subtype H3 that infect hu-
mans are antigenically divergent from those of birds, 
horses, and swine. Human immunity against these vi-
ruses might be limited, implying potential pandemic risk. 
To determine human risk, we selected 4 avian, 1 equine, 
and 3 swine IAVs representing major H3 lineages. We 
tested serum collected during 2017–2018 from 286 per-
sons in Belgium for hemagglutination inhibiting antibod-
ies and virus neutralizing antibodies against those ani-
mal-origin IAVs and tested replication in human airway 
epithelia. Seroprevalence rates for circulating IAVs from 
swine in North America were >51%, swine in Europe 
7%–37%, and birds and equids ≤12%. Replication was 
efficient for cluster IAVs from swine in North America 
and IAVs from swine in Europe, intermediate for IAVs 
from horses and poultry, and absent for IAVs from wild 
birds and a novel human-like swine IAV in North Ameri-
ca. Public health risk may be highest for swine H3 IAVs.
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originated from wild birds caused outbreaks at 82 
poultry farms in Belgium and 3 in France without in-
fecting humans but was unusually virulent for poul-
try (16). In 2022, two zoonotic infections with avian 
H3N8 IAVs were reported (17).

H3 IAVs continue to evolve in each host spe-
cies. Therefore, frequent re-evaluation of human 
seroprevalence and replication potential in humans 
for circulating animal H3 IAVs is recommended. 
Serum hemagglutination inhibiting (HI) and virus 
neutralizing (VN) antibodies correlate with protec-
tion. Thus, prevalence of such antibodies against 
animal H3 IAVs in persons of different age groups 
can be used to estimate the public health risk (18). 
Recent seroprevalence studies are available for H3 
IAVs from swine in North America, but studies in 
Europe were conducted with samples and IAVs col-
lected before 2011 (7–10,19). Studies for H3 IAVs 
from birds and equids are generally lacking, ex-
cept for a few small-scale studies with historic IAV 
strains (20–24). The infectivity of animal H3 IAVs in 
humans was previously evaluated with mammalian 
models, outdated IAV strains, or both (15,25–29). To 
help evaluate the public health risk posed by differ-
ent animal H3 IAVs, we analyzed serum samples 
collected from persons of different age groups in 
Belgium for prevalence and titers of HI and VN an-
tibodies against all major circulating swine, avian, 
and equine H3 IAV lineages. We also assessed the 
replicative capacity of selected IAVs in human air-
way epithelia. The Commission for Medical Ethics of 
the Ghent University Hospital approved the study 
(approval no. 2017/834).

Materials and Methods

Human Serum and Tissue Samples
During August 2017–January 2018, we selected 286 se-
rum samples from immunocompetent persons in Bel-
gium born during 1921–2017 who had unknown influ-
enza infection or vaccination history. The male:female 
ratio was ≈1:1, and we used ≈3 samples per birth year. 

From Epithelix Sàrl (https://www.epithelix.
com), we purchased human airway epithelia (Mu-
cilAir) reconstituted from primary cells of biopsy 
samples from 6 donors (Table 1). We maintained the 
tissues at the air–liquid interface with MucilAir cul-
ture medium (Epithelix) according to the manufac-
turer’s instructions.

Viruses
IAVs for seroreactivity and replication studies includ-
ed representatives of major H3 lineages circulating 

in wild birds (mlOH18, mlBE18), horses (eqCH18), 
and swine (swG17, swIN16, swMO15); the avian 
H3N1 IAV that caused outbreaks in poultry in Bel-
gium in 2019 (chG19); the 1968 human pandemic vi-
rus (HK68); and the presumed avian ancestor IAV 
of HK68 (dkUK63) (Table 2; Figure 1, panel A). We 
used epidemiologic data to select major H3 lineages 
(5,30–32). We selected test viruses on the basis of 
antigenic relatedness and amino acid homology to 
currently circulating IAVs of each lineage available 
in GenBank.

The major target of neutralizing antibodies is 
HA1. We downloaded the viruses’ HA1 nucleotide 
sequences from GenBank and translated them to 
amino acids. We aligned sequences with the MUS-
CLE algorithm (https://www.ebi.ac.uk/Tools/msa/
muscle) and constructed maximum-likelihood trees 
by using the Jones-Taylor-Thornton model and the 
nearest-neighbor-interchange heuristic method in 
MEGA7 (https://www.megasoftware.net) (33). We 
determined numbers of identical amino acids in pre-
sumed antigenic sites (34) and percentages of amino 
acid homology between test viruses by using MEGA7 
and R version 3.5.3 (The R Foundation for Statistical 
Computing, https://www.r-project.org).

We received avian IAVs from the Flemish Insti-
tute for Biotechnology (Flanders, Belgium) and Ohio 
State University (Columbus, Ohio, USA), equine 
IAVs from St. Jude Children’s Research Hospital 
(Memphis, Tennessee, USA), North American swine 
IAVs from the US Department of Agriculture–Ag-
ricultural Research Service (Bethesda, Maryland, 
USA), and the human IAV from Philipps University 
Marburg (Marburg, Germany). Viruses for serolog-
ic assays and inoculation of MucilAir tissues were 
grown in MDCK cells; only avian and equine viruses 
for HI assays were propagated in allantoic cavities 
of 10-day-old embryonated chicken eggs; and all un-
derwent <4 passages.

Serologic Assays
HI and VN assays for antibodies against each test 
virus were performed according to standard proce-
dures (35). We performed HI assays with 1% horse 
erythrocytes for avian and equine IAVs and 0.5% 
turkey erythrocytes for human and swine IAVs. An-
tibody titers represent the reciprocal of the highest 
serum dilution showing complete hemagglutination 
inhibition of 4 hemagglutinating units of virus (HI) 
or 50% neutralization of 100 tissue culture infective 
doses (TCID50) of virus (VN). Starting dilutions were 
1:20 in HI and 1:10 in VN. We considered a titer of >40 
to be positive.
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Virus Replication Kinetics
To standardize the amount of mucus, we washed the 
apical side of fully differentiated MucilAir tissues (1/
donor/condition) 1 time with culture medium. Three 
days later, we inoculated the tissues apically with 250 
μL of medium (mock inoculation) or IAV at multi-
plicity of infection 0.01 TCID50. After incubating the 
samples for 1 hour at 34°C and 5% CO2, we removed 
the inoculum and washed the apical side of the tis-
sues 1 time. At 0–4 days postinoculation (dpi), we 
measured transepithelial electrical resistance (TEER) 
with a Millicell-ERS2 Voltohmmeter (Merck KGaA, 
https://www.merckmillipore.com) and took sam-
ples for virus titration. For titration, we added 250 
μL medium apically, allowed it to equilibrate for 30 
min at 34°C, and collected it. We determined TCID50 
titers of inocula and samples by titration on MDCK 
monolayers, which 5 days later underwent immuno-
cytochemical staining of IAV nucleoprotein, as previ-
ously described (36); the start dilution was 1:2.

Statistical Analyses
We used log2-transformed antibody titers to calculate 
geometric mean titers (GMTs) and 95% CIs against 
each virus for samples from persons each birth de-
cade. We used log10-transformed virus titers to cal-
culate the area under the curve (AUC) for each virus 
in each MucilAir tissue. Samples that tested negative 
were assigned a titer of half the detection limit (HI 

10, VN 5, virus titration 0.65 TCID50/mL). We used 
Kruskal-Wallis and Mann-Whitney U tests to com-
pare antibody titers between viruses for a certain age 
group or between age groups for a certain virus. We 
used the same tests to compare AUCs between virus-
es for a certain tissue or between tissues for a certain 
virus. We compared proportions of positive samples 
by using Fisher exact tests. We determined Spearman 
correlation coefficients (CCs) between HI titers or 
between VN titers against different viruses by using 
nonstratified data. For serologic data, we applied the 
Bonferroni adjustment of the p values and considered 
adjusted p<0.05 significant. For AUCs, we considered 
p<0.1 significant. We performed all analyses with R 
version 3.5.3.

Results

Genetic Relatedness Between Test Viruses
For seroreactivity and replication studies in humans, 
we selected 9 H3 IAVs from humans, birds, horses, 
and swine. Their genetic relatedness was determined 
on the basis of HA1 amino acid sequence homology 
(Table 3; Figure 1). Human virus HK68 was closely re-
lated to the avian IAVs, showing 93%–96% homology 
and 32–34/40 identical amino acids in presumed anti-
genic sites. HK68 and avian IAVs were <83% homolo-
gous with recent equine and swine IAVs. Swine IAVs 
shared 24–26 aa in antigenic sites with HK68 and  

100 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023 

 
Table 1. Characteristics of MucilAir donors and tissues used for study of human susceptibility to influenza A(H3) viruses of avian, 
equine, and swine origin* 

Donor ID Donor no. Age, y/sex Ethnicity Smoking status Tissue type 
Age of ALI 

at inoculation, wk 
TEER ± SD, 
Ω.cm2† 

ND1 MD0738 32/F Caucasian Nonsmoker Nasal 11 774  27 
ND2 MD0436 46/M Caucasian Unknown Nasal 11 1,256  15 
ND3 MD0722 61/M Unknown Unknown Nasal 11 611  27 
BD1 MD0802 55/F African Nonsmoker Bronchial 9 669  32 
BD2 MD0670 15/M Caucasian Nonsmoker Bronchial 11 477  23 
BD3 MD0810 52/F Hispanic Nonsmoker Bronchial 11 424  24 
*MucilAir, Epithelix Sàrl (https://www.epithelix.com). ALI, air–liquid interface; ID, identifier; TEER, transepithelial electrical resistance. 
†Average and SD on the basis of 12 values as mentioned in the certificate of analysis provided by the manufacturer, Epithelix. 

 
 

 
Table 2. IAV H3 strains used for study of human immunity and susceptibility to influenza A(H3) viruses of avian, equine, and swine 
origin* 

Virus strain Abbreviation Subtype Host H3 lineage 
H3 GenBank 
accession no. 

A/duck/Ukraine/1/63 dkUK63 H3N8 Duck Eurasian avian HE802062 
A/mallard/Ohio/18OS1219/2018 mlOH18 H3N8 Mallard American avian MN431078 
A/Anas platyrhynchos/Belgium/7827/2018 mlBE18 H3N8 Mallard Eurasian avian MT407033 
A/chicken/Belgium-Gent/136/2019 chG19 H3N1 Chicken Eurasian avian OP417305 
A/equine/Chile/EQCL003/2018 eqCH18 H3N8 Horse Equine Florida clade 1 OP467551 
A/Hong Kong/1/68 HK68 H3N2 Human Human pandemic CY044261 
A/swine/Gent/48/2017 swG17 H3N2 Pig European swine OP415564 
A/swine/Indiana/A01729047/2016 swIN16 H3N2 Pig N. Am. cluster IV-A swine KU598305 
A/swine/Missouri/A01840724/2015 swMO15 H3N2 Pig N. Am. novel human-like swine KP901306 
*Horizontal rules represent grouping of IAVs isolated from similar host species; groups of host species are ordered chronologically according to the first 
detection of H3 IAVs in each of those species, and viruses of each species are ordered chronologically according to the time point at which the 
corresponding lineages first arose. IAV, influenza A virus; N. Am., North American. 
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17–23 aa with avian IAVs. Equine and swine IAVs 
were most distantly related; homology was <78% 
and 18–21 amino acids in antigenic sites. Whereas all 
avian IAVs were closely related, swine IAVs were an-
tigenically distant from each other.

Seroreactivity against HK68
When we tested human serum samples for antibodies 
against HK68 to evaluate potential exposure to this 
virus, we found that, overall, 51% were seropositive 
for HK68 in HI and 40% in VN assays (Figures 2, 3). 
Seroprevalence and GMTs were higher for persons 

born before 1977 (71% in HI, 65% in VN, GMTs >51) 
than for persons born during 1977–2017 (25% in HI, 
6% in VN, GMTs <18; p<0.001) (Tables 4, 5). Seroreac-
tivity was highest in those born during 1947–1966 and 
lowest in those born during 1997–2017.

Seroreactivity against Avian H3 IAVs
DkUK63 is the presumed avian ancestor IAV of HK68. 
MlOH18 and mlBE18 represent North American and 
Eurasian lineage H3 IAVs currently circulating in 
wild birds. For these IAVs, <10% were seropositive 
in HI and <12% in VN (Figures 2, 3). Differences in 
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Figure 1. Epidemiologic and phylogenetic relationship between avian, equine, human, and swine influenza A test viruses. A) Schematic 
positioning of the test viruses in the influenza A(H3) virus epidemiology. B) Maximum-likelihood neighbor-joining phylogenetic tree of the 
hemagglutinin 1 of the test viruses. Complete isolate names are provided in Table 2. Scale bar indicates amino acid substitutions per site. 

 
Table 3. Percentage amino acid homology (lower left) and number of identical amino acids out of 40 aa in presumed antigenic sites 
(upper right) (34) between hemagglutinin 1 of the H3 influenza A viruses used for study of human immunity and susceptibility to 
influenza A(H3) viruses of avian, equine, and swine origin* 

Virus strain 

Avian 

 

Equine 

 

Human 

 

Swine 
dkUK63 mlOH18 mlBE18 chG19 eqCH18 HK68† swG17 swIN16 swMO15 
Eurasian American Eurasian Eurasian FC1 Pandemic European N. Am. N. Am. 

dkUK63 
 

37 36 36  24  33  22 20 18 
mlOH18 93.9 

 
39 37  25  34  22 18 18 

mlBE18 96.7 95.1 
 

38  26  34  21 18 17 
chG19 94.5 91.5 95.1 

 
 26  32  22 20 17 

eqCH18 82.1 80.9 82.4 80.5  
 

 24  21 20 18 
HK68 95.7 92.7 95.7 93.0  82.1  

 
 23 18 18 

swG17 81.4 81.1 82.1 80.8  77.9  83.4  
 

22 22 
swIN16 80.8 78.7 80.8 80.8  73.2  81.4  79.4 

 
26 

swMO15 79.6 77.5 79.0 77.8  71.4  79.9  79.2 82.9 
 

*Viruses are ordered according to host species and chronologically according to the emergence of each of the influenza A virus lineages in these species. 
Blank cells indicate crossover points between comparisons. Complete isolate names are provided in Table 2. FC1, Florida clade 1; N. Am., North 
American. 
†Human influenza A virus that no longer circulates. 
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seroprevalence rates between the 3 IAVs for each age 
group or between age groups for each IAV were not 
significant, except VN seroprevalence for mlBE18 of 
persons born during 1947–1956 (9%) and those born 
during 2007–2017 (0%; p<0.04). GMTs were <20 for all 
age groups, and no HI or VN antibodies against the 
3 IAVs of wild birds were detected in persons born 
during 1997–2017 (Tables 4, 5).

ChG19 represents the avian H3N1 IAV that 
caused outbreaks in poultry in Belgium during 2019. 
Overall seroprevalence rates for chG19 were 2% in HI 
and 1% in VN (Figures 2, 3), and differences in se-
roprevalence rates between age groups were not sig-
nificant. GMTs were below the detection limit for all 

age groups and no antibodies against chG19 were de-
tected in persons born during 1987–2017 (Tables 4, 5).

Seroreactivity Against Equine H3 IAVs
The predominant H3 IAVs in horses belong to FC1, 
represented by eqCH18. Only 1% of all serum samples 
tested positive against eqCH18 in HI and 3% in VN (Fig-
ures 2, 3). GMTs were below the detection limit for all 
age groups (Tables 4, 5). Seroreactivity against eqCH18 
did not differ significantly between age groups.

Seroreactivity against Swine H3 IAVs
SwG17 represents contemporary H3 IAVs in swine in 
Europe. Of all persons tested, 37% were seropositive 
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Figure 2. Number of positive 
human serum samples in the 
hemagglutination inhibition 
assay (titer >40) for each test 
virus compared with the total 
number of samples tested 
per birth cohort. Birth cohorts 
are represented by colors. A 
total of 286 serum samples 
collected during August 
2017–January 2018 from 
immunocompetent persons 
in Belgium were tested. 
Complete isolate names are 
provided in Table 2.

Figure 3. Number of positive 
human serum samples in the 
virus neutralization assay 
(titer >40) for each test virus 
compared with the total 
number of samples tested per 
birth cohort. Birth cohorts are 
represented by colors. A total of 
286 serum samples collected 
during August 2017–January 
2018 from immunocompetent 
persons in Belgium were tested. 
Complete isolate names are 
provided in Table 2.
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for swG17 in HI and 7% in VN (Figures 2, 3). Serop-
revalence rates and GMTs were higher among per-
sons born before 1997 (HI 46%, VN 9%, GMTs >28) 
than among persons born during 1997–2017 (HI 2%, 
VN 0%, GMTs ≤11; p<0.02) and peaked among those 
born during 1967–1976 (Tables 4, 5).

The 2 predominant H3 IAV lineages currently 
circulating among swine in North America are North 
American cluster IV-A (represented by swIN16) 
and novel human-like swine IAVs (represented by 
swMO15). At least half of all serum samples tested pos-
itive for swIN16, 51% in HI and 54% in VN (Figures 2, 
3). Seroprevalence rates and GMTs were higher among 
persons born before 1997 (61% in HI, 65% in VN, GMTs 
>46) than for those born during 1997–2017 (13% in HI, 
16% in VN, GMTs <14; p<0.001) and peaked among 
persons born during 1977–1986 (Tables 4, 5).

Overall seroprevalence rates for swMO15 were 
76% in HI and 72% in VN (Figures 2, 3). At least 50% 
of persons in each age group were positive in both HI 
and VN, with GMTs of ≥35 (Tables 4, 5). Seroreactivity 
was highest for persons born during 1987–1996, and 
significant differences in seroprevalence were found 
only between those in this group and those born dur-
ing 2006–2017 in HI (97% vs. 59%; p = 0.02) and those 
born during 1947–1956 in VN (93% vs. 53%; p = 0.04). 
Seroreactivity was higher against IAVs of the swine 
H3 lineages that were more recently introduced to 

swine and peaked among persons born shortly before 
these introductions.

Correlations between Antibody Titers  
against Different H3 IAVs
Antibody titers against avian IAVs were highly cor-
related (CC = 0.39–0.85 in HI, CC = 0.47–0.85 in VN) 
(Table 6). Titers against HK68 were highly correlated 
with those against IAVs of wild birds (CC = 0.45–0.50 
in HI, CC = 0.48–0.72 in VN). CCs between titers 
against other epidemiologically related IAVs of differ-
ent species (dkUK63 and eqCH18, HK68 and swG17) 
were lower (CC = 0.28–0.58 in HI, CC = 0.22–0.29 in 
VN). Titers against different swine IAVs showed vari-
able CCs (0.35–0.61 in HI and 0.14–0.50 in VN [the 
first value of which is not significant]).

Replication Kinetics of H3 IAVs in Human  
Airway Epithelia
Human HK68 virus replicated to titers of up to 9.6 
log10 TCID50/mL in all human airway epithelia except 
that of ND2 (Figure 4). Similar high titers of cluster 
IV-A H3 IAV swIN16 from swine in North America 
and swG17 from swine in Europe were detected in all 
nasal tissues and tissues of BD1 (Figure 4). Replication 
of these 3 IAVs peaked at 2–4 dpi and generally caused 
irreversible tissue damage, indicated by a decrease in 
TEER to values of <100 Ω.cm2 (37) (Figure 5).
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Table 4. Geometric mean of hemagglutination inhibition antibody titers against H3 influenza A viruses of different species in different 
age groups, Belgium, 2017–2018* 
Birth year 
range 
(age, y)† No. 

Avian 

 

Equine 

 

Human 

 

Swine 
dkUK63 mlOH18 mlBE18 chG19 eqCH18 HK68‡ swG17 swIN16 swMO15 
Eurasian Am. Eurasian Eurasian FC1 Pandemic European N. Am. N. Am. 

1921–1926 
(96–91) 

14 16  
(10–25) 

16  
(10–23) 

13  
(10–19) 

12  
(10–16) 

 10  
(10–10) 

 30  
(17–52) 

 23  
(14–38) 

42  
(24–75) 

80  
(29–219) 

1927–1936 
(90–81) 

30 15  
(12–19) 

16  
(12–21) 

14  
(11–16) 

13  
(10–16) 

 10  
(10–11) 

 26  
(20–35) 

 14  
(11–18) 

25  
(17–36) 

59  
(35–99) 

1937–1946 
(80–71) 

30 13  
(11–16) 

15  
(12–19) 

13  
(11–15) 

11  
(10–12) 

 10  
(10–10) 

 37  
(27–51) 

 12  
(11–14) 

16  
(12–22) 

52  
(32–83) 

1947–1956 
(70–61) 

30 15  
(12–19) 

18  
(14–23) 

16  
(12–21) 

11  
(10–13) 

 10  
(10–10) 

 180  
(128–252) 

 29  
(21–39) 

30  
(20–43) 

59  
(39–91) 

1957–1966 
(60–51) 

30 13  
(11–16) 

16  
(13–20) 

16  
(13–20) 

11  
(10–12) 

 11  
(10–13) 

 327  
(249–432) 

 44  
(30–63) 

31  
(22–44) 

58  
(40–83) 

1967–1976 
(50–41) 

30 14  
(11–18) 

14  
(11–17) 

12  
(10–15) 

10  
(10–11) 

 12  
(10–15) 

 80  
(43–150) 

 58  
(40–83) 

61  
(40–91) 

78  
(49–124) 

1977–1986 
(40–31) 

30 13  
(10–17) 

13  
(10–15) 

11  
(10–14) 

10  
(10–11) 

 10  
(10–11) 

 32  
(21–50) 

 45  
(34–58) 

146  
(105–202) 

98  
(60–162) 

1987–1996 
(30–21) 

30 10  
(10–11) 

10  
(10–10) 

10  
(10–10) 

10  
(10–10) 

 10  
(10–10) 

 30  
(21–42) 

 25  
(18–35) 

139  
(87–224) 

254  
(170–380) 

1997–2006 
(20–11) 

30 10  
(10–10) 

10  
(10–10) 

10  
(10–10) 

10  
(10–10) 

 10  
(10–10) 

 10  
(10–12) 

 11  
(10–13) 

19  
(14–26) 

101  
(64–158) 

2007–2017 
(10–0) 

32 10  
(10–10) 

10  
(10–10) 

10  
(10–10) 

10  
(10–10) 

 10  
(10–10) 

 11  
(10–12) 

 11  
(10–13) 

11  
(10–13) 

37  
(25–54) 

1921–2017 
(96–0) 

286 13  
(12–13) 

13  
(12–14) 

12  
(12–13) 

11  
(10–11) 

 10  
(10–11) 

 42  
(36–49) 

 23  
(21–26) 

36  
(31–42) 

75  
(64–87) 

*Values represent geometric mean hemagglutination inhibition titers (95% CI). Viruses are ordered according to host species and chronologically 
according to the emergence of each of the influenza A virus lineages in these species. Complete isolate names are provided in Table 2. Am., American; 
FC1, Florida clade 1; N. Am., North American. 
†Age at the end of 2017. 
‡Human influenza A virus that no longer circulates. 
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Equine IAV eqCH18 replicated efficiently in tis-
sues of ND1, BD1, and BD3 without considerably af-
fecting TEER (Figures 4, 5). Peak titers were detected 
at 3–4 dpi and were 1.5–2.7 log10 TCID50/mL lower 
than those for HK68, swIN16, and swG17.

ChG19 isolated from poultry replicated to titers of 
up to 3.9 log10 TCID50/mL in bronchial tissue of BD3 
without affecting TEER (Figures 4, 5). ChG19 was also 
detectable in tissues of ND1 and BD1 at 4 dpi.

For the 3 IAVs of wild birds and North Ameri-
can novel human-like swine IAV swMO15, no virus 
was detectable in any of the tissues except dkUK63, 
mlOH18, and mlB18 had titers of <2.2 log10 TCID50/mL 

at 4 dpi in tissues of ND1 and BD1, and an swMO15 
titer of 3.0 log10 TCID50/mL was detected at 2 dpi in 
the tissue of ND2 (Figures 4, 5). Because of large do-
nor-to-donor variation, only a few differences in virus 
replication AUCs were significant (p<0.1). In nasal 
tissues, AUCs were significantly higher for swG17 
and swIN16 than for all avian IAVs and swMO15. In 
bronchial tissues, AUCs were significantly higher for 
HK68 than for all avian IAVs, eqCH18, and swMO15.

Discussion
Antibody titers against animal H3 IAVs in serum sam-
ples from humans in Belgium depended on the virus 
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Table 5. Geometric mean of virus neutralization antibody titers against H3 influenza A viruses of different species in different age 
groups of the human population, 2017–2018, Belgium* 
Birth year 
range 
(age, y)† No. 

Avian 

 

Equine 

 

Human 

 

Swine 
dkUK63 mlOH18 mlBE18 chG19 eqCH18 HK68‡ swG17 swIN16 swMO15 
Eurasian Am. Eurasian Eurasian FC1 Pandemic European N. Am. N. Am. 

1921–1926 
(96–91) 

14 7  
(5–9) 

10  
(7–15) 

8  
(6–12) 

6  
(5–7) 

 7  
(5–10) 

 30  
(12–72) 

 10  
(5–19) 

104  
(44–247) 

116  
(38–351) 

1927–1936 
(90–81) 

30 6  
(5–7) 

12  
(9–18) 

12  
(8–17) 

6  
(5–7) 

 7  
(5–8) 

 43  
(27–68) 

 9  
(6–11) 

60  
(34–106) 

105  
(62–176) 

1937–1946 
(80–71) 

30 5  
(5–6) 

9  
(7–12) 

10  
(7–14) 

5  
(5–6) 

 6  
(5–6) 

 48  
(32–72) 

 9  
(6–12) 

33  
(21–53) 

79  
(46–137) 

1947–1956 
(70–61) 

30 7  
(5–9) 

14  
(10–21) 

15  
(11–22) 

6  
(5–7) 

 7  
(5–9) 

 69  
(44–110) 

 8  
(6–11) 

31  
(18–52) 

35  
(20–60) 

1957–1966 
(60–51) 

30 6  
(5–7) 

15  
(11–20) 

19  
(13–27) 

7  
(5–9) 

 6  
(5–6) 

 100  
(72–138) 

 12  
(8–16) 

28  
(17–47) 

37  
(24–56) 

1967–1976 
(50–41) 

30 7  
(5–9) 

11  
(8–17) 

12  
(8–17) 

6  
(5–7) 

 6  
(5–7) 

 31  
(17–55) 

 18  
(13–25) 

94  
(56–157) 

60  
(35–103) 

1977–1986 
(40–31) 

30 6  
(5–7) 

7  
(6–8) 

6  
(5–7) 

5  
(5–6) 

 8  
(6–10) 

 9  
(6–13) 

 9  
(7–12) 

285  
(175–462) 

84  
(45–154) 

1987–1996 
(30–21) 

30 5  
(5–5) 

6  
(5–6) 

5  
(5–6) 

5  
(5–5) 

 6  
(5–7) 

 6  
(5–6) 

 7  
(6–8) 

219  
(129–372) 

225  
(156–323) 

1997–2006 
(20–11) 

30 5  
(5–5) 

5  
(5–5) 

5  
(5–5) 

5  
(5–5) 

 5  
(5–6) 

 5  
(5–6) 

 6  
(5–7) 

18  
(11–29) 

163  
(96–275) 

2007–2017 
(10–0) 

32 5  
(5–5) 

5  
(5–5) 

5  
(5–5) 

5  
(5–5) 

 6  
(5–7) 

 6  
(5–7) 

 6  
(5–6) 

8  
(6–10) 

40  
(24–67) 

1921–2017 
(96–0) 

286 6  
(5–6) 

9  
(8–10) 

9  
(8–10) 

6  
(5–6) 

 6  
(6–7) 

 21  
(18–25) 

 9  
(8–9) 

49  
(40–60) 

77  
(64–91) 

*Values represent geometric mean virus neutralization titers (95% CI). Viruses are ordered according to host species and chronologically according to the 
emergence of each of the influenza A virus lineages in these species. Complete isolate names are provided in Table 2. Am., American; FC1, Florida clade 
1; N. Am., North American. 
†Age at the end of 2017. 
‡Human influenza A virus that no longer circulates. 

 

 
Table 6. Spearman correlation coefficients between hemagglutination inhibition antibody titers against influenza A(H3) viruses of different 
species (upper right) and between virus neutralization antibody titers against H3 influenza A viruses of different species (lower left)* 

Virus strain 

Avian  Equine  Human  Swine 
dkUK63 mlOH18 mlBE18 chG19  eqCH18  HK68†  swG17 swIN16 swMO15 
Eurasian American Eurasian Eurasian  FC1  Pandemic  European N. Am. N. Am. 

dkUK63  0.76 0.73 0.39  0.28  0.45  0.27 NS NS 
mlOH18 0.49  0.85 0.45  0.28  0.49  0.27 NS NS 
mlBE18 0.49 0.85  0.46  0.33  0.50  0.28 NS NS 
chG19 0.55 0.47 0.49   0.25  0.22  NS NS NS 
eqCH18 0.22 NS NS 0.27    0.27  0.21 NS NS 
HK68 0.48 0.66 0.72 0.44  NS    0.58 0.26 NS 
swG17 NS 0.25 0.28 0.22  NS  0.29   0.61 0.35 
swIN16 NS NS NS NS  NS  NS  0.38  0.60 
swMO15 NS NS NS NS  NS  NS  NS 0.50  
*Viruses are ordered according to host species and chronologically according to the emergence of each of the influenza A virus (IAV) lineages in these 
species. Blank cells indicate crossover points between comparisons. Complete isolate names are provided in Table 2. FC1, Florida clade 1; N. Am., North 
American; NS, not significant. 
†Human IAV that no longer circulates. 
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strain and the person’s birth year. Overall seroprev-
alence rates were high (>51%) for IAVs from swine 
in North America, intermediate (7%–37%) for IAVs 
from swine in Europe, and low (≤12%) for IAVs from 
birds and equids. Seroreactivity against swine IAVs 
was highest among persons born during 1967–1996, 
and seroactivity against almost all IAVs was lowest 
among the youngest persons, born during 1997–2017. 

These results are consistent with findings of previous 
studies with other, often older, swine IAV strains and 
studies that tested only a low number of serum sam-
ples from adults against historic avian or equine IAVs 
(7–10,19–24,31,38). Cluster IV-A IAVs from swine in 
North America and H3 IAVs from swine in Europe 
replicated efficiently in human airway epithelia, 
whereas replication was intermediate for H3 IAVs of 
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Figure 4. Replication kinetics of influenza A(H3) viruses of different species in human airway epithelia (MucilAir; Epithelix Sàrl, https://
www.epithelix.com). Tissues were infected with viruses at a multiplicity of infection of 0.01 TCID50, and supernatants were collected at 
different days postinfection for virus titration in MDCK cells. A–C) Virus replication in nasal tissue of donors ND1 (A), ND2 (B), and ND3 
(C). D) Virus yield in nasal tissues. E–G) Virus replication in bronchial tissue of donors BD1 (E), BD2 (F), and BD3 (G). H) Virus yield 
in bronchial tissues. Virus yield in panels D and H was determined by calculating the area under the curve at 1–4 dpi; letters indicate 
significant differences (p<0.1): mock (a), swG17 (b), swIN16 (c), or HK68 (d). Black dashed lines represent detection limit. Complete 
isolate names are provided in Table 2. TCID50, 50% tissue culture infectious dose.

Figure 5. TEER of human airway epithelia (MucilAir; Epithelix Sàrl, https://www.epithelix.com) at different days postinfection with 
influenza A(H3) viruses of different species at a multiplicity of infection of 0.01 50% tissue culture infective dose. TEER is shown for 
nasal tissue of donors ND1 (A), ND2 (B), and ND3 (C) and for bronchial tissue of donors BD1 (E), BD2 (F), and BD3 (G). Black dashed 
lines represent the TEER below which tissue integrity is irreversibly lost (37). Complete isolate names are provided in Table 2. TEER, 
transepithelial electrical resistance.
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horses and poultry, and minimal for H3 IAVs of wild 
birds and a North American novel human-like swine 
H3 IAV. Our results for cluster IV-A IAVs from swine 
in North America and IAVs from swine in Europe 
are consistent with previous findings in differenti-
ated human (tracheo)bronchial epithelial cells (25,27). 
However, 1 study also reported efficient replication 
of a zoonotic novel human-like IAV from swine in 
North America (27). A previous study with historic 
strains detected substantial replication of avian H3 
IAVs, whereas an equine H3 IAV did not replicate 
(25). Discrepancies between our findings and previ-
ous findings can result from the use of different cell 
systems and variation in the genetic background of 
human cell donors or IAV strains (39,40).

Antibody titers against swine H3 IAVs reflect 
cross-reactive titers against human ancestor IAVs. 
Antibodies against human ancestor IAVs can be 
deduced from the theory of antigenic seniority: hu-
mans are likely to have antibodies against human 
IAVs that circulated after their birth, with peak ti-
ters against IAVs encountered early in life (41), 
confirmed by our results for HK68. Our findings, 
together with those of previous studies showing 
similar seroreactivity against older swine H3 IAVs 
and their human ancestor IAV (7,9,10), suggest slow 
antigenic drift of H3 HA in swine and indicate swine 
as a reservoir for historic human IAVs. We estimate 
that HA1 amino acid homology between our swine 
test viruses and their human ancestor is 87%–93%, 
with 29–32 identical amino acids in antigenic sites 
(Figure 6). Although the HA1 sequences of the avian 
H3 IAVs were more closely related to that of human 
virus HK68, cross-reactive serum antibody titers 
were minimal. Accordingly, ferret serum against 
human H3 IAVs showed low cross-reactivity with 
avian H3 IAVs (42), which might be caused by a few 
key amino acid differences between HK68 and avian 
H3 IAVs. Compared with all avian IAVs, HK68 has 

4 mutations in antigenic sites, of which N145S might 
be of particular relevance. This mutation mediated 
antigenic cluster transitions for swine and human 
H3 IAVs (43,44). Furthermore, higher HA glycosyl-
ation of human IAVs might mask certain epitopes 
shared with avian IAVs, preventing humans from 
raising antibodies against these epitopes. For ex-
ample, glycosylation at positions 122, 133, and 144 
masks epitopes in antigenic site A. In contrast, HA 
glycosylation patterns for swine IAVs and for the 
human ancestor IAV are similar (45). For equine H3 
IAVs, the lack of cross-reactive antibodies can be ex-
plained by the closer relatedness to avian than to hu-
man IAVs and substantial antigenic drift in horses 
after the introduction from the avian reservoir (2,3).

Seroprevalence rates of <12% for avian and 
equine H3 IAVs suggest that these IAVs pose a high 
pandemic risk. Comparable seroprevalences of 2%–
19% against the 2009 pandemic influenza A(H1N1) 
virus were detected right before the pandemic start-
ed (46). However, more efficient replication of H3 
IAVs of swine in human respiratory tissues as op-
posed to those of birds or horses suggests that swine 
pose the highest risk for introduction of H3 IAVs to 
humans. Indeed, 434 human infections with cluster 
IV-A and novel human-like H3 IAVs from swine 
in North America and 4 infections with H3 IAVs 
from swine in Europe have been reported (11–13), 
whereas only 2 zoonotic infections with avian H3 
IAVs and no zoonotic infections with equine H3 
IAVs have been reported. Swine IAVs are derived 
from past human IAVs, which can explain their 
higher potential to infect humans. Swine IAVs pre-
fer human-type α-2,6 sialic acid receptors, whereas 
avian and equine IAVs prefer avian-type α-2,3 re-
ceptors. Human cells also support polymerase activ-
ity of swine but not avian IAVs (47). In addition, hu-
mans frequently encounter dense swine populations  
and, unlike for horses and poultry, H3 IAVs are  
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Figure 6. Amino acids at presumed antigenic sites of the hemagglutinin 1 (34) of the influenza A(H3) viruses used in this study and 
their presumed ancestor viruses. Dots indicate that the amino acid is the same as that for dkUK63. Gray indicates the presumed human 
ancestor viruses of swG17 (A/Victoria/3/75 [VI75]), swIN16 (A/Nanchang/933/95 [NC95]), and swMO15 (A/Victoria/361/2011 [VI11]), 
which were not included as test viruses in this study. Complete isolate names are provided in Table 2.
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endemic among swine. Because zoonotic infections 
generally result from close contact with infected  
animals, swine IAVs are also more likely than IAVs 
of horses or birds to be transmitted to humans (48). 
On the basis of the seroprevalence rates of >30% for 
persons >16 years of age, swine H3 IAVs are con-
sidered a lower pandemic risk (18). They do, how-
ever, pose a zoonotic risk to the youngest persons 
who lack cross-reactive antibodies, which can ex-
plain why most human infections with swine H3 
IAVs occurred in persons <18 years of age (11–13). 
Our results suggest that population immunity will 
wane over time and that the human population will 
sooner become fully susceptible to H3 IAVs from 
swine in Europe than to H3 IAVs from swine in  
North America.

We estimated the infection potential of animal H3 
IAVs in humans on the basis of their replicative ca-
pacity in nasal and bronchial MucilAir tissues. How-
ever, adaptive and some innate immune responses 
that are not represented in this model might cause 
more restricted replication of swine, equine, or avian 
H3 IAVs in vivo. Also, in vitro experiments in differ-
entiated human airway epithelia will, in the best case, 
reflect only replication efficiency in a single person 
and are in no way indicative of airborne transmission 
between humans (49). 

In conclusion, our results stress the need to closely 
monitor circulating H3 IAVs in different animal spe-
cies and to frequently evaluate humans for antibod-
ies against these IAVs. This need applies especially 
to H3 IAVs of swine, which seem to pose the highest 
zoonotic risk.
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etymologia revisited
Coronavirus
The first coronavirus, avian infectious bronchitis virus, was 
discovered in 1937 by Fred Beaudette and Charles Hudson. 
In 1967, June Almeida and David Tyrrell performed electron 
microscopy on specimens from cultures of viruses known to 
cause colds in humans and identified particles that resembled 
avian infectious bronchitis virus. Almeida coined the term 
“coronavirus,” from the Latin corona (“crown”), because the 
glycoprotein spikes of these viruses created an image similar 
to a solar corona. Strains that infect humans generally cause 
mild symptoms. However, more recently, animal coronavi-
ruses have caused outbreaks of severe respiratory disease 
in humans, including severe acute respiratory syndrome 
(SARS), Middle East respiratory syndrome (MERS), and 2019 
novel coronavirus disease (COVID-19).

Sources: 
  1.  Almeida JD, Tyrrell DA. The morphology of three previously  

uncharacterized human respiratory viruses that grow in organ 
culture. J Gen Virol. 1967;1:175–8. https://doi.org/10.1099/ 
0022-1317-1-2-175

  2.  Beaudette FR, Hudson CB. Cultivation of the virus of infectious 
bronchitis. J Am Vet Med Assoc. 1937;90:51–8.

  3.  Estola T. Coronaviruses, a new group of animal RNA viruses. 
Avian Dis. 1970;14:330–6. https://doi.org/10.2307/1588476

  4.  Groupe V. Demonstration of an interference phenomenon  
associated with infectious bronchitis virus of chickens. J Bacteriol. 
1949;58:23–32. https://doi.org/10.1128/JB.58.1.23-32.1949



Coccidioides immitis and C. posadasii, the etiologic 
agents of coccidioidomycosis, also known as Val-

ley fever, are environmental filamentous fungi with 
distinct geographic ranges in the western United States, 
northern Mexico, and parts of Central and South Amer-
ica (1,2). In 2015, C. immitis was discovered in Wash-
ington, USA (3). That discovery highlighted the impor-
tance of using molecular detection methods (3,4) and 
enhanced efforts to study Coccidioides spp. outside tra-
ditionally identified endemic areas. Finding that Coc-
cidioides might exist outside its previously established 
endemic regions supports the hypothesis that the geo-
graphic range of this pathogen may be changing (5). 

In recent years, genomic analyses of this patho-
genic genus uncovered strong phylogeographic 
structure and delineated populations associated with 
specific geographic regions, findings that expand pre-
vious work based on immunological studies (6) and 
molecular studies using traditional, less-discerning 
methods (7). C. immitis is found primarily in Califor-
nia and Washington, C. posadasii in Arizona, Texas, 
Mexico, and Central and South America (8). Within 
species, population structure has been characterized, 
separating the Washington isolates from other C. im-
mitis strains (3,9) and dividing C. posadasii into several 
differentiated phylogeographic clades (10), including 
the Arizona and Texas/Mexico/South America (TX/
MX/SA) clades, and a more recently delimited Guate-
mala/Venezuela clade (11). Although no phenotypic 
distinction between these groups has been associated 
with disease outcome, the genetic differences and 
population structures among these clades represent 
considerable assets for molecular epidemiology and 
enable tracking of the origins of infections. 

Coccidioides spp. can infect several species of 
mammals, including humans. Both immunocompro-
mised and immunocompetent persons can develop 
coccidioidomycosis by inhaling airborne propagules 
from disturbed soil (2). In human hosts, symptoms 
range from inconsequential to self-limited and often 
protracted respiratory illness to chronic pulmonary 
disorders and, in rare cases, disseminated systemic 
infections (12,13). In the United States, >10,000 new 
cases/year have been reported to public health au-
thorities in recent years, mainly in Arizona and Cali-
fornia (13,14). Those states are also thought to be the 
source of most travel-related infections, as confirmed 
by the results of enhanced surveillance from 2016 
describing clinical and epidemiologic characteristics 
of reported cases from 14 coccidioidomycosis nonen-
demic states (12). In that study, most patients had ei-
ther traveled to coccidioidomycosis-endemic regions 
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Coccidioidomycosis is a fungal infection endemic to hot, 
arid regions of the western United States, northern Mex-
ico, and parts of Central and South America. Sporadic 
cases outside these regions are likely travel-associated; 
alternatively, an infection could be acquired in as-yet 
unidentified newly endemic locales. A previous study of 
cases in nonendemic regions with patient self-reported 
travel history suggested that infections were acquired 
during travel to endemic regions. We sequenced 19 
Coccidioides isolates from patients with known travel 
histories from that earlier investigation and performed 
phylogenetic analysis to identify the locations of potential 
source populations. Our results show that those isolates 
were phylogenetically linked to Coccidioides subpopula-
tions naturally occurring in 1 of the reported travel lo-
cales, confirming that these cases were likely acquired 
during travel to endemic regions. Our findings demon-
strate that genomic analysis is a useful tool for investi-
gating travel-related coccidioidomycosis. 
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during the 4 months before symptom onset or visited 
or previously resided in an endemic region at some 
point during their lifetimes. Previous studies (3,15) 
have shown that isolates can be traced to their place 
of origin by applying current understanding of Coc-
cidioides phylogeography to the increasing number of 
publicly available genomes. We determined to fur-
ther investigate the isolates from cases described in 
the 2016 enhanced surveillance by using genomic epi-
demiology to empirically evaluate the original find-
ings and identify likely origins of coccidioidomycosis 
cases in nonendemic regions. 

Methods 

Sample Descriptions
We included 174 genomes (104 C. posadasii and 70 C. 
immitis) in this study (Appendix 1, https://wwwnc.
cdc.gov/EID/article/29/1/22-0771-App1.xlsx). For 
the study, we processed 72 (41%) at the reference lab-
oratory of the Mycotic Diseases Branch, Division of 
Foodborne, Waterborne, and Environmental Diseases, 
National Center for Emerging and Zoonotic Infectious 
Diseases, Centers for Disease Control and Prevention; 
53 of the isolates were collected for routine fungal 
reference testing and 19 (16 C. posadasii, 3 C. immitis) 
as part of the enhanced surveillance study (12). For 
the routinely collected set, we received limited meta-
data, such as geographic region of collection, location 
where the infection was acquired, and patient travel 
history. The enhanced survey set included this same 
information, collected from interviews as described 
in the original publication (12); in brief, patients were 
asked about history of travel to any endemic area 
within 4 months before disease onset. Some samples 
sent from health departments in different jurisdictions 
we subsequently determined to be duplicates of mul-
tiple isolates (B17635, B14131, B15145) from the same 
patient. Those genomes were presented as unique 
clonal leaves to illustrate that they corresponded to 
multiple physical specimens and genome libraries of 
the same strain. Additional whole-genome sequences 
downloaded from the National Center for Biotech-
nology Information (NCBI) Sequence Read Archive 
(SRA) amounted to 102 (59% of the total) addition-
al public samples included in our analyses; those 
sequences had been deposited under BioProjects  
PRJNA245906 (3), PRJNA472461 (9), PRJNA274372 
(10), PRJNA438145 (11), and PRJNA46299 (16). 

For the complete dataset, data for 144/174 (83%) 
isolates were from clinical cases of coccidioidomy-
cosis, 11 (6%) environmental samples from previous 
studies (3,10) or reference testing, and 1 veterinary 

sample; 18 (10%) did not have this information avail-
able. Patient location, defined as where the Coccidioi-
des sample was collected and its associated case re-
ported, was known for 172 (99%) of the samples. Most 
of the variety of regional locations were in US states: 
43 (25%) in Washington, 32 (18%) in Arizona, 29 (17%) 
in Oregon, 14 (8%) in California, and 11 (6%) in Michi-
gan. An additional 10 (6%) locations were in Mexico, 
7 (4%) in Venezuela, and 28 (16%) in other regions. 
We collected all 19 patient samples in the enhanced 
surveillance effort (12) from nonendemic areas. 

DNA Extraction and Genome Sequencing
We grew all isolates on brain-heart infusion agar at 
25°C for 10 days, extracted high molecular genomic 
DNA using the DNeasy Blood and Tissue kit (QIA-
GEN, https://www.qiagen.com) according to manu-
facturer recommendations, and confirmed isolates by 
sequencing the internal transcribed spacer 2 region 
of the rDNA. We stored genomic DNA at −20°C for 
future use. We constructed and barcoded genomic li-
braries using NEBNext Ultra DNA Library Prep kit 
for Illumina (New England Biolabs, https://www.
neb.com), following manufacturer instructions. We 
sequenced libraries on either the Illumina HiSeq 
2500 platform (https://www.illumina.com) using 
the HiSeq Rapid SBS Kit v2 500 cycles or the Illumina 
MiSeq platform using the MiSeq Reagent Kit v2 500 
cycles, generating paired reads 250 bp in length. We 
deposited read data to the National Center for Bio-
technology Information Sequence Read Archive, bun-
dling the read files under Bioproject PRJNA808058. 

Phylogenomic Analyses
Using the genomic sequence data from the selected 
isolates and publicly available genomes (Appendix 
1), high-confidence single-nucleotide polymorphisms 
(SNPs) were identified with the Northern Arizona 
SNP Pipeline (NASP) v1.2.0, a genome analysis tool 
(17). For read data, we performed quality trimming for 
flanking regions with an average quality score <20 us-
ing BBduk version 38.26 from BBtools (https://www.
sourceforge.net/projects/bbmap). Subsequently, in 
NASP, we used Burrows-Wheeler aligner (https://
bio-bwa.sourceforge.net) to align reads to reference 
genomes: RMSCC3488 (GCA_000150055.1) for C. 
posadasii and RS (GCA_000149335.2) for C. immitis 
(18). We identified SNPs with GATK’s UnifiedGeno-
typer (3,7,19). We analyzed previously assembled 
genomes as described elsewhere (17). NASP filtered 
out SNPs where >1 sample had <10× coverage or 
<90% concordance among the aligned reads and loci 
masked in the reference duplicated using MUMmer 
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(20). We used the remaining high-certainty genomic 
SNPs to reconstruct phylogenies using maximum-
likelihood inference using the best scoring fit models, 
transversion plus ascertainment bias correction plus 
R5 for C. posadasii and transition model 3 plus ascer-
tainment bias correction plus R5 for C. immitis, after 
conducting a full search of all available models in 
IQTREE (21) with 1,000 ultrafast bootstraps. We root-
ed trees by the next basal branch using the genome 
for Uncinocarpus reesii 1704 (GCA_000003515.2) as an 
outgroup. We used the ggtree plotting library (22) to 
generate tree figures. 

Results 
We performed separate phylogenetic analyses for 
samples of each species. Most (n = 99, 95%) C. posada-
sii samples clustered with 5 clades: Phoenix, Tucson 
1, Tucson 2, TX/MX/SA, and Guatemala/Venezuela 
(Figure 1). C. immitis samples clustered mainly with 
the Washington clade (Figure 2). We also identified 7 
geographic regions to categorize travel history loca-
tions: endemic southwestern United States (C. immi-
tis and C. posadasii), endemic TX/MX/SA, suspected 
endemic northwestern United States (C. immitis and 
C. posadasii), endemic Caribbean, nonendemic United 
States, and Asia. 

Of the 19 Coccidioides spp. isolates from travel-
related cases from the enhanced surveillance study, 
16 (84%) were C. posadasii and 3 (16%) were C. immitis. 
Of the 16 C. posadasii isolates, 13 (81%) clustered with 
isolates from the endemic southwestern United States 
region, consistent with reported patient travel to Ari-
zona, and 1 with the TX/MX/SA group from a patient 
who had traveled to Texas. Isolates from the remain-
ing 2 travel-related cases clustered with an outgroup 
to the TX/MX/SA clade not previously reconstruct-
ed, whose southwest United States geographic distri-
bution has not been resolved. That outgroup includ-
ed isolates collected from cases in Nevada and New 
Mexico, US states with some recognized endemicity, 
and a single isolate from a case with unknown history 
in Washington. Isolate B11866 was collected in Wis-
consin from a patient who reported having traveled 
to Mexico or Arizona. Isolate B12226 was collected in 
Michigan, and the patient reported travel to only 1 
endemic area, within the Phoenix metropolitan area 
in Arizona. 

