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Bartonella spp. are fastidious, gram-negative intra-
cellular bacteria that are transmitted to humans 

by insect vectors. The genus includes 12 species as-
sociated with human infection: B. henselae, B. quintana, 
B. bacilliformis, B. elizabethae, B. vinsonii, B. koehlerae, B. 
clarridgieae, B. alsatica, B. doshiae, B. grahamii, B. ratti-
massiliensis, and B. tribocorum (1,2). Bartonellosis cases 
are not nationally notifiable in the United States, lim-
iting knowledge of disease epidemiology.

In the United States, B. henselae is the most com-
mon pathogenic Bartonella spp.; ≈12,500 cases of 
infection and 500 hospitalizations occur annually 
(3). The most common clinical manifestation of B. 
henselae infection is cat-scratch disease (lymph-
adenopathy and fever after a cat scratch or bite), 
although infection can also cause hepatic lesions, 
ocular disease, osteomyelitis, and endocarditis (4,5). 
B. quintana infection is uncommon and incidence is 
unknown. Clinically, B. quintana infection can mani-
fest as acute febrile illness or subacute endocarditis. 
B. quintana is transmitted by body lice and causes 
the most frequently reported vectorborne disease 
among persons experiencing homelessness (PEH); 
seroprevalence in the PEH population is 5%–15% (6–
8). Manifestations of other Bartonella spp. infections 
are sporadically described in case reports, often as 
culture-negative endocarditis.

Serology is the diagnostic tool most frequently 
used to identify Bartonella spp. infections. However, 
serologic diagnosis is complicated by lack of species-

specific results, differences in use and interpretation 
of serologic assays among laboratories, and cross-
reactivity with other pathogens, including Chlamydia 
spp. and Coxiella burnettii (9–15), which can lead to 
misdiagnosis and insufficient treatment. Bacterial 
cultures of blood or tissue can establish the diagnosis, 
but sensitivity of cultures is low because of the fas-
tidious nature of Bartonella spp. and might result in 
underdiagnosis of infection. Combining enrichment 
culture techniques with molecular methods might in-
crease detection of Bartonella spp. in blood or other 
clinical specimens (16).

Molecular detection of bacterial pathogens has 
emerged as an important clinical tool that can in-
crease diagnostic yield compared with culture alone, 
particularly for detection of fastidious organisms (17). 
Bartonella spp. have been detected by using broad-
range PCR-based assays that target conserved bind-
ing sites flanking regions of the rRNA gene and have 
species-specific variations (18) or by using organism-
specific gene targets, such as gltA (19) and ribC (20). 
We describe the demographic, clinical, and microbio-
logic characteristics of patients with bartonellosis di-
agnosed by both broad-range and organism-specific 
molecular assays at a large clinical reference labora-
tory in Washington, USA.

Materials and Methods

Population
We included information for all patients who had an 
acceptable clinical specimen submitted to the Uni-
versity of Washington (Seattle, Washington, USA) 
Molecular Microbiology clinical diagnostic reference 
laboratory during 2003–2021. Acceptable specimen 
types were fresh frozen tissue, formalin-fixed paraffin 
embedded (FFPE) tissues, and body fluids other than 
blood. To identify Bartonella spp., we performed 16S 
rRNA sequencing by using broad-range PCR primers 
(PCR-16S) or next-generation sequencing (NGS-16S) 
or performed a Bartonella henselae and B. quintana bi-
species–targeted PCR (BT-PCR) requested by the or-
dering clinician. 

We evaluated patient information if the speci-
men had Bartonella spp. as the final species assign-
ment, had sufficient material for testing, and was an 
acceptable specimen type for the assay performed 
and if the presence of PCR inhibitors was excluded 
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Molecular methods can enable rapid identification of Bar-
tonella spp. infections, which are difficult to diagnose by 
using culture or serology. We analyzed clinical test results 
of PCR that targeted bacterial 16S rRNA hypervariable 
V1–V2 regions only or in parallel with PCR of Bartonella-
specific ribC gene. We identified 430 clinical specimens 
infected with Bartonella spp. from 420 patients in the Unit-
ed States. Median patient age was 37 (range 1–79) years; 
62% were male. We identified B. henselae in 77%, B. quin-
tana in 13%, B. clarridgeiae in 1%, B. vinsonii in 1%, and 
B. washoensis in 1% of specimens. Eighty-three percent 
of specimens with B. quintana were cardiac specimens; 
34% of specimens with B. henselae were lymph nodes. 
We detected novel or uncommon Bartonella spp. in 9 
patients. Molecular diagnostic testing can identify Barton-
ella spp. infections, including uncommon and undescribed 
species, and might be particularly useful for patients who 
have culture-negative endocarditis or lymphadenitis.



Bartonella spp. Identified by Molecular Methods

(inhibitors precluded ruling out Bartonella spp.). If 
a patient had multiple specimens submitted >30 
days apart, we included only the information pro-
vided with the first positive specimen submission in 
the analysis. From the specimen submission form, 
we obtained the patient’s sex and age, US state and 
healthcare facility where the specimen was submit-
ted, specimen collection date, and specimen descrip-
tion (e.g., anatomic location).

Ethics Approval
The study was approved by the University of  
Washington Institutional Review Board (approval  
no. STUDY00013877). This study was reviewed 
in accordance with policies and procedures of the  
Centers for Disease Control and Prevention and was  
determined to be exempt from Institutional Review 
Board requirements.

Molecular Methods for Bartonella spp. Identification
The University of Washington Molecular Microbiol-
ogy laboratory performed all clinical testing pursuant 
to its high-complexity Clinical Laboratory Improve-
ments Amendments license and College of American 
Pathologists accreditation. Laboratory-developed 
processes were validated in accordance with stan-
dards set by the Clinical Laboratory Standards In-
stitute and monitored for quality through regular 
proficiency testing, biannual external inspections by 
the College of American Pathologists, and incorpora-
tion of control reactions as prescribed by the Clinical 
Laboratory Improvements Amendments.

We performed DNA extraction as previously 
described for both fresh and FFPE tissue (21), except 
that we also validated and used multiple DNA ex-
traction kits (QIAGEN) in 2021 because of COVID–
19-related supply chain disruptions. We performed 
broad-range PCR amplification of the V1–V2 hyper-
variable region of the bacterial 16S rRNA gene (PCR-
16S) as previously described (18). When sequencing 
results of 16S PCR products suggested mixed DNA 
templates, we performed amplicon-based NGS of the 
V1–V2 16S rRNA locus (NGS-16S) reflexively by us-
ing an Illumina Miseq instrument and 250 bp paired-
end reads (22,23). Targeted detection of Bartonella 
spp. by BT-PCR incorporated broad-range 16S prim-
ers and 2 primer sets that amplified ribC alleles of B. 
quintana and B. henselae. The 16S primers also detect 
other Bartonella spp. but at a higher limit of detec-
tion: 100 templates per reaction for other Bartonella 
spp. compared with 5–25 for the Bartonella species-
specific primers. We sequenced PCR products by  
using the Sanger method and assigned taxonomic 

classification after BLAST analysis (24) by using 
both the National Center for Biotechnology Infor-
mation public databases and a curated database 
containing type strains and RefSeq (https://www.
ncbi.nlm.nih.gov/refseq) records (21,22). Each case 
was reviewed by 2 independent certified medical 
laboratory scientists and a board-certified patholo-
gist (21).

Description of Detected Bartonella spp.
When available, results from BT-PCR provided spe-
cific taxonomic classification of Bartonella spp. If BT-
PCR results were unavailable, we used results from 
PCR-16S or NGS-16S. Some 16S rRNA gene V1–V2 
sequences lacked sufficient specificity to provide a 
species-rank classification, either because of close ho-
mology to multiple species or lack of homology to any 
established species. Therefore, we retrospectively ana-
lyzed those sequences reported as Bartonella spp. by 
using BLAST to attempt a species-rank classification 
(defined as 99.7% sequence homology of the V1–V2 
sequence). For diagnostic reporting purposes, species 
with validly published names according to the taxo-
nomic code were identified at the species level in the 
clinical diagnostic report; otherwise, we identified the 
genus in accordance with the laboratory’s standard op-
erating procedures (Appendix, https://wwwnc.cdc.
gov/EID/article/29/3/22-1223-App1.pdf) (22,23).

Statistical Methods
We used χ2 tests to compare categorical variables and 
Mann-Whitney U tests to compare age distributions. 
For comparisons between patients who had B. quin-
tana infections and those who had B. henselae infec-
tions, we excluded information from patients who 
had specimen results indicating another Bartonella sp. 
We performed all statistical analyses by using R soft-
ware version 4.0.3 (25).

To examine the proportion of specimens infected 
with Bartonella spp. by year and US state, we only in-
cluded information for patients who had specimens 
submitted for BT-PCR. We excluded specimens sub-
mitted for PCR-16S that was used to evaluate a diverse 
array of bacterial pathogens. To calculate percent posi-
tivity of BT-PCR results, we collected data on ordering 
location (US state) and year of specimen submission 
for all BT-PCR assays, including those in which Barton-
ella spp. was not detected. Similar denominator data 
for PCR-16S and NGS-16S testing were not available.

Results
We identified 430 clinical specimens from 420 pa-
tients that had molecular evidence of Bartonella spp. 
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infection (Figure 1). We performed molecular testing 
by using BT-PCR alone on specimens from 149 (35%) 
patients, PCR-16S alone (no BT-PCR or NGS-16S) on 
specimens from 143 (34%) patients, reflexive NGS-
16S on specimens from 5 (1%) patients for whom 
PCR-16S detected multiple bacterial DNA templates 
(precluding identification of Bartonella spp.), and 
both BT-PCR and PCR-16S sequencing on specimens 
from 121 (28%) patients. We detected Bartonella spp. 
DNA by both BT-PCR and NGS-16S in a specimen 
from 1 (<1%) patient and by BT-PCR, PCR-16S, and 
NGS-16S in a specimen from 1 (<1%) patient. We 
performed species-level identification for 272/272 
(100%) specimens on which we performed BT-PCR, 
163/265 (62%) specimens on which we performed 
PCR-16S sequencing, and 5/7 (71%) specimens on 
which we performed NGS-16S sequencing. Of 2,273 
specimens submitted for BT-PCR during 2003–2021, 
we identified Bartonella spp. in 282 (12%) specimens 
from 272 patients.

We identified Bartonella spp. in a higher pro-
portion of specimens submitted as unfixed tissue 
(187/1,276, 16%) than those submitted as FFPE tis-
sue (97/997, 10%; p = 0.0002). The total number of 
annual specimens submitted for BT-PCR testing in-
creased over time; an annual median of 18 specimens 
during 2003–2012 increased to an annual median of 
225 during 2013–2021 (Figure 2). Overall, we identi-
fied Bartonella spp. in 13% (260/1,938) of specimens 

during 2013–2021; peak detection during this period 
occurred in 2019, when Bartonella spp. were detected 
in 17% of submitted specimens.

Among the 420 patients with detectable Barton-
ella spp., we identified B. henselae in specimens from 
338 (80%) patients, B. quintana from 54 (13%), B. clar-
ridgeiae from 4 (1%), B. vinsonii from 2 (1%), and B. 
washoensis (GenBank accession no. ON402466) from 
1 (1%). We identified Bartonella at the genus level in 
the remaining 21 (5%) patients; of those, we identi-
fied 2 candidate species through subsequent analysis: 
1 case of endocarditis caused by Candidatus Barton-
ella mayotimonensis (19) (GenBank accession no. 
ON402516) and a unique 16S sequence (tissue speci-
men; anatomic site not specified by ordering provid-
er) which might represent a previously undescribed 
Bartonella sp. (GenBank accession no. ON402515)  
(Appendix Table). Of the 420 patients, 411 (98%) had 
a single submitted clinical specimen. Among the 9 pa-
tients with multiple specimens, only 1 Bartonella sp. 
was identified in each patient.

Among 397 patients who had Bartonella spp. de-
tected in >1 specimen and available data regarding 
their sex, 245 (62%) were male (Table 1). A higher 
proportion of patients who had detectable B. quin-
tana (41/50, 82%) were male compared with those 
who had detectable B. henselae (187/321, 58%; p = 
0.001). Age at the time of specimen collection was 
available for 415/420 (99%) patients; median age was 
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Figure 1. Flow diagram 
showing clinical specimens 
included in the analysis in study 
of Bartonella spp. infections 
identified by molecular methods 
during 2003–2021 at an 
academic laboratory in the 
United States. If a patient had 
multiple specimens submitted 
>30 days apart, only information 
from the first Bartonella-positive 
specimen was included. Clinical 
specimens were tested for 
Bartonella spp. by PCR. A total 
of 430 specimens from 420 
patients were included in the 
study. BT-PCR, B. henselae 
and B. quintana bispecific 
targeted PCR; NGS-16S, next-
generation sequencing of 16S 
rRNA amplicons; PCR-16S, 
PCR of 16S rRNA gene followed 
by Sanger sequencing–based 
species identification.
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37 years (range 1–79 years). Most (235/415, 57%) pa-
tients were 18–65 years of age, 134/415 (32%) were 
<18 years of age, and 45/415 (11%) were >65 years 
of age. Patients who had detectable B. quintana in >1 
specimen (median age 52 years, interquartile range 

[IQR] 45–60 years) were older than those who had 
detectable B. henselae (median age 32 years, IQR 11–
54 years; p<0.0001).

Specimen descriptions were provided for all spec-
imens. The most common specimens submitted were 
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Figure 2. Number and percentage of specimens tested by using Bartonella-specific PCR during 2003–2021 in study of Bartonella spp. 
infections identified by molecular methods, United States. A total of 2,273 specimens were submitted for B. henselae and B. quintana 
bispecific targeted PCR. Bars indicate total numbers of submitted specimens each year and numbers of Bartonella-positive or negative 
specimens. Line indicates percentage of specimens that were positive for Bartonella spp.

Table 1. Demographic characteristics and specimen origin for patients who had Bartonella spp. detected by PCR in study of 
Bartonella spp. infections identified by molecular methods, United States* 
Variable No. patients† B. henselae, n = 338 B. quintana, n = 54 Other Bartonella spp.,‡ n = 28 
Age, y, median (range) 415 32 (1–79) 52 (9–76) 30 (1–77) 

<18 NA 122/335 (36) 2/52 (4) 10/28 (36) 
18–65 NA 182/335 (54) 43/52 (83) 11/28 (39) 
>65 NA 31/335 (9) 7/52 (13) 7/28 (25) 

Sex 397 NA NA NA 
M NA 187/321 (58) 41/50 (82) 17/26 (65) 
F NA 134/321 (42) 9/50 (18) 9/26 (35) 

Specimen origin§ 361 NA NA NA 
Texas  48 38/48 (79) 4/48 (8) 6/48 (13) 
Washington  46 34/46 (74) 8/46 (17) 4/46 (9) 
Ohio 40 36/40 (90) 0/40 (0) 4/40 (10) 
California  40 22/40 (55) 16/40 (40) 2/40 (5) 
Michigan  30 27/30 (90) 3/30 (10) 0/30 (0) 
Florida  27 26/27 (96) 0/27 (0) 1/27 (4) 
Oregon  21 17/21 (80) 2/21 (10) 2/21 (10) 
Pennsylvania 11 10/11 (91) 0/11 (0) 1/11 (9) 
Other¶ NA 78/98 (80) 15/98 (15) 5/98 (5) 

*Values are no./total no. (%) unless otherwise indicated. NA, not applicable. 
†Total number of patients for each indicated variable. 
‡Includes B. vinsonii (n = 2), B. clarridgeiae (n = 4), B. washoensis (n = 1), and Bartonella sp. not otherwise specified (n = 21). 
§Restricted to states with >10 patients who were infected with an identified Bartonella spp. to preserve anonymity. 
¶Alaska (n = 4), Alabama (n = 5), Arkansas (n = 5), Colorado (n = 5), Connecticut (n = 3), District of Columbia (n = 2), Georgia (n = 5), Hawaii (n = 2),
Iowa (n = 3), Idaho (n = 1), Illinois (n = 3), Indiana (n = 6), Kentucky (n = 2), Louisiana (n = 1), Massachusetts (n = 5), Maine (n = 1), Montana (n = 5), 
Mississippi (n = 1), North Carolina (n = 8), Nebraska (n = 5), New Hampshire (n = 2), New Jersey (n = 1), New York (n = 3), Oklahoma (n = 1), South 
Carolina (n = 3), Tennessee (n = 5), Utah (n = 1), Virginia (n = 5), and Wisconsin (n = 5).
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cardiac (150/430, 35%), lymph node biopsy or aspirate 
(122/430, 29%), and abscess fluid (38/430, 9%) (Figure 3).  
We identified B. quintana more frequently in cardiac 
specimens (45/54, 83%) and B. henselae more fre-
quently in lymph node specimens (115/338, 34%). We 
detected B. henselae in axillary (29/115, 25%), ingui-
nal (27/115, 23%), and cervical (12/115, 10%) lymph 
node specimens and in cardiac (82/338, 24%), abscess 
(35/338, 10%), and liver (14/338, 4%) specimens. We 
detected B. washoensis in 1 lymph node specimen (un-
specified anatomic location) and B. vinsonii (n = 2) 
and B. clarridgeiae (n = 4) only in cardiac specimens. 
For patients with Bartonella spp. identified in cardiac 
specimens, the aortic valve (85/140, 61%) was most 

frequently involved, followed by the mitral valve 
(23/140, 16%). We detected Bartonella spp. in >1 valve 
from 8 (6%) patients. Of cardiac specimens that had 
>1 valve affected, 105/116 (90%) were from the left 
side of the heart.

We observed a higher proportion of Bartonella spp. 
in cardiac tissue of male (107/245, 44%) than female 
(24/152, 16%) patients. However, 57 (38%) female pa-
tients had Bartonella spp. detected in lymph node speci-
mens compared with 61 (25%) male patients, and 71 
(47%) female patients had Bartonella spp. detected in 
other (not cardiac or lymph node) specimen types, com-
pared with 77 (31%) male patients (p<0.0001) (Table 2). 
For patients <18 years of age, we detected Bartonella spp. 
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Figure 3. Frequency of 
Bartonella spp. from different 
anatomic sites identified 
during 2003–2021 in study 
of Bartonella spp. infections 
identified by molecular 
methods, United States. 
Multiple specimens were 
submitted for 9 patients. We 
detected Bartonella spp. 
in both splenic and cardiac 
specimens from 1 patient, in 
2 cardiac specimens each 
from 7 patients, and in 3 
cardiac specimens from 
1 patient. If we detected 
Bartonella spp. on multiple 
valve specimens, those were 
included in the total count 
for all involved valves. For 
the heart valve inset, other 
sites are cardiac tissue NOS 
(n = 18), right ventricular 
outflow tract conduit (n = 3), 
pacemaker or implantable 
cardiac device lead (n = 4), 
and coronary cusp (n = 1). For 
the lymph node inset, other 
sites are lymph node NOS (n 
= 38), supraclavicular (n = 3), 
submental (n = 2), mesenteric 
(n = 1), preauricular (n = 
1), submandibular (n = 1), 
epitrochlear (n = 1), jugular 
(n = 1), iliac (n = 1), and 
paraspinal (n = 1). NOS, not 
otherwise specified.
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more frequently in lymph node (52/134, 39%) or other 
noncardiac specimen types (77/134, 57%), whereas Bar-
tonella spp. was most frequently identified in cardiac 
specimens from patients who were 18–65 (106/235, 
45%) and >65 (27/45, 60%) years old (p<0.0001). For 
patients <18 years of age, B. henselae was the most com-
monly identified species (122/134, 91%).

Information on the origin of specimens was avail-
able for 361/420 (86%) patients, representing 36 states 
and the District of Columbia (Table 1). The states pro-
viding the greatest number of specimens were Texas 
(48/361, 13%) and Washington (46/361, 13%); speci-
mens were provided for >10 patients in 8 (22%) states 
and for <5 patients in 16 states and the District of Co-
lumbia (46%). Among states with >10 specimens in 
which we identified Bartonella spp., California (16/40, 
40%) and Washington (8/46, 17%) had the highest 
proportion of specimens infected with B. quintana; B. 
quintana was not identified in >10% of specimens in 
any other state.

Discussion
We report 420 cases of bartonellosis in the United 
States identified by uniform, clinical molecular diag-
nostic methods at a single reference laboratory during 
2003–2021, representing 36 US states and including 140 
persons who had endocarditis because of Bartonella spp. 
infections. Those cases highlight the broad clinical spec-
trum of disease caused by Bartonella spp., provide evi-
dence that multiple species can cause bartonellosis, and 
demonstrate the utility of clinical molecular testing for 
pathogen identification.

B. henselae was the most frequently identified spe-
cies causing bartonellosis. Although B. henselae was 
most often detected in lymph node specimens, con-
sistent with cat-scratch disease (3), this species was 
also identified in cardiac specimens, underscoring 
its potential to cause endocarditis and endovascular 
disease (26). B. henselae was also detected in a diverse 
range of clinical specimens, including liver and bone, 
indicating the breadth of atypical B. henselae infections 

(4,5). Although atypical bartonellosis manifestations 
are rare, ≈25% of pediatric hospitalizations associ-
ated with cat-scratch disease are caused by atypical B. 
henselae infections (27). A previous study of US insur-
ance claims data found that atypical infections with 
B. henselae accounted for 1.5% of cases; ocular and he-
patic lesions were the most common clinical manifes-
tations of atypical B. henselae infection (28). Overall, 
Bartonella spp. were more frequently found in cardiac 
specimens in our study, which might reflect the pre-
ponderance of certain specimen types submitted for 
molecular diagnostic tests.

B. quintana was the second most frequently 
identified species overall and in cardiac specimens, 
which is consistent with B. quintana as a causative 
agent of subacute endocarditis (11,26,29). Califor-
nia and Washington had the highest proportion of 
specimens infected with B. quintana; a high preva-
lence of antibodies against B. quintana has been de-
scribed among PEH living in both states (6,7). Eight 
states reported >10 cases of bartonellosis during the 
study period, and Texas and Washington reported 
the highest number of cases. The higher proportion 
of B. quintana infections observed in California and 
Washington might be from epidemiologic cluster-
ing, because B. quintana is transmitted by body lice, 
which can be spread through shared clothing and 
bedding material, and clusters of B. quintana infec-
tions have been reported among PEH (6,8,30). The 
higher number of B. quintana infections in Califor-
nia and Washington might reflect geographic differ-
ences in the number or type of specimens submitted 
for molecular testing. Although other studies have 
reported that B. henselae infection is more common 
in the southeastern region of the United States (3,28), 
we did not identify a clear predominance of infec-
tions in this region, which might reflect specimen 
submission patterns. Despite a potential bias from 
specimen submission patterns, molecular testing 
methods might identify spatiotemporal clusters of 
B. quintana infections.
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Table 2. Categorical age and sex of infected persons grouped by specimen type in study of Bartonella spp. infections identified by 
molecular methods, United States 

Variable 
No. (%) specimens 

p value† Cardiac, n = 140 Lymph node, n = 122 Other,* n = 158 
Age, y    <0.0001 
 <18, n = 134 5 (4) 52 (39) 77 (57)  
 18–65, n = 236 106 (45) 66 (27) 64 (27)  
 ≥65, n = 45 27 (60) 3 (7) 15 (33)  
Sex <0.0001 
 M, n = 245 107 (44) 61 (25) 77 (31) 
 F, n = 152 24 (16) 57 (38) 71 (47) 
*Abscess (n = 38), tissue (n = 32), neck/face/arm (n = 25), liver (n = 15), leg/hip (n = 14), breast/chest wall (n = 6), skin  (n = 5), lung (n = 4), aorta (n = 2), 
vascular (n = 2), body fluid NOS (n = 4), bone (n = 4), spleen (n = 4), synovial fluid (n = 2), and dura mater (n = 1). 
†By χ2 test. 
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Persons who had B. henselae infections were 
younger, and a higher proportion were female com-
pared with those who had B. quintana infections. This 
finding likely reflects the higher incidence of B. hense-
lae infection in children, possibly because children 
might spend more time in close proximity with do-
mesticated cats (3). Persons <18 years of age common-
ly had lymph node or abscess involvement, typical of 
cat-scratch disease (5).

Nearly all patients with endocarditis had left-
sided disease, which is consistent with other reports 
of endocarditis caused by Bartonella spp. (11,29,31). 
We found that B. henselae was a more frequent cause 
of endocarditis in our study than in prior studies 
that used molecular methods (26,29). In a study of 
685 patients in the United Kingdom who had en-
docarditis, B. quintana was identified in 12/13 cases 
that had available PCR diagnostic results; B. hense-
lae was identified in only 1/13 cases (29). A retro-
spective review of cases using PCR testing on heart 
valves identified B. quintana in 26/45 patients, com-
pared with 19/45 patients who had B. henselae in-
fections (26). However, the differences observed in 
our study might be because of differences in sample 
submission practices; we did not have information 
from the referring hospitals on the total number of 
patients with endocarditis caused by Bartonella spp. 
Although previous reviews have recommended the 
use of serologic testing to diagnose endocarditis 
caused by Bartonella spp. (31), our findings, in com-
bination with those of other large studies (26,29), un-
derscore the improved accuracy of molecular testing 
methods in obtaining a definitive diagnosis.

We identified 9 patients who had infections from 
novel or newly emerging Bartonella spp., including 2 
patients with endocarditis caused by B. vinsonii and 
4 patients with endocarditis caused by B. clarridgieae. 
Both B. vinsonii and B. clarridgieae have been reported 
to cause endocarditis (20,26,32), although only 1 case 
of endocarditis caused by B. clarridgieae infection has 
been previously reported (32); that infection was also 
confirmed by using molecular methods. We detected 
Candidatus B. mayotimonensis in 1 case of endocardi-
tis, similar to findings for a single case reported pre-
viously (19). We also detected a case of B. washoensis 
lymphadenitis; this bacterium has been detected in 
ground squirrels and their fleas and was reported to 
be the etiologic agent in 2 human cases of myocardi-
tis and meningitis in the United States (33) and pros-
thetic valve endocarditis in a patient in Germany (34). 
We detected a novel 16S rRNA sequence variant of 
Bartonella, most likely representing a previously un-
described species. 

Although serology is an important diagnostic 
method for bartonellosis, case reports have described 
cross-reactivity of antibodies against B. clarridgieae, B. 
henselae, and B. quintana (32,35,36) and cross-reactiv-
ity between antibodies against B. vinsonii and Coxi-
ella burnetii (20), highlighting the utility of molecu-
lar methods for species-specific diagnosis of those 
pathogens. Because B. quintana, B. henselae, and other 
non–Bartonella spp. pathogens are often treated with 
different antimicrobial drugs and for different dura-
tions, identification of infecting species can frequent-
ly have major effects on treatment, in addition to the 
epidemiologic value of recognizing novel organisms.

Despite increased specificity of molecular meth-
ods compared with serology and potential to detect 
novel organisms, disparate PCR positivity rates for 
fresh (16%) and FFPE (8%) tissue specimens highlight 
how preanalytical factors, such as formalin fixation, 
can limit assay yield. Other potential factors that can 
limit sensitivity of molecular methods include speci-
men selection, organism prevalence, and tissue vol-
ume. Formalin fixation damages DNA and can reduce 
assay sensitivity but has not always reduced positiv-
ity rates, perhaps because histopathologic evaluation 
permits selection of tissue most likely to contain mi-
crobial DNA (21). In this study, lymph nodes con-
stituted the highest proportion of FFPE specimens. 
The observed discordant PCR positivity between 
specimen types might reflect anatomic site of disease, 
volume of tissue available for PCR, or tissue-specific 
variations in organism prevalence.

The first limitation of our study is that the ana-
lyzed specimens were not representative of all infec-
tions caused by Bartonella spp. because they repre-
sented more severe illness, and submitted specimens 
were primarily from tissues known to be infected by 
those pathogens. Second, the specimens did not rep-
resent a random sample of persons with bartonel-
losis; therefore, we could not estimate incidence or 
perform statistical inference testing. Third, not all 
geographic regions or states were equally represent-
ed, limiting our ability to compare results between 
different geographic areas. Fourth, we had little in-
formation regarding clinical features of the patients 
from whom specimens were collected, limiting our 
ability to determine potential risk factors on the ba-
sis of medical or social history. Fifth, preanalytical 
specimen handling can affect diagnostic yield; we 
could not assess or control variations in storage or 
transport conditions or tissue processing, such as 
formalin pH or acid-based decalcification of bone. 
Sixth, clinical testing might have missed Bartonella 
spp. other than B. henselae or B. quintana that were 
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present at levels below the limit of detection for the 
16S primers, because the ribC primers were designed 
to increase specificity and sensitivity for detecting 
B. henselae and B. quintana. Finally, some specimens 
might have been misclassified, leading to a higher 
proportion of specimens categorized as abscesses or 
tissue if more specific information on anatomic site 
was not provided on the specimen submission form.

In conclusion, molecular methods provide a pow-
erful diagnostic tool to detect infections caused by 
Bartonella spp. Those methods should be considered 
for patients who have culture-negative endocarditis 
or lymphadenitis of unclear etiology, particularly in 
persons with established risk factors, including ex-
posure to cats or prior homelessness. Broader use of 
molecular methods in suspected cases of bartonel-
losis will help elucidate the full clinical spectrum of 
Bartonella infections and increase awareness of this 
underrecognized pathogen.
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Tuberculosis (TB) is a major public health problem 
in prisons globally. One meta-analysis reported 

that the incidence of TB among incarcerated persons 
was 4.1- to 26.9-fold higher than that in the general 

population (1). High levels of TB transmission in pris-
ons have been attributed to crowding (2), poorly ven-
tilated facilities (3), and lack of access to healthcare 
(4). In addition, several studies have reported a risk 
for spillover of TB from prisons into communities (5) 
and found that prisons can serve as drivers of popu-
lation-level incidence (6–8). Evaluating the risk for TB 
transmission from prisons to the community is help-
ful for developing an effective intervention strategy 
to reduce the risk for spillover to the community.

In Thailand, the TB burden is high (9), and the 
country has the largest inmate population in South-
east Asia (411 inmates/100,000 national population 
in 2021) (10). A previous cross-sectional study con-
ducted in a prison in Bangkok, Thailand, found that 
46.5% of the population had latent TB infection di-
agnosed by tuberculin skin test or interferon-γ re-
lease assay (11).

Our objective with this study was to identify gen-
otype clusters in the community by using whole-ge-
nome sequencing (WGS) data and to assess the con-
tribution of previously incarcerated persons to these 
transmission clusters. The project was approved by 
the ethics committees of Chiang Rai Prachanukroh 
Hospital, Chiang Rai, and the Thai Ministry of Public 
Health. All TB patients enrolled in the study provid-
ed written informed consent.

Methods

Study Population
To evaluate host and pathogen genetic risk factors for 
TB development and transmission, during December 
2017–February 2020, we conducted a healthcare facil-
ity–based cohort study in 18 districts in Chiang Rai 
Province, Thailand. We enrolled persons who had a 
positive Mycobacterium tuberculosis culture, were >18 
years of age, agreed to participate, provided blood or 
saliva samples for human DNA extraction, and were 
HIV negative at the time of TB diagnosis. Trained 
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To determine contributions of previously incarcerated 
persons to tuberculosis (TB) transmission in the com-
munity, we performed a healthcare facility–based cohort 
study of TB patients in Thailand during 2017–2020. We 
used whole-genome sequencing of Mycobacterium tu-
berculosis isolates from patients to identify genotypic 
clusters and assess the association between previous 
incarceration and TB transmission in the community. We 
identified 4 large genotype clusters (>10 TB patients/
cluster); 28% (14/50) of the patients in those clusters 
were formerly incarcerated. Formerly incarcerated TB 
patients were more likely than nonincarcerated patients 
to be included in large clusters. TB patients within the 
large genotype clusters were geographically dispersed 
throughout Chiang Rai Province. Community TB trans-
mission in the community was associated with the pres-
ence of formerly incarcerated individuals in Thailand. To 
reduce the risk for prison-to-community transmission, we 
recommend TB screening at the time of entry and exit 
from prisons and follow-up screening in the community. 
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research nurses collected baseline demographic and 
clinical information, including age, sex, ethnicity, 
date of diagnosis, sputum test results, chest radio-
graph results, treatment outcome, education level, 
annual income, and incarceration history (including 
the year of entry into prison and the duration of in-
carceration). We did not enroll TB patients who were 
incarcerated at the time of TB diagnosis.

WGS
We extracted DNA from M. tuberculosis culture iso-
lates and then sequenced the whole genomes by us-
ing Nextera XT (Illumina, https://www.illumina.
com). We applied variant calling methods by using 
the H37Rv reference genome (GenBank accession 
no. NC_00962.3) (12). We used an in-house Python 
script to determine the M. tuberculosis lineage on the 
basis of WGS data (13). We constructed a phyloge-
netic tree by using the maximum-likelihood methods 

in MEGAX (14) and visualized the tree with the In-
teractive Tree of Life (iTOL) online tool, version 6.5.2 
(https://itol.embl.de). We also analyzed pairwise 
single-nucleotide polymorphism (SNP) distances by 
using MEGA X and the frequency of pairwise SNP 
distances within sublineages (12). We used 2 SNP 
difference thresholds that have been used interna-
tionally to define clusters (15–17); the main analysis 
used a 12-SNP cutoff, which enabled inclusion of 
potentially related isolates, and the secondary anal-
ysis used a 5-SNP cutoff to identify highly related 
isolates. We defined large clusters as those that in-
cluded >10 isolates linked to >1 other isolate by 12 
pairwise SNP distances (Figure 1).

Statistical Analyses
For persons for whom we had WGS and incarcera-
tion history data, we compared baseline character-
istics based on the incarceration status by using χ2 
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Figure 1. Phylogenetic tree 
of patients with pulmonary 
tuberculosis of Mycobacterium 
tuberculosis lineage in study 
of risk for prison-to-community 
tuberculosis transmission, Chiang 
Rai Province, Thailand, 2017–
2020. Scale bar indicates 0.01 
substitutions per site SNP, single-
nucleotide polymorphism.
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tests for categorical variables. We used univariable 
and multivariable logistic regression models to 
evaluate the association between incarceration sta-
tus and the risk for inclusion in a large cluster after 
adjusting for age, sex, ethnicity, and history of TB 
treatment. Because the only large clusters were clus-
ters of lineage 2 strains, in the multivariate model 
adjusting for lineage we included only patients with 
lineage 2 isolates. We geocoded the patients’ ad-
dresses at the time of their TB diagnosis and used 
ArcGIS 10.0 software (Environmental Systems Re-
search Institute, https://www.esri.com) to plot the 
addresses of patients in the same large clusters on 
a map. We used the nearest neighbor index (NNI), 
defined as the ratio of the observed mean distance 
to the expected mean distance, to assess whether the 
spatial distribution pattern was random (NNI = 1), 
dispersed (NNI >1), or clustered (NNI <1) (18). We 
performed statistical analyses by using Stata 16.0 
(StataCorp LLC, https://www.stata.com).

Results
A total of 10.1% (n = 60) healthcare facility patients 
had a history of former incarceration; those persons 
were more likely than other TB patients to be infected 
with lineage 2 M. tuberculosis strains, unemployed, 
40–59 years of age, male, of hill tribe ethnicity, and 
to have a history of previous TB treatment (Table 1).

TB isolates were classified into 4 lineages: lin-
eage 1 (271 [45.8%]), lineage 2 (236 [39.9%]), lineage 
3 (7 [1.2%]), and lineage 4 (78 [13.2%]) (Figure 1). 
When we used the 12-SNP cutoff, the percentage 
of clustered cases was 6.6% (18 patients) in lineage 
1, 46.2% (109 patients) in lineage 2, and 29.5% (23 
patients) in lineage 4 (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/29/3/22-1023-App1.
pdf). None of the lineage 3 isolates were clustered. 
We identified 4 large clusters (>10 isolates) of strains 
with 150 (25.3%) isolates by using the 12-SNP cutoff 
and 1 large cluster with 33 (5.6%) isolates by using 
the 5-SNP cutoff (Table 2, Figure 1). The percentage 
of formerly incarcerated persons within the 4 large 
clusters was 28.0% (n = 14). In the univariate analy-
sis for all lineages, M. tuberculosis isolates from pre-
viously incarcerated TB patients were 4.19 (95% CI 
2.11–8.34-fold) more likely to be members of large 
clusters. After we adjusted for patient age, ethnicity, 
sex, and previous TB treatment history, prior incar-
ceration remained associated with inclusion in large 
clusters (adjusted odds ratio [aOR] 4.47, 95% CI 2.05–
9.32) (Table 2). Because the 4 large clusters included 
only lineage 2 isolates, we restricted our analysis 
to lineage 2 in the multivariate analysis. The odds  

ratio for prior incarceration decreased modestly 
(aOR 3.57, 95% CI 1.56–8.15) among lineage 2 iso-
lates after adjustment for age, ethnicity, sex, and pre-
vious TB treatment history. Although there was only 
1 large cluster with a cutoff of 5 SNPs, the genomic 
association with incarceration history was stronger 
than for persons in the large clusters with a cutoff of 
12 SNPs (Appendix Table 2).