The 3 travel-related cases caused by C. immi-
tis all had samples nested within the clades linked 
to California, another geographic region reported 
by patients in their travel histories (Figure 2). Two 
cases had isolates, B12220 and B12526, that clustered 
with 28 isolates collected in the suspected endemic  

northwestern United States region but nested within 
the Californian clade (Figure 2), which was consistent 
with the case-patients’ reported travel histories. The 
isolate associated with the third C. immitis genome, 
which also clustered within the California clade, 
was recovered in Wisconsin from a patient who had 
traveled to several endemic regions throughout the 
southwestern United States.

Discussion 
Coccidioides spp. fungi have long been thought to be 
limited to the southwestern United States, northern 
Mexico, and parts of Central and South America. En-
demicity has been determined by case epidemiology, 
population-based skin test surveys, and, of note, from 
direct environmental detection (23). However, detec-
tion of Coccidioides spp. in the states of Utah in 2014 
(24) and Washington in 2015 (4), as well as genomic 
analyses demonstrating C. immitis in Washington as 
a distinct clade (9,10), challenged our knowledge of 
this pathogen’s true geographic distribution. Previ-
ous public health enhanced surveillance for coccidi-
oidomycosis in nonendemic states showed that most 
cases were more likely attributed to travel than to 
local acquisition (12). The phylogeographic analysis 
of genome sequences from our epidemiology study 
corroborated those findings. Most of these isolates 
were from specific populations of Coccidioides spp. in 
regions known to be endemic to which case-patients 
had traveled. 

We had detailed travel histories for all patients 
isolates from the 19 travel-related cases. Of 2 patients 
diagnosed in Michigan, one, associated with isolate 
B12399 (C. posadasii Phoenix clade), had not traveled 
to any known endemic area in the previous 10 years, 
and the other, associated with B11877 (C. posadasii 
Tucson 1 clade), had not traveled to any endemic area 
for 4 years, time periods longer than those usually 
queried on travel histories used to determine the risk 
of coccidioidomycosis. Those 2 cases from our study 
exemplify how travel to endemic areas might remain 
a risk factor for the disease even after several years. 
Therefore, healthcare providers should consider pa-
tients’ lifetime travel histories when diagnosing ill-
nesses, especially among patients potentially immu-
nocompromised by coexisting medical conditions.  

Genomic analysis offers an opportunity to ad-
dress several unanswered epidemiologic questions 
about coccidioidomycosis. Clarifying the biogeo-
graphic distribution of Coccidioides spp. (8) was a 
necessary outcome of these studies. A case associated 
with clinical isolate B12226 was reported in Michi-
gan, in which the case-patient had a travel history to  
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Figure 1. Summarized maximum-likelihood phylogenetic tree for Coccidioides posadasii isolates from study of genomic epidemiology 
linking nonendemic coccidioidomycosis to travel and reference isolates. Each recognized phylogeographic clade is highlighted with a 
colored gradient labeled in its top right corner. Samples with travel history are presented with locations of isolation and all known patient 
travel, with colors for the geographic regions. Red bold tip labels indicate samples sequenced for this study; other samples are included 
when including travel history or otherwise mentioned in the main text. 
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Arizona. However, unexpectedly, this genome clus-
tered in the tree with a set of leaves neighboring 
the TX/MX/SA clade. Contrary to what would be  

expected based on reported travel history, this adja-
cent group is not part of the Arizona subpopulations. 
The topology and bootstrapping support for this 
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Figure 2. Summarized maximum-likelihood phylogenetic tree for Coccidioides immitis isolates from study of genomic epidemiology 
linking nonendemic coccidioidomycosis to travel and reference isolates. Each recognized phylogeographic clade is highlighted with a 
colored gradient labeled in its top right corner. Samples with travel history are presented with locations of isolation and all known patient 
travel, with colors for the geographic regions. Red bold tip labels indicate samples sequenced for this study; other samples are included 
when including travel history or otherwise mentioned in the main text.
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neighboring Arizona clade suggest that it is a sibling 
subpopulation to the TX/MX/SA clade that has re-
mained undersampled and thus not reconstructed 
until now. Bootstrap values in unabridged phylogen-
ic trees (Appendix 2, https://wwwnc.cdc.gov/EID/
article/29/1/22-0771-App2.pdf) show that the geo-
graphic origin of the Arizona clade remains unclear; 
the provenance of other clinical isolates in that branch 
includes New Mexico and Nevada, which obfuscates 
its probable geographic distribution. Sequencing both 
isolates from local patients with no travel history or 
environmental isolates belonging to this clade could 
help delineate the geographic borders of this subpop-
ulation of C. posadasii. This gap in our understanding 
could potentially hinder the methodology that en-
abled this study because isolates in this group could 
not be traced unambiguously to their expected ori-
gins. This technique will most likely improve as more 
Coccidioides genomes are sequenced and population 
genomic efforts continue. 

Conducting genomic sequencing more routinely 
could shed light on important clinical questions such 
as how long the infection can remain dormant before 
it reactivates and causes disease. Clinical cases of 
coccidioidomycosis have often been thought to rep-
resent relapses of previous infections; however, lack 
of documentation and difficulty tracking individual 
patients hindered this determination. Some reports of 
relapse indicate initial infections dating back several 
decades (25) and many patients in the 2016 enhanced 
surveillance study had a self-reported previous his-
tory of the illness (12). By procuring isolates dur-
ing different instances of illness in the same patient, 
whole-genome sequencing could provide definitive 
evidence of the origin of the infection in each case, 
helping to resolve this longstanding clinical question. 

More widespread phylogenetic typing plat-
forms would greatly benefit epidemiologic efforts 
to understand Coccidioides spp. from a public health 
perspective. Increasingly available, whole-genome 
sequencing provides a reliable method for assigning 
pathogens to phylogenetic clades, enabling detection 
of the causes of outbreaks with unparalleled resolu-
tion. For our study, whole-genome sequencing pro-
vided information needed to resolve additional Coc-
cidioides spp. population structure and enable further 
research into its pathogenicity. 

Currently, a handful of isolates have remained 
challenging to assign to specific clades because of 
long terminal branches and low bootstrap support 
for leaf nodes in phylogenetic trees of Coccidioides 
genomes. Different analyses have not consistently 
placed C. posadasii isolates Sonora 2, Tucson 2, and 

Tucson 6 within the same clades (10,26). The long 
branches that separate any 2 genomes may result in 
long-branch attraction, making reconstruction of phy-
logenies highly contingent on the sampling selection 
and phylogenetic reconstruction algorithm and re-
sulting in errors in tree topology (27) or uncertainty in 
assigning isolates (e.g., GT162, Colorado_springs_1). 
Our reconstruction of the C. posadasii species tree il-
lustrates an ancestral lineage, here labeled Tucson 2, 
bearing similarities to the clade AZ clade I (11,26), but 
the Tucson and Arizona clades differ in their topolog-
ical relations to other clades and the member isolates 
they contain. Those distinctions might become visible 
because of the increased genetic context provided by 
whole-genome sequencing to resolve phylogenetic 
relationships. Support for this lineage was present 
in previously published studies (10,11) that showed 
several of the isolates in this branch having admixture 
compositions different from those of the rest of the 
AZ and the TX/MX/SA clades. 

The retrospective nature of this study limited 
our ability to review charts to acquire additional 
information of interest, including evidence of pos-
sible long-term infections. Our reliance on patients’ 
missing or self-reported, possibly incomplete, travel 
histories limited information linked to location, es-
pecially for isolates collected outside of enhanced 
surveillance. Even though some patients included 
limited travel information, it could not be used with 
the same certainty as travel information collected 
systematically. Specifically, most isolates submit-
ted from Oregon lacked patient travel information. 
Because most Oregon patients in this study were 
residents of the Portland metropolitan area, which 
has a humid, temperate climate not known to sup-
port endemic Coccidioides spp. population, those 
infections were likely acquired during travel. This 
conclusion, although based on extrapolation, does 
not conflict with other conclusions drawn in our 
study. Other irregularities in collection included 3 
instances in which multiple isolates from the same 
patient were submitted, including 2 cases in which 
isolates were submitted independently by Oregon 
and Washington public health laboratories because 
the patient was diagnosed in one state but resided in 
the other. As indicated in the methods, we included 
all genomes that were sequenced separately. Clonal 
leaves are not expected results for coccidiomycosis 
cases and should be revised to identify collection 
irregularities. Such challenges require transversal 
solutions to capture, collect, and transmit informa-
tion that might facilitate public health, clinical, and 
research efforts. 
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Despite challenges to reconstructing the popu-
lation structure of Coccidioides spp., we were able to 
reliably correlate phylogeography and patient travel 
history in most cases of infection with these fungi. 
Further isolation and sequencing may better inform 
epidemiology and improve our understanding of 
the phylogeography of the Coccidioides species and 
their spatially linked lineages. Our results strengthen 
previous findings and underscore the importance of 
travel considerations when studying and diagnosing 
coccidiomycosis inside and outside known Coccidioi-
des-endemic areas. 

Acknowledgments
We thank state and local public health departments for 
conducting patient interviews and sending patient isolates 
to CDC. We also thank the Office of Advanced Molecular 
Detection, National Center for Emerging and Zoonotic 
Infectious Diseases, at CDC.

About the Author
Mr. Monroy-Nieto is an associate bioinformatician trained as 
an industrial microbiologist whose work with the Pathogen 
and Microbiome Division of the Translational Genomics 
Research Institute is focused on genomics, phylogenetics, and 
epidemiology of human fungal pathogens.

References
  1. Ashraf N, Kubat RC, Poplin V, Adenis AA, Denning DW, 

Wright L, et al. Re-drawing the maps for endemic mycoses. 
Mycopathologia. 2020;185:843–65. https://doi.org/10.1007/
s11046-020-00431-2

  2. Kollath DR, Miller KJ, Barker BM. The mysterious desert 
dwellers: Coccidioides immitis and Coccidioides posadasii, 
causative fungal agents of coccidioidomycosis. Virulence. 
2019;10:222–33. https://doi.org/10.1080/21505594. 
2019.1589363

  3. Litvintseva AP, Marsden-Haug N, Hurst S, Hill H,  
Gade L, Driebe EM, et al. Valley fever: finding new places 
for an old disease: Coccidioides immitis found in Washington 
State soil associated with recent human infection. Clin Infect 
Dis. 2015;60:e1–3. https://doi.org/10.1093/cid/ciu681

  4. Bowers JR, Parise KL, Kelley EJ, Lemmer D, Schupp JM, 
Driebe EM, et al. Direct detection of Coccidioides from  
Arizona soils using CocciENV, a highly sensitive and  
specific real-time PCR assay. Med Mycol. 2019;57:246–55. 
https://doi.org/10.1093/mmy/myy007

  5. Gorris ME, Treseder KK, Zender CS, Randerson JT.  
Expansion of coccidioidomycosis endemic regions in the 
United States in response to climate change. Geohealth. 
2019;3:308–27. https://doi.org/10.1029/2019GH000209

  6. Edwards PQ, Palmer CE. Prevalence of sensitivity to  
coccidioidin, with special reference to specific and  
nonspecific reactions to coccidioidin and to histoplasmin.  
Dis Chest. 1957;31:35–60. https://doi.org/10.1378/
chest.31.1.35

  7. Koufopanou V, Burt A, Taylor JW. Concordance of gene 
genealogies reveals reproductive isolation in the pathogenic 

fungus Coccidioides immitis. Proc Natl Acad Sci U S A. 
1997;94:5478–82. https://doi.org/10.1073/pnas.94.10.5478

  8.  Barker BM, Litvintseva AP, Riquelme M,  
Vargas-Gastélum L. Coccidioides ecology and genomics.  
Med Mycol. 2019;57(Supplement_1):S21–9. https://doi.org/ 
10.1093/mmy/myy051

 9. Oltean HN, Etienne KA, Roe CC, Gade L, McCotter OZ, 
Engelthaler DM, et al. Utility of whole-genome sequencing 
to ascertain locally acquired cases of coccidioidomycosis, 
Washington, USA. Emerg Infect Dis. 2019;25:501–6.  
https://doi.org/10.3201/eid2503.181155

10. Engelthaler DM, Roe CC, Hepp CM, Teixeira M, Driebe EM, 
Schupp JM, et al. Local population structure and patterns of 
Western Hemisphere dispersal for Coccidioides spp., the  
fungal cause of valley fever. MBio. 2016;7:e00550–16. 
https://doi.org/10.1128/mBio.00550-16

11. Teixeira MM, Alvarado P, Roe CC, Thompson GR III,  
Patané JSL, Sahl JW, et al. Population structure and genetic 
diversity among isolates of Coccidioides posadasii in  
Venezuela and surrounding regions. MBio. 2019; 
10:e01976-19. https://doi.org/10.1128/mBio.01976-19

12. Benedict K, Ireland M, Weinberg MP, Gruninger RJ, 
Weigand J, Chen L, et al. Enhanced surveillance for  
coccidioidomycosis, 14 US states, 2016. Emerg Infect Dis. 
2018;24:1444–52. https://doi.org/10.3201/eid2408.171595

13. McCotter OZ, Benedict K, Engelthaler DM, Komatsu K, 
Lucas KD, Mohle-Boetani JC, et al. Update on the  
epidemiology of coccidioidomycosis in the United States. 
Med Mycol. 2019;57(Supplement_1):S30–40. https://doi.org/ 
10.1093/mmy/myy095

14. Centers for Disease Control and Prevention. Valley fever 
(coccidioidomycosis) statistics. 2020 [cited 2021 May 31]. 
https://www.cdc.gov/fungal/diseases/coccidioidomycosis/ 
statistics.html

15. Barker BM, Rajan S, De Melo Teixeira M, Sewnarine M,  
Roe C, Engelthaler DM, et al. Coccidioidal meningitis  
in New York traced to Texas by fungal genomic analysis. 
Clin Infect Dis. 2019;69:1060–2. https://doi.org/10.1093/
cid/ciz052

16. Neafsey DE, Barker BM, Sharpton TJ, Stajich JE, Park DJ, 
Whiston E, et al. Population genomic sequencing of  
Coccidioides fungi reveals recent hybridization and  
transposon control. Genome Res. 2010;20:938–46.  
https://doi.org/10.1101/gr.103911.109

17. Sahl JW, Lemmer D, Travis J, Schupp JM, Gillece JD, Aziz M, 
et al. NASP: an accurate, rapid method for the identification 
of SNPs in WGS datasets that supports flexible input and 
output formats. Microb Genom. 2016;2:e000074.  
https://doi.org/10.1099/mgen.0.000074

18. Li H, Durbin R. Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics. 2009;25:1754–
60. https://doi.org/10.1093/bioinformatics/btp324

19. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, 
Kernytsky A, et al. The Genome Analysis Toolkit: a  
MapReduce framework for analyzing next-generation DNA 
sequencing data. Genome Res. 2010;20:1297–303.  
https://doi.org/10.1101/gr.107524.110

20. Marçais G, Delcher AL, Phillippy AM, Coston R, Salzberg SL, 
Zimin A. MUMmer4: a fast and versatile genome alignment 
system. PLOS Comput Biol. 2018;14:e1005944.  
https://doi.org/10.1371/journal.pcbi.1005944

21. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ.  
IQ-TREE: a fast and effective stochastic algorithm for  
estimating maximum-likelihood phylogenies. Mol Biol  
Evol. 2015;32:268–74. https://doi.org/10.1093/molbev/
msu300

116 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023 



 Nonendemic Coccidioidomycosis and Travel

22. Yu G, Smith DK, Zhu H, Guan Y, Lam TT. GGTREE: an r  
package for visualization and annotation of phylogenetic 
trees with their covariates and other associated data.  
Methods Ecol Evol. 2017;8:28–36. https://doi.org/10.1111/ 
2041-210X.12628

23. Ampel NM. Coccidioidomycosis: changing concepts and 
knowledge gaps. J Fungi (Basel). 2020;6:354. https://doi.org/ 
10.3390/jof6040354

24. Johnson SM, Carlson EL, Fisher FS, Pappagianis D.  
Demonstration of Coccidioides immitis and Coccidioides  
posadasii DNA in soil samples collected from Dinosaur  
National Monument, Utah. Med Mycol. 2014;52:610–7. 
https://doi.org/10.1093/mmy/myu004

25. Gardner PG, Fuller EW Jr. Fatal relapse of coccidioidomycosis 
ten years after treatment with amphotericin B. N Engl J 

Med. 1969;281:950–2. https://doi.org/10.1056/
NEJM196910232811709

26.  de Melo Teixeira M, Lang BF, Matute DR, Stajich JE,  
Barker BM. Mitochondrial genomes of the human pathogens 
Coccidioides immitis and Coccidioides posadasii. G3(Bethesda). 
2021;11:jkab132.

27. Philippe H, Zhou Y, Brinkmann H, Rodrigue N, Delsuc F. 
Heterotachy and long-branch attraction in phylogenetics. 
BMC Evol Biol. 2005;5:50. https://doi.org/10.1186/ 
1471-2148-5-50

Address for correspondence: Nancy A. Chow, Centers for Disease 
Control and Prevention, 1600 Clifton Rd NE, Mailstop H17-2, 
Atlanta, GA 30329-4027, USA; email: yln3@cdc.gov

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023 117

EID
journal

Want to stay updated on the latest news in Emerging Infectious 
Diseases? Let us connect you to the world of global health. 
Discover groundbreaking research studies, pictures, podcasts, 
and more by following us on Twitter at @CDC_EIDjournal.

@CDC_EIDjournal@CDC_EIDjournal



The global COVID-19 pandemic has had a dis-
proportionate effect on persons in long-term 

care (1), particularly persons with intellectual dis-
abilities (2). Persons with intellectual disabilities 
experience many limitations in adaptive behavior 
and intellectual functioning that occur before adult-
hood (3). Consequently, their ability to understand 
and adhere to restrictive measures is impaired. 
Social distancing is challenging for persons with  

intellectual disabilities living in group homes or 
during close contact when receiving care (4–8). In 
addition, genetic syndromes that cause intellectual 
disabilities, such as Down syndrome, might contrib-
ute to the susceptibility to and severity of COVID-19 
(7–12). Persons with intellectual disabilities often 
have concurrent conditions, such as diabetes, car-
diovascular problems, and being overweight (body 
mass index [BMI] >25 kg/m2) (10,13–16); they also 
are at increased risk for death from respiratory prob-
lems (17). Furthermore, COVID-19 pandemic risks 
can exacerbate health disparities among persons 
with intellectual disabilities (2,18).

Previous studies have shown substantially higher 
COVID-19 case rates, more hospital admissions, and 
higher case-fatality rates (CFRs) for persons with in-
tellectual disabilities than for the general population, 
but those studies included relatively small sample 
sizes or were conducted during distinct periods of 
the pandemic (6,9–11,19–22). Besides the identified 
risk factors, intellectual disability also appeared to be 
an independent risk factor for severe COVID-19 out-
comes, although the extent to which disability sever-
ity contributes is still unclear (9,12,19,20). Similarly, 
whereas pathogenicity of post–COVID-19 conditions 
is still emerging, specific characteristics among per-
sons with intellectual disabilities and persistent post–
COVID-19 symptoms are potentially unrecognized 
and unclear (23).

Because population surveillance for COVID-19 
does not include information about disabilities, com-
plete and integrated information about this vulner-
able subgroup is lacking and potentially contributing 
to growing health disparities. To delineate specific 
factors driving excess risks for persons with intellec-
tual disabilities infected with SARS-CoV-2, more in-
formation on the dynamic course of the outbreak, risk 
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The COVID-19 pandemic has disproportionately af-
fected persons in long-term care, who often experience 
health disparities. To delineate the COVID-19 disease 
burden among persons with intellectual disabilities, we 
prospectively collected data from 36 care facilities for 3 
pandemic waves during March 2020–May 2021. We in-
cluded outcomes for 2,586 clients with PCR-confirmed 
SARS-CoV-2 infection, among whom 161 had severe 
illness and 99 died. During the first 2 pandemic waves, 
infection among persons with intellectual disabilities re-
flected patterns observed in the general population, but 
case-fatality rates for persons with intellectual disabilities 
were 3.5 times higher and were elevated among those 
>40 years of age. Severe outcomes were associated 
with older age, having Down syndrome, and having >1 
concurrent condition. Our study highlights the dispropor-
tionate COVID-19 disease burden among persons with 
intellectual disabilities and the need for disability-inclusive 
research and policymaking to inform disease surveillance 
and public health policies for this population.
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factors such as concurrent conditions, and population 
health in the local context is urgently needed. 

We used data from a prospective nationwide 
registry on persons with intellectual disabilities and 
COVID-19 in long-term care in the Netherlands to 
provide comprehensive insight into the COVID-19 
disease burden among this population. We aimed to 
examine characteristics of persons with intellectual 
disabilities and COVID-19, stratified by outcome se-
verity; describe the course of SARS-CoV-2 infection 
and death in persons with intellectual disabilities 
across the initial 3 COVID-19 pandemic waves; and 
explore associations between severe outcomes and 
patient characteristics.

Methods

Design and Setting
We conducted an observational registry-based pro-
spective study by collecting data on residents and 
outpatients with suspected COVID-19 from long-
term care organizations in the Netherlands. The reg-
istry was a joint initiative of specialized intellectual 
disabilities physicians, researchers, and the Ministry 
of Health, Welfare, and Sport of the Netherlands to 
establish an adequate basis for policy and practice 
decision making regarding COVID-19 among per-
sons with intellectual disabilities. We invited all 170 
member organizations of Vereniging Gehandicap-
tenzorg Nederland, the association for disability care 
in the Netherlands, to participate; we also opened 
participation to nonmember organizations. In all, 
36 organizations across the Netherlands partici-
pated, serving ≈60% of the estimated 115,000 clients 
with intellectual disabilities in long-term care (24). 
We considered the organizations geographically 
representative, which was necessary to adequately 
compare with general population data considering 
differences in regional spread of SARS-CoV-2. The 
registry was open from March 24, 2020–September 1, 
2021. We collected and included data from cases that 
occurred during March 24, 2020–June 1, 2021, and 
facilities could enter follow-up data until September 
1, 2021. The Medical Research Ethics Committee of 
Radboud University Medical Center approved the 
study without need for informed consent because 
this was a minimal risk study with de-identified 
data (reference no. 2020-6509).

Data Collection and Outcome Measures
Each participating location was granted access to an 
online registration system (Castor, https://www.
castoredc.com). For each patient with intellectual  

disabilities suspected of COVID-19, participating 
organizations completed a questionnaire concern-
ing demographic characteristics (age, sex, residential 
status), medical history (etiology and severity level of 
disability, concurrent conditions, and medications), 
and test status. For patients with COVID-19 con-
firmed by a positive PCR test, we obtained additional 
information regarding the need for oxygen therapy, 
hospital admission, and whether the patient died. 
Questions had a categorical or dichotomous answer-
ing scale, with an option to add free text when other 
was selected in a category (Appendix, https://ww-
wnc.cdc.gov/EID/article/29/1/22-1346-App1.pdf).

This study only included patients with a COVID-19 
diagnosis, which we defined as a positive SARS-CoV-2 
PCR test result during the study period. Our prima-
ry outcomes were serious COVID-19 illness or death 
within 4 weeks of COVID-19 diagnosis. We defined se-
rious illness as a need for oxygen therapy, considered 
or actual hospital admission for COVID-19, or both. We 
assumed mild COVID-19 disease for all patients who 
did not experience severe illness or death. We regis-
tered reinfections by updating entries for patients after 
a record was opened, providing additional test data, 
and adding information for the COVID-19 case. How-
ever, we only included the first confirmed infection 
for each patient in this study. We retrieved compara-
tor data for the general population of the Netherlands 
during the study period from publicly available data 
of the Rijksinstituut voor Volksgezondheid en Milieu 
(RIVM), the National Institute for Public Health and 
the Environment, which is responsible for population 
monitoring of COVID-19 in the Netherlands (25).

Wave Definition
In response to the different COVID-19 waves, testing 
and preventive regulations changed over the course 
of the pandemic. For comparability, we followed 
the same start and end dates per wave, which RIVM 
identified on the basis of SARS-CoV-2 infections in 
the general population. Wave I ran from epidemio-
logic week 11, 2020 through week 25, 2020; wave II 
ran from week 26, 2020, through week 4, 2021; and 
wave III ran from weeks 5 through 21, 2021 (26). We 
assigned patients in our study to a pandemic wave 
on the basis of reported date of positive PCR test. For 
cases missing PCR testing dates, we used the date of 
reported illness onset instead.

Statistical Methods
For descriptive characteristics, we used frequency 
and percentage or median and interquartile range 
(IQR) for the entire study population and stratified 
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characteristics by outcomes as mild illness, severe 
illness, or death. We excluded patients with missing 
information on both test date and first date of illness 
from comparison between waves because we could 
not assign them to a specific wave. We separately cal-
culated the CFR per wave by sex and age group (0–17 
years, 18–39 years, 40–69 years, and >70 years) by us-
ing the number of reported deaths as numerator and 
the total number of confirmed infections as denomi-
nator. We also calculated rates for serious illness and 
mild illness by dividing the number of serious or mild 
cases by the total number confirmed infections in the 
study population per wave. We used the same calcu-
lations to compare illness and death rates for general 
population data for the same strata.

To examine associations between demographic 
characteristics and concurrent conditions (dependent 
factors) and severe COVID-19 illness and death as 
outcomes, we conducted logistic regression model-
ing. In a first step, we assessed effects of sex, age, dis-
ability level, Down syndrome, and concurrent condi-
tions by using a univariable model for each separate 
outcome measure to assess relevant variables for 
multivariate analysis and considered p<0.10 statisti-
cally significant. We combined all variables with a 
significant univariate association in the multivariable 
model. We conducted stepwise backward logistic re-
gression with a significance level for removing vari-
ables of 0.10 (p value out) from the full model and 
for re-entering variables as 0.05 (p value in). We cal-
culated the odds ratio (OR) and 95% CI for potential 
risk factors for severe outcomes. We used receiver 
operating characteristic area under the curve (AUC) 
to evaluate predictive performance of the multivari-
able models. AUC uses a combination of sensitivity 
and specificity of model predictions and actual cases 
of severe illness or death, to assess predictive perfor-
mance. An AUC of 0.50 indicates no predictive ability, 
and higher values correspond to better performance. 
We assessed adequate model fit by using Hosmer-
Lemeshow goodness-of-fit tests on both multivari-
able models and accepted cases in which p>0.05. We 
used 2-sided statistical tests for all calculations and 
considered p<0.05 statistically significant. We tested 
for collinearity among all independent variables by 
using the variance inflation factor (VIF) and retained 
covariates for each final analysis that had a VIF <5. 
We conducted all statistical analyses in SPSS Statistics 
25.0 (IBM, https://www.ibm.com).

Results
Data for 9,163 persons with intellectual disabilities 
suspected of COVID-19 were entered into the registry, 

of which 2,586 (28.2%) had a PCR-confirmed SARS-
CoV-2 infection. For 161 (6.2%) of these patients, se-
vere illness was reported, and 99 (3.8%) patients died 
after their SARS-CoV-2 infection.

Characteristics of Persons with Intellectual  
Disabilities and COVID-19
We assessed demographic and health condition char-
acteristics of 2,586 persons with intellectual disabilities 
and COVID-19, including their illness outcomes (Table 
1). The median age was 51 (IQR 34–62) years, most 
(58.5%, n = 1,476) patients were men, and most (79.9%, 
n = 2,067) lived in group homes. Disability severity had 
equal representation, and 176 (6.8%) patients had Down 
syndrome. Among all included patients, 1,101 (42.6%) 
had concurrent conditions. The most prevalent condi-
tions were being overweight (26.2%, n = 678), epilepsy 
(10.4%, n = 268), hypertension (7.5%, n = 195), diabetes 
(5.8%, n = 151), and chronic heart disease (4.6%, n = 120).

Patients with severe illness and those who died 
were older than others in the entire sample. The me-
dian age of persons with severe illness was 61 (IQR 
52–67.5) years, and for those who died, median age 
was 68 (IQR 61–76) years. Those subgroups also in-
cluded higher percentages of patients with Down syn-
drome, 12.4% (n = 20) of patients with severe illness 
and 15.2% (n = 15) of patients who died. In addition, 
approximately two thirds of patients who had severe 
illness (61.5%, n = 99) or who died (59.6%, n = 59) had 
concurrent conditions, compared with only 40.5% (n 
= 943) of patients who had mild illness (Table 1).

Infections and Outcomes Per Wave
The first wave of COVID-19 included 335 patients 
with intellectual disabilities, the second wave 1,927 
patients, and the third wave 268 patients (Table 2). 
The pattern in weekly infections among persons with 
intellectual disabilities followed similar patterns as 
those for the general population for the first 2 waves 
and declined with the start of the vaccination cam-
paign during the third wave (Figure 1). During the 
first wave, 17.1% (n = 57) of patients were >70 years of 
age, which is more than in subsequent waves: 11.6% 
(n = 221) in the second wave and 11.7% (n = 31) in 
the third wave. COVID-19 among younger persons, 
those 0–39 years of age, increased from 1.8% (n = 6) 
in the first wave to 6.4% (n = 17) in the third wave for 
those aged 0–17 years and from 20.4% (n = 68) in the 
first wave to 28.9% (n = 77) in the third wave for those 
18–39 years of age (Table 2).

Severe illness was highest during the first wave 
(13.7%, n = 46) and was comparable during the second 
(5.1%, n = 99) and third (5.2%, n = 14) waves. In all 
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3 waves, rates of severe illness were highest (71.4%–
73.9%) among patients 40–69 years of age (Table 2).

CFR decreased from 14.6% during the first wave 
to 2.2% during the second wave and 2.6% in the third 
wave. Across all 3 waves, the CFR was 3.8% among 
our study cohort, whereas overall CFR was only 1.1% 
in the general population of the Netherlands (25). 
Among persons with intellectual disabilities, a sub-
stantial number of deaths occurred among persons 
between 40–69 years of age, whereas death in the gen-
eral population was concentrated among persons >70 
years of age (Figure 2).

Factors Associated with Severe COVID-19  
Illness and Death
In multivariable analysis, we found that severe illness 
was more likely for patients with Down syndrome 
(OR 2.6, 95% CI 1.5–4.3) and for patients with several 
concurrent conditions, including lung diseases (OR 
3.5, 95% CI 1.8–6.7), diabetes mellitus (OR 1.8, 95% 
CI 1.0–3.0), epilepsy (OR 1.8, 95% CI 1.1–2.8), or who 
were overweight (OR 1.8, 95% CI 1.3–2.5) (Table 3). 

Age was also substantially associated with severe 
COVID-19 illness and risks increased with increasing 
age (OR 1.04, 95% CI 1.03–1.05).

We performed similar logistic regressions for 
COVID-19–related deaths (Table 4). Increased risk of 
COVID-19 death was associated with increasing age 
(OR 1.1, 95% CI 1.1–1.1), and having Down syndrome 
(OR 5.6, 95% CI 2.9–10.6), lung disease (OR 4.6, 95% 
CI 2.0–10.7), or heart disease (OR 2.3, 95% CI 1.2–4.5).

Discussion
We report outcomes of a nationwide prospective 
COVID-19 registry of persons with intellectual dis-
abilities in long-term care in the Netherlands dur-
ing March 2020–May 2021. This registry provided 
a large dataset of COVID-19–positive patients with 
intellectual disabilities collected during 15 consecu-
tive months of the pandemic. In addition to national 
surveillance data about the general population, this 
prospective registry generated detailed insights into 
COVID-19 disease and risk factors among the sub-
population of persons with intellectual disabilities.
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Table 1. Characteristics and outcomes for 2,586 persons included in a study of risk for severe COVID-19 outcomes among persons 
with intellectual disabilities, the Netherlands* 
Characteristics Mild illness, n = 2,326 Severe illness, n = 161 Died, n = 99† Total, n = 2,586 
Sex, no. (%), n = 2,525     
 M 1,315 (58.0) 103 (64.0) 58 (59.2) 1,476 (58.5) 
 F 951 (42.0) 58 (36.0) 40 (40.8) 1,049 (41.5) 
Median age, y (IQR), n = 2,519 49 (32.0–61.0) 61 (52.0–67.5) 68 (61.0–76.0) 51 (34–62) 
Age groups, no. (%), n = 2,519     
 0–17 y 81 (3.6) 0 1 (1.0) 82 (3.3) 
 18–39 y 721 (31.9) 16 (9.9) 2 (2.0) 739 (29.3) 
 40–49 y 330 (14.6) 16 (9.9) 4 (4.0) 350 (13.9) 
 50–59 y 491 (21.7) 44 (27.3) 16 (16.2) 551 (21.9) 
 60–69 y 399 (17.7) 57 (35.4) 32 (32.3) 488 (19.4) 
 >70 y 237 (10.5) 28 (17.4) 44 (44.4) 309 (12.3) 
Long term care type, no. (%)     
 Group home 1,853 (79.7) 132 (82.0) 82 (82.8) 2,067 (79.9) 
 Independent living 349 (15.0) 28 (17.4) 16 (16.2) 393 (15.2) 
 Other or unknown 124 (5.3) 1 (0.6) 1 (1.0) 126 (4.9) 
Disability level, no. (%), n = 2,468     
 Borderline to mild 632 (28.5) 49 (31.2) 18 (18.9) 699 (28.3) 
 Moderate 798 (36.0) 47 (29.9) 42 (44.2) 887 (35.9) 
 Severe to profound 786 (35.5) 61 (38.9) 35 (36.8) 882 (35.7) 
Disability etiology, no. (%)     
 Down syndrome 141 (6.1) 20 (12.4) 15 (15.2) 176 (6.8) 
No. concurrent conditions (%)     
 None reported 1,383 (59.5) 62 (38.5) 40 (40.4) 1,485 (57.4) 
 1 reported 650 (27.9) 54 (33.5) 31 (31.3) 735 (28.4) 
 >1 reported 293 (12.6) 45 (28.0) 28 (28.3) 366 (14.2) 
Concurrent conditions, no. (%)     
 Diabetes 117 (5.0) 19 (11.8) 15 (15.2) 151 (5.8) 
 Hypertension 159 (6.8) 20 (12.4) 16 (16.2) 195 (7.5) 
 Heart disease 95 (4.1) 11 (6.8) 14 (14.1) 120 (4.6) 
 Lung disease; asthma, COPD, or both 57 (2.5) 13 (8.1) 9 (9.1) 79 (3.1) 
 Epilepsy 229 (9.8) 25 (15.5) 14 (14.1) 268 (10.4) 
 Overweight, body mass index >25 kg/m2 587 (25.2) 67 (41.6) 24 (24.2) 678 (26.2) 
*All persons included in the study had intellectual disabilities and tested positive for SARS-CoV-2 by PCR. Category totals do not always add up to 
column totals because of missing responses; percentages are based on variable totals per category. COPD, chronic obstructive pulmonary disease; IQR, 
interquartile range. 
†Case-fatality ratio 3.8%. 
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COVID-19 among persons with intellectual dis-
abilities followed similar epidemiologic wave pat-
terns as those for the general population for the 
first 2 pandemic waves in the Netherlands, indicat-
ing the difficulty of protecting vulnerable subpop-
ulations from generic contamination routes. The 
observed third wave of COVID-19 in persons with 
intellectual disabilities was less pronounced, which 
could be an indication of COVID-19 vaccine effec-
tiveness in this subpopulation. Large-scale vaccina-
tion roll-out in the Netherlands started at the onset 
of the third wave and prioritized persons with in-
tellectual disabilities along with other risk groups. 
Despite the rather similar epidemiologic pattern of 
COVID-19 in the general population and in persons 
with intellectual disabilities, pronounced differ-
ences were seen in the clinical course of the disease 
and its outcomes.

In our study population, we found the COVID-19 
CFR was >3 times higher for persons with intellectual 
disabilities than for the general population of the Neth-
erlands at a given time (25). In contrast to the general 
population, most deaths among persons with intellec-
tual disabilities occurred at relatively young ages (40–
69 vs. >70 years of age). Those findings are consistent 
with reports from the United Kingdom (12,19,21), Can-
ada (11), and the United States (4,9,10,20), which im-
plies that age-related thresholds applied to the general 
population in protective policies require adjustment 
when applied to the intellectual disability population.

In line with previous findings, patients with se-
vere COVID-19 outcomes in our registry were older, 
more frequently had Down syndrome, and had a larg-
er percentage reporting >1 concurrent condition com-
pared with patients facing mild illness. In addition 
to studies reporting effects of intellectual disability 
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Table 2. Outcomes per COVID-19 wave among persons included in a study of risk for severe COVID-19 outcomes among persons 
with intellectual disabilities, the Netherlands* 
Outcomes Wave I, March–June 2020 Wave II, July 2020–January 2021 Wave III, February–May 2021 
Total COVID-19 infections 335 1,927 268 
 Sex, no. (%)    
  M 178 (53.1) 1,138 (59.5) 153 (57.1) 
  F 157 (46.9) 776 (40.5) 115 (42.9) 
 Infections per age group, no. (%)    
  0–17 y 6 (1.8) 58 (3.0) 17 (6.4) 
  18–39 y  68 (20.4) 593 (31.0) 77 (28.9) 
  40–69 y 202 (60.7) 1,039 (54.4) 141 (53.0) 
  >70 y 57 (17.1) 221 (11.6) 31 (11.7) 
Mild illness, no. (%)† 240 (71.6) 1,785 (92.6) 247 (92.2) 
 Sex, no. (%)    
  M 126 (52.5) 1,039 (58.6) 144 (58.3) 
  F 114 (47.5) 733 (41.4) 103 (41.7) 
 Infections per age group, no. (%)    
  0–17 y 6 (2.5) 57 (3.2) 17 (6.9) 
  18–39 y  64 (26.9) 579 (32.7) 77 (31.4) 
  40–69 y 139 (58.4) 948 (53.6) 128 (52.2) 
  >70 y 29 (12.2) 185 (10.5) 23 (9.4) 
Severe illness, no. (%) 46 (13.7) 99 (5.1) 14 (5.2) 
 Sex, no. (%)    
  M 27 (58.7) 68 (68.7) 7 (50.0) 
  F 19 (41.3) 31 (31.3) 7 (50.0) 
 Infections per age group, no. (%)    
  0–17 y 0 0 0 
  18–39 y 3 (6.5)  13 (13.1) 0 
  40–69 y 34 (73.9) 71 (71.7) 10 (71.4) 
  >70 y 9 (19.6) 15 (15.2) 4 (28.6) 
No. deaths (case-fatality ratio)‡ 49 (14.6) 43 (2.2) 7 (2.6) 
 Sex, no. (%)    
  M 25 (52.1) 31 (72.1) 2 (28.6) 
  F 23 (47.9) 12 (27.9) 5 (71.4) 
 Deaths per age group, no. (%)    
  0–17 y 0 1 (2.3) 0 
  18–39 y 1 (2.0) 1 (2.3) 0 
  40–69 y 29 (59.2) 20 (46.5) 3 (42.9) 
  >70 y 19 (38.8) 21 (48.8) 4 (57.1) 
*Because of missing data for some responses, values might not add up to 100%. For missing SARS-CoV-2 testing date, we used reported date of illness 
onset instead. In total, 56 patients had no date information and could not be assigned to a specific wave, of which 54 reported mild illness and 2 reported 
severe illness. 
†Missing data for sex, n = 13, and age, n = 20. 
‡Missing data for sex, n = 1. 
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level as a risk factor (12,16), we did not find notable 
effects associated with disability severity. Our results 
indicate that several conditions were associated with 
risk for severe illness and death; chronic heart disease 
and lung diseases (asthma, COPD, or both) were sig-
nificantly associated with COVID-19–related deaths 
(p<0.001), and having diabetes, epilepsy, or lung dis-
ease or being overweight increased risk for severe 

COVID-19 illness. One previous study also identified 
heart disease as a risk factor for COVID-19–related 
death among persons with intellectual disabilities 
(10). Other concurrent conditions we included in our 
analyses did not show statistically significant associa-
tions with COVID-19 death in our within-group anal-
yses, although conditions such as diabetes, epilepsy, 
and being overweight are generally reported to be risk 
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Figure 1. Weekly number of COVID-19 infections among persons with intellectual disabilities and the general population, the 
Netherlands, March 2020–May 2021. Graph shows epidemiologic weeks during 3 pandemic waves in the Netherlands: wave I, March–
June 2020; wave II, July 2020–January 2021; and wave III, February–May 2021. The registry included 2,586 persons with intellectual 
disabilities in long-term care. Scales for the y-axes differ substantially to underscore patterns. 

Figure 2. Distribution of 
COVID-19 deaths across 
age groups among persons 
with intellectual disabilities 
and the general population 
during 3 pandemic waves, 
the Netherlands. Wave I was 
March–June 2020; wave II, 
July 2020–January 2021; and 
wave III, February–May 2021. 
Information on 2,586 persons 
with intellectual disabilities was 
collected from long-term care 
organizations that care for  
this population.
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factors for COVID-19–related death, hospitalization, 
or both, and were relatively common in our entire 
sample of SARS-CoV-2–positive patients (19,20,27). 
However, clinicians should recognize the associa-
tions between underlying health conditions and se-
vere COVID-19 outcomes reported here to ensure that 
persons with intellectual disabilities and concurrent 
conditions receive appropriate medical care.

Future efforts to protect persons with intellectual 
disabilities in long-term care settings from adverse 
outcomes during this pandemic and future pandem-
ics need to balance between protection and effects 
of implemented measures and restrictions, account-
ing for vulnerabilities and increased disease burden 
among this population. Accurate data to support 
decision making are then required. An example of  
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Table 3. Univariable and multivariable logistic regression for severe illness by characteristics among 161 persons with intellectual 
disabilities and COVID-19, the Netherlands* 

Characteristics 
Univariable  Multivariable† 

Odds ratio (95% CI) p value Odds ratio (95% CI) p value 
Sex      
 M 1.3 (0.9–1.8) 0.14  ND NA 
 F Referent     
Age 1.04 (1.0–1.1) <0.001  1.04 (1.03–1.05) <0.001 
Disability level      
 Borderline to mild Referent     
 Moderate 1.0 (0.7–1.5) 0.99  ND NA 
 Severe to profound 1.3 (0.9–2.0) 0.19  ND NA 
Etiology      
 Down syndrome 2.2 (1.3–3.6) 0.002  2.6 (1.5–4.3) <0.001 
Concurrent conditions      
 Diabetes 2.5 (1.5–4.2) <0.001  1.8 (1.0–3.0) 0.04 
 Hypertension 1.9 (1.2–3.2) 0.009  ND NA 
 Heart disease 1.7 (0.9–3.3) 0.10  ND NA 
 Lung disease 3.5 (1.9–6.5) <0.001  3.5 (1.8–6.7) <0.001 
 Epilepsy 1.7 (1.1–2.6) 0.02  1.8 (1.1–2.8) 0.02 
 Overweight, BMI >25 kg/m2 2.1 (1.5–2.9) <0.001  1.8 (1.3–2.5) <0.001 
*Because of nonresponses for some patient data among 2,586 persons included in the study, these data reflect missing values for sex, n = 60; age n = 
67; and disability level, n = 114. BMI, body mass index; NA, not applicable; ND, not done. 
†Variables with p<0.1 in univariable analyses were included in multivariate logistic regression analysis. Because we used stepwise backward selection, 
we removed nonsignificant variables from the multivariable model and we could not provide estimates. The area under the curve was 0.731 (95% CI 
0.691–0.770; p<0.001). We used Hosmer-Lemeshow goodness-of-fit test to assess the model fit for logistic regression and considered p>0.05 
nonsignificant. Variance inflation factor (VIF) diagnostics indicated no evidence of collinearity (all VIF<1.2) among variables in final model. 

 

 
Table 4. Univariable and multivariable logistic regression by characteristics among 99 persons with intellectual disabilities who died of 
COVID-19, the Netherlands* 

Characteristics 
Univariable  Multivariable† 

Odds ratio (95% CI) p value Odds ratio (95% CI) p value 
Sex      
 M 1.0 (0.7–1.6) 0.82  ND  
 F Referent     
Age 1.1 (1.1–1.1) <0.001  1.09 (1.07–1.12) <0.001 
Disability level‡      
 Borderline to mild Referent     
 Moderate 0.5 (0.3–0.9) 0.03  ND NA 
 Severe to profound 0.6 (0.4–1.1) 0.13  ND NA 
Disability etiology‡      
 Down syndrome 2.86 (1.6–4.9) 0.001  5.6 (2.9–10.6) <0.001 
Concurrent conditions      
 Diabetes 3.4 (1.9–6.0) <0.001  ND NA 
 Hypertension 2.6 (1.5–4.6) 0.001  ND NA 
 Heart disease 3.9 (2.1–7.1) <0.001  2.3 (1.2–4.5) 0.01 
 Lung disease 4.0 (1.9–8.3) <0.001  4.6 (2.0–10.7) <0.001 
 Epilepsy 1.5 (0.8–2.7) 0.17  ND NA 
 Overweight, BMI >25 kg/m2 0.9 (0.6–1.5) 0.82  ND NA 
*Because of nonresponses for some patient data among 2,586 persons included in the study, these data reflect missing values for sex, n = 60; age n = 
67; and disability level, n = 114. BMI, body mass index; NA, not applicable; ND, not done. 
†Variables with p<0.1 in univariable analyses were included in multivariate logistic regression analysis. Because we used stepwise backward selection, 
we removed nonsignificant variables from the multivariable model and we could not provide estimates. The area under the curve was 0.844 (95% CI 
0.808–0.880; p<0.001). We used Hosmer-Lemeshow goodness-of-fit test to assess the model fit for logistic regression and considered p>0.05 
nonsignificant. Variance inflation factor (VIF) diagnostics indicated no evidence of collinearity (all VIF<1.2) among variables in final model. 
‡Both the variable disability level and the variable etiology concern the level of intellectual disability. To avoid interdependency, we only included etiology 
in the multivariable model, because this variable shows a stronger univariable relationship and had no missing values. 

 



COVID-19 in Persons with Intellectual Disabilities

policy implications of our national registry is that it 
provided supportive evidence to prioritize vaccina-
tion for persons with intellectual disabilities in the 
Netherlands. Large-scale vaccination rollout started 
earlier for persons with intellectual disabilities than for 
the general population, resulting in less severe SARS-
CoV-2 infections and consecutive gradual relaxations 
of socially restrictive measures in this population.

A strength of our study is collection of specific 
data from a representative sample of long-term care 
providers in the Netherlands that could not be re-
trieved from other sources. Of note, our registry was 
affected by changes in testing protocols. During the 
first wave, testing was available only under certain 
conditions for symptomatic patients, resulting in an 
overrepresentation of severe cases and a higher CFR 
among both groups.

However, one consequence of our registration 
method was that it did not provide information about 
the total population of persons with intellectual dis-
abilities to which reported COVID-19 cases related. 
Therefore, we could not estimate the incidence of in-
fections and death for the intellectual disability popu-
lation at large, and we only had complete information 
to calculate CFRs within our sample. Furthermore, 
we observed no effect from residential status, proba-
bly because our data collection method focused on in-
tellectual disability care facilities providing long-term 
care, which predominantly comprises residential care. 
The prevalence of some other risk factors was too low 
to include in analyses and obtain a complete profile of 
all potentially relevant risk factors. Although we had 
a large registry and total study population of persons 
with intellectual disabilities and COVID-19, the num-
bers of observations for some of the variables in our 
multivariable logistic models were low. Because OR 
and 95% CI provide a clear direction of the observed 
associations, we do not assume the small sample size 
substantially influenced our results. 

To gain more accurate insights into risks associ-
ated with concurrent conditions, research incorpo-
rating control groups of persons without intellectual 
disabilities and without COVID-19 is needed to en-
able comparisons between groups. Finally, potential 
selection bias cannot be excluded because of a greater 
perceived relevance of reporting severe cases. Our 
study comprised the initial 3 pandemic waves and 
did not enable long-term follow-up to quantify the 
occurrence of post–COVID-19 syndromes. Long-term 
follow-up studies in persons with intellectual disabil-
ities could provide further insights.

The findings from our prospective registry-based 
data provide critical information about risk factors and 

health disparities among persons with intellectual dis-
abilities obscured in national surveillance data. In ad-
dition, the results contribute to the disability-inclusive 
response in research, policy, and practice that is current-
ly called upon and will be needed in future pandem-
ics. We collected specific information directly from care 
providers to demonstrate COVID-19 disease burden 
and factors affecting disease progression within the per-
sons with intellectual disabilities group. Our data show 
persons with intellectual disabilities are a risk group 
that requires dedicated monitoring and evidence-based 
policies. Epidemiologic evidence of the COVID-19 dis-
ease burden among persons with intellectual disabilities 
is essential for addressing knowledge gaps and inform-
ing adequate policymaking. Our results highlight the 
specific need for attention to this group in policymaking 
to prevent growing inequities and provide quality care 
during pandemics. 
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Observational studies conducted in several coun-
tries including Qatar (1) and the United Kingdom 

(2) have demonstrated that SARS-CoV-2 vaccination 
provides protection against symptomatic infection, 
hospitalization, and death. The role of SARS-CoV-2 
vaccination in preventing transmission from persons 
with confirmed infection to others has also been dem-
onstrated previously using household contacts as a 
high-risk exposure group (3,4). Previous work con-
ducted in England in early 2021 using the Household 
Transmission Evaluation Dataset (HOSTED) identi-

fied reduced odds of infection among unvaccinated 
household contacts of vaccinated cases compared 
with those for unvaccinated household contacts of 
unvaccinated cases (3). We studied the period in 
which the interval between vaccine doses for adults 
was as long as 12 weeks when the national program 
could focus on rapidly establishing maximum single-
dose coverage for the population (5). Consequently, 
most adults had received 1 dose of vaccine and the 
available information was insufficient to investigate 
whether additional doses of vaccine might yield fur-
ther benefits in reducing transmission. In that period, 
the Alpha variant emerged and rapidly became the 
dominant SARS-CoV-2 variant in England; house-
hold transmission was greater than that of previously 
circulating SARS-CoV-2 (6). Since then, the epide-
miologic situation has changed significantly with 
the emergence of new variants, the expansion of the 
national vaccine rollout program and subsequent in-
crease in population coverage of second and booster 
doses, and changes to public health measures. Those 
factors all underline the need for further investiga-
tion and analysis. The objective of our study was to 
expand our initial assessment of the effect of SARS-
CoV-2 vaccine on transmission to household contacts 
to include 2 doses of vaccine and incorporate the pe-
riod dominated by the Delta variant.

Methods

Dataset Creation
The creation of the routine HOSTED dataset has been 
described in detail (3,7). In brief, test-confirmed cases 
of COVID-19 in England are reported to national lab-
oratory surveillance systems (8). During the period 
studied, the widely used assays were the reverse tran-
scription PCR (RT-PCR) and the lateral flow device 
(LFD) test; national requirements to confirm a posi-
tive LFD test with a RT-PCR test and the presence of 
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A single SARS-CoV-2 vaccine dose reduces onward trans-
mission from case-patients. We assessed the potential ef-
fects of receiving 2 doses on household transmission for 
case-patients in England and their household contacts. We 
used stratified Cox regression models to calculate hazard 
ratios (HRs) for contacts becoming secondary case-pa-
tients, comparing contacts of 2-dose vaccinated and unvac-
cinated index case-patients. We controlled for age, sex, and 
vaccination status of case-patients and contacts, as well as 
region, household composition, and relative socioeconomic 
condition based on household location. During the Alpha-
dominant period, HRs were 0.19 (0.13–0.28) for contacts 
of 2-dose BNT162b2-vaccinated case-patients and 0.54 
(0.41–0.69) for contacts of 2-dose Ch4dOx1-vaccinated 
case-patients; during the Delta-dominant period, HRs were 
higher, 0.74 (0.72–0.76) for BNT162b2 and 1.06 (1.04–
1.08) for Ch4dOx1. Reduction of onward transmission was 
lower for index case-patients who tested positive ≥2 months 
after the second dose of either vaccine.
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a negative confirmatory RT-PCR removed the initial 
positive tests from the data. Reported cases are linked 
to a Unique Property Reference Number (UPRN) via 
healthcare records associated with their National 
Health Service (NHS) number. The UPRN is an iden-
tifier allocated to each dwelling in England and can 
be used to assess property class (residential, commer-
cial, etc.) and property type (flat, semi-detached, ter-
raced, etc.). The cases’ UPRNs are then used to extract 
data on persons who share the same residence and 
may or may not themselves be cases.

Because the aim of our analysis was to estimate 
effects on transmission within the most common 
residential household groupings, we included only 
residential dwellings that had 2–10 residents in the 
dataset. We excluded single-resident households, 
households with >10 residents, and known institu-
tional settings such as care homes and prisons.

We linked the HOSTED dataset with data from 
the National Immunisation Management System 
(9) in England to obtain information for all persons 
within the cohort on the dates and types of COVID-19 
vaccination doses administered. The final dataset 
included specimen dates of cases; individual-level 
sociodemographic data for case-patients and those 
listed as residing alongside case-patients, includ-
ing age and sex; household-level sociodemographic 
data such as Index of Multiple Deprivation (IMD), 
household size, and property type; individual-level 
outcome information on hospitalizations and deaths; 
and individual-level vaccination information on the 
date and type (ChAdOx1 [AstraZeneca, https://
www.astrazeneca.com], BNT162b2 [Pfizer-BioNTech, 
https://www.pfizer.com], or mRNA-1273 [Moderna, 
https://www.modernatx.com]) of first and second 
doses for all vaccinated persons in the dataset.

Definitions
Using the chronology of specimen dates within each 
household, we defined index cases as the earliest 
case of test-confirmed COVID-19 for a household. 
We defined household contacts as all persons regis-
tered to live at the same UPRN as each index case of 
COVID-19. We defined secondary cases as a known 
household contact of an index case who had a posi-
tive SARS-CoV-2 test with a specimen date 2–14 days 
after the specimen date of the index case.

We included contacts of index cases with a speci-
men date of February 1, 2021–September 13, 2021 in 
the analysis. We excluded households in which trans-
mission patterns were likely different from house-
hold transmission in the community: households in 
which the index case was tested in the UK’s Pillar 1 

system, which historically consists predominantly of 
hospital-based testing; households in which the in-
dex case was <16 years of age and ineligible for vac-
cination during the period studied; households with 
vulnerable residents who were vaccinated before the 
general rollout in the United Kingdom (January 4, 
2021); and households with multiple index cases or 
co-primary cases.

We restricted our analysis to index cases and con-
tacts with a clearly-defined vaccination status: unvac-
cinated persons who had not received any vaccine be-
fore the index case date and fully vaccinated persons 
who had received 2 doses of vaccine, the second dose 
>14 days before the index case date. Thus, we ex-
cluded all persons with 1 dose or other partial protec-
tion from the vaccine-related analysis, although we 
counted them in the definition of household size and 
composition variables. The period of study preceded 
the rollout of booster doses for the population by age 
criteria, which began in September 2021 for adults in 
risk groups and those >50 years of age and opened to 
all adults in November 2021.

Statistical Analysis
We analyzed data in a time-to-event framework with 
household contacts at risk of being a secondary case 
2–14 days after the specimen date of the index case. 
The main variable of interest was the vaccination sta-
tus of the index case; we calculated adjusted hazard ra-
tios for contacts of index cases who had received 2 vac-
cine doses versus contacts of unvaccinated index cases.

We fitted stratified Cox regression models with 
age of index case, age of contact, household type/
size, region, and vaccination status of contact  as strata 
variables. We adjusted for week of index case speci-
men date, deprivation (IMD quintile), sex of index 
case, and sex of contact. We fitted models separately 
to each calendar month of data, February–September 
2021, and in 2 broad periods, Alpha-dominant (Feb-
ruary–May 2021) and Delta-dominant (June–Septem-
ber 2021). 

We conducted 2 sensitivity analyses. The first 
included unvaccinated contacts only, as in previ-
ous analyses (3), to enable us to compare our find-
ings with earlier estimates. The second excluded any 
persons (index cases or contacts) still unvaccinated 
as of September 13, 2021, when all the adult popula-
tion would have been eligible and had the opportu-
nity to be vaccinated, to exclude potential biases in 
case ascertainment for this group. We also obtained 
estimates from an unstratified cohort model, and in-
cluded these strata variables as adjustment variables 
in the model.
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In addition, we extended the base model to con-
sider effect modification by dose interval, time since 
vaccination, and age. First, we divided the interval 
between first and second doses in the index case into 
3 categories: <6 weeks, 6–10 weeks, and >10 weeks. 
We defined time since vaccination by 30-day catego-
ries (<30 days, 30–59, 60–89, 90–119, 120–149, and 
>150 days from second dose of index case vaccina-
tion to index case date) and compared vaccine trans-
mission effects by both calendar time and time since 
vaccination. Finally, we considered the effect of age 
by estimating a separate vaccination transmission ef-
fect for each age group. We assessed extensions to the 
model via likelihood ratio tests.

Results
The initial dataset comprised 1,779,448 index cases 
from 1,535,288 unique households, and 4,110,051 
contacts. For those households in which transmission 
patterns were likely different from household trans-
mission in the community, and to maintain compa-
rability to the earlier analysis, we applied exclusions 
in 2 steps, first at the household level, and then at the 
individual level. For the first step we applied over-
lapping criteria, excluding households with index 
cases in children (n = 1,265,196 persons), with resi-
dents tested in pillar 1 (n = 99,627), with co-primary 
index cases (n = 785,669), and with residents who 
were vaccinated ahead of the national rollout (before 
January 2021; n = 194,160), leaving 1,035,271 index 
cases or households and 2,818,017 contacts. For the 
second step, we excluded persons with indeterminate 
vaccine status, after which there were 606,720 index 
cases and 1,440,269 contacts in the analysis dataset. 
Characteristics of contacts excluded through specific 
criteria compared with those excluded for indetermi-
nate vaccination status of household members were 
similar in age, IMD, and geography (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/29/1/22-
0996-App1.pdf); the main difference appeared to be 
an increased proportion of secondary cases in house-
holds with multiple index cases.

The median age of index cases was 35 (IQR 25–50) 
years, and of contacts, 32 (IQR 13–52) years. We re-
stricted index cases to those >16 years of age and eligi-
ble for vaccination, whereas we included all contacts. 
The proportion of female participants was 50.5% in in-
dex cases and 49.4% in contacts. We included 122,423 
(8.5%) secondary cases among contacts (Appendix 
Table 2). During February–May 2021, proportions of 
secondary cases were highest in household contacts 
of unvaccinated index cases. However, proportions 
increased in contacts of index cases vaccinated with 
ChAdOx1 and BNT162b2 vaccines over time. From 
June onwards, these were highest among contacts of 
index cases who had received ChAdOx1 vaccine. Pro-
portions of secondary cases among contacts of index 
cases receiving mRNA-1273 vaccine were consistent-
ly low, although data were sparse.

We estimated a strong protective effect for 
ChAdOx1 vaccine (HR 0.54, 95% CI 0.41–0.69) (Ta-
ble) and a very strong effect for BNT162b2 vaccine 
(HR 0.19, 95% CI 0.13–0.28) in the February–May 
period, which persisted under different inclusion 
criteria and models. However, we estimated that in 
June–September the ChAdOx1 vaccine had minimal 
effect except in model D (Table), which included 
only unvaccinated contacts, and the protective effect 
of BNT162b2 vaccine was attenuated (HR 0.74, 95% 
CI 0.72–0.76). Estimates for mRNA-1273 vaccine, for 
which there were data only in June–September, were 
strongly protective.

We estimated the effect of index case vaccination 
over time and according to time since index case vac-
cination (Figure). For BNT162b2 vaccine, we noted 
strong protective effects up to 2 months after the index 
case was vaccinated, but hazard ratios were attenu-
ated toward the null from 2–3 and 3–4 months after 
vaccination, particularly in August and September. 
The pattern of decreasing effect with time since index 
case vaccination was less clear for ChAdOx1 vaccine; 
we estimated little protective effect even soon after 
vaccination from June onwards. Estimates crossed the 
null to indicate an apparent increased risk of being a  
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Table. Adjusted hazard ratios for household contacts of persons with COVID becoming a secondary case by inclusion criteria for 
different models 

Period Vaccine 

Analysis model HR (95% CI) 
A, never 

vaccinated  
B, not vaccinated 
before index case 

C, vaccinated after 
index case 

D, unvaccinated 
contacts only E, cohort 

Feb-May ChAdOx1 0.54 (0.41–0.69) 0.50 (0.38–0.64) 0.50 (0.38–0.65) 0.48 (0.37–0.64) 0.53 (0.43–0.66) 
 BNT162b2 0.19 (0.13–0.28) 0.18 (0.12–0.26) 0.18 (0.12–0.26) 0.14 (0.09–0.23) 0.19 (0.13–0.26) 
Jun-Sep ChAdOx1 1.06 (1.04–1.08) 1.06 (1.04–1.08) 0.94 (0.88–1.00) 0.84 (0.76–0.92) 1.08 (1.06–1.10) 
 BNT162b2 0.74 (0.72–0.76) 0.74 (0.73–0.76) 0.66 (0.62–0.71) 0.56 (0.51–0.62) 0.76 (0.74–0.78) 
 mRNA-1273 0.36 (0.29–0.45) 0.36 (0.29–0.45) 0.31 (0.25–0.39) 0.30 (0.22–0.40) 0.38 0.30–0.47) 
*For models A–D, we used a stratified Cox model with adjustment, and different inclusion criteria for contacts and of the baseline group of contacts of 
unvaccinated index cases. Model E has the same inclusion criteria as model A, but uses a cohort model with all covariates entered as adjustment 
variables, rather than stratification. HR, hazard ratio. 
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secondary case in August–September for contacts of 
index cases who had received ChAdOx1 vaccine, com-
pared with contacts of unvaccinated index cases. 

Discussion
This analysis provides evidence that persons who have 
received >2 doses of vaccine >14 days before testing 
positive for SARS-CoV-2 infection had a reduced like-
lihood for onward transmission to household contacts 
in February–May 2021, the period in which Alpha vari-
ant was dominant. Of note, this reduction was small-
er for BNT162b2 vaccine and all but disappeared for 
ChAdOx1 vaccine during the subsequent June–Sep-
tember 2021 period, when the Delta variant dominated 
England. ChAdOx1 vaccine showed reduction in on-
ward transmission only in household contacts who 
were completely unvaccinated. This is consistent with 
observations of reduced vaccine effectiveness against 
symptomatic disease for confirmed cases of Delta in-
fection compared with Alpha (2,10–12).

mRNA-1273 vaccine played a smaller role in the 
initial vaccination rollout of primary courses, so we 
could only analyze the effects of the vaccine dur-
ing the latter half of the study period. However, we 
noted a large and sustained reduction in household 
transmission in addition to the direct protection of 
the vaccines in preventing index cases initially and 
therefore potential for transmission. We also dem-
onstrated a differential reduction in the likelihood 
of household transmission that is based on the type 
of vaccine. During the period of Delta dominance, 
mRNA-1273 vaccine had the greatest association with 
reduced likelihood of household transmission, fol-
lowed by BNT162b2 vaccine and then ChAdOx1 vac-
cine. This finding was consistent with observations 
of higher vaccine effectiveness with mRNA-1273 and 
BNT162b2 vaccines compared with ChAdOx1 vaccine 
for the prevention of symptomatic infection in con-
firmed Delta variant infections (2). This triangulation 
with observations from other analyses of protection 

130 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023 

Figure. Adjusted hazard ratios for household contacts of COVID patients becoming secondary cases by calendar time and time since 
vaccination of the index case. A) Data for contacts of index cases who had ChAdOx1 vaccine (AstraZeneca, https://www.astrazeneca.
com). B) Data for contacts of index cases who had BNT162b2 vaccine (Pfizer-BioNTech, https://www.pfizer.com). HR, hazard ratio.
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from disease (2) provides further evidence of a differ-
ential effect by vaccine for Delta variant cases.

Our work supplements the growing body of 
evidence related to waning of vaccine-driven protec-
tion. Previous analyses have shown reduced protec-
tion of persons from symptomatic infection (10,11). 
Our findings support another dimension to the wan-
ing effectiveness of vaccines: an attenuation in the 
reduction of onward transmission from index cases 
vaccinated with Ch4dOx1 and BNT162b2 vaccines 
to their household contacts (13). We observed this 
effect for vaccinated index cases who tested positive 
for COVID-19 >2 months after receiving their second 
dose. Hazard ratios for becoming a secondary case 
increased among household contacts of those case-
patients, compared with the contacts of index cases 
who had a shorter interval between their vaccination 
and confirmed infection. The protective effect against 
onward transmission conferred by ChAdOx1 vaccine 
was initially smaller than that for BNT162b2 vac-
cine and diminished to no effect as time since second 
dose increased. The protective effect conferred by 
BNT162b2 vaccine, despite also reducing over time, 
did not fully disappear. Waning among index cases 
receiving mRNA-1273 vaccine could not be analyzed 
in this way because this vaccine was rolled out later 
in England.

This waning effect was more consistently ob-
served from July 2021 onward, before which the ef-
fect was present but less apparent. Early July 2021 
demarcates the transition between periods of Alpha 
and Delta variant dominance in England, suggesting 
a potential intrinsic difference between the variants 
and related protection from the vaccine (13).

Because vaccination programs have evolved 
internationally to provide boosters to vulnerable 
groups, we may observe a temporary reversal of the 
waning protection against onward transmission from 
cases to others. However, this effect requires further 
evaluation; factors such as time interval between dos-
es, prevalent variants, and vaccine types could all in-
fluence any potentially observed effects. Such evalu-
ation would be informative for future assessments of 
the overall effects of booster programs and therefore 
influence decision making.

The HOSTED analysis benefits from its very large 
number of cases and their contacts obtained from 
data for all reported test-confirmed cases in England; 
the dataset provides substantial sample sizes that en-
able large-scale monitoring of secondary infections 
without specialized data collection. In addition, we 
conducted several sensitivity analyses, which pro-
duced consistent and convergent results. However, 

the tradeoff is that passive surveillance systems 
are reliant on testing behaviors instead of targeted 
case-finding. In passive surveillance, chains of on-
ward household transmission may be missed where 
contacts did not test, and the secondary attack rate 
would be underestimated as a result. These missed 
chains of transmission would be disproportionate-
ly present in households where access to testing is 
lower because of circumstance or choice. This result 
might explain our observation that contacts of index 
cases vaccinated with ChAdOx1 with a vaccination-
infection interval of >3 months since their second 
dose had an apparent increase in risk compared with 
contacts of unvaccinated index cases in August–Sep-
tember 2021. Although vaccination might not reduce 
onward transmission, increased infectivity caused by 
vaccination does not appear biologically plausible. 
This increased risk for infection in the contacts of vac-
cinated index cases likely indicates differential case 
ascertainment or risk behaviors between vaccinated 
and unvaccinated groups, demonstrating a limitation 
of passive surveillance data.

Without specialized data collection, we were lim-
ited by the lack of information on symptoms and case 
severity, both of which may affect the likelihood of on-
ward transmission (14). As such, our analyses treated 
all test-confirmed infections uniformly; the granularity 
that symptom and severity data provide could have 
highlighted subpopulations for which the vaccine-in-
duced reduction of household transmission was more 
or less noticeable than for the overall population.

The logic underpinning how cases in a household 
are classified as index or secondary cases is rooted in 
the intervals between specimen dates, an approach 
already established in published analyses. However, 
the use of symptom onset dates may be more opti-
mal, with symptom onset dates potentially being less 
affected by behavior and health service access than 
specimen collection dates.

In conclusion, receipt of 2 doses of mRNA vac-
cines among index cases reduced transmission to 
unvaccinated household contacts during a period in 
which the Delta variant dominated, compared with 
the Alpha-dominant periods, during which a single 
dose of mRNA or ChAdOx1 vaccine provided equiv-
alent reductions in transmission. We also observed 
waning of this protective effect over time since the 
last dose of vaccine administered. These findings 
highlight the potential variation in protection from 
vaccines in relation to transmission effects that are 
caused by emerging variants and waning protection, 
and the importance of monitoring the effects of these 
factors for future SARS-CoV-2 vaccine strategies.
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A COVID-19 vaccine booster dose is intended to 
boost the immune system for better, long-lasting 

protection when the primary vaccine response de-
creases over time. Studies have shown that a booster 
increased the immune response in trial participants 
who completed a Pfizer-BioNTech (https://www.pfiz-
er.com) or Moderna (https://www.modernatx.com)  

primary series 6 months earlier or who received a John-
son & Johnson/Janssen (https://www.jnj.com) single-
dose vaccine 2 months earlier (1,2).

With an increased immune response, booster 
doses provide additional protection against both Del-
ta and Omicron variants for clinical COVID-19 emer-
gency department visits and hospitalization even for 
those persons who have received an initial vaccine 
series (1,3). For example, the mRNA vaccine effective-
ness (VE) against emergency room visits during the 
period of Delta predominance was 76%–86% after the 
second initial dose and 94% after a booster dose; es-
timates of VE during Omicron variant predominance 
were 38%–52% after the second initial dose and 82% 
after a booster dose. VE against hospitalizations dur-
ing the period of Delta predominance was 81%–90% 
after the second initial dose and 94% after a booster 
dose, and estimates of VE for during Omicron variant 
predominance were 57%–81% after the second initial 
dose and 90% after a booster dose (3).

The Centers for Diseases Control and Prevention 
(CDC) first recommended booster doses for select 
populations in September 2021 and on November 
29, 2021, recommended that all persons >18 years of 
age should get a booster dose when eligible (1,2). By 
March 2022, approximately 84% of American adults 
were fully vaccinated with the COVID-19 primary 
vaccine series; primary vaccine series completion 
rates varied by some social‒demographic charac-
teristics (4). Receiving a COVID-19 booster dose 
is useful both to prevent COVID-19-related illness 
and death and slow the spread of COVID-19 in the 
United States. The objective of this study was to as-
sess COVID-19 booster dose vaccination coverage 
by demographics and behaviors and experiences  
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The Centers for Disease Control and Prevention rec-
ommends a COVID-19 vaccine booster dose for all 
persons >18 years of age. We analyzed data from the 
National Immunization Survey–Adult COVID Module col-
lected during February 27–March 26, 2022 to assess  
COVID-19 booster dose vaccination coverage among 
adults. We used multivariable logistic regression analysis 
to assess factors associated with vaccination. COVID-19 
booster dose coverage among fully vaccinated adults 
increased from 25.7% in November 2021 to 63.4% in 
March 2022. Coverage was lower among non-Hispanic 
Black (52.7%), and Hispanic (55.5%) than non-Hispanic 
White adults (67.7%). Coverage was 67.4% among es-
sential healthcare personnel, 62.2% among adults who 
had a disability, and 69.9% among adults who had medi-
cal conditions. Booster dose coverage was not optimal, 
and disparities by race/ethnicity and other factors are 
apparent in coverage uptake. Tailored strategies are 
needed to educate the public and reduce disparities in 
COVID-19 vaccination coverage.
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toward vaccination among fully vaccinated adults by 
using data from the National Immunization Survey–
Adult COVID Module (NIS-ACM) (5).

Methods
We collected the NIS-ACM data used in this report 
by telephone interview among adults >18 years of 
age by using a random-digit‒dialed sample of cell 
telephone numbers. 

Data were collected during February 27–March 
26, 2022. Trend analysis was based on data collected 
during October 31, 2021–March 26, 2022. Booster dose 
was defined as receipt of a third dose of COVID-19 
vaccine after completion of a 2-dose primary mRNA 
COVID-19 vaccine series for adults who are not im-
munocompromised or a fourth dose of COVID-19 
vaccine after completion of a 3-dose mRNA  
COVID-19 vaccine series for adults who reported be-
ing immunocompromised. For respondents whose 
initial vaccine was a Janssen/Johnson & Johnson vac-
cine, booster dose was defined as receipt of a second 
dose of the vaccine after completion of a single-dose 
primary vaccine series for adults who are not immu-
nocompromised or a third dose of Janssen vaccine 
after completion of 2-dose series for adults who re-
ported being immunocompromised (1,2). Receipt of 
a booster dose of COVID-19 vaccine was based on re-
sponses to the questions, “Have you received at least 
one dose of a COVID-19 vaccine?,” “Which brand 
of COVID-19 vaccine did you receive for your first 
dose?,” “How many doses of a COVID-19 vaccine 
have you received?,” and self-reported health con-
ditions that may put respondents at higher risk for  
COVID-19 (including immunocompromised status).

Survey questions also collected information on 
vaccine confidence, behaviors, and experiences, such 
as being concerned about getting COVID-19, thinking 
COVID-19 vaccines are safe, believing COVID-19 vac-
cines are useful for protection from COVID-19, wheth-
er friends or family were vaccinated, and whether the 
respondent had difficulty getting a COVID-19 vaccine 
(e.g., difficulty getting an appointment online, know-
ing where to get vaccinated, getting to vaccination 
sites). Information on demographic characteristics, 
health insurance status, reported medical conditions, 
previous diagnosis of COVID-19, disability status, 
frontline/essential work status, provider recommen-
dation of a COVID-19 vaccine, and work/school COV-
ID-19 vaccination requirement were also collected (6). 
Questions regarding vaccine confidence, behaviors, 
and experiences did not specifically address booster 
doses. Analytic datasets were created for approximate 
months of data collection, and we used data from 5 

data collection periods (November 2021, collected dur-
ing October 31–November 27; December 2021, collect-
ed during November 28–December 31; January 2022, 
collected during January 2–January 29; February 2022, 
collected during January 30–February 26; and March 
2022, collected during February 27–March 26) for these 
analyses. The response rates for the 5 monthly datasets 
ranged from 21.4% to 22.0%, and the total sample sizes 
for the 5 periods were 39,508, 68,612, 62,693, 58,488, 
and 63,072, respectively.

We stratified COVID-19 booster dose vaccina-
tion coverage by using demographic characteristics 
and vaccine confidence, behaviors, and experiences. 
Race/ethnicity was classified as non-Hispanic White, 
non-Hispanic Black, Hispanic, non-Hispanic Asian, 
non-Hispanic American Indian/Alaska Native, 
non-Hispanic Native Hawaiian/Pacific Islander, or 
other/multiple races. Urbanicity status was derived 
based on the centroid of the postal code of residence, 
categorized as metropolitan statistical area (MSA) 
principal city, MSA nonprincipal city, or non-MSA. 
Social vulnerability index (SVI) was categorized as 
low, moderate, or high based on county of residence 
(CDC/Agency for Toxic Substances and Disease Reg-
istry) by using tertiles of SVI score (7).

We analyzed data by using SAS version 9.4 
(https://www.sas.com) and SUDAAN version 11.0.1 
(https://www.rti.org). We weighted all percentages 
to represent the noninstitutionalized US adult popu-
lation and calibrated survey weights by age and sex 
to state-level vaccine administration data reported to 
CDC as of the middle of the monthly data collection 
period (6). We conducted multivariable logistic regres-
sion analysis and predictive marginals to assess factors 
associated with receipt of a booster dose among adults 
and generated the unadjusted prevalence ratio (PR) 
and the adjusted prevalence ratio (aPR) from regres-
sion models. We used PR to assess association instead 
of odds ratio [OR] in our analysis because PR is a more 
direct measure of effect than OR, and when outcomes 
are not rare, as with most of vaccination coverage 
analysis, the OR tends to present an exaggerated mea-
sure of effect compared with the PR. We used t-tests 
to determine differences between groups with statis-
tical significance at p<0.05 and for linear trends over 
months. This activity was reviewed by CDC and was 
conducted consistent with applicable federal law and 
CDC policy (45 C.F.R. part 46.102(l)(2), 21 C.F.R. part 
56; 42 U.S.C. §241(d); 5 U.S.C. §552a; 44 U.S.C. §3501).

Results
COVID-19 booster dose coverage among fully vacci-
nated adults >18 years of age increased from 25.7% 
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in November 2021 to 63.4% in March 2022 (p<0.05 by 
test for trend) (Figure). Coverage in mid-March 2022 
among those 50–64 years of age (66.4%) and >65 years 
of age (79.5%) was higher than among those 18–49 
years of age (53.6%) (Table 1, https://wwwnc.cdc.
gov/EID/article/29/1/22-1151-T1.htm). By mid-
March 2022, booster dose coverage was 52.8% among 
all adults >18 years of age (including unvaccinated 
adults in the denominator), and coverage among 
those 50–64 years of age (58.5%) and >65 years of age 
(77.0%) was higher than among those 18–49 years of 
age (40.6%).

Among fully vaccinated adults >18 years of age, 
booster dose coverage in mid-March 2022 was lower 
among Native Hawaiian/Pacific Islander (45.4%), 
Black (52.7%), Other/multiple races (54.1%), His-
panic (55.5%), and American Indian/Alaska Native 
(56.6%) than among White adults (67.7%); Asian 
adults had the highest coverage (74.6%) (p<0.05) 
(Table 1). Booster dose coverage was higher among 
all healthcare personnel (HCP) >18 years of age and 
among school and childcare workers 18–49 years of 
age than for other essential workers (Table 1).

Coverage was higher for adults who had re-
ported medical conditions (69.9%) than in adults 
who did not have these conditions (60.4%). In addi-
tion, women and those who lived above the pover-
ty level, had some college or higher education, had 
health insurance, and had received a vaccine other 
than COVID-19 in the past 2 years had higher booster 
vaccination coverage than did the respective refer-
ence groups (Table 1). Adults living in a moderate 
or high SVI county and those who had a previous  
COVID-19 infection had lower booster dose vac-
cination coverage than did the respective reference 
groups. Adults with disability had lower booster 
dose vaccination coverage than did adults without 

disability across age groups (18–49, 50–64, and >65 
years of age) (Table 1). Furthermore, compared with 
the respective reference groups, booster dose cov-
erage was higher among adults who reported they 
were concerned about getting COVID-19 (70.1% vs. 
58.1%), thought the vaccine was safe (71.8% vs. 39.8%), 
and thought the vaccine was useful for protection from 
COVID-19 (67.8% vs. 22.8%). In addition, reporting lit-
tle or no difficulty getting a COVID-19 vaccine was as-
sociated with decreased booster vaccination (Table 1).

In the multivariable model adjusted for demo-
graphic variables, characteristics independently asso-
ciated with increased booster vaccination were older 
age, Asian race, household income >$75,000, some 
college or higher education, being insured, having 
received any vaccine that was not a COVID-19 vac-
cine in the past 2 years, and having reported medi-
cal conditions (Table 2, https://wwwnc.cdc.gov/
EID/article/29/1/22-1151-T2.htm). In addition, for 
occupational categories, being an HCP, school/child-
care worker, or other frontline worker, or not being 
an essential worker, was associated with increased 
booster vaccination compared with being in the cat-
egory of other essential worker. Non-Hispanic Black 
adults, those living in a high SVI county, those living 
in non-MSAs, those with a disability, and those with a 
previous COVID-19 infection had decreased booster 
vaccination. For the multivariable model including 
demographic and behavioral variables, demographic 
characteristics independently associated with booster 
vaccination were similar to those for the model ad-
justed for demographic variables only. In addition, 
being concerned about getting COVID-19, believing 
the vaccine is safe, believing the vaccine is useful for 
protection, and having many or almost all friends 
and family vaccinated were independently associated 
with increased booster vaccination. Reporting a little 
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Figure. Trends in COVID-19 
booster dose vaccination 
coverage among fully vaccinated 
adults, by age group, National 
Immunization Survey–Adult 
COVID Module, United States, 
November 2021–March 2022.
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or no difficulty getting a COVID-19 vaccine was inde-
pendently associated with decreased booster vaccina-
tion (Table 2).

Among adults >18 years of age who were fully 
vaccinated but did not receive a booster dose, preva-
lence of provider recommendation of COVID-19 vac-
cine was 47.9%, and prevalence was higher among 
adults 50–64 years of age (50.7%) than among adults 
18–49 years (46.5%). Overall, 36.8% reported “being 
concerned about getting COVID-19,” 60.6% reported 
“thinking the vaccine is safe,” 80.5% reported “be-
lieving COVID-19 vaccine is important for protection 
from infection,” 77.6% reported “most or almost all 
friends or family were vaccinated,” and 31.9% re-
ported “work or school requires COVID-19 vaccine” 
(Table 3). Among fully vaccinated adults who did not 
receive a booster dose, ≈4%–10% of adults reported 
difficulties in getting a COVID-19 vaccine (e.g., dif-
ficulty getting vaccinated [9.9%], difficulty getting an 
appointment online [9.5%], difficulty knowing where 
to get vaccinated [5.3%], and difficulty getting to vac-
cination sites [4.2%]) (Table 3).

Discussion
By March 2022, a total of 84% of American adults were 
fully vaccinated with the COVID-19 primary vaccine 
series, according to the NIS-ACM (7). Booster dose 
coverage among fully vaccinated adults >18 years of 
age was 63.4% in March 2022. Overall, ≈53% of the 
adult population have both received the primary se-
ries and >1 booster vaccination. Disparities by race/

ethnicity and other factors are apparent in booster 
dose uptake. Healthcare providers can educate and 
encourage everyone to receive a booster dose when 
they are eligible. Targeted strategies are needed to 
reduce disparities in COVID-19 vaccination coverage 
toward reducing disparities in COVID-19.

Booster dose vaccine uptake was most strongly 
associated with confidence in the need for getting 
vaccinated, confidence in vaccine safety, and concern 
about getting COVID-19. Although persons were 
presumably amenable to getting the primary vaccine 
series, ≈39% of fully vaccinated adults who did not 
receive a booster dose did not believe COVID-19 vac-
cines were completely safe, and 20% did not believe 
they were useful for protection against COVID-19. 
Most fully vaccinated adults who did not receive 
a booster (63%) were not concerned about getting  
COVID-19, especially younger adults. Higher levels 
of concern about COVID-19 and positive attitudes 
toward vaccination among adults might contribute 
to uptake of booster dose vaccination. To further im-
prove vaccine uptake, more innovative approaches 
are needed to improve vaccine confidence.

In addition, we found that reporting of family 
and friends being vaccinated was associated with 
booster dose vaccination uptake. This finding indi-
cated the useful role of social processes for increasing 
vaccination (8,9). Community healthcare workers can 
educate the community about the vaccines, text per-
sons to let them know of vaccine eligibility, use pub-
lic media or social media, and encourage vaccinated 
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Table 3. Characteristics of persons who were fully vaccinated but did not receive booster dose vaccination, National Immunization 
Survey-Adult COVID Module, February 27‒March 26, 2022* 

Characteristic 
Persons >18 y of 
age, n = 16,790 

Persons 18–49 y of 
age, n = 9,378 

Persons 50–64 y of 
age, n = 4,394 

Persons >65 y of 
age, n = 2,767 

Confidence, behavior, experience, provider recommendation, and requirement for adults fully vaccinated but who did not receive 
booster dose† 
 Concerned about getting COVID-19, strongly 
 or moderately 

36.8 (35.3‒38.4) 34.1 (32.2‒36.1) 41.6 (38.4‒44.9)‡ 41.1 (37.2‒45.2)‡ 

 Thinks COVID-19 vaccine is safe, completely  
 or mostly 

60.6 (59.0‒62.1) 60.5 (58.4‒62.5) 59.5 (56.2‒62.6) 64.4 (60.4‒68.3) 

 Thinks COVID-19 vaccine is needed for  
 protection, mostly or somewhat 

80.5 (79.2‒81.8) 78.9 (77.1‒80.6) 82.5 (80.1‒84.8)‡ 84.4 (81.3‒87.1)‡ 

 Had friends/family who were vaccinated,  
 almost all or many 

77.6 (76.3‒78.9) 78.6 (76.9‒80.2) 76.6 (73.8‒79.2) 74.4 (70.6‒77.8)‡ 

 Work or school requires COVID-19 vaccine 31.9 (30.4‒33.4) 39.7 (37.7‒41.7) 24.5 (21.8‒27.4)‡ 8.3 (6.3‒10.8)‡ 
 Provider recommendation of the COVID-19  
 vaccine 

47.9 (46.3‒49.4) 46.5 (44.5‒48.5) 50.7 (47.4‒53.9)‡ 49.9 (45.9‒54.0) 

Difficulty for adults fully vaccinated but did not receive booster dose§ 
 Getting vaccinated, mostly or somewhat 9.9 (9.1‒10.9) 9.5 (8.3‒10.7) 11.2 (9.4‒13.3) 9.6 (7.7‒11.9) 
 Getting an appointment online 9.5 (8.6‒10.5) 8.7 (7.6‒9.8) 10.5 (8.7‒12.7) 11.1 (8.6‒14.2) 
 Not knowing where to get vaccinated 5.3 (4.7‒6.1) 5.3 (4.4‒6.3) 5.5 (4.3‒7.0) 4.9 (3.7‒6.5) 
 Getting to vaccination sites 4.2 (3.6‒4.9) 4.3 (3.5‒5.2) 4.0 (3.0‒5.2) 3.9 (2.6‒5.7) 
 Vaccination sites are not open at convenient  
 times 

5.1 (4.5‒ 5.7) 5.6 (4.8‒6.7) 4.4 (3.5‒5.5) 3.5 (2.6‒4.6)‡ 

*Values are percentages (95% CIs). Percentages are weighted. 
†Questions were asked about COVID-19 vaccination generally and not specifically about COVID-19 booster dose vaccination. 
‡p<0.05 by t-test for comparisons with adults 18–49 y of age as the reference level. 
§Questions were asked about difficulty getting a COVID-19 vaccination and did not ask specifically about difficulty getting a booster vaccine. 
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community members to share their own vaccination 
experiences with their unvaccinated friends and fam-
ily as a means for improving COVID-19 vaccination 
coverage (8–10).

Our analysis did not find an association between 
increasing levels of difficulty accessing vaccine and 
lower booster dose vaccination coverage. This finding 
might be attributable to extensive efforts to reduce ac-
cess barriers, including mobile vaccination sites, re-
moving an insurance or identification requirement, 
and substantial community-led outreach (11–13). We 
found that persons who reported difficulty getting a 
COVID vaccine had higher booster dose coverage, a 
finding that might seem counterintuitive. However, 
our study assessed barriers to COVID-19 vaccina-
tion overall and not specifically for booster vaccines. 
Early adopters who sought vaccine at the beginning 
of the COVID-19 vaccination program when supply 
was scarce might have been more likely to experience 
barriers to vaccination. The finding that factors such 
as lower income and education were associated with 
lower booster uptake, even after controlling for atti-
tudinal factors, suggests that barriers to access might 
remain. Among fully vaccinated adults who did not 
receive booster dose vaccination, ≈4%–10% of adults 
did report difficulties in getting a COVID-19 vaccine 
(e.g., difficulty getting vaccinated, getting an appoint-
ment online, knowing where to get vaccinated, or get-
ting to vaccination sites). Understanding the barriers 
to vaccination can help identify strategies most likely 
to increase vaccine uptake. Many of these barriers 
could be further reduced by providing vaccination 
in the office of their usual medical provider (14,15). 
Reducing barriers to COVID-19 vaccination could 
further improve vaccination coverage among adults.

COVID-19 has disproportionately impacted ra-
cial and ethnic minority populations by illness, hos-
pitalizations, and death in the United States (16,17). 
Although most disparities in primary COVID-19 vac-
cination had been eliminated by March 2022 (7), dis-
parities in booster dose vaccination remain. Booster 
coverage was lower among all racial/ethnic groups ex-
cept Asian compared with non-Hispanic White adults. 
Equitable vaccination can help to reduce illness-related 
disparities in minority groups. One study found that 
COVID-19 vaccine hesitancy decreased more rapidly 
among non-Hispanic Black than non-Hispanic White 
adults during December 2020‒June 2021, indicating 
that lower coverage might be less likely the result of 
vaccine hesitancy than other factors (18). Several fac-
tors, including knowledge, attitudes, and beliefs about 
vaccines and barriers related to accessing vaccines 
and healthcare services, contribute to lower vaccina-

tion coverage in non-Hispanic Black adults and other 
minority groups (18–21). Tailored and community-led 
interventions, including postal code‒level vaccination 
access planning and community engagement, have 
been shown to reduce inequities in COVID-19 vaccina-
tion by race and ethnicity (10,22,23). Vaccination pro-
grams could implement culturally and linguistically 
appropriate focused interventions among communi-
ties with lower vaccination coverage to reduce vacci-
nation disparities.

COVID-19 booster dose vaccination coverage 
was particularly lower among adults living in pov-
erty, with lower education, or without health insur-
ance, and continued efforts are needed to reach these 
groups and reduce inequities (24–26). In addition, 
having a previous COVID-19 infection was indepen-
dently associated with decreased booster vaccination. 
We did not assess when persons had COVID-19 in 
relation to the timing of the initial vaccination series 
or booster vaccination, but this finding might sug-
gest that persons who have already had COVID-19 
might believe that they are protected and do not need 
a booster. However, COVID-19 vaccines including 
booster doses have been shown to provide additional 
protection to persons who had previous infections 
(27), and all adults are recommended to receive a 
booster dose, regardless of previous infection with 
COVID-19.

Although we were unable to assess provider rec-
ommendation specifically for booster vaccination, 
studies have shown that a provider recommendation 
is highly associated with vaccine uptake (8,25,28). 
Findings from our study indicated that, among those 
who have not received a booster dose, >50% have 
not received a provider recommendation for any  
COVID-19 vaccine. Underuse of primary care servic-
es during the COVID-19 pandemic and some adults 
not having a primary physician for sick or preventive 
care (29) might have limited opportunities for pro-
viders to convey recommendations and communi-
cate with patients the benefits of primary and booster 
dose vaccination and information on the safety and 
effectiveness of COVID-19 vaccination. Clinicians 
and healthcare providers, including pharmacists and 
allied health professionals, can get coaching, practice, 
and support from the broader healthcare organiza-
tions in which they are embedded, follow the Advi-
sory Committee on Immunization Practices (ACIP) 
recommendations (1,2), recommend needed vac-
cinations, and encourage eligible persons to receive  
COVID-19 booster dose vaccination.

Findings from this study showed that booster 
dose vaccination coverage among adults 50–64 and 
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>65 years of age was higher than among those 18–49 
years of age, and this pattern remained the same 
after controlling for demographic and behavioral 
variables. The risk for severe illness from COVID-19 
increases with age (30,31). Higher COVID-19 booster 
dose vaccination coverage among older adults might 
also have been caused by early recommendation 
from ACIP for this population (1,2). Booster dose 
coverage was higher among persons who had report-
ed medical conditions but lower among persons who 
had disabilities. Higher COVID-19 booster dose vac-
cination coverage among adults who had reported 
medical conditions might also be caused by the early 
recommendation in September 2021 from ACIP and 
recognition of increased risk for severe COVID-19 
in this population (1,2). One recent study indicated 
that adults who had disabilities experienced more 
difficulty in obtaining a COVID-19 vaccination than 
persons who did not have a disability (26). Health-
care providers can try to ensure that all persons re-
ceive COVID-19 vaccination if they are eligible, re-
gardless of age. Reducing barriers to scheduling and 
making vaccination sites more accessible might help 
improve vaccination coverage among adults who  
have disabilities (26).

Results from our study showed that booster dose 
coverage was much higher among essential HCP than 
among other essential workers. Although primary 
series vaccination was >90% among HCP and those 
in the education sector and ≈80% for other frontline 
and essential workers (7), booster dose coverage was 
much lower, leaving populations that have frequent 
COVID-19 exposure possibly susceptible to disease. 
This finding could be caused by lack of requirements 
for vaccination and removal of programs such as on-
site vaccination that were available for the initial vac-
cine series. In addition, other access programs for dif-
ferent populations were probably available for initial 
vaccines but not for boosters. Reinstating these more 
intensive access programs or putting vaccines in the 
hands of primary care providers could help increase 
booster dose coverage among this population.

Four limitations might be considered when in-
terpreting these findings. First, NIS-ACM has a low 
response rate (≈22%). However, survey weights were 
calibrated to COVID-19 vaccine administration data 
to mitigate possible bias from incomplete sample 
frame, nonresponse, and misclassification of vac-
cination status. Second, COVID-19 vaccination was 
self-reported and might be subject to recall or social 
desirability bias. However, reliability of self-reported 
COVID-19 vaccination might be comparable with 
that of self-report of influenza vaccination, which has 

been shown to have a relatively high agreement with 
vaccination status ascertained from medical records 
(32,33). Third, provider recommendations or work/
school requirements for COVID-19 vaccination, and 
vaccination access barriers were not specifically as-
sessed for booster doses.

Booster dose coverage was not optimal, and dis-
parities by race/ethnicity and other factors are ap-
parent in booster dose uptake. Continual monitor-
ing of booster dose vaccination will be helpful for 
developing tailored strategies to improve vaccina-
tion coverage, especially with the recent recommen-
dation for adults to receive the updated COVID-19 
boosters (34). The updated COVID-19 boosters are 
formulated to better protect against the most re-
cently circulating COVID-19 variant. The immune 
response of the updated COVID-19 booster vaccine 
was superior to that of the previous booster vaccine, 
and the safety was similar as that of the previous 
booster vaccine (35). To maximize protection against 
COVID-19, both an increase in persons initiating 
and completing the primary series, and getting rec-
ommended boosters, is needed.

Targeted strategies are needed to improve boost-
er dose vaccination coverage among adults. These 
strategies should include healthcare providers edu-
cating and encouraging everyone to receive a booster 
dose when they are eligible regardless of age and 
previous infection with COVID-19 (8–10) and pro-
visions for consistent access to vaccines, vaccination 
incentives, onsite vaccination, and reminders (14,15). 
More innovative approaches should include improv-
ing confidence in vaccines, community healthcare 
workers encouraging vaccinated community mem-
bers to share their own vaccination experiences with 
their unvaccinated friends and family (14,15), under-
standing barriers and reducing barriers to vaccina-
tion (14,15), and providing vaccination in the office 
of their usual medical provider (14,15). Vaccination 
programs are needed that implement culturally and 
linguistically appropriate focused interventions 
among communities with lower vaccination coverage 
(8–10,14,15,26,36) and encourage national, state, and 
local health departments, and community-based and 
faith-based organizations to implement a combina-
tion of strategies, which have been shown to be effec-
tive in improving booster dose coverage (26,36).
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etymologia revisited
Tuberculosis
[too-ber′′ku-lo′sis]

Any of the infectious diseases of humans or other animals 
caused by bacteria of the genus Mycobacterium. From the 

Latin tuberculum, “small swelling,” the diminutive form of 
tuber, “lump.” Tuberculosis has existed in humans since an-
tiquity; it is believed to have originated with the first domes-
tication of cattle. Evidence of tuberculosis has been shown in 
human skeletal remains and mummies from as early as 4000 
bc. Mycobacterium bovis bacillus Calmette-Guérin has been 
successfully used to immunize humans since 1921, and treat-
ment (rather than prevention) of tuberculosis has been pos-
sible since the introduction of streptomycin in 1946. Hopes 
of completely eliminating the disease, however, have been  
diminished since the rise of drug-resistant M. tuberculosis 
strains in the 1980s.

Source: 
  1. Dorland’s illustrated medical dictionary. 30th ed. Philadelphia: Saunders;  

2003; Merriam-Webster’s collegiate dictionary. 11th ed. Springfield (MA):  
Merriam-Webster Incorporated; 2003; and http://www.wikipedia.org
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The Francisellaceae family comprises gram-nega-
tive coccobacilli and 4 genera are currently recog-

nized: Francisella, Allofrancisella, Pseudofrancisella, and 
Cysteiniphilum (1), of which only Francisella is of clini-
cal relevance. Francisella tularensis is the most studied 
species because it causes tularemia, a highly transmis-
sible, potentially life-threatening, zoonotic disease, 
also considered a potential bioterrorism agent (2,3).

Tularemia occurs over almost the entire Northern 
Hemisphere but is rarely reported in the Southern 
Hemisphere, where the only published cases have 
occurred in Australia (4–7). F. tularensis comprises 
4 subspecies, tularensis, holarctica, mediasiatica, and 
novicida. F. tularensis subsp. tularensis occurs almost 
exclusively in North America and is responsible for 
80%–90% of the tularemia cases, despite the co-exis-
tence of subspecies holarctica, which is the cause of 
most tularemia cases in Europe (2). The few cases of 
F. tularensis infection described in Australia were as-

sociated with F. tularensis subsp. holarctica and novi-
cida (4–6). In the Americas, tularemia occurs in the 
United States, Mexico, and Canada (2,8), and no dis-
ease caused by Francisella spp. bacteria in mammals 
has been reported south of Mexico.

Although F. tularensis has a broad host range, 
sheep are the only livestock species affected by epizo-
otics of tularemia and have been implicated in disease 
transmission to humans (9,10). We report a case of 
ovine abortion in Uruguay that raises concerns about  
the possible occurence of tularemia in South America.

The Study
In July 2015, two (≈1%) of ≈200 pastured sheep on 
a family farm in Colonia, Uruguay, aborted at ≈4 
months of gestation. Autopsies on twin aborted fe-
tuses (A and B) showed similar gross lesions (Table 
1), consisting of severe multifocal widespread nec-
rotizing hepatitis (Figure 1), and moderate fibrinous 
peritonitis and pericarditis. Samples of liver, adrenal 
gland, spleen, lung, heart, kidney, and brain tissues of 
both fetuses were fixed in formalin, then processed, 
embedded in paraffin, microtome-sectioned, and 
stained with hematoxylin and eosin. Histopathologic 
examination revealed severe acute multifocal ran-
dom fibrinonecrotizing neutrophilic and histiocytic 
hepatitis (Figure 2, panel A), multifocal necrotizing 
and neutrophilic myocarditis, multifocal neutrophilic 
bronchiolitis and alveolitis, and multifocal fibrinous 
splenic capsulitis.

We processed formalin-fixed paraffin-embedded 
sections of liver from fetus B for immunohistochemis-
try to detect Francisella antigen (Appendix). We used 
tissue from a squirrel with culture- and PCR-con-
firmed F. tularensis septicemia as a positive control. 