The proportion of formerly incarcerated persons 
in a large cluster with the 12-SNP cutoff ranged from 
20.0% through 40.0% (Appendix Table 3). A maxi-
mum of 4/14 (28.6%) persons in the large clusters had 
received a TB diagnosis within 2 years after release. 
Cluster 3 included the highest percentage of former-
ly incarcerated persons (40.0%); 3 of the 4 formerly 
incarcerated patients had been incarcerated during 
2014–2018, and TB developed within 2 years after 
they were released. We found little overlap between 
the periods of incarceration in clusters 1, 2 and 4. The 
NNIs were close to 1 or >1 (cluster 1, 1.352; cluster 
2, 0.980; cluster 3, 1.350; cluster 4, 1.050), which sug-
gested that the patients in the large clusters were not 
spatially clustered (Figure 2).

Discussion
Our study found that formerly incarcerated TB pa-
tients were 4.7 times more likely than nonincarcer-
ated TB patients to be linked with other patients 
in large transmission clusters. The association be-
tween being in a large cluster and having a previ-
ous incarceration history suggests that these geno-
types could have circulated in prisons and spread 
to the community.

The timing of TB diagnosis varied after persons 
were released from prison. Only 29% of the formerly 
incarcerated persons in the large clusters received a 
TB diagnosis within the first 2 years after their release 
from prison.

Our results suggest that formerly incarcerated 
persons could be at higher risk for disease progression 
from latent to active TB for several years after their 
release from prison. A study from Brazil showed that 
among 83% of incarcerated persons in whom TB devel-
oped, diagnoses were within 2 years of release (5), and 
another study from Brazil estimated that it took 7 years 
for TB incidence rates among formerly incarcerated 
persons to decline to community levels (6). Because of 
the long-term risk for active TB development in incar-
cerated persons after they are released, careful follow-
up of such incarcerated persons should be a focus of 
local public health centers in the community (19).

Our study showed that in this setting, formerly 
incarcerated TB patients were widely distributed 
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throughout a large geographic area (Figure 2). This 
result was not consistent with that of a previous study 
in Lima, Peru, which found higher risk for multidrug-
resistant TB among persons living near prisons (20). 
The difference in the spatial distribution of TB ob-
served between the 2 studies is probably associated 
with the smaller number of more centralized prisons 
in Chiang Rai than in Lima. Lima has >10 million resi-
dents and 7 prisons, and formerly incarcerated per-
sons are likely to reside in areas relatively close to the 
prisons in which they were incarcerated. In contrast,  

Chiang Rai Province has only 1.2 million inhabit-
ants dispersed over ≈4,500 square miles and only 2 
prisons. In addition, 1 study from Brazil found that 
prison-related TB genotypes were widely dispersed 
throughout regions because some inmates were trans-
ferred from one prison to another (21). With dissemi-
nation of the risk for TB infection throughout large 
areas, it would be challenging to detect links between 
formerly incarcerated TB patients and community TB 
patients and to estimate the effect of incarceration his-
tory on the community transmission.
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Table 1. Characteristics of nonincarcerated TB patients and formerly incarcerated TB patients, Chiang Rai Province, Thailand, 
December 2017–February 2020* 

Characteristic 
Nonincarcerated TB patients, 

n = 532 
Formerly incarcerated TB 

patients, n = 60 p value 
Mycobacterium tuberculosis lineage   0.006 
 1 256 (48.1) 15 (25.0)  
 2 201 (37.8) 35 (58.3)  
 3 6 (1.1) 1 (1.7)  
 4 69 (13.0) 9 (15.0)  
Age, y   0.047 
 18–39 101 (19.0) 13 (21.7)  
 40–49 99 (18.6) 18 (30.0)  
 50-–9 139 (26.1) 17 (28.3)  
 >60 60 (36.3) 12 (20.0)  
Sex   0.001 
 M 373 (70.1) 54 (90.0)  
 F 159 (30.0) 6 (10.0)  
Ethnicity   0.032 
 Thai 408 (76.7) 37 (61.7)  
 Hill tribe  115 (21.6) 15 (36.7)  
 Other 9 (1.7) 9 (1.7)  
TB history   0.002 
 No 508 (95.5) 53 (88.3)  
 Yes 24 (4.5) 6 (10.0)  
 Unknown 0 1 (1.7)  
Prison year    
 Before 1999 NA 11 (18.3)  
 2000–2004 NA 5 (8.3)  
 2005–2009 NA 15 (25.0)  
 2010–2014 NA 16 (26.7)  
 After 2015 NA 12 (20.0)  
 Unknown NA 1 (2.9)  
Prison time, y    
 <1  NA 35 (58.3)  
 1–2 NA 5 (8.3)  
 >2 NA 20 (33.3)  
*NA, not applicable; TB, tuberculosis. 

 

 
Table 2. Association between formerly incarcerated TB patients and Mycobacterium tuberculosis genotype clusters, all lineages, 
Japan, 2022* 

Variable Total Unclustered 
Small cluster, 

2–6 cases 
Large cluster, 

>10 cases 
Unadjusted OR† 

(95% CI) 
Adjusted OR‡ 

(95% CI) 
Cutoff of 5 SNPs       
 Total 592 559 22 11   
 No history of incarceration 532 (89.9) 508 (91.0) 18 (81.8) 6 (54.6) Referent Referent 
 Formerly incarcerated 60 (10.1) 51 (9.1) 4 (18.2) 5 (45.5) 7.97 (2.36–26.96) 10.32 (2.47–43.09) 
Cutoff of 12 SNPs       
 Total 592 442 100 50   
 No history of incarceration 532 (89.9) 407 (92.1) 89 (89.0) 36 (72.0) Referent Referent 
 Formerly incarcerated 60 (10.1) 35 (7.9) 11 (11.0) 14 (28.0) 4.19 (2.11–8.34) 4.47 (2.05–9.32) 
*Values are no. (%) cases except as indicated. OR, odds ratio; SNP, single-nucleotide polymorphism; TB, tuberculosis. 
†ORs for the history of incarceration comparing those in large clusters with those unclustered or in small clusters.  
‡ORs adjusted for age, ethnicity, sex, and history of TB treatment. 
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TB control strategies in prisons should focus on 
not only reducing TB transmission in prison but also 
on preventing spillover from prison to community. 
In 2021, the World Health Organization Consolidat-
ed Guidelines on Tuberculosis updated the recom-
mendation of systematic screening in prisons from 
a “conditional recommendation” to a “strong rec-
ommendation” but noted that there was “very low 
certainty of evidence” (22). As a recent modeling 
analysis showed (6), combined interventions could 
reduce TB incidence in prisons and in the general 
population. Options for preventing TB transmission 
in prisons include screening at the time of entry into 
the prison, periodic mass screening of incarcerated 
persons, or both. To control prison-to-community 
transmission, exit screening before persons return to 
their respective residential areas and follow-up test-

ing in the community should also be performed (6). 
Furthermore, although the World Health Organiza-
tion guidelines conditionally recommend preven-
tive therapy in incarcerated persons depending on 
resource availability and the local risk for TB (19), 
few countries with low TB burden and high income 
have implemented preventive therapy programs 
for incarcerated persons (23). To reduce illness and 
death as well as the risk for TB transmission, the 
benefits of preventive therapy for incarcerated per-
sons in countries with high TB burden should also 
be considered (6).

Among the limitations of our study, we were not 
able to establish exact and direct epidemiologic links 
between incarcerated persons and persons in the gen-
eral population through contact tracing and are there-
fore not able to rule out the possibility that formerly 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023 481

Figure 2. Distribution of clusters 
of tuberculosis patients in study 
of risk for prison-to-community 
tuberculosis transmission, 
Thailand, 2017–2020. NNI, 
nearest-neighbor index.
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incarcerated persons were infected in the community 
after release rather than vice versa. In addition, our 
study did not include all TB patients for whom diag-
nosis was made at the study site because we excluded 
patients who did not have culture isolates, who died 
before we contacted them, and who were co-infect-
ed with HIV. Therefore, we missed some links that 
might have affected the number of clusters, the size of 
clusters, and the proportion of formerly incarcerated 
persons in large clusters.

In conclusion, our study determined that large 
clusters included a high percentage of formerly incar-
cerated TB patients with variable years of incarceration 
and residential areas. Because prison-related genotypes 
are circulating in the community, control strategies 
such as entry and exit screening at release and follow-
up screening in the community should be considered 
to prevent TB-associated illness and death among in-
carcerated persons and community transmission.
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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  
antiquity; it is believed to have originated with the first 
domestication 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 treatment (rather than prevention) of tuberculosis 
has been possible 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: 

         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



Campylobacteriosis is the leading cause of food-
borne bacterial gastroenteritis. Its incidence in 

North America, Europe, and Australia is alarming, 
and data from Africa, Asia, and the Middle East in-
dicate that campylobacteriosis is endemic in sev-
eral areas (1–3). The incidence of campylobacteriosis 

seems to have increased over recent years but might 
partially be overestimated because of differences in 
molecular techniques.

Campylobacter spp. is a gram-negative mobile 
curved rod. After digestive contamination, it can trans-
locate through the gastrointestinal barrier, leading to 
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The incidence of campylobacteriosis has substantially in-
creased over the past decade, notably in France. Second-
ary localizations complicating invasive infections are poor-
ly described. We aimed to describe vascular infection or 
endocarditis caused by Campylobacter spp. We included 
57 patients from a nationwide 5-year retrospective study 
on Campylobacter spp. bacteremia conducted in France; 
44 patients had vascular infections, 12 had endocarditis, 
and 1 had both conditions. Campylobacter fetus was the 
most frequently involved species (83%). Antibiotic treat-

ment involved a β-lactam monotherapy (54%) or was 
combined with a fluoroquinolone or an aminoglycoside 
(44%). The mortality rate was 25%. Relapse occurred in 
8% of cases and was associated with delayed initiation of 
an efficient antimicrobial therapy after the first symptoms, 
diabetes, and coexistence of an osteoarticular location. 
Cardiovascular Campylobacter spp. infections are associ-
ated with a high mortality rate. Systematically searching 
for those localizations in cases of C. fetus bacteremia may 
be warranted.
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bacteremia. This complication is poorly described be-
cause of its scarcity, accounting for <1% of Campylo-
bacter spp. infections but having substantial mortality 
rates (3%–28%) (4–6). Bacteremias can be complicated 
by secondary localizations in the joints, bones, soft tis-
sues, arterial wall, and valves (5,7,8). Lack of aware-
ness of this risk and a challenging diagnosis caused by 
tedious culture may be responsible for underdiagnosis.

Vascular infections and endocarditis caused by 
Campylobacter spp. have been poorly described in the 
literature; therefore, clinical manifestations, treat-
ment, and outcomes remain unclear. Identifying the 
predisposing underlying conditions for Campylobacter 
spp. vascular infections or endocarditis and recogniz-
ing evocative clinical and biologic signs could lead 
to an earlier effective antibiotic therapy. Our study 
aimed to describe Campylobacter spp.–related vascu-
lar infections and endocarditis in France and analyze 
the factors associated with 3-month mortality rates.

Methods

Study Design and Patients
We conducted an ancillary study from the Campy-
lobacteremia Project (6), a multicenter retrospective 
study conducted in 37 hospitals participating in the 
surveillance network of France’s National Refer-
ence Centre for Campylobacters and Helicobacters 
(NRCCH), along with other hospitals in France. The 
Campylobacteremia study included all patients with 
Campylobacter spp. bacteremia during January 1, 
2015–December 31, 2019. We extracted and analyzed 
records from patients with vascular localizations or 
endocarditis for our study. We also included patients 
with Campylobacter spp. identification from a retro-
spective cohort of vascular infections in Bordeaux 
University Hospital (BUH; Bordeaux, France) during 
January 1, 2004–December 31, 2019, excluding pa-
tients already included through the NRCCH.

Data Collection
We retrospectively extracted data on demographic 
characteristics, clinical signs, underlying conditions 
previously described as risk factors of campylobacte-
riosis, or cardiovascular infections (4–10) and medico-
surgical treatment from medical records through a 
standardized questionnaire sent to clinicians and mi-
crobiologists. We also extracted microbiologic data, 
especially identification to species level, results of con-
comitant stool or any other site culture (e.g., fluid and 
biopsy), and susceptibility to ampicillin, amoxicillin/
clavulanic acid, erythromycin, tetracyclines, gentami-
cin, fluoroquinolones, and imipenem when tested.

Definitions
We defined endovascular localizations by a positive 
vascular biopsy, graft, blood culture (or a combina-
tion of these) and evocative images on computed 
tomography, 18F-fluoro-deoxyglucose-positron emis-
sion tomography/computed tomography (18F-FDG 
PET/CT), or leukocyte scan based on the American 
Heart Association consensus for native infections and 
Management of Aortic Graft Infection Collaboration 
(MAGIC) criteria for vascular graft and endograft in-
fections (VGEIs) (10,11). We defined endocarditis by 
a positive valvular biopsy, blood culture, or both, as-
sociated with evocative images on echocardiography, 
18F-FDG PET/CT, or leukocyte scan according to the 
European Society of Cardiology 2015 modified crite-
ria for diagnosing infective endocarditis (9).

We considered antibiotic treatment appropriate 
if the strain was susceptible to >1 of the drugs pre-
scribed, according to the Antibiogram Committee 
of the French Society of Microbiology and European 
Committee On Antimicrobial Susceptibility Testing 
recommendations (12). Campylobacter spp. are natu-
rally resistant to third-generation cephalosporins, 
ticarcillin, and piperacillin, so we considered those 
antibiotics to be inappropriate. 

We defined relapse by >1 new positive blood cul-
ture with Campylobacter spp. after clinical sign resolu-
tion and apyrexia or negative control blood culture. 
We defined 3-month mortality as death within 3 
months of the first positive blood culture.

Microbiological Diagnosis
All participating laboratories used continually moni-
tored noninvasive blood culture systems (e.g., BacT/
Alert and Virtuo [bioMérieux, https://www.biom-
erieux.com] or Bactec [Becton Dickinson, https://
www.bd.com]). Each blood culture set included an 
aerobic and an anaerobic bottle inoculated with 10 mL 
of blood and incubated for 5 days. Two sets of blood 
culture were recommended. We performed Gram 
staining and fresh examinations for positive samples. 
We identified curved or spiral-shaped gram-negative 
rods as Campylobacter spp. We inoculated a blood 
agar plate and incubated it in a microaerobic atmo-
sphere (6% O2, 7% CO2, 7% H2, and 78% N2) at 35°C. 
For patients who underwent vascular surgery, we ob-
tained several samples from vascular tissue, throm-
bus, or grafts; for patients who underwent valvular 
surgery, we analyzed native or prosthetic valves. We 
plated intra-operative samples onto polyvitex choco-
late agars (bioMérieux) and inoculated them into 10 
mL of Schaedler and brain–heart broth. We incubated 
agar plates at 37°C for 14 days in aerobic atmosphere 
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with 5% CO2 and for 14 days in anaerobic atmo-
sphere. We incubated broth at 37°C for 15 days and 
subsequently plated cloudy broth media on polyvitex 
chocolate agar plates and incubated them in a 5% CO2 
atmosphere for 7 days. We performed bacterial iden-
tification by using matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (13) from 
positive standard bacterial culture. We interpreted 
susceptibility testing according to Antibiogram Com-
mittee of the French Society of Microbiology and Eu-
ropean Committee On Antimicrobial Susceptibility 
Testing recommendations (12).

Objectives
Our primary objective was to evaluate the risk factors 
of 3-month mortality in patients with Campylobacter 
spp. vascular infection, endocarditis, or both. The sec-
ondary objectives were to describe the epidemiology, 
clinical manifestations, and therapeutic management 
and to evaluate risk factors of relapse.

Ethics Approval
We declared our study to France’s National Institute 
of Health Data (https://www.snds.gouv.fr). We re-
ported our retrospective cohort with France’s data 
protection authority (https://www.cnil.fr).

Statistical Analysis
We expressed descriptive statistics as percentages 
for categorical variables and as the mean with SD 
and median with interquartile range (IQR) for con-
tinuous variables. We performed univariate analyses 
using Fisher exact test for count data, Wilcoxon test, 
and Pearson χ2 test with Yates’ continuity correction 
to identify the factors associated with a fatal outcome 
within 3 months. We considered results with p values 

<0.05 to be statistically significant. We performed 
statistical analyses with R studio version 1.2.5033 
(https://rstudio.com).

Results
Among 592 patients with Campylobacter spp. bactere-
mia, 57 were included in this analysis (Figure 1); 38 
had a vascular infection (6.6%) and 12 had endocar-
ditis (2.1%). Seven more patients among the 384 in-
cluded in the BUH retrospective cohort before 2015 
or without bacteremia were included. Overall, most 
included patients had a vascular infection (n = 44), 
followed by endocarditis (n = 12). One had both en-
docarditis and an infectious native aortic aneurysm.

Demographic Data and Clinical Characteristics  
of Vascular Infection Cases
We compared clinical characteristics of patients with 
native (n = 30) or prosthetic (n = 15) vascular infec-
tions (Table 1). Male (80%) and elderly (64.9% were 
>65 years of age) patients were predominantly affect-
ed. Most patients had underlying conditions, mainly 
cardiovascular, and impairing immunity conditions; 
26.7% were active smokers, 24.4% had diabetes, 24.4% 
had a history of aortic aneurysm, and 22.2% had isch-
emic cardiomyopathy.

Fever (71.1% of cases) and abdominal or lumbar 
pain (51.1% of cases) were the most common clinical 
signs. Diarrhea was quite rare (22.2%).

The infections were heterogeneous. The aorta 
was the most commonly infected vessel (66.7%); how-
ever, peripheral arteries could also be involved, either 
iliac (n = 2), popliteal (n = 3), gastroduodenal (n = 1), 
or carotid (n = 1). Some rare venous infections were 
described, either portal veins (n = 2), jugular-perito-
neal shunt (n = 1), sural or femoral veins (n = 1 each), 
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Figure 1. Flowchart of 57 patients with Campylobacter spp. vascular infections in a multicenter retrospective study on vascular 
infections and endocarditis caused by Campylobacter spp., France. BUH, Bordeaux University Hospital (Bordeaux, France).



Campylobacter spp., France

and finally a lymphangioma of the lower limb (n = 1). 
One third of these cases occurred on vascular grafts 
or endografts (33.3%), including 13 aortic, 1 femoro-
popliteal, and 1 jugular-peritoneal shunt.

Four of these patients also had an osteoarticular 
infection, 1 had hip arthritis, and 3 had spondylo-
discitis, 2 of which occurred in patients with aortitis, 
suggesting a contiguous infection. One of these 2 pa-
tients also had a psoas abscess.

Demographic Data and Clinical Characteristics  
of Endocarditis Cases
We compared clinical characteristics of patients with 
endocarditis (Table 2). Again, the clinical manifestations 
were nonspecific; most patients were febrile (84.6%), 
and a cardiac murmur was found in only 4 patients.

Valvular infections mostly occurred on the aortic 
valve (n = 9), and only 2 were on the mitral valve. 
No right-sided infective endocarditis was found. 
Those infections involved 7 prosthetic valves, 4 native 
valves, and 2 intracardiac devices (pacemakers). The 

time interval between valve or pacemaker implanta-
tion and endocarditis was >1 year in all cases.

Diagnostic Imaging Results
All but 1 of the patients with vascular infection had 
documented imaging procedure data (Table 3). De-
tailed echography data were reported in 11 cases of 
endocarditis. All of them had major criteria for endo-
carditis, either typical oscillating valvular vegetation 
(n = 11), cardiac abscess (n = 3), valve perforation (n 
= 1), or prosthetic valve dehiscence (n = 1). One diag-
nosis was made on 18F-FDG PET/CT, which revealed 
hypermetabolism around the site of a prosthetic aor-
tic valve associated with a thoracic aorta aneurysm. 
The last case, a mediastinitis associated with pace-
maker infection, was diagnosed intraoperatively.

Microbiologic Diagnosis and Antimicrobial  
Susceptibility Profiles
C. fetus was the most frequently identified species 
(82.5%), followed by C. jejuni (10.5%) (Figure 2).  
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Table 1. Characteristics of 45 patients with Campylobacter spp. vascular infections in a multicenter retrospective study on vascular 
infections and endocarditis caused by Campylobacter spp., France* 

Characteristic Vascular infection Native vascular infection 
Vascular graft or  

endograft infection 
All patients 45 (100) 30 (66.7) 15 (33.3) 
Age, y, median (interquartile range) 69.5 (61.2–81.3) 69.5 (61.8–81.3) 70 (62–81) 
Sex    
 M 36 (80) 23 (76.7) 13 (86.7) 
 F 9 (20) 7 (23.3) 2 (13.3) 
Localization    
 Aortic 30 (66.7) 17 (56.7) 13 (86.7) 
 Peripheral artery 7 (15.6) 6 (20) 1 (6.7) 
 Venous involvement 5 (11.1) 4 (13.3) 1 (6.7) 
 Lymphatic involvement 1 (2.2) 1 (3.3) 0 
 Not available 2 (4.4) 2 (6.7) 0 
Underlying condition    
 Preexisting aortic aneurysm 11 (24.4) 9 (30) 2 (13.3) 
 Ischemic cardiomyopathy 10 (22.2) 8 (26.7) 2 (13.3) 
 Tobacco use 12 (26.7) 8 (26.7) 4 (26.7) 
 Chronic liver disease 5 (11.1) 4 (13.3) 1 (3.3) 
 Diabetes 11 (24.4) 8 (26.7) 3 (20) 
 Chronic renal failure 9 (20) 5 (16.7) 4 (26.7) 
 Hematologic malignancy 2 (4.4) 2 (6.7) 0 
 Solid neoplasm 11 (24.4) 6 (20) 5 (33.3) 
 Immunodeficiency 7 (15.6) 6 (20) 1 (6.7) 
Clinical manifestations†    

Fever 32 (71.1) 24 (80) 8 (53.3) 
Septic shock 1 (2.2) 1 (3.3) 0 
Hemorrhagic shock 4 (8.9) 3 (10) 1 (6.7) 
Diarrhea 10 (22.2) 6 (20) 4 (26.7) 
Gastrointestinal bleeding 6 (13.3) 5 (16.7) 1 (3.3) 
Abdominal or lumbar pain 23 (51.1) 16 (53.3) 7 (46.7) 
Acute limb ischemia 3 (6.7) 3 (10) 0 
Osteoarticular involvement 4 (8.9) 2 (6.7) 2 (13.3) 

Campylobacter species    
 C. fetus 36 (80) 23 (76.7) 13 (86.7) 
 C. jejuni 5 (11.1) 4 (13.3) 1 (3.3) 
 Other Campylobacter spp. 4 (8.9) 3 (10) 1 (3.3) 
*Values are no. (%) except as indicated.  
†Signs and symptoms occurring within the past month were considered. 
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C. fetus was responsible for 92.3% of endocarditis 
and 80% of vascular infections. A C. rectus infection 
occurred on a gastroduodenal artery in a neutrope-
nic patient with diabetes who was co-infected with 
commensal bacteria of the oral cavity. As compari-
son, among the initial cohort of patients with bacte-
remia, C. jejuni (42.9%) and C. fetus (42.6%) were the 
most commonly identified species, followed by C. 
coli (6.8%) and C. ureolyticus (3.7%) (6). Among the 
252 patients with C. fetus bacteremia, 29 (11.5%) pa-
tients had vascular localization, and 11 (4.4.%) had  

endocarditis. However, secondary vascular localiza-
tions were not systematically researched and might 
have been underdiagnosed in the initial cohort.

Blood cultures were performed in all patients and 
were positive in 100% of patients with endocarditis 
and 88.9% of patients with vascular infections. The 
median time to positive blood samples was rather 
long, 55.5 hours (IQR 44.95–73 hours). The 5 patients 
with vascular infections and negative blood cultures 
were all infected by C. fetus species. Intraoperative 
specimens were positive in 11 vascular infections 
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Table 2. Characteristics of 13 patients with Campylobacter spp. endocarditis in a multicenter retrospective study on vascular infections 
and endocarditis caused by Campylobacter spp., France* 

Characteristic Infective endocarditis 
Native valve infective 

endocarditis 
Prosthetic valve infective 

endocarditis and CIED infection 
All patients 13 (100) 4 (30.8) 9 (69.2) 
Age, y, median (interquartile range) 67 (60.3–80.8) 64 (57–80) 67 (60.3–80.8) 
Sex    
 M 13 (100) 4 (30.8) 9 (69.2) 
 F 0 0 0 
Localization    
 Aortic valve 9 (69.2) 3 6 
 Mitral valve 2 (15.4) 1 1 
 CIED 2 (15.4) 0 2 
Underlying condition    
 Ischemic cardiomyopathy 2 (15.4) 0 2 
 Chronic liver disease 2 (15.4) 1 1 
 Diabetes 4 (30.8) 2 2 
 Chronic renal failure 4 (30.8) 2 2 
 Hematologic malignancy 1 (7.7) 0 1 
 Solid neoplasm 2 (15.4) 1 1 
 Immunodeficiency 4 (30.8) 1 3 
Clinical manifestations†    
 Fever 11 (84.6) 3 8 
 Septic shock 2 (15.4) 1 1 
 Diarrhea 3 (23.1) 1 2 
 Gastrointestinal bleeding 1 (7.7) 0 1 
 Abdominal or lumbar pain 3 (23.1) 2 1 
 Cardiac murmur 4 (30.8) 1 3 
 Cardiac failure 1 (7.7) 1 0 
Campylobacter species    
 C. fetus 12 (92.3) 4 8 
 C. jejuni 1 (7.7) 0 1 
*Values are no. (%) except as indicated. CIED, cardiac implantable electronic device. 
†Signs and symptoms occurring within the past month were considered. 

 

 
Table 3. Imaging results for 44 patients with vascular infections in a multicenter retrospective study on vascular infections and 
endocarditis caused by Campylobacter spp., France* 
Radiologic finding Native vascular infection, no. Vascular graft and endograft infection, no. 
All patients 30 14 
Computed tomography 23 12 
 Perivascular or graft infiltration 5 5 
 Perivascular or graft gas 2 2 
 Abscess 1 4 
 Dissection 2 0 
 Pseudoaneurysm 3 2 
 Rupture 6 2 
 Thrombosis 4 3 
 Enteric contact with aorta 1 2 
18F-FDG PET/CT 10 8 
 Perivascular or graft abnormal metabolic activity 6 8 
Leukocyte scan 1 2 
 Vascular radiolabeled leukocyte uptake 0 1 
18F-FDG PET/CT, 18F-fluoro-deoxyglucose-positron emission tomography/computed tomography.  
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over the 14 cultures performed and 1 of 2 patients 
with endocarditis. Only 1 patient had a positive stool 
culture (C. jejuni) among the 12 performed.

We assessed antimicrobial-acquired resistance 
(Table 4). No strain was resistant to amoxicillin/
clavulanate or to imipenem among the levels tested. 
Higher rates of resistance were observed for ampi-
cillin (9.8%), fluoroquinolones (31.4%), and tetracy-
cline (20.5%).

Clinical Outcome
Survival without relapse at 3 months was observed 
for 67.3% (33/49) of the patients with available data at 
follow-up; the mortality rate was estimated at 24.5% 
(12 cases), and estimated relapse rate was 8.2% (4 cas-
es). Two patients with endocarditis and 10 patients 
with vascular localization died within 3 months.

Among the 56 patients for whom antimicrobial 
therapy was documented, 54 (96.4%) received an 
appropriate treatment based on the susceptibility 
results. Only 2 patients were inefficiently treated (1 
by third-generation cephalosporine, 1 by ofloxacin). 

Regarding antimicrobial therapy regimen among pa-
tients with VGEIs or prosthetic valves, 9/24 (37.5%) 
received single therapy and 15/24 (62.5%) dual ther-
apy, combining a β-lactam with either a fluoroquino-
lone (9 patients), an aminoglycoside (5 patients), or a 
macrolide (1 patient). All patients with endocarditis 
received an initial association of aminoglycoside in-
fusion and a β-lactam, except for 1 who received an 
aminoglycoside and fluoroquinolone therapy. The 
median duration of antimicrobial treatment was 42 
days (IQR 20–49 days). Five patients received life-
long suppressive antimicrobial therapy (amoxicillin, 
amoxicillin/clavulanate, or ofloxacin).

We analyzed risks factors for 3-month mortality 
and relapse. Neither time to efficient therapy, immu-
nosuppression, surgery, nor antimicrobial therapy 
regimen (single versus dual therapy) was associat-
ed with 3-month mortality in multivariate analysis. 
However, the time to efficient antimicrobial therapy 
initiation after the first symptoms was much longer 
in the patients who relapsed compared with relapse-
free patients (61 days [IQR 20.3–104.3 days] vs. 9.5 
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Table 4. Antimicrobial resistance by species of Campylobacter spp. identified in a multicenter retrospective study on vascular 
infections and endocarditis caused by Campylobacter spp., France* 

Antimicrobial tested MIC breakpoint, mg/L 
No. (%) isolates 

C. fetus C. jejuni Other Campylobacter spp. 
Ampicillin 16 1/44 (2.3) 3/5 (60) 1/2 (50) 
Amoxicillin/clavulanate 16 0/40 0/5 0/3 
Ciprofloxacin 0.5 11/44 (25) 3/5 (60) 2/2 (100) 
Erythromycin 4 1/43 (2.3) 0/5 0/2 
Tetracycline 2 5/38 (13.2) 4/5 (80) 0/1 
Gentamicin† 2 0/41 0/5 0/2 
Imipenem 2 0/7 Not tested 0/1 
*Strains susceptible to gentamicin were assumed to be susceptible to amikacin. 

 

Figure 2. Distribution of 
Campylobacter species among 
57 patients with vascular 
infections and endocarditis 
in a multicenter retrospective 
study on vascular infections 
and endocarditis caused by 
Campylobacter spp., France. 
Numbers indicate no. cases.
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days [IQR 2–15 days]; p = 0.006). Relapse patients also 
more often had diabetes (75% vs. 12%; p = 0.022) and 
osteoarticular-associated infection (75% vs. 2%; p = 
0.001) than did relapse-free patients.

Nine of the 15 patients with VGEIs underwent 
surgery, and 7 underwent complete graft removal. 
Two patients with prosthetic valve endocarditis un-
derwent surgery for valve replacement, and 2 un-
derwent infected pacemaker replacement. Two more 
patients required surgery because of severe valve 
dysfunction.

Discussion
We examined a comprehensive series of Campylo-
bacter spp. cases associated vascular infections and 
endocarditis among 57 patients identified because of 
the participation of 37 hospitals in France. Consistent 
with data on Campylobacter spp. bacteremia, male and 
elderly patients were predominantly affected, and 
most patients had underlying conditions, particularly 
cardiovascular conditions, diabetes, solid neoplasm, 
chronic renal failure, or hepatic failure (6). Of interest, 
although Campylobacter spp. is the leading cause of 
bacterial diarrhea responsible for enteritis mainly oc-
curring before 30 years of age in immunocompetent 
patients, invasive infections are more likely to affect 
immunocompromised elderly patients (7).

Native vascular infections preferentially affect the 
infra-renal aorta; Salmonella spp. and Staphylococcus 
aureus were the most commonly identified bacteria in 
previous studies (14,15). Campylobacter spp. involve-
ment is rarely described, even though it represented 
almost 10% of infective native aortic aneurysms in a 
recent study in France (16). In our study, 66.7% of in-
fections were aortic, and 15.6% occurred on peripher-
al arteries. Venous infections were also reported, but 
thrombophlebitis is poorly described so far because 
only a few case reports are available (17–19).

The 13 cases of endocarditis included in our study 
and the 21 case reports previously described in the 
literature highlight the role of this non-HACEK (spe-
cies other than Haemophilus species, Actinobacillus acti-
nomycetemcomitans, Cardiobacterium hominis, Eikenella 
corrodens, or Kingella spp.) gram-negative bacillus in 
endocarditis (Appendix, https://wwwnc.cdc.gov/
EID/article/29/3/22-1417-App1.pdf). So far, the In-
ternational Collaboration on Infective Endocarditis 
Prospective Cohort Study has described 49 (1.8%) 
endocarditis attributable to non-HACEK gram-neg-
ative bacilli among 2,761 patients with definite en-
docarditis (20). Most commonly encountered bacilli 
were Escherichia coli and Pseudomonas aeruginosa, but 
no Campylobacter spp. infection was reported. These 

gram-negative bacilli infections were severe, leading 
to an increased in-hospital mortality rate of 24% com-
pared with 8% for Streptococcus spp. and 33% for S. 
aureus–associated endocarditis (21). In our study, the 
3-month mortality rate associated with endocarditis 
was 15.4%, but it remains difficult to conclude given 
the small number of patients. Non-HACEK gram-
negative bacilli endocarditis is usually associated 
with active injection drug use (up to 93% of cases) 
and therefore involves native tricuspid valve in most 
cases (22). In our cohort, all endocarditis cases were 
left-sided, and 69.2% occurred either on prosthetic 
valves or intracardiac devices. This profile looks more 
like other foodborne endocarditis, such as Salmonella 
spp. or Listeria monocytogenes, which more likely af-
fect older and immunocompromised patients and are 
associated with higher mortality rates (42.5% for Sal-
monella spp. [23] and 41% for L. monocytogenes [24]).

C. fetus was the most frequently involved species 
(82.5%), whereas according to the report of NRCCH, 
this species represents only 1% of the isolates ana-
lyzed among the 8,082 isolates received in 2020 (25). 
In our study, the most frequently isolated species are 
C. jejuni (84%) and C. coli (13%), and they both are pre-
dominantly isolated from stool culture (98.8% of C. je-
juni and 99.6% of C. coli). C. fetus is much less common 
(1%) and is predominantly isolated from blood culture 
or deep samplings (57%) compared with stool samples 
(41%) (25). C. fetus virulence is notably attributable to 
a protein capsule called the S-layer, which impairs 
complement activation by a lack of C3b binding (26). 
Different mechanisms have been suggested to explain 
its tropism for vascular endothelium, especially when 
the latter is previously damaged, such as the produc-
tion of procoagulant factors favoring the formation of 
microthrombi or the presence of a membrane receptor 
with an affinity for the endothelium (27).

Regarding the nonspecific symptoms, because 
only 22.8% of patients had diarrhea, and because of 
the lack of awareness of the risk for secondary local-
izations associated with campylobacteriosis, those 
complications might be underestimated. Among pa-
tients with C. fetus bacteremia in the campylobactere-
mia study, 11.5% had a vascular infection and 4.4% 
had endocarditis. Furthermore, 11% of the 99 patients 
who underwent echocardiography had endocarditis, 
close to the rate described for S. aureus bacteremia 
(6,28). Those findings warrant the use of systematic 
transthoracic echocardiography in cases of C. fetus 
bacteremia. Foreign implants and preexisting an-
eurysms also seemed to be risk factors for bacterial 
colonization because vascular infections occurred on 
(endo)grafts in 33.3% of cases and native aneurysms 

490 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023w 



Campylobacter spp., France

in 24.4%. Therefore, a systematic computed tomogra-
phy angiogram should be discussed for these patients. 
Moreover, the risk for 3-month relapse was associat-
ed with osteoarticular involvements, highlighting the 
paramount importance of a comprehensive diagnosis 
and treatment of these secondary localizations.

The association of 3-month relapse with delayed 
initiation of efficient antimicrobial therapy advocates 
for the necessity of prompt appropriate treatment. The 
retrospective design of our study did not enable us to 
make a conclusion on the optimal treatment modality. 
Nevertheless, considering low acquired resistance rates, 
which is consistent with NRCCH reports in recent years 
(25), an initial dual bactericidal therapy by amoxicillin/
clavulanate and gentamicin could be a good option for 
empiric therapy. The issue of secondary targeted ther-
apy remains unresolved. Amoxicillin and macrolides 
could be good options according to the susceptibility 
profile. Ciprofloxacin could also be of interest; however, 
the use of fluoroquinolones remains debated given the 
recent divergent data published on possible excess risks 
of aneurysmal rupture and aortic dissection (29,30).

Campylobacter spp. cardiovascular infections are 
rare but should be considered seriously in light of the 
high incidence of campylobacteriosis. These infections 
are associated with high mortality rates and mainly oc-
cur in elderly patients with underlying conditions. The 
relapse rate is also high and correlates with delayed 
initiation of an efficient antimicrobial therapy, sug-
gesting a need for prompt recognition and treatment. 
Therefore, systematic transthoracic echocardiography 
should be performed in cases of C. fetus bacteremia. 
Dedicated imaging might also be indicated for patients 
with a preexisting aneurysm or vascular (endo)graft, 
even in the absence of evocative symptoms.
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Brazil recently experienced its largest-recorded yel-
low fever (YF) outbreak in decades; >2,000 human 

cases and ≈750 deaths occurred during July 2016–
June 2018 (1). The virus reached the metropolitan ar-
eas, where the YF vaccine had not been previously 
recommended. This situation led to the need for vac-
cination campaigns in affected areas, which included 
fractionated doses of the 17DD YF vaccine. In 2017, 

>5 million persons were vaccinated with the standard 
dose in the state of São Paulo, Brazil. During January 
25–July 3, 2018, the state also used a fractionated-dose 
vaccine as part of a dose-sparing strategy in 54 mu-
nicipalities. The fractionated dose consisted of 0.1 mL 
(one fifth of the standard dose) administered in the 
subcutaneous tissue to person >2 years of age. This 
approach was necessary because of insufficient vac-
cine stock for the entire population at the height of the 
epidemic. In 2018, a total of 10 million persons were 
vaccinated; of those, 5.3 million received the standard 
dose and 4.7 million received the fractionated dose.