Pathologic and  
Immunohistochemical  
Evidence of Possible  

Francisellaceae among Aborted 
Ovine Fetuses, Uruguay

Federico Giannitti, Matías A. Dorsch, Carlos O. Schild,  
Rubén D. Caffarena, Karen Sverlow, Aníbal G. Armién, Franklin Riet-Correa
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DISPATCHES

The only genus of the Francisellaceae family known to 
contain species pathogenic to mammals is Francisella, 
for which reported cases in the Southern Hemisphere 
have been limited to Australia. We describe severe nec-
rotizing and inflammatory lesions and intralesional immu-
nohistochemical identification of Francisella sp. lipopoly-
saccharide among aborted ovine fetuses in Uruguay.



DISPATCHES

We performed antigen retrieval in a decloaking cham-
ber by using Antigen Decloaker citrate buffer (Biocare 
Medical, https://biocare.net). We applied a specific 
mouse monoclonal IgG3 raised against F. tularensis 
lipopolysaccharide, F. tularensis LPS Monoclonal An-
tibody (T14) (Thermo Fisher Scientific, https://www.
thermofisher.com) as the primary antibody at 1:1,000 
dilution. We used Mouse-on-Farma HRP-Polymer 
(Biocare Medical) and 3-amino-9-ethylcarbazole 
(Thermo Fisher Scientific) for antigen detection. For 
negative controls, we replaced F. tularensis monoclo-
nal antibody with normal mouse IgG for both ovine 
and squirrel reactions.

Immunohistochemistry revealed strong abun-
dant intralesional granular immunoreactivity in 
the necrotic foci of the fetal ovine liver, which was 
largely intracytoplasmic in infiltrating neutrophils 
and macrophages (Figure 2, panel B). We observed 
immunoreactivity in the positive control squirrel tis-
sue but not in the negative controls. We conducted 

ancillary testing to rule out other ovine abortifa-
cients (Table 2).

We postfixed formalin-fixed sections of liver 
from fetus B in modified Karnovsky’s fixative, 1% os-
mium tetroxide, and 0.1 mol cacodylate buffer, then 
processed and embedded sections in resin for trans-
mission electron microscopy. Despite suboptimal 
ultrastructural tissue preservation due to autolysis, 
intrahistiocytic and extracellular ≈0.7–1.7 μm gram-
negative coccobacilli colocalized with the foci of nec-
rotizing hepatitis.

The lack of historical reports of tularemia outside 
endemic areas of North America and Eurasia has been 
puzzling (6). Recently, tularemia emerged in Austra-
lia (3) and reemerged in the Northern Hemisphere (7). 
South America has been considered free of tularemia 
(7); a status that seems to be based solely on the lack 
of disease reporting. However, tularemia might have 
been undiagnosed because of limitations in disease 
surveillance systems in the region. No clinical disease 
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Table 1. Autopsy findings in twin ovine fetuses with possible Francisellaceae infection, Uruguay 
Autopsy findings Fetus A Fetus B 
Crown-to-rump length 30 cm* 32 cm* 
Sex F F 
External aspects Fully formed with complete wool, hair coat Fully formed with complete wool, hair coat 
Pulmonary aeration Unexpanded, unventilated lungs† Unexpanded, unventilated lungs† 
Eponychium Intact (uneroded) in all limbs† Intact (uneroded) in all limbs† 
Abomasum No colostrum or milk curds† No colostrum or milk curds† 
Umbilical cord Intact, wet, no hemorrhages or clots in umbilical 

vessels† 
Intact, wet, no hemorrhages or clots in umbilical 

vessels† 
Subcutaneous edema Yes No 
Fibrinous peritonitis and 
pericarditis 

Yes Yes 

Liver lesions Enlarged liver with rounded edges, myriad 
discrete white to yellowish foci <2 mm in diameter 
disseminated throughout the hepatic parenchyma 

and visible from the capsular surface 

Enlarged liver with rounded edges, myriad 
discrete white to yellowish foci <2 mm in diameter 
disseminated throughout the hepatic parenchyma 

and visible from the capsular surface 
Placenta Not available for examination Not available for examination 
Tissue autolysis Moderate Moderate 
*Consistent with a gestational age of 4 mo. 
†These findings suggest that the fetuses were dead at the time of expulsion (abortion). 

 

Figure 1. Diaphragmatic view 
of diseased liver from an 
aborted ovine fetus (fetus B) 
with possible Francisellaceae 
infection, Uruguay. A) Myriad 
discrete, white to yellowish, 
round, coalescing foci are visible, 
ranging from pinpoint to ≈2 mm 
in diameter, with a multifocal 
disseminated distribution in the 
hepatic parenchyma indicative of 
necrotizing hepatitis. Lesions are 
more visible in the left liver lobe 
(right side of the image) than 
the right liver lobe (left side of 
the image), in which the hepatic 
parenchyma is diffusely pale due to moderate autolysis. B) Isolated view of left liver lobe with disseminated foci of necrotizing 
hepatitis, which are characteristic in cases of tularemia. 



 Francisellaceae among Aborted Ovine Fetuses

caused by Francisella spp. in mammals in the Americas 
south of Mexico has been described. Our results raise 
concerns about the possible occurence of  tularemia in 
South America.

The abortifacient effects of F. tularensis in sheep 
have been described in the United States, and tulare-
mia has been regarded as an overlooked syndrome 
in sheep (9). From a pathologic viewpoint, necrotic 
foci in the liver, spleen, or lungs in late term abort-
ed ovine fetuses are characteristic of tularemia and 
should raise suspicion, although gross lesions can be 
absent even in cases with typical histologic inflamma-
tory and necrotizing lesions (9). Contrary to most bac-
terial abortifacients of sheep (11), F. tularensis is not 
visible upon histopathologic examination of tissues 
stained with hematoxylin and eosin, Steiner silver, or 
Gram stains, even in tissues that have a high bacte-
rial burden demonstrated by immunohistochemistry 
(9). The ultrastructural demonstration of intracellu-
lar gram-negative coccobacilli of the expected size in 
phagocytic and inflammatory cells in tissues with le-
sions, as in our case, aids in the diagnosis. Diagnostic 
investigation of any case of ovine abortion with fetal 
lesions indicating a bacterial etiology should include 
ancillary testing to identify F. tularensis and rule out 
other abortigenic pathogens (11).

The etiologic diagnosis in our case was reached 
by the immunohistochemical demonstration of abun-
dant intralesional antigen by a specific monoclonal 
antibody raised against F. tularensis lipopolysaccha-
ride. Immunohistochemistry has proven useful for 
identifying F. tularensis in diagnostic settings (9,12). 
F. tularensis lipopolysaccharide is a main specific an-
tigen and virulence factor and differs from the lipo-
polysaccharide of other gram-negative bacteria (13). 
According to the manufacturer, the primary anti-
body we used for immunohistochemistry does not  

cross-react with F. tularensis subsp. novicida, Yersinia 
pestis, Y. pseudotuberculosis, Y. enterocolitica, Vibrio 
cholerae, Escherichia coli, Salmonella enterica serovar Ty-
phimurium, Brucella abortus, B. suis, B. ovis, B. meliten-
sis, or B. neotomae. We tested the immunohistochem-
istry in cases of abortion caused by Campylobacter 
jejuni and C. fetus but observed no cross-reactivity. 
Although cross-reaction with other members of Fran-
cisellaceae cannot be completely ruled out, F. tularen-
sis is currently the only species of this family recog-
nized as an ovine abortifacient. Definite species and 
subspecies identification requires bacterial isolation 
and DNA analysis, which we were unable to perform 
because the available specimens were unsuitable.

Sheep with tularemia have been implicated in 
disease transmission to sheep industry workers (10). 
In the case described here, the owners of the sheep 
lived on the farm and were in contact with the affect-
ed flock regularly; however, we do not know whether 
they had clinical signs consistent with tularemia.
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Figure 2. Microscopic images of 
diseased liver from an aborted 
ovine (fetus B) with possible 
Francisellaceae infection, 
Uruguay. A) Hematoxylin and 
eosin stain of section of liver. 
Hepatic histoarchitecture in 
center of image is effaced 
by eosinophilic karyorrhectic 
cellular debris (i.e., necrosis), 
fibrin exudate, and inflammatory 
cell infiltrates, mostly 
neutrophils and macrophages, 
evidence of severe necrotizing 
fibrinosuppurative hepatitis. Scale bar indicates 20 μm. B) Immunohistochemistry using a mouse monoclonal antibody raised against F. 
tularensis lipopolysaccharide and hematoxylin counterstain of section of liver shows abundant intralesional intracellular and extracellular 
immunoreactivity as a granular brownish-red precipitate (chromogen 3-amino-9-ethylcarbazole). Intracytoplasmic immunoreactivity was 
noted in infiltrating neutrophils and macrophages. Scale bar indicates 20 μm. 

 
Table 2. Ancillary testing performed in formalin-fixed paraffin-
embedded sections of liver of aborted ovine fetus with possible 
Francisellaceae infection, Uruguay* 
Tests Results 
Stains  
 Steiner silver  No intralesional curved bacilli 

(i.e., Campylobacter) or 
spirochetes (i.e., Leptospira, 

Flexispira, Helicobacter) 
detected 

 Gomori’s methenamine silver  No intralesional fungi detected 
 Gram  No intralesional bacteria 

detected 
Immunohistochemistry  
 Chlamydia spp. Negative 
 Coxiella burnetii Negative 
    Salmonella spp. Negative 
 Listeria monocytogenes Negative 
 Toxoplasma gondii Negative 
*All test results were validated using adequate positive/negative control 
tissues in each run. 

 



DISPATCHES

The source of infection in this sheep remained un-
known. However, F. tularensis has a broad animal res-
ervoir, including arthropods, rodents, lagomorphs, 
and marsupials (6,14). Brown hares (Lepus europaeus), 
a species that plays a primary role in the ecology of 
tularemia in Europe (12), have been introduced to 
Uruguay and are frequently seen around the affected 
farm. In addition, F. tularensis can be transmitted by 
ticks, several of which, including Amblyomma spp., 
Haemophysalis spp., and Ixodes spp. ticks, are endemic 
in Uruguay. Of note, a gamma-proteobacterium re-
lated to Francisella-like organisms, but different from 
F. tularensis, was identified in Uruguay in Amblyomma 
triste ticks (15), the most prevalent tick species report-
ed in human tick bites in the country.

Conclusions
We provide pathologic and immunohistochemical ev-
idence of disease caused by a possible Francisellaceae 
member in sheep in Uruguay. Additional research is 
needed to isolate and speciate the pathogen and elu-
cidate its regional epidemiology. Nonetheless, veteri-
narians, physicians, and public health officials should 
be aware of possible tularemia in South America. 
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Bourbon virus (BRBV; genus Thogotovirus, family 
Orthomyxoviridae) is a suspected tickborne hu-

man pathogen isolated in 2014 from a patient residing 
in Bourbon County, Kansas, USA (1). BRBV is closely 
related to Oz virus, which was isolated from Ambly-
omma testudinarium ticks in Japan (2,3). Since the ini-
tial discovery of BRBV, human cases have been iden-
tified in Kansas, Missouri, and Oklahoma (4). The 
Amblyomma americanum lone star tick has been iden-
tified as the likely vector of BRBV transmission and 
maintenance (5,6). Small and medium-sized mam-
mals and ground-dwelling birds such as wild turkeys 
(Meleagris gallopavo) are hosts for the immature ticks. 
Adults feed on large mammals, such as coyotes (Ca-
nis latrans) and white-tailed deer (Odocoileus virginia-
nus). All 3 active developmental stages of the tick will 
bite humans (7). Virus detection in ticks and serologic 
evidence in mammalian hosts, including white-tailed 
deer, have been demonstrated in Missouri, Kansas, 
and North Carolina (6,8–10).

The Study
In July 2019, New York State Department of Health 
(NYSDOH) epidemiologists were notified that 
BRBV RNA was detected in an individual, partially 
engorged female A. americanum tick removed from 
a Long Island, New York, resident. Comprehensive 
testing performed through the University of Mas-
sachusetts TickReport service (https://www.tick-
report.com) revealed the tick was also positive for 
Ehrlichia ewingii bacteria. Notes on the tick submis-
sion form indicated the person was experiencing 
fever, chills, and fatigue; officials with NYSDOH 
and Suffolk County Department of Health Servic-
es (SCDHS) attempted to contact the resident for a 
follow-up investigation. No additional information 
was provided, and no blood samples were available 
to assess potential infection with BRBV.

In 2016, NYSDOH and SCDHS initiated active 
tick surveillance targeting A. americanum ticks for 
BRBV and Heartland virus (HRTV). HRTV-infected 
ticks and seropositive deer were detected on Long 
Island in 2018 and reported in 2021 (11). We used 
standardized flag sampling for the collection of host-
seeking A. americanum ticks on public lands in Suffolk 
County. During 2016–2020, a total of 1,265 pools, rep-
resenting 4,189 adults, 7,227 nymphs, and 97 larvae, 
tested negative for BRBV RNA by real-time reverse 
transcription PCR using an in-house multiplex assay 
to detect HRTV and BRBV (11). The BRBV primers for 
this assay were designed based on the St. Louis strain 
(GenBank accession no. MK453528) (12). During 2021, 
we expanded sampling for A. americanum ticks on 
Long Island to collect a greater number of ticks from 
more locations, and we modified molecular detection 
protocols to use BRBV-specific primers developed 
at TickReport (Table 1). We designed BRBV-specific 
primers based on the original virus strain deposited 
in GenBank (accession no. KU708254) (13). We col-
lected a total of 1,058 pools, consisting of 4,406 adults 
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In July 2019, Bourbon virus RNA was detected in an Am-
blyomma americanum tick removed from a resident of 
Long Island, New York, USA. Tick infection and white-
tailed deer (Odocoileus virginianus) serosurvey results 
demonstrate active transmission in New York, especially 
Suffolk County, emphasizing a need for surveillance any-
where A. americanum ticks are reported.
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(460 pools) and 9,972 nymphs (598 pools) from 12 sites 
in Suffolk County, New York. Pool sizes ranged from 
1–10 adults and 5–20 nymphs. We detected BRBV 
RNA in 5 pools of unengorged nymphs. We collected 
positive pools at 1 site in Smithtown, New York (n = 
3), on May 3, 2021, and 2 sites, 1 positive pool each, 
in Brookhaven, New York, on June 9 and July 8, 2021. 
We isolated infectious virus from all BRBV RNA-pos-
itive tick pools after incubation on Vero cells (ATCC, 
Manassas, VA, USA). We confirmed that the isolates 
were BRBV by real-time reverse transcription PCR.

Serologic testing of hunter-harvested white-tailed 
deer blood submitted for arbovirus serosurveys has 
been conducted in New York since 2007 using plaque 
reduction neutralization tests, as described (14). 
BRBV was included in these assays starting in 2019 
for deer harvested in Suffolk County and the Hudson 
Valley Region and 2020 for deer harvested in central 
and western New York. We screened a total of 881 
serum samples at 1:20 for the presence of neutraliz-
ing antibodies to BRBV (Table 2; Figure 1). We serially 
diluted samples testing positive for endpoint titers. 
Statewide, 37.7% of the deer were seropositive; 89.2% 
of the seropositive deer had titers >20. The seroposi-
tivity was 66.5% for deer harvested in Suffolk County 
(Table 2; Figures 1, 2). Seroprevalence was lower in 
western New York (3.8%), the Hudson Valley (1.7%), 
and central New York (1.2%). We did not detect 
BRBV neutralizing antibodies in 7 deer harvested in 
the northern New York region (Table 2; Figure 1). We 

tested A. americanum ticks (n = 1,641) collected from 
145 deer harvested from Suffolk County for BRBV 
RNA; the virus was not detected.

Conclusion
Isolation of BRBV from the local tick population and 
high seropositivity in hunter-harvested white-tailed 
deer demonstrated active transmission throughout 
Suffolk County, New York, since 2019. In addition, 
serologic evidence suggests the virus is present in 
other regions of New York. Consistent with previ-
ous BRBV field studies and the recent discovery of 
a closely related virus transmitted by Amblyomma 
species ticks in Japan, A. americanum ticks were im-
plicated in local transmission of BRBV (2,6). Tick 
minimal infection rates were 0%–0.77%. It is unclear 
whether the unengorged nymphs had acquired the 
virus as larvae feeding on viremic hosts, through co-
feeding transmission, or transovarially. These routes 
of transmission have been demonstrated in laborato-
ry studies (5). BRBV was not detected in adult ticks 
tested during surveillance despite high numbers col-
lected. Considering the overlap of adult and nymph-
al tick activity on Long Island, future surveillance 
campaigns should study the effect of phenology on 
BRBV transmission.

Of interest, of the 5 BRBV positive pools detect-
ed by the TickReport primer set, 1 pool was positive 
with the primer set used during previous surveillance 
seasons despite similar assay limits of detection; this 
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Table 1. Primer/probe sets for detection of Bourbon virus RNA in New York, NY, USA* 
Name Gene target Sequence, 5′ → 3′ 
BRBV F† Polymerase subunit, PB1 AACCGGCCAATAGGG 
BRBV R Polymerase subunit, PB1 TGCCAGTTGGGTAGC 
BRBV PROBE_5Cy5  /5Cy5/ATGGAGCTG/TAO/CTTTCACTACC/3IAbRQSp/ 
Bourbon_virus_F1‡ Polymerase subunit, PB1 ATTGCTACTCCGTCCATGTTAGTAAG 
Bourbon_virus_R1 Polymerase subunit, PB1 CCAGAACTTGGTAGACATTCCAATAAG 
Bourbon_virus_P1_HEX probe  /5HEX/CCCTTGCTG/ZEN/CATCTTCCACCACTTTCACAA/3IABkFQ/ 
*BRBV, Bourbon virus; F, forward; P, probe; PB1, polymerase basic 1; R, reverse. 
†Primer/probe set developed at Wadsworth Center, New York State Department of Health, based on Bourbon virus (St. Louis strain) (GenBank accession 
no. MK453528). 
‡Primer/probe set developed at TickReport (https://www.tickreport) based on Bourbon virus (original strain) (GenBank accession no. KU708254) 

 

 
Table 2. Plaque reduction neutralization test results for Bourbon virus in white-tailed deer specimen samples, New York, NY, USA 
Region Years sampled No. samples No. (%) positive  
Northern New York 2020, 2021 7 0 
Western New York 2020, 2021 132 5 (3.8) 
Central New York 2019–2021 80 1 (1.2) 
Hudson Valley 2019–2021 176 3 (1.7) 
Long Island* 2019–2021 486 323 (66.5) 
 Brookhaven 2019–2021 291 199 (68.4) 
 Islip 2021 15 9 (60.0) 
 Riverhead 2019, 2020 3 1 (33.3) 
 Shelter Island 2019, 2020 140 85 (60.7) 
 Southampton 2019, 2020 4 4 (100.0) 
 Fire Island† 2020 33 25 (75.8) 
*Townships are listed for Suffolk County, Long Island. 
†Fire Island occupies 2 townships but is treated as a single entity for this study. 
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result suggested genetic differences in the primer tar-
get regions. We plan to conduct phylogenetic analy-
ses and in-vitro growth characteristic studies.

White-tailed deer are a sensitive sentinel model 
for many arboviruses because of their overall abun-
dance and distribution, small home ranges, and the 
frequency on which they are fed upon by ticks and 
other hematophagous arthropods (14,15). Serop-
revalence in Suffolk County deer (66.5%) was higher 
than that reported in North Carolina deer (56%), but 
lower than deer harvested in Missouri (86%) (8,9). 
BRBV seroprevalence rates of white-tailed deer har-

vested from various areas in Suffolk County (Table 
2) were similar to Oz virus seroprevalence rates 
(30.0%–73.7%) in wild sika deer (Cervus nippon) in 
Japan sampled from prefectures located near the 
initial detection of the virus (3). The lower serop-
revalence in regions of New York outside of Long 
Island can be attributed to fewer established popula-
tions of A. americanum ticks or incidental transmis-
sion by bird-dispersed immatures originating from 
established regions. To date, no competent verte-
brate host, including deer, has been implicated in  
BRBV amplification.
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Figure 1. Sampling of hunter-
harvested white-tailed deer 
blood and Bourbon virus 
seropositivity by county,  
New York, NY, USA. Locations 
(open circles) of harvested 
deer are randomly jittered 
within townships to avoid 
overplotting.

Figure 2. Suffolk County tick 
collection sites for study of 
Bourbon virus seropositivity, New 
York, NY, USA. Circles within 
townships indicate tick collection 
sites. Open circles are sites 
with no evidence of BRBV. Gray 
circles represent approximate 
locations of BRBV-positive tick 
pools. Shading indicates BRBV 
seroprevalence; darker shades 
represent higher rates. Inset 
map shows location of Suffolk 
County in New York.
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Our findings emphasize the need to include 
emerging pathogens such as BRBV and HRTV in 
surveillance programs wherever lone star ticks are 
distributed. Clinicians outside of the midwestern 
United States should be aware of the potential for 
human disease. It is unclear if the symptoms of the 
person who removed the BRBV-positive tick were 
the result of potential infection with BRBV, Ehrlichia 
ewingii, or an unrelated etiology, because patient 
blood samples were not available. Considering the 
overlapping symptomologies of BRBV (fever, fa-
tigue, loss of appetite, thrombocytopenia, and leu-
kopenia) with other tickborne infections, including 
ehrlichiosis and Heartland virus disease, diagnosis 
is difficult without specific testing. Currently, testing 
is only available at the Centers for Disease Control 
and Prevention and a few state health laboratories. 
Providers should request BRBV and HRTV testing 
for patients with history of tick exposure or travel 
to regions where A. americanum ticks are reported 
and who are displaying clinical symptoms, includ-
ing leukopenia and thrombocytopenia, that do not 
respond with antimicrobial  treatment.
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Cholera is an acute life-threatening diarrheal 
disease responsible for ≈4.3 million cases and 

142,000 deaths annually worldwide (1). Exclud-
ing epidemic peaks in Haiti and Yemen (2,3), most 
cases of cholera originate from sub-Saharan Af-
rica, predominantly the African Great Lakes Re-
gion (AGLR); specifically, the countries of the Lake 
Tanganyika basin (4). Many recurrent cholera out-
breaks in the Democratic Republic of the Congo 
(DRC), Tanzania, Burundi, and Zambia have been 
linked to a common hotspot area around the Lake 
Tanganyika basin (5–8).

By the end of 2018, the World Health Organi-
zation had noted a steady decline in cholera cases 
throughout the world, including the AGLR (9). Con-
tinuous genomic surveillance of circulating Vibrio 
cholerae bacteria strains is required to understand 
the transmission dynamics and genetic evolution of 
V. cholerae and potentially to guide prevention and 
response interventions to continue the trend toward 
decreasing case numbers, in line with the global 
cholera roadmap to 2030 (10). One lineage, seventh 
pandemic V. cholerae O1 El Tor (7PET), is responsible 
for the current pandemic, which began in 1961 (11); 
Africa was hit by 7PET in 1970 (11). During 1970–
2014, >11 different 7PET sublineages were intro-
duced from South Asia into Africa, and sublineage 
AFR10 (previously T10) replaced AFR5 (previously 
T5) in the AGLR in the late 1990s (11). Sublineage 
AFR13 (previously T13) was identified in East Africa 
(Tanzania, Uganda, Kenya) and Zimbabwe (12). We 
tracked the 7PET populations circulating in the Lake 
Tanganyika basin by studying recent V. cholerae O1 
isolates collected in the region by conventional bac-
teriology and genomics and placing these genomes 
in a broader phylogenetic context to elucidate their 
evolutionary history.

The Study
We analyzed 96 V. cholerae O1 isolates collected dur-
ing 2015–2020 in DRC (86 clinical isolates, including 
39 collected in 2018–2020) and Tanzania (10 environ-
mental isolates from fish and lake water) (Appendix 
1, https://wwwnc.cdc.gov/EID/article/29/1/22-
0641-App1.pdf; Appendix 2 Table 1, https://wwwnc.
cdc.gov/EID/article/29/1/22-0641-App2.xlsx). We 
subjected the isolates to antimicrobial susceptibility 
testing, whole-genome sequencing, genomic charac-
terization, and phylogenetic analyses, as previously 
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Africa’s Lake Tanganyika basin is a cholera hotspot. Dur-
ing 2001–2020, Vibrio cholerae O1 isolates obtained from 
the Democratic Republic of the Congo side of the lake 
belonged to 2 of the 5 clades of the AFR10 sublineage. 
One clade became predominant after acquiring a parC 
mutation that decreased susceptibility to ciprofloxacin.
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described (11,12) (Appendix 1). We performed a phy-
logenetic analysis of these genomes within a global 
collection of 1,366 7PET V. cholerae O1 genomes (Ap-
pendix 2 Table 2), including another 130 genomes 
from DRC collected during 1984–2017. We based 
the final maximum-likelihood phylogenetic tree on 
10,352 single-nucleotide variants distributed over the 
nonrepetitive, nonrecombinant core genome (Figure 
1, panel A).

Phylogenetic analysis of the 96 genomes of V. 
cholerae O1 isolates showed that all belonged to 
7PET sublineage AFR10 (Figure 1, panel A). With-
in the limits of our sampling, sublineage AFR5, 
which circulated actively in the AGLR during the 
1980s–1990s (11), appears to be extinct in the re-
gion, whereas sublineage AFR13, reported in 2015 
in Uganda and Tanzania (12), has not yet spread 
to DRC. Since 1998, the endemicity of the AFR10 
sublineage in the Tanganyika basin and surround-
ing countries has led to microevolution; an analy-
sis of 357 AFR10 genomes from our global dataset 
revealed the presence of 5 clades, AFR10a–AFR10e 
(Figure 1, panel B; Appendix Figure 1). Clades 
AFR10a, AFR10b, and AFR10c were mostly associ-
ated with the eastern AGLR countries. The isolates 
of these clades were of sequence type (ST) 69 (Fig-
ure 1, panel B). Clades AFR10d and AFR10e pre-
dominated in DRC and the Lake Tanganyika basin. 

Clade AFR10d is of ST515, essentially Inaba sero-
type, and was widespread in DRC and neighbor-
ing countries (Figure 2, panel A), as previously re-
ported (13). It was the only clade found in the Lake 
Kivu and Lake Edward basins. AFR10e strains are 
of ST69, Ogawa serotype, and were essentially re-
stricted to the Lake Tanganyika basin, confirming 
previous findings (13). A further pangenome analy-
sis of the AFR10 isolates revealed no clade-specific 
gain or loss of genes (Appendix Figure 2). AFR10e 
strains have gradually replaced AFR10d strains in 
the region since 2014; all V. cholerae O1 strains ob-
tained from the Tanganyika basin by 2017, as well 
as those obtained from the lake itself in 2018 and 
2019, were AFR10e strains (Figure 2 panel B). Epi-
demiologic studies identified cholera hotspots in 
the AGLR as a source of major countrywide out-
breaks reaching the capital, Kinshasa, and the At-
lantic coast, via the Congo River, in 2011, 2012, and 
2016 (5). These outbreaks were caused primarily by 
clade AFR10d, which has a wider geographic distri-
bution than clade AFR10e (Figure 2) (14).

One striking characteristic of AFR10e isolates 
was the presence of a mutation in the quinolone re-
sistance–determining region of the topoisomerase 
IV subunit A gene, parC (S85L), that led to higher 
MIC values (0.25–0.38 mg/L) for ciprofloxacin. 
These isolates, which have a lower susceptibility 
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Figure 1. Phylogenomics of clinical and environmental Vibrio cholerae O1 El Tor isolates from the Lake Tanganyika basin, Africa. A) 
Maximum-likelihood phylogeny of 1,366 seventh pandemic V. cholerae O1 El Tor (7PET) genomes with strain A6 as the outgroup. 
The different sublineages introduced into Africa are indicated. Light blue indicates AFR10 sublineage. Rings 1 and 2 show geographic 
origin of isolates; ring 3 shows isolates sequenced in this study. B) Maximum-likelihood tree for 357 AFR10 isolates, with strain N16961 
as an outgroup. The 5 clades are color-coded: AFR10a, brown; AFR10b, yellow; AFR10c, green; AFR10d, pink; and AFR10e, blue. 
The outermost ring indicates the geographic locations of the different isolates in the tree. Filled circles indicate the presence of ST69 
or ST515, Ogawa and Inaba serotypes, IncA/C plasmid, and the S85L mutation in parC; open circles indicate their absence. MLST, 
multilocus sequence typing; ST, sequence type. 
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to ciprofloxacin than wild-type populations, would 
be classified as either resistant (MIC 0.38 mg/L) or 
susceptible (MIC 0.25 mg/L) in accordance with 
clinical breakpoints published by the European 
Committee on Antimicrobial Susceptibility Testing 
(https://www.eucast.org/clinical_breakpoints) in 
2022, as inferred from the study of Vibrio strains 
and not Enterobacteriaceae strains. This parC mu-
tation, sporadically reported in other AFR10 clades 
(Table; Figure 1, panel B; Appendix 2 Table 1), has 
been a distinctive characteristic of AFR10e isolates 
since 2014 (Figure 2, panel B). It was the second 
mutation affecting susceptibility to quinolones and 
fluroquinolones to be found in this AFR10e clade; 
the first was a mutation in the DNA gyrase subunit 
A gene, gyrA (S83I), present in all AFR10 isolates. 
This additional mutation does not seem to be asso-
ciated with the specific use of fluoroquinolones for 

treating cholera outbreaks, because the antimicro-
bial drugs used for first-line cholera control in DRC 
are tetracyclines and macrolides, to which AFR10e 
isolates remain susceptible. Instead, the mutation 
may result from widespread self-medication with 
antimicrobials, a common practice in many sub-
Saharan Africa countries including DRC (15).

All 96 isolates analyzed had known mutations 
of the VC_0715 and VC_A0637 genes conferring ni-
trofuran resistance (Table), consistent with previ-
ous findings (2). The isolates also carried the SXT/
R391 genomic element ICEVchInd5, encoding resis-
tance to streptomycin (strAB), sulfonamides (sul2), 
chloramphenicol (floR), trimethoprim and the O/129 
vibriostatic agent (dfrA1), and trimethoprim–sul-
famethoxazole (sul2 and dfrA1), with concordance 
between the phenotypic and genotypic data (Table; 
Appendix 2 Table 1).
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Figure 2. A) Spatiotemporal 
dynamics of the AFR10 clades 
of Vibrio cholerae O1 in the 
African Great Lakes Region, 
Africa, 1998–2020. Circle size 
indicates the number of isolates 
at the location concerned. The 5 
AFR10 clades are color-coded: 
AFR10a, brown; AFR10b, 
yellow; AFR10c, green; AFR10d, 
pink; and AFR10e, blue. B) 
V. cholerae O1 isolates from 
the Lake Tanganyika basin. All 
AFR10 isolates from Bujumbura 
(Burundi), Kigoma (Tanzania) 
and the South-Kivu province 
(DRC) were considered to be 
Lake Tanganyika basin isolates.
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Conclusions
We found that the cholera outbreaks in the east-
ern part of DRC during 2001–2020 were caused by 
V. cholerae O1 sublineage AFR10, which was intro-
duced into East Africa from South Asia in the late 
1990s. The AFR13 sublineage was already reported 
in 2015 in Tanzania, including the city of Kigoma, 
located on the shore of Lake Tanganyika, but had 
not been detected in DRC as of 2022. The AFR10 
isolates of this region belong principally to 2 clades, 
AFR10d (Inaba, ST515) and AFR10e (Ogawa, ST69). 
AFR10d was responsible for outbreaks reported in 
the western part of DRC in 2011–2017 and neighbor-
ing countries; AFR10e (Ogawa, ST69) was restricted 
to the Lake Tanganyika basin, in which reduced 
susceptibility to ciprofloxacin has been seen since 
2014. Lake Tanganyika seems to serve as a transmis-
sion channel, favoring the establishment of AFR10e 
in local human populations. Further investigation, 
including studies of population movement, should 
reveal why AFR10e clade has remained within the 
Lake Tanganyika basin. The replacement of other 
clades by this antimicrobial-resistant clade in this 
area highlights the need for more systematic docu-
mentation of antimicrobial drug use and the imple-
mentation of adapted stewardship programs, partic-
ularly in outbreak responses. Overall, these findings 
highlight the need for continuous genomic surveil-
lance and for coordinated communication between 
countries for effective interventions.
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Whooping cough is a reemerging, potentially 
deadly disease spread by a bacterium known 
as Bordetella pertussis. Fortunately, this re-
spiratory infection is largely preventable with 
vaccination.

However, nature doesn’t stay still, new anti-
genic variants of this bacterium are evolving 
and spreading.

In this EID podcast, Dr. Adriana Cabal Rosel, 
a public health microbiologist at the Austrian 
Agency for Health and Food Safety, describes 
a new surveillance system to track down 
these emerging variants in Austria.



Histidine-rich protein 2 (HRP2) is the primary 
target of the Plasmodium falciparum rapid diag-

nostic tests (RDT) that are a cornerstone of malaria 
control efforts in the high-burden, low-resource con-
texts in which malaria mortality is most acute (1). 
Increasing prevalence of P. falciparum parasites that 
do not express HRP2 or its paralogue histidine-rich 
protein 3 (encoded by the pfhrp2 and pfhrp3 genes) 
are affecting the accuracy of the RDTs. Infections 
with pfhrp2 deletions are missed by HPR2-based 
RDTs much of the time; infections with double dele-
tions (missing both pfhrp2 and pfhrp3 genes) are in-
visible to RDTs and create false-negative results. Be-
cause these deletions represent an existential threat 
to recent gains made in malaria control, the World 

Health Organization (WHO) has emphasized the 
critical need for surveillance (2).

Malaria is a leading cause of illness and death in 
South Sudan (3), where insufficient malaria prevention 
activities and a lack of access to healthcare combine dan-
gerously. Despite the geographic and strategic impor-
tance of South Sudan in East and Central Africa, the only 
evidence of pfhrp2 and pfhrp3 deletions from the country 
come from a single report confirming their presence in 3 
travelers to Australia (4). Accurate estimates of deletions 
could help responders delineate factors associated with 
deletions, predict future RDT needs, and clarify dynam-
ics of false negativity rates in South Sudan overall.

In 2019, in collaboration with the South Sudanese 
Ministry of Health, Médecins Sans Frontières be-
gan a seasonal malaria chemoprophylaxis campaign 
combined with an assessment of molecular markers 
of antimalaria drug resistance in Yambio County, a 
malaria-endemic region of Western Equatoria State. 
We describe the frequency of pfhrp2 and pfhrp3 and 
double deletions in this clinical cohort, as well as the 
association between deletions, demographic factors, 
and infection characteristics in South Sudan. This 
study was approved by the internal ethics review 
board at Médecins Sans Frontières and by the South 
Sudan Research Ethics Committee. All participants 
provided informed consent.

The Study
We analyzed finger-prick blood samples collected in 
9 villages in Yambio at the end of the malaria peak 
(January–February 2020) from persons >6 months of 
age with symptomatic malaria infection positively 
diagnosed by pan-pLDH–based RDT (CareStart  

Plasmodium falciparum  
pfhrp2 and pfhrp3 Gene Deletions 
in Malaria-Hyperendemic Region, 

South Sudan
Irene Molina-de la Fuente,1 María José Sagrado Benito,1 Laurence Flevaud,  

Janet Ousley, Harriet Akello Pasquale, Ahmed Julla, Abdirashid M. Abdi, Buai Tut Chol,  
Bakri Abubakr, Agustín Benito, Cristian Casademont, Carolina Nanclares, Pedro Berzosa 

154 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023

DISPATCHES

Author affiliations: Institute of Health Carlos III, Madrid, Spain  
(I. Molina-de la Fuente); Alcala University, Madrid (I.M. de la 
Fuente, A. Benito, P. Berzosa); Médecins Sans Frontières, 
Barcelona, Spain (M.J.S. Benito, L. Flevaud, C. Casademont, 
C. Nanclares); Médecins Sans Frontières, New York, New York, 
USA (J. Ousley); National Malaria Control Program, Ministry of 
Health, Juba, South Sudan (H.A. Pasquale, A. Julla); Médecins 
Sans Frontières, Juba (A.M. Abdi, B.T. Chol); Médecins Sans 
Frontières, Nairobi, Kenya (B. Abubakr); Centro de Investigación 
Biomedica en Red de Enfermedades Infecciosas, Madrid  
(A. Benito, P.J.B. Diaz)

DOI: https://doi.org/10.3201/eid2901.220775 1These authors contributed equally to this article.

Pfhrp2 and pfhrp3 gene deletions threaten the use of Plas-
modium falciparum malaria rapid diagnostic tests globally. 
In South Sudan, deletion frequencies were 15.6% for pf-
hrp2, 20.0% for pfhrp3, and 7.5% for double deletions. 
Deletions were approximately twice as prevalent in mono-
clonal infections than in polyclonal infections.
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Malaria PAN [pLDH] Ag RDT; Access Bio, https://
accessbio.net). We performed malaria confirmation 
and speciation of 594 dried blood spot samples by 
multiplex PCR (5). Confirmed P. falciparum samples 
with high DNA quality (n = 518) underwent genotyp-
ing and molecular analysis for deletions in exon 2 of  
pfhrp2 and pfhrp3 (5) (Appendix, https://wwwnc.

cdc.gov/EID/article/29/1/22-0775-App1.pdf). De-
mographic information was collected for all samples 
(Appendix). We defined multiplicity of infection 
(MOI) as the number of parasitic genotypes per in-
fection and analyzed for a random subsample (n = 
419) by amplifying P. falciparum merozoite surface 
protein 1 and 2 genes (pfmsp1, pfmsp2) (6). We defined 
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Table 1. Frequency of pfhrp2 and pfhrp3 deletion by geographic origin of samples, South Sudan* 

Location 
No isolates 

included 
Overall pfhrp2 deletion 

 
Overall pfhrp3 deletion 

No. Frequency, % (95% CI) No. Frequency, % (95% CI) 
All sites 518 81 15.64 (12.62–19.06)  104 20.08 (16.71–23.79) 
Kasia 50 6 12.00 (4.53–24.31)  11 22.00 (11.53–35.96) 
Yambio State Hospital 44 13 29.55 (16.76–45.20)  18 40.91 (26.34–56.75) 
Birisi 56 12 21.43 (11.59–34.44)  12 21.43 (11.59–34.44) 
Bureangburu 62 7 11.29 (4.66–21.88)  7 11.29 (4.66–21.88) 
Bakiwiri 58 6 10.34 (3.89–21.17)  7 12.07 (4.99–23.30) 
Gitikiri 60 8 13.33 (5.94–24.59)  14 23.33 (13.38–36.04) 
Nambia 70 14 20.00 (11.39–31.27)  12 17.14 (9.18–28.03) 
Mamboi 51 5 9.80 (3.26–21.41)  7 13.73 (5.70–26.25) 
Masumbu 67 10 14.93 (7.40–25.74)  15 22.39 (13.11–34.22) 
p value by 2 test  0.108 (13.089)  0.014 (18.988) 
*Deletion frequency was calculated by dividing confirmed deletions by all confirmed Plasmodium falciparum samples included for analysis. pfhrp2 and 
pfhrp3 deletion frequency includes both single and double deletions. All analyses used a 95% CI and a p value of <0.05 for statistical significance.  

 

Figure 1. Frequencies of Plasmodium falciparum single and double pfhrp2 and pfhrp3 deletions in malaria-hyperendemic region, South 
Sudan. Color represents the type of deletion and proportion of each type of deletion and genotype. Open source QGIS software (https://
www.qgis.org) was used to map sample collection locations. Inset map shows locations of the study area in South Sudan and of South 
Sudan in Africa.
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monoclonal infection as the detection of a single PCR 
fragment for each locus and polyclonal infection as 
the detection of >1 PCR fragment for >1 locus.

Overall deletion frequency (including samples 
with both single and double deletions) among 518 
genotyped PCR-positive samples was 15.6% for pf-
hrp2 and 20.0% for pfhrp3 (Table 1). Double deletions 
were found in 7.5% of isolates; patients at Yambio 
State Hospital had nearly twice the rate of double de-
letions (15.9%) as patients at all other sites (Figure 1). 
In 7/9 study sites, >10% of samples did not amplify 
pfhrp2; >5% of isolates were double-deleted in near-
ly half (4/10) of sites. Pfhrp2 deletion rates in South 
Sudan were as high as or higher than the country’s 
immediate neighbors, where reported deletion rates 
from specific sites have varied from 26% in Ethiopia 
to 19% in Kenya, 6% in the Democratic Republic of 
the Congo, 3% in Uganda, and <1% in Sudan (7–11).

Monoclonality was the only factor significantly 
associated with both pfhrp2 and pfhrp3 deletions and 

double deletions (Table 2). Even so, the frequency of 
deletion among polyclonal infections was higher than 
expected. Severe malaria cases exhibited significantly 
more pfhrp3 and double deletions than uncomplicated 
infections. Patients >14 years of age were more likely 
to harbor deletions than were patients <5 and 5–14 
years of age, although the difference was significant 
only for pfhrp3 (Table 2).

Unequal deletion distribution between proxi-
mate geographic zones has been previously report-
ed (9,10), and variability in double deletion rates by 
study site in Yambio was notable, suggesting pos-
sible hot spots. However, the higher rates seen at 
Yambio State Hospital could also be explained by its 
significantly higher proportion of monoclonal infec-
tions (Appendix). The small sample sizes at individ-
ual sites leave conclusions about hot spots unsettled, 
but they underscore the importance of realistic ma-
laria control strategies targeted to the local molecu-
lar marker landscape.
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Table 2. Association of age, sex, MOI, severity of infection, and previous seasonal malaria chemoprophylaxis with pfhrp2 and pfhrp3 
deletions in malaria-hyperendemic region, South Sudan* 

Characteristic Total no. 

pfhrp2 deletion 

 

pfhrp3 deletion 

 

pfhrp2/3 double 
deletion 

 

Wild-type 

No. 
Frequency, % 

(95% CI) No. 
Frequency, % 

(95% CI) No. 
Frequency, % 

(95% CI) No. 
Frequency, % 

(95% CI) 
Age, y             
 <5 159 28 17.61 

(12.03–24.44) 
 29 18.24 

(12.49–24.98) 
 14 8.81 

(4.87–14.25) 
 117 73.58 

(66.02–80.25) 
 5–14 196 24 12.24 

(8.00–17.67) 
 30 15.31 

(10.57–21.12) 
 10 5.10 

(2.47–9.18) 
 152 77.55 

(71.06–83.19) 
 >14 163 30 18.40 

(12.77–25.21) 
 45 27.61 

(20.90–35.14) 
 15 9.20 

(5.24–14.72) 
 103 63.19 

(55.29–70.60) 
 p value (2) 0.238 (2.874)  0.012 (8.875)  0.261 (2.686)  0.009 
Sex             
 F 271 44 16.24 

(12.05–21.18) 
 60 22.14 

(17.34–27.56) 
 24 8.86 

(5.76–12.89) 
 191 70.48 

(64.66–75.84) 
 M 247 37 14.98 

(10.77–20.05) 
 44 17.81 

(13.25–23.17) 
 15 6.07 

(3.44–9.82) 
 181 73.79 

(67.30–78.69) 
 p value (2) 0.694 (0.154)  0.219 (1.507)  0.231 (1.438)   0.542 
MOI             
 1: monoclonal 116 26 22.41 

(15.19–31.09) 
 37 31.90 

(23.55–41.19) 
 14 12.07 

(6.76–19.42) 
 102 87.93 

(80.58–93.24) 
 >2: Polyclonal 303 43 14.29 

(10.54–18.76) 
 46 15.28 

(11.41–19.85) 
 15 4.98 

(2.82–8.09) 
 288 95.05 

(91.97–97.20) 
 p value (2) 0.001 (9.881)  <0.001 (14.754)  0.010 (6.598)   0.019 
Severity             
 Uncomplicated 472 68 14.41 

(11.36–17.90) 
 82 17.37 

(14.06–21.10) 
 31 6.57 

(4.51–9.19) 
 359 73.56 

(71.95–79.84) 
 Complicated 30 8 26.67 

(12.28–45.89) 
 14 46.67 

(28.34–65.67) 
 5 16.67 

(5.64–34.72) 
 13 43.33 

(25.46–62.57) 
 p value (2)  0.087 (2.937)  <0.001 (14.031)  0.051 (3.819)   <0.001 
Seasonal malaria chemoprophylaxis for children <5 y          
 Yes 137 24 17.52 

(11.56–24.94) 
 22 16.06 

(10.35–23.24) 
 11 8.03 

(4.08–13.91) 
 102 74.45 

(66.30–81.52) 
 Not 22 3 13.64 

(2.91–34.91) 
 7 31.82 

(13.86–54.87) 
 3 13.63 

(2.91–34.91) 
 15 68.18 

(45.13–86.14) 
 p value (2)  0.652 (0.203)  0.075 (3.157)  0.742 (0.389) 0.720 (0.129) 
*Variables were considered categorical variables and the association between them and deletions were assessed using 2 testing. Deletions for pfhrp2 
and pfhrp3 include both single and double deletions. All analyses used a 95% CI and a p value of <0.05 for statistical significance. MOI, multiplicity of 
infection.  
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We used a statistically significant multivariable 
logistic regression model for total MOI, infection se-
verity, and patient age factors for pfhrp2, pfhrp3 and 
double deletions (Figure 2). Age was the only signifi-
cant predictor of pfhrp2 deletions (after adjusting for 
MOI and severity of infection), whereas age, MOI, 
and clinical severity were all predictors for pfhrp3 
deletions. Only MOI was a significant predictor of 
double deletions (Appendix).

Most research surrounding the interaction be-
tween MOI and pfhrp2 and pfhrp3 deletions concludes 

that polyclonal infections mask deletions and lead 
to underestimates in deletion prevalence (12). Our 
results support this conclusion, finding lower MOI 
in Yambio associated with most deletions. In high-
transmission settings, younger persons tend to have 
higher MOIs (13). We also found lower MOI and old-
er patient age associated with deletions, contrasting 
with studies that have linked deletions to lower age 
but failed to consider MOI as a confounder (9).

In addition, the fitness-cost of deletions (the ef-
fects on the parasite after losing 1 of its proteins) 
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Figure 2. Multivariable 
regression model of 
Plasmodium falciparum 
pfhrp2 deletions (A), pfhrp3 
deletions (B), and double 
deletions (C) in malaria-
hyperendemic region, South 
Sudan. Panels A, C, and E 
indicate uncomplicated malaria; 
panels B, D, and F, severe 
malaria. The models combined 
2 continuous variables: age 
of the patient, represented 
with different colors, and total 
MOI, represented in x-axis, 
with the binary response 
variable (presence of deletion). 
Probability of deletion (y-axis) 
was considered a binary 
outcome variable. The quality 
of the model was evaluated 
by the likelihood ratio method. 
The model was significant (p 
value<0.01) for pfhrp2 and 
pfhrp3 deletion and pfhrp2 and 
pfhrp3 double deletion. Each 
dot represents 1 sample. MOI, 
multiplicity of infection.
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could be another way that age, disease severity, and 
deletion risk interact, because milder disease has 
previously been associated with pfhrp2 deletion (14) 
and persons acquire immunity against P. falciparum 
as they age (13). In this area, our cohort breaks with 
consensus, finding deletions more commonly in com-
plicated malaria patients. We believe this difference 
might reflect the difficulties of diagnosing febrile dis-
ease in South Sudan, where the signs of severe ma-
laria might be caused by other undetected infections.

Sample collection in this study occurred at the 
end of the high-intensity malaria transmission sea-
son, when potentially high parasitic diversity but low 
prevalence could favor spread of gene-deleted organ-
isms, making deletions easier to detect (14). When in-
terpreting pfhrp2 deletion surveillance, the transmis-
sion period should be considered (9,15).

This study was limited because it was a second-
ary analysis of a study of molecular markers of an-
timalarial drug resistance and did not follow WHO 
protocols for pfhrp2 and pfhrp3 deletion surveillance. 
Consequently, the precise prevalence of pfhrp2 and 
pfhrp3 gene deletions causing false-negative results 
on RDTs in South Sudan was not generated to assess 
whether it is within the 5% threshold established by 
WHO (2). We also exclusively used pan p-LDH RDT–
positive samples, preventing us from evaluating the 
effects of deletions on malaria diagnoses.

Conclusions
Characterizing pfhrp2 and pfhrp3 deletions is critical to 
designing effective public health strategies for malaria 
control. This study describes these deletions in a clini-
cal cohort in a country with little previous endemic 
evidence of pfhrp2 and pfhrp3 deletion. Monoclonal 
infections were a principal predictor of deletions. We 
identified high levels of single and double deletions 
of pfhrp2 and pfhrp3, which if more widely present in 
this or other regions of South Sudan, could s eriously 
jeopardize HRP2-based RDT effectiveness moving 
forward. Future studies should be designed accord-
ing to WHO protocol to produce precise estimates to 
measure the risk those deletions pose in South Sudan. 
Local variation in prevalence suggests the potential for 
deletion hotspots within the country and should be 
considered when designing malaria control strategies. 
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Dengue is a mosquitoborne viral infection found 
across much of the tropical and subtropical world. 