During the 2016–2018 YF epidemic, southeastern 
Brazil was the most affected area; São Paulo state had 
559 confirmed cases of YF and 214 deaths attributed 
to YF (2). As a consequence, the YF vaccination cover-
age rate, which was 5% of the population in 2016, in-
creased to 65% by the end of 2018 in the metropolitan 
area of the city of São Paulo.

In late 2017, the Health Surveillance Department 
of the State of São Paulo (Centro de Vigilância Epide-
miológica “Prof. Alexandre Vranjac”) received a report 
of a man in the metropolitan area of São Paulo city who 
died after YF vaccination. The patient’s brother had 
died soon after YF vaccination 10 years previously, 
but cause of death was undetermined. Two months 
later, the surveillance team received a report from 
Natividade da Serra in São Paulo state of 3 temporary 
adverse events associated with YF vaccination among 
siblings of 1 family that ended in 2 deaths.

The data resulted in a suspicion of YF vaccine–as-
sociated viscerotropic disease (YEL-AVD). They were 
not the first suspected cases of YEL-AVD during the 
2017–2018 vaccination campaign. However, the re-
port of 2 familial clusters of severe adverse events fol-
lowing immunization (AEFI) related to YF vaccine in 
the state of São Paulo triggered a field epidemiologic 

Yellow Fever Vaccine–Associated 
Viscerotropic Disease among  

Siblings, São Paulo State, Brazil
Eder Gatti Fernandes, Victor Bertollo Gomes Porto, Patrícia Mouta Nunes de Oliveira,  

Amaro Nunes Duarte-Neto, Maria de Lourdes de Sousa Maia, Letícia Kegele Lignani, Juliana Silva Nogueira, 
Gabriellen Vitiello Teixeira, Silvia D’Andretta Iglezias, Roberta Morozetti Blanco, Helena Keico Sato

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023 493

Author affiliations: Instituto de Infectologia Emílio Ribas,  
São Paulo, Brazil (E.G. Fernandes); Centro de Vigilância  
Epidemiológica “Prof. Alexandre Vranjac,” São Paulo  
(E.G. Fernandes, H.K. Sato); Programa Nacional de Imunizações, 
Brasilia, Brazil (V.B.G. Porto); Bio-Manguinhos, Rio de Janeiro, 
Brazil (P.M.N. de Oliveira, M. de Lourdes de Sousa Maia,  
L.K. Lignani, G.V. Teixeira); Faculdade de Medicina da  
Universidade de São Paulo, São Paulo (A.N. Duarte-Neto);  
Instituto Adolfo Lutz, São Paulo (A.N. Duarte-Neto, J.S. Nogueira, 
S. D’Andretta Iglezias, R.M. Blanco)

DOI: https://doi.org/10.3201/eid2903.220989

We describe 5 cases of yellow fever vaccine–associ-
ated viscerotropic disease (YEL-AVD) in 2 familial clus-
ters during the 2017–2018 yellow fever (YF) vaccination 
campaign in São Paulo state, Brazil. The first case was 
that of a 40-year-old white man who died of icterohemor-
rhagic syndrome, which was confirmed to be YEL-AVD 
by using real-time reverse transcription PCR to detect 
17DD YF vaccine in the liver. Ten years previously, his 
brother died of a clinically similar disease without a con-
firmed diagnosis 9 days after YF vaccination. The sec-
ond cluster included 3 of 9 siblings in whom hepatitis 
developed in the first week after receiving fractionated 
doses of YF vaccine. Two of them died of hemorrhagic 
diathesis and renal and respiratory failure, and 17DD-YF 
vaccine was detected in serum samples from all patients 
and in the liver in 1 case. Genetic factors might play a 
substantial role in the incidence of YEL-AVD.
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investigation. In this descriptive study, we describe 
the epidemiologic investigation of the 2 clusters of 
YEL-AVD among family members.

Methods
We used the AEFI surveillance system of São Paulo 
state, Brazil, to capture information from January 2017–
June 2018. The cases reported are level 1 according to 
Brighton Collaboration Viscerotropic Disease Working 
Group case definition in terms of the diagnostic cer-
tainty (definite or probable YF vaccine–associated cau-
sality) (3). All case-patients were first-degree relatives 
(siblings) with YEL-AVD. We also included 1 previous 
case-patient who had onset of symptoms before 2017 
but was related to a current case-patient.

We obtained information regarding the vaccine 
and clinical and laboratory findings from the official 
AEFI passive surveillance system database. A field in-
vestigation team reviewed medical records. The team 
also visited the patients’ families to collect clinical 
and epidemiologic details, in addition to the vaccina-
tion status of first-degree relatives, and searched for 
other suspected cases of AEFI. Last, the team traced 
the biologic samples for additional and specific labo-
ratory investigations.

We analyzed the available serum and postmor-
tem samples at the Instituto Adolfo Lutz, the cen-
tral public health laboratory for YF and other notifi-
able diseases. We extracted the viral RNA from 140 
µL of serum by using a QIAamp Viral RNA Minikit 
(QIAGEN, https://www.qiagen.com) according to 
the manufacturer’s instructions. We tested the viral 

genome by using the real-time reverse transcription 
PCR (RT-PCR) protocol as described by Domingo et 
al. (4). Positive samples were submitted to a second 
RT-PCR reaction, according to Bae et al. (5). This re-
action can detect 17DD viral genome but cannot am-
plify viral genome from wild-type strains circulating 
in the Americas. We considered samples that tested 
positive by both RT-PCR protocols positive for vac-
cine-associated virus. We isolated the YF virus from 
serum samples using cultured cells of Aedes albopictus, 
clone C6/36, and performed viral identification using 
indirect immunofluorescence assay with polyclonal 
YF antibodies and conjugated antimouse immuno-
globulins. We used the US Centers for Disease Con-
trol and Prevention MAC-ELISA protocol for detect-
ing IgM (6). The postmortem samples were analyzed 
by 2 expert pathologists in infectious diseases and YF 
pathology (S.D’A.I. and A.N.D.N.). We performed 
immunohistochemistry reactions to detect in situ YF 
virus antigens using a polyclonal wild YF virus strain 
primary antibody (7). This study was approved by 
the Research Ethics Committee of the Health Depart-
ment of the Municipality of São Paulo (approval no. 
CAAE 37233620.5.0000.0086).

Results

Cluster 1
Case 1 was that of a 40-year-old white man who received 
the first dose of 17DD YF vaccine (lot 174VFC056Z) on 
December 16, 2017 (Figure 1). No simultaneous vac-
cines were administered. On day 3 after vaccination,  
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Figure 1. Timelines of reported cases of YFV–associated viscerotropic disease after 17DD vaccination during yellow fever epidemic, 
São Paulo state, Brazil, 2017–2018. Cases 1–2 were brothers and received standard doses. Cases 3–5 are siblings and received 
fractionated doses. ED, emergency department; ICU, intensive care unit; YFV, yellow fever vaccine.
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headache, malaise, and fever developed, and he took 
analgesics. After a day of clinical improvement, his 
symptoms returned, along with a high fever, nausea, 
and vomiting, for the next 3 days. On day 7 after vac-
cination, he was admitted to the emergency department 
for diffuse abdominal pain and hypotension. Initial lab-
oratory tests revealed only thrombocytopenia (platelets 
51,000/mm3 [reference range 150,000–450,000/mm2]). 
On day 8 after vaccination, he had fever, jaundice, con-
junctival hyperemia, peripheral edema, hypotension, 
dyspnea, tachycardia, and oliguria. The patient was 
transferred to a tertiary-care center in critical condition 
experiencing respiratory distress, shock, and meta-
bolic acidosis (arterial blood gas pH 6.8, bicarbonate 9 
mmol/L, carbon dioxide partial pressure 58 mm Hg, 
and partial pressure of oxygen 50 mm Hg). He was 
started on mechanical ventilation and was adminis-
tered antibiotics (piperacillin and tazobactam), fluids, 
and vasoactive drugs. Chest radiography revealed 
bilateral pulmonary congestion in the middle-upper 
lobes. Laboratory tests revealed increased total leuko-
cyte count with left shift (total leukocyte count 34,700 
cells/mm3; promyelocytes 2%, myelocytes 4%, meta-
myelocytes 8%, rods 34%, and neutrophils 42%), as well 
as increased serum levels of creatinine, urea, creatine 
phosphokinase, liver enzymes, and bilirubin. His plate-
lets dropped to 38,000/mm3, and the international nor-
malized ratio (INR) increased (Table). The serum level 
of C-reactive protein increased (20.66 mg/dL). The pa-
tient died on December 25, 2017, on day 9 after vaccina-
tion (Figure 1), day 6 after illness onset.

Autopsy results (Figure 2, panels A–J) revealed 
microvesicular steatosis with discrete and mixed por-
tal and sinusoidal inflammatory infiltrates in the liv-
er; acute tubular necrosis and interstitial nephritis in 
the kidneys; edema and interstitial mononuclear infil-
trates in the myocardium; pulmonary hemorrhages; 
mild cerebral edema; and hypoplasia of the white 
pulp of the spleen. Immunohistochemistry detected 
YF antigens in the Kupffer cells, rare hepatocytes, 
and in inflammatory cells in the liver, kidneys, heart, 
and spleen. The same 17DD strain was identified by 
RT-PCR in a serum sample collected on December 25 
(day 9 after vaccination), and the virus was isolated 
after inoculation in C6/36 cells.

Case 2 was that of a 35-year-old man who received 
the first dose of 17DD YF vaccine (lot information un-
available) on January 30, 2008 (Figure 1), because he 
wished to travel to YF-endemic areas of Brazil. On 
February 3, 2008 (day 4 after vaccination), he began ex-
periencing fever (38.5°C) and myalgia. The symptoms 
progressively worsened; 3 days later, he was hospital-
ized with vomiting, diarrhea, petechiae, and jaundice. 

He began experiencing oliguria, mental confusion, 
and generalized clonic-tonic convulsions on day 7 af-
ter vaccination and was transferred to a tertiary-care 
center. Laboratory tests revealed high INR (1.37), in-
creased serum direct and indirect bilirubin levels (8.49 
and 7.22 mg/dL), elevated liver enzymes (aspartate 
aminotransferase [AST] 492 U/L and alanine amino-
transferase [ALT] 189 U/L), thrombocytopenia (plate-
lets 52,000/mm3), leukocytosis (24,300 cells/mm3) with 
an increase in neutrophil proportion (6% rods and 81% 
segmented cells), and acute renal failure (creatinine 
4.8 mg/dL, urea 131 mg/dL). The patient was started 
on mechanical ventilation and administered fluids, 
platelet transfusions, and ceftriaxone for possible acute 
meningitis. However, the patient experienced progres-
sive multiple organ dysfunction with worsening liver 
and renal functions and coagulopathy (Table). The pa-
tient died on day 11 after vaccination (Figure 1), day 9 
after illness onset.

After the death of the patient in case 1, the surveil-
lance team traced and recovered a serum sample from 
case 2, which was collected on February 9, 2008 (day 
10 after vaccination) and stored at −20°C in the Insti-
tuto Adolfo Lutz for 10 years. This sample was sent 
to Biomanguinhos/Fiocruz (Rio de Janeiro, Brazil) for 
further analysis, which revealed detectable RNA of 
17DD YF with a low viral load. Patients in both cases 
had 2 siblings and parents who were vaccinated dur-
ing the YF vaccine campaigns in the state of São Paulo. 
No AEFI was reported among their relatives.

Cluster 2
Case 3 was that of a 28-year-old white woman who 
received the first dose of 17DD YF vaccine (fractionat-
ed dose, lot 175VFC064Z) on January 25, 2018 (Figure 
1). On day 4 after vaccination, she began experiencing 
abdominal pain, fever (38°C), vomiting, dysuria, and 
generalized myalgia. She was prescribed analgesics. 
On day 11 after vaccination, she returned for medi-
cal assistance because her condition had worsened 
and included tachycardia and tachypnea. Laboratory 
tests revealed leukocyte count of 19,370 cells/mm3 
with 77% neutrophils and 2% rods; hemoglobin 14 g/
dL and hematocrit 40.4%; thrombocytopenia (plate-
lets 29,000/mm3); acute renal failure (creatinine 2.92 
U/dL, urea 153 U/dL); and elevated serum liver en-
zymes (AST 464 U/L and ALT 137 U/L) and creatine 
phosphokinase (CPK) (99 U/L). Urinalysis revealed 
proteinuria, leukocyturia, and hematuria. The first dif-
ferential diagnosis was sepsis caused by urinary tract 
infection, and the patient was prescribed ceftriaxone. 
She was transferred to a tertiary-care center for re-
spiratory distress, hypoglycemia, oliguria, metabolic  
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acidosis (pH 7.07, bicarbonate 10.3 mmol/L), and 
progressive shock. In the intensive care unit, she was 
started on mechanical ventilation and cardiovascular 
support, but her condition deteriorated. The leuko-
cyte count increased to 31,500 cells/mm3 with 88% 
neutrophils, 5% rods, and 5% lymphocytes, as well as 
a serum C-reactive protein level of 90.4 mg/dL. The 
levels of platelets, INR, CPK, and liver function pa-
rameters worsened (Table). The patient experienced 
refractory acidosis and died the same day (Figure 1).

Case 4 was that of a 32-year-old white man who 
was the brother of the patient in case 3. He received the 
first dose of 17DD YF vaccine (fractionated dose, lot 
173VFA013Z) on February 2, 2018 (Figure 1). On day 1 
after vaccination, he began experiencing malaise, myal-
gia, chest pain, epigastric pain, and fever (39.3°C). He 
sought medical care at the local ED and was prescribed 
analgesics. On February 9, 2018 (day 7 after vaccination) 
he again sought medical care; examination revealed 
tachycardia (130 bpm), thrombocytopenia (platelets 
80,000/mm3), proteinuria, leukocyturia, and hematuria. 
He was prescribed fluid therapy, antipyretics, and cip-
rofloxacin and was discharged. On the 8th day of illness 
(February 10, 2018), he returned to the ED with jaundice, 
dyspnea, hypotension, and a capillary blood glucose 

level of 63 mg/dL. At that point, laboratory analysis 
revealed renal insufficiency (creatinine 3.1 U/dL, urea 
82 U/dL); increased liver enzyme levels (AST 214 U/L, 
ALT 95 U/L), increased serum (6.7 mg/dL) and direct 
(3.12 mg/dL) bilirubin; and increased INR 1.88. CPK 
level was unremarkable (194 U/L). The patient was 
treated with fluids and intravenous glucose and was 
transferred to a tertiary-care center. In the intensive care 
unit, the patient experienced hematuria, oliguria, agi-
tation, mental confusion, metabolic acidosis (pH 7.08, 
bicarbonate 15.2 mmol/L), shock, and hypoxemia. He 
was prescribed mechanical ventilation, ceftriaxone for 
possible urinary sepsis, intravenous glucose, fresh fro-
zen plasma, cryoprecipitate, hydrocortisone, vasoactive 
drugs, and hemodialysis. His medical condition con-
tinued to deteriorate despite supportive therapy, and 
multiple organ failure developed (Table). The patient 
died on day 10 after vaccination (Figure 1), day 9 after 
illness onset. A postmortem liver sample was collected, 
and histopathological analysis (Figure 1, panels K, L) 
revealed midzonal microvesicular steatosis with scat-
tered acidophilic degeneration of hepatocytes (Coun-
cilman bodies) and discrete periportal inflammatory 
reaction, congestion, and cholestasis. Immunocytochem-
istry detected YF virus antigens in the Kupffer cells and  
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Table. Clinical findings of cases of adverse events after YF vaccination in siblings from 2 familial clusters, São Paulo state, Brazil, 
2017–2018* 

Case information 
Cluster 1 

 
Cluster 2 

Case 1 Case 2 Case 3 Case 4 Case 5 
Patient age, y/sex 40/M 35/M  28/F 32/M 29/M 
Patient race White White  White White White 
Kind of YF vaccine Standard Standard  Fractionated Fractionated Fractionated 
Days from vaccination to symptom 
onset 

3 4  4 1 4 

Symptoms Fever, headache, 
vomiting, 

abdominal pain, 
jaundice, 
bleeding 

Fever, myalgia, 
vomiting, diarrhea, 
jaundice, seizures 

 Fever, myalgia, 
abdominal pain, 

dysuria, 
vomiting, 
bleeding 

Fever, myalgia, 
abdominal pain, 

jaundice, 
bleeding 

Fever, vomiting, 
myalgia, 

headache 

Platelets, per μL† 38,000 29,000  23,000 29,000 75,000 
Aspartate transaminase, U/L† 366 2,254  769 1,930 137 
Alanine aminotransferase, U/L 166 617  180 503 122 
International normalized ratio† 1.94 1.8  1.9 2.0 2.0 
Total bilirubin, mg/dL† 8.5 8.5  6.5 7.6 0.6 
Creatinine, mg/dL† 6.7 5.9  2.9 5.9 1.4 
Creatinine phosphokinase† 428 1,061  13,080 2,770 514 
Outcome Died Died  Died Died Recovered 
RT-PCR for YF vaccine in blood Positive, 9 DAV Positive, 10 DAV  Positive, 11 DAV Positive, 10 DAV Positive, 14 DAV 
Viral isolation in serum sample >7 
DAV 

Positive, 9 DAV ND  ND ND ND 

YF IgM Detected, 9 DAV ND  ND Detected, 10 
DAV 

Negative, 14 
DAV 

Liver histopathological pattern at 
autopsy 

Typical‡ ND  ND Typical‡ ND 

YF immunohistochemistry in 
hepatic tissue 

Positive NA  NA Positive NA 

RT-PCR for YF in liver ND ND  ND Positive ND 
*DAV, days after vaccination; NA, not applicable; ND, not done; RT-PCR, reverse transcription PCR; YF, yellow fever. 
†Most altered result. 
‡The liver exhibited discrete microvesicular fatty change and mixed sinusoidal inflammatory infiltrate, with no evidence of hepatocellular necrosis in the 
sample. 
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mesenchymal cells. RT-PCR detected RNA of 17DD YF 
in the hepatic tissue.

Case 5 was that of a 29-year-old white man who 
was a brother of the patients in cases 3 and 4. He re-
ceived the first dose of 17DD YF vaccine (fractionated 
dose, lot 173VFA013Z) on January 29, 2018 (Figure 
1). On day 4 after vaccination, he began experienc-
ing nausea, vomiting, generalized myalgia, fever, 
and headache. On February 7, he sought medical 
care; the first differential diagnosis was urinary tract 
infection. Initial laboratory tests revealed leukocyte 
count of 7,000 cells/mm3 with 80% neutrophils and 
11% lymphocytes, hemoglobin 14.8 g/dL, hematocrit 

44%, and platelets 92,000/mm3. Urinalysis revealed 
hematuria and leukocyturia. The patient was dis-
charged with antipyretics and oral ciprofloxacin. The 
next day, he began experiencing diffuse abdominal 
pain and returned to an ED. After normal abdominal 
ultrasonography, he was administered fluid thera-
py and antiemetics and discharged. On February 9, 
2008, he was admitted to the hospital with the same 
symptoms, as well as mental confusion and fever. 
His leukocyte count increased to 22,700/mm3 and the 
platelet count dropped to 75,000/mm3, and other test 
results showed mild acute renal injury (creatinine 1.4 
U/dL) and hepatitis (AST 137 U/L, ALT 121 U/L, 
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Figure 2. Histopathological findings in 2 case-patients with fatal reaction to 17DD yellow fever (YF) vaccine, São Paolo state, Brazil, 
2017–2018. A, B) Liver tissue from case 1: A) steatotic hepatitis (arrow) with scarce inflammatory reaction and rare apoptotic bodies; B) 
immunostaining for YF antigens in Kuppfer cells and inflammatory cells in the portal tract. C, D) Spleen tissue from case 1: C) lymphoid 
hypoplasia (arrows); D) YF antigens in cells located on the white pulp and red pulp. E, F) Meningeal tissue from case 1: E) mononuclear 
meningoencephalitis (arrow); F) YF antigens detected in the cytoplasm of meningeal inflammatory cells. G, H) Cardiac tissue from 
case 1: G) mononuclear interstitial myocarditis (arrow); H) positive YF antigens detected in the inflammatory cells; I, J) Kidney tissue 
from case 1: I) acute tubular necrosis and interstitial nephritis (arrow); J) detectable YF antigens in the inflammatory cells. K ,L) Liver 
tissue from case 2: K) steatotic hepatitis with rare apoptotic bodies (inset); L) scarce immunodetection of YF antigens in the Kuppfer 
cells. Panels A, C, D, E, G, I, and K are hematoxylin and eosin stained; B, D, F, H, J, and L are immunohistochemistry with alkaline 
phosphatase conjugated polymer, using a mouse polyclonal YF antibody directed to wild strain (Instituto Adolfo Lutz, São Paolo, Brazil). 
Scale bars in panels A, C, E, and G indicate 50 µm and in panel K indicates 20 µm.  Original magnification ×400.
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and INR 2.04). The patient responded well to fluid 
therapy and antibiotics, and the laboratory param-
eters returned to normal levels by day 16 after vac-
cination (Figure 1).

The patients in cases 3–5 were 3 of 11 siblings. 
Their parents died years before the events reported 
in this study and their YF vaccination status was un-
known. Of the 11 siblings, 9 were vaccinated for YF 
for the first time during the 2017–2018 campaign. No 
other AEFI were reported.

The patients in these cases had no recent history of 
travel, acute medical conditions, or other vaccinations 
within the previous month. The patient in case 3 was 
obese, but none of the other patients had relevant med-
ical conditions. In cases 1 and 4, YF IgM was detected 
using MAC-ELISA. Serum samples from all patients 
had detectable RNA of 17DD YF strain; samples were 
collected on the day of death, except in case 5, in which 
the sample was collected day 14 after vaccination. Dur-
ing hospitalization, all patients had negative results on 
serologic tests for dengue, leptospirosis, hepatitis B 
core protein, hepatitis B surface antigen, hepatitis A vi-
rus, and HIV, as well as blood and urine cultures.

Discussion
We describe 2 clusters of siblings with YEL-AVD. The 
clinical characteristics of all the cases match those of 
YEL-AVD previously described (8–12). The symp-
toms began within the first week after vaccination 
(range 1–4 days); the initial symptoms were nonspe-
cific (fever, headache, myalgia, nausea, and vomit-
ing) and evolved alongside laboratory abnormalities 
(thrombocytopenia and elevation of serum total bili-
rubin, hepatic transaminases, and creatinine levels). 
The patients who died experienced hypotension and 
hemorrhage, as well as acute renal and respiratory 
failure and coagulopathy.

In each cluster, at least 1 case was confirmed 
(3,13). In case 1, YF was detected in serum >7 days 
after vaccination with a typical histopathological pat-
tern and in the liver by immunohistochemistry. Case 
4 (cluster 2) included a typical histopathological pat-
tern and positive RT-PCR result for YF in the liver. 
The other cases were characterized as suspected cases 
because of their clinical characteristics and lack of 
available histopathologic details.

Considering the Brighton Collaboration criteria 
for case definition (3), 4 patients (cases 1–4) met >3 
major criteria: hepatic abnormalities (total bilirubin 
>1.5 times the upper limit of normal [ULN] or ALT 
or AST >3 times ULN), renal abnormalities (creati-
nine >1.5 times ULN), musculoskeletal abnormali-
ties (CPK >5 times ULN), respiratory abnormalities  

(oxygen saturation <88% on room air or need for 
mechanical ventilation), platelet count <100,000/μL, 
and coagulopathy (INR>1.5). Those patients were 
classified as level 1 diagnostic certainty according to 
the case definition of viscerotropic disease (3). Case 
5 satisfied 2 major criteria (platelet count 75,000/μL 
and INR 2) with level 2 diagnostic certainty for vis-
cerotropic disease (3). However, case 5 had YF 17DD 
viral RNA in blood samples 14 days after vaccina-
tion, which qualifies for diagnosis of a viscerotropic 
disease and definite yellow fever vaccine–associated 
causality, according to the Brighton Collaboration (3).

Case 2 was identified retrospectively. His clinical 
manifestations were typical and similar to those of his 
sibling (case 1). Despite the positive RT-PCR test for 
YFVV, the viral load was low, and viral isolation was 
not possible. However, this result does not invalidate 
the discovery. The serum sample was stored for >10 
years, which could have compromised the test to 
identify the virus.

Ours is not the first report of a viscerotropic dis-
ease among siblings in Brazil. A 19-year-old woman 
experienced YEL-AVD and died; her 12-year-old 
sister also experienced a severe adverse event after 
17DD YF vaccination, which suggested YEL-AVD, 
but she recovered (14). Two siblings 30 and 34 years 
of age with diagnoses of adrenal insufficiency (Addi-
son’s disease) who were receiving physiologic doses 
of cortisone died of probable YEL-AVD (15).

Among the AEFI cases during the 2017–2018 YF 
vaccination campaign, cases 3 and 5 (cluster 2) re-
ceived vaccines from the same lot. Case 4 (cluster 2) 
and case 1 (cluster 1) received vaccines from different 
lots. The same lots were distributed to >50 cities and 
were administered to hundreds of thousands of other 
persons without any reported serious adverse events 
(data not shown). No changes in the manufacturing 
methods of the 17DD vaccine in Brazil could account 
for the adverse events. Genetic mutations in the YF 
virus do not seem to be the cause of the adverse re-
actions because the vaccine virus in the previously 
confirmed YEL-AVD cases revealed no substantial 
mutation from the original lot (12,16,17). Further-
more, the YF virus isolates recovered from fatal cases 
of YEL-AVD revealed no reversion to virulence in 
animal models (16). The occurrence of adverse events 
might have been related to individual, genetically de-
termined host factors, which is strengthened by the 
incidence of cases among siblings.

The cases we report strengthen the hypothesis of 
host genetic predisposition to YEL-AVD. Impaired im-
munologic profiles have suggested that a robust adap-
tive immune response with abnormalities in the innate 
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immune system might be involved in the development 
of YEL-AEFI (14,18–21). The genomic signatures cor-
related with the immune response to 17DD YF, reveal-
ing molecular events observed in the innate immunity 
against viruses (22). Molecules involved in the innate 
sensing of viruses, such as cytoplasmic receptors of 
2,5′-OAS (oligoadenylate synthetase) family members 
1, 2, 3 and L, TLR7 (toll-like receptor 7), MDA-5 (mela-
noma differentiation-associated), and RIG-I (retinoic 
acid-inducible I), as well as transcription factors that 
regulate type I interferons (IRF7 [interferon regulatory 
factor 7] and STAT1 [signal transducer and activator of 
transcription 1]), are induced (22). Genetic variations 
could result in an impairment of the innate immune 
response involved in the direct control of viral repli-
cation or in mediating viral clearance. The reduced 
expression of CCR5 (C-C chemokine receptor type 5) 
because of polymorphism might impair the respon-
siveness of cells to ligands such as RANTES (Regu-
lated upon Activation, Normal T Cell Expressed and 
Presumably Secreted) (20). Such a breakdown could 
impair the migration of monocytes to tissue sites of in-
fection with a milder innate response that fails to limit 
early viral replication (20). An investigated fatal case 
of YEL-AVD revealed genetic variations in the OAS 
genes that encode essential proteins involved in the in-
nate immune response to viral infections (17).

The 17DD YF virus promotes the induction of criti-
cal type I interferon (IFN) mediators, such as STAT1 
and IRF7 in humans, which lead to the expression of 
IFN-stimulated genes with antiviral properties, thus 
effectively mounting an antiviral response in infected 
and surrounding cells (22–25). Hernandez et al. (26) re-
vealed IFN-αβ receptor 1 deficiency in a 14-year-old girl 
in whom YEL-AVD was diagnosed without any known 
risk factors for the disease. In this case, a single-gene 
inborn error of innate immunity, specifically that of 
type I IFN cell-intrinsic immunity, was related to the se-
vere adverse reactions to the YF vaccine (26). In another 
study, a case-patient with YEL-AVD had a complete 
recessive IFN-αβ receptor 2 deficiency (14). The patient 
in case 5 in that study, the only one who survived, un-
derwent exome sequence analysis with other ongoing 
studies; however, no inborn errors of type I IFN or au-
toantibodies against IFN I were identified (14).

In this study, the siblings in cluster 1 received 
standard doses of 17DD YF vaccine, whereas the 
siblings in cluster 2 received fractionated doses. 
Clinical trials have identified similar viremia and 
immunogenic responses between the doses. No seri-
ous adverse events were identified in these studies, 
although the sample size was too small for a safety 
evaluation (27–32).

Our findings strongly suggest that genetic predis-
positions in innate immune responses are related to 
the occurrence of YEL-AVD disease. Future investi-
gations into genetic predispositions to YEL-AVD are 
warranted. Obtaining a thorough medical history, 
particularly regarding severe reactions to the vaccine 
in family members, is advisable before administering 
the 17DD YF vaccine.

M.L.S.M., P.M.N.O., G.V.T., and L.K.L. are employees of 
Biomanguinhos, a public and nonprofit producer of the 
yellow fever vaccine.
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By early January 2023, the COVID-19 pandemic 
had caused >6.7 million deaths worldwide (1), 

and severe socioeconomic hardship (2–4), particularly 
for racial minorities (5,6). Children experienced pan-
demic-related school closures that led to substantial 
losses in learning (7–9), elevated rates of child abuse 
(10), lack of access to healthy food (11), and emotional 
harm (12). By the end of March 2020, all kindergarten 
through 12th grade (K–12) public schools in the Unit-
ed States had stopped in-person instruction (13), af-
fecting 55 million students. Schools in 48 US states re-
mained closed through the end of the school year (14). 

In August and September of 2020, a total of 74% of the 
100 largest school districts in the United States started 
the year with remote-only teaching (15). By Novem-
ber 2020, 19% of those districts remained fully remote, 
and 36% had fully resumed in-person learning (15). 
Schools continued to reopen throughout the year.

By September 2021, a large fraction (70%) of US 
adults had been vaccinated with highly effective 
SARS-CoV-2 vaccines (16), including an estimated 
86% of K–12 teachers and school staff (17). Howev-
er, children <12 years of age were still ineligible for 
vaccines (16,18). Because large pockets of the coun-
try were still unvaccinated, COVID-19 continued to 
claim lives, and 100,000 deaths were reported in the 
United States during July–September 2021, including 
246 deaths among children 0–17 years of age (16). At 
the end of October 2021, the United States authorized 
administration of COVID-19 vaccines for children 
5–11 years of age (19). In January 2022, schools re-
turned from winter break amidst a major COVID-19 
wave fueled by the emergence of the highly trans-
missible and immune-evasive Omicron variant (F.P. 
Lyngse, unpub. data, https://doi.org/10.1101/2021.
12.27.21268278), and case counts among students and 
staff reached record numbers despite increasing vac-
cine coverage in the United States (16,20).

Schools across the country adopted diverse re-
opening plans for the 2021–22 school year. Among 
the largest districts, 96% offered some form of in-
person learning (21). Although some schools fully 
returned to prepandemic normal operations without 
COVID-19 interventions, many adopted policies for 
using masks, social distancing, quarantine, or test-
ing requirements to safeguard the return to campus. 
The federal government invested $122 billion to sup-
port safe, in-person instruction through screening, 
improved building ventilation, purchase of personal 
protective equipment, hiring of additional personnel, 
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In response to COVID-19, schools across the United 
States closed in early 2020; many did not fully reopen 
until late 2021. Although regular testing of asymptomatic 
students, teachers, and staff can reduce transmission 
risks, few school systems consistently used proactive 
testing to safeguard return to classrooms. Socioeconomi-
cally diverse public school districts might vary testing lev-
els across campuses to ensure fair, effective use of lim-
ited resources. We describe a test allocation approach 
to reduce overall infections and disparities across school 
districts. Using a model of SARS-CoV-2 transmission in 
schools fit to data from a large metropolitan school dis-
trict in Texas, we reduced incidence between the highest 
and lowest risk schools from a 5.6-fold difference under 
proportional test allocation to 1.8-fold difference under 
our optimized test allocation. This approach provides a 
roadmap to help school districts deploy proactive test-
ing and mitigate risks of future SARS-CoV-2 variants and 
other pathogen threats.
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and other measures (22,23). Within the first 2 months 
of the school year, ≈1.5% of schools closed temporar-
ily in response to COVID-19 outbreaks (21).

Frequent and systematic testing of asymptomatic 
persons has been shown to be a viable and cost-effec-
tive mitigation strategy in communities, universities, 
and schools (24–29). However, tests are costly and 
inaccessible for many school districts in the United 
States; districts with limited testing resources are 
forced to determine how to allocate testing across 
schools to protect their students, staff, and commu-
nities. Some districts have opted to restrict testing to 
symptomatic persons and other districts have appor-
tioned tests according to school enrollment (30,31).

In this study, we propose a strategy for allocat-
ing testing resources across a diverse school dis-
trict in which the frequency of testing depends on 
the school’s enrollment and grade range, recent  
COVID-19 cases reported among students and staff, 
and the estimated prevalence in the surrounding (i.e., 
catchment) community. Coupling derivative-free 
constrained optimization and a detailed agent-based 
simulation of SARS-CoV-2 transmission within and 
between classrooms, we derived an optimal alloca-
tion of tests across a school system that could mini-
mize the maximum risk for cumulative infections on 
any campus over a 10-week period. We applied our 
approach to design a testing strategy for the 11 main 
high schools in the Austin Independent School Dis-
trict (AISD; Austin, Texas, USA), which has 18,500 
enrolled students and 1,500 staff (32).

Methods
To determine an optimal allocation of tests across 
schools we developed a 2-step framework in which 
we first modeled COVID-19 transmission within 
schools for different levels of surveillance testing 
and then used those results as an input to an optimi-
zation model (Appendix, https://wwwnc.cdc.gov/
EID/article/29/3/22-0761-App1.pdf). We first con-
sidered a hypothetical school system with 6 schools 
of 500 students each that differ over 2 parameters: 
community incidence and in-school transmission 
rate. For community incidence, we considered low 
and high scenarios. In the low scenario, the com-
munity had 35 new daily cases/100,000 persons; in 
the high scenario the community had 70 new daily 
cases/100,000 persons. For the transmission rate, we 
considered unmitigated R0 values to be low (1.0), 
moderate (1.5), or high (2.0).

We then modeled 11 high schools in AISD by us-
ing student enrollment based on attendance in early 
January 2021. We considered 2 different in-school 

transmission rate scenarios: an unmitigated trans-
mission rate in all schools of with an R0 of 1.0; and 
transmission rates of each school estimated by fit-
ting a regression model of the number of cases re-
ported in that school against the estimated enroll-
ment (33) (Appendix).

For each school and each scenario, we ran 300 sto-
chastic simulations. We assumed that only students 
(not adult staff) were tested on Monday mornings 
and that test results were available instantly (34); pre-
liminary analysis suggested that testing adults had 
minimal effects. During any given week, students 
in the model were selected for testing evenly across 
classes rather than testing a subset of entire classes.

In addition to proactive testing, we assumed that 
90% of symptomatic persons would seek testing 0.5–
1.5 days after symptom onset and then isolate after 
testing, even before results are available. We assumed 
20% of infected students and 57% of infected adults 
would become symptomatic (35,36).

In our analysis of a hypothetical school system, we 
assumed that tests were perfectly accurate and that a 
positive test immediately triggered a 14-day isolation 
of the person and a 14-day quarantine of household 
and classroom members. For our case study of AISD, 
we assumed lower test accuracy based on estimates 
for the widely used Abbott BinaxNow antigen tests 
(https://www.abbott.com), which had 95% sensitiv-
ity for symptomatic persons, 80% sensitivity for as-
ymptomatic persons, and 99% specificity (37,38).

Transmission Model
We built a stochastic agent-based model of COVID-19 
transmission within schools that included household 
transmission for students. We held the average com-
munity incidence constant through the simulation 
and all persons could become infected through out-
side interactions that were not explicitly modeled. 
The modeled population included students, teach-
ers, staff, bus drivers, and members of the students’ 
households. We modeled various contacts between 
agents in schools (Appendix).

We used published estimates for the average 
SARS-CoV-2 incubation, latent, and infectious peri-
ods, as well as a person’s infectiousness through time 
(39). We assumed that asymptomatic cases were two 
thirds as infectious as symptomatic cases (40).

We simulated contacts at half-hour intervals and 
stochastically determined infection events based on 
the transmission probability between pairs of inter-
acting persons. For each scenario, we derived the 
transmission rate to produce the specified unmiti-
gated in-school R0 (Appendix). This R0 is the basic 
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reproductive rate we would obtain without any test-
ing, symptomatic or surveillance, and reflects other 
mitigation measures in place, such as face masks or 
social distancing.

We ran simulations for 10 weeks. We initiated 
simulations with everyone susceptible and simulated 
community and household infections for 10 days be-
fore school started.

Optimization Model
The objective of our test-allocation problem was to 
minimize the maximum risk experienced by any 
school in the system under consideration. Because 
of the stochastic nature of our COVID-19 transmis-
sion model, we had to choose a measure that summa-
rized the risk for a given school under each possible 
frequency of surveillance testing. We defined the risk 
for each school as the expected number of on-campus 
infections of students plus the 90% conditional value-
at-risk (CVaR) of the number of on-campus infec-
tions. Here, CVaR represents the expected number of 
such infections, conditional on restricting attention to 
the worst 10% of simulated outcomes, and hence ac-
counts for risk aversion. Given 2 candidate allocations 
with a similar average number of cases, we preferred 
the allocation that limited the upside tail risk in terms 
of a large outbreak. We further accounted for risk by 
taking the worst-case risk measure across all schools. 
We used on-campus infections, rather than total  

infections, because total infections are partially driven 
by community incidence rather than school interven-
tions. We further used the proportion of a school’s in-
fected population rather than the absolute number of 
infections, which enabled us to treat large and small 
schools equally. Then, we could calculate each school’s 
risk as a function of the number of tests allocated; more 
tests reduced the risk incurred. Our goal was to allo-
cate tests to schools to minimize the largest risk mea-
sure incurred at any school, subject to the constraints 
that we respect total testing capacity across the school 
system and that we cannot test all students at a school 
more than once per week (Appendix Figure 13).

Results
Under all transmission scenarios, we expected pro-
active testing to greatly reduce the proportion of 
students infected on campus over a 10-week period 
(Figure 1, panel A). In the high-risk scenario (in-
school R0 = 2.0), 14-day testing reduced the fraction 
of students infected from 18.2% to 4.1%; under the 
lowest risk scenario (in-school R0 = 1.0), the expected 
incidence decreased from 4.0% to 1.5%. When we in-
creased testing frequency from every 14 days to every 
7 days, the expected incidence in high-risk scenario 
reduced to 2.1% and expected incidence in low-risk 
scenario reduced to 1.0%.

The efficacy of testing to mitigate in-school trans-
mission depended on whether quarantine was limited 
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Figure 1. Projected effects of a 
COVID-19 test allocation strategy 
to mitigate SARS-CoV-2  
infections across 11 school 
districts in the Austin Independent 
School District, Austin, Texas, 
USA. The whisker plots 
demonstrate projected effects 
over a 10-week period in a 
school with 500 students under 
2 scenarios: A) assuming the 
household and classroom of each 
detected case is quarantined; or 
B) assuming only households 
(not entire classrooms) are 
quarantined. Colors indicate 
reproduction numbers as low 
(1.0), moderate (1.5), and high 
(2.0) in-school transmission risks 
in the absence of proactive or 
symptomatic testing, isolation, 
and quarantine. Whiskers 
indicate points that lie within 
1.5 interquartile ranges of the 
lower and upper quartiles; boxes 
indicate interquartile range and 
horizontal bars indicate median fraction of students infected on-campus depending on the frequency of proactive testing as never (0), or 
once per every 28, 21, 14, or 7 days. Results are based on 300 stochastic simulations for each scenario.
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to the household of the positive case or extended to the 
entire classroom (Figure 1, panel B). Under a moder-
ate transmission scenario (in-school R0 = 1.5) in which 
students are tested every other week, the expected in-
cidence decreased from 6.3% (95% CI 1.0%–15.6%) to 
2.9% (95% CI 1.0%–6.2%) when we added classroom 
quarantine to household quarantine. We also estimated 
the costs of quarantine in terms of days of in-school edu-
cation lost over the 10-week projection period, under the 
moderate transmission risk scenario (Figure 2, panel A; 
Appendix  11). Without proactive testing, we expected 
the strategy of quarantining entire classrooms after a 
positive test to result in an average of 3 (6%) out of 50 
school days missed per student. We expected house-
hold-only quarantine to reduce that cost by roughly 
6.5-fold, to an average 0.9% of school days missed; how-
ever, that strategy roughly doubled the days students 
spent at school while infectious (Figure 2, panel B). 

Regardless of quarantine policy, our model 
showed that proactive testing could reduce in-school 
exposure, with few to no additional lost days of school. 
In addition, we found that shortening the quarantine 
period for classroom contacts from 14 to 7 days would 
mitigate some of the educational losses without sub-
stantially increasing health risks (Appendix Figure 12).

As a sensitivity analysis, we also considered a 
higher rate of SARS-CoV-2 introductions from the 
surrounding community by raising daily new cases 
from 35 cases/100,000 persons to 70 cases/100,000 
persons and lowering the accuracy of SARS-CoV-2 
tests (37,38) (Appendix Figures 10, 11). In our sensi-
tivity analysis, we found that our estimates were ro-
bust to the assumed sensitivity and specificity of the 
tests (Appendix).

Case Study—Optimizing Testing across a  
Large Municipal School District
We applied our model to derive an optimal allocation of 
testing resources across the 11 high schools in AISD, the 
largest district in Austin, Texas, which includes 75,000 
students, 5,500 teachers, and 5,000 staff. The district op-
erates 125 schools from pre-K–12th grade; 55% of stu-
dents are Hispanic and 30% White, and >50% come from 
economically disadvantaged backgrounds (32). We esti-
mated the external force of infection for each school by 
comparing reported COVID-19 incidence in the neigh-
borhood of a school to reported incidence across the 
entire metropolitan statistical area (MSA) from March 
2020–January 2021 (Figure 3, panel A) (41). We listed 
the schools in order of the estimated external risks; the 
catchment of school A had almost double (195%) the 
city-wide incidence, and the catchment of school K had 
only 37%. In general, risk (i.e., COVID-19 incidence) was 
higher on the east side of Austin.

We estimated on-campus transmission risk for 
each school by using reported cases from each school 
during August 16, 2020–March 8, 2021 (Figure 3, panel 
B). In brief, we scaled the in-school R0 based on the dif-
ference between the cumulative, per student incidence 
in a school to the cumulative incidence throughout the 
district. We assumed a baseline R0 of 1.0; thus, schools 
with incidence equal to the district-wide incidence had 
resulting estimates that ranged from 0.70–1.41. Our es-
timates for on-campus transmission risk and external 
force of infection were not greatly correlated (Appen-
dix). We also ran scenarios in which all schools had the 
same transmission risk (Appendix Figures 5, 6).

On the basis of the estimated heterogeneity in 
risks across the district, we estimated the optimal  
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Figure 2. Projected days of 
school missed in a COVID-19 
test allocation strategy to 
mitigate SARS-CoV-2 infections 
across 11 school districts in 
the Austin Independent School 
District, Austin, Texas, USA. 
The graphs demonstrate the 
expected proportion of school 
days missed due to isolation 
or quarantine over a 10-week 
period in a school with 500 
students under 2 scenarios: A) 
assuming the household and 
classroom of each detected 
case is quarantined; or B) 
assuming only households 
(not entire classrooms) are quarantined. Estimates assume a moderate (reproduction number = 1.5) in-school transmission risk in the 
absence of proactive or symptomatic testing, isolation, and quarantine. All projections assume that isolation and quarantine periods 
last 14 days. In addition to on-campus transmission, persons might be exposed in the surrounding community at a rate of 35 new daily 
infections/100,000 population. The results are based on 300 stochastic simulations for each scenario.
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allocation of testing resources across schools by 
searching the space of possible allocations. For a 
given allocation, we projected the outcome for each 
school by first averaging the expected cumulative 
incidence (i.e., the mean across 300 simulations) and 
then the projected tail risk (i.e., the mean across the 
10% worst-outcome simulations). We found the max-
imum value across schools (i.e., the projection for the 
highest-risk school) and then selected the allocation 
that minimized this value. Assuming that the aver-

age community incidence was 70 new daily cases 
per 100,000 population, based on estimates from late 
January 2021 in the Austin area (42), and that the dis-
trict had a total testing budget of 1 test per student 
every 14 days across the district, the optimized al-
location ranged from testing once per 45 days in the 
lowest-risk school (school K) to once per 7 days in 
the highest-risk school (school A) (Figure 4, panel A). 
We assumed that testing could not be administered 
more frequently than weekly. The optimal allocation  
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Figure 3. Locations of 11 high 
schools in the Austin Independent 
School District, Austin, Texas, 
USA, used to model a COVID-19 
test allocation strategy to mitigate 
SARS-CoV-2 infections across 
school districts. A) Daily incidence 
of COVID-19 infections in late 
January 2021 in the catchment 
area of each high school relative 
to the average incidence across 
the Austin Metropolitan Statistical 
Area. Estimates are based on 
COVID-19 case reports during 
March 2020–January 2021. A value 
of one corresponds to the average 
incidence in the MSA. Schools are 
listed A through K from highest 
to lowest estimated daily incidence (Appendix Table 3, https://wwwnc.cdc.gov/EID/article/29/3/22-0761-App1.pdf). B) On-campus 
transmission risks, estimated from reported COVID-19 cases during August 16, 2020–March 8, 2021. Values are scaled so that 1.0 
means that the school reported the expected number of cases, based on a least-squares linear fit of reported cases to school enrollment 
(Appendix Figure 4).

Figure 4. Test allocations and estimated infection rates based on testing frequency in a COVID-19 test allocation strategy to mitigate 
SARS-CoV-2 infections across 11 school districts in the Austin Independent School District, Austin, Texas, USA. A) Testing allocation for 
3 testing strategies. Orange dashed line indicates pro rata strategy; blue bars indicate optimized strategy to minimize the maximum risk; 
diamonds indicate optimized strategy considering only variation in community transmission risks. Numbers to the left of the y-axis indicate 
the assumed on-campus reproduction number for each school. B) The median percent of students infected on-campus under the optimized 
strategy (blue) and pro rata strategy (orange), over a 10-week period; arrows indicate increases or decreases in infection rates. We 
modeled infections rates by using 3 testing strategies: pro rata, in which all schools test their students once per every 14 days; optimized to 
minimize the maximum risk of any school, considering variation in both community and in-school transmission risks; optimized considering 
only variation in community transmission risks. Values are averaged across 300 simulations (Appendix Table 4, https://wwwnc.cdc.gov/EID/
article/29/3/22-0761-App1.pdf). The model assumes that classrooms quarantine for 14 days following a positive test. 
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differed slightly when we assumed instead that 
schools had the same on-campus R0 and differences 
in risk stemmed solely from the community force of 
infection (Figure 4, panel A).

We projected infection rates under both the opti-
mized allocation and a nonoptimized pro rata alloca-
tion in which resources would be allocated propor-
tional to enrollment (Figure 4, panel A). We expected 
the optimized strategy to slightly reduce the overall 
infection rate for the district relative to the pro rata 
strategy and equalize risks across campuses. In the 
optimized strategy, the median infection rate in-
creased by 0.4% for the lowest-risk school (school 
K) and decreased by 1.8% for the highest-risk school 
(school A) (Appendix Table 4).

When we considered total incidence by combin-
ing both community-acquired and school-acquired 
infections, we expected ≈5.8-fold difference between 
the highest risk and lowest risk schools, in the absence 
of testing (Figure 5, panel A). Using a 14-day testing 
budget, we found a pro rata strategy would lower 
overall incidence but not reduce the disparity (Figure 
5, panel B), but an optimized allocation would greatly 
shrink the gap to a 3.6-fold difference (Figure 5, panel 

C). Restricting our analysis to infections that occur on 
campus, the optimized allocation again reduced the 
disparity in risk across schools (Table).

To provide intuition, we also derived an optimal 
testing allocation to reduce risks in a hypothetical 
district containing 6 schools, 1 of each combination 
of either low or high external risk and either low, 
moderate, or high internal risk (Appendix Figures 8, 
9). We compared 3 possible testing scenarios: no test-
ing, universal testing every 2 weeks, and an optimal 
testing strategy in which the 2-week testing budget is 
allocated to schools to minimize the maximum risk 
experienced by any school in the system. We found 
that going from no testing to a pro rata allocation de-
creased the maximum risk for any school from 24.7% 
(95% CI 11.9–38.0) of students infected to 6.6% (95% 
CI 3.0–11.4); under the optimal allocation, risk was 
further reduced to 4.5% (95% CI 1.4–8.3). Using this 
strategy, the total expected risk across all 6 schools 
was reduced from 12.8% (95% CI 9.0–16.9) of infec-
tions without testing to 3.8% (95% CI 2.5–5.2) with 
a pro rata allocation, which was further reduced to 
3.5% (95% CI 2.4–4.8) under the optimal testing allo-
cation (Appendix Figure 14, panel B).
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Figure 5. Cumulative infections in 
schools used to model a COVID-19 
test allocation strategy to mitigate 
SARS-CoV-2 infections across 
11 school districts in the Austin 
Independent School District, Austin, 
Texas, USA. Graphs represent 
cumulative COVID-19 infections 
over a 10-week period under 3 
testing scenarios: A) no testing; B) all 
schools test students every 14 days; 
and C) optimized allocation of tests 
based on school-specific transmission 
risks, assuming a district-wide budget 
of 1 test per student every 14 days. 
Schools are ordered from A–K based 
on community incidence from high 
to low in the school catchment area. 
Graphs show 7-day moving averages 
based on a single simulation for 
each scenario and school. To show 
representative projections, we 
selected the simulation that produced 
a cumulative attack rate closest to the 
median across all 300 simulations.



 COVID-19 Test Allocation Strategy 

Discussion
Proactive testing can be an effective strategy for 
preventing SARS-CoV-2 transmission on school 
campuses, if test turnaround is short and positive 
cases are immediately isolated (44; A. Bilinski, un-
pub. data, https://doi.org/10.1101/2021.05.12.2125
7131).Because testing requires considerable time, re-
sources, and personnel, schools might opt to stream-
line their efforts as COVID-19 risks change. Our 
study provides a framework to help school districts 
allocate limited testing resources across different 
schools, depending on the in-school and local com-
munity transmission risks, while weighing the costs 
and benefits of classroom quarantine after a positive 
test. Prioritizing testing based on estimated risks can 
help mitigate the disproportionate COVID-19 bur-
den falling on lower socioeconomic and racial mi-
nority neighborhoods (45–47).

Our results suggest that the optimal allocation 
of tests across schools depends on both the in-school 
transmission rate and the force of infection from 
the surrounding community. However, estimating 
in-school risks is difficult without sufficient testing 
because of overdispersion in the distribution of sec-
ondary cases and the small proportion of children 
that develop symptoms upon SARS-CoV-2 infection 
(48). A modest level of baseline surveillance test-
ing could help determine the relative risks across 
schools (49). Our case study of AISD high schools 
suggests that even without such information, allo-
cating testing resources based on community risks 
alone could substantially close gaps among schools 
(Appendix Figure 7).

Although proactive testing can lower and equal-
ize COVID-19 risks across a heterogeneous school  

district, disparities are likely to persist. Schools draw-
ing from neighborhoods with high COVID-19 inci-
dence will continue to experience higher case counts 
and absenteeism. Other intervention measures, in-
cluding vaccination and use of face masks, are essen-
tial for further reducing risks and ensuring equitable 
access to education.

The optimal allocation of scarce resources across 
multiple entities, like the number of tests per school, 
depends on the state of the entire system. A school 
might receive anywhere from no tests to enough tests 
for weekly testing of every student, depending on the 
level of risk relative to other schools. Schools could 
potentially game the system to gain larger allocations. 
For example, a school could inflate reported cases or 
enable higher rates of transmission by allowing high- 
risk activities or relaxing precautionary measures. If 
such issues arose, then allocation calculations could 
be based solely on estimates for the force of infection 
from the surrounding communities.

This approach can be broadly applied to distrib-
uting limited SARS-CoV-2 testing resources across 
systems with heterogeneous risks, such as work-
places, correctional facilities, or long-term care facili-
ties. Our case study demonstrates that, even within 
a single city, tailoring control strategies to hyperlo-
cal estimates of risks can reduce transmission overall 
and mitigate chronic disparities in access to resourc-
es and disease burden. On larger geographic scales, 
spatiotemporal variation in COVID-19 risks has been 
even more apparent, and cities, states, and countries 
exhibit highly asynchronous waves of transmission. 
Dynamic allocation of scarce public health resources 
based on reliable estimates of risk could substantially 
reduce the burden of COVID-19 and future pathogen 
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Table. Estimated heterogeneity in COVID-19 incidence and total disease burden across 11 high schools in the Austin Independent 
School District, Austin, Texas, USA, under 3 testing scenarios in a modeled COVID-19 test allocation strategy to mitigate SARS-CoV-2 
infections across school districts* 

Infections 
Testing allocation 

No testing Pro rata testing Optimal testing 
Total infections†    
 Risk gap 5.8 4.8 3.6 
 Gini coefficient (SE)‡ 0.23 (0.053) 0.26 (0.057) 0.19 (0.037) 
 No. infections (95% CI)§ 115 (79–158) 70 (50–94) 69 (49–93) 
 Infection rate (95% CI)§ 9.4 (6.5–12.9) 5.7 (4.1–7.7) 5.6 (4–7.6) 
On-campus infections#    
 Risk gap 6.5 5.6 1.8 
 Gini coefficient (SE)‡ 0.27 (0.098) 0.23 (0.075) 0.13 (0.041) 
 No. infections (95% CI)§ 70 (38–119) 27 (13–49) 26 (12–48) 
 Infection rate (95% CI)§ 5.8 (3.1–9.7) 2.2 (1.1–4.1) 2.1 (1.0–3.9) 
*The risk gap is the ratio of the median cumulative incidence across 300 simulations of the school with the highest expected incidence to that of the 
school with the lowest expected incidence.  
†Total student infections, occurring both on and off campus, over the 10-week projection period.  
‡Gini coefficients indicate overall disparities in expected burden, where values of 0 correspond to maximum equality and values of 1 correspond to 
maximum inequality (43). Gini coefficients were calculated using the median proportion of students infected across 300 simulations. 
§The total median infections in the district over the horizon simulated, expressed as absolute and per capita. 
#Infections occurring on campus, over the 10-week projection period.  
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threats across the United States but requires consider-
able coordination at the state and federal level.

The first limitation of our study is that we assumed 
immediate in-school and community risks could be re-
liably estimated. In practice, the data required to esti-
mate such risks often lag, are biased, or are unavail-
able. Such uncertainty could be included in our model 
by using stochastic variables that evolve based on test 
results from each school. However, the additional 
complexity would slow computational optimization. 
Second, we estimated heterogeneity in incidence but 
did not explicitly consider vaccination, health out-
comes other than incidence, or socioeconomic or other 
factors known to correlate with COVID-19 risks (50). 
Schools drawing from more vulnerable communities 
might have access to fewer mitigation resources be-
sides testing, lower vaccination coverage, or higher in-
fection hospitalization and mortality rates. Such factors 
could be explicitly modeled and incorporated into the 
objective function used to derive equitable allocations. 
Third, the study derived allocations to minimize infec-
tions occurring across a school district. However, other 
outcomes could be explicitly incorporated into further 
analyses, including absenteeism and loss of education 
resulting from isolation and quarantine. The costs and 
benefits of quarantining entire classrooms, in addi-
tion to the households of positive cases, depend on the 
frequency of testing. Classroom quarantine would al-
ways be expected to elevate absenteeism but only sub-
stantially reduces exposure risks when testing is infre-
quent. With frequent testing or low transmission risks, 
limiting the scope and duration of quarantine might be 
advisable. Hospitalization risks for school staff and the 
potential for schools to exacerbate transmission in the 
surrounding community also could be integrated into 
allocation calculations. Finally, our model does not 
consider the potential costs or logistical impediments 
to dynamically allocating tests among schools. In ad-
dition to the challenges of rapidly calculating alloca-
tions and distributing tests accordingly, schools might 
require additional trained staff to administer tests, 
conduct contact tracing, and ensure the quick and safe 
isolation and quarantine of affected persons (30).

In conclusion, as the United States plans for  
COVID-19 postpandemic management, proactive 
testing will remain a highly effective countermeasure 
that can be tailored to changing risks on a local scale. 
As tests become more economical and as surveil-
lance within schools and communities improves, our 
model demonstrates that school systems can optimize 
testing and quarantine policies to prevent transmis-
sion, limit absenteeism, and ensure continuity of op-
erations during future COVID-19 surges.
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Respiratory viral infections (RVIs) are the most 
common virus-induced pathologies. Associated 

signs/symptoms range from common colds with 
simple rhinorrhea without fever to acute respira-
tory distress syndrome sometimes leading to death 
(1). In addition to their clinical effects, RVIs have a 
major economic effect because of not only healthcare 
resource use (direct costs) but also productivity losses 
(indirect costs), and they paradoxically receive little 
attention (2,3). Moreover, antimicrobial treatments 
are too often prescribed for RVIs, thereby disseminat-
ing antimicrobial resistance.

Respiratory viruses can be detected all year, but 
they seem to circulate more during winter, when tem-
perature, humidity, and behavioral patterns are favor-
able for their dissemination (4). Although this obser-
vation holds true for classical winter RVIs, our recent 
experience with SARS-CoV-2 and unprecedented ob-
servations of several worldwide epidemic waves of 
COVID-19 independent of the season should also be 
mentioned. Respiratory virus year-round circulation 
follows multicomponent rules, still imperfectly un-
derstood (5). RVIs cause mostly upper respiratory ill-
nesses, particularly in adults, but are also associated 
with severe lower respiratory tract signs/symptoms, 
causing a major disease burden among children (6).

In recent years, diagnosis of viral infection has 
largely benefited from progress in molecular biology 
methods. Several easy-to-perform commercial assays 
are available, and switching from manual techniques 
requiring a high level of expertise to highly auto-
mated approaches has made simultaneous detection 
of most common respiratory viruses much easier (7). 
Syndromic panels also offer rapid diagnosis, enabling 
adapted care for the most severely ill patients (8,9). 
As it becomes easier to provide an accurate diagnosis, 
correct identification of pathogens in RVIs deserves 
more attention. Associating a virus with a disease, 
even a simple cold, has several advantages. For chil-
dren, diagnosing a viral cause of respiratory infec-
tion may limit the use of antimicrobial therapy, re-
assure the parents, and avoid further transmission to 
the community or even nosocomial infection (10,11). 
For adults, diagnosis could help control transmis-
sion, particularly to the most vulnerable populations; 
SARS-CoV-2 is a good example. The main drawback 
lies in the cost of diagnosing respiratory viruses, but 
costs may go down in the future.

Detecting respiratory viruses is hampered by the 
collection method, relying on nasal swab sampling 
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Molecular biology amplification enables sensitive detec-
tion of most respiratory viruses through nasopharyngeal 
swabbing. We developed an innovative approach to de-
tect viral genomes on used facial tissues. In 2 communi-
ties of children, used tissues were collected once weekly 
for 1 year. Pooled analysis of tissues enabled detection 
of successive virus circulation in 4 age groups over time 
and forecasted by several weeks the circulation of influ-
enza in the general population. At the individual level, in 
a proof-of-concept study of 30 volunteers with influenza-
like signs/symptoms, we identified common respiratory 
viruses. The signals for SARS-CoV-2 obtained in paral-
lel from 15 facial tissues and swab samples were similar 
and often higher for the tissues (11/15). Individual analy-
sis of tissues offers a noninvasive, sensitive, and afford-
able alternative to self-sampling without a medical care 
requirement. Pooled analyses may be used to detect 
virus spread in specific communities, predict seasonal 
epidemics, and alert the population to viral infections.
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that is usually considered invasive by patients (12). Al-
though nasopharyngeal swab sample testing is consid-
ered the most sensitive, alternative approaches have 
been proposed, particularly for COVID-19 diagnosis. 
Saliva or oropharyngeal swab samples seem to be re-
liable in terms of sensitivity, but they have not been 
extensively tested for all common respiratory viruses. 
Blaschke et al. have proposed testing used facial tis-
sues to diagnose RVIs in children (13). They analyzed 
only a small surface of the tissue yet obtained relative 
satisfactory sensitivity (up to 84%). The most sensitive 
sample type overall was nasal aspirate, but facial tissue 
tended to be more sensitive for older children.

With this study, we aimed to determine the po-
tential of used facial tissue for documenting RVIs in 
different settings. We collected data as a population 
approach after pooling used tissues from different 
communities of children and as an individual ap-
proach among adults or children. All participants 
either already had a diagnosis of RVI (positive con-
trols) based on a standard nasal swab sample tested 
by using the same diagnostic assay or had respiratory 
signs/symptoms consistent with an upper respira-
tory tract viral infection.

All participants were informed about the purpose 
of the study. Because nose blowing is an individual 
act, participation was intentional and voluntary. Most 
volunteers were either family members, professionals 
working in the laboratory, or their relatives. This type 
of research is in agreement with the Jardé law on bio-
medical research and does not require additional au-
thorization. Nevertheless, we obtained approval from 
the ethics committee of the University of Rennes. 

Material and Methods

Community Testing 
We conducted the pooled collection study in 2 parts. 
The first part was conducted in a daycare center lo-
cated within the Centre Hospitalier Universitaire 
(Rennes, France), which hosted mostly employees’ 
children. Collection of used facial tissues started on 
week 40 of 2018 and continued through week 15 of 
2019. The second part was conducted in a preschool 
(maternelle), from week 37 of 2019 through week 10 of 
2020. For both locations, parents were informed of the 
study, and results were regularly communicated by 
the directors on an informal basis.

In the first part of the study, at the daycare cen-
ter all used tissues were collected anonymously each 
week and pooled. The daycare facility could accom-
modate up to 40 children in each of 2 units, divided 

by age: youngest (<19 months of age) and oldest (19 
months–4 years of age). The daycare staff collected all 
tissues during the week, and the container was col-
lected each Friday; tissues were used for either nose 
blowing or, for the younger children, nose washing 
with a small amount of physiologic solution. For the 
second part of the study, the preschool comprised 2 
classes of 20 pupils each: the first (3 years of age) and 
the second (4 years of age) grades. Tissues were used 
only for nose blowing, and the children were asked to 
throw their tissues in the specific container instead of 
the garbage. Each Friday, the filled containers were 
collected and clean empty containers were delivered 
for the following week. 

Individual Collection of Tissue
For 15 volunteers with COVID-19 diagnosed by re-
verse transcription PCR of a standard nasopharyn-
geal swab sample, results obtained the same day on 
individual facial tissues enabled comparison of cycle 
threshold (Ct) values between both matrices. To en-
able documentation of secretion kinetics over 5 days, 
2 volunteers, after COVID-19 diagnosis, agreed to 
provide daily nose discharge from nasopharyngeal 
swab samples.

Processing of Collected Material
To determine the volume of soaking buffer needed, 
each week, we counted all tissues from each contain-
er. Eventually, we chose a volume of 7 mL of Dul-
becco’s phosphate-buffered saline (DPBS; GIBCO, 
https://www.thermofisher.com) per tissue. We col-
lected the saturated liquid after the pooled tissues had 
been gently soaked for few minutes and then pressed 
with a home-brew device. For individual collections, 
we introduced the used tissues into a 60-mL syringe 
soaked with 7 mL of DPBS. We then firmly pressed 
the syringe plunger onto the soaked tissue and, de-
pending on the tissue absorbing capacity, regularly 
obtained 5 mL of residual liquid.

Viral Genome Detection
We used commercial kits to detect viral genomes. 
For pooled collections, we used Allplex Seegene (Eu-
robio, https://www.eurobio-scientific.com) on the 
sample of collected liquid, according to the manufac-
turer’s recommendations. The kit detects influenza 
A virus; influenza A(H1) virus; influenza A(H1N1)
pdm09 virus; influenza A(H3) virus; influenza B vi-
rus; respiratory syncytial viruses A and B; adenovi-
rus; enterovirus; human metapneumovirus (hMPV); 
parainfluenza viruses 1–4; bocaviruses 1–4; coronavi-
ruses 229E, NL63, and OC43; and human rhinovirus. 
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For individual testing, and particularly to detect 
SARS-CoV-2 RNA, we used TaqPath (ThermoFisher 
Scientific, https://www.thermofisher.com), Alinity 
(Abbott, https://www.corelaboratory.abbott), Gen-
eXpert (Cepheid, https://info.cepheid.com), and 
FilmArray (bioMérieux, https://www.biomerieux.
com). To detect cytomegalovirus (CMV), Epstein-
Barr virus, and human parvovirus B19 genome, as 
part of our routine daily workflow we used RealStar 
assays (Altona, https://www.altona-diagnostics.
com). All products were used as recommended by 
the manufacturers. For the kinetic study on SARS-
CoV-2–positive samples and the comparison of sig-
nals between nasopharyngeal swab samples and tis-
sues, we obtained all Ct values from a SARS-CoV-2 
AMP Kit automatized on Alinity. This test amplifies 
2 genome target genes (RNA polymerase and nucleo-
capsid), and the obtained signal is provided as a sin-
gle Ct. Concordance between the signals obtained by 
the different commercial techniques routinely used 
in our laboratory is excellent. Our laboratory is certi-
fied according to COFRAC NF EN ISO 15189. 

Statistical Analyses
To compare Ct values obtained from nasopharyngeal 
swab and tissue samples, we used a Wilcoxon test. 
We considered p<0.05 to be significant.

Results

Pooled Material
For the first study, used facial tissues were not col-
lected when the daycare facility was closed dur-
ing Christmas break. Rhinovirus and bocavirus 
were detected all year long, particularly from the 
youngest children. Other viruses were detected 
sporadically throughout the study period (Figure 
1). Except for rhinovirus and bocavirus, viral infec-
tion in the youngest and oldest children was not 
synchronously detected. Influenza virus was de-
tected as soon as week 1 in 2019, although the peak 
in the general population occurred only in week 6. 
In both age groups, parvovirus B19 was regularly 
but not continuously detected. By contrast, CMV 
detection was persistent among the youngest and 
intermittent among the oldest children.

The second study was unexpectedly inter-
rupted by the confinement declared by the govern-
ment of France after emergence of the COVID-19 
pandemic. Rhinovirus was detected at almost all 
times, but other viruses were sporadically detected 
(Figure 2). Except for hMPV detected for children 
in both classes on weeks 47 and 48, viruses seemed 
to circulate independently among children in  
both classes.
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Figure 1. Detection of viruses by age group during study involving used facial tissues to monitor and diagnose viral respiratory infection. 
Each week is represented by a column, and detection of different viruses is indicated by a crossed cell. 229E, coronavirus 229E; OC43, 
coronavirus OC43; NL63, coronavirus NL63; AdenoV, adenovirus; BocaV, bocavirus; CMV, cytomegalovirus; EnteroV, enterovirus; Flu, 
influenza virus; hMPV, human metapneumovirus; O, older age group; PIV, parainfluenza virus; RSV, respiratory syncytial virus; RhinoV, 
rhinovirus; VZV, varicella zoster virus; W, week; Y, younger age group.
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Individual Collections
After validating pooled collections from the daycare 
center, we proposed an individual approach to inves-
tigators and their relatives as soon as they exhibited in-
fluenza-like signs/symptoms. To process single facial 
tissues, we adapted the process to using a 60-mL sy-
ringe and a 7-mL volume of DPBS; after several steps 
of optimization, we retained these conditions. We sent 
22 used tissues to the laboratory, where they were pro-
cessed accordingly. All but 2 samples were positive 
for >1 virus. Viruses detected during the past 3 years 
were rhinovirus, bocavirus, influenza B virus, hMPV, 
coronaviruses 229E and OC43, adenovirus, and SARS-
CoV-2. Some diagnoses were performed on samples 
that had been shipped through regular postal mailing. 
Most tissues were stored in standard plastic bags at 
room temperature for several days before being ana-
lyzed; there was no noticeable loss of sensitivity. 

This in-progress work validates the feasibility of 
the approach on an individual basis. For most vol-
unteers, tissue analysis enabled identification of the 
virus responsible for the observed signs/symptoms. 
As expected, all volunteers recovered from common 
RVIs within few days.

When we compared signals obtained on both ma-
trices collected from the 15 volunteers on the same day, 
median Ct was 23 on facial tissues but only reached a 
median Ct of 26 on nasopharyngeal swab specimens. 
The difference did not reach statistical significance 
(Figure 3), but Cts were lower for 11 of the 15 tissues 
than on swab samples. Values were within the typical 
standard range for SARS-CoV-2–infected patients.

For the 2 COVID-19–positive volunteers who 
provided daily facial tissue samples, the Ct obtained 
from tissues was lower than that from nasopharyn-
geal swab samples (19 vs. 27 and 23 vs. 27) (Figure 4). 
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Figure 2. Detection of viruses 
by grade (first or second) during 
study of used facial tissues 
to monitor and diagnose viral 
respiratory infection. Each week 
is represented by a column, and 
detection of different viruses 
is indicated by a crossed cell. 
AdenoV, adenovirus; BocaV, 
bocavirus; EnteroV, enterovirus 
flu, influenza virus; hMPV, 
human metapneumovirus; 
PIV, parainfluenza virus; RSV, 
respiratory syncytial virus; 
RhinoV, rhinovirus; W, week.

Figure 3. Reverse transcription 
PCR signal (Ct) obtained from 
nasopharyngeal swab samples 
collected from persons with COVID-19 
compared with Ct obtained from 
processed used facial tissues in study 
of using facial tissues to monitor and 
diagnose viral respiratory infection. 
Each square indicates a patient, and 
observations for the same patient are 
linked between plots. Black lines within 
boxes indicate medians; box tops, 
75th percentile; box bottoms, 25th 
percentile; and whiskers, maximums 
and minimums. Ct, cycle threshold.
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At each time point, the signal was positive; Ct ranged 
from 14 to 24. For 1 volunteer, at a later time point (11 
days after initial diagnosis), Ct was 35.

Discussion
We initially designed this study as a proof-of-concept 
study; our objective was to describe the circulation of 
respiratory viruses in communities of children. The 
results led us to consider a more individual approach, 
and we were able to gather enough data despite the 
COVID-19 pandemic. In the first part of the study, us-
ing pooled material, we gathered a large amount of 
data. Collecting used tissues from both institutions, 
the daycare center and the preschool, did not raise 
concerns from the professionals or the parents; both 
groups seemed interested in the study and awaited 
the weekly results. One objective of the regular moni-
toring of virus circulation would be to communicate 
the results on a weekly basis throughout the year to 
limit the unnecessary use of antimicrobial drugs when 
a viral infection is identified in a community, to inform 
the parents about what to do in such circumstances, 
and to possibly limit general practitioner visits. Par-
ents who are informed about the circulation of a spe-
cific virus in a group of children may be less worried 
and could share their concerns with others. Collecting 
used tissues is noninvasive, well accepted by children 
and parents, and provides valuable information about 
the epidemiology of viruses in a specific community.

Despite proximity, older and younger children 
were not affected by the same viruses at the same 
time, which indicates that hygienic rules were prob-
ably well applied, particularly in the daycare center, 
but also that children of different ages are not sus-
ceptible to the same infections. That information re-
flects development of immunity during growth, but 
collecting data throughout the year demonstrates 

the susceptibility of children in each age group to 
viral infection. 

Constant circulation of rhinovirus was not unex-
pected and may indicate rather weak immunity to the 
virus and highlights the relatively mild signs/symp-
toms in young children. Detecting parainfluenza vi-
rus in autumn in both communities of children fits 
well with the recent work from Horemheb-Rubio et 
al. (14). The start of the school year, when children 
gather, certainly plays a role in transmission of those 
viruses. Of note, parainfluenza virus 3 was also de-
tected in the daycare center after the March break and 
persisted for several weeks.

Detecting CMV in the daycare center is informa-
tive and underlines the limits of our approach. Indeed, 
and particularly for CMV, detecting viral genome in 
pooled material may indicate either that the virus is 
perpetually circulating and propagated among chil-
dren or that 1 or a few infants, those infected before 
or at birth, continuously shed virus (15). It is not pos-
sible to certify if detection comes from a long period 
of virus shedding, particularly if the level of secretion 
is high, as seen with CMV after maternofetal infec-
tion. For both community studies, we considered it 
unethical to perform individual analyses. Detecting 1 
positive child would have led to possible discrimina-
tion or even eviction from the group.

In addition to the possible bias that detecting a vi-
rus in a pool of facial tissues may reflect only 1 long-
shedding child, it is also possible that 1 child put >1 
tissue in the collecting container. Those biases should 
be taken into consideration, and solutions should be 
sought to limit their influence in future similar studies.

Another objective of our community testing strat-
egy would be to propose a surveillance model based 
on few strategically chosen groups. Seasonal virus 
infections propagate very efficiently among young 
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Figure 4. Ct values obtained 
from used facial tissues 
collected each morning after 
the first day from 2 volunteers 
in study of using facial tissues 
to monitor and diagnose viral 
respiratory infection. Volunteer 
1 (closed circle, solid line) and 
volunteer 2 (closed square, 
dotted line) provided tissues 
every morning for 5 days 
(except day 3 for volunteer 2). 
Each tissue was analyzed as 
described, and SARS-CoV-2 
RNA was detected using an 
Alinity assay (Abbott, https://
www.corelaboratory.abbott). 
Day 0, the day of COVID-19 diagnosis performed on a typical nasal swab sample. Ct, cycle threshold.
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children, and monitoring those communities may be 
useful for predicting emergence of winter seasonal 
viruses. In the study performed in the daycare center, 
the first influenza-positive collection was detected 6 
weeks before the seasonal peak in the general popu-
lation. Identifying such emergence early would leave 
enough time to deliver prevention messages (e.g., 
mask use) to the population. One may imagine a sur-
veillance model similar to what has been done with 
sewage water for SARS-CoV-2 (16). Information from 
such surveillance would be communicated to the gen-
eral population to better convey which preventive 
measures to take. Depending on the objective, sev-
eral strategies could be considered. Because RVIs are 
probably transmitted by children, regular pooled tis-
sue testing in a few representative classrooms would 
provide valuable information. Another approach 
would be to rely on a network of collaborative gen-
eral pediatricians selected according to recruitment, 
who could collect tissues from children with respi-
ratory signs/symptoms. Such surveillance requires 
individual participation, as opposed to wastewater 
testing, yet it may provide much more precise infor-
mation about a specific population.