Most infections are asymptomatic or paucisymptom-
atic. Acute symptoms range from an influenza-like 
self-limited febrile illness to, in a small proportion of 
cases, severe and complicated disease that can prove 
fatal (1). In total, 4 dengue viral serotypes (DENV-1–4) 
exist; severe disease rarely occurs during the first ex-
posure to any serotype (i.e., a primary infection) but 
is more likely to occur during a subsequent infection 
with a different serotype (i.e., a secondary infection).

The symptoms of acute dengue are generally un-
derstood to resolve after 1–2 weeks, but the potential 
for persistent or delayed symptoms has received in-
creasing attention in recent years. However, few for-
mal studies have been published, and these studies 
have reported a range of symptoms and frequencies 

(2–8). A recent review summarizing this literature 
showed a substantial proportion of persons experi-
enced some kind of postacute symptoms; the propor-
tion decreased over time after infection (9), and 24% 
reported notable fatigue (4). 

The Study
We report on postinfectious symptoms in 247 pre-
dominantly pediatric patients from Vietnam 3 
months after an acute febrile illness; 200 of them had 
dengue (Appendix, https://wwwnc.cdc.gov/EID/
article/29/1/22-0838-App1.pdf). After acute dengue, 
we observed a broad spectrum of postviral symptoms 
ranging from fatigue, joint pain, and muscle pain to 
vision problems and hair loss (Table). We report ≈8% 
patients experienced fatigue, consistent with a study 
in Singapore reporting 9% (3), but lower than the 24% 
in another Singapore study (2) and the 28% reported 
from Cuba (4). The Cuba study also reported head-
aches in 15% of patients compared with our estimate 
of 4%, whereas a recent study of 79 dengue-infected 
persons in Mexico indicated that 38% reported head-
aches in the second week after onset of fever, which 
dropped to 8% at 6–8 months (10). Our estimate of 
47% of persons experiencing >1 symptom is higher 
than the 8.5% observed in Peru (8) but lower than the 
65% experiencing >1 persistent symptom observed in 
Brazil (6). In general, the sample sizes were small in 
all studies, and the study methods or timeframes after 
infection differed.

Symptoms have previously been associated with 
older age, but in our study the only symptom ob-
served to be more likely in adults than children was 
joint pain (Appendix Table 2). Other studies have 
noted a higher frequency of symptoms in female than 
male patients (2,5,6,8). We noted this difference for 
alopecia and joint pain only; few men (3%) experi-
enced either of these symptoms compared with ≈30% 
of women (Appendix Table 3). As for most other 
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We assessed predominantly pediatric patients in Vietnam 
with dengue and other febrile illness 3 months after acute 
illness. Among dengue patients, 47% reported >1 post-
acute symptom. Most resolved by 3 months, but alopecia 
and vision problems often persisted. Our findings provide 
additional evidence on postacute dengue burden and 
confirm children are affected.



Postinfectious Symptoms after Dengue, Vietnam

studies assessing the relationship between postinfec-
tious symptoms and disease severity (2,5), we did not 
observe any relationship between symptoms after 
infection and disease severity during acute infection 
(Appendix Table 4). The numbers were small, but our 
study indicated worse symptoms (loss of appetite, 
blurred vision, and concentration problems) might 
be more likely after DENV-3 infection than infection 
with other serotypes (Appendix Table 4). This sug-
gestion remained after controlling for disease severity 
and primary or secondary infection. Whether post-
acute symptoms vary by serotype is a possible line of 
future study.

The alopecia we report in our study (25/200 
[13%] in dengue vs. 2/47 [4%] in other febrile illness 
[OFI]) has been observed previously, at a much lower 
rate in 1 study in Brazil (7) and at a similar rate in a 
recent study from Mexico (10). Alopecia after dengue 
has been noted in 1 case report (11). We identified alo-
pecia in our study only in the category of other symp-
toms, and it was reported by patients without specific 
prompting, so this result is striking. Vision problems 
associated with dengue have previously been report-
ed but mainly during the acute phase or soon after-
wards (12,13). In our study, we saw that these symp-
toms can persist for several months or start much 
later after infection (Appendix Table 6), which was 
also seen in the recent study in Mexico (10). We found 
no association between specific symptoms during 
acute infection and afterwards (Appendix Table 5).

For many of the symptoms we report, occurrence 
rates were similar in the dengue and OFI groups 
(Table). Although the OFI group was relatively small 
and we do not have specific diagnoses for these per-
sons, the data suggest that the late effects of dengue 
are not dissimilar to those experienced after other 

acute febrile illnesses. Our enrollment criteria and the 
fact that most patients recovered without additional 
therapy suggest a likely viral etiology; the pathogens 
causing disease in the control groups are likely to be 
quite variable between geographic locations, possibly 
explaining our lower rate of postacute consequences 
in the dengue group compared with the OFI groups 
in other studies (3,8).

Another potentially interesting observation was 
the lower rate of other illnesses experienced after the 
initial acute episode in the dengue group compared 
with the control group (33/200 [16.5%] vs. 14/47 
[30%]) (Table). This lower rate might suggest some 
nonspecific immune modulation after dengue that 
is protective, or the rate in the other group could be 
higher than usual because of an effect of the other fe-
brile illnesses.

Conclusions
Understanding the burden of postacute symptoms is 
key to calculating the overall disease burden of den-
gue (14). A recent review estimated that the economic 
cost of persistent symptoms after dengue in Mexico 
alone was US $22.6 million (2012 prices) (9). In those 
estimates, the authors assumed symptoms were only 
experienced in adults because they saw an increase 
in the proportion of persons experiencing symptoms 
with age. We clearly show that children also experi-
ence postacute symptoms. In countries such as Viet-
nam, where much of the acute disease occurs in chil-
dren, including postacute consequences in this group 
might change burden estimates considerably. In the 
Global Burden of Disease 2013 Study, 44% of the es-
timated total number of disability-adjusted life-years 
(DALYs) lost because of dengue was attributed to 
persistent symptoms (15). In recent Global Burden of 
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Table. Number and percentage estimates of persons experiencing postacute symptoms after dengue or other febrile illness during the 
3-month follow-up period, Vietnam 

Symptom 
Other febrile illness, n = 47  Dengue, n = 200 

No. % (95% CI) No. % (95% CI) 
Alopecia 2 4.3 (0.5–14.5)  25 12.5 (8.3–17.9) 
Tiredness 4 8.5 (2.4–20.4)  17 8.5 (5.0–13.3) 
Resumed daily activities 47 100 (92.5–100)  200 100 (98.2–100) 
Headaches 3 6.4 (1.3–17.5)  6 3.0 (1.1–6.4) 
Muscle pain 0 0 (0.0–7.6)  3 1.5 (0.3–4.3) 
Joint pain 2 4.3 (0.5–14.5)  3 1.5 (0.3–4.2) 
Loss of appetite 2 4.3 (0.5–14.5)  3 1.5 (0.3–4.3) 
Blurred vision 9 19.1 (9.2–33.3)  22 11.1 (7.0–16.2) 
Rash 3 6.4 (1.3–17.5)  21 10.5 (6.6–15.6) 
Sleep problem 2 4.3 (0.5–14.5)  9 4.5 (2.1–8.4) 
Concentration problem 6 12.3 (4.8–25.7)  19 9.5 (5.8–14.4) 
Little interest 1 2.1 (0.1–11.3)  1 0.5 (0.0–2.8) 
Depressed 0 0 (0.0–7.6)  0 0 (0.0–1.8) 
Other problems, including alopecia 3 6.4 (1.3–17.5)  32 16.0 (11.2–21.8) 
Any symptom 22 47 (32.0–62.0)  92 46 (39.0–53.0) 
Other acute illness 14 29.8 (17.3–44.9)  33 16.5 (11.6–22.4) 
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Disease estimates, 8.5% of cases are assumed to expe-
rience acute consequences and are given a disability 
weight for chronic fatigue lasting for 6 months. In the 
context of our results, 8.5% might be a fairly realistic 
estimate; however, 100% of our patients had returned 
to work or normal daily life by 3 months postinfec-
tion. How accurately the infectious disease–postacute 
consequences disability weight currently being used 
represents the severity of postacute consequences 
is uncertain. We also observed that most symptoms 
lasted <1 month, suggesting 6 months is an overes-
timate of the duration of postacute consequences for 
this setting. This observation highlights the need for 
further research in this area because such burden cal-
culations can influence public health priority-setting 
and funding decisions.

In summary, we have provided estimates of the 
proportion of dengue infections, mainly in children, 
that result in longer-term symptoms in a population 
in Vietnam. In addition to previously observed tired-
ness and joint pain, we have provided evidence for 
2 longer-term symptoms, hair loss and vision prob-
lems. Further work in other settings should assess 
whether these symptoms are seen elsewhere. We also 
provide evidence that children experience long-term 
symptoms after dengue. This work is informative to 
the estimates of the burden of dengue and suggests 
additional information about the likely recovery path 
that could be given to patients when discharged after 
acute dengue.
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Flaviviruses have been major emerging zoonotic
pathogens in Africa within the past decade (1). In 

South Africa, West Nile virus (WNV) is the main fla-
vivirus detected in animals and humans (2,3). Several 
other lesser-known flaviviruses were first described 
in South Africa but are understudied and potentially 
underreported, including Wesselsbron, Usutu, and 
Banzi (BANV) viruses (4). In South Africa, mosquito 
surveillance is not routinely performed and studies 
on flavivirus ecology are outdated (5). In this study, 
we aimed to update flavivirus vector epidemiology 
in northeastern provinces of South Africa through a 
large-scale ecologic survey.

The Study
We selected 15 sites (4 sentinel sites, 11 ad hoc sites) 
across 5 provinces in South Africa for mosquito col-
lection according to recent cases of arboviral disease 
in humans and animals (2,3) (Figure 1). We estab-
lished sentinel sites in Boschkop and Kyalami, both 
located in the Gauteng province (periurban sites), 
and Lapalala and Marakele, both located in the Lim-

popo province (conservation sites); collections were 
performed during 2011–2018 (Table 1). Opportunis-
tic supplementary collections occurred at 10 ad hoc 
sites during 2015–2018 spanning 3 additional prov-
inces that included urban, periurban, and conserva-
tion sites. We performed additional ad hoc collec-
tions during March–April 2017 in and around Kruger 
National Park (KNP) located within Limpopo and 
Mpumalanga provinces (periurban/conservation 
sites) (6). The methodologies for mosquito collection, 
identification, pooling, processing, flavivirus screen-
ing, and COX1 gene sequencing have been previously 
described (7). To focus on months from midsummer 
to autumn in South Africa, when availability of mos-
quito breeding sites and vectorial capacity increases 
because of warmer and wetter weather conditions (8), 
we only screened mosquitoes collected during Janu-
ary–June. To submit sequences to GenBank, we gen-
erated NS5 gene fragments >200 bp by using hemin-
ested PCR with 0.4 µmol/L each of forward primer 
(FU1, 5′-TACAACATGGGAAAGAGAGAA-3′) and 
reverse primer (CFD2, 5′-GTGTCCCAGCCGGCG-
GTGTCATCAGC-3′) and Platinum Taq DNA Poly-
merase (Thermo Fisher Scientific, https://www.
thermofisher.com). For WNV positive pools, we per-
formed reverse transcription PCR to amplify a 1,525 
bp fragment of the WNV envelope protein gene for 
phylogenetic analysis (Appendix Table, https://
wwwnc.cdc.gov/EID/article/29/1/22-0036-App1.
pdf). We calculated the mosquito minimum infec-
tion rate (MIR) per site by using a standard formula: 
(number of positive pools/total number of individu-
al mosquitoes tested) × 1000.

We collected a total of 66,299 mosquitoes belong-
ing to 11 genera across 5 provinces in South Africa 
during 2011–2018 (Table 1; Appendix Figure 1). From 
those, we divided 40,731 female mosquitoes into 1,471 
pools based on morphology, focusing on only 4 genera 
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We collected >40,000 mosquitoes from 5 provinces in 
South Africa during 2011–2018 and screened for zoonot-
ic flaviviruses. We detected West Nile virus in mosqui-
toes from conservation and periurban sites and potential 
new mosquito vectors; Banzi virus was rare. Our results 
suggest flavivirus transmission risks are increasing in 
South Africa.



West Nile and Banzi Viruses, South Africa

(Culex, Mansonia, Anopheles, and Aedes) and screened 
for flaviviruses. We detected WNV in 16 (1.09%) and 
BANV in 2 (0.14%) pools. We did not detect other zoo-
notic flaviviruses; however, insect-specific flaviviruses 
were detected and described elsewhere (7). WNV out-
breaks can be expected once the MIR rises above 1 (9). 
We observed the highest MIRs in Kyalami (periurban 
site, MIR = 2.53), KNP (periurban/conservation site, 
MIR = 1.22), and Lapalala (conservation site, MIR = 
1.01) (Table 2). Therefore, we identified those areas as 
higher risk sites for WNV outbreaks in humans and an-
imals. These results correlated with areas where Culex 
spp. mosquitoes were the most abundant and where 
WNV cases were previously reported in humans and 
animals in South Africa (3,10).

Only 11 of 16 WNV-positive pools had partial NS5 
gene sequences of sufficient quality to perform max-
imum-likelihood analysis; we confirmed all 11 pools 
were WNV and also confirmed 2 BANV-positive pools 
(Figure 2; bootstrap value = 100 for both viruses). We 
observed high nucleotide similarity (94.62%–100.00%) 
between the identified WNV NS5 gene sequences and 
those from previously identified, highly neuroinvasive 
strains from South Africa isolated from either equines 
or humans. We successfully amplified the 1,525 nt re-
gion of the envelope protein gene for 5 of 16 WNV-
positive pools (Appendix Figure 2).

We performed COX1 gene sequencing for 9 of 
16 WNV-positive pools and confirmed morphologic 
identification of those mosquitoes as Cx. univittatus 

except for 1 pool collected in KNP that was identi-
fied by sequencing as Cx. perexiguus (Table 2; Ap-
pendix Figure 3), a mosquito species not known to 
be present in South Africa (11). This 1 pool might 
have contained a mix of both species, but Sanger se-
quencing was unable to distinguish between the 2 
species. In addition, the COX1 reference sequences 
for Cx. perexiguus mosquitoes obtained from online 
databases may not be accurate because this species 
has not been identified in South Africa. Recently, 
COX1 gene amplification using universal primers 
followed by next-generation sequencing was shown 
to distinguish between species in mixed pools (12) 
and might be useful in future studies to resolve this 
ambiguity. Further studies are necessary to clarify 
the status of the Cx. perexiguus mosquitoes in South 
Africa. Most of the WNV-positive pools consisted 
of Cx. univittatus, Cx. pipiens s.l., and Cx. theileri 
mosquitoes, which we collected in high abundance. 
This result reiterates the importance of these spe-
cies as WNV vectors in South Africa (5). We identi-
fied Cx. simpsoni, Cx. bitaeniorhynchus, An. gambiae 
sensu lato, and Cx. poicilipes mosquitoes, none of 
which have been previously associated with WNV 
in South Africa, as new potential vectors for WNV 
by using COX1 gene sequencing (4). Globally,  
from this list of species, only Cx. poicilipes mosqui-
toes from Senegal were found to be infected with 
WNV (13). Experimental studies have shown that 
the Cx. bitaeniorhynchus mosquito is a likely vector 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023 165

Figure 1. Sentinel and ad hoc mosquito collection sites across the northeastern region of South Africa in survey of West Nile and Banzi 
viruses in mosquitoes, South Africa, 2011–2018. Collection sites were selected according to recent cases of arboviral disease in humans 
and animals. Asterisks in the color-coded figure legend indicate sites where flaviviruses were identified in mosquitoes.
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for WNV because this species was able to success-
fully transmit WNV (14). We were unable to ge-
netically characterize the remaining 7 of 16 pools  

because of insufficient material for DNA extraction; 
we identified mosquitoes in those pools by mor-
phologic characteristics.

166 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023

 
Table 1. Total number of mosquitoes collected across sentinel and ad hoc sites in survey of West Nile and Banzi viruses in 
mosquitoes in South Africa during 2011–2018 

Site Site type Province Region type Coordinates 

No. 
mosquitoes 

collected 
No. trapping 

events 

Mean no. 
mosquitoes/trappi

ng event 
Boschkop Sentinel Gauteng Peri-urban −25.82786, 

28.42047 
4,790 353 12 

Kyalami Sentinel Gauteng Peri-urban −25.99183, 
28.02947 

8,736 338 26 

Lapalala Sentinel Limpopo Conservation −23.88458, 
28.26953 

16,675 568 29 

Marakele Sentinel Limpopo Conservation −24.29364, 
27.50325 

13,347 487 24 

Total nos., sentinel sites 43,548 1,746 23 
Benoni Ad hoc Gauteng Peri-urban −26.10611, 

28.36689 
1,191 31 38 

Jozini Ad hoc KwaZulu-Natal Rural −27.41258, 
32.20647 

10,954 47 233 

Kruger National 
Park 

Ad hoc Limpopo, 
Mpumalanga 

Conservation, 
peri-urban 

−25.35384, 
31.79936 

2,440 30 58 

Matikwane Ad hoc Mpumalanga Urban −24.98545, 
31.236342 

615 9 68 

Mnisi Ad hoc Mpumalanga Rural −24.48206, 
31.38583 

5,549 171 32 

Pretoria north Ad hoc Gauteng Urban −25.68663, 
28.15895 

219 23 12 

Roodeplaat Ad hoc Gauteng Peri-urban −25.62075, 
28.37136 

298 15 20 

Shingwedzi Ad hoc Limpopo Conservation −23.10819, 
31.43628 

457 13 35 

Skukuza Ad hoc Mpumalanga Conservation −24.99633, 
31.59189 

482 15 32 

Southern African 
Wildlife College 

Ad hoc Mpumalanga Conservation −24.53886, 
31.33369 

56 9 15 

Vulpro Ad hoc Northwest Peri-urban −25.7112, 
27.95322 

490 12 41 

Total nos., ad hoc sites 22,751 375 53 

 

 
Table 2. Detection of flaviviruses and their associated potential mosquito vectors in survey of West Nile and Banzi viruses in 
mosquitoes, South Africa, 2011–2018* 
Site Virus  Positive pool ID No. mosquitoes†  Morphologic ID‡ Molecular ID§ MIR 
Boschkop WNV GAU11MP26 2 Culex pipiens sensu lato Not done 0.72 

WNV GAU17MP72 33 Cx. univittatus Cx. univittatus 
Kruger National 
Park 

WNV KNP17MP714 4 Cx. simpsoni Cx. simpsoni 1.23 
WNV KNP17MP718 36 Cx. univittatus Cx perexiguus 
WNV KNP17MP720 1 Cx. bitaeniorhynchus Cx. bitaeniorhynchus 

Kyalami WNV KYA11MP11 14 Cx. univittatus Not done 2.53 
WNV KYA11MP13 10 Cx. pipiens s.l. Not done 
WNV KYA14MP133 10 Cx. univittatus Cx. univittatus 
WNV KYA14MP134 19 Cx. univittatus Cx. univittatus 
WNV KYA14MP115 5 Cx. theileri Cx. theileri 

Lapalala WNV LAP13LP71 44 Anopheles spp. Not done 1.01 
WNV LAP13LP28 50 Anopheles spp. Not done 
WNV LAP13LP22 50 Aedes spp. Not done 
WNV LAP14MP394 2 Cx. univittatus Cx. univittatus 

Marakele WNV MAR13MP77 50 Cx. poicilipes Not done 0.33 
WNV MAR15MP18 1 An. gambiae s.l. An. gambiae s.l. 

Lapalala BANV LAP13MP25 49 Cx. spp. Cx. rubinotus 0.83 
BANV LAP13MP26 50 Cx. spp. Cx. annulioris 

*BANV, Banzi virus; ID, identification; MIR, minimum infection rate; WNV, West Nile virus. 
†Number of mosquitoes in each positive pool. 
‡Species of mosquito identified by morphologic characteristics. 
§Species of mosquito identified by sequencing the COX1 gene. 
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Figure 2. Phylogenetic analysis of flaviviruses using NS5 gene sequences in survey of West Nile and Banzi viruses in mosquitoes, South 
Africa, 2011–2018. Maximum likelihood analysis was used to identify flaviviruses found in mosquitoes after partial sequencing of the 
flavivirus NS5 gene region (226 nt, Kimura 2-parameter model plus gamma distribution plus proportion of invariable sites). Sequence data 
were edited by using CLC Main Workbench version 8.0.1 (QIAGEN, https://www.qiagen.com). Reference genomes were downloaded 
from GenBank. Multiple sequence alignments were created by using MAFFT (http://mafft.cbrc.jp/alignment/server/index.html) with default 
parameters. Phylogenetic analysis was performed by using MEGA X software (MEGA, https://www.megasoftware.net) with bootstrap 
support for network groupings calculated from 1,000 replicates. Bootstrap values (>70%) are displayed on branches. GenBank accession 
numbers for newly sequenced virus strains: OL411950 (KYA11MP13 isolate), OL411951 (GAU11MP26 isolate), OL411952 (KYA14MP133 
isolate), OL411953 (KYA14MP134 isolate), OL411954 (LAP14MP394 isolate), OL411955 (MAR15MP18 isolate), OL411956 (LAP13MP22 
isolate), OL411957 (KNP17MP714 isolate), OL411958 (KNP17MP720 isolate), OL411959 (KNP17MP718 isolate), OL411960 (KYA11MP11 
isolate), OL411961 (LAP13MP25 isolate), and OL411962 (LAP13MP26 isolate). Solid black triangles are new viral sequences that were 
detected in mosquitoes in this study. Scale bar indicates nucleotide substitutions per site.
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Detection of BANV in mosquito pools in South 
Africa has not been described since the late 1970s (15), 
and a lack of surveillance raises the question regard-
ing the true incidence of this virus. Only the Cx. ru-
binotus mosquito is recognized as a vector for BANV 
(15). Despite unclear morphologic identification, we 
identified Cx. rubinotus and Cx. annulioris mosquitoes 
in the 2 BANV-positive pools through COX1 gene se-
quencing (Table 2; Appendix Figure 3), which should 
be investigated further to confirm vector status.

Conclusions
The first limitation of our study is that we did not 
separate voucher specimens for mosquito species 
from the pools before homogenization. A voucher 
specimen is a mosquito species that is preserved and 
serves as a reference used to document identity. Sec-
ond, identifications of mosquito species not previ-
ously associated with WNV infection are preliminary 
findings, and further investigation of vector compe-
tency is required.

Mosquito surveillance is not routinely performed 
for arboviruses in South Africa, and most studies were 
performed 40 years ago (5). In this study, 5 provinces 
were targeted for mosquito surveillance over a 7-year 
period. These investigations revealed a wide range of 
new potential vectors that require further investiga-
tion. Both WNV and BANV were identified in mos-
quitoes in periurban and conservation areas at the 
animal/human interface in South Africa, suggesting 
increasing circulation potential for those viruses be-
tween humans, wildlife, domestic animals, and avian 
species that are common in those areas. 
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Since 2014, highly pathogenic avian influenza vi-
ruses (HPAIVs) with H5 hemagglutinin (HA) 

genes grouped in the genetic clade 2.3.4.4 have spread 
globally causing severe outbreaks in Africa, Europe, 
Asia, and most recently, North America (1). These vi-
ruses cause devastating outbreaks in poultry, rapidly 
evolve, and continuously reassort with other avian 
influenza viruses (AIVs), posing a threat to food secu-
rity in many parts of the world and substantial zoo-
notic infection risk.

The Study
Since 2017, the Institut Pasteur du Cambodge and 
National Animal Health and Production Research 

Institute in Cambodia have partnered with the Food 
and Agriculture Organization of the United Nations 
to enhance ongoing longitudinal AIV surveillance 
in live bird markets and poultry storage facilities 
throughout Cambodia. This active surveillance re-
veals high levels of AIV circulation with ≈30%–50% of 
ducks and ≈20%–40% of chickens testing positive for 
various influenza A subtypes. Most detected HPAIVs 
were H5N1 HA clade 1 viruses during 2005–2014 and 
H5N1 HA clade 2.3.2.1c viruses since 2014; H5N6 
clades 2.3.4.4g and 2.3.4.4h were detected sporadi-
cally during 2018–2020 (Appendix 1 Table 1, https://
wwwnc.cdc.gov/EID/article/29/1/22-0934-App1.
pdf). Other subtypes also circulate, including novel 
H7Nx low pathogenicity avian influenza viruses 
(LPAIVs) (2,3).

During active surveillance of live bird markets 
(National Ethics Committee for Health Research Ap-
proval no. 149/NECHR/2020) in late 2021, domestic 
ducks (Anas platyrhynchos) at Orussey (Phnom Penh, 
n = 1), Takmao (Kandal, n = 2), Chba Ampov (Phnom 
Penh, n = 1), and Takeo (Takeo, n = 1) tested positive 
for HPAIV H5 HA but negative for neuraminidase 
(NA) subtype N1 by real time reverse transcription 
PCR (RT-PCR). We determined these samples were 
the H5N8 subtype after further RT-PCR analysis (Ap-
pendix 1). Positive samples originated from Orussey 
and Chba Ampov markets during week 37, Takmao 
market during week 41, and Takeo market during 
week 46 of 2021 (Figure 1). Full genome sequencing 
on a GridION instrument (Oxford Nanopore Tech-
nologies, https://www.nanoporetech.com) con-
firmed these samples were HPAIV H5N8 and H5 HA 
clade 2.3.4.4b (4).

All H5N8 HA sequences from Cambodia en-
coded proteins with 2-4 amino acid differences  

Detection of Clade 2.3.4.4b  
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Virus in Cambodia, 2021

Kimberly M. Edwards, Jurre Y. Siegers, Xiaoman Wei, Ammar Aziz, Yi-Mo Deng, Sokhoun Yann,  
Chan Bun, Seng Bunnary, Leonard Izzard, Makara Hak, Peter Thielen, Sothyra Tum, Frank Wong,  
Nicola S. Lewis, Joe James, Filip Claes, Ian G. Barr, Vijaykrishna Dhanasekaran,1 Erik A Karlsson1

170 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023

DISPATCHES

Author affiliations: University of Hong Kong, Hong Kong, China 
(K.M. Edwards, X. Wei, V. Dhanasekaran); Institut Pasteur du 
Cambodge, Phnom Penh, Cambodia (J.Y. Siegers, S. Yann,  
E.A. Karlsson); Peter Doherty Institute for Infection and Immunity, 
Melbourne, Victoria, Australia (A. Aziz, Y.-M. Deng, I.G. Barr); 
National Animal Health and Production Research Institute, Phnom 
Penh (C. Bun, S. Bunnary, S. Tum); Australian Center for Disease 
Preparedness, Geelong, Victoria, Australia (L. Izzard, F. Wong); 
Food and Agriculture Organization of the United Nations, Phnom 
Penh (M. Hak); Johns Hopkins University, Baltimore, Maryland, 
USA (P. Theilen); Royal Veterinary College, London, UK (N.S. 
Lewis, J. James); OIE/FAO International Reference Laboratory  
for Avian Influenza, Swine influenza and Newcastle Disease, Wey-
bridge, UK (N.S. Lewis); Food and Agriculture Organization  
of the United Nations, Bangkok, Thailand (F. Claes)

DOI: https://doi.org/10.3201/eid2901.220934
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Clade 2.3.4.4b Avian Influenza A Virus, Cambodia

relative to the clade 2.3.4.4b candidate vaccine strain 
A/Astrakhan/3212/2020(H5N8) (Table 1). HA muta-
tions T192I and H276N (according to the H3 number-
ing system) were shared across all H5N8 HA proteins, 
whereas A188V occurred in 2 sequences, and E273K, 
T312S, and I339K each occurred only once. Those 
mutations did not correlate with previously reported 
phenotypic traits. Consistent with other clade 2.3.4.4b 
HA proteins, H5N8 viruses from Cambodia retained 
the HPAIV cleavage site motif, REKRRKR|GLF. 
The NA sequences did not contain stalk deletions or 
markers of antiviral drug resistance. However, other 
genes encoded amino acid residues associated with 
increased replication capacity and mammalian patho-
genicity, including V89, V292, D309, R389, and T598 
in PB2; G622 in PB1; D30, M43, and A215 in M1; and 
S42 and M106 in NS proteins (5).

We performed hemagglutination inhibition 
assays to assess potential cross-reactivity among 
the 2.3.4.4b viruses isolated from ducks in Cam-
bodia by using 2 key reference viruses: A/Astra-
khan/3212/2020, the recommended candidate 
vaccine virus for clade 2.3.4.4.b; and A/domes-
tic_duck/England/074477/2021, a recently iden-
tified clade 2.3.4.4b virus from poultry associated 
with human infection in the United Kingdom (6). 
H5N8 viruses from Cambodia with V188, I192 and 
N276 in HA showed good recognition by antiserum 
raised against A/Astrakhan/3212/2020. However, 
A/duck/Cambodia/f1PPOreu241D3/2021 (with 
I192 and N276, and K339 in HA) and A/duck/
Cambodia/f6T241D4/2021 (with I192, K273, N276, 
S312 in HA) showed reduced recognition by the an-
tiserum (Table 2).
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Figure 1. Location of live 
bird markets where highly 
pathogenic clade 2.3.4.4b avian 
influenza A(H5N8) viruses were 
detected in Cambodia during 
2018–2021. The map shows 
where both H5N6 and H5N8 
subtypes of avian influenza A 
were detected.

 
Table 1. Amino acid mutations in hemagglutinin relative to the reference strain A/Astrakhan/3212/2020 in clade 2.3.4.4b avian 
influenza A(H5N8) viruses detected in Cambodia, 2021* 

H5 clade 2.3.4.4b strain 
HA amino acid position† 

188 192 273 276 312 339 
A/Astrakhan/3212/2020 (CVV)‡ A T E H N I 
A/duck/Cambodia/f6T241D4/2021  I K N S  
A/duck/Cambodia/f4K241D3_C/2021 V I  N   
A/duck/Cambodia/f4K241D4/2021 V I  N   
A/duck/Cambodia/f1PPOreu241D3_C/2021  I  N  K 
A/duck/Cambodia/f1PPChba241D6/2021  I  N   
*Blank cells indicate no mutation. HA, hemagglutinin. 
†Amino acids were numbered according to the hemagglutinin H3 numbering system.  
‡Candidate vaccine virus reference strain (GISAID accession no. EPI_ISL_1038924; https://www.gisaid.org). 
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The H5N8 viruses from Cambodia shared 
>95.7% nucleotide sequence homology across their 
genomes and formed distinct monophyletic lineages 

in maximum-likelihood phylogenies of several genes 
(bootstrap support was 100%, except for the ma-
trix protein gene, which was 89%; Appendix Figure 
1), implying circulation of a single virus strain >10 
weeks from September to November 2021. The H5 
HA gene was likely derived from H5N8 viruses that 
have caused widespread outbreaks in poultry and 
wild birds across Eurasia since early 2020 (7) (Fig-
ure 2). N8 NA gene segments were closest to that 
of HPAIV H5N8 detected in wild and domestic wa-
terfowl in China and Korea during 2020–21, sharing 
most recent ancestry with NA of A/Cygnus_colum-
bianus/Hubei/116/2020(H5N8) that was collected 
in November 2020 (Appendix Figure 1). Both the HA 
and MP gene segments were most closely related to  
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Table 2. Hemagglutination inhibition titers of isolated virus strains 
in study of clade 2.3.4.4b avian influenza A(H5N8) virus detected 
in Cambodia, 2021* 
Strain Titer 
A/duck/Cambodia/f1PPOreu241D3/2021 40 
A/duck/Cambodia/f4K241D4/2021 80 
A/duck/Cambodia/f4K241D3/2021 80 
A/duck/Cambodia/f6T241D4/2021 40 
A/domestic_duck/England/074477/2021 80 
A/Astrakhan/3212/2020/2020 (CVV)† 160 
*Hemagglutination inhibition titer using ferret antiserum against the 
reference virus strain A/Astrakhan/3212/2020. 
†Candidate vaccine virus reference strain (GISAID accession no. 
EPI_ISL_1038924; https://www.gisaid.org). 

 

Figure 2. Phylogenetic analysis of the hemagglutinin genes of clade 2.3.4.4 avian influenza A(H5N8) viruses detected in Cambodia. 
Whole-genome sequencing of isolated viruses was performed and phylogenies were constructed using the maximum-likelihood method. 
A) Subclades of H5Nx clade 2.3.4.4. Recent isolates from Cambodia are shown in red, purple, and blue shaded boxes. B) Phylogeny of 
avian influenza A(H5N8) clade 2.3.4.4b isolates. Recent isolates from Cambodia are in red font and amino acid mutations are indicated 
at select nodes. Candidate vaccine viruses used as reference viruses are in bold font. Closed circles indicate cases of human infection 
with avian H5Nx viruses. Scale bars indicate nucleotide substitutions per site.
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A/brown-headed gull/Tibet/1–1/2021(H5N8), col-
lected in May 2021 (Figure 2, panel B; Appendix Fig-
ure 1). In contrast, the other gene segments encoding 
internal virus proteins were derived from LPAIV 
(Appendix Figure 1). PB2 and PB1 genes shared com-
mon ancestry with LPAIV detected in ducks in Viet-
nam in 2020. PA and NP genes shared recent common 
ancestry with LPAIV isolated in 2019 from wild ducks 
in Korea (PA gene) and China (NP gene). The NS 
protein gene was most similar to that of LPAIV from 
ducks in China in 2018. Overall, HPAIV H5Nx clade 
2.3.4.4b showed evidence of extensive genetic reas-
sortment with LPAIV found in wild waterfowl, which 
frequently spillover to and from domestic poultry.

In addition to various LPAIVs, multiple H5 sub-
types and clades circulate in Cambodia (Appendix 
Table 1). H5N1 clade 2.3.2.1c viruses are detected 
regularly. H5N6 clade 2.3.4.4g viruses were found in 
Takeo and Orussey markets in chickens in 2019 and 
ducks in 2020, and H5N6 clade 2.3.4.4h viruses were 
detected sporadically in Kampot province in late 2018, 
Takeo province during 2019–2020, and Phnom Penh 
in 2020 (Figures 1, 2; Appendix Figures 2–5). There-
fore, detection of H5N8 clade 2.3.4.4b viruses in these 
same markets is a major concern because further reas-
sortment might occur. Since 2018, outbreaks of reas-
sorted HPAIV H5Nx clade 2.3.4.4b with NA subtypes 
N8, N6, N1, N3, and N5 have increased in frequency 
(8). These viruses have disseminated intercontinen-
tally across migratory flyways and regionally via 
poultry trade, often causing considerable economic 
losses. In 2021, H5Nx clade 2.3.4.4b viruses caused 
severe outbreaks in Europe, Africa, and Asia, particu-
larly in wild birds in western China and in domestic 
poultry in Vietnam (9). Since January 2022, HPAIV 
H5N1 clade 2.3.4.4b has been detected in waterfowl, 
birds of prey, and poultry across North America (10).

H5Nx clade 2.3.4.4b viruses also pose a zoonotic 
risk to humans and other species. In February 2021, 
a total of 7 cases of asymptomatic human infections 
with HPAIV H5N8 clade 2.3.4.4b were reported in 
poultry farm workers in Russia following a poultry 
outbreak (11). H5N6 clade 2.3.4.4 viruses have caused 
79 human infection cases (including 33 cases in 2021) 
in China with ≈32 deaths since 2014 and 1 case in Laos 
(12), and 3 cases of H5Nx were reported in Nigeria 
(9). HPAIV H5Nx clade 2.3.4.4 viruses have also been 
detected in domestic cats in China and Korea (1) and 
red foxes in The Netherlands (1), and serologic evi-
dence exists for infection in swine (13). More recently, 
HPAIV H5N1 clade 2.3.4.4b containing HA genes 
closely related to A/Astrakhan/3212/2020 have 
caused human infections in the United Kingdom (14) 

and United States (15). HPAIV H5N1 clade 2.3.3.4b 
has not been detected in Cambodia.

Conclusions
Because of the global spread, economic impact, and 
zoonotic potential of HPAIV clade 2.3.4.4b viruses, 
active, longitudinal surveillance in live bird mar-
kets must be maintained in Cambodia, the Greater 
Mekong Subregion, and globally to monitor further 
introduction and reassortment events. In addition, 
surveillance of influenza-like illness needs to be main-
tained among persons in close contact with infected 
or deceased poultry. To combat the spread of HPAIV 
in Cambodia and other countries, viral monitoring, 
biosafety, and biosecurity efforts should be bolstered 
along the poultry value chain. Early warning and rap-
id control will limit infections at the animal–human 
interface to reduce potential pandemic risk.
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Human granulocytic anaplasmosis (HGA) is a 
tickborne infection caused by the intracellular 

bacterium Anaplasma phagocytophilum (1), an emerging 
pathogen in North America (2–5). HGA can manifest 
as a subclinical infection; however, most symptomatic 
persons have fever, myalgia, and headache associated 
with thrombocytopenia, leukopenia, and elevated 
transaminase levels (3,6). Although uncommon, mul-
tiorgan failure and death occur predominantly in 
elderly and immunocompromised patients or when 
treatment is delayed (7,8). The manifestation of HGA 
as a nonspecific febrile illness can lead to lack of rec-
ognition, and delays in antimicrobial administration 
can cause illness and death (9,10). Early diagnosis is 
essential to avoid these preventable complications.

Laboratory diagnosis of HGA can be estab-
lished by using microscopy, serology, or nucleic 
acid amplification test (NAAT) (3,11). Microscopy 
can be used to diagnose acute infections, but relies 
on experienced personnel to visualize intragranulo-
cytic clusters or morulae in peripheral blood (3,11).  

Because morulae are present in only 25%–75% of 
cases, microscopy lacks sensitivity (6,9). Serology 
is more commonly used to diagnose HGA, relying 
primarily on indirect immunofluorescence assays 
(IFAs) (7,9). However, serologic tests are often nega-
tive during the first week of symptoms and require 
paired acute and convalescent serum samples >2 
weeks apart to improve sensitivity (8–10). NAAT 
can be performed to detect A. phagocytophilum in 
whole blood or buffy coat and is the preferred test 
during the first 2 weeks of illness (9,10). However, 
most persons evaluated for tickborne infections have 
serum samples submitted as their primary specimen 
because serology is the standard diagnostic method 
for Lyme disease, the most common tickborne infec-
tion in North America. Unless anaplasmosis is con-
sidered when the patient is first seen, a whole blood 
specimen is rarely available. We used residual se-
rum samples submitted for Anaplasma sp. serology 
in Canada to determine if serum samples could be 
an acceptable alternative to whole blood for the di-
agnosis of HGA by real-time PCR.

The Study
We tested 2 different serum specimen groups for A. 
phagocytophilum DNA. The first group consisted of se-
rum samples from persons who were positive for A. 
phagocytophilum by using the NAAT of whole blood. 
The second group consisted of acute and convalescent 
serum samples (drawn >2 weeks apart) submitted to 
the National Microbiology Laboratory (Winnipeg, 
Manitoba) for Anaplasma serology during 2020–2021. 
The samples were anonymized, and the investigators 
were blinded to serology results. Ethics approval was 
not required because anonymized samples were eval-
uated for a quality improvement study.
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Whole blood is the optimal specimen for anaplasmosis 
diagnosis but might not be available in all cases. We 
PCR tested serum samples collected in Canada for 
Anaplasma serology and found 84.8%–95.8% sensitivity 
and 2.8 average cycle threshold elevation. Serum can 
be acceptable for detecting Anaplasma spp. when whole 
blood is unavailable.



DISPATCHES

We isolated DNA from 100 μL of serum by us-
ing DNeasy 96 kits (QIAGEN, https://www.qiagen.
com) and eluted the DNA in 100 μL of elution buffer. 
We used carrier RNA (Applied Biosystems/Thermo 
Fisher Scientific, https://www.thermofisher.com) to 
improve recovery of low amounts of nucleic acids. We 
used T4 bacteriophage DNA as a positive extraction 
control. We amplified the msp2 gene of A. phagocyto-
philum as previously described (12) by using 5 µL of 
template DNA in 30 µL reaction volumes containing 
TaqMan Universal Master Mix (Applied Biosystems). 
We performed amplifications on a ViiA7 system (Ap-
plied Biosystems) and thermocycling conditions were 
as follows: 2 min at 50°C, 10 min at 95°C, and 40 cycles 
of 95°C for 15 s and 60°C for 1 min. We included syn-
thetic A. phagocytophilum DNA (Integrated DNA Tech-
nologies, https://www.idtdna.com) as a positive con-
trol and master mix without DNA as a negative control 
in each run. A sample was considered positive if cycle 
threshold (Ct) values were <40. We reextracted and re-

tested positive samples to ensure reproducibility. Sam-
ples with repeated Ct values of <40 were considered 
positive. Positive samples with insufficient volume for 
reextraction were considered positive. We calculated 
averages and ranges from the initial extraction.

We used the semiquantitative Focus Diagnostics 
A. phagocytophilum IFA IgG kit (DiaSorin, https://
www.diasorin.com), and IgG titers >1:64 indicated 
current or previous A. phagocytophilum infection (13). 
We defined seroconversion as a >4-fold increase in ti-
ter between acute and convalescent serum samples.

Of the 33 specimens from the first group of serum 
samples (Table 1), we collected 23 serum samples on 
the same day as whole blood and 10 serum samples 
on a different day. The maximum time between serum 
and whole blood sampling was 8 days. We collected 
whole blood samples before serum samples for 2 pa-
tients. PCR showed 28 (84.8%) serum samples were 
positive for A. phagocytophilum of which 6 (18.1%) had 
an IFA titer >1:64. The average Ct values were 27.6 
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Table 1. Comparison of PCR values for serum and whole blood samples in study using serum specimens for real-time PCR-based 
diagnosis of human granulocytic anaplasmosis, Canada* 
Sample 
no. IFA titer 

Serum Ct values  Whole blood Ct values 
∆Ct Td‡ Ct-I Ct-R Average† Result Ct-I Ct-R Average† Result 

1 <1:64 19.9 NS 19.9 Positive  17.7 16.1 16.9 Positive 3 5 
2 <1:64 21.8 NS 21.8 Positive  22 21.1 21.55 Positive 0.25 3 
3 <1:64 22.8 21.8 22.3 Positive  22.1 21.5 21.8 Positive 0.5 0 
4 <1:64 22.9 NS 22.9 Positive  18.5 17.9 18.2 Positive 4.7 0 
5 <1:64 23 22.5 22.75 Positive  20.5 19.7 20.1 Positive 2.65 1 
6 <1:64 23.3 22.1 22.7 Positive  19.1 18.1 18.6 Positive 4.1 1 
7 <1:64 24.2 24.2 24.2 Positive  21.2 20.9 21.05 Positive 3.15 1 
8 1:2048 25 25.8 25.4 Positive  22 21.9 21.95 Positive 3.45 0 
9 <1:64 26.6 26 26.3 Positive  24.6 25.4 25 Positive 1.3 0 
10 <1:64 26.6 25.6 26.1 Positive  23.2 23.5 23.35 Positive 2.75 0 
11 1:512 27 NS 27 Positive  24.8 25.3 25.05 Positive 1.95 2 
12 1:64 28 25.3 26.65 Positive  28.6 29.2 28.9 Positive −2.25 0 
13 <1:64 28.6 27.5 28.05 Positive  23 22.6 22.8 Positive 5.25 0 
14 <1:64 28.8 28.1 28.45 Positive  33 33.3 33.15 Positive −4.7 3 
15 <1:64 29.2 28.3 28.75 Positive  27.7 27.1 27.4 Positive 1.35 0 
16 1:2048 29.9 27.4 28.65 Positive  26.9 27 26.95 Positive 1.7 0 
17 1:64 30 29.2 29.6 Positive  22 21.8 21.9 Positive 7.7 0 
18 <1:64 31.7 31.7 31.7 Positive  30.5 30.2 30.35 Positive 1.35 0 
19 <1:64 32.4 33.5 32.95 Positive  26.4 26.2 26.3 Positive 6.65 0 
20 1:512 32.8 31.7 32.25 Positive  37 36.5 36.75 Positive −4.5 8 
21 <1:64 36.4 37.8 37.1 Positive  37.8 37.8 37.8 Positive −0.7 0 
22 <1:64 36.5 35.8 36.15 Positive  28.4 28.5 28.45 Positive 7.7 0 
23 <1:64 36.7 36 36.35 Positive  32.5 32.7 32.6 Positive 3.75 0 
24 <1:64 37.7 36.3 37 Positive  34 34 34 Positive 3 0 
25 1:1024 37.8 37.4 37.6 Positive  32 32 32 Positive 5.6 0 
26 1:256 38.2 38.3 38.25 Positive  25.1 24.8 24.95 Positive 13.3 −84 
27 <1:64 38.3 40 39.15 Negative  37.2 37.6 37.4 Positive 1.75 0 
28 <1:64 38.4 35.3 36.85 Positive  24.1 24.2 24.15 Positive 12.7 −4 
29 <1:64 38.8 38.2 38.5 Positive  31.3 31.2 31.25 Positive 7.25 0 
30 <1:64 40 38.3 39.15 Negative  38.9 39.5 39.2 Positive −0.05 0 
31 <1:64 40 40 40 Negative  35.3 36.7 36 Positive 4 0 
32 1:64 40 40 40 Negative  33.4 32.9 33.15 Positive 6.85 0 
33 <1:64 40 40 40 Negative  30.9 31.0 30.95 Positive 9.05 0 
*Only Ct values <40 after repeat extraction were deemed positive. Ct, cycle threshold; Ct-I, Ct values for initial extraction; Ct-R, confirmatory Ct values for 
repeat extraction; ∆Ct, difference between average serum Ct and average whole blood Ct; IFA, indirect immunofluorescence assay; NS, no sample 
remaining for repeat extraction; Td, time difference in days between serum sampling (earlier) and whole blood sampling (later).  
†Average of Ct-I and Ct-R for each isolate. 
‡Negative numbers indicate that whole blood was sampled before serum samples. 

 



Serum Specimens for PCR Diagnosis of Anaplasmosis

(range 17.7–39.5) for whole blood and 30.4 (range 19.9–
38.8) for serum samples. Among 5 patients who had 
PCR-positive whole blood samples but PCR-negative 
serum samples, the average Ct was 35.1. All 10 serum 
specimens collected on a different day were PCR posi-
tive. We tested an additional 90 paired whole blood 
and serum samples, and the tests showed 95.8% sen-
sitivity (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/29/1/22-0988-App1.pdf).

Of 154 paired acute and convalescent serum 
samples submitted for Anaplasma serology, 19 (12.3%) 
acute specimens and 3 (1.9%) convalescent speci-
mens were PCR positive (Table 2). Average Ct val-
ues were 30.3 (range 23.7–37.5) for acute samples and 
34.3 (range 27.6–39.9) for convalescent samples. We 
did not observe seroconversion in 10 (52.6%) patients 
who had PCR-positive acute serum specimens.

Of the 154 paired acute and convalescent se-
rum samples, 28 (18.2%) were serologically positive, 
but only 11 (7.1%) demonstrated seroconversion 
(Appendix Table 2). Titers increased from <1:64 to 
1:64 in 3 paired samples, 13 samples demonstrated 
stable or decreasing titers, and 1 titer doubled. PCR 
of acute samples detected 9 of 11 (81.8%) patients 
who displayed seroconversion. PCR was negative 
using acute serum samples for 2 patients; those pa-
tient samples had initial IFA titers >1:1024, indicat-
ing either previous infection or delayed sampling. 
The sensitivity of serum-based PCR was 81.8%, and 
specificity was 93.0% compared with seroconversion 
(Appendix Table 3).

Conclusions
Because A. phagocytophilum occupies an intracellular 
niche, the prevailing dogma maintains that whole 
blood or buffy coat specimens are necessary for detec-
tion of A. phagocytophilum by PCR (9,10). Because se-
rum is commonly obtained when tickborne infection 
is suspected, serum is a convenient PCR specimen to 
diagnosis HGA. Compared with whole blood, serum-
based PCR has a sensitivity of 84.8%–95.8% and an 
average Ct elevation of 2.8.

PCR is superior to serology for diagnosing acute 
HGA (10). Few PCR-positive acute serum samples 
were associated with elevated IFA titers. PCR using 
acute serum samples resulted in a superior positiv-
ity rate (12.3%) than acute seroconversion measure-
ments (7.1%). Acute serum specimens were 6.3 times 
more likely to be PCR positive than convalescent 
specimens, indicating the importance of early speci-
men collection when pursuing molecular diagnosis of 
HGA (10). The sensitivity of serum-based PCR was 
81.8%. Although 81.8% sensitivity is comparable to 
the whole blood dataset, 10 patients with PCR-pos-
itive acute samples did not demonstrate acute sero-
conversion. Antimicrobial administration might have 
aborted or delayed seroconversion, which has been 
hypothesized in a previous study (14), although no 
clinical data exist to confirm this hypothesis. Simi-
larly, 2 patients who had negative PCR results for 
acute serum samples ultimately had seroconversion. 
We did not have companion whole blood to deter-
mine whether those false negatives were the result 
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Table 2. Comparison between PCR-positive acute serum samples and paired convalescent serum samples in study using serum 
specimens for real-time PCR-based diagnosis of human granulocytic anaplasmosis, Canada* 
Sample 
no. 

Acute serum samples 
 

Convalescent serum samples  
Time, d† 

 
Conversion‡ IFA titer Ct-I Ct-R PCR status IFA Ct-I Ct-R PCR status 

1 <1:64 23.7 24.7 Positive  1:128 40.0 NA Negative 24 Yes 
2 <1:64 24.3 NS Positive  1:512 35.5 NS Positive 33 Yes 
3 <1:64 25.1 NS Positive  <1:64 27.6 NS Positive 42 No 
4 <1:64 25.8 NS Positive  1:1024 39.9 37.1 Positive 13 Yes 
5 <1:64 26.8 NS Positive  1:512 40.0 NA Negative 56 Yes 
6 1:64 28.0 25.3 Positive  1:256 40.0 NA Negative 49 Yes 
7 1:2048 28.2 30.4 Positive  1:2048 40.0 NA Negative 12 No 
8 <1:64 28.8 28.1 Positive  1:128 40.0 NA Negative 21 Yes 
9 <1:64 29.7 NS Positive  <1:64 40.0 NA Negative 39 No 
10 1:1024 31.0 29.9 Positive  1:1024 40.0 NA Negative 28 No 
11 <1:64 31.2 31.4 Positive  <1:64 40.0 NA Negative 0 No 
12 <1:64 31.7 31.7 Positive  1:256 40.0 NA Negative 51 Yes 
13 1:1024 32.4 32.8 Positive  1:256 39.8 40.0 Negative 8 No 
14 <1:64 32.4 33.4 Positive  1:256 40.0 NA Negative 38 Yes 
15 1:512 32.8 31.7 Positive  1:512 40.0 NA Negative 27 No 
16 <1:64 34.7 36.3 Positive  <1:64 40.0 NA Negative 38 No 
17 1:1024 35.6 36.3 Positive  1:512 40.0 NA Negative 57 No 
18 <1:64 36.1 37.8 Positive  1:64 40.0 NA Negative 10 No 
19 <1:64 37.5 36.8 Positive  1:256 40.0 NA Negative 46 Yes 
*Only Ct values <40 were deemed positive. Ct, cycle threshold; Ct-I, initial Ct values (in duplicate); Ct-R, confirmatory Ct values for repeat extraction; IFA, 
indirect immunofluorescence assay; NA, not applicable; NS, no sample remaining for repeat extraction.  
†Time difference between acute and convalescent serum sampling.  
‡Seroconversion was defined as >4-fold increase in IFA titer between acute and convalescent samples.  

 



DISPATCHES

of decreased sensitivity of serum compared with 
whole blood or the acute serum was collected after 
the acute bacteremia stage. Many acute samples had 
titers greater than 1:512, which suggests those 2 sam-
ples were collected after acute bacteremia. Although 
whole blood remains the optimal specimen for PCR, 
this study demonstrates that reflex PCR testing of 
acute serum samples submitted for A. phagocytophi-
lum serology might improve diagnostic sensitivity for 
acute HGA when whole blood is unavailable.
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The common bottlenose dolphin (Tursiops trunca-
tus) is perhaps the most common and widespread 

dolphin species in the Mediterranean Sea (1). Photo-
bacterium damselae subspecies damselae is a pathogen 
that produces wound infections and hemorrhagic 
septicemia and high mortality rates and affects vari-
ous marine animals, such as fish, mollusks, crusta-
ceans, and cetaceans (2,3). Highly pathogenic P. dam-
selae subsp. damselae isolates have 2 major virulence 
factors: the phospholipase D damselysin (Dly) and 
the pore-forming toxin phobalysin P (initially called 
HlyApl). Both toxins are encoded by the plasmid 
pPHDD1 and produce hemolytic and cytolytic activi-
ties in a synergistic manner (4). We report a bottle-
nose dolphin in the eastern Mediterranean Sea that 
was found stranded, dead, and had a severe case of 

chronic suppurative pneumonia and splenic lym-
phoid depletion caused by this pathogen.

The Study
On January 29, 2021, a bottlenose dolphin was found 
beached nearby Ashdod, Israel. The carcass under-
went a postmortem examination based on a widely 
accepted protocol (5) with some modifications be-
cause the carcass was also sampled for several ana-
tomic and physiologic studies. Samples of the spleen, 
liver, lung, kidney and brain were collected for quan-
titative PCR molecular detection of Toxoplasma gondii 
(6) and canine distemper virus (7), and for PCR detec-
tion of Brucella spp. (8). Samples of spleen and lung 
were fixed in 10% buffered formalin for routine histo-
logic evaluation. Samples of lungs and fluid from the 
thoracic cavity were obtained by using sterile swabs 
for lung samples and sterile syringes and needles for 
fluid samples and inoculated onto tryptone soy agar, 
blood agar (5% sheep blood enriched tryptone soy 
agar), and MacConkey agar, and incubated for 24–48 
h at 37°C. Confirmation of bacteria species was ini-
tially performed by using matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry 
according to the manufacturer’s protocol (Autoflex; 
Bruker, https://www.bruker.com).

The dolphin weighed 200 kg, had a length of 263 
cm, and was identified as a mature female that had a 
moderate nutritional status (9). At external examina-
tion, a deep bruise was observed on the front of the 
dorsal fin, and an old visible scar was observed on 
the right side of the chest, which might have been the 
result of an injury by a foreign body that might have 
instigated the inflammation within the lung, lead-
ing to pneumonia (Figure 1, panel A). No additional 
external signs of interaction with fishing gear were  
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Photobacterium damselae subspecies damselae, an 
abundant, generalist marine pathogen, has been reported 
in various cetaceans worldwide. We report a bottlenose 
dolphin in the eastern Mediterranean Sea that was found 
stranded and dead. The dolphin had a severe case of 
chronic suppurative pneumonia and splenic lymphoid de-
pletion caused by this pathogen.



DISPATCHES

observed. The carcass was at stage 3 on the decompo-
sition condition code scale (5). Internal examination 
indicated 4 large, firm nodules, 5–10 cm in diameter, 
replacing the cranial aspect of the right lung lobe. 
On cut sections, nodules were filled with purulent to 
caseous, thick, granular, green-tinged exudate sur-
rounded by a dense fibrous capsule (abscess) (Figure 
1, panels B, C). No other abnormalities were observed 
in all other internal organs.

Pure bacterial colonies of spherical or ovoid 
cocci, 1–2 µm in diameter, consistent with the ge-
nus Photobacterium, appeared on the blood agar 
plates at 48-hours postinoculation. Matrix-assisted 
laser desorption/ionization time-of-flight mass 
spectrometry confirmed the initial identification of 
Photobacterium damselae. The isolate was resistant 
to ampicillin and susceptible to gentamicin, sulfa-
methoxazole/trimethoprim, florfenicol, amikacin, 
and polymyxin B. The isolate also had intermediate 

susceptibility to amoxicillin/clavulanic acid; fluo-
roquinolones; and first-, second-, and third-genera-
tion cephalosporins.

The isolate species was also characterized and 
confirmed by using 16S rRNA gene primers and 
Sanger sequencing of the 800-nt PCR product. Whole-
genome sequencing (WGS) was performed to obtain 
the allelic multilocus sequence typing (MLST) profile 
for sequence type determination and to analyze the 
presence of the 2 P. damselae subsp. damselae major 
virulence factor genes (dly and hlyApl).

We extracted DNA by using the QIAsymphony 
SP System and the QIAsymphony DNA Mini Kit 
(QIAGEN, https://www.qiagen.com), according to 
the manufacturer’s recommendations. We prepared a 
DNA library by using the Nextera XT Library Prepa-
ration Kit (Illumina, https://www.illumina.com), fol-
lowed by WGS using the Illumina MiSeq and a 250-
bp paired-end read length. Reads were assembled by 
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Figure 1. Photobacterium 
damselae subspecies damselae 
pneumonia in a bottlenose 
dolphin, eastern Mediterranean 
Sea. Gross pathologic 
examination of the dolphin 
(Tursiops truncatus) showed 
a scar (oval) at the right side 
of the chest (A) that might be 
a sign for a previous wound 
that initiated the infection (B, 
C). Four abscesses, 5–10 cm 
in diameter, filled with purulent 
fluid and necrotic debris were 
observed in the right lung of the 
animal. Hemolytic phenotype 
of the P. damselae subsp. 
damselae isolate on sheep blood 
agar (D) indicates the border of 
the halo of 1 colony (arrow). A 
weak hemolytic phenotype was 
observed after culturing isolate 
on blood agar plates for 24 h.

 
Table 1. Similarity-based gene extraction of genes used in MLST scheme, including the obtained MLST allelic profile for 
Photobacterium damselae subspecies damselae pneumonia, in bottlenose dolphin, eastern Mediterranean Sea* 
Gene Identity,† % Coverage, %  Reference length, bp No. mismatches No. open gaps MLST allelic profiles 
glpF 99.58 100.00 480 2 0 26 
gyrB 97.58 100.00 537 13 0 27 
metG 99.53 100.00 429 2 0 7 
pntA 97.98 100.00 396 8 0 23 
pyrC 98.42 100.00 507 8 0 31 
toxR 93.32 99.74‡ 387 23 1 35 
*MLST, multilocus sequence typing. 
†The percentage of identity to allele 1 sequence of each gene (taken from P. damselae subsp. damselae PubMLST database). 
‡The toxR alleles length range is 372–390 bp (10). The toxR allele length of the isolate of this study is 390 bp, and the allele 1 reference length is 387 bp. 
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using the BioNumerics 8.0 Platform SPAdes 3.13.1 
(Applied Maths, https://www.applied-maths.com).

The assembly was deposited to the pubMLST P. 
damselae database under identification no. 91. We ob-
tained the allelic MLST profile by using the BioNu-
merics Sequence Extraction Tool (Applied Maths) 
and according to the P. damselae scheme based on 6 
housekeeping genes (glpF, gyrB, metG, pntA, pyrC, 
and toxR) (10). This tool was also used for identifica-
tion of virulence factor gene sequences dly (GenBank 
accession no. 9937366) and hlyApl (GenBank accession 
no. ID 9937197). Hemolysis was tested by culturing 
the isolate on 5% sheep blood agar (#PD-005; Hylabs 
Ltd, https://www.hylabs.co.il) for 24 h at 37°C.

Identification of P. damselae subsp. damselae was 
supported and confirmed by molecular, pheno-
typic, and genomic characterization. The 16S rRNA 
sequence showed a similarity of 99.17% with oth-
er P. damselae subsp. damselae strains in GenBank. 
When tested for hemolysis, the isolate exhibited 
a weak hemolytic phenotype, producing narrow  

halos on sheep blood agar plate (Figure 1, panel D). 
This phenotype is typical of P. damselae subsp. dam-
selae lacking the pPHDD1 plasmid and having the 
chromosomal PhlyC gene (hlyAch). WGS of the he-
molytic genes dly and hlyApl yielded only the hlyA 
sequence, which showed 99% identity to the hlyAch 
sequences in GenBank.

The MLST allelic scheme extraction (Table 1) re-
sulted in a new profile that was submitted to the iso-
late collection of the PubMLST P. damselae database as 
PDIN1, and was assigned a new sequence type (ST), 
ST63. Within the PubMLST database, most of the P. 
damselae subsp. damselae isolates (Table 2) originated 
from an unusual cetacean mortality event in Italy dur-
ing 2013 (11). Neighbor-joining phylogenetic analysis 
suggested that the strain from Israel sequenced in 
this study was not strongly related to any other avail-
able ST and showed closest resemblance to isolate  
ST45 from a bottlenose dolphin from Italy (Appendix 
Figure, https://wwwnc.cdc.gov/EID/article/29/1/ 
22-1345-App1.pdf).
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Table 2. PubMLST database of Photobacterium damselae subspecies damselae isolates from different marine animals, including a 
bottlenose dolphin in the eastern Mediterranean Sea* 

Country Host Organ 
Year 

NA 2010 2012 2013 2014 2015 2016 2021 
Australia Seriola lalandi Ot 2 0 0 0 4 2 0 0 
Israel Tursiops truncatus Lu 0 0 0 0 0 0 1 0 
Italy Caretta caretta Icc 0 0 3 0 0 0 0 0 
 Delphinus delphis Ot 0 0 1 0 0 0 0 0 
 Physeter macrocephalus Br 0 0 0 1 0 0 0 0 
  Mf 0 0 0 1 0 0 0 0 
  Sp 0 0 0 2 0 0 0 0 
  Ut 0 0 0 1 0 0 0 0 
 Stenella coeruleoalba Br 0 0 14 3 0 0 0 0 
  Icc 0 0 1 0 0 0 0 0 
  In 0 0 3 0 0 0 0 0 
  Jf 0 0 3 0 0 0 0 0 
  Li 0 0 6 0 0 0 0 0 
  Ln 0 0 2 0 0 0 0 0 
  Lu 0 1 3 0 0 0 0 0 
  Ot 0 0 3 0 0 0 0 0 
  Sp 0 0 5 0 0 0 0 0 
 Stenella spp. Br 0 0 3 0 0 0 0 0 
  In 0 0 1 0 0 0 0 0 
  Li 0 0 1 0 0 0 0 0 
  Ln 0 0 2 1 0 0 0 0 
  Lu 0 0 1 1 0 0 0 0 
  Sp 0 0 1 0 0 0 0 0 
 Tursiops truncatus Br 0 1 3 0 0 0 0 0 
  Icc 0 0 1 1 0 0 0 0 
  Lu 0 0 1 0 0 0 0 0 
  Sp 0 0 1 0 0 0 0 0 
  Un 0 0 0 1 0 0 0 0 
Japan Labracoglossa argentiventris Ot 0 0 0 0 0 0 0 1 
 Sardinops melanostictus Ot 0 0 0 0 0 0 0 1 
United States  Carcharhinus plumbeus Li 0 0 0 0 0 0 0 1 
 Chromis punctipinnis Ot 0 0 0 0 0 0 0 1 
  Total 2 2 59 12 4 2 1 4 
*Database contained 86 isolates as of February 5, 2020 (https://pubmlst.org/organisms/photobacterium-damselae). Br, brain; Icc, intracardiac clot; In, 
intestine; Jf, joint fluid; Li, liver; Ln, lymph node; Lu, lung; Mf, mesenteric fluid; NA, no year data in PubMLST database; Ot, other; Sp, spleen; Un, 
unknown; Ut, uterus. 

 
 



DISPATCHES

Results of molecular detection for T. gondii, canine 
distemper virus, and Brucella spp. were negative for all 
tested samples. Examination of lung tissue (Figure 2,  
panels A–C) showed a nodular structure covered by fi-
brous tissue composed of extensive cellular infiltration, 
numerous cholesterol clefts, and areas of reactive fibrosis. 
A second section of the lung showed extensive tissue lysis 
and concentric fibrosis of blood vessels. In part of the sec-
tion, a locally extensive cellular infiltration was observed. 
An area of necrosis was accompanied by a neutrophilic 
inflammatory reaction and intralesional bacterial colo-
nies. Two additional tissue sections showed diffuse solid 
fibrosis, multiple cholesterol clefts, and aggregations of 
leukocytes. Histopathologic analysis indicated an appar-
ent contraction of the parenchyma with occasional lym-
phoid follicles and diffuse cellularity within the spleen 
(Figure 2, panel D), which were suggestive of extramed-
ullary hematopoiesis. Morphologic features of both or-
gans included severe chronic suppurative pneumonia 
and splenic lymphoid depletion, possibly resulting in 
extramedullary hematopoiesis in the spleen.

This strain caused severe chronic suppurative 
pneumonia in the absence of the dly gene. This result 
supports previous indications that this virulence fac-
tor is not essential for pathogenesis (12).

The antibacterial drug sensitivity test showed 
susceptibility of the isolate to drugs most frequently 

used in human and veterinary medicine in this re-
gion. Tests results for T. gondii, canine distemper vi-
rus, and Brucella spp. showed negative results, mak-
ing P. damselae subsp. damselae the only culturable 
pathogen identified in the dolphin.

Conclusions
We report detection of P. damselae subsp. damselae in 
a bottlenose dolphin in the Mediterranean Sea. This 
report adds to the increasing baseline data regarding 
the health of these marine mammals and provides 
molecular information for a pathogen capable of in-
fecting a large variety of animals in the marine envi-
ronment, as well as humans.
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Figure 2. Histologic analysis of lungs and spleen of a bottlenose dolphin (Tursiops truncatus) with Photobacterium damselae subspecies 
damselae pneumonia, eastern Mediterranean Sea. A) Lung tissue showed a nodular structure covered by fibrous capsule (right bottom 
of figure panel) composed of numerous cholesterol clefts and areas of reactive fibrosis. Hyaline cartilage was observed, interpreted  
as bronchi and bronchioles. Inset, higher magnification showing an aggregate of cholesterol clefts and hyaline cartilage (arrow).  
B) Abundant fibrous lung tissue (lower right half) and cellular infiltrates were also observed. C) Different area of the lung parenchyma 
characterized by increased cellular infiltration. D) Spleen expressed an apparent contraction of the parenchyma showing diffuse 
cellularity, with only a few defined lymphoid follicles, as well as megakaryocytes (arrows) indicative of extramedullary hematopoiesis. 
Inset: higher magnification showing 2 adjacent megakaryocytes (arrow). Hematoxylin and eosin stained. Scale bars indicate 500 µm in 
panel A and 200 µm in panels B–D.
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Since June 2020, the SARS-CoV-2 Immunity and 
Reinfection Evaluation (SIREN) Study has detect-

ed and investigated SARS-CoV-2 reinfections in the 
United Kingdom; after vaccine rollout, SIREN was 
adapted to monitor vaccine effectiveness (1–5). As the 

United Kingdom, like other countries, adapts to the 
postacute phase of the pandemic and reduced test-
ing availability (6,7), SIREN has an ongoing function 
in national surveillance. SIREN informs the UK pan-
demic response by real-time monitoring of emerging 
variants and determining national rates of primary 
infection and reinfection. We describe SIREN’s sur-
veillance strategy and characterize emergence of 
Omicron subvariants during successive waves within 
the study.

The Study
SIREN is a large, multicenter, prospective cohort 
study of >44,000 UK healthcare workers from 135 
secondary care health organizations. SIREN is led 
by the UK Health Security Agency in collaboration 
with Public Health Wales, Public Health Scotland, 
and the Public Health Agency Northern Ireland (1). 
Participants were initially followed for 12 months 
and had an option to extend to 24 months. Partici-
pants completed an initial enrollment survey re-
garding demographic and occupational data, then 
completed follow-up surveys every other week re-
garding symptoms, vaccination status, and occupa-
tional, household, and community SARS-CoV-2 ex-
posures. Participants underwent PCR testing every 
2 weeks and serologic testing monthly for the first 
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2021–September 2022
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Since June 2020, the SARS-CoV-2 Immunity and Reinfec-
tion Evaluation (SIREN) study has conducted routine PCR 
testing in UK healthcare workers and sequenced PCR-pos-
itive samples. SIREN detected increases in infections and 
reinfections and detected Omicron subvariant emergence 
contemporaneous with national surveillance. SIREN meth-
odology can be used for variant surveillance. 
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12 months, then had quarterly serologic testing. We 
confirmed vaccination status through linkage to 
personal identifiable information in national vacci-
nation registries (1). This study was approved the 
Berkshire Research Ethics Committee (approval no. 
IRAS ID 284460, REC reference no. 20/SC/0230) 
on May 22, 2020; the vaccine amendment was ap-
proved on January 12, 2021 (study registration no. 
ISRCTN11041050).

SIREN samples were processed according to local 
protocols. Data from sites were supplied through the 
national laboratory reporting systems and obtained 
through linkage to personal identifiers. SARS-CoV-2 
testing records for all participants, including symp-
tomatic PCR testing outside SIREN’s protocol, were 
stored in the SIREN database (1).

When RNA load was sufficient, local SIREN 
teams referred PCR-positive samples for sequencing 
(1). An additional self-swab kit for centralized PCR 
testing and sequencing at the national reference labo-
ratory in London was initially mailed to participants 
who had a new infection and a history of SARS-CoV-2 
primary infection or COVID-19 vaccination. Since 
spring 2021, participants with a positive PCR, irre-
spective of previous infection and vaccination status, 
were mailed an additional self-swab kit when avail-
able, which maximized the opportunity to improve 
sequencing yields.

We defined primary infection as a PCR-positive 
test from a participant without laboratory evidence 
of prior infection, such as a positive PCR test or an-
tibody positivity before first vaccination (1). We de-
fined reinfection as 2 PCR-positive tests separated 
by >90 days; or before a participant was vaccinated, 
a PCR-positive test >28 days after first SARS-CoV-2 
IgG detection.

Since June 2020, SIREN monthly infection rates 
show 6 distinct infection waves (Figure 1). These 
waves corresponded with wild-type SARS-CoV-2 

and subsequent emergence of Alpha variant; Delta 
variant; and Omicron BA.1, BA.2, and BA.4/BA.5 
subvariants. Those waves are consistent with national 
surveillance trends (8).

Infection rates during Omicron BA.1 and BA.2 
subvariant dominance surpassed those observed in 
any previous wave (Figure 1). This dominance was 
most apparent for reinfection rates, which exceeded 
primary infection rates for the first time in Decem-
ber 2021 and peaked at 94.2 reinfections/1,000 par-
ticipants tested in January 2022 (Figure 1). The study 
cohort was well characterized and highly vaccinated 
and had high rates of prior infections. Thus, SIREN 
data suggest infection-acquired and vaccine-acquired 
immunity were less protective against Omicron BA.1 
subvariant infection.

Since May 2022, we have detected a sixth wave 
of SARS-CoV-2 infections in the SIREN cohort, and 
rates continue to increase across the United King-
dom. These findings coincide with emergence of 
newer Omicron BA.4 and BA.5 subvariants (8). In 
contrast to the first wave of Omicron BA.1 variant 
infections, rates of reinfections remain consider-
ably lower than primary infections, likely because 
protection improved after BA.1 and BA.2 infections 
and vaccination.

During March 3, 2020–September 30, 2022,  
SIREN recorded 18,319 participant infection episodes, 
of which 5,261 (28.7%) had valid sequence and infec-
tion data available, comprising 4,085 primary infec-
tions and 1,1176 reinfections. Our sequence yield was 
comparable to other studies (8,9), but we continue to 
expand data linkage and sample flows to improve 
data completeness.

SIREN sequencing identified several SARS-
CoV-2 variants (Figure 2). Before Omicron subvari-
ants emerged, 1,969 sequences with linked infection 
episode data were available: 521 unclassified/wild-
type, 323 Alpha variant, 1,042 Delta variant, and 83 
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Figure 1. Rate of SARS-CoV-2 
infections and reinfections 
detected through SIREN early 
warning system, United Kingdom, 
June 2020–September 2022. The 
SIREN study tested healthcare 
workers every 2 weeks via PCR 
and sequenced PCR-positive 
samples. We considered primary 
infection as infections among 
participants without prior infection 
and reinfections as infections 
among persons with prior infection. 
SIREN, SARS-CoV-2 Immunity 
and Reinfection.



DISPATCHES

Delta plus subvariant. Among these sequences, 8.3% 
(164/1,969) were reinfections and 91.7% (1,805/1,969) 
were primary infections.

The Omicron BA.1 subvariant was detected in 
SIREN on December 5, 2021, and 1,487 cases were 
detected by September 30, 2022; of those, 31.0% 
were reinfections. Omicron BA.2 was detected dur-
ing January 5–September 30, 2022, and caused 1,514 
cases, 27.3% of which were reinfections. Since March 
2022, other Omicron subvariants have been identi-
fied within SIREN. The XE BA.1/BA.2 recombinant 
was detected from 4 primary infections on March 
16, 2022. The BA.4 subvariant (25 primary infections 
and 26 reinfections) was detected on May 10, 2022, 
and the BA.5 subvariant (126 primary infections and 
110 reinfections) was detected on May 17, 2022. Ex-
cept for 4 XE cases, initial detection dates for Omi-
cron subvariants within SIREN were an average of 
16 days later than the Office for National Statistics 
(ONS) (10) and 27 days later than national surveil-
lance (8). ONS detected BA.1 on November 29, 2021, 
national surveillance detected it November 3, 2021; 
ONS detected BA.2 on January 3, 2022, national sur-
veillance detected it December 19, 2021; ONS de-
tected BA.4 on April 4, 2022, national surveillance 
detected it April 12, 2022; and ONS detected BA.5 
April 18, 2022, national surveillance detected it April 
17, 2022 (8,10). We consider SIREN dates comparable 
with national surveillance data, which also contains 
sequence data from travelers and focused variant 
detection exercises.

Conclusions
Established early in the COVID-19 pandemic, SIREN 
has monitored infection trends and emerging vari-
ants for >2 years, directly informing the United 
Kingdom’s national response (2–4), and contribut-
ing to Variant Technical Group briefings and gov-
ernment reports (8,11). After 4 successive variant 
waves with similar reinfection profiles, SIREN data 
showed that Omicron BA.1 and BA.2 subvariants 
emerged and caused a rapid rise in primary infec-
tion and reinfection rates among SIREN partici-
pants, regardless of vaccination status. Each sub-
sequent Omicron subvariant was detected within 
a similar timeframe to national data (8), authenti-
cating SIREN’s use as a robust and representative 
surveillance tool.

The SIREN study population represents a high-
ly exposed group who also have contact with vul-
nerable patients. In the absence of universal symp-
tomatic PCR testing, SIREN provides a sustainable, 
focused, objective-driven sentinel surveillance 
platform and access to key epidemiologic variables, 
such as symptom severity. Although our cohort of 
predominantly healthy, working age, highly vacci-
nated adults are not representative of the general 
population, our study complements other national 
surveillance programs that target community and 
older populations (10,12). SIREN continues to im-
prove its surveillance across a sentinel healthcare 
worker network in 135 national health organiza-
tions and support timely detection of infection 
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Figure 2. Number of sequenced samples by variant per week in SIREN early warning system, United Kingdom, March 2020–June 
2022. The SIREN study tested healthcare workers every 2 weeks via PCR and sequenced PCR-positive samples. We have plotted all 
samples successfully sequenced and assigned a variant call or unclassified lineage. Dates of detection are noted for each variant. Of 
note, among >44,000 UK healthcare workers from 135 secondary care health organizations, we detected 521 cases of unclassified 
variants, 323 cases of Alpha, 1,042 cases of Delta, 83 cases of Delta plus, 1,487 cases of Omicron BA.1, 1,514 cases of Omicron BA.2, 
4 cases of XE, 51 cases of Omicron BA.4, and 236 cases of Omicron BA.5. SIREN, SARS-CoV-2 Immunity and Reinfection.
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trends and emerging variants, keeping pace with 
other surveillance tools.

After a sixth wave of UK infections, concerns have 
grown around winter healthcare pressures combined 
with high rates of influenza observed in the Southern 
Hemisphere (13). Ongoing effective COVID-19 sur-
veillance integrated with influenza and other respira-
tory pathogen surveillance is essential and achievable 
through SIREN’s sentinel nature (7,14). SIREN will 
continue testing through March 31, 2023, and will con-
tinue to be a key asset in the UK surveillance strategy 
(7,14). The findings from SIREN can inform other coun-
tries’ transitions from comprehensive surveillance 
to sentinel surveillance of key populations, such as  
healthcare workers.

The following additional members of the SIREN Study 
Group contributed data: Omoyeni Adebiyi, Nick  
Andrews, Tim Brooks, Davina Calbraith, Andre Charlett, 
Joanna Conneely, Paul Conneely, Silvia D’Arcangelo, 
Nabila Fowles-Gutierrez, Jacqueline Hewson, Kate  
Howell, Ferdinando Insalata, Robert Kyffin, Ezra Linley, 
Claire Neill, Anne-Marie O’Connell, Ashley Otter, Mary 
Ramsay, Cathy Rowe, Ayoub Saei, Noshin Sajedi, Amanda 
Semper, Jean Timeyin, Simon Tonge, Caio Tranquillini, 
Angela Dunne, Josie Evans, Nicole Sergenson, Jennifer 
Bishop, Jennifer Weir, Sally Stewart, Lynne Haahr, Laura 
Dobbie, Andrew Telfer, David Goldberg, Desy  
Nuryunarsih, Melanie Dembinsky, Desmond Areghan, 
Alexander Olaoye, Guy Stevens, Susannah Froude, Linda 
Tyson, Yvette Ellis, B. Larru, S. Mcwilliam, Anna Roynon, 
Sean Cutler, Stephen Winchester, Samuel Rowley, Stacey 
Pepper, Georgina Butt, Simantee Guha, Philippa  
Bakker, Clodagh Loughrey, A. Watt, Julia Roberts,  
Caroline Mulvaney Jones, Manny Bagary, Siobhan Keogh, 
Rebecca Chapman, Lucy Booth, Alison Grant, Rebecca 
Temple-Purcell, Joanne Howard, Emma Ward, Chinari 
Subudhi, Scott Latham, Lisa Barbour, Helena Sovriarova, 
N. Wong, R. Penn, A. Rajgopal, G. Boyd, Gosala  
Gopalakrishnan, Connor McAlpine, Amanda Whileman, 
Edward Harris, Joanna Ledger, Richard Laugharne, C. 
Jones, T. Barnes, Anna Rokakis, Banerjee SubhroOsuji,  
Carla Pothecary, John Geen, Nihil Chitalia, Tracy  
Edmunds, Sarah Creer, Joanna Wright, G. Harrison, S. 
Akhtar, Nicola Walker, Clare McAdam, V. Maxwell, 
K. Agwuh, Jennifer Graves, James Colton, Stephanie 
Willshaw, P. Ridley, A. O’Kelly, Janet Sinclair, Anna  
Cowley, Neringa Vilimiene, Helen Johnstone, Jane  
Democratis, Manjula Meda, David Boss, Simon Brake, 
Amanda Selassie, Rekha Plackal, Val Irvine, Catherine 
Sinclair, Badrinathan Chandrasekaran, Suzannah Pegler, 
Judith Radmore, Claire Thomas, Shivani Khan, Shekoo 
Mackay, Nicholas Easom, Philippa Burns, Zohra Omar, 

Tracy Lewis, Kenisha Lewis, Graham Pickard, Alison 
Brown, Sarah Hinch, Christian Hacon, Ben Burton, Jonnie 
Aeron-Thomas, Ray Chaudhuri, Kathryn Hollinshead, 
Robert Shorten, Mathew Anuj, Clair Favager, Kyra  
Holliday, Joanne Edgar, Sarah Baillon, J. Russell, A. Shah, 
Ananta Dave, Kelly Moran, Fran Westwell, Anu Chawla, 
David Adeboyeku, Ekaterina Watson, M. Williams,  
C. Pegg, A. Horsley, S. Ahmad, Diego Maseda, Murray 
Luckas, Yvonne Lester, Lauren Sach, John Ashcroft, 
Ismaelette Del Rosario, Chloe Reeks, Roxanne Crosby-
Nwaobi, Lauren Finlayson, Joy Dawson, Devesh  
Dhasmana, Susan Fowler, Anne Todd, Euan Cameron, 
Harriet Carroll, Alison Thornton, Michael Murphy,  
Antonia Ho, Alexandra Cochrane, Lita Kovina, Karen 
Black, Manish Patel, Corrienne McCulloch, Kate  
Templeton, Joan Frieslick, Martin Malcolm, Louise Coke, 
Ngozi Elumogo, John Elliott, Beverly Wilkinson, Pratap 
Harbham, Mariyam Mirfenderesky, Stephanie Diaz, Janki 
Bhayani, T. Lewis, M Howard, Frances Johnston, Elinor 
Hanna, Peter Cowling, Jonathan Hatton, Imogen Gould, 
Sarah Brand, Charlotte Humphrey, Judith Dube, Kate  
Burrows, Johanna Mouland, Chris Norman, Jayne 
Goodwin, G. Pottinger, J. Giles, Holly Coles, Maya 
Joseph, D. Browne, H. Chenoweth, Stephanie Prince, 
Cressida Auckland, Tabitha Mahungu, Alison Rodger, 
Simon Warren, Esther Hanison, Helen Baxendale, Sumita 
Pai, Sarah Stone, Charles Piercy, Sarah Meisner, Debbie 
Delgado, Lehentha Mattocks, Vicky King, James Pethick, 
Ashok Dadrah, C. Kerrison, S. Gormley, Simon Tazzy-
man, Thushan de Silva, Shrikant Ambalkar, Lynne Allsop, 
Mandy Carnahan, Mandy Beekes, Johanne Tomlinson, 
Cathy Price, Kate James, Justin Pepperell, Tom Trinick, 
Yuri Protaschik, Raji Orath Prabakaran, Viji George, Fiona 
Thompson, Angel Boulos, Alice Neave, Ellene Thompson, 
Kerryanne Brown, Katherine Gray, Angela Houston, Tim 
Planche, Diane Wycherley, Rowan Pritchard Jones, Barzo 
Faris, B. Stewart, K. Nimako, Rebeccah Thomas, Claire 
Stafford, Nagesh Kalakonda, Sheena Khanduri, Helen 
Ashby, Natasha Mahabir, B. Payne, J. Harwood, Nikki 
White, Kathryn Court, Ruth Longfellow, Mihye Lee,  
Lauren Hughes, Marie Green, Pauline Mercer, Mathew 
Halkes, , Alun Roebuck, E. Wilson-Davies, Aaran Sinclair, 
Rajeka Lazarus, L. Berry, N. Aldridge, T. Reynolds,  
F. Game, Martin Wiselka, Christopher Holmes, Cristina 
Dragu, Therese Kelly, Joanne Gray, Christopher Duff, 
Penny Harris, Hannah Jory, James Powell, Charlotte 
Young, Aiden Plant, Lisa Richardson, Lisa Ditchfield, 
Zaman Qazzafi, R. Tilley, A. Moody, Maurice O’Kane, 
Tracy Donaghy, K. Shipman, R. Sierra, Zehra’a Al-Khafaji, 
Philippa Kemsley, Y. Huang, D. Harvey, L. Robinson, 
Sarah Board, Andrew Broadley, Claire Brookes, and Mags 
Szewczyk; and the Solent Research Team and the United 
Lincolnshire Hospitals NHS Trust Research Team.
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The global spread of human monkeypox virus 
(MPXV) has activated the highest alert level of 

the World Health Organization (WHO), which de-
clared the virus a public health emergency of inter-
national concern (1). MPXV is spreading among per-
sons who have not traveled to disease-endemic areas 
(2). The associated novel clinical and epidemiologic 
patterns necessitate comprehensive investigations, 
including (re)evaluation of hygiene measures for 
preventing MPXV transmission. Given the remark-
able stability of other pox viruses compared with 
other enveloped viruses, it is particularly useful to 
confirm which disinfectants and biocidal agents can 
inactivate MPXV (3). Moreover, in addition to direct 
contact with infected body fluids or lesions or respi-
ratory secretions, MPXV can be transmitted indi-
rectly through contaminated surfaces (fomites) (4). 
Hygienic hand antisepsis is one of the most useful 

measures in preventing healthcare- and outbreak-
associated viral infections.

In 2009, the WHO proposed Guidelines on Hand 
Hygiene in Health Care, a document to implement 
use of 2 alcohol-based hand rubs (formulation I and II) 
for surgical and hygiene hand disinfection in health-
care settings and to reduce transmission of pathogens 
(5). However, inactivation efficacies of these products 
against MPVX have not been determined. We evalu-
ated the WHO-recommended alcohol-based formu-
lations against MPXV and performed a comparative 
inactivation analysis with other (re)emerging envel-
oped and reference viruses, including Zika virus, 
influenza A(H1N1) virus, Ebola virus, severe acute 
respiratory syndrome coronaviruses 1 and 2, and 
Middle East respiratory syndrome coronavirus.

The Study
We cultured Vero 76 cells in Dulbecco modified Ea-
gle medium supplemented with 10% (vol/vol) fetal 
calf serum, 1% (vol/vol) nonessential amino acids, 
100 IU/mL penicillin, 100 µg/mL streptomycin, and 
2 mmol/L l-glutamine. For preparation of MPXV, we 
seeded cells at a concentration of 0.33 × 106 cells/mL 
in a 75-cm2 flask in a total volume of 12 mL. The next 
day, the medium was changed and cells were inocu-
lated with MPXV at a multiplicity of infection of 0.01 
and incubated at 37°C until a visible cytopathic effect 
occurred. Infected cells were harvested by scraping, 
subjected to 3 freeze/thaw cycles, extensively vor-
texed and, together with the infectious supernatant 
purified from cell debris by subsequent centrifuga-
tion for 5 min at 1,500 rpm. The virus suspensions 
were aliquoted, titrated according to standard meth-
ods, and stored at −80°C until further use. Virus 
isolate MPXV-DUS_001 was originally obtained 
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from a patient in Düsseldorf, Germany, who has 
been infected early during the outbreak 2022, and 
the isolate was passaged twice on Vero 76 cells be-
fore experimental use.

We confirmed the presence of MPXV by a 2-step, 
quantitative, real-time reverse transcription PCR 
(qRT-PCR). The first step determines the presence of 
orthopoxvirus-specific DNA by using panorthopox-
virus‒specific qRT-PCR, and the second step detects 
and differentiates MPXV clade I (former Congo Ba-
sin) and II (former West African) by using an MPXV-
specific qRT-PCR. Isolate MPXV-DUS_001 was classi-
fied as MPXV clade II.

We assessed virucidal activity of WHO formu-
lation I and II, as well as ethanol and 2-propanol, 
based on European guideline EN14476 as described 
(6). In brief, we mixed 8 parts of disinfectant with 1 
part of interfering substance (bovine serum albu-
min, final concentration 0.3 g/L) and 1 part MPXV, 
then vortexed the suspension and incubated for 30 
s at room temperature. We then performed an end-
point dilution assay on Vero 76 cells. After 7 days, 

we evaluated cytopathic effects microscopically and 
calculated the 50% tissue culture infectious dose per 
milliliter (Appendix, https://wwwnc.cdc.gov/EID/
article/29/1/22-1429-App1.pdf). We tested all 4 dis-
infectants for final concentrations of 20%, 30%, 40%, 
60%. and 80%. 

We examined the virucidal activity of the WHO 
formulations I and II against MPXV by using a quan-
titative suspension test. MPXV was highly suscepti-
ble to both formulations (Figure 1). The WHO formu-
lation I, based on 80% ethanol (vol/vol), efficiently 
inactivated the virus with reduction factors (RFs) >6.7 
at concentrations of 60% and 80% (vol/vol) (Figure 1, 
panel A). Likewise, the WHO formulation II, based 
on 75% isopropanol (vol/vol), inactivated the virus 
with RFs >6.7 at concentrations of 60% and 80% (vol/
vol) (Figure 1, panel B). A dilution of 40% (vol/vol) 
was still effective for the WHO formulation II with a 
RF of 6.6, whereas we observed no reduction in viral 
titer for WHO formulation I at a similar concentra-
tion. Subsequent regression analysis of both WHO 
formulations enabled a quantitative comparison of 

190 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023

Figure 1. Virucidal activity of 
World Health Organization 
(WHO)–recommended hand rub 
formulations I and II for inactivating 
MPXV. A, B) Viral infectivity for WHO 
formulation I (A) and formulation 
II (B). Means of 3 independent 
experiments with SDs (error bars) 
and reduction factors (numbers 
above the bar) are shown. C, D) 
Regression analyses of inactivation 
of MPXV and (re)emerging 
enveloped or reference viruses, 
including ZIKV, EBOV, SARS-CoV, 
SARS-CoV-2, MERS-CoV, influenza 
A(H1N1) virus, BCoV, HCV, and 
MVA for WHO formulation I (C) and 
WHO formulation II (D). Dilutions of 
the WHO formulations ranging from 
0% to 80% with an exposure time 
of 30 s. Viral titers are displayed 
as TCID50/mL. BCoV, bovine 
coronavirus; EBOV, Ebola virus; 
HCV, hepatitis C virus; MERS-CoV, 
Middle East respiratory syndrome 
coronavirus; LLOQ, lower limit of 
quantification (1.58 × 102 TCID50/
mL); MPXV, monkeypox virus; 
MVA, modified vaccinia Ankara; 
NA, not applicable; SARS-CoV2, 
severe acute respiratory syndrome 
coronavirus 2; TCID50, 50% tissue 
culture infectious dose; ULOQ, 
upper limit of quantification (1.58 × 
109 TCID50/mL); ZIKV, Zika virus.
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MPXV inactivation with different other (re)emerging 
enveloped or reference viruses (Figure 2, panels C, 
D). Among all viruses, including its reference virus 
modified vaccinia Ankara, MPXV showed the highest 
stability against both tested WHO formulations.

Next, we examined the susceptibility of MPXV 
against the individual components (ethanol and 
2-propanol) of both WHO formulations, which are 
also the main ingredients of numerous commercially 
available hand disinfections. Both ethanol (Figure 2, 
panel A) and 2-propanol (Figure 2, panel B) reduced 
viral titers to background levels with RFs >6.7 at con-
centrations >60% and >40% (vol/vol), respectively. A 
minimal concentration of 40% ethanol (vol/vol) near-
ly inactivated the virus completely (RF 6.6). For 2-pro-
panol, a virucidal activity was observed at a minimal 
concentration of 30% (vol/vol) with a RF of 5.3.

Overall, both WHO formulations efficiently in-
activated MPXV, but the 2-propanol–based WHO 
formulation II showed a slightly greater virucidal 
activity than the ethanol-based WHO formulation I. 
Nonetheless, MPXV showed the greatest stability to 
both formulations compared with other (re)emerging 
enveloped or reference viruses.

Conclusions
Poxvirus virions are known for their long-term envi-
ronmental persistence (3,7). For example, infectious 
MPXV was recently reported to persist in a house-
hold environment for >15 days (8). Moreover, be-
cause of tight binding with fibrin matrixes of scab/
crust material, virions shed from infectious lesion 
material are even more resistant to desiccation than 
other enveloped viruses (e.g., influenza virus, rubella 
virus) (8‒10). Considering the high stability of other 
poxvirus virions, it is probable that MPXV will share 
this characteristic, requiring a comprehensive reeval-
uation of current hygiene measures. 

Poxvirus virions are known for their long-term en-
vironmental persistence (3,7). For example, infectious 
MPXV was recently reported to persist in a household 
environment for >15 days (8). Moreover, because of tight 
binding with fibrin matrixes of scab/crust material, viri-
ons shed from infectious lesion material are even more 
resistant to desiccation than other enveloped viruses 
(e.g., influenza virus, rubella virus) (8‒10). Considering 
the high stability of other poxvirus virions, it is prob-
able that MPXV will share this characteristic, requiring 
a comprehensive reevaluation of current hygiene mea-
sures. The WHO recommends 2 inexpensive alcohol-
based hand rub formulations to reduce the transmission 
of pathogens (5). We found that MPXV was efficiently 
inactivated by both formulations, supporting their use 
in healthcare systems and during MPXV outbreaks.

In addition, ethanol and 2-propanol inactivated 
the virus in during a 30-s exposure at a concentration 
of >30% (vol/vol). A comparative inactivation analy-
ses with different (re)emerging enveloped or reference 
viruses showed that MPXV had the highest stability 
against both WHO formulations compared with other 
enveloped viruses. The susceptibility of the different vi-
ruses to the WHO formulations probably depends on 
virus-specific surface properties of their lipophilic en-
velope. Nonetheless, our results confirm modified vac-
cinia Ankara as a suitable model surrogate for MPXV 
to evaluate chemical disinfectants and antiseptics (11). 
WHO formulation II and 2-propanol were slightly more 
efficient in inactivating MPXV compared with WHO 
formulation I and ethanol. This difference can probably 
be explained by the additional carbon of 2-propanol, 
resulting in an enhanced lipophilicity against the viral 
membranes compared with ethanol (12). Our findings 
underscore the need and timely application of alcohol-
based disinfectants as an effective measure for minimiz-
ing viral transmission and maximizing viral inactiva-
tion during the ongoing MPVX outbreak. 
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Figure 2. Effect of 
commercially available alcohols 
in inactivating monkeypox 
virus. A) Results for ethanol. 
B) Results for 2-propanol. 
Means of 3 independent 
experiments with SDs (error 
bars) are shown. Reduction 
factors are included above the 
bars. Biocide concentrations 
ranged from 0% to 80% with 
an exposure time of 30 s. Viral 
titers are displayed as TCID50/
mL values. LLOQ, lower limit 
of quantification (1.58 × 102 
TCID50/mL); NA, not applicable; 
TCID50, 50% tissue culture infectious dose; ULOQ, upper limit of quantification (1.58 × 109 TCID50/mL).
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Monkeypox virus (MPXV), a member of the fam-
ily Poxviridae, causes monkeypox, a viral zoo-

nosis detected in north Africa in the 1970s (1). MPXV 
can be transmitted between humans through contact 
with lesions, body fluids, respiratory droplets, and 
contaminated materials (1).

In May 2022, an epidemic of monkeypox in 
nonendemic regions outside Africa began receiving 
worldwide attention. On July 23, 2022, the World 
Health Organization declared monkeypox a public 
health emergency of international concern (2), and 
24,973 monkeypox cases had been recognized in 45 
countries throughout Europe by October 12, 2022 (3). 

Rapid identification of outbreaks and clusters is 
critical for infection control. Sewage surveillance has 
been recognized as a powerful tool for assessing the 
circulation of pathogens. After the European Union is-
sued Recommendation 2021/472 (http://data.europa.
eu/eli/reco/2021/472/oj), wastewater surveillance 
was successfully used to track SARS-CoV-2 and its 
variants across EU countries (4). Studies have demon-
strated MPXV DNA sheds from saliva, feces, urine, se-
men, and skin lesions (5–7), suggesting that the viral 
genome could occur in wastewater. Various research 
groups involved in SARS-CoV-2 environmental sur-
veillance extended their efforts to investigate MPXV 
DNA in wastewater. Studies from the Netherlands and 
western California, USA, have documented successful 
detection of MPXV DNA in sewage (8; M.K. Wolfe  

et al., unpub. data, https://doi.org/10.1101/2022.07.2
5.22278043). We investigated whether we could detect 
MPXV in wastewater in Italy.

The Study
We targeted the wastewater treatment plant (WTP) 
of Italy’s largest airport, Fiumicino Airport, in Rome, 
which had ≈3,000,000 passengers/month during May–
July 2022 (https://fiumicinoairport.com/statistics). 
This WTP has a global capacity of 4,000 m3 per day. 
We collected 24-hour composite wastewater samples 
twice a week during May 30–August 3, 2022, for a to-
tal of 20 samples.

Before viral concentration, we pretreated sam-
ples in a water bath at 56°C for 30 min to inactivate 
the virus and protect laboratory technicians, as per a 
previous study (9). We used a polyethylene glycol/
sodium chloride precipitation protocol originally 
developed for SARS-CoV-2 environmental surveil-
lance (10,11) but modified the protocol by increas-
ing the initial wastewater volume to 90 mL (2 tubes 
of 45 mL) and eluting all the extracted nucleic acids 
in 50 µL of elution buffer supplied with the kit. We 
used NucliSens miniMAG (bioMérieux, https://
www.biomerieux.com) semi-automatic extraction 
platform to extract nucleic acids. We used On-
eStep PCR Inhibitor Removal Kit (Zymo Research, 
https://www.zymoresearch.com) to purify DNA.

We used 3 different real-time PCR assays: 2 
published in 2004 that target the N3R and F3L genes 
(12), and 1 developed in 2010 by the US Centers for 
Disease Control and Prevention, G2R_G generic re-
al-time PCR assay (13), which targets the G2R region 
of the tumor necrosis factor receptor gene. After 
comparing primers and probes with sequences of 
the current outbreak, we noted mismatches in prim-
ers, probes, or both. Therefore, we designed and 
tested novel primers and probes that had 100% nu-
cleotide identity with current outbreak sequences, 
then compared these with the original primers and 
probes (Table 1). We used MPXV (Slovenia ex Gran  
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Canaria) DNA  (European Virus Archive Global 
[EVAg]; https://www.european-virus-archive.
com) as a control for testing primers and probes 
(Appendix, https://wwwnc.cdc.gov/EID/
article/29/1/22-1311-App1.pdf). We further opti-
mized the assays by evaluating different real-time 
PCR reagents and primer/probe concentrations 
(Appendix). We prepared reaction mixes in 25 μL 
by using TaqPath BactoPure Microbial Detection 
Master Mix (Thermo Fisher Scientific, https://
www.thermofisher.com), 800 mmol of each primer, 
500 nmol of the probe, and 5 μL of sample. Amplifi-
cation conditions included an initial activation step 

at 95°C for 2 min and 50 cycles of 10 s at 95°C and 
30 s at 60°C. We included 10-fold dilutions of the 
standardized EVAg MPXV DNA (range 740–0.74 
copies/μL) in the runs as positive controls and for 
the rough estimation of viral loads. For each assay, 
we assessed the limit of detection at 50% (LOD50) 
on a pure target (i.e., EVAg MPXV DNA) and on 
MPXV DNA diluted in nucleic acids previously ex-
tracted from wastewater samples collected in Eu-
rope before monkeypox emerged.