Individual testing was not a priority in our study, 
but detecting viral nucleic acid from numerous dif-
ferent viruses in tissues sent to our laboratory gave 
us confidence that that strategy could be pertinent. 
The COVID-19 epidemic gave us the opportunity to 
validate our approach. When tissues were collected 
from persons with COVID-19 diagnosed from stan-
dard nasopharyngeal swab samples, the signal ob-
tained from tissues was higher in 73% (11/15) of cases 
(Figure 3). The median Ct value obtained from tissues 
was 3 units lower than that from classical nasal swab 
samples, a difference that was not statistically signifi-
cant, possibly because of the low number of samples 
tested in parallel. 

Blowing in a tissue is an individual action, and its 
effectiveness largely depends on the person. Nasopha-
ryngeal swabbing also depends on the skill of a profes-
sional but may be less subject to variability. One pos-
sible way to assess the sampling quality is to quantify 
a cellular gene, yet this strategy is not routinely applied 
and lacks consensus among scientists (17). Quantify-
ing a cellular gene on each tissue sample might vali-
date the quality of the blowing. We anticipate that a 
threshold would have to be defined according to the 
tested population; elderly persons may not be able to 
blow as vigorously as younger persons. The kinetics 
performed on samples from the 2 COVID-19–posi-
tive volunteers who provided daily tissue samples 
demonstrate that SARS-CoV-2 nucleic acids are easily  

detectable on tissues for a long period. Those kinetics 
resemble kinetics usually described for large cohorts 
(18). The most sensitive approach might be having 
persons blow their nose in the morning because nasal 
fluids and dying cells accumulate in the respiratory 
tract during sleep. The influence of the timing for tis-
sue collection should also be investigated. For the 2  
COVID-19–positive volunteers, tissues were collected 
early in the morning at awakening, and neither person 
experienced any nasal congestion or rhinorrhea. Vigor-
ous blowing was recommended to both participants. 
For those kinetics, but also for some individual diag-
noses performed on demand, tissues were stored for 
several days at room temperature or even shipped by 
mail. Reverse transcription PCR performed on 32 tis-
sues collected from volunteers positive for COVID-19, 
as documented by an antigen test and stored for a me-
dian of 12 days, were all positive, indicating that tissues 
can be stored and shipped without too much loss of 
sensitivity (data not shown). Possibly offering at-home 
sampling and remote diagnosis is a unique asset of this 
approach. Remotely testing patients should be consid-
ered when a viral infection emerges with signs/symp-
toms not requiring specific medical care. Such was the 
situation with COVID-19; many patients did not require 
medical attention. Leaving patients the possibility of 
collecting the sample themselves without being in con-
tact with medical staff or other persons would limit the 
risk of propagating any emergent virus. Although the 
best matrix for performing COVID-19 diagnosis, has 
been debated, a unique tissue can be loaded first with 
nasal discharge and then sputum for 1 patient, which 
may increase sensitivity when nasal discharge is limited 
(7). The possibility of combining 2 matrices on the same 
sample may increase clinical sensitivity of the used-
tissue strategy. Few of the tested tissues had both ma-
terials, but we cannot affirm that the performance was 
improved by such an approach. Because this method 
was developed to speed access to diagnosis, we made 
no recommendations regarding the brand or the kind of 
facial tissue to use. A formal assessment of our method 
on different tissues is required, yet common sense in-
dicates use of commonly available commercial unper-
fumed plain white facial tissue.

Of note, >1 sample positive for >1 virus was ana-
lyzed on the different systems routinely used in our 
laboratory. A valid result was obtained on all plat-
forms used. Those results probably reflect improved 
extraction processes for most commercially available 
automated systems. In particular, no PCR inhibition 
was observed for the analyzed tissue liquids. More-
over, complete sequences of SARS-CoV-2 can also 
be obtained from tissues; an example of 1 sequence 
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obtained from used tissue is referenced in GISAID 
(https://www.gisaid.org; identification no. EPI_
ISL_13050738).

This study reflects major changes in virology that 
have occurred in recent years. Although growing the 
virus in cell culture was the reference for diagnosis, 
we slightly moved to molecular detection of viral 
nucleic acids. The information gained by each strat-
egy is different: in the first instance, we identified live 
virus, probably infectious; in the second, we found 
only the presence of viral components. Yet the over-
all sensitivity of nucleic acid amplification methods 
now offers improved clinical sensitivity despite loss 
of information regarding the viability of the virus and 
possibly its infectiousness. Detecting viral nucleic ac-
ids in used tissues is feasible and possibly as sensitive 
as classical sampling methods, if not more so. That 
possibility provides the option for virus testing of 
pooled samples in communities to provide informa-
tion on the dissemination of any respiratory-transmit-
ted virus and to propose a noninvasive method for 
the general population. Situations in which persons 
need to be repeatedly tested, such as athletes during a 
several-day event, may also largely benefit from this 
strategy. Being able to send tissues by regular mail for 
remote diagnosis is also a real asset with potential ap-
plication for gaining information about the diffusion 
of an infection in a population. Although this study 
should be considered as a proof-of-concept work, we 
believe that the accumulation of data justifies consid-
ering the use of our methods on a larger scale.
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It is estimated that 1 in 3 Americans who have SARS-
CoV-2 infection will experience symptoms related to 

postacute sequelae of SARS-CoV-2 (1), also referred to 
as long COVID (other terms include long-haul corona-
virus disease, post–-COVID-19 conditions, or chronic 
COVID-19) (2). The length of time that a person must 
experience symptoms to be considered to have long 
COVID is not universally accepted; definitions range 
from 28 days to 6 months after acute SARS-CoV-2 
infection (3–7). A recent World Health Organization 
working group used a Delphi process to conclude that 
“a post-COVID-19 condition occurs in individuals with 
a history of probable or confirmed SARS-CoV-2 infec-
tion, usually 3 months from the onset of COVID-19 
with symptoms that last for at least 2 months and can-
not be explained by an alternative diagnosis” (8).

Regardless of a universally agreed upon length 
of time a person must experience symptoms to be 
characterized as long COVID, this sequela has been 
suggested to be the “next national health disaster” 
(9), and because of discrepancies in symptoms and 
long-term effects on quality of life, there seem to be 
more questions than answers. Although long COVID 
manifests differently in each person, nearly 50 signs 
and symptoms have been linked to the condition (10). 
The most common signs and symptoms are fatigue, 
shortness of breath, muscle pain, joint pain, head-
ache, cough, chest pain, altered smell, altered taste, 
and diarrhea (11). Other reported signs and symp-
toms include cognitive impairment (known as brain 
fog), memory loss, palpitations, anxiety, sore throat, 
sleep disorders, runny nose, sneezing, hoarseness, ear 
pain, thoughts of self-harm and suicide, seizures, and 
bladder incontinence (8,11), as well as cardiac effects, 
such as myocardial inflammation (12).

Although some investigators have reported that 
long COVID occurs at rates that are independent of 
symptom severity (11–13), others have found long 
COVID is more common among patients hospital-
ized for COVID-19 or those who experienced moder-
ate-to-severe symptoms (6,11,14–20). However, long 
COVID has been observed in patients who were as-
ymptomatic (2) or only experienced mild symptoms, 
and it has been reported that symptoms can fluctuate 
or relapse (7–8,21–23). Furthermore, little is known 
about long COVID signs and symptoms and predic-
tors on a college campus, where most of the popula-
tion is young and healthy, but among whom potential 
complications of long COVID could be detrimental to 
academic learning and overall quality of life.

Long COVID signs and symptoms might vary by 
sex, age, and initial illness severity. For example, ner-
vous system symptoms such as headaches and dizzi-
ness are more common among women, but men are 
more likely to have musculoskeletal system symp-
toms such as pain in the muscles or joints and numb-
ness of the limbs (24). Younger patients have reported 
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more headaches, abdominal symptoms, and anxiety/
depression, and older patients were more likely to 
have breathing difficulties, cognitive symptoms, 
pain, and fatigue (19).

Aside from the medical illness long COVID pos-
es, persistent signs and symptoms can negatively af-
fect leisure and work, causing further strain on one’s 
quality of life. Persons who have long COVID fre-
quently experience a substantial reduction or impair-
ment in the ability to engage in preillness levels of oc-
cupational, educational, social, or personal activities 
that persist for >6 months (14). They might also ex-
perience difficulty sticking to daily routines, dealing 
with stress, getting household tasks done, and caring 
for/supporting others (25). Abnormal scores on men-
tal and cognitive health questionnaires have also been 
observed among patients who have long COVID (7). 
Our study builds on the existing knowledge base 
by examining the prevalence and predictors of long  
COVID among a sample of university members, in-
cluding students, faculty, and staff, who tested posi-
tive for COVID-19 over an 18-month period.

Methods

COVID-19 Case Identification
The George Washington University COVID-19 
surveillance and testing program identified 4,800  
COVID-19 cases during August 2020–February 2022. 
COVID-19 positivity at George Washington Univer-
sity was determined on the basis of PCR tests that 
were performed in the George Washington Univer-
sity Clinical Laboratory Improvement Amendments, 
or Clinical Laboratory Improvement Amendment–
certified, Public Health Laboratory (n = 3,228); other 
cases were identified through results uploaded to the 

person’s medical portal from external positive tests, 
either PCRs from an external Clinical Laboratory Im-
provement Amendment–certified laboratory or self-
administered antigen tests (n = 1,572). Only antigen 
tests approved for emergency use under the Food and 
Drug Administration emergency use authorization 
were accepted (26).

COVID-19 Case Investigation Data Collection
As COVID-19 cases were identified, the George 
Washington University Campus COVID-19 Support 
Team (CCST), which is responsible for campus-re-
lated COVID-19 case management (27), completed 
case investigations within 24–48 hours of the person 
receiving a positive test result. Among the 4,800 posi-
tive results during August 2020–February 2022, a to-
tal of 133 initial case investigations were incomplete 
because of loss to follow-up, meaning they could not 
be reached by telephone or electronic survey; because 
the case was already cleared by a medical provider 
(because of not being able to reach the person dur-
ing their isolation period); or because the person re-
fused to complete the interview. Furthermore, 1,072 
persons were missing case investigation data, such as 
missing data for symptoms or underlying conditions, 
Those exclusions resulted in 3,595 positive test results 
(with corresponding completed case investigation 
data) for which CCST had obtained complete case in-
vestigation data (Table 1).

Long COVID Follow-up Data Collection
During July 2021–March 2022, all 4,800 positive  
COVID-19 test results reported during August 2020–
February 2022 were followed up with confidential 
electronic surveys sent to each patient at least 28 
days after their initial positive result that included  
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Table 1. Initial case investigation and long COVID data collection for postacute sequelae of SARS-CoV-2 in university setting, 
Washington, DC, USA* 
Characteristic Value 
Positive test results reported during 2020 Aug–2022 Feb 4,800 
GWU PCR 3,228 
External CLIA PCR or self-administered antigen 1,572 
Initial case investigation incomplete 133 
Initial case investigation data missing 1,072 
Total positive test results with case investigation data 3,595 
Long COVID surveys sent out, 2021 Jul–2022 Mar 4,800 
Repeat infection duplicates 143 
Persons surveyed 4,657 
Responses received 1,493 
Duplicate responses/multiple responses 11 
Persons responding 1,482 
Response rate, 1,482/4,657 31.8% 
Responders with incomplete case investigation 141 
Responders with incomplete long COVID questions 3 
Total valid responses 1,338 
*Values are no. except as indicated. CLIA, Clinical Laboratory Improvement Amendments; GWU, George Washington University. 
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questions about long COVID. Those data were 
merged with the COVID-19 case investigation data.

For the long COVID follow-up survey data col-
lection, we determined that 143 persons had >2  
COVID-19 diagnoses during August 2020–February 
2022; those persons were only included once in the 
long COVID follow-up data collection, resulting in a 
total of 4,657 persons who were COVID-19 positive 
during the study period. The follow-up survey had 
a response rate of 32% (1,482/4,657). We observed 
major differences in age, university affiliation, under-
lying conditions, and vaccination status at the time 
of test between follow-up survey respondents and 
nonrespondents (Appendix 1, https://wwwnc.cdc.
gov/EID/article/29/3/22-1522-App1.pdf). A total of 
11 respondents completed the follow-up survey twice 
but were only counted once for the response rate. Not 
all responses were usable in the final analysis: 141 did 
not have a complete initial case investigation, and 3 
did not provide responses to the survey questions 
about long COVID, removing them from the final 
sample. Thus, the final analytic sample consisted of 
1,338 respondents (Table 1).

Instrument and Measures

Survey Instrument
The long COVID survey was designed as a follow-up 
telephone interview (Appendix 2, https://wwwnc.
cdc.gov/EID/article/29/3/22-1522-App2.pdf); inter-
views were administered by CCST during July 2021–
March 2022, and all survey responses were stored on 
REDCap, a secure web application for online surveys 
and databases (28). Initially, CCST interviewers ex-
clusively administered the follow-up survey by tele-
phone calls. However, after 3 months, a link to an 
electronic survey was sent to all remaining cases in 
addition to calling. Three call attempts were made 
over a period of 5 weeks, prompting case-patients 
to complete an anonymous survey. The long COVID 
survey consisted of close-ended questions pertaining 
to symptoms during the postisolation period and be-
havior changes from preisolation to postisolation pe-
riods (Appendix 1). The survey took ≈15–20 minutes 
to complete, and at the conclusion, a list of resources 
to assist with long COVID symptoms was provided.

Measures
We defined long COVID as experiencing >1 of the fol-
lowing symptoms lasting for >28 days after a respon-
dent’s 10-day isolation period ended (2): difficulty 
driving, difficulty having conversations, difficulty 
making decisions, difficulty thinking, fatigue, feeling 

anxious, feeling depressed or sad, loss of smell, loss 
of taste, memory loss, muscle pain, muscle weakness, 
shortness of breath or difficulty breathing, trouble 
sleeping, worsening of symptoms after physical ac-
tivity, worsening of symptoms after mental activity, 
or other symptoms. In addition, respondents were 
considered to have long COVID if they reported still 
experiencing COVID-19–related symptoms at the 
time of the long COVID survey.

Sociodemographic Characteristics
We calculated age from the respondent’s date of birth 
extracted from their health record. Sex and race were 
self-reported at the time of the case investigation. We 
determined school affiliation by asking respondents 
their primary university affiliation at the time of the 
case investigation.

Symptoms and Underlying Conditions
We measured symptoms at the time of the case in-
vestigation by asking if respondents experienced any 
of the following: chest pain, chills, congestion, cough, 
diarrhea, fatigue, fever, headache, loss of smell, loss 
of taste, muscle pain, nausea or vomiting, runny nose, 
shortness of breath, sore throat, or other symptoms. 
At the time of the case investigation, respondents 
self-reported any of the following medical condi-
tions: diabetes, asthma, hypertension, obesity, sickle 
cell disease, cancer, chronic kidney disease, lung dis-
eases, serious heart conditions, or other conditions. 
Smoking status was self-reported as current/former 
smoker or vaper.

Vaccination Status and Severity of COVID-19 Infection
Over the course of the study period, COVID-19 
vaccine availability and recommendations shifted 
dramatically. In December 2020, vaccines were first 
available but only for select groups such as health-
care workers, the elderly, and certain other suscepti-
ble populations. During March–April 2021, vaccines 
were made available to all adults (>16 years of age) 
across all US states. In June 2021, George Washing-
ton University mandated all members of the campus 
community to be up to date (an up-to-date course 
of COVID-19 vaccines consisted of either 2 doses of 
Moderna [https://www.modernatx.com] or Pfizer-
BioNTech [https://www.pfizer.com] vaccines or 1 
Johnson & Johnson/Janssen [https://www.jnj.com] 
immunization with the primary series of COVID-19 
vaccinations), or to have obtained an exemption. 
In September 2021, in the United States, COVID-19 
booster shots were authorized for administration 6 
months after the second dose of Pfizer or Moderna 
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or 2 months after 1 dose of Johnson & Johnson/
Janssen, initially just for persons >65 years of age, 
persons living or working in high-risk settings, or 
persons who had underlying conditions. In No-
vember 2021, booster shots were recommended for 
all adults >18 years of age. In January 2022, George 
Washington University mandated all members of 
the campus community to have a booster shot or to 
have obtained an exemption. Community members 
uploaded vaccine information including the type of 
vaccine(s) and dates of vaccinations and boosters as 
a condition of employment and access to campus. 
This information was used to determine vaccine 
status on the date of first positive COVID-19 test. 
The case investigation interviews also collected data 
about whether medical care was sought, hospitaliza-
tions, and administration of monoclonal antibodies.

Statistical Analysis
We described continuous variables by using medians 
and interquartile ranges (IQRs) and categorical vari-
ables by using frequencies and percentages. We com-
pared characteristics of survey respondents by using 
χ2 tests for categorical variables and Wilcoxon rank-
sum tests for continuous variables. We used logistic 
regression to determine unadjusted associations be-
tween characteristics of survey respondents and long 
COVID status. We included characteristics that were 
found to be significantly associated with long COVID 
status in bivariate analyses in multivariable logistic 
regression models. All hypothesis tests were 2-sided, 
and statistical significance was set at an α of 0.05. We 
performed analyses by using SAS version 9.4 (SAS In-
stitute, Inc., https://www.sas.com).

All university community members provided 
informed consent to participate in the George Wash-
ington University COVID-19 surveillance program. 
The George Washington University Institutional 
Review Board concluded that these were non–re-
search-related activities.

Results
Overall, the median age of respondents was 23 (IQR 
21–32) years, and the median symptom count was 
4 (IQR 1–6) (Table 2). More than half of respon-
dents were female (63.4%) and non-Hispanic White 
(55.7%). Most (73.4%) respondents were students; 
26.6% were faculty/staff . The median days from 
end of isolation to the follow-up survey was 57 QR 
(39–158) days. 

Most respondents had no underlying conditions 
(75.2%), never smoked (83.0%), had acute COVID-19 
symptoms (79.1%), did not seek medical care at the 

time of their first positive COVID-19 result (96.6%), 
and did not receive monoclonal antibody treatment 
(94.5%) (Table 2). Approximately 41.5% of respon-
dents had received a booster vaccine, 29.9% were 
fully vaccinated with an initial vaccine series, and 
28.6% were not fully vaccinated at the time of their 
first positive COVID-19 test result. The most com-
mon acute symptom was upper respiratory (e.g., 
congestion, cough, sore throat, runny nose) (92.0%), 
followed by headache (51.2%), fatigue (51.1%), and 
chills/fever (44.9%).

Nearly 36% of survey respondents reported ex-
periencing symptoms of long COVID (Table 2). Re-
spondents who had underlying conditions (44.7%; 
p = 0.003), who were not fully vaccinated (47.7%; 
p<0.0001), who were female (40.9%; p = 0.002), who 
were former/current smokers (45.3%; p = 0.028), 
who experienced acute COVID-19 symptoms (43.3%; 
p<0.0001), who reported higher symptom counts 
(mean 5; p<0.0001), who sought medical care (73.9%; 
p<0.0001), or who received antibody treatment 
(72.0%; p = 0.0012) were significantly more likely to 
report symptoms of long COVID. All symptom cat-
egories were strongly associated with long COVID 
status, except for upper respiratory and other symp-
toms (Table 2; Figure).

Unadjusted associations between characteris-
tics of survey respondents and long COVID status 
showed that sex, race/ethnicity, underlying condi-
tions, smoking status, vaccination status, any symp-
toms, symptom type, symptom count, seeking out 
medical care, and receiving antibody treatment 
were strongly associated with long COVID (Table 
3). Multivariable models adjusting for statistically 
significant characteristics in the bivariate analyses 
found several significant associations: smoking his-
tory (former/current smokers versus never smok-
ers) (model 1: adjusted odds ratio [aOR] 1.59, 95% 
CI 1.13–2.25); experiencing any symptoms at the 
time of positive test (model 1: aOR 1.92, 95% CI 
1.01–3.62); experiencing fatigue (model 1: aOR 1.80, 
95% CI 1.32–2.47); and experiencing chest pain/
shortness of breath (model 1: aOR 2.18, 95% CI 
1.48–3.22). Immunization status was significantly 
associated with long COVID; those fully vaccinated 
had higher odds of long COVID than those who had 
also received a booster (model 1: aOR 2.10, 95% CI 
1.51–2.90), and those who were not fully vaccinated 
had higher odds than those fully vaccinated and 
those given a booster (model 1: aOR 2.71, 95% CI 
1.94–3.77). We found similar results after using 
symptom count in lieu of any symptoms (versus no 
symptoms) in model 2.
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Discussion
This study aimed to examine the prevalence and pre-
dictors of long COVID in a university community. 
This sample was unique in that it consisted of pri-
marily young adults who had few underlying health 
conditions and otherwise were considered healthy. 
Regardless of initial symptoms, nearly 36% of  
COVID-19 survivors in this study reported experi-
encing symptoms consistent with long COVID. That  

result is within ranges found in other studies report-
ing a prevalence of long COVID of anywhere from 
10% to 80% among COVID-19 survivors (3–5,7,21,29–
31). Our study also found an increased odds of re-
porting symptoms consistent with long COVID for 
each additional symptom reported during the initial 
infection. This finding is consistent with recent stud-
ies conducted with a high proportion of young adults 
that also found a higher number of acute symptoms 
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Table 2. Characteristics of survey respondents by long COVID status for postacute sequelae of SARS-CoV-2 in university setting, 
Washington, DC, USA* 

Characteristic Total, n = 1,338 
No long COVID,  

n = 833 
Long COVID,†  

n = 475 p value 
Age, y median (IQR) 23 (21–32) 23 (21–33) 23 (21–30) 0.265 
Sex, n = 1,327    0.002 
 F 841 (63.4) 497 (59.1) 344 (40.9)  
 M 486 (36.6) 328 (67.5) 158 (31.5)  
Race/ethnicity, n = 1,319    0.089 
 Non-Hispanic White 734 (55.7) 439 (59.8) 295 (40.2)  
 Asian 175 (13.3) 119 (68.0) 56 (32.0)  
 Non-Hispanic Black 175 (13.3) 117 (66.9) 58 (33.1)  
 Hispanic 117 (8.9) 77 (65.8) 40 (34.2)  
 Other 70 (5.3) 37 (52.9) 33 (47.1)  
 Multiracial 48 (3.6) 32 (66.7) 16 (33.3)  
Affiliation    0.115 
 Students 982 (73.4) 599 (61.0) 383 (39.0)  
 Faculty/staff 356 (26.6) 234 (65.7) 122 (34.3)  
Underlying conditions‡, n = 1,262    0.003 
 No 949 (75.2) 613 (64.6) 336 (35.4)  
 Yes 313 (24.8) 173 (55.3) 140 (44.7)  
Smoking status, n = 1,259    0.028 
 Never 1,045 (83.0) 655 (62.7) 390 (37.3)  
 Former/current 214 (17.0) 117 (54.7) 97 (45.3)  
Vaccination status at time of positive test result    <0.0001 
 Fully vaccinated with booster 555 (41.5) 411 (74.1) 144 (25.9)  
 Fully vaccinated 400 (29.9) 213 (55.6) 170 (44.4)  
 Not fully vaccinated 383 (28.6) 209 (52.3) 191 (47.7)  
Any symptoms at time of positive test result, n = 1,328    <0.0001 
 No 278 (20.9) 231 (83.1) 47 (16.9)  
 Yes 1,050 (79.1) 595 (56.7) 455 (43.3)  
Symptom type at time of positive test result, n = 1,050     
 Congestion/cough/sore throat/runny nose 966 (92.0) 549 (56.8) 417 (43.2) 0.713 
 Headache 538 (51.2) 275 (51.1) 263 (48.9) 0.0002 
 Fatigue 537 (51.1) 256 (47.7) 281 (52.3) <0.0001 
 Chills/measured fever/subjective fever 471 (44.9) 240 (51.0) 231 (49.0) 0.0008 
 Muscle pain 326 (31.1) 148 (45.4) 178 (54.6) <0.0001 
 Chest pain/shortness of breath 189 (18.0) 67 (35.5) 122 (64.5) <0.0001 
 Diarrhea/nausea/vomiting 181 (17.2) 78 (43.1) 103 (56.9) <0.0001 
 Loss of taste/smell 180 (17.1) 86 (47.8) 94 (52.2) 0.008 
 Other 59 (5.6) 28 (47.5) 31 (52.5) 0.142 
Symptom count, median (IQR) 4 (1–6) 3 (0–5) 5 (3–8) <0.0001 
Sought medical care, n = 1,336    <0.0001 
 No 1,290 (96.6) 819 (63.5) 471 (36.5)  
 Yes 46 (3.4) 12 (26.1) 34 (73.9)  
Received monoclonal antibodies, n = 1,331    0.0012 
 No 1,258 (94.5) 788 (62.6) 470 (37.4)  
 Unknown 48 (3.6) 33 (68.8) 15 (31.2)  
 Yes 25 (1.9) 7 (28.0) 18 (72.0)  
*Values are no. (%) except as indicated. IQR, interquartile range. 
†Long COVID was defined as experiencing >1 of the following symptoms lasting for >28 d after a respondent’s 10-day isolation period ended: difficulty 
driving, difficulty having conversations, difficulty making decisions, difficulty thinking, fatigue, feeling anxious, feeling depressed or sad, loss of smell, loss 
of taste, memory loss, muscle pain, muscle weakness, shortness of breath or difficulty breathing, trouble sleeping, worsening of symptoms after physical 
activity, worsening of symptoms after mental activity, or other symptoms. 
‡Includes diabetes, asthma, hypertension, obesity, sickle cell disease, cancer, chronic kidney disease, lung diseases, serious heart conditions, and  
other conditions. 
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during a COVID-19 infection predicted >1 long COVID 
symptom (32). Monitoring symptoms of initial cases 
could help identify persons at risk for long COVID.

Our study also found that persons who had the 
fewest previous COVID-19 vaccines and boosters 
were at higher risk for development of symptoms con-
sistent with long COVID, supporting other investiga-
tions suggesting that vaccination is associated with re-
duced risk for long COVID (33–36). Many colleges and 
universities required the COVID-19 vaccine before the 
fall 2021 semester but offered reasonable medical/
religious exemptions. Our results further highlight 
the need for routine short- and long-term follow-up 
for persons who test positive for COVID-19 while 
continuing to advocate and monitor for vaccine and 
booster adherence to published recommendations.

Although prevention efforts are needed for long 
COVID, the findings from this study support the need 
to ameliorate consequences of long COVID. Based on 
symptomatology, recovery strategies for long COVID 
include physical rehabilitation, management of preex-
isting conditions, mental health support, social servic-
es support, and exercise programs scaled to the ability 
of the patient (11,37). Because long COVID can greatly 

interfere with the ability to learn or work, classroom 
or job accommodations, such as modifying academic 
and workplace policies, flexible scheduling, changing 
workplace environment, enabling remote or alterna-
tive learning, and modifying job responsibilities, are 
recommended for those having long COVID.

Limitations in conducting this study included the 
possibility of recall bias, loss to follow-up, and digital 
literacy challenges, as well as acknowledgment that 
the results are only for persons who tested positive 
for SARS-CoV-2. Persons were asked to recall infor-
mation about their illness after >28 days had passed. 
Considering brain fog is a symptom consistent with 
long COVID and the length of time between isolation 
and follow-up, some persons who had long COVID 
might have forgotten details of their health status 
during a tumultuous time in their life. Although inev-
itable, this situation was mitigated by providing the 
person with dates of their illness when asking them 
to think back to that time.

Loss to follow-up was also a limitation; some 
persons never completed a case investigation, which 
made it more likely for them to forgo a follow-up 
months later. CCST made >3 attempts at different 
time points throughout the day to reach as many per-
sons as possible. Those strategies, and our achieved 
response rate, are consistent with other COVID-19 
studies conducted during the pandemic (38). None-
theless, we acknowledge that results could be inflated 
because persons experiencing symptoms consistent 
with long COVID might be more likely to respond. 
Thus, results should be interpreted with caution.

In addition, surveys were conducted by electronic 
survey and telephone. Although there were no major 
differences in demographics between telephone and 
electronic survey completion, some of our partici-
pants did not have smartphones, only had landlines, 
or could not be reached by email, which contributed 
to loss to follow-up.

Finally, our sample was only of persons who had 
COVID-19 within our campus community and not of 
the entire campus population. Thus, it is not possible 
to know whether symptoms reported in our survey 
were also increased in the campus population as a 
whole during this time. Many of the symptoms in our 
survey are common and might or might not be direct-
ly related to SARS-CoV-2 infection or long COVID.

Public health experts and healthcare providers 
have been gathering data about COVID-19 while si-
multaneously trying to understand the long-term 
consequences of SARS-CoV-2 infection. Although 
preliminary findings of long COVID were anec-
dotal, researchers continue to gain a clearer picture 
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Figure. Frequency of reported acute symptoms among survey 
respondents for postacute sequelae of SARS-CoV-2 in university 
setting, by long COVID status, Washington, DC, USA (n = 1,338). 
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on who it affects and how it affects certain popula-
tions. From a university standpoint, this analysis is 
key to understanding how administration can fill the 
needs of the campus population that has long-term 
complications caused by COVID-19. Paired with the 
recommendations presented in this article, universi-
ties can strengthen existing services or make referrals 
to prevention and rehabilitation services (i.e., mental 
health, exercise programs, long-term health studies) 

for those who have long COVID that affects their abil-
ity to engage in university activities such as classes 
and work. In addition, universities might benefit 
from adopting  preventive resources for their popula-
tions, as well as extended pandemic leave, given the 
considerable long-lasting effects of long COVID.

Future research avenues should consider fol-
lowing up with long COVID survivors/patients to 
assess long-term or long-lasting symptoms. Such 
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Table 3. Association between characteristics of survey respondents and long COVID for postacute sequelae of SARS-CoV-2 in 
university setting, Washington, DC, USA* 

Characteristic 
Unadjusted OR  

(95% CI), n = 1,338 
Model 1, aOR†  

(95% CI), n =1,172 
Model 2, aOR†  

(95% CI), n = 1,175 
Age, y 0.99 (0.98–1.00) ‒ ‒ 
Sex, n = 1,327    
 F 1.44 (1.14–1.82) 1.22 (0.92–1.62) 1.16 (0.88–1.54) 
 M Referent Referent Referent 
Race/ethnicity, n = 1,319    
 Non-Hispanic White Referent Referent Referent 
 Asian 0.70 (0.49–0.99) 0.97 (0.64–1.46) 1.00 (0.66–1.50) 
 Non-Hispanic Black 0.74 (0.52–1.04) 0.79 (0.53–1.19) 0.81 (0.54–1.21) 
 Hispanic 0.77 (0.51–1.16) 0.82 (0.52–1.19) 0.85 (0.53–1.34) 
 Other 1.33 (0.81–2.17) 1.54 (0.87–2.74) 1.48 (0.84–2.63) 
 Multiracial 0.74 (0.40–1.38) 0.78 (0.39–1.59) 0.81 (0.40–1.64) 
Affiliation    
 Students 1.23 (0.95–1.58) ‒ ‒ 
 Faculty/staff Referent ‒ ‒ 
Underlying conditions,‡ n = 1,262    
 No Referent Referent Referent 
 Yes 1.48 (1.14–1.91) 1.23 (0.90–1.66) 1.27 (0.94–1.73) 
Smoking status, n = 1,259    
 Never Referent Referent Referent 
 Former/current 1.39 (1.04–1.87) 1.59 (1.13–2.25) 1.60 (1.13–2.25) 
Vaccination status at time of positive test result    
 Fully vaccinated with booster Referent Referent Referent 
 Fully vaccinated 2.28 (1.73–3.01) 2.10 (1.51–2.90) 2.19 (1.58–3.03) 
 Not fully vaccinated 2.61 (1.99–3.43) 2.71 (1.94–3.77) 3.01 (2.16–4.21) 
Any symptoms at time of positive test result, n = 1,328    
 No Referent Referent ‒ 
 Yes 3.76 (2.68–5.26) 1.92 (1.04–3.62) ‒ 
Symptom type at time of positive test result    
 Fatigue 2.83 (2.25–3.56) 1.80 (1.32–2.47) 1.53 (1.05–2.22) 
 Chest pain/shortness of breath 3.64 (2.64–5.03) 2.18 (1.48–3.22) 1.70 (1.08–2.67) 
 Congestion/cough/sore throat/runny nose 2.45 (1.87- 3.21) 0.96 (0.58–1.60) 1.07 (0.69–1.65) 
 Chills/measured fever/subjective fever 2.08 (1.65–2.62) 0.93 (0.69–1.26) 0.73 (0.49–1.08) 
 Headache 2.21 (1.76–2.77) 1.11 (0.82–1.50) 0.97 (0.69–1.37) 
 Loss of taste/smell 1.99 (1.45–2.73) 1.04 (0.72–1.49) 0.83 (0.53–1.29) 
 Muscle pain 2.52 (1.95–3.25) 1.25 (0.91–1.73) 1.10 (0.78–1.57) 
 Diarrhea/nausea/vomiting 2.48 (1.80–3.41) 1.24 (0.85–1.81) 1.02 (0.66–1.56) 
 Other 1.88 (1.11–3.17) 0.89 (0.48–1.64) 0.83 (0.44–1.55) 
Symptom count 1.22 (1.18–1.27) ‒ 1.16 (1.00–1.33) 
Sought out medical care, n = 1,336    
 No Referent Referent Referent 
 Yes 4.93 (2.53–9.61) 2.17 (0.98–4.77) 2.07 (0.94–4.55) 
Received monoclonal antibodies, n = 1,331    
 No Referent Referent Referent 
 Unknown 0.76 (0.41–1.42) 0.74 (0.34–1.64) 0.72 (0.33–1.59) 
 Yes 4.31 (1.79–10.40) 1.93 (0.63–5.96) 2.06 (0.68–6.23) 
*Long COVID was defined as experiencing >1 of the following symptoms lasting for >28 d after a respondent’s 10-day isolation period ended: difficulty 
driving, difficulty having conversations, difficulty making decisions, difficulty thinking, fatigue, feeling anxious, feeling depressed or sad, loss of smell, loss 
of taste, memory loss, muscle pain, muscle weakness, shortness of breath or difficulty breathing, trouble sleeping, worsening of symptoms after physical 
activity, worsening of symptoms after mental activity, or other symptoms. aOR, adjusted odds ratio; IQR, interquartile range; OR, odds ratio; ‒, variable 
omitted for that model. 
†Adjusted for all other variables in the column. 
‡Includes diabetes, asthma, hypertension, obesity, sickle cell disease, cancer, chronic kidney disease, lung diseases, serious heart conditions, and other 
conditions. 
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analysis could explore the consequences of long 
COVID for 5–10 years after the initial infection, es-
pecially to gain a better understanding of its effect 
on young, healthy populations. Follow-up could 
also occur with older populations to assess whether 
symptoms progress into retirement age and to de-
termine the cost of long-term care resulting from 
long COVID. Furthermore, research should contin-
ue to examine the effect vaccine booster doses have 
on long COVID symptoms. Such research is vital 
to clarifying long-term effects of long COVID and 
how universities can support those dealing with 
long COVID to promote health and wellness across 
campus communities.
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Streptococcus dysgalactiae subspecies equisimilis 
(SDSE) is a member of the pyogenic group of 

streptococci that typically is agglutinated by serum 
against Lancefield group G or C antigens (rarely A 
or L antigens) (1). Although SDSE has been consid-
ered a part of the commensal flora and is much less 
virulent than S. pyogenes, SDSE increasingly has been 
recognized as a clinically relevant pathogenic bac-
terium (2–4). SDSE can cause a broad range of dis-
eases, from milder illnesses such as pharyngitis and 
skin and soft-tissue infections to severe conditions 
such as streptococcal toxic shock syndrome (STSS) 
and necrotizing fasciitis that can resemble infections 
caused by S. pyogenes (2,4–6).

Invasive SDSE infections mainly affect elderly 
persons with underlying illnesses (2,4,6); fatality rates 
of 2%–20% have been reported (4,7). Moreover, mul-
tiple countries, including Israel, Denmark, Norway, 
and Canada, have reported increasing incidence of 
invasive diseases caused by SDSE or group C or G 
Streptococcus (GCGS) (8–11). In Japan, a single-center 
study in Tokyo reported a substantial increase in the 
age-adjusted incidence of invasive group G Strepto-
coccus from 2003–2007 to 2008–2013 (12). An aging 
population with multiple underlying conditions only 
partially explains those reports (8,12), and other rea-
sons for the growing prevalence of invasive SDSE in-
fections remain unclear.