We designed nested PCR assays targeting the same 
regions as the real-time PCR assays to confirm results 
by amplicon sequencing using Primer3Plus software 
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Table 1. Primers and probes used to detect monkeypox virus DNA in airport wastewater, Rome, Italy* 
PCR 
ID Target Primer name 

Primer 
ID Sequence, 5′ → 3′ Position† 

Annealing 
temp. (°C) 

Amplicon 
size Ref. 

1002 G2R MPVX G F 2368 GGAAAATGTAAAGACAACGAATACAG 194459–84 60 90 bp (12) 
  MPVX G R 2369 GCTATCACATAATCTGGAAGCGTA 194525–48    
  MPVX G P 2370 FAM-AAGCCGTAATCTATG 

TTGTCTATCGTGTCC-BHQ1 
194485–514    

1005 G2R MPVX G F mod 2377 GGAAAGTGTAAAGACAACGAATACAG 194459–84 60 90 bp (12) 
  MPVX G R mod 2378 GCTATCACATAATCTGAAAGCGTA 194525–48   This 

study 
  MPVX G P 2370 FAM-AAGCCGTAATCTATG  

TTGTCTATCGTGTCC-BHQ1 
194485–514    

1003 F3L F3L-F290 2371 CTCATTGATTTTTCGCGGGATA 46313–34 60 107 bp (11) 
  F3L-R396 2372 GACGATACTCCTCCTCGTTGGT 46398–419    
  F3Lp333S-MGB 2373 FAM-CATCAGAATCTGTAGGCCGT-

MGBNFQ 
46398–419    

1008 F3L F3L-F290 2371 CTCATTGATTTTTCGCGGGATA 46313–34 60 107 bp (11) 
  F3L-R396 mod 2384 AACGATACTCCTCCTCGTTGGT 46398–419   This 

study 
  F3Lp333S-MGB 2373 FAM-CATCAGAATCTGTAGGCCGT-

MGBNFQ 
46398–419    

1004 N3R N3R-F319 2374 AACAACCGTCCTACAATTAAACAACA 190641–66 60 139 bp (11) 
  N3R-R457 2375 CGCTATCGAACCATTTTTGTAGTCT 190755–79    
  N3Rp352S-MGB 2376 FAM-TATAACGGCGAAGAATATACT-

MGBNFQ 
190674–94    

1016 N3R N3R-F319 2374 AACAACCGTCCTACAATTAAACAACA 190641–66 60 139 bp (11) 
  N3R-R457 2375 CGCTATCGAACCATTTTTGTAGTCT 190755–79   This 

study 
  N3Rp352S-MGB 

mod 
2381 FAM-TATAACGGCGACGAATATACT-

MGBNFQ 
190674–94    

1006 G2R G2R-1st cycle F 2379 ATAGCACCACATGCACCATC 194435–54 63 156 bp This 
study 

  G2R-1st cycle R 2380 AAAGGTATCCGAACCACACG 194590–71    
1005 G2R MPVX G F mod 2377 GGAAAGTGTAAAGACAACGAATACAG 194459–84 61 90 bp This 

study 
  MPVX G R mod 2378 GCTATCACATAATCTGAAAGCGTA 194525–48    
1009 F3L F3L-1st cycle F 2385 CAGGGTTAACACCTTTCCAA 46242–61 61 212 bp This 

study 
  F3L-1st cycle R 2386 TGATCTTCAACGTAGTGCTATGG 46453–31    
1008 F3L F3L-F290 2371 CTCATTGATTTTTCGCGGGATA 46313–34 62 107 bp (11) 
  F3L-R396 mod 2384 AACGATACTCCTCCTCGTTGGT 46398–419   This 

study 
1007 N3R N3R-1st cycle F 2382 TCTATCTCGTTCATGGTCGGTAAT 190503–26 64 455 bp This 

study 
  N3R-1st cycle R 2383 CGCACTGTCTTATTCGCCATT 190957–37    
1004 N3R N3R-F319 2374 AACAACCGTCCTACAATTAAACAACA 190641–66 64 139 bp (11) 
  N3R-R457 2375 CGCTATCGAACCATTTTTGTAGTCT 190755–79    
*Bold underlined text in bases represents modifications to the original primers and probes. ID, identification; F, forward; mod, modified; MPXV, 
monkeypox virus; R, reverse; ref., reference.  
†Position based on monkeypox virus reference isolate MPXV_USA_2022_MA001, complete genome, GenBank accession no. ON563414.  
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(https://www.primer3plus.com) (Table 1). We per-
formed reactions by using 1 μL of 10 μmol primer and 2 
μL of sample, and Platinum SuperFi II Green PCR Mas-
ter Mix (Thermo Fisher Scientific) in a final volume of 25 
μL. PCR amplicons on both strands were sequenced by 
Bio-Fab Research (https://www.biofabresearch.com). 

All real-time PCR assays successfully ampli-
fied the EVAg MPXV DNA. Compared with the 
original assay, the modified G2R_G assay showed 
a decrease in the average quantification cycle (Cq) 
values of 1.34 cycles (21.93 vs. 23.28), demonstrat-
ing a better performance. Therefore, we performed 
subsequent optimization activities and screening of 
wastewater samples by using the F3L and N3R as-
says as originally designed but modified the G2R_G 
assay for our study.

On pure MPXV DNA, the real-time F3L assay 
had an LOD50 of 0.21 copies/μL, the N3L assay had an 
LOD50 of 0.31 copies/μL, and G2R_G had an LOD50 of 
0.21 copies/μL. For nucleic acids extracted from sew-
age samples spiked with MPXV, F3L had an LOD50 of 
0.43 copies/μL and 2.16 copies/reaction, N3L had an 
LOD50 of 0.33 copies/μL and 1.65 copies/reaction, 
and G2R_G had an LOD50 of 0.31 copies/μL and 1.55 
copies/reaction (Appendix).

Cq values ranged from 38.37–40.18 for 2 waste-
water samples that tested positive by real-time PCR 
(Table 2), indicating relatively low DNA concentra-
tions in the tested samples. Consensus sequences 
found 100% similarity by BLAST analysis between 
study sequences and MPXV strains available in Gen-
Bank (accession no. OX248696), thus confirming the 
presence of MPXV DNA.

Conclusions
A crucial aim of infectious disease surveillance is 
early detection of cases, outbreaks, and clusters, 
which is essential for disease control. We explored 
possible methods for monitoring MPXV through 
wastewater surveillance, a well-established com-
plementary epidemiologic tool used successfully 
for viral infectious diseases, including SARS-CoV-2 
and polio.

Monkeypox prevalence in the general population 
was low at the time of sample collection, only 20 cases 
had been detected in Italy as of May 30, 2022. Thus, to 
maximize the probability of positive samples among 
those collected, we tested wastewater samples from a 
large transportation hub, through which millions of 
persons travel to and from numerous countries. Be-
cause harmonized methods for detecting MPXV in 
wastewater are not yet available, we tested 3 different 
real-time PCR assays previously designed for clini-
cal samples. We modified the assays by introducing 
changes in the primer and probe sequences to miti-
gate the effect of nucleotide mismatches. Among 20 
samples, 3 tested positive for MPXV by real-time or 
nested PCR and sequencing.

In the next stage, we will test wastewater sam-
ples from WTPs enrolled in official SARS-CoV-2 
environmental surveillance throughout Italy, to 
map the geographic distribution of MPXV in the 
country. Further research efforts should focus on 
elucidating how detection of viral DNA in sewage 
can be related to reported and confirmed cases. Fac-
tors affecting MPXV detection in wastewater also 
should be studied, including routes and duration of 
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Table 2. Wastewater sample results detecting monkeypox virus DNA in airport wastewater, Rome, Italy* 

Sample ID Collection date 
Real-time RT-PCR (Cq values)  Nested RT-PCR 

G2R F3L N3R  G2R F3L N3R 
4419 2022 May 30 – – –  – – – 
4420 2022 Jun 1 – – –  – – – 
4421 2022 Jun 6 – – –  – – – 
4422 2022 Jun 8 – – –  – – – 
4444 2022 Jun 13 – – –  – – – 
4445 2022 Jun 15 + (40.18) + (39.59)   + – – 
4453 2022 Jun 20 – – –  – – – 
4454 2022 Jun 22 – – –  – – – 
4460 2022 Jun 27 – – –  – – – 
4461 2022 Jun 29 – – –  – – – 
4474 2022 Jul 4 – – –  – – – 
4475 2022 Jul 6 – – –  – – – 
4476 2022 Jul 11 – – –  – – – 
4477 2022 Jul 13 – – –  – – – 
4478 2022 Jul 18 + (38.37) – –  + + – 
4479 2022 Jul 20 – – –  + + – 
4480 2022 Jul 25 – – –  – – – 
4481 2022 Jul 27 – – –  – – – 
4482 2022 Aug 3 – – –  – – – 
4483 2022 Aug 1 – – –  – – – 
*Bold positive font (+) indicates sequence failure due to insufficient DNA target; amplification band of the expected length was confirmed by duplicate 
experiments. ID, identification; RT-PCR, reverse transcription PCR; –, negative; +, positive. 
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virus shedding by infected persons, environmental 
persistence, and analytical sensitivity of the meth-
ods used (14). 

In conclusion, we adapted SARS-CoV-2 waste-
water surveillance for MPXV detection in a large 
airport WTP. Our methods can be applied to waste-
water-based epidemiology for monkeypox outbreaks 
and provides basic tools, including analytic methods. 
Wastewater surveillance can be rapidly adapted to 
detect emerging threats, including monkeypox.

This article was preprinted at https://medrxiv.org/cgi/
content/short/2022.08.18.22278932v1.
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Balamuthia mandrillaris is an ameba that can cause 
skin lesions, endophthalmitis, or granulomatous 

amebic encephalitis (GAE) in previously healthy pa-
tients. Routes of infection include possible soil expo-
sure (1) and transplanted organs from infected donors 
(2,3). The mortality rate is high. During 1974–2016, of 
109 Balamuthia GAE cases in the United States, 10 pa-
tients survived; mortality rate was >90% (4).

The recommended medication regimen for Bala-
muthia GAE includes pentamidine, sulfadiazine, 
azithromycin/clarithromycin, fluconazole, flucyto-
sine, and miltefosine (5). This regimen is based on sur-
vivor case series, and results have been inconsistent. Of 
those medications, only miltefosine, pentamidine, and 
azithromycin exhibit in vitro evidence of amebicidal or 
amebistatic activity (6,7). Furthermore, in vitro activity 
requires high concentrations of drug that are implau-
sible in vivo (50% inhibitory concentration for azithro-
mycin 244 μM and miltefosine 62 μM) (6). We report a 

patient with B. mandrillaris granulomatous amebic en-
cephalitis who survived after receiving treatment with 
nitroxoline, a drug typically used to treat urinary tract 
infections, which was identified in a screen for drugs 
with amebicidal activity against Balamuthia.

The Case
The patient was a man in his 50s, with no remark-
able medical history, who received care at a hospi-
tal in northern California, USA, after experiencing 
a generalized seizure. Magnetic resonance imaging 
(MRI) demonstrated a solitary left temporal lobe T2 
hyperintensity with gadolinium rim enhancement 
and surrounding edema. After receiving treatment 
with dexamethasone and levetiracetam, he was trans-
ferred to the University of California San Francisco 
Medical Center (UCSF) (Figure 1).

Examination by neurology consultants indicated 
disorientation, inattention, moderate aphasia, and 
mild right hemiparesis. The aphasia and hemipare-
sis improved during hospitalization, suggesting that 
those signs were postictal. Cerebrospinal fluid (CSF) 
testing revealed increased nucleated cells up to 80/
UL (60% lymphocytes, 17% neutrophils, 23% mono-
cytes), protein concentration 38 mg/dL, and glucose 
concentration 100 mg/dL. A biopsy sample from the 
left temporal lobe lesion was preliminarily reported 
as well-formed granulomata with acute inflammation 
(Figure 2, panel A).

Cultures from the brain biopsy sample did not 
grow bacteria, fungi, or mycobacteria. We performed 
metagenomic next-generation sequencing (mNGS) 
on a CSF sample (8,9) and sent brain biopsy samples 
for universal broad-range PCR amplicon sequencing 
(uPCR) for bacteria, fungi, Mycobacterium tuberculosis,  
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A patient in California, USA, with rare and usually fatal 
Balamuthia mandrillaris granulomatous amebic encepha-
litis survived after receiving treatment with a regimen that 
included the repurposed drug nitroxoline. Nitroxoline, 
which is a quinolone typically used to treat urinary tract 
infections, was identified in a screen for drugs with ame-
bicidal activity against Balamuthia.
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and nontuberculous mycobacteria. Rereview of 
neuropathology raised concern for amebic forms, 
prompting us to add uPCR of brain biopsy sample 
for ameba species (10). The patient was discharged. 

On day 26 after the initial visit, Sanger se-
quencing of the uPCR amplicon was positive for 
B. mandrillaris. This diagnosis was confirmed by 
research-based mNGS of DNA extracted from the 
formalin-fixed, paraffin-embedded brain tissue un-
der a remnant clinical sample biobanking protocol 
(UCSF IRB #10-01116; Appendix, https://wwwnc.
cdc.gov/EID/article/28/1/22-1531-App1.pdf) (11). 
Results of all other studies, including mNGS of CSF, 
were negative.

On day 27, the patient was rehospitalized, again 
with disorientation and inattention. Repeat MRI 
showed disease progression with multiple new su-
pratentorial and infratentorial lesions consistent with 
amebic abscesses. After consulting with the Centers 
for Disease Control and Prevention, we started ad-
ministering sulfadiazine (1,500 mg orally 4×/d), flu-
conazole (1,000 mg [12 mg/kg] orally 1×/d), flucyto-
sine (3,000 mg [37.5 mg/kg] 4×/d), pentamidine (330 
mg [4 mg/kg] intravenously 1×/d), azithromycin 
(500 mg orally 1×/d), miltefosine (50 mg orally 3×/d), 
and albendazole (400 mg orally 1×/d) (Figure 1).

MRI on day 42 (15 days of the 7-drug regimen) 
showed moderately reduced lesion size, reduced 
edema, and no new lesions. However, severe medi-
cation toxicities developed. Hypoglycemia required 
discontinuation of pentamidine. Subsequent renal 
failure caused by sloughing of renal calyces required 
discontinuation of sulfadiazine and placement of 
bilateral nephrostomy tubes. The patient’s kidney 

function improved but remained impaired (baseline 
estimated glomerular filtration rate 20). Decreased 
absolute neutrophil count necessitated stopping and 
then reducing flucytosine dose. The ongoing limited 
regimen included dose-reduced flucytosine, fluco-
nazole, miltefosine, albendazole, and azithromycin. 
Brain MRI on day 59 (14 days on this limited regi-
men) showed interval increase in lesion size, with in-
creased edema.

Given his worsening prognosis, the patient and 
his family agreed to trial treatment with nitroxo-
line, a quinolone antibiotic with in vitro amebicidal 
activity against B. mandrillaris (6). Nitroxoline was 
selected instead of compounds identified in other 
high-throughput screens (12) because it is available 
internationally to treat urinary tract infections and 
is well tolerated (13). Nitroxoline was authorized 
through an emergency use authorization (Food and 
Drug Administration Investigational New Drug no. 
154939), and on day 103, we initiated treatment (250 
mg orally 3×/d). All other medications were contin-
ued. The patient experienced a transient acute kid-
ney injury; although the nephrology staff considered 
it unrelated to nitroxoline, we submitted a possible 
adverse event report.

On day 109, after 1 week of nitroxoline treatment, 
MRI showed decreased size of the cerebral abscesses 
and no new lesions compared with MRI before ni-
troxoline on day 96 (Figure 2, panel B). The patient 
was discharged, although neurologic examination 
continued to demonstrate mild disorientation and in-
attention. Recovery was complicated by a subsequent 
acute kidney injury because of malfunctioning ureter-
al stents, and nitroxoline administration was stopped 
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Figure 1. Timeline of events and medications for patient with granulomatous amebic encephalitis, California, USA. Grey bar shows days 
since initial evaluation; diamonds indicate interval magnetic resonance images; blue diamonds indicate magnetic resonance images 
taken before and after administration of nitroxoline. Medications at the bottom are other treatments administered. Solid lines refer to 
the dosages indicated in article text, and dotted lines indicate dose reduction. LP, lumbar puncture; UCSF, University of California, San 
Francisco Medical Center, San Francisco, California, USA; uPCR, universal broad-range PCR amplicon sequencing.
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while creatinine clearance was <20 (days 122–143). In-
terval MRIs on days 156 and 220 (7 and 17 weeks after 
nitroxoline initiation) showed continued marked im-
provement in lesion size (Figure 2, panel B). 

As of 15 months after initial evaluation, the 
patient continues to take nitroxoline, miltefosine, 
azithromycin, albendazole, fluconazole, and dose-
reduced flucytosine. His infectious disease out-
patient clinicians plan to sequentially discontinue 
medications after 1 year. He lives in the community, 
and his family assists with medication management 
and appointments.

Conclusions
Repurposed use of nitroxoline associated with sur-
vival from B. mandrillaris GAE demonstrates the po-
tential of basic research to identify antiamebic agents 
that improve outcome of this rare and deadly dis-
ease. Given the limited options for treating Balamu-
thia GAE, several studies have used high-throughput 
screening tools to identify other amebicidal agents. 
Compounds from the Medicines for Malaria Ven-
tures Pandemic Response Box underwent in vitro tri-
als against B. mandrillaris, but the leading candidates 
have not been used in humans or are not commercially 
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Figure 2. Diagnostic findings 
for patient with granulomatous 
amebic encephalitis, California, 
USA. A) Brain biopsy sample. 
Granulomas are noted in a 
perivascular pattern. Scattered 
structures (arrows) with 
large nuclei and abundant 
cytoplasma are concerning 
for amebic trophozoite forms. 
Occasional structures with a 
large nucleus present within 
a relatively rigid outline (lower 
right image) are suspicious 
for amebic cysts, the dormant, 
thick-walled life stage. B) 
Magnetic resonance images 
obtained before and after 
nitroxoline treatment. Upper 
row shows axial gadolinium-
enhanced T1-weighted images; 
lower row shows axial fluid-
attenuated inversion recovery 
images. Images in the left 
series were obtained on day 96 
after initial visit, 1 week before 
nitroxoline initiation; images in 
the right series were obtained 
on day 156 after initial visit, 7 
weeks after nitroxoline initiation. 
BV, blood vessel.
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available (12). In the screening for the patient re-
ported here, which identified nitroxoline as having 
amebicidal activity against B. mandrillaris, in vitro ef-
ficacy of nitroxoline against B. mandrillaris cysts and 
trophozoites was determined to be higher than that 
of currently recommended drugs and prevented tis-
sue destruction in fibroblast and explant models of B. 
mandrillaris infection (6).

In vitro efficacy of nitroxoline is better than that 
of other antiamebic medications; it also is safe and 
well tolerated. In a review of its use in urinary tract 
infections, 9.8% of patients reported adverse events, 
primarily nausea (13). In contrast, current antiamebic 
treatments can cause severe toxicity, especially pent-
amidine and sulfadiazine. It is not known if nitroxo-
line penetrates the CNS, but our limited experience 
suggests that it may, especially in a patient with a 
compromised blood–brain barrier.

A barrier to treating Balamuthia GAE is diagnos-
tic delay. Imaging characteristics are nonspecific, and 
more common pathologies are often misdiagnosed 
(e.g., neoplasm or pyogenic abscesses) (4). CSF find-
ings are typically nonspecific, direct detection tests 
of CSF can be insensitive, and visualization of organ-
isms in CSF is rare. Thus, diagnosis often requires 
brain biopsy, specialized pathology, or dedicated 
PCR testing.

Unbiased diagnostics, such as mNGS, offer the 
opportunity to streamline and accelerate diagnosis 
of rare pathogens such as Balamuthia (8). Multiple 
Balamuthia GAE cases have been diagnosed by CSF 
mNGS (14,15). In the case we report, results of CSF 
mNGS testing were negative, concordant with nega-
tive CSF uPCR and indicating that no abscesses had 
ruptured or were abutting the ventricles (8). How-
ever, results of uPCR and research-based mNGS of 
brain tissue were positive. Currently, clinical mNGS 
is not available for brain biopsy samples; clinical 
validation of this test may speed diagnoses of future 
cases. Despite the limitations of any case study, we 
suggest that accelerated diagnosis with unbiased 
techniques and early initiation of nitroxoline may 
offer promise to improve survival rates for patients 
with Balamuthia GAE.
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etymologia revisited
Influenza 
[in’’floo-en’zƏ]  

An acute viral infection of the respiratory tract. 
From Latin influentia,"to flow into"; in  
medieval times, intangible fluid given off  
by stars was believed to affect humans. The Ital-
ian influenza referred to any disease  
outbreak thought to be influenced by stars. In 
1743, what Italians called an influenza di catarro 
("epidemic of catarrh") spread across Europe, 
and the disease came to be known in English as 
simply "influenza."

Source: 
Dorland's illustrated medical dictionary. 30th ed. Philadelphia:
Saunders; 2003 and Quinion M. World wide words. 1998 Jan 3  
[cited 2005 Dec 5]. Available from http://www.worldwidewords.org/ 
topicalwords/tw-inf1.htm



Japanese spotted fever (JSF), caused by the bacte-
rium Rickettsia japonica, was first described in 1984 

in Japan (1). It has been recognized in multiple coun-
tries in Asia, including Japan, South Korea, the Phil-
ippines, Thailand, and China (1–5), suggesting that it 
is endemic in Asia. In China, R. japonica has been de-
tected in ticks from the central, southeast, and north-
east regions (6–8). Since JSF cases were first found in 
Anhui Province in 2013 (5), a total of 39 have been 
reported in the Dabie Mountains on the borders of 
Henan, Anhui, and Hubei Provinces and in the Tian-
mu Mountains in Zhejiang Province on the eastern 
coast (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/29/1/22-0639-App1.pdf) (9–11).

The Study
Our study was approved by the ethics committees 
of the National Institute for Communicable Disease  

Control and Prevention (ICDC). During April–October 
2021, five JSF cases were found in Zigui County, Hubei 
Province, in the Three Gorges area of China (Appendix 
Figure 1), including case 1, in which the patient died 
because of multiorgan failure. Among the 5 case-pa-
tients (3 female, 2 male), disease onset occurred during 
April–October (2 cases in spring, 3 in autumn); median 
age of case-patients was 53 years (range 47–70 years) 
(Table 1). All had histories of activity in fields, but none 
was aware of any tick bites. All initially manifested 
signs and symptoms of sudden fever (≥38.5°C), head-
ache, chills, fatigue, chest tightness, shortness of breath, 
and dyspnea. All had rash and eschar (Appendix Fig-
ure 2), except for case-patient 1, who had no eschar. 
Case-patients 1, 3, and 5 experienced vomiting and 
case-patient 3 had abdominal pain. Medical laboratory 
tests (Table 2) showed that case-patients 1, 3, and 5 had 
thrombocytopenia and lymphopenia, case-patients 1 
and 5 had neutrophilia, and case-patients 1 and 4 had 
mild anemia. All 5 patients had remarkably elevated 
levels of C-reactive protein and D-dimer, and except 
for case-patient 5, all had elevated liver-associated en-
zymes. Proteinuria was detected in case-patients 1, 2, 
3, and 5. Case-patients 1, 3, and 5 had simultaneous 
edema and effusion and case-patient 5 showed mul-
tiple effusions (pelvic, pleural, pericardial, and ascites). 

Most laboratory tests were flagged as abnormal 
for case-patient 1, who died. She received an initial 
antimicrobial treatment (Appendix) at the village 
clinic without a causative agent being identified and 
already had severe sepsis (sequential organ failure as-
sessment score = 12) by the time she was admitted to 
the hospital on day 8 after symptom onset. Dissemi-
nated intravascular coagulation was diagnosed, and 
she died of multiple organ failure on day 9 despite 
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We report a case-series study of 5 patients with Japa-
nese spotted fever from the Three Gorges Area in China, 
including 1 fatal case. Seroprevalence of Rickettsia ja-
ponica was ≈12% among the local population. Our report 
highlights the emerging potential threat to human health 
of Japanese spotted fever in the area.
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Japanese Spotted Fever, China

continuous intensive therapy. The other 4 patients re-
covered without sequelae after receiving doxycycline 
or minocycline treatment (Appendix). 

Using a PCR assay, we detected 6 rickettsial genes 
(groEL, gltA, ompA, ompB, sca4, and 17kDa gene) in a 
blood specimen from case-patient 1. In addition, we 
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Table 1. Epidemiologic and clinical characteristics of patients with Rickettsia japonica infection, Zigui County, Hubei Province, China 
Characteristics Case 1* Case 2 Case 3 Case 4 Case 5 
Sex Female Male Male Female Female 
Age, y 58 47 68 57 70 
Month of admission Apr Jun Sep Sep Oct 
Occupation Farmer Village teacher Farmer Farmer Farmer 
Possible causative 
exposures 

Picking tea, 
tea garden 

Collecting bamboo, 
bamboo groves 

Herding sheep, 
woodland 

Farm work, 
fields 

Farm work and chopping 
wood, fields and woodland 

Previous illness Healthy Healthy Hypertension Healthy Hypertension 
Day of admission† 8 4 6 15 5 
Signs and symptoms      
 Highest temperature, °C 39.0 39.0 39.0 38.5 39.5 
 Fever type Continued Continued Continued Undetermined‡ Undetermined§ 
 Headache Present Present Present Present Present 
 Malaise Present Present Present Present Present 
 Myalgia Present Present Present Present Present 
 Chills Present Present Present Present Present 
 Eschar Absent Present Present Present Present 
 Rash (day) Present (11) Present (3) Present (10) Present (13) Present (10) 
 Hypotension (day) Present (9) Absent Absent Absent Absent 
 Dyspnea (day) Present (9) Present (6) Present (10) Present (15) Present (5) 
 Vomiting (day) Present (9) Absent Present (10) Absent Present (7) 
 Edema (day) Face (9) Absent Lower extremities (10) Absent Lower extremities (10) 
 Clouding of 
 consciousness 

Present Present Present Present Present 

 Proteinuria +++ +– + – ++ 
 Anuria (day) Present (9) Absent Absent Absent Absent 
 Abdominal pain Absent Absent Present (11) Absent Absent 
 Pelvic effusion Absent Absent Absent Absent Present (5) 
 Pleural effusion (day) Present (9) Absent Present (10) Absent Present (5) 
 Pericardial effusion Absent Absent Present (10) Absent Present (5) 
 Ascites effusion Absent Absent Absent Absent Present (5) 
*Fatal case. 
†Day on which sign or symptom manifested in patient, when applicable. The day when the patients first experienced headache and fatigue was defin ed as Day 0. 
‡Difficulty determining fever type because of drug intervention. 
§Urine protein concentration: –, <0.1 g/L; +–, 0.1–0.2 g/L; +, 0.2–1.0 g/L; ++, 1.0–2.0 g/L; +++, 2.0–4.0 g/L. 

 

 
Table 2. Laboratory findings of the patients with Rickettsia japonica infection, Zigui County, Hubei Province, China* 
Laboratory findings* Reference value Case 1 Case 2 Case 3 Case 4 Case 5 
Leukocyte,  109 cells/L 4.0–10.0 9.09 3.50 7.78 8.45 9.15 
Hemoglobin, g/L 110–150 (F), 120–160 (M) 109 130 127 105 115 
Platelets,  109/L 100–300 45 99 72 110 82 
Lymphocytes,  109 cells/L 0.8–3.5 0.52 0.72 0.91 2.29 0.64 
Neutrophils,  109 cells/L 1.8–6.3 8.11 2.55 5.80 5.80 7.90 
CRP, mg/L 0.8–8.0 199.53 72.8 77.00 72.00 111.72 
PCT, μg/L <0.5 5.64 0.38 2.14 0.4 0.54 
D-dimer, μg/mL 0–0.5 4.200 2.081 2.160 1.090 1.080 
TBil, mg/L 3–13 38.0 12 12 9.3 11 
DBil, mg/l 0–2.5 24.0 2.0 3.4 2.7 2.0 
TBA, μmol/L <10 43.1 3.9 8.6 4.8 4.9 
TP, g/L 60–80 48.7 62.9 52.3 58.2 65 
Albumin, g/L 35–55 23.8 36.2 30.6 35.6 35.9 
A/G 1.5–2.5 1.0 1.4 1.4 1.6 1.2 
ALT, U/L 0–35 21 69 177 167 16 
AST, U/L 0–40 114 88 167 111 29 
BUN, mmol/L 2.9–7.5 7.81 3.81 10.80 2.38 7.54 
Creatinine, mg/L 40–100 (F), 50–110 (M), 93.2 84.9 74.1 58.2 83.9 
Uric acid, μmol/L 150–357 (F), 200–416 (M) 378 301 259 182 210 
LDH, U/L 100–300 587 412 403 433 368 
Creatine kinase, U/L 18–198 257 186 51 48 125 
α-HBDH, U/L 90–220 401 294 254 317 323 
Sodium, mmol/L 135–145 137.7 141.9 132.9 131.4 136.5 
*α-HBDH, α-hydroxybutyrate dehydrogenase; A/G, albumin/globulin ratio; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood 
urea nitrogen; CRP, C-reactive protein; DBil, direct bilirubin; LDH, lactate dehydrogenase; TBA, total bile acids; TBil, total bilirubin; TP, total protein. 

 



DISPATCHES

amplified groEL, gltA, and 17kDa genes from case-pa-
tients 2, 3, and 5 but only gltA and 17kDa from case-
patient 4. For all 5 patients, the genomic sequences 
of each amplified target gene were 100% identical to 

each other; phylogenetic analysis revealed that the 
causative agent was most closely related to R. japon-
ica (Figure). We submitted the obtained sequences 
to GenBank (accession nos. OM966424–8 for gltA, 
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Figure. Bootstrap consensus phylogenetic tree constructed based on partial sequences of 17kDa (A), gltA (B), groEL (C), ompA 
(D), ompB (E), and sca4 (F) amplified from blood specimens from 5 spotted fever patients in Japan (yellow shading). We aligned 
sequences using MUSCLE within MEGA6 software (http://www.megasoftware.net). We analyzed phylogenetic relationships using the 
neighbor-joining method with 1,000 bootstrap replicates; boot values are shown next to the branches. Genbank accession numbers 
for the Rickettsia strains retrieved are indicated.



Japanese Spotted Fever, China

OM966422 for ompA, OM966423 for ompB, OM966412–
6 for 17kDa, OM966417 for sca4, and OM966418–21 
for groEL). We obtained 1 stable rickettsial isolate, 
designated R. japonica strain YC21, from the blood 
of case-patient 1 using Vero cell cultures (Appendix 
Figure 3) and obtained the whole genomic sequence 
from the isolate (GenBank BioProject PRJNA812951). 
Phylogenetic analysis based on core genes suggested 
that R. japonica strain YC21 was most closely related to 
R. japonica strain LA16/2015 (Appendix Figure 4); 30 
virulence-associated genes of R. japonica strain YC21 
(Appendix Table 2), predicted using the virulence 
factor database (http://www.mgc.ac.cn/VFs), were 
completely homologous to those of strain LA16/2015.

We used an immunofluorescence assay using R. 
japonica strain YC21 as coating antigen (a cutoff of 
1:64 was determined by testing negative and positive 
samples) and R. rickettsii (Focus Diagnostics, http://
focusdiagnostics.in) to test serum-specific antibodies 
from the 5 JSF patients and 100 healthy subjects re-
cruited locally. Case-patients 2 and 3 were confirmed 
to have JSF on the basis of a ≥4-fold increase in R. rick-
ettsii–specific and R. japonica–specific IgG titers be-
tween acute and convalescent phase serum (Appen-
dix Table 3). At baseline, 12/100 (12%) of the healthy 
local donors tested positive (range, 1:128–1:1,024; 
geometric mean, 512) for R. japonica–specific IgG.

We measured cytokine and chemokine levels in 
the serum samples collected from the JSF patients 
(during acute phase) and 6 healthy donors (Appendix 
Table 4). The levels of interferon (IFN) γ, interleukin 
(IL) 6, IL-10, IL-1α, macrophage inflammatory protein 
1β, IL-8, IFN gamma-induced protein 10, and mono-
cyte chemoattractant protein 1 in the 4 surviving JSF 
patients were significantly higher than in the healthy 
donors (p <0.01), consistent with previous reports, ex-
cept for the exclusion of tumor necrosis factor α (12–
14). In the case-patient who died, serum levels of IL-6, 
IL-10, and IFN-γ were 10-fold higher than those in the 
surviving case-patients and the levels of IL-4, INF-α, 
granulocyte-macrophage colony-stimulating factor, 
monocyte chemoattractant protein 1, macrophage in-
flammatory protein 1β, and IP-10 were 2-fold higher, 
suggesting that R. japonica infection might cause an 
unregulated hyperinflammatory state, potentially 
leading to cytokine release syndrome (14).

Conclusion
We identified 5 cases of JSF, including 1 in which the 
patient died, in Zigui County in the Three Gorges 
Area of China, where JSF has not previously been 
identified. Furthermore, our study revealed a high 
prevalence (12%) of R. japonica among residents, 

suggesting a new endemic area for JSF in China 
and indicating that JSF might be more widespread 
than previously thought. We should be alert to the 
potential risk for JSF, especially in areas where R. 
japonica is detected in vectors (Appendix Figure 1). 
The JSF cases were confirmed by PCR detection and 
serologic tests. A strain of R. japonica isolated from 
the blood of the patient who died was revealed to 
be most closely related to strains LA16/2015 and 
LA4/2015 detected in Zhejiang Province, suggest-
ing that a virulent strain of R. japonica might have 
spread widely across China.

Delayed treatment is one of the worst prognostic 
factors for patients with JSF, and as a neglected in-
fectious disease, it might not be considered during 
differential diagnosis. In our study, the patient who 
died manifested a faint rash, but without eschar, 
which resulted in delayed diagnosis and provision of 
correct antimicrobial treatment when she first visited 
the rural clinic. Profiling the patient’s serum cytokine 
and chemokine levels indicated notably elevated IL-6, 
IL-10, and IFN-γ, characteristic of potential cytokine 
release syndrome. The primary findings on patient 
cytokines levels benefit understanding of immune re-
sponse to R. japonica infection. 

Our findings highlight the threat of JSF to pub-
lic health in China. Healthcare workers, especially 
in rural areas where residents are at increased risk 
for tick exposure, should be aware of this potentially 
deadly infectious disease. Long-term surveillance 
and investigation of local hosts and vectors of R. ja-
ponica are necessary to improve the prevention and 
treatment of JSF.
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The evolution of SARS-CoV-2 during the CO-
VID-19 pandemic has raised interest in evolving 

disease manifestation and associated severity since 
early reports of its emergence in December 2019 (1). 
As SARS-CoV-2 variants have evolved, studies have 
focused on the differences in hospitalizations and 
deaths (2,3). Although case reports have described 
changes in symptoms, they are limited in scope and 
duration of follow-up (4–8). Moreover, because these 
retrospective case investigations are often event 
based, separating novel symptoms from preinfec-
tion symptoms is subject to recency bias (9), and does 
not establish a true distribution of these symptoms, 
unlike prospective syndromic surveillance. The pur-
pose of this study was to describe the evolution of 
COVID-19 symptoms and their duration during each 

variant wave in the North Carolina COVID-19 Com-
munity Research Partnership (NC-CCRP), a multisite 
longitudinal symptom and serosurveillance study in 
North Carolina, USA, that included results from an 
electronic daily symptom survey regardless of infec-
tion status.

The Study
The NC-CCRP is one of the largest and longest run-
ning syndromic surveillance surveys of a conve-
nience cohort in the United States. In the study, a 
total of 37,820 adult participants completed daily 
health and symptom logs during April 2020–April 
2022 and captured 5,480 self-reported COVID-19 in-
fections (10). Adults >18 years of age were recruited 
from the patient populations served by healthcare 
systems at 6 North Carolina sites via direct email 
outreach. Participants received a brief daily electron-
ic survey by text or email to answer questions about 
COVID-19 exposures, symptoms, test results, receipt 
of vaccination, and risk behaviors. We obtained de-
mographic information and healthcare worker occu-
pation at baseline. Participants provided informed 
consent electronically. We defined variant periods 
as pre-Delta, Delta, and Omicron (pre-BA.4/BA.5) 
based on variant predominance in North Carolina 
(Figure 1). We defined symptomatic COVID-19 as 
the presence of >1 new symptom 2 weeks before or 
after the date of a self-reported positive viral test. 
A new symptom occurred if the symptom was not 
present in the 7 days before the report date. We de-
fined reinfection as a positive test result >90 days af-
ter a previous positive test.
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In North Carolina, USA, the SARS-CoV-2 Omicron vari-
ant was associated with changing symptomology in 
daily surveys, including increasing rates of self-reported 
cough and sore throat and decreased rates of loss of 
taste and smell. Compared with the pre-Delta period, 
Delta and Omicron (pre-BA.4/BA.5) variant periods were 
associated with shorter symptom duration.
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We estimated the duration of symptoms using a 
linear model fit to those persons who had a symptom-
atic episode during their infection where the predom-

inant variant during infection was the independent 
variable. We included adjustments for participant 
sex, vaccination and booster status at infection, prior 
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Figure 1. Overview of COVID-19 
waves by variant in North 
Carolina, USA. We defined 
pre-Delta as an infection before 
June 26, 2021. Delta was the 
predominant variant during 
June 26–December 25, 2021, 
after which Omicron became 
dominant. Data were provided 
by North Carolina Department of 
Health and Human Services.

 
Table 1. Overview of demographics and key characteristics of study population in the North Carolina COVID-19 Community 
Research Partnership study on COVID-19 reinfection, North Carolina, USA* 
Characteristic Pre-Delta, n = 37,711 Delta, n = 24,664 Omicron, n = 19,189 
Median age, y (IQR) 49 (37–62) 53 (41–64) 55 (43–65) 
Sex    
 F 26,001 (69) 17,156 (70) 13,233 (69) 
 M 11,710 (31) 7,508 (30) 5,956 (31) 
Race    
 Asian 727 (1.9) 404 (1.6) 296 (1.5) 
 Black or African American 2,122 (5.6) 1,205 (4.9) 870 (4.5) 
 White 32,946 (87) 21,985 (89) 17,218 (90) 
 Other 1,916 (5.1) 1,070 (4.3) 805 (4.2) 
Ethnicity    
 Other 3,245 (8.6) 1,748 (7.1) 1,266 (6.6) 
 Hispanic or Latino 942 (2.5) 562 (2.3) 442 (2.3) 
 Mixed ethnicity 500 (1.3) 317 (1.3) 239 (1.2) 
 Not Hispanic/Latino 33,024 (88) 22,037 (89) 17,242 (90) 
Healthcare worker 10,488 (28) 6,914 (28) 5,077 (26) 
Site    
 Atrium 8,362 (22) 6,112 (25) 4,983 (26) 
 Campbell 744 (2.0) 450 (1.8) 259 (1.3) 
 New Hanover 716 (1.9) 540 (2.2) 0 (0) 
 Vidant 1,367 (3.6) 692 (2.8) 0 (0) 
 Wake Forest 23,475 (62) 14,628 (59) 12,122 (63) 
 Wake Med 3,047 (8.1) 2,242 (9.1) 1,825 (9.5) 
Median no. days reporting during wave (IQR) 169 (62–326) 129 (56–167) 47 (22–57) 
Vaccination status    
 Fully vaccinated by beginning of wave† 1,149 (3.0) 21,772 (88) 18,092 (94) 
 Fully vaccinated by end of wave† 24,264 (64) 22,597 (92) 18,112 (94) 
 Boosted by beginning of wave‡ 0 122 (0.5) 14,595 (76) 
 Boosted by end of wave‡ 6 (<0.1) 15,623 (63) 15,348 (80) 
COVID-19 positive test§ 1,908 (5.1) 1,472 (6.0) 2,090 (11) 
Reinfection¶ 8 (0.4) 43 (2.9) 132 (6.3) 
Vaccine breakthrough infection 47 (2.5) 1,233 (84) 1,936 (93) 
Booster breakthrough infection 0 360 (24) 1,444 (69) 
*Values are no. (%) except as indicated. IQR, interquartile range. 
†>14 days after receipt of first dose if first dose is Johnson & Johnson/Janssen (https://www.jnj.com); >14 days after date of receipt of second dose if 
first dose is Pfizer-BioNTech (https://www.pfizer.com), Moderna (https://www.modernatx.com), other, or missing. 
‡Self-reported receipt of a second dose >60 days following an initial Janssen vaccination or reported a third dose >60 days after the receipt of 2 doses 
of Pfizer/Moderna/other/missing. 
§Self-reported. 
¶Self-reported positive test (COVID-19 infection (sample by nasal swab, saliva or spit) >90 days after a prior positive test. 

 

 



COVID-19 Symptoms by Variant, North Carolina

infection status, and participant age as potential con-
founding factors. We generated estimated marginal 
means to understand the pairwise comparisons be-
tween different variant waves. We analyzed symp-
tom frequency and duration for the proportion of 
participants reporting each symptom and the dura-
tion of symptoms occurring >1 time during the epi-
sode. We used Fisher exact test or χ2 test to determine 
symptom frequency between the variant waves and 
performed Kruskal-Wallis rank sum tests to iden-
tify differences in symptom duration. We used false- 

discovery rate corrections to adjust for multiple com-
parisons in which α = 0.05. We conducted all analysis 
in R version 4.1.3 (The R Project for Statistical Com-
puting, https://www.r-project.org).

Self-reported reinfections increased from 0.4% 
during pre-Delta and 2.9% during Delta to 6.3% dur-
ing Omicron (Table 1). During the pre-Delta period, 
most infections were among persons not yet fully 
vaccinated (97.5%). During the Delta and Omicron 
periods, nearly all participants were fully vaccinated 
at the time of infection, 84% Delta and 93% Omicron 
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Figure 2. Reported COVID-19 symptoms by variant in the North Carolina COVID-19 Community Research Partnership, North Carolina, 
USA. A) Proportion of symptomatic persons reporting symptoms; we defined a symptomatic episode as the presence of any new symptoms 
in the 14-day window, where new means not occurring in the 7 days preceding the first observation of the symptom within the window. B) 
Odds ratio of reporting a symptom by variant wave using Delta as the baseline. C) Average length of participant-reported symptom duration 
in a symptomatic infection. D) Difference in symptom duration from Delta-period infections. Error bars represent 95% CIs.
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(Table 1), which corresponded to the higher rates 
of vaccination in the cohort during these periods. 
Survey participation rate declined from 37,711 par-
ticipants during the pre-Delta period to 19,189 par-
ticipants during the Omicron period; the median age 
increased from 49 to 55 years of age (Table 1).

Cough was the most frequent self-reported symp-
tom in all waves; it increased from 77% pre-Delta to 
85% during Omicron (p = 0.001) (Figure 2, panel A). 
Sore throat was more common during Omicron (71%), 
compared with 62% during Delta and 54% during 
pre-Delta (p<0.001). The largest change in proportion 
reporting a symptom was loss of taste or smell, which 
decreased from 55% during pre-Delta to 17% during 
Omicron (p<0.001). Compared with the pre-Delta 
period, the Delta (−1.26, 95% CI −1.95 to −0.57) and 
Omicron periods (−3.82, 95% CI −4.55 to −3.09) were 
associated with shorter symptom duration (Table 2; 
Figure 1, panel D). We conducted a sensitivity analy-
sis to examine the effects of different comorbidities; 
we found that those with autoimmune, pulmonary, 
and renal diseases and obesity had longer symptom 
durations when adjusting for variant wave, age, vac-
cination, prior infection, and sex (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/29/1/22-
1111-App1.pdf). We observed no statistically signifi-
cant interactions between variant period and comor-
bidity. A sensitivity analysis stratified by those who 
were and were not fully vaccinated before symptom 
onset found no appreciable difference in symptomol-
ogy or length of symptoms than in the whole cohort 
combined (Appendix Tables 3–4). When we stratified 
results by variant, vaccination during Delta was as-
sociated with lower odds of reporting all individual 
symptoms except fatigue and sore throat (Appendix 
Figure 1).

Conclusions
Our results identify notable shifts in clinical manifes-
tation and symptomology during the different phases 
of the COVID-19 pandemic. These findings support 
accumulating evidence of increasing occurrences of 
breakthrough infections in vaccinated and boosted 
participants and growing rates of reinfection com-

mensurate with the rise in prevalence of the Omicron 
variant in the United States (2,5,11–13).

In this longitudinal survey of self-reported 
symptoms we found that variant waves were as-
sociated with differing symptom prevalence and 
duration. Overall, these findings largely confirm 
observations that symptomatic Omicron infections 
resolve faster with less severe symptomology, of-
ten resembling an upper respiratory infection with-
out loss of taste and smell; and are less likely to 
result in hospitalization (13,14). Our estimates of 
marginal mean symptom duration and are consis-
tent with Menni et al.; we found average duration 
of 8.4 (95% CI 7.8–9.1) days for Delta and 5.9 (95% 
CI 5.3–6.4) days for Omicron infections. Menni et 
al. found average symptom durations of 8.89 (95% 
CI 8.61–9.17) days for Delta and 6.87 (95% CI 6.58–
7.16) days for Omicron infections in matched analy-
sis of a prospective longitudinal syndromic study 
in the United Kingdom (13). Studies have shown 
that Omicron spike is associated with higher ACE2 
binding affinity and less efficient S1/S2 cleavage 
than Delta, resulting in lower rates of syncytia for-
mation (15). These changes in cellular tropism may 
explain the observed shift in symptom presentation 
and decreased symptom duration during Omicron.

A limitation of this study is that survey partici-
pant age declined during the study, whereas median 
age increased. Those who responded in later periods 
may have been more likely to report symptoms, and 
thus our estimates may overstate the duration and 
intensity of symptoms during the Omicron period. 
Respondents self-selected for participation, and some 
participants may be more likely to report symptoms 
than others, which is a limitation in self-reported 
symptom surveys. The survey also did not explicitly 
capture the use of at-home antigen tests, which ex-
panded during the Omicron period.

Despite the lack of individual-level genomic 
sequencing, we detected significant differences in 
symptom manifestation and duration; our findings 
indicate that continued longitudinal syndromic sur-
veillance could be an important component in measur-
ing disease presentation, outcomes, and prevalence.  
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Table 2. Symptom duration among participants reporting symptoms by variant wave in study of COVID-19 infection, North Carolina, 
USA* 

 Variant period Beta (95% CI)† p value Marginal mean duration, d (95% CI)‡ 
 Pre-Delta NA NA 9.7 (9.0–10.4) 
 Delta −1.3 (−2.0 to −0.57) <0.001 8.4 (7.8–9.1) 
Omicron −3.8 (−4.6 to −3.1) <0.001 5.9 (5.3–6.4) 

*Data are adjusted for age, vaccination status, boosting, reinfection, and sex. NA, not applicable. 
†Differences from reference wave (pre-Delta) in the linear model. 
‡Marginal mean represents the estimated mean duration of a symptomatic period across all levels of age, vaccination status, boosting, reinfection, and 
sex. 
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As COVID-19 becomes endemic and the immune 
landscape changes through vaccination and infec-
tion, understanding symptomology and clinical pre-
sentation will be needed to distinguish SARS-CoV-2 
from other viral infections and provide insight into 
evolving pathology.
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of Texas Medical Branch institutional review board 
(protocol no. 20-0259).

We tested 528 serum samples from persons 
across Galveston County (Table). Most (376/528, 
71.2%) specimens were from female patients with a 
median age of 51 years. IFA reactivity was demon-
strated in 46 (8.7%) persons, among whom 41 (7.8%) 
had confirmed seroreactivity (i.e., reactive by both 
IFA and Western blot). The geometric mean recipro-
cal titer was 521, which is much higher than the value 
of 197 we noted in 2013 (p<0.04). Seropositive speci-
mens were found in all communities except Friend-
swood and Bacliff (Figure). Compared with the 1.6% 
(8/500) seroprevalence in the city of Galveston in 
2013, which we obtained with the same methodology 
used in this study, we noted a higher seroprevalence 
in both the city of Galveston (8.2%, 12/146; p<0.001) 
and throughout Galveston County (7.8%, 41/528; 
p<0.001) in 2021.

The increased seroprevalence of R. typhi reactive 
antibodies supports the hypothesis that the increase 
in TGR cases reported in Galveston County is because 
of pathogen reemergence in this region, rather than 
enhanced clinical recognition alone. Considering the 
kinetics of R. typhi antibody (8), the higher geomet-
ric mean titer supports more recent seroconversion 
in the 2021 sample cohort, further supporting our 
hypothesis. Regional changes in the zoonotic trans-
mission cycle could be contributing to this increase. 
Such changes might include a shift from the classic 
rat–rat flea urban transmission cycle to one involving 
opossums and cat fleas. In addition, another study 
demonstrated high R. typhi seropositivity (66.7%) in 

opossums and a high proportion of R. typhi–infected 
fleas (7%) collected from these animals in Galveston 
(9). More studies are needed to understand the ecol-
ogy of TGR and risk to public health. Clinicians and 
public health officials should be aware of the increase 
of R. typhi seropositivity in the Galveston area and 
recognize the signs and symptoms of murine typhus.
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Cetacean morbillivirus (CeMV; family Paramyxo-
viridae, genus Morbillivirus) is an important 

cause of illness and death in cetaceans (1). The genus 
Morbillivirus comprises 2 lineages: CeMV-1, which in-
cludes dolphin morbillivirus (DMV), porpoise mor-
billivirus (PMV), pilot whale morbillivirus (PWMV), 
and beaked whale morbillivirus (BWMV) strains; and 
CeMV-2, comprising the strain detected in Indo-Pa-
cific bottlenose dolphins (Tursiops aduncus) in western 
Australia, the Fraser’s dolphin morbillivirus (FDMV), 
and Guiana dolphin morbillivirus (GDMV) strains 
(1,2). GDMV has been the only strain reported in ce-
taceans in Brazil (3). Four cases of PWMV have been 
recorded in pilot whales of the Northern Hemisphere, 
on the Atlantic coast of the United States and in the 
Canary Islands, Spain (4,5).

During July–October 2020, four short-finned pi-
lot whales (Globicephala macrorhynchus) stranded in 
Brazil: 2 in Ceará state (cases 1 and 2) and 2 in Santa 
Catarina state (cases 3 and 4). All the animals strand-
ed alive and died within 24 hours (Appendix Figure 
1, https://wwwnc.cdc.gov/EID/article/29/1/22-
1549-App1.pdf). We performed standard necrop-
sies and collected tissue samples, which we fixed in 
10% buffered formalin for histopathology or froze at 
−20°C or −80°C for molecular analysis.

We performed RNA extractions of all available 
tissues with TRIzol-LS (Life Technologies Corpo-
ration, https://www.thermofisher.com). We per-
formed a morbillivirus 2-step reverse transcription 
nested PCR to amplify the phosphoprotein gene 
(6). After DNA extraction with the QIAGEN Blood 
& Tissue Kit (QIAGEN, https://www.qiagen.com), 
we performed herpesvirus detection in lung (n = 2) 
and liver (n = 4) samples by nested pan-PCRs to am-
plify DNA polymerase and glycoprotein B genes (7); 
when those were positive, we tested the remaining 

Cetacean morbillivirus (CeMV) causes illness and death 
in cetaceans worldwide; the CeMV strains circulating 
in the Southern Hemisphere are poorly known. We de-
tected a pilot whale CeMV strain in 3 short-finned pilot 
whales (Globicephala macrorhynchus) stranded in Brazil 
during July–October 2020. Our results confirm this virus 
circulates in this species.
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available tissues using the same protocols. We cal-
culated percentage of identity among the obtained 
sequences and the closest ones from GenBank/
EMBL/DDBJ based on p-distance. We used MEGA7 
(https://www.megasoftware.net) to construct the 
phylogram (Figure).

Three animals, cases 1, 3 and 4, were morbilli-
virus-positive, amplified in central nervous system, 
lung, and pulmonary lymph node samples (Table, 
https://wwwnc.cdc.gov/EID/article/29/1/22-
1549-T1.htm); sequences were submitted to GenBank 
(case 1, accession no. OP375347; case 3, OP375348; 
case 4, OP375349). Sequences from case 1 and 3 were 
identical and had a single nucleotide missense mu-
tation (99.7% nt identity, 99.2% aa identity) when 

compared to the sequence from case 4. The se-
quences from cases 1 and 3 presented the highest 
nucleotide (99%) and amino acid identities (96.9%) 
with a PWMV sequence identified in 2 pilot whales 
in the Canary Islands, Spain (GenBank accession 
nos. KT006289 [animal 1], KT006290, and KT006291 
[animal 2]). The sequence from case 4 had the high-
est nucleotide (99.2%) and amino acid similarities 
(97.7%) to the same PWMV sequences. Our sequenc-
es clustered with other PWMV sequences (Figure). 
In addition, we detected an alphaherpesvirus by the 
DNA polymerase protocol in a lung sample from 
case 3 (GenBank accession no. OP341880). The re-
maining tissue samples of case 3 (cerebellum, kid-
ney, mesenteric lymph node, spleen, and liver) were 

Figure. Maximum-likelihood phylogenetic tree based on Hasegawa-Khisino-Yano model with inversions gamma distribution and 
invariant sites of the phosphoprotein gene nucleotide sequences of cetacean morbillivirus PWMV obtained in Brazil (this study, blue 
circles), PWMV sequences previously described, and other morbillivirus strains described in cetaceans available from the GenBank/
DDBJ/EMBL databases. Phocine distemper virus was selected as outgroup. The sequence identifier shows GenBank accession 
number, virus type, and location. Yellow shading indicates strains comprised in Cetacean morbillivirus lineage 1; blue shading indicates 
strains in lineage 2. Numbers at nodes indicate the bootstrap value; 1,000 bootstrap replications were selected, and bootstrap values 
<70 were omitted. BWMV, beaked whale morbillivirus; DMV, dolphin morbillivirus; GDMV, Guiana dolphin morbillivirus; PMV, porpoise 
morbillivirus; PWMV, pilot whale morbillivirus.



216 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023

RESEARCH LETTERS

herpesvirus-negative by PCR. The obtained herpes-
virus has the highest similarity (99.5% nt identity, 
100% aa identity) to an alphaherpesvirus obtained 
in a striped dolphin (Stenella coeruleoalba) from Spain 
(GenBank accession no. GQ888671). 

The general health of the CeMV-positive animals 
was poor, and all were undernourished. We com-
pared the main pathologic findings in these animals 
to all other cases of PWMV strain reported in the lit-
erature (Table).

Pilot whales are susceptible to DMV and PWMV; 
DMV cause atypical pilot whale deaths in the Medi-
terranean Sea (6). By contrast, 4 cases of PWMV infec-
tions have been recorded; 1 in New Jersey, USA, and 
3 in the Canary Islands, Spain (4–6,9,10). All of them 
had multiorgan infections (4,5). Case 1 likely had a 
subacute or systemic CeMV infection characterized 
by meningomyelitis with gliosis and lymphocytic 
bronchointerstitial pneumonia. Further studies are 
necessary to elucidate if cases 3 and 4 manifested an 
infection similar to the brain-only DMV form or a sys-
temic infection with heterogenic dissemination. The 
poor nutritional condition observed in all PWMV-
positive animals could be the result of decreased for-
aging capacity caused by encephalitis (1). Case 3 had 
alphaherpesvirus and CeMV co-infection, a comor-
bidity previously reported in cetaceans, including 
pilot whales (5,10); in this case, however, there were 
no associated herpesviral lesions. All PWMV-positive 
cetaceans we described were juveniles, which could 
be associated with maternal passive immunity loss.

The occurrence of pilot whale strandings in 2020 
on the coast of Brazil could be considered atypical. 
Of interest, although case 1 was stranded >3,300 km 
away from case 3 along the coastline, it had the same 
PWMV sequence type, which suggests circulation of 
that type along the coast of Brazil. Further studies are 
necessary to understand the effects and epidemiol-
ogy of morbillivirus in cetaceans in the South Atlan-
tic Ocean. However, the high similarity between our 
sequences and the PWMV detected in the Northern 
Hemisphere confirms that this strain also circulates in 
South America pilot whales and might be enzootic in 
Globicephala sp. whales in the Atlantic Ocean. 
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Mycolicibacterium iranicum is a rapidly growing 
mycobacterium (RGM) and emerging cause 

of respiratory, wound, blood, and central nervous 
system infections (1,2). Phylogenetic analyses have 
shown that M. iranicum is more closely related to en-
vironmental mycobacterial species than pathogenic 

species (3), and most outbreaks have been associated 
with exposure to contaminated water (4,5).

Reports of nontuberculous mycobacteria infec-
tions have been increasing worldwide (6,7), pre-
dominantly in immunocompromised patients with 
hematologic or oncologic medical conditions (6). The 
rise in RGM detection is likely because of increased 
prevalence of immunocompromising conditions and 
improved access to molecular diagnostics (7). Mo-
lecular techniques, especially sequencing multiple 
conserved genes, such as rrs (16S rRNA), rpoB, and 
groEL (hsp65) (4), have led to a dramatic increase in 
mycobacterial species identified during the past 30 
years. We describe a case of M. iranicum bacteremia 
associated with a long-term percutaneous catheter in 
an immunocompromised patient.

A woman, 76 years of age, with a history of poly-
myositis and hypertrophic obstructive cardiomy-
opathy was admitted to an academic hospital in Los 
Angeles, California, USA, because of substernal chest 
pain and dyspnea that began 1 day before. Her medi-
cations included prednisone (15 mg/d) and intrave-
nous immunoglobulin (20 g administered every 10 
days through a port-a-cath that had been in place for 
several years). The patient had taken mycophenolate 
mofetil until a month before hospital admission. Dur-
ing each intravenous immunoglobulin infusion over 
the past 2 years, she had experienced fevers, which 
were attributed to an infusion reaction. The most re-
cent infusion was 4 days before admission. 

The patient reported fatigue and generalized 
weakness for several days and an unintentional 
25-pound weight loss over the past year. On hospi-
tal day 2, she was febrile with a temperature of 101°F 
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/29/1/22-0851-App1.pdf). Results of a pre-
liminary work-up were unrevealing; however, after 4 
days of incubation, multiple aerobic blood cultures (in 
BACTEC FX aerobic and F lytic media; Becton Dickin-
son, https://www.bd.com) taken from her port grew 
beaded, gram-positive rods with yellow mycobacte-
ria-like colonies (Appendix Figure). Matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry failed to identify the isolate. 
We performed a laboratory-developed, next-genera-
tion sequencing-based test that identified the organ-
ism as Mycolicibacterium iranicum, which we further 
verified using k-mer–based phylogenic analysis (Fig-
ure) (8). Using a previously described method for 
detection of macrolide resistance in Mycobacteroides 
abscessus (9), we did not detect a functional erm gene.

When blood cultures demonstrated Mycobac-
terium sp., we changed therapy and administered 

We describe a case of catheter-related bacteremia caused 
by Mycolicibacterium iranicum in the United States. The 
case highlights the value of using next-generation se-
quencing to identify infrequent and emerging pathogens 
and the challenges associated with choosing appropriate 
treatments because of limited knowledge of drug resis-
tance mechanisms in those emerging pathogens.
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imipenem, amikacin, and azithromycin. We avoided 
fluoroquinolones because of the patient’s history 
of seizures on ciprofloxacin. The patient’s port was 
extracted. After 13 days, we changed her treatment 
regimen to doxycycline, azithromycin, and trim-
ethoprim/sulfamethoxazole. Because of intolerable 
gastrointestinal symptoms, doxycycline treatment 
was discontinued. The patient was discharged, and 
azithromycin and trimethoprim/sulfamethoxazole 
treatments were continued with the presumption 
that her isolate was macrolide-susceptible because 
it lacked the erm gene. We determined the drug 
MIC by broth microdilution following Clinical and 
Laboratory Standards Institute guidelines, and the 
organism was susceptible to all drugs tested except 
clarithromycin, to which the organism was resistant 
with a MIC of 8.0 mg/L. After 4 weeks of therapy, 
when the MIC results were available, we discontin-
ued azithromycin, added doxycycline, and contin-
ued trimethoprim/sulfamethoxazole treatment. The 
patient again did not tolerate doxycycline. After 6 
weeks of targeted therapy, the patient’s fevers re-
solved, blood cultures were negative, and therapy 
was ended.

Catheter-related bloodstream infections (CRBSIs) 
are the most common type of healthcare-associated 

RGM infection (6). Primary risk factors for RGM 
CRBSIs are immunosuppression, extended catheter 
placement, and previous antimicrobial therapy; our 
patient had all 3 risk factors (4–6). RGM form dense 
biofilms, which appear to be integral both to their 
survival in hostile environments and pathogenesis of 
CRBSIs (5,7). Successful treatment of nontuberculous 
mycobacterial CRBSIs usually necessitates catheter 
removal (4,5,10).

Except for 1 report of bacteremia resistant to clar-
ithromycin, ethambutol, rifabutin, and trimethoprim/
sulfamethoxazole, previously reported isolates of M. 
iranicum have been susceptible to all tested drugs (1,2). 
Macrolide resistance in RGM is best understood for M. 
abscessus in which specific rrl gene mutations mediate 
constitutive resistance, whereas an intact erm(41) gene 
confers inducible resistance (9). We used azithromycin 
when no erm(41)-like gene was detected in the patient’s 
isolate, but susceptibility testing later revealed macro-
lide resistance. Macrolide resistance without erm(41) or 
other erm-like genes suggests that inducible macrolide 
resistance may be mediated by a different mechanism. 
Comparative genomic analysis suggests that M. irani-
cum could acquire multiple drug resistance genes by 
horizontal transfer (3). Molecular resistance mecha-
nisms for M. iranicum are not well characterized, and 

Figure. Phylogenetic tree of an isolate from a 76-year old woman in California, USA (blue box), compared with a selection of relevant 
members of the family Mycobacteriaceae in a case study of catheter-related bloodstream infection caused by Mycolicibacterium 
iranicum. Relatedness was determined by k-mer analysis. Reference genomes were from 4 Mycolicibacterium iranicum isolates, 74 
other Mycolicibacterium spp., 12 Mycobacteroides abscessus isolates, and 6 clinically relevant slow-growing Mycobacterium spp. Light 
green background indicates M. iranicum isolates. The clinical isolate in this case study was clustered most closely with all 4 M. iranicum 
genomes. Tree is not scale and is designed to show clustering.
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our case highlights the challenges of genotypic resis-
tance prediction in uncommon RGM species.

In summary, we report a case of M. iranicum CRB-
SI that was treated successfully with catheter removal 
and 2 weeks of amikacin and imipenem followed by 
4 weeks of de facto monotherapy with trimethoprim/
sulfamethoxazole. This case illustrates the value of 
using next generation sequencing to identify novel 
pathogens and the challenges of choosing appropri-
ate treatment because of limited knowledge of drug-
resistance mechanisms.
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A monkeypox virus (MPXV) outbreak has spread 
worldwide since April 2022. Although the risk 

to the general public was previously considered low, 
the World Health Organization is now responding 
to this outbreak as a high priority to avoid further 
spread (1). The community of men who have sex with 
men appears to be particularly exposed (2), although 

A monkeypox virus outbreak has spread worldwide since 
April 2022. We report a young woman in France positive 
for monkeypox virus transmitted through oral and vagi-
nal sex. Ulceronecrotic lesions developed intravaginally 
and around her vulva. Health professionals should be-
come familiar with all aspects of infection from this virus, 
including possible vertical transmission.
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rare cases among women have been described. We 
report a sexually transmitted case of MPXV with 
typical genital lesions in a young woman in France. 
The study was approved by the Institutional Review 
Board of Foch Hospital (IRB no. IRB00012437 [ap-
proval no. 22-10-02]), Suresnes, France. Written con-
sent for publication was obtained from the patient for 
clinical information and photographs. Deidentified 
data were securely transferred and stored.

On September 7, 2022, an 18-year-old woman 
sought care at the outpatient clinic of Foch Hospital 
for symptoms such as fever, myalgia, and multiple 
eruptions on her vulva that began 7 days earlier (Fig-
ure). She reported a headache began on September 2, 
2022, followed by feverish episodes on September 2 

that stopped on September 7. The first eruptions ap-
peared on September 2 on the gluteal area and then 
spread. Rashes on her hands and wrists appeared on 
September 7. At examination, the patient showed no 
odynophagia, coughing, or sputum. A gynecological 
examination showed ulceronecrotic lesions around 
the vulva and intravaginally. The cutaneous lesions 
were infracentimetric pustules located on the torso, 
fingers, and palms of the hands and above the inter-
gluteal groove. We observed bilateral laterocervical 
and inguinal lymphadenopathies, but no axillary 
lymphadenopathy or anal lesions were evident.

Tests for chlamydia and gonococcus on pharyn-
geal and self-collected anal swabs were negative, 
and no previous sexually transmitted infections were  

Figure. Pustules in gluteal area (A), genital area (B, C), intravaginal area (D), arm and hand (E), and finger (F) in young woman with 
monkeypox virus infection after sexual intercourse, France, September 2022.
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reported for the patient or her boyfriend. Tests for 
HIV, syphilis, herpes, toxoplasmosis, rubella, and 
hepatitis (A, B, and C) were all negative for both per-
sons. A real-time reverse transcription PCR, designed 
at the French National Reference Center of Orthopox-
virus, was performed on a pharyngeal swab sample 
from the patient on September 7 and tested positive 
for MPXV on September 8.

The patient had been in a relationship for 9 
months with her boyfriend and had only had vagi-
nal and oral intercourse with him; the most recent in-
tercourse was 8 days before her first symptoms. On 
August 25, 2022, after a vacation in the southwest of 
France, her boyfriend began experiencing fever, pim-
ples on his penis, and swollen inguinal glands. His 
rashes disappeared on September 1. We have no ad-
ditional information for him. The main transmission 
hypothesis for MPXV in this case is oral and vaginal 
sex with the patient’s boyfriend. She was not hospi-
talized but placed in confinement in her home. On 
October 12, the patient was seen at Foch Hospital for 
follow up, at which time the rashes were beginning 
to disappear (Appendix, https://wwwnc.cdc.gov/
EID/article/29/1/22-1643-App1.pdf).

Most current MPXV outbreaks in Europe have 
involved young men who have sex with men who at-
tend festivals and other public events (3). Conversely, 
data regarding MPXV cases in women are sparse; 
only a few cases have been reported in the literature 
(4). To date, only a small proportion of infections have 
been reported in women; only 1.2% of total cases in 
Europe have been reported in women (5). Our patient 
had a regular sexual partner who had MPXV symp-
toms, thus reinforcing that sexual transmission might 
play a predominant role in the outbreak (2).

Pharyngitis and rectal symptoms are being in-
creasingly described as occurring after traditional 
skin lesions in MPXV infections (6), although these 
symptoms were not evident in our patient. The most 
reported clinical symptoms are painful perianal and 
genital lesions, together with fever, lymphadenopa-
thy, headache, and malaise. Classic cases of MPXV 
included a febrile prodrome followed by generalized 
rash, although the ongoing outbreak has been char-
acterized mainly by painless anogenital lesions, often 
without a prodrome. However, because of observed 
variability in clinical manifestations, the spread of the 
current MPXV outbreak might be underestimated.

To date, only 10 cases in pregnancy have been re-
ported worldwide, predominantly in Brazil and the 
United States (7). Those cases were mainly reported by 
local media, and none were severe. However, studies 
in pregnant women remain limited. A transplacental 

transmission to the fetus might be responsible for con-
genital MPXV, although no cases of fetal malforma-
tions or death have been reported. Nevertheless, cases 
of vertical transmission with clinical signs of MPXV 
infection, such as cutaneous maculopapular lesions 
on the head, trunk, and extremities and hydrops, have 
been reported (8). A neonate born from an infected 
mother in the United States received prophylactic vac-
cinia immunoglobin and did not develop MPXV dis-
ease. Of note, the ACAM2000 vaccine (Sanofi, https://
www.sanofi.com) is contraindicated during pregnan-
cy because it is a vaccinia virus (live virus); other vac-
cines, such as third-generation vaccines (LC16m8 or 
JYNNEOS [Bavarian Nordic, https://www.bavarian-
nordic.com]), are preferred in pregnant women (9). It 
is imperative that health professionals become familiar 
with all aspects of this disease affecting women (10).

About the Author
Dr. Vallée is head of the department of Epidemiology, 
Data, and Biostatistics at Foch Hospital, Suresnes, France. 
His primary research interests are epidemiology and 
clinical research.

References
  1. Thornhill JP, Barkati S, Walmsley S, Rockstroh J, Antinori A, 

Harrison LB, et al.; SHARE-net Clinical Group.  
Monkeypox virus infection in humans across 16 countries—
April–June 2022. N Engl J Med. 2022;387:679–91.  
https://doi.org/10.1056/NEJMoa2207323

   2. Vallée A, Farfour E, Zucman D. Monkeypox virus: a novel 
sexually transmitted disease? A case report from France. 
Travel Med Infect Dis. 2022;49:102394.  
https://doi.org/10.1016/j.tmaid.2022.102394

  3. Antinori A, Mazzotta V, Vita S, Carletti F, Tacconi D,  
Lapini LE, et al.; INMI Monkeypox Group. Epidemiological, 
clinical and virological characteristics of four cases of  
monkeypox support transmission through sexual contact, 
Italy, May 2022. Euro Surveill. 2022;27. https://doi.org/ 
10.2807/1560-7917.ES.2022.27.22.2200421

  4. Adler H, Gould S, Hine P, Snell LB, Wong W, Houlihan CF, 
et al.; NHS England High Consequence Infectious Diseases 
(Airborne) Network. Clinical features and management of 
human monkeypox: a retrospective observational study in 
the UK [Erratum in: Lancet Infect Dis. 2022;22:e177]. Lancet 
Infect Dis. 2022;22:1153–62. https://doi.org/10.1016/ 
S1473-3099(22)00228-6

  5. Vaughan AM, Cenciarelli O, Colombe S, Alves de Sousa L, 
Fischer N, Gossner CM, et al. A large multi-country outbreak 
of monkeypox across 41 countries in the WHO European 
Region, 7 March to 23 August 2022. Euro Surveill. 2022;27. 
https://doi.org/10.2807/1560-7917.ES.2022.27.36.2200620

  6. Basgoz N, Brown CM, Smole SC, Madoff LC, Biddinger PD, 
Baugh JJ, et al. Case 24-2022: a 31-year-old man with perianal 
and penile ulcers, rectal pain, and rash. N Engl J Med. 
2022;387:547–56. https://doi.org/10.1056/NEJMcpc2201244

  7. Khalil A, Samara A, O’Brien P, Coutinho CM, Duarte G, 
Quintana SM, et al. Monkeypox in pregnancy: update on cur-
rent outbreak. Lancet Infect Dis. 2022;22:1534–5. 



222 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 1, January 2023

RESEARCH LETTERS

  8. D’Antonio F, Pagani G, Buca D, Khalil A. Monkeypox  
infection in pregnancy: a systematic review and  
metaanalysis. Am J Obstet Gynecol MFM. 2022;5:100747. 
https://doi.org/10.1016/j.ajogmf.2022.100747

  9. Poland GA, Kennedy RB, Tosh PK. Prevention of  
monkeypox with vaccines: a rapid review. Lancet Infect Dis. 
2022 Sep 15 [Epub ahead of print]. 

10. Kozlov M. Monkeypox outbreaks: 4 key questions  
researchers have. Nature. 2022;606:238–9. https://doi.org/ 
10.1038/d41586-022-01493-6

Address for correspondence: Alexandre Vallée, Department of 
Epidemiology-Data-Biostatistics, Delegation of Clinical Research 
and Innovation (DRCI), Foch Hospital, 92150, Suresnes, France; 
email: al.vallee@hopital-foch.com

Monkeypox Virus Infection  
in 22-Year-Old Woman  
after Sexual Intercourse, 
New York, USA

Nawras Zayat, Shirley Huang, Jude Wafai,  
Melissa Philadelphia
Author affiliations: State University of New York Downstate Health 
Sciences University, Brooklyn, New York, USA (N. Zayat,  
S. Huang); St. George’s University School of Medicine,  
West Indies, Grenada (J. Wafai); Kings County Hospital Center, 
Brooklyn (M. Philadelphia)

DOI: https://doi.org/10.3201/eid2901.221662

We report monkeypox virus infection in a 22-year-
old woman with no remarkable medical history 

who sought care at the Kings County Hospital Center 
(Brooklyn, NY, USA) emergency department with 
numerous painful vulvar and intravaginal lesions. 
The patient reported a sexual encounter with 1 male 
partner 2.5 weeks before. She reported that they had 
vaginal sex and noted that her partner had a few dark 

bumps on his penis that resembled ingrown hairs. It 
was unknown if this partner had any sexually trans-
mitted infections. 

Two weeks after the encounter, the patient ex-
perienced onset of myalgias, fatigue, and fever. Two 
days after the onset of fever, she first noticed 3 mildly 
painful flesh-colored bumps, which progressed the 
following day and became white in color and more 
numerous. The lesions prompted the patient to go to 
the emergency department at an outside hospital. At 
arrival, the patient was febrile to 100.7° F. She under-
went screening for sexually transmitted infections, in-
cluding testing for monkeypox. She was discharged 
home with prescriptions of lidocaine, bacitracin, and 
ibuprofen as needed for pain while laboratory results 
were pending.

On day 3 after the lesions first appeared, they 
became larger and more painful, to the point of 
causing substantial distress when the woman sat, 
and had spread toward her perianal region. On day 
4 after the lesions’ appearance, the woman could no 
longer tolerate the pain and went to the emergen-
cy department at Kings County Hospital Center. 
At arrival, her temperature was 98.4° F, heart rate 
was 63 beats/min, respiratory rate was 18 breaths/
min, and blood pressure was 118/72 mm Hg. Gy-
necologic examination revealed numerous singu-
lar, raised lesions that were umbilicated, ulcerated, 
vesicular, papular, and pustular, in different stages 
(Figure). The right labia majora was erythematous 
without any induration or fluctuance. We observed 
no lymphadenopathy on examination to the ingui-
nal regions bilaterally. The vagina and cervix ap-
peared normal otherwise. The uterus was small and 
mobile, and we noted no adnexal masses or tender-
ness. We observed no cutaneous lesions elsewhere 
in the body. Results of heart, lung, abdominal, and 
neurologic examinations were unremarkable.

The patient was tested for gonorrhea, chlamyd-
ia, HIV, herpes simplex virus, syphilis, and monkey-
pox. The patient also underwent a vulvar biopsy be-
cause the gynecology team was unfamiliar with the 
type of genital lesions she was experiencing. While 
waiting for the test results, the patient was informed 
by her male partner that he had tested positive for 
monkeypox virus earlier that day. The patient was 
admitted to the hospital and began a 14-day course 
of tecovirimat (600 mg every 12 h) with accompa-
nying isolation precautions for 21 days as per the 
recommendations of the physicians within Kings 
County Hospital’s Infectious Disease department. 
All results of laboratory tests were negative except 
for a positive PCR result for monkeypox virus. The 

We report a case of a 22-year-old woman in New York, 
USA, who had painful vulvar and intravaginal lesions af-
ter sexual intercourse and tested positive for monkeypox 
virus. Literature documenting the clinical manifestations 
of monkeypox in female genitalia remains insufficient.
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patient continued inpatient treatment with tecoviri-
mat and was discharged on hospital day 3 without 
experiencing any other complications. Approxi-
mately 10 days after the onset of lesions, the patient 
reported in a follow-up telehealth visit that the le-
sions were decreasing in size and scabbing over and 
that the pain had greatly subsided.

  Perineal, vaginal, and cervical lesions in wom-
en have rarely been described in the literature in the 
setting of a monkeypox infection. Furthermore, most 
cases documented from the 2022 monkeypox out-
break have primarily studied male genital lesions, 
with little to no mention of the clinical manifesta-
tions of monkeypox virus in female genitalia. In a 
literature search, we found a single case report docu-
menting genital monkeypox lesions in a woman (1). 
In that case report, the patient experienced itchy, but 
painless, genital lesions extending down her labia 
majora that developed a week and a half after sexual 

intercourse with a new male partner (1). This patient 
also had a 2-day history of fever and myalgias (1). 
This patient’s lesions and symptoms were similar to 
those of our patient’s.

More research must be performed on the clinical 
manifestations of monkeypox, which would clarify 
the disease progression and help clinicians identify 
and diagnose this infection and properly treat pa-
tients. Monkeypox should be considered in the dif-
ferential diagnosis of patients with genital lesions, 
especially in persons who are sexually active. Further-
more, there has been little study of how monkeypox 
virus manifests in women, especially during preg-
nancy, even though >400 cases have been reported in 
women in the United States in 2022 alone (2). Further 
consideration could elucidate the long term sequalae 
of monkeypox and its implications for health condi-
tions such as pelvic inflammatory disorder, infertil-
ity, and cancer, which can occur with other sexually 
transmitted infections (3).

N.Z., S.H. and J.W. conceived and designed the work and 
acquired, analyzed, and interpreted the data. M.P.  
approved the final version of the manuscript. 
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The SARS-CoV-2 Omicron variant BA.5 was initial-
ly reported in South Africa in late February 2022 

(1). The BA.5 variant, and especially the subvariant 
BA.5.2.1, has now spread to at least 104 countries glob-
ally; 197,425 genomes had been reported in GISAID 
(http://www.gisaid.org) as of September 16, 2022. 
The BA.5 spike protein shares substitutions with ear-
lier Omicron variants but includes some of the Delta 
variant immune evasion changes. The BA.4/BA.5 vi-
ruses are reported to escape earlier Omicron immune 
responses, and vaccination does not fully block infec-
tion but may limit severity of disease (2–5). Infection 
of vaccinated persons (breakthrough infections) with 
SARS-CoV-2 strains is known, and such infections 
were reported recently among a highly vaccinated 
community within the US Embassy in Uganda (6). 
The frequency and outcomes of BA.5 vaccine break-
through infections, both in Uganda and globally, are 
yet to be determined.

The Medical Research Council Unit in Uganda 
maintains a rural population cohort in Kyamulibwa, 
Kalungu District, southwestern Uganda (7). Unit staff 
were vaccinated as soon as vaccines were available 
in the country (March 2021), and most received at 
least 2 doses of COVID-19 vaccine by June 2021, with 
ongoing efforts for booster vaccination rolling out 
in the country. Staff members who had any symp-
toms indicating respiratory infections, including  

COVID-19, were routinely tested using Abbott’s Panbio  
COVID-19 antigen rapid tests (Abbott, https://www.
abbott.com). If cases of COVID-19 were detected, all 
staff were tested to detect asymptomatic cases. Dur-
ing such routine testing of staff members, a cluster 
of SARS-CoV-2 infections among vaccinated staff 
was detected. Test positivity during this period of 
infection was 18.5% (12 positive from 65 staff mem-
bers tested), which was in the range of previous in-
fection waves (January 3–10, 2022: 11.7%; June 6–14, 
2021: 32.5%; November 30−December 1, 2020: 19.3%). 
Most infected staff members had mild symptoms, 
and all cases were quickly resolved (Appendix Ta-
ble, https://wwwnc.cdc.gov/EID/article/29/1/22-
0981-App1.pdf). 

We performed sequencing by methods previ-
ously described (8). Nine cases yielded full genome 
SARS-CoV-2 sequences that we lineage-typed using 
Nextclade (9) and Pangolin (10) software; 8 of the 
9 genomes were from the BA.5 lineage and 1 was 
BA.2.31, all variants within the Omicron variant-of-
concern lineage. Although all 9 genomes belonged to 
the Omicron lineage, we detected 6 distinct subvari-
ants (Figure). Genomes from cases 1, 2, 7, and 10 (all 
BA.5.2.1) were identical, suggesting a common infec-
tion source for these 4 cases. However, genomes for 
cases 4, 6, 11, and 12 genomes (also BA.5.2.1) were 
distinct from cases 1, 2, 7, and 10 and from each oth-
er, differing by 2–5 nt changes. The case 5 genome 
(BA.2.31) represents a 6th virus source for the cluster 
of breakthrough infections. 

The detection of 5 distinct BA.5.2.1 sublineages 
found in Kalungu District in a short time period in-
dicates multiple BA.5 sublineages were already circu-
lating in other parts of Uganda and demonstrates the 
speed of movement of SARS-CoV-2. Uganda report-
ed an increase in COVID-19 cases during this period, 
and both BA.5.2.1 and BA.2.31 virus strains potential-
ly contributed to this increase in infections. Of note, 9 
of the 12 COVID-19–positive staff members in this re-
port routinely traveled on shared unit vehicles to and 
from Masaka or Kampala, which might account for 
the virus spread. In addition, the unit travel records 
show shared vehicle usage, suggesting a likely but 
not confirmed source of infection for cases 2, 7, and 
10. The 3 infected staff members whose testing results 
did not yield sufficient PCR products for sequenc-
ing were asymptomatic, suggesting low viral loads  
(Appendix Table).

Many countries have reported increasing  
COVID-19 cases with BA.4 or BA.5 and derivatives as a 
major identified lineage. The global trend toward relaxed 
travel and quarantine restrictions and the mild  

We describe a cluster of COVID-19 breakthrough infec-
tions after vaccination in Kyamulibwa, Kalungu District, 
Uganda. All but 1 infection were from SARS-CoV-2 Omi-
cron strain BA.5.2.1. We identified 6 distinct genotypes 
by genome sequencing. Infections were mild, suggest-
ing vaccination is not protective against infection but may 
limit disease severity.
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infections in vaccinated and previously infected individ-
uals might help enable global movement of these vari-
ants. This probably is evidenced by the timing of BA.5 
appearance in rural Uganda within weeks of the vari-
ant being initially reported in other parts of the world 
(South Africa in late February 2022, Germany in mid-
March 2022, the United States in late March 2022, Portu-
gal in early April 2022, and Uganda in early June 2022).

In conclusion, the detection of 6 distinct sublin-
eages of SARS-CoV-2 (5 of BA.5.2.1 and 1 of BA.2.31) 
in Kyamulibwa, Kalungu District, Uganda, within 
a short period indicates substantial diversity of and 
rapid movement of these viruses into and within 
Uganda. Combined with recent increases in reported  
SARS-CoV-2 infections throughout the country, our 
findings emphasize the need for vigilance, surveillance, 
and continued testing in this rural community and 
throughout the country. The mild nature of symptoms 
in these 12 cases, and in many vaccinated persons, rein-
forces the importance of community vaccination efforts.
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In Fiji, the SARS-CoV-2 Delta variant wave occurred 
in a largely unvaccinated and nonimmune popula-

tion during April–November 2021 (1). A risk-based 
COVID-19 vaccine rollout strategy commenced in 
March 2021, and, by late November 2021, a total of 
90.6% of persons >18 years of age had received 2 vac-
cine doses and 97.3% had received 1 dose (1). Because 
of the high vaccination coverage, the government of 
Fiji had planned to reopen international borders by 
early December 2021.

Serosurveillance is a fundamental component 
of public health response to disease. Estimating dis-
ease epidemiology, including population immunity, 
by using serosurveillance can inform government 
policy. In November 2021, no serosurveillance data 
were available from any Pacific Island country or ter-
ritory, and data from this region remain sparse (2). 
To inform public health decisions on the safe opening 

1These first authors contributed equally to this article.
2These senior authors contributed equally to this article.

During November–December 2021, we performed a 
SARS-CoV-2 seroprevalence survey in Central and 
Western Divisions of Fiji. A total of 539 participants 8–70 
years of age were 95.5% (95% CI 93.4%–97.1%) sero-
positive, indicating high community levels of immunity. 
Seroprevalence studies can inform public health re-
sponses to emerging SARS-CoV-2 variants.
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of international borders, we performed a rapid op-
erational estimate of SARS-CoV-2 seroprevalence in 
Central and Western Divisions of Fiji.

We conducted a single cross-sectional serosurvey 
during November 24–December 1, 2021. The study 
population comprised persons deemed at higher risk 
for SARS-CoV-2 infection who were 8–70 years of 
age and located in Central and Western Divisions of 
Fiji. Persons at higher risk of infection included those 
who worked in healthcare, tourism, hospitality, retail, 
transportation, and education industries and primary 
or secondary school students. We used convenience 
sampling through nonrandom selection of study par-
ticipants. The government of Fiji identified recruit-
ment sites for persons at high risk for COVID-19 and 
directly invited those sites to identify potential study 
participants. We aimed to recruit 550 participants, in-
cluding at least 50 unvaccinated persons, who were a 
nationally representative sample of sex and age with-
in the community (3).

Field teams were trained in data collection pro-
tocols that aligned with the World Health Organiza-
tion UNITY protocol (4). We approached potential 
participants at recruitment sites and administered a 

brief questionnaire (Appendix, https://wwwnc.cdc.
gov/EID/article/29/1/22-1514-App1.pdf) and col-
lected blood samples after informed consent was ob-
tained. We tested serum samples for IgG against the 
receptor-binding domain of SARS-CoV-2 by using 
the SARS-CoV-2 Ab ELISA (Beijing Wantai Biologic, 
https://www.ystwt.cn), which has 96.7% sensitivity 
and 97.5% specificity across Alpha and Beta variants. 

We merged questionnaire and laboratory data, 
summarized covariates, and estimated seropreva-
lence with 95% CIs. We performed analyses using R 
version 4.0.2 (The R Project for Statistical Computing, 
https://www.r-project.org). The Fiji National Hu-
man Research Ethics Committee reviewed all study 
materials and provided a letter of approval; however, 
formal ethics approval was not required.

We recruited 539 participants who were 30 +14 
years of age (mean +SD); 47.3% (255/539) were male 
and 52.7% (284/539) female (Table). Most partici-
pants had received 2 doses of a COVID-19 vaccine 
(443/539, 82.2%), including 94.9% (463/488) of par-
ticipants who were eligible for vaccination during 
the survey period. Overall seroprevalence was 95.5% 
(95% CI 93.4%–97.1%). Of those who had not received 

 
Table. Participant characteristics from a rapid SARS-CoV-2 seroprevalence survey in Central and Western Divisions of Fiji, 
November–December 2021 
Characteristics No. (%)* No. seropositive† Seroprevalence, % (95% CI) 
Total 539 515 95.5 (93.4–97.1) 
Sex    
 M 255 (47.3) 246 96.5 (93.2–98.3) 
 F 284 (52.7) 269 94.7 (91.3–97.0) 
Age, years    
 8–11 51 (9.5) 36 70.6 (56.0–82.1) 
 12–17 73 (13.5) 66 90.4 (80.7–95.7) 
 18–29 132 (24.5) 132 100 (96.5–100) 
 30–39 143 (26.5) 141 98.6 (94.5–99.8) 
 40–49 96 (17.8) 96 100 (95.2–100) 
 >50 44 (8.2) 44 100 (90.0–100) 
Ethnicity    
 I-Taukei 269 (49.9) 259 96.3 (93.1–98.1) 
 Fijian of Indian descent 249 (46.2) 236 94.8 (91.0–97.1) 
 Fijian of other descent 21 (3.9) 20 95.2 (74.1–99.8) 
Occupation industry    
 Healthcare worker 158 (29.3) 157 99.4 (96.0–99.9) 
 Student 142 (26.3) 120 84.5 (77.3–89.8) 
 Transportation 94 (17.4) 94 100 (95.1–100) 
 Hotel 69 (12.8) 69 100 (93.4–100) 
 Education 40 (7.4) 39 97.5 (85.7–99.9) 
 Hospitality 36 (6.7) 36 100 (88.0–100) 
COVID-19 vaccine status    
 None 76 (14.1) 58 76.3 (64.9–85.0) 
 1 dose 20 (3.7) 16 80.0 (55.7–93.4) 
 2 doses 443 (82.2) 441 99.5 (98.2–99.9) 
Self-reported previous COVID-19     
 No 410 (76.1) 387 94.4 (91.6–96.3) 
 Yes 117 (21.7) 117 100 (96.0–100) 
 Unknown 12 (2.2) 11 91.7 (59.7–99.6) 
*Percentage of total. 
†Number seropositive for SARS-CoV-2. 
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a COVID-19 vaccine, 75% (58/76) were seropositive, 
including 70% (36/51) of children 8–11 years of age 
who were not eligible for vaccination during the 
survey period, indicating serum antibodies resulted 
from acquired infections.

We demonstrated a high level of immunity in 
participants >18 years of age in Central and Western 
Divisions of Fiji during late November and early De-
cember 2021. The results provided reassurance that 
international borders could open to fully vaccinated 
international travelers, without the necessity of pre-
vious hotel quarantine requirements, and relative 
safety of persons at higher risk for infection could 
be maintained. Our results highlighted a gap in pe-
diatric vaccine coverage that included children 12–17 
years of age who were eligible for vaccination during 
this investigation and were subsequently prioritized 
for vaccination by the government of Fiji.

The first limitation of our study is that direct 
extrapolation of the results to the general public is 
problematic because we conducted convenience 
sampling of the study population; however, the 
Central and Western Divisions account for about 
two thirds of the population of Fiji and were cho-
sen because of resource availability. Second, our IgG 
measurements did not differentiate between immu-
nity acquired by vaccination or infection or provide 
evidence of protection or population risk, particu-
larly for severe COVID-19 (5). Hybrid immunity 
in our study population was likely high because of 
the recent national Delta variant outbreak and CO-
VID-19 vaccination program (6). Third, our investi-
gation occurred before the Omicron variant wave, 
which resulted in ≈12,000 notified COVID-19 cases 
during December 2021–February 2022 (2). However, 
the lower Omicron case notifications compared with 
the previous Delta wave of ≈52,000 cases support the 
likelihood that high population-level immunity at-
tenuated illness from the highly transmissible Omi-
cron variant when international borders reopened 
(7). Overall, further nationwide seroprevalence 
studies can inform the public health response as new 
COVID-19 variants emerge and demonstrate how 
population immunity might wane in the absence of 
continued COVID-19 vaccination efforts (8–10).
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Worldwide, only mosquitoes spread more vector-
borne diseases than ticks; however, in temper-

ate areas of North America, Europe, and Asia, ticks 
cause most vectorborne diseases. Ticks are vectors for 
multiple viruses, bacteria, and parasites that cause 
can cause an array of infectious diseases. Researcher 
Daniel Sonenshine notes, “Ticks transmit a greater 
variety of pathogenic microorganisms than any other 
hematophagous arthropod.” 

Ticks were spreading pathogens for millions 
of years before humans evolved. Biologist George 
Poinar, Jr., has found evidence of Borrelia, a type of 
spirochete-like bacteria that causes Lyme disease, in 
fossilized ticks preserved in 5−20-million-year-old 
amber. Much older fossilized ticks have been found 
in 99-million-year-old amber. However, that ticks are 
vectors for infectious diseases that affect humans was 
not confirmed until the early 20th Century.

Recently, these tiny arthropods gained additional 
notoriety by purportedly being the first living animals 
to be filmed under a scanning electron microscope. 
Science journalist James Gorman offers this colorful 
account: “Chain saws, hockey masks and the undead 
are all classic symbols of horror. But for a true shiver 
of dread, take a look at a tick. When seen with an elec-
tron microscope, a tick’s mouth has what look like 
twin saws (chelicerae) flanking an appendage (a hy-
postome) that appears to be the kind of long, barbed 
sword that a villain in a video game might favor.” 

Images and videos from such research reveal new 
insights into how ticks penetrate and remain attached 
to hosts and transmit pathogens. They also confirm 
that some hand drawn illustrations of ticks from the 
late 19th century were remarkably detailed and ac-
curate. This month’s cover image, Illustration of ticks 
(Ixodida), by George Marx, is an excellent example. 

Born and educated in Germany, Marx enrolled 
in the gymnasium at Darmstadt in the Hesse district 
when he was 14 years old. His obituary notes that 
while he was a student there, Marx “proved himself 
so proficient in botany, and at the same time so able 
an artist, that to him was assigned the task of mak-

ing the illustrations for the Flora of Gross-Gerua,” the 
district seat in that part of Germany. 

After earning his degree in pharmacy in 1860, Marx 
left Germany for the United States, where he served in 
the American Civil War, receiving an honorable dis-
charge after experiencing a serious wound and illness. 
In 1865, Marx moved to Philadelphia, where he began  
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George Marx (1838−1895), Illustration of ticks (Ixodida), 
1892. Plate II from Proceedings of the Entomological Society of 
Washington. Ink on paper. Public domain image from Biodiversity 
Heritage Library. Holding institution: Smithsonian Libraries, 
Washington, DC, USA.
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collecting Arachnida. In 1878, Marx relocated to Wash-
ington, DC, after accepting a positon as a natural history 
illustrator in the Division of Entomology, US Depart-
ment of Agriculture. Cited for his meticulous artwork, in 
1889, Marx was selected to be chief of the department’s 
newly established Division of Illustrations, where he 
worked and devoted much of his time to studying ticks 
until just before his death in early 1895. A charter mem-
ber of the Entomological Society of Washinton, DC, 
Marx served as its fourth president. His obituary notes 
“. . . the various plates and figures which adorn his con-
tributions to science are by far the best illustrations of 
Arachnids that have ever been produced in America.” 

His meticuolusly rendered Illustration of ticks (Ixo-
dida), illustrates the appendages, forms, and features 
of 3 specimens accompanyed by his up-close depic-
tions of the capitulum, maxillae, mandibles, stigma, 
and Haller’s olfactory organ. One can imagine Marx 
peering through his microscopes and magnifying 
glasses, methodically rendering and notating his ob-
servations with pen and ink, then later refining his 
sketches for the finished composite. 

In 1896, the year after Marx’s death, Rocky Moun-
tain spotted fever was identified in the Snake River Val-
ley of Idaho, and in 1899, it was first described in a paper 
by E.E. Maxey. For a decade, its cause eluded research-
ers until a team led by Dr. Howard T. Ricketts discov-
ered ticks’ role in transmitting Rocky Mountain spotted 
fever to humans. Eisen and Paddock note that after the 
bacterium now known as Rickettsia rickettsii was discov-
ered, “18 additional tickborne human pathogens have 
been recognized; remarkably, more than 40% of these 
agents have been described since 1980.”

Tickborne viral diseases include Bourbon virus dis-
ease, Colorado tick fever, Crimean-Congo hemorrhagic 
fever, Heartland virus disease, Kyasanur Forest disease, 
and Powassan encephalitis. Among the tickborne bacte-
rial diseases are anaplasmosis, bartonellosis, ehrlichio-
sis, Lyme disease, Rocky Mountain spotted fever, and 
tickborne relapsing fever. Microscopic parasites trans-
mitted by ticks cause the disease babesiosis. The long 
list of diseases that ticks transmit to humans, none of 
which were known when Marx created his illustration, 
and their global incidence continue to increase.
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Article Title
Comprehensive Review of Emergence and Virology of  

Tickborne Bourbon Virus in the United States

CME Questions
1.  Which one of the following statements about 

the Bourbon virus is most accurate?
A. It is a DNA virus
B. It is a member of the Thogotovirus genus
C. It is a member of the orthopoxvirus family
D. It uses multiple glycoproteins for attachment  

and fusion

2.  All US cases of infection with the Bourbon 
virus have occurred in which states?

A. Kansas, Oklahoma, and Missouri
B. Maine, New Hampshire, and Vermont
C. Virginia, West Virginia, and North Carolina
D. Colorado, Wyoming, and New Mexico

3.  Which one of the following statements 
regarding the transmission of the Bourbon 
virus is most accurate?

A. The virus is only prevalent during the adult stage 
of Lone Star ticks

B. Lone Star ticks harbor the Bourbon virus 
exclusively

C. The most common animals that are  
seropositive for Bourbon virus are raccoons and 
white-tailed deer

D. Birds are an important amplifier of the Bourbon 
virus infection for humans

4.  Which one of the following statements 
regarding the clinical presentation of the 
Bourbon virus infection is most accurate?

A. The latency period between tick bite and the 
onset of symptoms is about 2 weeks

B. Rash is uncommon 
C. Leukocytosis is the most common finding on 

laboratory evaluation
D. Treatment for the Bourbon virus infection 

currently consists of supportive care
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Article Title
Multicenter Case–Control Study of COVID-19–Associated 

Mucormycosis Outbreak, India

CME Questions
1.  You are advising an inpatient COVID-19 

treatment unit about prevention and 
management of COVID-19–associated 
mucormycosis (CAM). On the basis of the 
nationwide case-control study across 25 
hospitals in India from January to June 
2021 by Muthu and colleagues, which one of 
the following statements about risk factors 
for CAM, including potential associations 
of COVID-19 treatment practices with the 
occurrence of CAM, is correct? 

A.  Cumulative glucocorticoid dose was significantly 
associated with CAM 

B.  Zinc supplementation was associated with 
protection against CAM

C.  Elevated C-reactive protein (CRP) and rural 
residence were not significantly associated  
with CAM

D.  Diabetes mellitus and diabetic ketoacidosis 
(DKA) during COVID-19 were significantly 
associated with 2- to 3-fold increased risk  
for CAM

2.  According to the nationwide case-control 
study across 25 hospitals in India from 
January to June 2021 by Muthu and 
colleagues, which one of the following 
statements about clinical outcomes of CAM 
and factors associated with mortality in CAM 
at 12 weeks is correct?

A.  Mortality from CAM at 12 weeks was 12.2%
B.  Pulmonary was the most common site for CAM
C.  The most common organism causing 

mucormycosis was Rhizomucor spp.
D.  Surgical resection and primary antifungal 

combination therapy were independently 
associated with better survival at 12 weeks

3.  On the basis of the nationwide case-
control study across 25 hospitals in India 
from January to June 2021 by Muthu and 
colleagues, which one of the following 
statements about clinical implications of risk 
factors for and clinical outcomes of CAM, 
including potential associations of COVID-19 
treatment practices with the occurrence of 
CAM and factors associated with mortality in 
CAM at 12 weeks, is correct? 

A.  Hypoxemic COVID-19 patients should receive 
maximal glucocorticoid doses for 2 weeks

B.  The findings support judicious use of COVID-19 
therapies and optimal glycemic control to  
prevent CAM

C.  The association between zinc supplementation 
and CAM was implausible and not supported by 
other evidence

D.  The CAM outbreak during the COVID-19 
pandemic was most likely related to factors other 
than COVID-19 or its treatment
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