SDSE is essentially susceptible to penicillin 
and other β-lactam antibiotics, but resistance to 
other antimicrobial agents has emerged. Multiple 
countries, including the United States, Japan, and  

Norway, have reported increased prevalence of 
erythromycin- and clindamycin-resistant isolates 
(2,5,13). Moreover, recent studies in countries in 
eastern Asia showed much higher prevalence of re-
sistance to multiple antimicrobial agents, including 
macrolides, tetracyclines, and lincosamide (14,15). 
A multicenter study in China showed resistance 
rates of 71.4% to erythromycin, 71.4% to clindamy-
cin, and 60.7% to tetracycline (15). The prevalent 
genes responsible for macrolide resistance in those 
studies were mefA/E, ermA, and ermB (5,13–15); 
ermA and ermB are also responsible for clindamycin 
resistance and typically confer inducible and con-
stitutive resistance.

We conducted a retrospective, multicenter, sur-
veillance study of SDSE bacteremia cases in the Kyo-
to-Shiga region of Japan. We also performed a com-
parative genomic analysis of clinical SDSE isolates 
preserved in 3 hospitals in the region to explore the 
phylogenetic relationships and emergence of antimi-
crobial resistance (AMR).

Materials and Methods

Surveillance Data Collection
We collected the annual number of GCGS and 
SDSE bacteremia cases and hospital admissions 
during January 2011–December 2020 in 6 hospitals 
in the Kyoto-Shiga region of Japan. Four hospitals 
were in Kyoto, Kyoto University Hospital (KUHP), 
Kyoto City Hospital (KCH), Kyoto Katsura Hos-
pital (KKH), and Kyoto Min-iren Chuo Hospital 
(KMCH); 2 hospitals were Shiga, Japanese Red 
Cross Otsu Hospital (JRCOH) and Shiga General 
Hospital (SGH) (Figure 1). Among the hospitals, 3 
changed their methods of identifying β-hemolytic 
streptococci during the study period, from the 
biochemical and Lancefield grouping methods to 
matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry: KUHP 
changed in 2016, KCH in 2015, and KMCH in 2019. 
The other 3 hospitals used the biochemical and 
Lancefield grouping methods throughout the study 
period; therefore, we collected the combined inci-
dences of GCGS and SDSE bacteremia.

Bacterial Isolates
We conducted a microbiological and genomic study 
using the preserved isolates collected from GCGS 
and SDSE isolates from the bacteremia cases dur-
ing 2005–2021 in 3 hospitals: KUHP, KKH, and  
JRCOH. The bacterial isolates from patients’ blood 
samples were identified as GCGS when isolates 
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Incidence of Streptococcus dysgalactiae subspecies 
equisimilis (SDSE) bacteremia is increasing in the Kyo-
to-Shiga region of Japan. We retrospectively analyzed 
clinical features of SDSE bacteremia and conducted 
comparative genomic analyses of isolates collected from 
146 bacteremia episodes among 133 patients during 
2005–2021. Of those patients, 7.7% required vasopres-
sor support, and 7.0% died while in the hospital. The 
prevalence of isolates resistant to erythromycin, mino-
cycline, and clindamycin increased from 8.6% during 
2005–2017 to 21.6% during 2018–2021. Our genomic 
analysis demonstrated that sequence type 525 and 
clonal complex 25 were predominant in SDSE isolates 
collected during 2018–2021. In addition, those isolates 
had acquired 2 antimicrobial-resistance genes, ermB 
and tetM, via Tn916-like integrative and conjugative el-
ements (ICEs). Phylogenetic analysis revealed clonal 
distribution of Tn916-like ICEs in SDSE isolates. Our 
findings suggest that Tn916-like ICEs contributed to the 
emergence and recent increase of multidrug-resistant 
SDSE bacteremia in this region of Japan.
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showed large colony size (>0.5 mm), β-hemolysis on 
5% sheep blood agar plate after overnight culture, 
and Lancefield grouping C or G. In some hospitals, 
GCGS isolates were then identified as SDSE by using  
phenotypic methods such as API 20 Strep (bioMéri-
eux), BBL Crystal (Becton Dickinson Microbiology 
Systems), Microscan Walkaway System (Beckman 
Coulter, Inc.), or MALDI-TOF mass spectrometry. The 
study comprised 146 SDSE isolates collected during 
2005–2021 (Appendix 1, https://wwwnc.cdc.gov/
EID/article/29/3/22-1060-App1.xlsx). 

Lancefield grouping was performed using the 
Prolex Streptococcal Grouping Latex Kit (Pro Lab 
Diagnostics Inc.). Antimicrobial susceptibility testing 
was conducted by using the MicroScan WalkAway 
System according to the manufacturers’ instructions 
or by broth microdilution by using customized dry 
plates (Eiken Chemical Co., Ltd). Susceptibility re-
sults were interpreted following Clinical Laboratory 
Standards Institute recommendations (16). Multi-
drug-resistant (MDR) was defined as nonsusceptibil-
ity to >2 antimicrobial agents; for this study, we refer 

to MDR as nonsusceptibility to erythromycin, mino-
cycline, and clindamycin.

Clinical Data Collection
We retrospectively reviewed the charts of patients 
with preserved isolates. Using clinical records 
from each episode, we collected the age, sex, dates 
of illness onset and sample collection, underlying 
illnesses, receipt of chemotherapy or immunosup-
pressive agents, signs, symptoms, laboratory find-
ings at the first visit, clinical source of the bacte-
remia, infection type (community-acquired or 
nosocomial: nosocomial infections were defined as 
clinical signs and symptoms occurring >48 hours 
after admission), infection severity parameters, 
outcomes, and relapses.

Whole-Genome Sequencing and  
Bioinformatic Analysis
We extracted genomic DNA from isolates by us-
ing the MagNA Pure 96 DNA and Viral NA Small 
Volume Kit on a MagNA Pure 96 Instrument 
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Figure 1. Study area for 
investigation of clonal 
expansion of multidrug-resistant 
Streptococcus dysgalactiae 
subspecies equisimilis causing 
bacteremia, Japan, 2005–2021. 
Shading indicates the Kyoto-
Shiga region and hospitals 
included in the study. Inset 
shows study area in Japan. 
KCH, Kyoto City Hospital; KKH, 
Kyoto Katsura Hospital; KMCH, 
Kyoto Min-iren Chuo Hospital; 
KUHP, Kyoto University Hospital; 
JRCOH, Japanese Red Cross 
Otsu Hospital; SGH, Shiga 
General Hospital. 
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(Roche). We prepared a short-read library by us-
ing the Illumina DNA Prep Kit (Illumina Inc.) and 
used NextSeq 1000/2000 P1 Reagent Kit version 
3 on the NextSeq platform (Illumina) to generate 
paired-end reads. We used the Rapid Barcoding Kit 
(Oxford Nanopore Technologies) to prepare a long-
read library from unsheared genomic DNA, which 
we sequenced by using an R9.4.1 Flow Cell on a 
MinION device (Oxford Nanopore Technologies). 
We assembled draft genome sequences from the 
short-reads and complete genome sequences from 
the long-reads by using Unicycler pipeline version 
0.4.8 with default parameters (17). We annotated 
assembled genomes by using Prokka version 1.14.6 
(17) with default settings and used annotated ge-
nomes for downstream analysis. We confirmed iso-
lates as SDSE by comparing 16S rRNA gene similar-
ity with the subsequent contigs.

We identified multilocus sequence types 
(MLSTs) from the assembled contigs by using 
a BLASTn search (https://blast.ncbi.nlm.nih.
gov) against the S. dysgalactiae MLST database in 
pubMLST (https://pubmlst.org/organisms/strep-
tococcus-dysgalactiae) and then assigned the MLST 
to a clonal complex (CC) by using global optimal 

eBURST (goeBURST). We assigned CCs by a single-
locus variation from a founding sequence type (ST). 
We determined emm types via BLAST search against 
the emm sequence database curated by the Cen-
ters for Disease Control and Prevention (https://
www2.cdc.gov/vaccines/biotech/strepblast.asp). 
We detected AMR genes by using abricate (https://
github.com/tseemann/abricate) and the Compre-
hensive Antibiotic Resistance Database (https://
card.mcmaster.ca) (18). We predicted virulence fac-
tors of SDSE genomes by using BLASTP against the 
Virulence Factor Database (http://www.mgc.ac.cn/
VFs) (19) set A, a core dataset that covers genes as-
sociated with experimentally verified virulence fac-
tors, and a cutoff E-value of 1E−5.

We submitted the raw Illumina and MinION 
read data to the International Nucleotide Sequence 
Database Collaboration (https://www.insdc.org) 
under BioProject accession no. PRJDB12179. We sum-
marized the assembly statistics and general genomic 
information (Appendix 1).

Phylogenetic Analyses
We used Roary version 3.13.0 (20) and default param-
eters to identify the core genomes of the 146 SDSE 
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Figure 2. Incidence (cases/10,000 admissions) of multidrug-resistant Streptococcus dysgalactiae subspecies equisimilis and group C or 
G Streptococcus bacteremia, Kyoto-Shiga region, Japan, 2011–2020. A) Kyoto University Hospital; B) Kyoto City Hospital; C) Japanese 
Red Cross Otsu Hospital; D) Shiga General Hospital; E) Kyoto Min-iren Chuo Hospital; F) Kyoto Katsura Hospital; G) total for all 6 
hospitals included in the study.
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isolates. We generated a maximum-likelihood phy-
logenetic tree from the core genome alignment by 
using RAxML-NG version 1.0.3 and a general time-
reversible plus gamma distribution DNA substitu-
tion model with 100 bootstrap replicates (21). We 
used FigTree version 1.4.4 (https://github.com/
rambaut/figtree) and iTOL version 6 (22) to visual-
ize phylogenetic trees.

Tn916-Like Integrative and Conjugative  
Element Analysis
We extracted sequences of the Tn916-like integrative 
and conjugative elements (ICEs) from the assembled 
contigs by using a BLASTn search (23) against the 
Enterococcus faecalis Tn916 reference sequence (Gen-
Bank accession no. U09422.1). We manually analyzed 
the region structures by using the Artemis Compari-
son Tool (24).

Statistical Analyses
We used χ2 and Fisher exact tests to compare cat-
egorical variables, as appropriate, and used Mann-
Whitney U tests to analyze continuous, nonparamet-
ric data. To assess the time trends in GCGS/SDSE 
bacteremia incidence during 2011–2020, we cal-
culated the incidence rate ratio and significance of 
the data by comparing the later cohort (2016–2020) 
with the early cohort (2011–2015) and considered 
a 2-sided p<0.05 statistically significant. We per-
formed all statistical analyses using R version 3.6.0  
(The R Foundation for Statistical Computing, 
https://www.r-project.org).

The Ethics Committee of Kyoto University Grad-
uate School and Faculty of Medicine approved the 
study (approval no. R3240). The study was conduct-
ed in accordance with the principles expressed in the 
Declaration of Helsinki.

Results

Temporal Trends in SDSE Bacteremia
The Kyoto-Shiga Region is a metropolitan area in Ja-
pan with a population of ≈2.5 million in an area of 70 
km. We collected data on 398 episodes of bacteremia 
caused by GCGS and SDSE in 6 hospitals in Kyoto-
Shiga region during 2011–2020 (Figure 1). We inves-
tigated the temporal trend in combined incidence of 
GCGS and SDSE bacteremia per 10,000 admissions 
(Figure 2). The incidence of GCGS and SDSE bac-
teremia increased from 2.77/10,000 admissions in 
2011 to 8.77/10,000 admissions in 2020. We noted a 
statistically significant increase in GCGS and SDSE 
bacteremia incidence between the first and last 5-year 
periods (incidence rate ratio = 2.03, p = 0.03). During 
2018–2020, the average annual incidence of bactere-
mia reached 13.3 cases/10,000 admissions in KKH 
and 19.7 cases/10,000 admissions in KMCH.

Clinical Characteristics of Patients with  
SDSE Bacteremia
We investigated 146 SDSE bacteremia episodes 
by using preserved isolates from 133 patients at 
KUHP, KKH, and JRCOH. The study included 118 
isolates collected from KUHP, KKH, and JRCOH, 
representing 50.6% (118/233) of all cases from the 
3 hospitals during 2011–2020. KUHP preserved 
consecutive isolates throughout the study period 
(2005–2021), but JRCOH and KKH did not. In de-
tail, JRCOH preserved consecutive isolates dur-
ing 2015–2021 but only preserved 1 isolate during 
2013–2014. Similarly, KKH preserved 8 of 20 iso-
lates collected in 2021.
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Table 1. Characteristics of 133 patients with Streptococcus 
dysgalactiae subspecies equisimilis bacteremia, Japan, 2005–2021* 
Characteristic Value 
Median age, y (IQR) 81.0 (72.0–88.0) 
Age group, y 

 

 <30 1 (0.8) 
 30–39 4 (3.0) 
 40–49 5 (3.6) 
 50–59 6 (4.5) 
 60–69 12 (9.0) 
 70–79 29 (21.8) 
 80–89 50 (37.6) 
 >90 26 (19.5) 
Sex 

 

 M 72 (54.1) 
 F 61 (45.9) 
Medical history 

 

 No underlying conditions 15 (11.3) 
 Solid organ tumor† 36 (27.1) 
 History of surgery, n = 36 15 (41.7) 
 Active malignancy, n = 36‡  22 (61.1) 
 Metastasis, n = 36 10 (27.8) 
 Hematologic malignancy  6 (4.5) 
 Hematopoietic stem cell transplant, n = 6  
 Cardiovascular disease 21 (15.8) 
 Cerebral artery diseases 38 (28.6) 
 Chronic kidney diseases 27 (20.3) 
 Diabetes mellitus 22 (16.5) 
 Dementia 31 (23.3) 
 Collagen diseases 8 (6.0) 
 Chronic lung diseases 7 (5.3) 
 HIV 0 
 Chemotherapy 12 (9.0) 
 Immune suppressive therapy 6 (4.5) 
 Neutropenia, neutrophil count <500 cells/µL 5 (3.8) 
*Values are no. (%) except as indicated. For patients with multiple 
episodes, variables for the first episode are described. 
†Ten patients with prostate cancer; 8 with cervical cancer; 7 with colon, 
rectal, or anal cancer; 3 with lung cancer; 2 with stomach cancer; 2 with 
endometrial cancer; 2 with bladder cancer; 2 with breast cancer; and 1 
with cancer categorized as other (esophageal cancer, ovarian cancer, 
pharyngeal cancer, salivary gland cancer, vaginal cancer, and 
extramammary Paget’s disease), including duplicates. 
‡Treated within 5 years. 
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Among 133 patients with SDSE bacteremia, most 
were 80–89 years of age (Table 1). Many patients had 
underlying conditions, predominantly cerebrovas-
cular disease (28.6%), solid organ cancer (27.1%), and 
dementia (21.3%) (Table 2). We noted recurrent SDSE 

bacteremia in 9 patients who had a total of 13 episodes 
(Appendix 2 Table 1, https://wwwnc.cdc.gov/EID/
article/29/3/22-1060-App2.pdf).

Of the 146 episodes in 133 patients, the most com-
mon sources of bacteremia were cellulitis (50.7%) or 
primary bacteremia (18.5%) (Table 1). Of 142 episodes 
for which detailed data were available, 7 (4.9%) in-
volved STSS and 11 (7.7%) required vasopressor use; 
of 143 patients, 10 (7.0%) died during hospitalization.

Of 146 SDSE bacteremia episodes, most (136, 93.2%) 
were community-acquired; 10 (6.8%) were nosocomial 
(Appendix 2 Table 2). Of the 10 patients with nosoco-
mial episodes, 7 had active malignancy, 5 received che-
motherapy, and 3 had febrile neutropenia. Four patients 
had multiple pathogen infections: 2 episodes were pri-
mary bacteremia occurring in patients with neutrope-
nia, the other 2 catheter-related bloodstream infections. 
In the neutropenic patients with primary bacteremia, 
Escherichia coli or viridans streptococci were isolated 
from each patient. In the patients with catheter-related 
bloodstream infections, Staphylococcus aureus or S. epi-
dermidis was isolated from each patient. Two nosocomi-
al-onset patients died while hospitalized.

AMR and Virulence Profiles of SDSE Isolates
Of the 146 SDSE isolates identified, 138 were classi-
fied as Lancefield group G, 6 as group C, 1 as group 
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Table 2. Clinical manifestations and severity markers for 146 
episodes of multidrug-resistant Streptococcus dysgalactiae 
subspecies equisimilis bacteremia, Japan, 2005–2021* 
Characteristics No. (%) 
Type of infection 

 

 Community-acquired 136 (93.2) 
 Nosocomial 10 (6.8) 
Clinical source of bacteremia† 

 

 Cellulitis 74 (50.7) 
 Primary bacteremia without focus 27 (18.5) 
 Necrotizing fasciitis 10 (6.8) 
 Vertebral osteomyelitis and discitis 10 (6.8) 
 Psoas abscess 6 (4.1) 
 Septic arthritis 11 (7.5) 
 Infectious endocarditis 4 (2.7) 
 Urinary tract infection 7 (4.8) 
 Pneumonia 1 (0.7) 
 Others‡ 14 (9.6) 
Clinical characteristics 

 

 Body temperature >38°C, n = 143 100 (69.9) 
 Mean arterial pressure <80 mm Hg, n = 140 42 (30.0) 
 Heart rate >90 beats/min, n = 138 83 (60.1) 
 Disturbance of consciousness, n = 141 54 (38.3) 
Severe disease, n = 142 

 

 Streptococcus toxic shock syndrome 7 (4.9) 
 Vasopressor support required 11 (7.7) 
 Ventilator support required 6 (4.2) 
 Admission to intensive care unit required 9 (6.3) 
Death 

 

 In-hospital death, n = 143 10 (7.0) 
 30-d mortality, n = 138 5 (3.6) 
*Data include 13 relapse or reinfection episodes among 9 patients (details 
are available in Appendix 2 Table 1, 
(https://wwwnc.cdc.gov/EID/article/29/3/22-1060-App2.pdf). 
†Data include >1 instance per patient, including 3 case-patients with 
cellulitis and septic arthritis; 2 with vertebral osteomyelitis and psoas 
abscess; and 1 with each of the following co-infections: cellulitis and 
vertebral osteomyelitis; cellulitis and psoas abscess; cellulitis and urinary 
tract infection; necrotizing fasciitis and septic arthritis; vertebral 
osteomyelitis and septic arthritis; psoas abscess and septic arthritis; 
infective endocarditis and vertebral osteomyelitis; cellulitis and mycotic 
aneurysm; vertebral osteomyelitis, psoas abscess, and pyogenic 
lymphadenitis; vertebral osteomyelitis, psoas abscess, and urinary tract 
infection; vertebral osteomyelitis, septic arthritis, and empyema. 
‡Other infections were 3 cases of catheter-related bloodstream infection; 3 
cases of decubitus infection; 2 cases of secondary peritonitis; and 1 case 
each of empyema; surgical site infection; retroperitoneal abscess; 
pyogenic lymphadenitis; and mycotic aneurysm. 

 

 
Table 3. Temporal changes in clonal complexes and sequence 
types and antimicrobial nonsusceptibility rates of Streptococcus 
dysgalactiae subspecies equisimilis bacteremia, Japan, 2005–
2021* 

Characteristics 

No. (%) patients 

p value 
2005–2017, 

n = 58 
2018–2021, 

n = 88 
CC or ST    
 CC17 23 (39.7) 27 (30.7) 0.288 
 CC25 13 (22.4) 28 (31.8) 0.261 
 CC29 5 (8.6) 8 (9.1) 1.000 
 ST525 1 (1.7) 15 (17.1) 0.001 
 Others 16 (27.6) 10 (11.4) 0.015 
Antimicrobial nonsusceptibility   
 Erythromycin 16 (27.6) 30 (34.1) 0.469 
 Minocycline 17 (29.3) 28 (31.8) 0.855 
 Clindamycin 11 (19.0) 26 (29.5) 0.176 
 MDR†  5 (8.6) 19 (21.6) 0.042 
*CC, clonal complex; MDR, multidrug resistance; ST, sequence type. 
†Resistant to erythromycin, minocycline, and clindamycin. 

 

 
Table 4. Antimicrobial nonsusceptibility rates among Streptococcus dysgalactiae subspecies equisimilis clonal complexes and 
sequence types, Japan, 2005–2021* 
CC or ST Penicillin G Cefotaxime Meropenem Erythromycin Minocycline Clindamycin 
CC17, n = 50 0 0 0 9 (18.0) 2 (4.0) 8 (16.0) 
CC25, n = 41 0 0 0 12 (29.3) 16 (39.0) 12 (29.3) 
ST525, n = 16 0 0 0 16 (100) 16 (100) 16 (100) 
CC29, n = 13 0 0 0 1 (7.7) 1 (7.7) 1 (7.7) 
Others, n = 26 0 0 0 8 (30.8) 10 (38.5) 0 
Total, n = 146 0 0 0 46 (31.5) 45 (30.8) 37 (25.5) 
*Values are no. (%) isolates. CC, clonal complex; ST, sequence type. 
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A, and 1 as untypeable; 25 STs were represented, and 
a goeBURST analysis further classified the 25 STs into 
7 CCs and 9 singletons. CC17 (34.2%) was the most 
prevalent, followed by with CC25 (28.1%), ST525 
(11.0%), and CC29 (8.9%). Prevalence of CC17, CC25, 
and CC29 did not change substantially over time, but 
after ST525 was first isolated in 2016, its prevalence 
rate increased significantly, from 1.7% (1/58 isolates) 
during 2005–2017 to 20.0% (15/88 isolates) during 
2018–2020 (p = 0.001) (Table 3; Appendix 2 Figure). 
Conversely, the prevalence of nonmajor CC and ST 
isolates (other than CC17, CC25, CC29, and ST525) 
decreased significantly from 27.6% (16/58 isolates) 
during 2005–2017 to 11.4% (10/88 isolates) during 
2018–2020 (p = 0.015) (Appendix 2 Figure). Patients 
harboring ST525 strains were significantly older than 
were patients harboring non-ST525 strains (median 
age 87.0 years vs. 80.5 years; p = 0.007).

We classified emm-type isolates into 19 groups 
(Appendix 2 Table 3). The most prevalent emm type 
was stG6792 (28.1%), which was predominant in 
CC17, followed by stG245 (20.0%), found only in 
CC25; stG485 (9.6%), found in CC29 and CC128; and 
stG840 (11.0%) found only in ST525.

We assessed AMR rates according to CC and ST 
(Table 4). No isolates showed nonsusceptibility to 
penicillin G, ceftriaxone, or meropenem. Nonsuscep-
tibility rates were 31.5% to erythromycin, 30.8% to 
minocycline, and 25.5% to clindamycin; prevalence 
of isolates nonsusceptible to those 3 antimicrobial 
agents increased significantly, from 8.6% (5/58 iso-
lates) during 2005–2017 to 21.6% (19/88 isolates) dur-
ing 2018–2021 (p = 0.042). Of note, all 16 ST525 isolates 
were MDR and were resistant to those 3 antimicrobial 
agents. For CC25, nonsusceptibility rates were 29.3% 
for erythromycin, 29.3% for clindamycin, and 39.0% 
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Table 5. Prevalence of antimicrobial resistance determinant genes and Tn916-like integrative and conjugative elements among 
Streptococcus dysgalactiae subspecies equisimilis clonal complexes and sequence types, Japan, 2005–2021* 
CC or ST ermB ermA mef(A/E) tetM tetL Tn916-like ICE 
CC17, n = 50 2 (4.0) 7 (14.0) 0 2 (4.0) 0 2 (4.0) 
CC25, n = 41 12 (29.3) 0 0 18 (43.9) 0 17 (41.5) 
ST525, n = 16 16 (100) 0 0 16 (100) 0 16 (100) 
CC29, n = 13 0 1 (7.7) 0 0 0 0 
Others, n = 26 0 5 (19.2) 5 (19.2) 10 (38.5) 2 (7.7) 3 (11.5) 
Total, n = 146 30 (20.5) 13 (8.9) 5 (3.4) 46 (31.5) 2 (1.4) 38 (26.0) 
*Values are no. (%) isolates. CC, clonal complex; ICE, integrative and conjugative element; ST, sequence type. 

 

Figure 3. Phylogenetic tree of 
multidrug-resistant Streptococcus 
dysgalactiae subspecies equisimilis 
causing bacteremia, Japan, 
2005–2021. From the center out, 
rings indicate hospital site, year of 
isolation, antimicrobial resistance, 
genotypes, and CC for each isolate. 
Scale bar indicates nucleotide 
substitutions per site. CC, clonal 
complex; I, intermediate; R, resistant; 
S, susceptible; ST, sequence type.
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for minocycline. Nonsusceptibility rates were much 
lower for CC17 and CC29: 18.0% for CC17 and 7.7% 
for CC29 for erythromycin; 4.0% for CC17 and 7.7% 
for CC29 for minocycline; and 16.0% for CC17 and 
7.7% for CC29 for clindamycin. Further AMR gene 
analysis showed that ermB was the most prevalent 
(20.5% of all isolates) resistance gene for macrolide 
resistance and was predominantly found in CC25 and 
ST525 isolates, and ermA (8.9%) was mainly found in 
CC17 isolates (Table 5). In addition, tetM was the pre-
dominant gene for tetracycline resistance (31.5%), and 
23 of 24 MDR isolates possessed both tetM and ermB.

We assessed prevalence of the virulence factor–
associated genes according to CC (Appendix 2 Table 
4). All SDSE isolates contained virulence factor–asso-
ciated genes, including fbp54, lmb, scpA/scpB, slo, ska, 
and hasC. Prevalence of other virulence-related genes, 
such as sda, speG, and pilus island 1–associated genes, 
differed between CCs. speG was significantly associ-
ated with STSS (p = 0.026). However, other virulence 
genes did not have statistically significant correlation 
with severe disease (defined as STSS, necrotizing fas-
ciitis, or need for vasopressors) or in-hospital death 
(Appendix 2 Table 4).

Phylogenic Analysis of SDSE Isolates
We visualized a phylogenetic tree of the SDSE iso-
lates based on the 39,258 concatenated single nucleo-
tide polymorphisms of the core genome (Figure 3). 
Phylogenetic analysis of 146 SDSE strains from Japan 
revealed no geographic relationships among specif-
ic clades or relationships with the year of isolation. 
However, the CCs reflected phylogenetic relation-
ships, and the phylogenetic tree showed the clonal ac-
cumulation of clindamycin, minocycline, and eryth-
romycin resistance in the ST525 clade and a part of 
the CC25 clade. The isolates possessed both tetM and 
ermB AMR genes.

Structure and Genetic Characterization of  
Tn916-Like ICEs on SDSE Genome
To investigate the genetic elements contributing to 
the clonal accumulation of tetM and ermB, we per-
formed further sequence analysis by using the com-
plete genome sequences. The tetM and ermB genes 
were located on the Tn916-like ICEs inserted into the 
chromosomal backbone. The genomes of 35 (24.0%) 
of the 146 strains harbored Tn916-like ICEs (Table 5). 
The dendrogram based on prevalence of coding se-
quences in the elements showed that SDSE-associated 
Tn916-like ICEs were mainly divided into 2 distinct 
groups (Figure 4). Group A included all 16 ST525 iso-
lates and 1 ST17 (CC17) isolate (Figure 5); group B  

included all 17 ST127 (CC25) isolates and 1 ST17 iso-
late (Figures 5, 6). 

We conducted a further detailed structural and 
sequence comparison of the Tn916-like ICEs. In group 
B, ST17_B had an identical structure to the original 
Tn916, and a hypothetical protein was inserted on 
the intergenic region between open reading frame 
(ORF) 20 and ORF21 in all ST127 isolates (Figures 5, 
6). In group A, ST17_A had an identical structure to 
Tn3872, which carries Tn917 with ermB inserted in the 
form of a splitting ORF9 on Tn916, and all ST525 iso-
lates had an additional hypothetical protein inserted 
similar to those in the ST127 isolates (Figures 5, 6). 
In the ST127 isolates with ermB on a sequence region 
other than Tn916-like ICE, ermB was sandwiched be-
tween 2 IS1216E genes and inserted into a specific site 
(Figure 5). The Tn916-like ICEs were clonally distrib-
uted in a phylogenic tree; each type of Tn916-like ICE 
showed the distribution pattern along with phyloge-
netic relationships and specific insertion sites on the 
genome (Figure 6). To further investigate Tn3872-like 
ICE in ST525, we performed a BLASTn search against 
the National Center for Biotechnology Information 
database using parameters of >90% query coverage 
and >95% identification. We found almost identical 
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Figure 4. Phylogenetic relationship of group A and group B 
multidrug-resistant Streptococcus dysgalactiae subspecies 
equisimilis causing bacteremia, Japan, 2005–2021. Numbers 
on left of tree indicate the distance of the clusters. CC, clonal 
complex; ST, sequence type.
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genetic structure with highly conserved sequences 
in other streptococci and nonstreptococci bacteria  
(Appendix 2 Table 5).

Discussion
We investigated the genomic characteristics of the 
SDSE isolates causing increased prevalence of blood-
stream infections in the Kyoto-Shiga region of Japan. 
Our results indicate a recent replacement of the major 
SDSE CC in this region and increases in isolates that 
are nonsusceptible to erythromycin, minocycline, 
and clindamycin. The increased nonsusceptibility 
rates are mainly because of the emergence of ST525 
strains harboring Tn916-like ICEs carrying both tetM 
and ermB.

The characteristics of SDSE-derived invasive dis-
eases in this study were generally the same as those 
previously reported (2,4,6,7). SDSE predominantly 
affected elderly patients with underlying diseases, 
usually skin and soft tissue infections or primary 
bacteremia, and were sometimes associated with 
life-threatening STSS or necrotizing fasciitis. Our in-
vestigation of clinical information on patients with 
SDSE bacteremia revealed that 7.7% of patients re-
quired vasopressor support and intensive care unit 
admission, and 7.0% of patients died in the hospital. 
Those mortality rates indicate the relatively high se-
verity of invasive SDSE disease and are similar to 
those from previous reports (4,7), even considering 
the increasing incidence of SDSE bacteremia. As the 
global population ages, those findings indicate an 
increasing burden of invasive SDSE disease in clini-
cal settings. 

Invasive SDSE infections can also contribute to 
nosocomial onset (2,25), but detailed clinical features 
of nosocomial cases are unclear. Our study revealed 
that nosocomial SDSE infections mainly affected pa-
tients with malignant disease who were undergoing 
chemotherapy, as shown in the clinical data for 3 of 
10 patients with nosocomial SDSE who had febrile 
neutropenia (Appendix 2 Table 1). Compared with 
S. pyogenes and S. agalactiae, SDSE can be carried 
persistently in the throat (26). Nosocomial infections, 
including those in patients with febrile neutropenia, 
might be associated with a long duration of SDSE car-
riage on the skin and in oral mucosa, throat, and gas-
trointestinal tracts.

Multiple countries have reported increased in-
cidences of invasive SDSE disease (8,9,11,27,28). One 
reason for these increases might be the increase in ag-
ing populations, as previously reported (2,5,12,14). 
During 2011–2020, the aging population of Kyoto City 
increased; the percentage of persons >65 years of age 
increased by 21.9% and of persons >80 years of age by 
41.9% (29). Shiga Prefecture is adjacent to Kyoto Pre-
fecture and constitutes the Kyoto metropolitan area 
(Figure 1), and active commuting between the pre-
fectures could contribute to further spread of SDSE 
in the region. In this study, KKH and KMCH showed 
higher incidences of SDSE bacteremia than the other 
4 hospitals. KKH and KMCH had higher proportions 
of inpatients >70 years of age (66.1% for KKH and 
KMCH vs. 51.6% for the other 4 hospitals). This rapid 
increase in the older population might have affected 
the increasing prevalence of SDSE bacteremia. In ad-
dition, the trend in antimicrobial drug prescriptions in 
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Figure 5. Hypothetical protein 
substitutions for group A and 
group B multidrug-resistant 
Streptococcus dysgalactiae 
subspecies equisimilis causing 
bacteremia, Japan, 2005–2021. 
CC, clonal complex; ORF, open 
reading frame; ST, sequence type.
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Japan is concerning. The proportion of oral macrolide 
and third-generation cephalosporin consumption to 
total oral antimicrobial drug consumption is greater in 
Japan than in Europe or the United States (30). There-
fore, high selective pressure by macrolides might be 
contributing to the emergence of macrolide-resistant 
SDSE, which acquired the resistance gene through 
mobile genetic elements, such as Tn916-like ICEs. The 
possible long-term persistent carriage of SDSE could 
increase the antimicrobial selective pressure (26), lead-
ing to the further selection of resistant strains.

Our genomic analysis indicated that the in-
creased prevalence of MDR SDSE isolates was mainly 
because of emerging ST525 strains, which uniformly 
had Tn3872-like ICE, a Tn916-like element with the 
insertion of Tn917 (Figure 6). Increasing evidence 
suggests that mobile genetic elements, including 
Tn916-like ICEs, are involved in disseminating AMR 
genes among S. pneumoniae, S. pyogenes, and S. aga-
lactiae, either by clonal expansion or horizontal gene 
transfer (31–33). However, the genetic background of 
macrolide and lincosamide resistance dissemination 
in SDSE is unclear. A recent whole-genome sequenc-
ing study revealed that ICEs carried resistance genes 
such as ermA and ermB (13). The authors reported 
that those ICEs exhibited remarkable intraspecies and  

interspecies similarities, suggesting possible dissemi-
nation of resistance genes via conjugative transfer of 
the ICEs. Phylogenetic analysis showed shorter ge-
netic distances of isolates with Tn916-like ICEs in the 
ST525 and CC25 clades, implying clonal expansion 
of those isolates. Although we found no evidence 
of intraspecies or interspecies transfer of Tn916-like 
ICEs among SDSE, macrolide-resistant SDSE could 
become widespread, as seen with other streptococci 
(31–33). Also, the Tn3872-like ICEs found in the ST525 
were widely distributed in other bacteria, including 
other streptococci and enterococci (Appendix 2 Table 
5), but not in any S. dysgalactiae genomes available in 
public databases. Although another study reported 
1 SDSE isolate with Tn3872-like ICE, those elements 
lacked a transposase Tn4430 in Tn917 (13).

The first limitation of our study is the retrospective 
design, which only enabled us to use preserved isolates. 
Although selection bias among the preserved isolates 
might have affected the incidence of AMR isolates and 
the epidemiology of AMR genes, the multicenter study 
and detailed genomic investigation enabled us to assess 
regional clonal dynamics, especially the dynamics of 
ICEs carrying AMR genes. The second limitation was 
that the strain identification methods, such as MALDI-
TOF mass spectrometry and Lancefield group typing, 
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Figure 6. Phylogenetic relationships between clonal complexes of multidrug-resistant Streptococcus dysgalactiae subspecies 
equisimilis causing bacteremia, Japan, 2005–2021. Phylogenetic tree is shown in the lower left corner. Scale bar indicates nucleotide 
substitutions per site. CC, clonal complex; Mb, megabase; ST, sequence type. 
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varied depending on the facility or year in which the 
strain was isolated. The strain identification methods 
might have influenced estimation of SDSE bacteremia 
incidence because other Streptococcus species belong-
ing to Lancefield group C or G and non-GCGS SDSE 
have been reported (1,34,35). However, previous stud-
ies revealed that SDSE causes most GCGS infections in 
humans (2,4), and few SDSE isolates represented groups 
other than C or G in our study. Considering those find-
ings, we believe that estimation of the temporal trend in 
our study is generally reliable.

In conclusion, our study showed an increasing 
incidence of SDSE bacteremia in the Kyoto-Shiga re-
gion of Japan over the past decade. In addition, clonal 
expansion of ST525 strains carrying ermB and tetM 
on Tn916-like ICEs contributed to the emergence of 
MDR SDSE strains. Continuous surveillance, includ-
ing whole-genome sequencing, is needed to clarify 
and predict trends in MDR SDSE strains associated 
with Tn916-like ICEs.
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Anaplasma phagocytophilum is the bacterium ca-
pable of causing anaplasmosis (1,2). Anaplasmo-

sis symptoms include fever, headache, myalgia, and 
malaise (3). Severe illness is reported more common-
ly in older and immunocompromised patients but is 

also documented in immunocompetent persons and 
may result in hospitalization or death if appropriate 
treatment is not promptly administered (3). Patient 
condition generally improves markedly in the 24–48 
hours after initiation of treatment with the antimicro-
bial drug doxycycline (3).

In eastern North America, A. phagocytophilum is 
transmitted to humans through the bite of an infected 
blacklegged tick (Ixodes scapularis) (2). I. scapularis ticks 
have 3 active life stages (larva, nymph, and adult); 
nymphs and adults can carry multiple genetic variants 
of A. phagocytophilum, including the pathogenic human-
active variant (Ap-ha) and the nonpathogenic Variant 1 
(Ap-V1) (4–6). Other genetic variants of A. phagocytoph-
ilum have been documented in the northeastern United 
States; their prevalence in nature and pathogenicity 
remains understudied (7,8). A. phagocytophilum is not 
transmitted transovarially from infected adult female 
I. scapularis ticks to larvae and is maintained in the en-
vironment within various host species (9,10). The most 
common host reservoir of Ap-ha is the white-footed 
mouse (Peromyscus leucopus) and of Ap-V1 is the white-
tailed deer (Odocoileus virginianus) (5,8,11).

In New York state, excluding the city of New 
York, 5,146 anaplasmosis cases were reported dur-
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Anaplasmosis, caused by the tickborne bacterium Ana-
plasma phagocytophilum, is an emerging public health 
threat in the United States. In the northeastern United 
States, the blacklegged tick (Ixodes scapularis) transmits 
the human pathogenic genetic variant of A. phagocyto-
philum (Ap-ha) and a nonpathogenic variant (Ap-V1). 
New York has recently experienced a rapid and geo-
graphically focused increase in cases of anaplasmosis. 
We analyzed A. phagocytophilum–infected I. scapularis 
ticks collected across New York during 2008–2020 to dif-
ferentiate between variants and calculate an entomologi-
cal risk index (ERI) for each. Ap-ha ERI varied between 
regions and increased in all regions during the final 
years of the study. Space-time scan analyses detected 
expanding clusters of Ap-ha located within documented 
anaplasmosis hotspots. Ap-ha ERI was more positively 
correlated with anaplasmosis incidence than non-geno-
typed A. phagocytophilum ERI. Our findings help eluci-
date the relationship between the spatial ecology of A. 
phagocytophilum variants and anaplasmosis.



Anaplasma phagocytophilum Variants, New York, USA

ing 2010–2018; the median was 454 (range 220–1,112) 
cases/year. Anaplasmosis incidence increased 
statewide nearly 4-fold over a period of a decade, 
from 2.0 cases/100,000 persons in 2010 to 7.6 cas-
es/100,000 persons during 2018; that increase was 
not spatially homogenous (12,13). Specifically, the 
largest increase in anaplasmosis incidence occurred 
in the Capital District region of New York, where 
incidence increased from 3.0/100,000 persons in 
2008 to 5.3/100,000 persons in 2018 (13). Focal in-
creases in incidence of anaplasmosis may result 
from a change in the abundance and spatial extent 
of Ap-ha–infected I. scapularis ticks, potentially re-
lated to changes in the deer–tick–rodent cycle (10); 
those changes may reflect the relative abundance of 
Ap-ha competent reservoir hosts, increased contact 
between host-seeking ticks (unfed ticks of any life-
stage actively seeking a host bloodmeal) and small 
mammal reservoirs of Ap-ha, or a greater overlap 
between human residential or recreational areas and 
habitats conducive for the enzootic amplification of 
Ap-ha. Thus, further examination of the relationship 
between Ap-ha and Ap-V1 may broaden the under-
standing of anaplasmosis etiology and A. phagocy-
tophilum ecology, refining risk assessment for this 
emerging disease and enabling targeted prevention 
efforts to reduce anaplasmosis incidence.

We analyzed A. phagocytophilum–infected host-
seeking I. scapularis tick specimens to elucidate 
the spatial differences in entomological risk for 
anaplasmosis in New York. We used a TaqMan 
single-nucleotide polymorphism (SNP) genotyping 
assay (ThermoFisher Scientific, https://www.ther-
mofisher.com) to differentiate between the Ap-ha 
and Ap-V1 variants as previously described (14). 
Next, we calculated a measure of human-infection 
risk as a function of I. scapularis tick density and 
A. phagotycophilum genotype prevalence, known as 
the entomological risk index (ERI) for both Ap-ha 
and Ap-V1.We then tested for spatiotemporal dif-
ferences in counts of Ap-ha– and Ap-V1–infected 
I. scapularis ticks by using statistical modeling and 
tested for correlations between Ap-ha ERI and ana-
plasmosis incidence. We also used a scan statistic 
to search for spatiotemporal clusters of Ap-ha and 
Ap-V1 in New York tick populations for 2008–2020. 
We then compared spatiotemporal clusters of Ap-
ha and Ap-V1 in I. scapularis ticks to documented 
regions of increased anaplasmosis incidence in 
New York over the same timeframe (13,15). The 
results help to illuminate the relationship between 
the spatial ecology of each variant and the outcome 
of human disease.

Methods

Active Tick Sampling
We collected host-seeking ticks primarily from public-
ly accessible lands across New York during 2008–2020 
using standardized drag-cloth or flag surveys of veg-
etation and forest leaf litter, as previously described 
(16). Generally, we visited 1 site within each county 
twice annually; we visited additional sites as weather 
and resources permitted. Collection sites had suitable 
tick habitat and potential risk for human exposure to 
ticks. We typically sampled >1,000 m2 of suitable habi-
tat per site during each collection event. In some in-
stances, we did not find suitable habitat for nymphal 
and adult I. scapularis tick sampling at the same col-
lection site; as a result, we sampled some sites for 1 
I. scapularis lifestage, resulting in separate nymphal 
and adult I. scapularis tick sampling sites (Figure 1). 
We stored ticks in 70%–100% ethanol at 4°C until they 
were sorted by developmental stage and identified to 
species using dichotomous keys (17,18), placed into 
sterile microcentrifuge tubes containing 100% ethanol, 
and stored at −20°C until DNA extraction (16,19).

Pathogen Detection and Ap-ha/Ap-V1 Differentiation
Individual I. scapularis nymphs and adults underwent 
total genomic DNA extraction as previously described 
(16,19). Using a quadplex real-time PCR (20), we test-
ed for the following pathogens and target genes: A. 
phagocytophilum (msp 2), Babesia microti (18S rDNA), 
Borrelia burgdorferi (16S rDNA), and Borrelia miyamotoi 
(16S rDNA). Samples testing positive for A. phagocy-
tophilum by quadplex PCR were further tested using a 
custom TaqMan SNP genotyping PCR to differentiate 
between the Ap-ha and Ap-V1 variants of A. phagocyto-
philum as described previously (14), with the following 
modifications: each 25 uL reaction contained 0.625 uL 
of 80× Custom TaqMan SNP Genotyping Assay prim-
er/probe mix, 12.5 uL TaqMan Universal Master Mix 
(ThermoFisher), 1.875 uL nuclease-free water, and 10 
uL of gDNA template (or nuclease-free water for nega-
tive controls). We performed SNP assays and variant 
assignment and generated allelic discrimination plots 
using Applied Biosystems 7500 Real-time PCR System 
version 2.0.5  (ThermoFisher). 

ERI Calculation
To estimate risk for human exposure to Ap-ha and Ap-
V1 variants of A. phagocytophilum, we calculated ERI 
(20) using the equation 
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for I. scapularis nymphs and adults. A high ERI 
value denotes an increased risk for human ex-
posure to a particular pathogen. Of note, Ap-V1 
does not cause disease in humans, so the term  
entomologic risk index is used only to provide a metric 
for comparison between Ap-ha and Ap-V1 variants. 
For sites with multiple sampling events within the 
same season, we averaged ERIs for all events.

Bernoulli Space-Time Scan Statistic
We compared the spatiotemporal distribution of Ap-
ha–infected and Ap-V1–infected I. scapularis adults and 
nymphs by using the Bernoulli space-time scan statis-
tic (21), implemented in SaTScan version 9.6 (https://
www.satscan.org) (22,23). SaTScan searched for statisti-
cally significant clusters of Ap-ha or Ap-V1; we consid-
ered a cluster to be a location at which the relative risk 

(RR) of the presence of a variant is >1.0 inside a given 
cluster compared to outside. We selected maximum 
spatial and temporal cluster sizes a priori for our analy-
sis. We set maximum spatial cluster size as 10% of the 
collected ticks to allow for new clusters to form as time 
progressed and to show the movement of each variant. 
We selected maximum temporal cluster size as 90% of 
the study period to allow for the identification of estab-
lished populations of either A. phagocytophilum variant.

Statistical Analysis
We tested the Spearman rank correlation between 
mean Ap-ha ERI in I. scapularis nymphs and adults 
and anaplasmosis incidence at the postal (ZIP) code 
tabulation area level gathered from the New York 
State Department of Health (NYSDOH) Commu-
nicable Disease Electronic Surveillance system as  
previously described (13). We assessed the correla-
tion for each year, 2010–2018. We selected the Spear-
man rank test because of the underlying count data 
used to generate anaplasmosis incidence and Ap-ha 
ERI. We corrected the 18 correlation tests for multiple 
testing using the Bonferroni-Holm adjustment (24). 
We compared results of the Spearman rank tests with 
the results from a previous analysis using non–geno-
type-specific A. phagocytophilum ERI (13).

We tested for spatiotemporal interaction in the 
number of Ap-ha– and Ap-V1–infected I. scapularis 
nymphs and adults by year and across latitude and 
longitude categories using a generalized linear mixed 
model (GLMM) extension of zero-inflated negative  
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Figure 1. New York State Department of Health (NYSDOH) Ixodes scapularis tick sampling sites categorized by the Anaplasma 
phagocytophilum genetic variants found at each site, New York, USA. Thick black outlines indicate NYSDOH regions (labeled). A) Adult 
sampling sites; B) nymph sampling sites.

 
Table 1. Sampling and genotyping analysis results of adult and 
nymphal Ixodes scapularis ticks collected in New York, USA, 
2008–2020* 
Characteristic Adults Nymphs 
No. site visits 2,496 1,595 
No. specimens collected 91,163 38,782 
Specimens tested, no. (%) 43,520 (47.74) 25,748 (66.39) 
  A. phagocytophilum positive 3,207 (7.37) 1,183 (4.59) 
Specimens genotyped, no. (%) 

  

   Ap-ha positive 2,327 (5.35) 425 (1.65) 
  Ap-V1 positive 728 (1.67) 669 (2.60) 
  Ap-ha/Ap-V1 co-infected 18 (0.04) 0 (0.00) 
  Undetermined 124 (0.28) 87 (0.34) 
  Missing† 10 (0.02) 2 (0.01) 
*Ap-ha, human pathogenic variant of A. phagocytophilum bacteria; Ap-V1, 
nonpathogenic variant of A. phagocytophilum bacteria. 
†Refers to samples that were unable to be located in storage for 
genotyping. 
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binomial (ZINB) regression (25,26). ZINB regression 
accounted for overdispersion and excess zero-counts 
of Ap-ha–and Ap-V1–infected I. scapularis ticks, 
whereas the GLMM extension handled the repeated 
nature of our sampling scheme by allowing sampling 
sites to have varying intercepts. We binned tick collec-
tion data and corresponding PCR results by year, lati-
tude, and longitude to increase the number of observa-
tions within each combination of covariates to fit the 

model. We binned tick data by year into 4 categories: 
2008–2011, 2012–2014, 2015–2017, and 2018–2020. We 
binned tick collection sites by latitude into 3 catego-
ries: sites south of 42°N, at 42°N to 43°N, and north of 
43°N. We binned collection sites by longitude into 3 
categories: sites east of 74°W, from 74°W to 76°W, and 
west of 78°W. We built 4 models to analyze Ap-ha and 
Ap-V1 in I. scapularis nymphs and adults separately.  
We assessed interaction between year and latitude/
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Figure 2. Mean ERI of pathogenic and nonpathogenic genetic variants of Anaplasma phagocytophilum bacteria in adult blacklegged 
ticks aggregated to regions of New York, 2008–2020. A) Hudson Valley region; B) Capital region; C) Central region; D) Western 
region. Ap-ha, human pathogenic variant of A. phagocytophilum bacteria; Ap-V1, nonpathogenic variant of A. phagocytophilum; ERI, 
entomological risk index. 
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longitude categories using the likelihood ratio test 
(LRT). We used the natural log of the total number 
of I. scapularis ticks of the target developmental stage 
(nymphs during sampling events in late May, June, 
July, and August; adult ticks during April, early May, 
October, November, and December) as an offset. We 
conducted data cleaning, generation of summary sta-
tistics, and data visualization using R version 4.0.3 
(http://www.rstudio.com) and the dplyr (https://
CRAN.R-project.org/package=dplyr), sf, ggplot2, 
and tmap R packages (27–29). We used the glmmTMB 
package in R (30) for modeling.

Results

Active Tick Sampling and Pathogen Detection
We recorded active tick sampling and A. phago-
cytophilum genotyping results for I. scapularis tick 
specimens (Table 1). We categorized sampling sites 
according to the presence of A. phagocytophilum ge-
netic variants (Figure 1). Of 91,163 adult I. scapularis 
ticks collected during 2008–2020, we tested 43,520 
for A. phagocytophilum; of 38,782 nymphal ticks, we 
tested 25,748 (Table 1). Among those tested for A. 
phagocytophilum, 3,207 (7.4%) adults and 1,183 (4.6%) 

544 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023

Figure 3. Mean ERI of pathogenic and nonpathogenic genetic variants of Anaplasma phagocytophilum bacteria in nymphal blacklegged 
ticks aggregated to regions of New York, 2008–2020. A) Hudson Valley region; B) Capital region; C) Central region; D) Western 
region. Ap-ha, human pathogenic variant of A. phagocytophilum bacteria; Ap-V1, nonpathogenic variant of A. phagocytophilum; ERI, 
entomological risk index. 
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nymphs were determined to be positive. A. phago-
cytophilum genotyping deterimined that I. scapularis 
adults had a higher prevalence of Ap-ha (5.4%) than 
Ap-V1 (1.7%), whereas I. scapularis nymphs had 
a higher prevalence of Ap-V1 (2.6%) than Ap-ha 
(1.7%).  We observed co-infection of Ap-ha and Ap-
V1 in I. scapularis adults (0.04%).

ERI
The Hudson Valley and Capital District regions in the 
eastern portion of the state generally exhibited higher 
Ap-ha ERI than the Central and Western regions of 
New York (Figures 2, 3). Ap-V1 ERI of I. scapularis 
nymphs was generally higher in the Western and 
Hudson Valley regions than in the Capital District 
and Central NY regions, but the levels were highly 
variable and exhibited no obvious temporal trend. 
Overall, ERI for Ap-ha increased in the later years of 
the study period for all 4 regions.

Retrospective Bernoulli Space-Time  
Cluster Analysis
We detected increased RR of Ap-ha or Ap-V1 in 9 
clusters of adult (Table 2; Figure 4, panel A) and 
6 clusters of nymphal I. scapularis (Figure 5, pan-
el A) ticks in the period 2008–2020. Among the 9 
clusters of I. scapularis adults, 7 exhibited increased 
RR of Ap-ha and 2 exhibited increased RR of Ap-
V1. Among the 6 clusters of I. scapularis nymphs, 
4 exhibited increased RR of Ap-ha and 2 exhibit-
ed increased RR Ap-V1. Clusters of Ap-ha tended 
to be located in the Hudson Valley and eastern  
Capital District regions of New York, whereas clus-
ters of Ap-V1 tended to be located in the Western 
and northern Capital District regions of New York, 

near the border with Canada. Analysis of I. scapu-
laris adults revealed 3 of 13 years in our study pe-
riod with no clusters of Ap-ha (2008–2010), where-
as clusters of Ap-V1 were present in all years but 
2019 and 2020 (Figure 4). Analysis of I. scapularis 
nymphs exhibited similar results; clusters of Ap-ha 
were present in all but 2 years of the study period 
(2009 and 2010), and 1 year, 2020, was without a 
cluster of Ap-V1 (Figure 5).

Spearman Rank Correlations and Zero-Inflated  
Regression Models
Anaplasmosis incidence was significantly correlated 
with Ap-ha ERI in I. scapularis adults for all 9 years 
analyzed, whereas 6 of the 9 years analyzed were 
correlated for I. scapularis nymphs (Table 3). Statisti-
cally significant correlation coefficients in I. scapularis 
adults were 0.36–0.75, an increase in the minimum 
and maximum correlation coefficients compared 
with non–variant-specific PCR results (13). Statisti-
cally significant correlation coefficients in I. scapularis 
nymphs were 0.19–0.68, a decrease in the minimum 
coefficient and an increase in the maximum coeffi-
cient compared with correlations calculated using the 
non–variant-specific PCR results (13).

ZINB regression models of Ap-ha and Ap-V1 in 
I. scapularis nymphs failed to converge, likely because 
of an insufficient number of observations within the 
year, latitude, and longitude covariate combinations. 
We detected notable spatiotemporal interaction only in 
Ap-ha in I. scapularis adults (Table 4). The final model 
for Ap-ha–infected I. scapularis adults indicated high  
interaction between both year and latitude and year 
and longitude in the negative binomial portion of the 
model; however, the LRT indicated the model with year 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023 545

 
Table 2. Distance and relative risks of space-time Bernoulli clusters of pathogenic and nonpathogenic variants of A. phagocytophilum 
bacteria in adult and nymphal Ixodes scapularis ticks, New York, USA, 2008–2020* 
Cluster no. Cluster type Years Radius, km RR 
Adults     
 1 Ap-V1 2008–2018 192.47 4.74† 
 2 Ap-V1 2008–2015 139.14 4.23† 
 3 Ap-ha 2011–2016 25.62 1.29 
 4 Ap-ha 2012–2020 20.64 1.22 
 5 Ap-ha 2014–2020 31.76 1.26 
 6 Ap-ha 2014–2017 58.66 1.24 
 7 Ap-ha 2015–2016 42.41 1.30 
 8 Ap-ha 2016–2020 36.91 1.28 
 9 Ap-ha 2016–2020 24.01 1.24 
Nymphs 

    

 1 Ap-V1 2009–2019 113.01 1.80† 
 2 Ap-V1 2016–2019 52.94 1.60† 
 3 Ap-ha 2011–2020 27.10 1.66 
 4 Ap-ha 2013–2017 44.28 2.12 
 5 Ap-ha 2015–2020 39.95 2.02 
 6 Ap-ha 2017–2020 42.53 2.19 
*Ap-ha, human pathogenic variant of A. phagocytophilum bacteria; Ap-V1, nonpathogenic variant of A. phagocytophilum bacteria; RR, relative risk.   
†Case and control groups were reversed to indicate an increased risk of one variant to another. 
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and longitude interaction was not better fit than the 
model without the year and longitude interaction (p = 
0.0976). (Table 4). Model coefficients indicate increasing 
log counts of Ap-ha–infected I. scapularis adults north 
of 43°N as year categories increased: for 2012–2014, 
β = 2.36 (95% CI 0.32–4.40); 2015–2017, β = 2.76 (95% 
CI 0.76–4.47); and 2018–2020, β = 3.79 (95% CI 1.77–5.80). 
log counts of Ap-ha–infected I. scapularis adult at lati-
tudes from 42°N to 43°N only increased in the final year 
category: for 2012–2014, β = 0.27 (95% CI −0.60 to 1.14); 
2015–2017, β = 0.50 (95% CI −0.34 to 1.33); and 2018–2020, 
β = 1.39 (95% CI 0.56– 2.21). In addition, the log counts 
increased in year category 2018–2020 between 74°W 
and 76°W (β = 0.78 [95% CI 0.02–1.53]), although the 
LRT indicated that using the year and longitude interac-
tion did not improve model fit. Of note, the interaction 
between the 2012–2014 year category and west of 76°W 
longitude category exhibited a wide 95% CI (−6,096.27 
to 6,062.91) because no positive Ap-ha I. scapularis ticks 
were found in all 68 site visits at those latitudes over that 
period. The zero-inflated portion of the model indicated 

a significant difference in the log odds of being an ex-
cessive zero between all latitude categories and longi-
tude categories. For latitudes between 42°N and 43°N, 
β = 2.15 (95% CI 0.31–3.99); north of 43°N, β = 3.82 (95% 
CI 1.92–5.72). For longitudes between 74°W and 76°W, 
β = 1.30 (95% CI 0.53– 2.08); west of 76°W, β = 3.95 (95% 
CI 2.96–4.94). Only the 2018–2020 year category signifi-
cantly differed from the reference group: for that catego-
ry, β = −1.68 (95% CI −3.31 to −0.06).

Discussion
Our study describes the landscape of Ap-ha and 
Ap-V1 genetic variants in New York, which has di-
rect public health implications on the incidence of 
anaplasmosis. Continued geographic expansion of 
the Ap-ha variant in New York, as shown in this 
study, will result in a growing area of increased 
anaplasmosis risk for residents of the impacted 
regions. The current distribution of A. phagocyto-
philum variants and associated anaplasmosis risk in 
New York is characterized by elevated risk in the 
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Figure 4. Bernoulli clusters of 
pathogenic and nonpathogenic 
genetic variants of Anaplasma 
phagocytophilum bacteria in 
adult Ixodes scapularis ticks in 
New York, 2008–2020. A) Spatial 
clusters; B) temporal clusters. 
Ap-ha, pathogenic variant; Ap-V1, 
nonpathogenic variant.
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Hudson Valley and Capital District region predom-
inated by Ap-ha, compared with other geographic 
regions with low or variable Ap-V1 prevalence 
(Figure 2). During our study, the range of Ap-ha 
expanded relative to Ap-V1 over time, whereas Ap-
V1 was largely unchanged and remained the domi-
nant variant in the Western and northern Capital 
District regions. Those regions border the Canada 

provinces Ontario and Quebec, where Krakowetz 
et al. (14) also found Ap-V1 to be the predominant 
variant, indicating the range of Ap-V1 may extend 
from the spatial clusters detected in our analysis 
northward into both provinces.

The results from the ZINB regression model sup-
port our variant cluster detection; Ap-ha expanded 
northward at an increasing rate over time, and some 
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Table 3. Spearman correlation results between Ap-ha ERI and anaplasmosis incidence at postal code tabulation area level, New York, 
USA, 2010–2018* 

Year 
Adults 

 
Nymphs 

ρ p value ρ p value 
2010 0.75 0.0011†  0.24 0.3591 
2011 0.75 0.0185†  −0.21 0.5524 
2012 0.62 0.0001†  0.57 0.0233† 
2013 0.52 <0.0001†  0.68 0.0001† 
2014 0.57 <0.0001†  0.20 0.1225 
2015 0.73 <0.0001†  0.56 <0.0001† 
2016 0.71 <0.0001†  0.43 0.0001† 
2017 0.57 <0.0001†  0.47 0.0001† 
2018 0.36 <0.0001†  0.19 0.0407† 
*Ap-ha, human pathogenic variant of A. phagocytophilum bacteria; ERI, entomological risk index; ρ, Spearman rank correlation coefficient;.  
†p<0.05, indicating statistical significance.  

 

Figure 5. Bernoulli clusters of 
pathogenic and nonpathogenic 
genetic variants of Anaplasma 
phagocytophilum bacteria in 
nymphal Ixodes scapularis ticks in 
New York, 2008–2020. A) Spatial 
clusters; B) temporal clusters. 
Ap-ha, pathogenic variant; Ap-V1, 
nonpathogenic variant.
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westward expansion is evident. Of note, these direc-
tions are relative only to the spatial extent of New 
York; our analyses only examined New York data. 
Including data from Massachusetts, Connecticut, 
and Vermont could indicate a westward expansion 
of entomological risk from Ap-ha. If the true spread 
of Ap-ha is occurring radially from neighboring 
states east of New York, the phenomenon would ap-
pear as the northward and westward increase rela-
tive to the borders of New York, as we observed in 
our results.

The geographic dynamics of Ap-ha and Ap-V1 
are also likely linked to the deer–tick–rodent cycle 
and the varied reservoir competency of key vertebrate 
hosts. The observed geographic range expansion of 
Ap-ha, whereas that of Ap-V1 remained stable, indi-
cates that the variants may not have a directly inverse 
relationship. Furthermore, co-infection of Ap-ha and 
Ap-V1 within individual ticks was rarely observed in 
our study and others (14), suggesting some competi-
tive interaction between pathogen variants within the 
vector. The varied A. phagocytophilum genotype prev-
alence across I. scapularis tick life stages points to a 
developmental stage-specific association; the exact 
ecologic mechanism is unknown. One possibility is 
that Ap-V1 acquired during a larval tick bloodmeal 

may be later outcompeted by a subsequent infection 
of Ap-ha acquired during a nymphal bloodmeal. 
This phenomenon may be plausible because infection 
with either variant is maintained within the tick vec-
tor from one developmental stage to the next; higher 
prevalence of Ap-V1 in the nymphal stage did not 
yield a higher rate of Ap-V1 infection in adult ticks of 
the same cohort (31). Other possibilities include that 
I. scapularis larvae may be more likely to feed on deer 
than mice in certain geographic regions, that small-
mammal populations in certain regions may not 
harbor Ap-ha, or that another small mammal may 
serve as an alternate reservoir for Ap-V1 in nature. 
The difference in Ap-ha prevalence between I. scapu-
laris adults and nymphs could cause higher anaplas-
mosis incidence during the early spring and autumn 
months, when I. scapularis adults are most active, but 
investigating this possibility was beyond the scope of 
this study.

It is likely that competition between Ap-V1 and 
Ap-ha occurs primarily between particular Ap-V1 
and Ap-ha clusters (Figures 4, 5). The region be-
tween these clusters should be a continued area of 
focus for epidemiologic research. Competition of 
variants at the local scale will likely result in spa-
tial changes in the incidence of anaplasmosis; the  

548 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023

 
Table 4. Final zero-inflated negative binomial regression model for Ap-ha in adult I. scapularis in New York, USA, 2010–2018 

 
Category 

Negative binomial model   
  

Zero-inflated model 
β 95% CI SE p value β 95% CI SE p value 

Intercept –3.19 –3.69 to –2.69 0.25 <0.0001 
 

–3.67 –6.14 to –1.20 1.26 0.0036 
Year categories 

         

 2008–2011 Referent    
 

Referent    
 2012–2014 –0.09 –0.65 to 0.46 0.29 0.7431 

 
–0.18 –1.83 to 1.47 0.84 0.8282 

 2015–2017 0.33 –0.18 to 0.83 0.26 0.2023 
 

–0.23 –1.80 to 1.35 0.80 0.7783 
 2018–2020 –0.40 –0.90 to 0.10 0.26 0.1149 

 
–1.68 –3.31 to –0.06 0.83 0.0421 

Latitude categories 
         

 South of 42°N Referent    
 

Referent    
 42°N–43°N –0.50 –1.31 to 0.32 0.42 0.2304 

 
2.15 0.31–3.99 0.94 0.0223 

 North of 43°N –2.91 –4.93 to –0.89 1.03 0.0048 
 

3.82 1.92–5.72 0.97 <0.0001 
Longitude categories          
 East of 74°W Referent         
 74°W–76°W –0.63 –1.39 to 0.14 0.39 0.1071 

 
1.30 0.53–2.08 0.40 0.0001 

 West of 76°W –1.67 –4.44 to 1.09 1.41 0.2351 
 

3.95 2.96–4.94 0.50 <0.0001 
Interaction categories 

         

 2012–2014: 42°N–43°N 0.27 –0.60 to 1.14 0.44 0.5456 
     

 2015–2017: 42°N–43°N 0.50 –0.34 to 1.33 0.43 0.2435 
     

 2018–2020: 42°N–43°N 1.39 0.56–2.21 0.42 0.0010 
     

 2008–2011: North of 43°N) Referent    
     

 2012–2014: North of 43°N 2.36 0.32–4.40 1.04 0.0237 
     

 2015–2017: North of 43°N 2.76 0.76–4.47 1.02 0.0069 
     

 2018–2020: North of 43°N 3.79 1.77–5.80 1.03 0.0002 
     

 2012–2014: 74°W–76°W 0.45 –0.38 to 1.27 0.42 0.2915 
     

 2015–2017: 74°W–76°W 0.33 –0.43 to 1.09 0.39 0.3948 
     

 2018–2020: 74°W–76°W 0.78 0.02–1.53 0.38 0.0437 
     

 2012–2014: West of 76°W –16.73 –6,096.37 to 
6,062.91 

3,101.91 0.9957 
     

 2015–2017: West of 76°W 0.77 –2.06 to 3.60 1.44 0.5917 
     

 2018–2020: West of 76°W 1.25 –1.54 to 4.04 1.42 0.3799 
     

*Bold indicates statistical significance. Ap-ha, human pathogenic variant of A. phagocytophilum bacteria; ERI, entomological risk index. 
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expansion of Ap-ha clusters and large but unchang-
ing clusters of Ap-V1 observed in our study match 
the dynamics of human anaplasmosis incidence 
depicted in Russell et al. (13) (Appendix Figure, 
https://wwwnc.cdc.gov/EID/article/29/3/22-
0320-App1.pdf; Video, https://wwwnc.cdc.gov/
EID/article/29/3/22-0320-V1.htm). Our study 
showed tests for correlation using only Ap-ha in 
ERI calculations moderately increased the cor-
relation between ERI and reported anaplasmosis 
incidence; this finding suggests that surveillance 
testing to detect A. phagocytophilum in host-seeking 
ticks must be variant-specific to yield the most ac-
curate assessment of anaplasmosis risk.

Our study had several limitations, including 
spatiotemporal variability in tick sampling and the 
limited spatial extent of our data. Collection sites 
are more numerous and in closer proximity to one 
another in the Capital District region than other re-
gions (Figure 1). Heterogenous sampling effort like-
ly resulted in larger clusters of Ap-V1 than Ap-ha 
(Table 2; Figures 4, 5), because the a priori param-
eters of the cluster analysis forced clusters to include 
the same maximum number of ticks, regardless of 
the distance between sites. Therefore, Ap-V1 clus-
ters in the Western region required a larger radius to 
include the same number of ticks than Ap-ha clus-
ters in the Capital District region, potentially limit-
ing spatial resolution in western New York. Lower 
sample sizes at varying latitudes and longitudes also 
likely reduced statistical power of the ZINB models. 
In addition, the directionality of the emergence of 
new clusters and spatiotemporal interaction in the 
ZINB models are limited by the lack of data outside 
of New York, possibly biasing results.

Given the changes in spatial distribution of the 
Ap-ha variant of A. phagocytophilum, we suggest med-
ical providers in newly emergent areas familiarize 
themselves with the signs and symptoms of anaplas-
mosis to streamline prompt and accurate diagnosis 
and treatment to ensure the best patient outcomes. 
Tickborne disease prevention education campaigns 
should target populations along the leading edge of 
Ap-ha advancement in New York and elsewhere. 
Continued differentiation and monitoring of the 
Ap-ha and Ap-V1 variants of A. phagocytophilum to 
document rate and directionality of spread is critical;  
further studies will elucidate the ecologic factors driv-
ing the expansion of Ap-ha and the resulting increase 
in anaplasmosis. The results of our study and others 
can be used to educate medical practitioners and to 
guide public health policy and disease prevention ef-
forts in New York. 
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Climate change and habitat encroachment by hu-
mans have led to overlapping of home ranges of 

wildlife with human settlements. Subsequently, a vast 
variety of infectious zoonotic diseases have recently 
emerged or reemerged, transmitted to humans directly 
from wildlife or indirectly through domestic animals 
(1). Tuberculosis (TB), caused by Mycobacterium tuber-

culosis bacteria, is an airborne chronic infectious disease 
with zoonotic potential found among both humans and 
wildlife (2). TB has been with humanity for thousands 
of years and has not been eliminated by modern medi-
cal efforts, despite identification of the causative agent 
140 years ago by Dr. Robert Koch. A 2021 World Health 
Organization report ranked Thailand as a country with 
one of the highest burdens of human TB (3). 

TB has previously been reported among both wild 
and captive nonhuman primates. Approximately 75% 
of TB cases in monkeys are caused by M. tuberculosis. 
Among 500 species of nonhuman primates existing 
throughout the world, rhesus (Macaca mulatta) and 
long-tailed (M. fascicularis) macaques have commonly 
been used as animal models for TB drug and vaccine 
research because clinical signs and immune responses 
after MTB infection are similar to those in humans (4–7). 

Thailand is located at the center of the rhesus and 
long-tailed macaque distribution ranges, where the 
2 species live close together, and comprises part of 
their interspecific hybridization zone (8–10). Rhesus 
macaques are distributed in the north and northeast 
of Thailand and long-tailed macaques live in central 
to southern Thailand (11–13); the hybrid zone, where 
they cohabit, is within 15°–20°N latitude. It has been 
proposed that, during earth’s glacial periods, male 
rhesus macaques introgressed southwards into long-
tailed macaque population areas and hybridized 
with female long-tailed macaques (9,10). Recently, 
researchers analyzed the level of genetic admixture 
between rhesus and long-tailed macaque ancestral 
populations using autosomal single-nucleotide poly-
morphism markers. Populations of long-tailed ma-
caques from the northern part of their range carry 
higher levels of genetic admixture of rhesus ancestry 
than do southern populations (10). 
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We identified tuberculosis in 1,836 macaques from 6 
wild rhesus (Macaca mulatta), 23 common long-tailed 
(M. fascicularis fascicularis), and 6 Burmese long-tailed 
(M. fascicularis aurea) macaque populations in Thai-
land. We captured, anesthetized, and collected throat, 
buccal, and rectal swab specimens from the macaques. 
We screened swabs for Mycobacterium tuberculosis 
complex (MTBC) using insertion sequence 6110–spe-
cific nested PCR. We found higher MTBC prevalence 
at both population and individual levels among M. mu-
latta than M. fascicularis fascicularis macaques; all 3 M. 
fascicularis aurea macaque populations were positive 
for tuberculosis. We found that throat swab specimens 
provided the best sample medium for detecting MTBC. 
Our results showed no difference in MTBC prevalence 
between male and female animals, but a higher percent-
age of adults were infected than subadults and juveniles. 
Although we detected no association between frequency 
of human–macaque interaction and MTBC prevalence, 
bidirectional zoonotic transmission should be considered 
a possible public health concern.
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Thailand has also been the site of core hybrid-
ization between common long-tailed (M. fascicularis 
fascicularis) and Burmese long-tailed (M. fascicularis 
aurea) macaques at 8°10′–12°24′N latitude within 
Thailand (11,14,15). The natural range of Burmese 
long-tailed macaques spans southward along the 
Andaman coast to southwestern Thailand (11,15). 
During the past decade, researchers have intensive-
ly investigated genetic characteristics of Burmese 
long-tailed macaques using various genetic markers, 
including partial and whole mitochondrial DNA, Y-
chromosome genes TSPY and SRY (14,16), whole-ge-
nome sequences (17), and autosomal single-nucleo-
tide polymorphisms (15). Those studies indicated that 
Burmese long-tailed macaques genetically diverge 
from common long-tailed and rhesus macaques. 

Although both rhesus and long-tailed macaques 
are widely used for TB research, they differ in their 
TB pathogenesis, progression, and bacterial burden 
(18). Rhesus macaques are more susceptible than long-
tailed macaques to infection after aerosol challenge 
with M. tuberculosis (19), and ≈50% of long-tailed ma-
caques showed a clinically latent stage after low-dose 
exposure to Erdman strain M. tuberculosis (4). One main 
concern is that M. tuberculosis susceptibility among the 
2 macaque species has been tested only in laboratory 
settings, which do not thoroughly reflect what hap-
pens in nature. However, genetic background might 
also affect levels of susceptibility to M. tuberculosis in 
among different species of macaques. Because of the 
threat to public health presented by M. tuberculosis, we 
aimed to investigate its prevalence among wild rhesus 
macaques and 2 subspecies (common and Burmese) 
of long-tailed macaques whose habitats now overlap 
with human habitats in Thailand. 

Methods

Study Sites and Specimen Collections
During 2018–2022, we captured, sampled, and re-
leased 1,836 macaques (189 rhesus, 1,520 common 
long-tailed, and 127 Burmese long-tailed) from 32 
location-defined populations of 2 species of ma-
caques (rhesus and long-tailed), including 2 sub-
species of long-tailed macaques (common and Bur-
mese), with distribution ranges in Thailand (11,12). 
We identified species and subspecies on the basis of 
morphologic characteristics, including pelage color, 
relative tail length, check hair pattern, and head crest 
(11,12,14,20). We recorded the habitat types (temples 
and tourist attraction sites) where we found them and 
the frequency of interaction (daily, weekly, monthly, 
or rarely) with humans (Table 1). 

We captured the macaques in iron mesh traps 
and anesthetized them using an intramuscular in-
jection of 2–5 mg/kg body weight of tiletamine/
zolazepam (Virbac, https://us.virbac.com) mixed 
with 20–50 µg/kg body weight of (dex)medetomi-
dine hydrochloride (Zoetis, https://www.zoetis.
com) (13,15). We recorded sex, body weight, and 
rectal temperature and estimated age on the basis 
of dental eruption patterns (21); we also attached 
numeric identification tags to the animals’ legs. Us-
ing cotton swabs, we took throat swab specimens 
from between the base of the tongue and the soft 
palate, buccal swab specimens from the bulge of the 
cheek pouches, and rectal swab specimens from the 
anus. We stored swabs at room temperature in 1.5 
mL of sterile lysis buffer (0.5% wt/vol sodium do-
decyl sulfate, 100 mmol pH 8.0 ethylenediaminetet-
raacetic acid, 100 mmol pH 8.0 tris aminomethane 
hydrochloride, and 10 mmol NaCl) (9,10) until time 
of genomic DNA extraction. We collected throat and 
buccal swab specimens from 1,836 macaques in all 
32 populations but collected rectal swab specimens 
from only 1,681 in 28 populations (Table 1). After we 
had collected all biologic specimens, we adminis-
tered an intramuscular injection of atipamezole hy-
drochloride (Zoetis) at the same volume as the (dex)
medetomidine hydrochloride anesthetic dose; after 
their recovery from anesthesia, we released the ma-
caques back to their habitats.

The National Primate Research Center of Thai-
land-Chulalongkorn University (NPRCT-CU) Ani-
mal Care and Use Committees approved all animal 
procedures (protocol review no. 2075007). The Thai-
land Department of the National Parks, Wildlife and 
Plant Conservation approved the protocols for cap-
turing and collecting specimens from macaques. 

DNA Extraction and MTB Detection Using Nested PCR
We incubated swab samples at 70°C for 1 h with 50 µL 
of 30 mg/mL lysozyme solution (SERVA, https://
www.serva.de) and extracted genomic DNA us-
ing an automated QIAsymphony Virus/Pathogen 
Mini Kit (QIAGEN, https://www.qiagen.com). We 
measured the concentration of extracted DNA using 
QIAGEN QIAxpert. We amplified extracted DNA 
using nested PCR with MTBC insertion sequence (IS) 
6110–specific primers, according to a protocol devel-
oped for specimens from humans (22). We amplified 
the MTBC IS6110 DNA (23) for 2 rounds. For the first 
round, we used Tb 294 (5′-GGACAACGCCGAATT-
GCGAAGGGC-3′) and Tb 850 (5′-TAGGCGTCG-
GTGACAAAGGCCACG-3′) primers to achieve a 
580-bp amplicon. For the second-round nested PCR, 
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we used Tb 505 (5′-ACGACCACATCAACC-3′) and 
Tb 670 (5′-AGTTTGGTCATCAGCC-3′) primers to 
achieve a 181-bp amplicon. The 25-µL PCR reaction 
mixture consisted of 17.4 µL deionized distilled wa-
ter, 0.5 µL of each primer (0.4 pmol/µL), 2 µL DNA 
template, 4.6 µL TaKaRa Ex Taq Hot Start Version 
Kit, 2.5 µL 10X Ex Taq Buffer (Mg2+ plus), and 2.0 
µL each of 2.5 mmol deoxynucleoside triphosphate 
and 0.125 µL TaKaRa Ex Taq Hot (TaKaRa Bio,  
https://www.takarabio.com).

We ran the PCR using Applied Biosystems Verti 
96-Well Thermal Cyclers (Thermo Fisher Scientific, 
https://www.thermofisher.com). For the first round 
of PCR, we set thermal cycling at 98°C for 1 min, 
followed by 30 cycles at 93°C for 20 s, 65°C for 30 s, 
72°C for 1 min, and 72°C for 10 min. We amplified 
1 µL of the first-round PCR product in the second 
round at 98°C for 1 min, followed by 30 cycles at 
93°C for 20 s, 48°C for 30 s, 72°C for 30 s, and 72°C 
for 10 min. We visualized the 181-bp PCR products 
using 2% wt/vol agarose gel electrophoresis and 
stained them with Invitrogen SYBR Safe DNA gel 
stain (Thermo Fisher). 

Specificity and Sensitivity of MTBC Detection  
Using IS6110 Nested PCR
We validated specificity of the MTBC nested PCR with 
IS6110-specific primers using granuloma lung tissues 
from a naturally M. tuberculosis–infected long-tailed 
macaque (Figure 1). We confirmed M. tuberculosis infec-
tion in the macaque by mycobacterium culture and in-
terferon gamma release assay, using methods reported 
elsewhere (24). We collected and extracted granuloma 
lung tissues for genomic DNA using a QIAGEN Virus/
Pathogen Mini Kit. We purified the products obtained 
from 181-bp nested PCR testing of the naturally M. 
tuberculosis–infected macaque and the 19 nested PCR–
positive samples randomly selected from populations 
of wild rhesus macaques from Ban Phon Kor and Ban 
Sang School and Burmese long-tailed macaques from 
Tham Pra Khayang and Mangrove Forest Research 
Center using the GenUP Exo Sap Kit (Biotechrabbit, 
https://www.biotechrabbit.com) and submitted the 
samples to Macrogen (https://www.macrogen.com) 
for DNA sequencing. We aligned nucleotide sequenc-
es with published M. tuberculosis sequences accessed 
from GenBank using MEGA X software (25). After all 
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Table 1. Macaque species, locations, geographic coordinates, habitat types, and frequency of interaction with humans from study of 
macaques infected with Mycobacterium tuberculosis complex, Thailand, 2018–2022 
Species (common name) Location  Latitude N, longitude E Habitat type* Interaction frequency† 
Macaca mulatta (rhesus) Wat Phra Phutthabat Pha Ruea 20°10′, 100°03′ A 3 

Wat Tham Mueang On 18°47′, 99°14′ B 3 
Wat Tham Thorani Siri Ram 17°11′, 99°33′ C 0 

Ban Sang School 17°51′, 103°57′ B 2 
Ban Phon Kor 17°64′, 104°34′ A 3 

Wat Tham Erawan 17°20′, 101°59′ A 3 
M. fascicularis fascicularis 
(common long-tailed) 

Wat Haad Moon 16°30′, 100°16′ C 3 
Wat Ta Sung Tai 15°94′, 99°95′ A 3 

Kao Nor 15°57′, 99°52′ B 2 
Wat Tham Thep Ban Dan 15°44′, 101°02′ C 2 
Wat Mueang Khaen Yai 15°36′, 104°21′ C 3 
Muang Ling Ban Wan 15°38′, 104°18′ B 2 
Wat Ku Phra Ko Na 15°33′, 103°49′ A 3 
Wat Phikun Ngam 15°27′, 100°05′ C 2 
Suan Ling Garden 14°98′, 100°23′ A 3 

Lopburi 14°80′, 100°61′ B 3 
Phar Phothisat 14°57′, 101°14′ A 3 

Wat Kai 14°50′, 100°52′ A 3 
Phra Phutthabat Noi 14°39′, 100°58′ C 2 
Khao Laem Pu Chao 13°39′, 100°52′ B 3 

Wat Tham Khao Chakan 13°39′, 102°05′ A 3 
Wat Tham Khao Cha Ang 13°12′, 101°39′ A 3 

Wat Khao Cha Ang 13°11′, 101°31′ A 3 
Wat Khao Wong Khot 12°52′, 101°49′ A 3 

Kao Ngu 13°34′, 99°46′ B 2 
Wat Kao Tharmon 13°02′, 99°57′ A 3 
Wat Suwan Kuha 8°25′, 98°28′ A 3 

Wat Khao Keaw Wichian 8°12′, 100°05′ C 1 
Khao Chaison 7°27′, 100°07′ B 3 

M. fascicularis aurea 
(Burmese long-tailed) 

Tham Pra Khayang 10°19′, 98°45′ B 1 
World War Museum 10°10′, 98°43′ B 0 

Mangrove Forest Research Center 9°87′, 98°60′ B 1 
*A, temple (tourist site); B, nontemple tourist site; C, temple (nontourist site).  
†0, rarely; 1, monthly; 2, weekly; 3, daily.  
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amplicons from the M. tuberculosis sequences from ma-
caques in our study showed 100% homology with pub-
lished sequences, we used an IS6110-specific nested 
PCR protocol to determine the sensitivity of the M. tu-
berculosis nested PCR technique, using genomic DNA 
of the M. tuberculosis H37Rv (ATCC27294) strain, seri-
ally diluted (1:10) from 1 ng to 1 fg (26). We designated 
the lowest concentration of M. tuberculosis H37Rv that 
we could detect by nested PCR as the limit of detection 
(LOD) for this technique. 

Data Analyses
We calculated prevalence rate and 95% CIs for dif-
ferences in MTBC shedding stratified by species and 
subspecies, sex, and age of macaques. Using Pearson χ2 
tests, we analyzed associations between MTBC preva-
lence and macaque species and subspecies, sex and 
age, and between MTBC prevalence and frequency of 
human–macaque interaction. Using Pearson correla-
tion analysis, we analyzed correlations between MTBC 
prevalence and bodily site (throat, buccal and rectal) 
of specimen collection and used SPSS Statistics 28 for 
Mac (IBM, https://www.ibm.com) to analyze data. 
We used p≤0.05 to indicate statistical significance. 

Results

Specificity and Sensitivity of MTBC Detection  
Using IS6110 Nested PCR
The 181-bp nucleotide sequences from granuloma 
lung tissues and 19 nested PCR–positive samples 
from a naturally M. tuberculosis–infected macaque all 
showed 100% similarity with the MTB H37Rv com-
plete genome (GenBank accession no. NC_000962.3) 
(data not shown). A BLASTn (https://blast.ncbi.nlm.

nih.gov/Blast.cgi) search using the NCBI-registered 
complete genomes indicated that the specific 181-bp 
nucleotide sequence obtained from the IS6110-specif-
ic nested PCR (574 M. tuberculosis; 8 M. bovis BCG; 3 
M. canettii; 2 each M. bovis and M. africanum; and 1 
each M. caprae, M. microti, and M. orygis strains) could 
be detected in the MTBC. Thus, we interpreted the 
results from the IS6110-specific nested PCR in this 
study as positive for MTBC. 

The optimized MTBC nested PCR conditions of 
the H37Rv DNA (ATCC27294) strain showed LOD 
values of 100 fg/μL in the first round (580-bp prod-
uct) and 10 fg/μL in the second round (181-bp prod-
uct) (Figure 2). Because MTBC concentration was low 
in some macaques, we could not visualize 580-bp 
PCR products from resolved 2% wt/vol agarose gel 
electrophoresis but detected a positive result from the 
second-round nested PCR with a 181-bp amplicon. 
In the second round in this study, we found 71/192 
MTBC-positive specimens overall: 21/80 for rhesus, 
36/93 for common long-tailed, and 14/19 for Bur-
mese long-tailed macaques. 

Prevalence of MTBC in Rhesus Macaques  
and 2 Subspecies of Long-Tailed Macaques
We detected MTBC IS6110 DNA among all 3 (100%) 
Burmese long-tailed macaque populations, higher 
than for either rhesus (5/6, 83.3%) or common long-
tailed (10/23, 43.5%) macaque populations (Table 2; 
Figure 3). We found MTBC IS6110 DNA in 128/1,836 
(7.0%) throat, 41/1,836 (2.3%) buccal, and 23/1,681 
(1.4%) rectal swab samples (Table 2). When we ana-
lyzed specimens from all body collection sites, corre-
lation was significant between 1,836 throat and buccal 
(r2 = 0.04; p = 0.01), 1,681 throat and rectal (r2 = 0.01; p 
= 0.01), and 1,681 buccal and rectal swab samples (r2 
= 0.07; p = 0.01). However, when we analyzed only 
MTBC-positive results, we found significant correla-
tions only between 152 throat and buccal (r2 = 0.29; p 
= 0.01), and 99 throat and rectal swab samples (r2 = 
0.30; p = 0.01), but not between 45 buccal and rectal 
swab samples (r2 = 0.004; p = 0.54).

Because we detected MTBC-positive cases most 
frequently from throat swab specimens, we further ana-
lyzed the 16 location-specific populations that showed 
MTBC-positive results from throat swab specimens: 
Wat Phra Phutthabat Pha Ruea, Ban Sang School, Ban 
Phon Kor, and Wat Tham Erawan for rhesus macaques; 
Wat Mueang Khaen Yai, Wat Ku Phra Ko Na, Lopburi, 
Phar Phothisat, Wat Kai, Phra Phutthabat Noi, Khao 
Laem Pu Chao, Wat Tham Khao Cha Ang, Wat Khao 
Cha Ang, and Wat Kao Tharmon for common long-
tailed macaques; and Tham Pra Khayang and Mangrove  
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Figure 1. Biopsied lung of a naturally Mycobacterium 
tuberculosis–infected common long-tailed macaque collected 
in Thailand. Within the white dashed circle, arrow indicates 
granuloma and arrowheads indicate multiple-sized granulomas 
diffused within the lung parenchyma.
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Forest Research Center for Burmese long-tailed ma-
caques (Tables 2, 3). Based on these data, MTBC prev-
alence was significantly higher (χ2 = 253.95; p = 0.01) 
among rhesus (37.1% [95% CI 30.0%–44.2%]; 66/178 in 
4 populations) than Burmese long-tailed (8.0% [95% CI 
1.9%–14.1%]; 6/75 in 2 populations) and common long-
tailed (6.6% [95% CI 5.0%–8.3%]; 56/843 in 10 popula-
tions) macaques. Most MTBC-positive common long-
tailed macaques inhabited the central region of Thailand 
at 13°02′–15°36′N latitude (Figure 3).

We futher analyzed the data for any correlation 
between MTBC prevalence and age and sex. We 
stratified data into 3 groups on the basis of age esti-
mated from dental eruption at the time of capture; we 
classified both male and female macaques >6 years 
as adults, 3–6 years as subadults, and <3 years as ju-
veniles (Tables 3, 4). MTBC shedding status detected 
from throat swab specimens was significantly higher 
among adult positive case-patients than other age 
groups of the same species: 47.0% (31/66) for adult 
rhesus macaques, 50.0% (28/56) for adult common 
long-tailed macaques, and 50.0% (3/6) for adult Bur-
mese long-tailed macaques (χ2 = 0.14; p = 0.01). When 
we considered data on MTBC prevalence by sex of 
positive case-patients, the difference between males 
(51.6%, 66/128) and females (48.4%, 62/128) was not 

significant (χ2 = 0.94; p = 0.33). We also found no sig-
nificant difference by swab collection site between 
percentages of MTBC-positive macaques and fre-
quency of human interaction (χ2 = 6.76, p = 0.08 for 
throat; χ2 = 5.41, p = 0.14 for buccal; and χ2 = 3.27, p 
value = 0.11 for rectal swab samples). 

Discussion
Intradermal tuberculin skin test (TST) is used glob-
ally to detect TB in macaques. Testers intradermally 
inject tuberculin antigens at the edge of the animal’s 
upper eyelid and look for an immune response (ery-
thema or edema) at 24, 48, and 72 hours after injection 
(27). Disadvantages of TST include that it depends 
on an interpreter’s subjective judgment and is time-
consuming and impractical for field study in free-
ranging or wild macaques. Therefore, we collected 
swabs of biologic specimens from common sites of 
MTBC shedding—throat, cheeks, and rectum—for 
screening. To test samples, we modified a nested PCR 
technique previously developed for clinical speci-
mens using IS6110-specific primers (22) and used it 
to detect MTBC among free-ranging rhesus and long-
tailed macaques. Results in samples taken from mul-
tiple sites (22,28,29) revealed a higher prevelance of 
MTBC DNA in throat than in buccal and rectal swab  
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Figure 2. Limit of detection of Mycobacterium tuberculosis complex in the first (A) (580-bp) and second (B) (181-bp) rounds of IS6110-
specific nested PCR of samples from free-ranging macaques, Thailand, 2018–2022. We could not visualize 580-bp PCR products from 
resolved 2% wt/vol agarose gel electrophoresis in the first round but detected a positive result from the second-round nested PCR with a 
181-bp amplicon. 
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specimens. Thus, we determined that, because of their 
higher efficiency, throat swab specimens should be 
used for collecting specimens to detect MTBC shed-
ding in free-ranging macaques. Because of low MTBC 
concentration in the collected specimens, most 580-bp 

band PCR amplifications in the first round were un-
detected; however, we could clearly identify the 181-
bp PCR amplicons in agarose gel in the second round. 
LOD for the second-round nested PCR, 10 fg/µL, was 
10-fold lower than in the first round, 100 fg/μL, similar 
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Table 2. Detection of MTBC in throat, buccal, and rectal swab specimens tested by using IS6110-specific nested PCR in 32 
populations of macaques, by swab site and location found, Thailand, 2018–2022* 
Species 
(common 
name) Location 

Throat and 
buccal/rectal 
specimens 

MTBC-PCR detected in swabs, no. (%) MTBC-
positive 

(%) Throat  Buccal  Rectal  
Throat + 
buccal 

Throat + 
rectal 

Buccal 
+ rectal All 3  

Macaca 
mulatta 
(rhesus) 

Wat Phra 
Phutthabat Pha 

Ruea 

57/57 2 (3.5) 1 (1.8) 2 (3.5) 0 1 (1.8) 0 0 4 (7.0) 

Wat Tham 
Mueang On 

10/10 0 0 0 0 0 0 0 0 

Wat Tham 
Thorani Siri Ram 

1/1 0 0 1 (100) 0 0 0 0 1 (100.0) 

Ban Sang School 42/0 29 (69.0) 4 (9.5) NA 4 (9.5) 0 0 0 29 (69.0) 
Ban Phon Kor 19/0 12 (63.2) 3 (15.8) NA 2 (10.5) 0 0 0 13 (68.4) 

Wat Tham 
Erawan 

60/60 23 (38.3) 3 (5.0) 0 3 (5.0) 0 0 0 23 (38.3) 

Total 189/128 66 (34.9) 11 (5.8) 3 (2.3) 9 (4.8) 1 (0.8) 0 0 70 (37.0) 
M. fascicularis 
fascicularis 
(common 
long-tailed) 

Wat Haad Moon 34/34 0 0 0 0 0 0 0 0 
Wat Ta Sung Tai 60/60 0 0 0 0 0 0 0 0 

Kao Nor 77/77 0 0 0 0 0 0 0 0 
Wat Tham Thep 

Ban Dan 
55/55 0 0 0 0 0 0 0 0 

Wat Mueang 
Khaen Yai 

60/60 5 (8.3) 12 (20.0) 8 (13.3) 1 (1.7) 0 4 (6.7) 1 (1.7) 20 (33.3) 

Muang Ling Ban 
Wan 

4/4 0 0 0 0 0 0 0 0 

Wat Ku Phra Ko 
Na 

77/77 9 (11.7) 0 2 (2.6) 0 2 (2.6) 0 0 7 (9.1) 

Wat Phikun Ngam 11/11 0 0 0 0 0 0 0 0 
Suan Ling Garden 148/148 0 0 0 0 0 0 0 0 

Lopburi 91/91 2 (2.2) 1 (1.1) 0 1 (1.1) 0 0 0 1 (1.1) 
Phar Phothisat 304/304 7 (2.3) 1 (0.3) 0 0 0 0 0 8 (2.6) 

Wat Kai 60/60 5 (8.3) 0 0 0 0 0 0 5 (8.3) 
Phra Phutthabat 

Noi 
118/118 5 (4.2) 0 0 0 0 0 0 5 (4.2) 

Khao Laem Pu 
Chao 

10/10 1 (10.0) 0 1 (10.0) 0 0 0 0 2 (20.0) 

Wat Tham Khao 
Chakan 

50/50 0 0 0 0 0 0 0 0 

Wat Tham Khao 
Cha Ang 

36/36 9 (25.0) 5 (13.9) 1 (2.8) 2 (5.6) 0 1 (2.8) 0 13 (36.1) 

Wat Khao Cha 
Ang 

15/15 6 (40.0) 4 (26.7) 1 (6.7) 1 (6.7) 0 1 (6.7) 0 9 (60.0) 

Wat Khao Wong 
Khot 

47/47 0 0 0 0 0 0 0 0 

Kao Ngu 71/71 0 0 0 0 0 0 0 0 
Wat Kao Thamon 72/72 7 (9.7) 1 (1.4) 0 0 0 0 0 8 (11.1) 
Wat Suwan Kuha 28/28 0 0 0 0 0 0 0 0 
Wat Khao Keaw 

Wichian 
33/33 0 0 0 0 0 0 0 0 

Khao Chaison 59/59 0 0 NA 0 0 0 0 0 
Total 1,520/1,461 56 (3.7) 24 (1.6) 13 (0.9) 5 (0.3) 2 (0.1) 6 (0.4) 1 (0.1) 78 (5.1) 

M. fascicularis 
aurea 
(Burmese 
long-tailed) 

Tham Pra 
Khayang 

40/40 2 (5.0) 1 (2.5) 3 (7.5) 0 1 (2.5) 0 0 5 (12.5) 

World War 
Museum 

52/52 0 1 (1.9) 4 (7.7) 0 0 0 0 5 (9.6) 

Mangrove Forest 
Research Center 

35/0 4 (11.4) 4 (11.4) NA 0 0 0 0 8 (22.9) 

Total 127/92 6 (4.7) 6 (4.7) 7 (7.6) 0 1 (1.1) 0 0 18 (14.2) 
All Total 1,836/1,681 128 (7.0) 41 (2.3) 23 (1.3) 14 (0.8) 4 (0.2) 6 (0.4) 1 (0.1) 166 (9.0) 
*MTBC, Mycobacterium tuberculosis complex; NA, not available. 
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to findings reported elsewhere (26). Although this 
nested PCR had the advantage of higher sensitivity, 
the possibility of false-positive results from contami-
nated DNA or DNA carryover, mainly amplicons, 
should be considered. To avoid cross-contamination 
or carryover, key processes, such as template prepa-
ration, specimen handling, and preparation of PCR 
mixture, should be performed in different PCR bio-
safety cabinets and should include negative controls. 

In a previous report, laboratory-tested rhesus 
macaques were more susceptible to MTBC infec-
tion than long-tailed macaques (19); likewise, in our 
study, free-ranging rhesus macaques in Thailand 
showed higher MTBC prevalence than did common 
long-tailed macaques, both in the number of popu-
lations and individual macaques infected. The labo-
ratory-tested rhesus macaques exhibited illness, had 
respiratory tract granuloma develop, and returned to 
activity after a short duration. In contrast, free-rang-
ing rhesus macaques in our study showed no signs of 
illness (5,6,30). One possible explanation for this dif-
ference is that the rhesus macaques in Thailand had 
a genetic admixture of long-tailed macaque ancestry, 
which made them more resistant to MTBC. For exam-
ple, rhesus macaques in the population at Ban Sang 

School, which carried up to an 18% genetic admixture 
of long-tailed macaque ancestry, had a high percent-
age, 29%, of MTBC prevalence (10). Considering the 
high MTBC prevalence in rhesus macaques and fre-
quent interaction with humans among some popula-
tions, there is a need for practices such as avoiding 
direct contact with macaques and conveying infor-
mation to local residents about the spread of TB from 
macaques. Local residents should also be monitored 
for bidirectional transmission of MTBC. 

In light of usual rates of MTBC infection among 
long-tailed macaques, it is notable that all 3 popula-
tions of Burmese long-tailed macaques were MTBC 
positive, in spite of less frequent contact with hu-
mans, rare or monthly, than for populations of com-
mon long-tailed macaques. In particular, the World 
War Museum and Mangrove Forest Research Center 
populations in Ranong Province in southern Thai-
land reside in mangrove forests and roam freely for 
invertebrate foods. Unique genetic characteristics 
among Burmese long-tailed macaques, identified 
through intensive genetic studies (14–17), might 
factor into their high MTBC prevalence. More re-
search should be conducted on TB infection among 
Burmese long-tailed macaques, especially about  
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Figure 3. Locations, species, and 
Mycobacterium tuberculosis complex 
status in free-ranging macaques, 
Thailand, 2018–2022. White area 
on map shows the range of rhesus 
macaques; light gray, common 
long-tailed macaques; and dark 
gray, Burmese long-tailed macaque. 
Numbers indicate locations where 
we found macaques: 1, Wat Phra 
Phutthabat Pha Ruea; 2, Wat Tham 
Mueang On; 3, Wat Tham Thorani 
Siri Ram; 4, Ban Sang School; 5, Ban 
Phon Kor; 6, Wat Tham Erawan; 7, 
Wat Haad Moon; 8, Wat Ta Sung Tai; 
9, Kao Nor; 10, Wat Tham Thep Ban 
Dan; 11, Wat Mueang Khaen Yai; 12, 
Muang Ling Ban Wan; 13, Wat Ku 
Phra Ko Na; 14, Wat Phikun Ngam; 
15, Suan Ling Garden; 16, Lopburi; 
17, Phar Phothisat; 18, Wat Kai; 
19, Phra Phutthabat Noi; 20, Khao 
Laem Pu Chao; 21, Wat Tham Khao 
Chakan; 22, Wat Tham Khao Cha 
Ang; 23, Wat Khao Cha Ang; 24, Wat 
Khao Wong Khot; 25, Kao Ngu; 26, 
Wat Kao Tharmon; 27, Wat Suwan 
Kuha; 28, Wat Khao Keaw Wichian; 
29, Khao Chaison; 30, Tham Pra 
Khayang; ; 31, World War Museum; 
32, Mangrove Forest Research 
Center.



RESEARCH

mechanisms of infection and disease progression 
related to genetic factors, because the species might 
prove to be an alternative animal model for TB re-
search. Of note, we did not see higher MTBC positivity 

among northern common long-tailed macaques, 
even though they carry a higher genetic admixture 
of rhesus ancestry than their southern relatives (10). 
Thus, factors other than hybridization should be 

558 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023

 
Table 3. Detection of MTBC in throat swabs using IS6110-specific nested PCR in 32 populations of macaques, by sex and location 
found, Thailand, 2018–2022* 
Species 
(common 
name) Location 

No. 
positive/total 

no. (%) 

MTBC PCR detected in throat swab specimens, no. positive/total no. (%) 
M age groups† 

 
F age groups† 

Adult Subadult Juvenile Adult Subadult Juvenile 
Macaca mulatta 
(rhesus) 

Wat Phra 
Phutthabat Pha 

Ruea 

2/57 (3.5) 0/2 0/10 1/18 (5.6)  0/4 0/10 1/13 (7.7) 

Ban Sang 
School 

29/42 (69.0) 6/9 (66.7) 4/5 (80.0) 3/6 (50.0)  11/15 (73.3) 3/5 (60.0) 2/2 (100.0) 

Ban Phon Kor 12/19 (63.2) 4/5 (80.0) 2/3 (66.7) 3/5 (60.0)  1/3 (33.3) 1/1 (100.0) 1/2 (50.0) 
Wat Tham 

Erawan 
23/60 (38.3) 2/3 (66.7) 3/10 (30.0) 2/10 (20.0)  7/11 (63.6) 6/18 (33.3) 3/8 (37.5) 

Total 66/178 (37.1) 12/19 (63.2) 9/28 (32.1) 9/39 23.1)  19/33 (57.6) 10/34 (29.4) 7/25 (28.0) 
M. fascicularis 
fascicularis 
(common long-
tailed) 

Wat Mueang 
Khaen Yai 

5/60 (8.3) 0/2 0/15 1/8 (12.5)  3/22 (13.6) 1/11 (9.1) 0/2 

Wat Ku Phra Ko 
Na 

9/77 (11.7) 1/13 (7.7) 3/22 (13.6) 0/11  3/13 (23.1) 1/9 (11.1) 1/9 (11.1) 

Lopburi 2/91 (2.2) 0/21 0/17 0/9  1/29 (3.4) 1/11 (9.1) 0/4 
Phar Phothisat 7/304 (2.3) 3/51 (5.9) 2/35 (5.7) 0/27  1/102 (1.0) 1/57 (1.8) 0/32 

Wat Kai 5/60 (8.3) 3/25 (12.0) 0/15 0/0  2/10 (20.0) 0/9 0/1 
Phra Phutthabat 

Noi 
5/118 (4.2) 2/2 (100.0) 1/5 (20.0) 1/52 (1.9)  0/5 1/12 (8.3) 0/42 

Khao Laem Pu 
Chao 

1/10 (10.0) 1/3 (33.3) 0/3 0/0  0/0 0/2 0/2 

Wat Tham Khao 
Cha Ang 

9/36 (25.0) 1/9 (11.1) 1/2 (50.0) 3/10 (30.0)  0/3 2/6 (33.3) 2/6 (33.3) 

Wat Khao Cha 
Ang 

6/15 (40.0) 4/10 (40.0) 0/0 0/0  0/0 1/2 (50.0) 1/3 (33.3) 

Wat Kao 
Tharmon 

7/72 (9.7) 0/23 2/20 (10.0) 1/6 (16.7)  3/11 (27.3) 1/9 (11.1) 0/3 

Total 56/843 (6.6) 15/159 (9.4) 9/134 (6.7) 6/123 (4.9)  13/195 (6.7) 9/128 (7.0) 4/104 (3.9) 
M. fascicularis 
aurea 
(Burmese long-
tailed) 

Tham Pra 
Khayang 

2/40 (5.0) 1/15 (6.7) 0/4 1/5 (20.0)  0/6 0/7 0/3 

Mangrove Forest 
Research Center 

4/35 (11.4) 2/10 (20.0) 1/7 (14.3) 1/9 (11.1)  0/2 0/4 0/3 

Total 6/75 (8.0) 3/25 (12.0) 1/11 (9.1) 2/14 (14.3)  0/8 0/11 0/6 
All Total 128/1,096 

(11.7) 
30/203 
(14.8) 

19/173 
(11.0) 

17/176 
(9.7) 

 32/236 
(13.6) 

19/173 
(11.0) 

11/135 
(8.1) 

*MTBC, Mycobacterium tuberculosis complex. 
†Adult, >6 y; subadult, 3–6 y; juvenile, <3 y. 

 

 
Table 4. Detection of Mycobacterium tuberculosis complex in throat swabs using IS6110-specific nested PCR in 32 populations of 
macaques, Thailand, 2018–2022* 

Species (common name) Age group 
Male Female Total 

Positive, % (95% CI) Positive, % (95% CI) Positive, % (95% CI) 
Macaca mulatta (rhesus) Adult 12, 18.2 (8.9–27.5) 19, 28.8 (17.9–39.7) 31, 47.0 (24.4–47.6) 

Subadult 9, 13.6 (5.4–21.9) 10, 15.2 (6.5–23.8) 19, 28.8 (17.9–39.7) 
Juvenile 9, 13.6 (5.4–21.9) 7, 10.6 (0.8–13.2) 16, 24.2 (13.9–34.6) 

Total 30, 45.5 (33.4–57.5) 36, 54.5 (24.4–47.6) 66, 100.0 (100.0–100.0) 
M. fascicularis fascicularis 
(common long-tailed) 

Adult 15, 26.8 (15.2–38.4) 13, 23.2 (12.1–34.3) 28, 50.0 (36.9–63.1) 
Subadult 9, 16.1 (6.5–25.7) 9, 16.1 (6.5–25.7) 18, 32.1 (19.9–44.4) 
Juvenile 6, 10.7 (2.6–18.8) 4, 7.1 (0.4–13.9) 10, 17.9 (7.8–27.9) 

Total 30, 53.6 (40.5–66.6) 26, 46.4 (33.4–59.5) 56, 100.0 (100.0–100.0) 
M. fascicularis aurea (Burmese 
long-tailed) 

Adult 3, 50.0 (10.0–90.0) 0 3, 50.0 (10.0–90.0) 
Subadult 1, 16.7 (0.0–46.5) 0 1, 16.7 (0.0–46.5) 
Juvenile 2, 33.3 (0.0–71.1) 0 2, 33.3 (0.0–71.1) 

Total 6, 100.0 (100.0–100.0) 0 6, 100.0 (100.0–100.0) 
All Total 66, 51.6 (42.9–60.2) 62, 48.4 (39.8–57.1) 128, 100.0 (100.0–100.0) 
*Bold indicates significant difference (p <0.05) from other species 

 



M. tuberculosis Complex among Wild Macaques

consideredwhen assessing MTBC prevalence among 
common long-tailed macaques. 

MTBC shedding in 10/23 common long-tailed 
macaques populations in our study differed from a 
report published elsewhere (31), in which Mycobacte-
rium spp. were not detected in any of 649 free-living 
common long-tailed macaques from 26 locations (31). 
This discrepancy might be because of differences be-
tween studies in sampling locations, specimen collec-
tion methods, DNA extraction processes, and PCR 
performance. Although the researchers in that study 
used IS6110-specific primer sets, they did not conduct 
a nested PCR, so the sensitivity of their method might 
have been insufficient to detect low-level shedding of 
MTBC in macaques. 

Although nested PCR is highly sensitive and 
less time-consuming than other methods, it can de-
tect TB only during the active shedding stage of in-
fection (32,33). Other diagnostic tools, such as TST 
or TB blood test, are still required to detect TB dur-
ing latent or nonshedding active stages. Another 
disadvantage of the nested PCR approach is the 
invasive methods needed to catch and anesthetize 
macaques to collect specimens, which in some lo-
cations, such as mangrove forests (e.g., Mangrove 
Forest Research Center) or high cliffs (e.g., Wat 
Suwan Kuha), are also impractical. A noninvasive 
technique to collect samples should be developed, 
such as using a rope bait method to collect patho-
gens inside the oral cavity (33) or analyzing samples 
from recently dropped feces (34). On the basis of our 
results showing comparable prevalence of MTBC 
infection between male and female macaques and 
higher prevalence among adults than other age 
groups, specimen collection efforts could focus on 
adults in free-ranging macaque populations if only 
preliminary results are needed. 

Because MTBC-infected wild macaques could be 
reservoirs of the pathogen and it might be transmit-
ted back to humans, bidirectional zoonotic transmis-
sion should be considered, especially for populations 
in which the MTBC-infected macaques interact with 
humans on a daily basis. In a worst-case scenario, 
MTBC bacteria could mutate after infecting a ma-
caque, then be transmitted back to humans; existing 
commercial antimycobacterial agents might be inef-
fective for treating the mutated pathogen (35). Experi-
ence with SARS-CoV-2 virus (36) and other emerging 
and reemerging pathogens transmitted from wildlife 
to humans has provided lessons about surveilance 
for and control of emerging public health threats that 
can be applied to managing potential threats to public 
health from MTBC. 
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Colorado tick fever (CTF) virus is a coltivirus in 
the family Reoviridae (1). The primary vector for 

CTF virus is the Rocky Mountain wood tick (Der-
macentor andersoni), which is found at elevations of 
4,000–10,000 feet in the western United States and 

Canada (2,3). The incubation period of CTF virus is 
usually 3–4 days (range 1–14 days). Patients with CTF 
virus disease commonly experience fever, headache, 
fatigue, myalgias, and a biphasic course (i.e., remis-
sion and relapse of symptoms with 1–4 days between 
remission and relapse). Approximately 15%–30% of 
patients with CTF are hospitalized, but severe com-
plications such as meningoencephalitis, hepatitis, and 
epididymoorchitis are uncommon, occurring in <5% 
of patients; deaths related to CTF are rare (<1%) (4–7).

CTF virus disease is not nationally notifiable but 
is reportable in 9 states (Arizona, Colorado, Idaho, 
Montana, New Mexico, Oregon, South Dakota, Utah, 
and Wyoming), which voluntarily report cases to the 
Centers for Disease Control and Prevention (CDC). 
Because of shifts in reporting and testing practices, 
the numbers of cases reported from various states has 
fluctuated over time. During 2002–2019, a total of 108 
CTF cases were identified from western states, a me-
dian of 5 cases per year, and <1 case per year in Mon-
tana (7,8). During 2020, a total of 21 CTF cases were 
reported among Montana residents.

The COVID-19 pandemic had several poten-
tial effects on risk, detection, and reporting of vec-
torborne diseases, including changes in individual 
behaviors affecting vector exposures, healthcare-
seeking behaviors, healthcare provider test ordering 
practices, and diagnostic testing procedures, because 
of increased burden on state laboratories for SARS-
CoV-2 testing. For example, CDC guidance recom-
mended that persons engage in outdoor recreation 
to remain active while maintaining social distancing 
and reducing transmission of SARS-CoV-2 (9). In 
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In 2020, Montana, USA, reported a large increase in 
Colorado tick fever (CTF) cases. To investigate poten-
tial causes of the increase, we conducted a case–control 
study of Montana residents who tested positive or nega-
tive for CTF during 2020, assessed healthcare providers’ 
CTF awareness and testing practices, and reviewed CTF 
testing methods. Case-patients reported more time rec-
reating outdoors on weekends, and all reported finding a 
tick on themselves before illness. No consistent changes 
were identified in provider practices. Previously, only CTF 
serologic testing was used in Montana. In 2020, because 
of SARS-CoV-2 testing needs, the state laboratory sent 
specimens for CTF testing to the Centers for Disease 
Control and Prevention, where more sensitive molecu-
lar methods are used. This change in testing probably 
increased the number of CTF cases detected. Molecular 
testing is optimal for CTF diagnosis during acute illness. 
Tick bite prevention measures should continue to be ad-
vised for persons doing outdoor activities.
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2020, a historic number of persons visited national 
forests for recreation (10). 

Our aim was to investigate the increase in CTF 
cases in Montana in 2020, including the potential 
effect of the COVID-19 pandemic and risk factors 
for CTF virus disease among residents of Montana. 
Therefore, we conducted a case–control study, sur-
veyed healthcare providers, and evaluated diagnostic 
testing practices for CTF virus infection.

Methods

Case–Control Study
Testing for CTF virus infection at CDC’s Arbovirus 
Diagnostic Laboratory (Fort Collins, CO, USA; Divi-
sion of Vector-Borne Diseases, National Center for 
Emerging and Zoonotic Infectious Diseases) is per-
formed at the request of state health departments. 
Testing uses reverse transcription PCR (RT-PCR) on 
serum or cerebrospinal fluid (CSF) samples collected 
<14 days after symptom onset and plaque-reduction 
neutralization test (PRNT) on specimens collected 
>14 days after symptom onset, as previously de-
scribed (11,12). During the period under investiga-
tion, we conducted RT-PCR testing using primers 
targeting segment 3 of the viral genome (12). We 
based neutralizing antibody titers on the highest di-
lution of serum that reduced viral plaque formation 
by >90% (we considered a titer >10 to be positive). 
For specimens collected 8–21 days after symptom 
onset, we tested using both RT-PCR and PRNT on a 
case-by-case basis. We defined laboratory-confirmed 
recent infection as detection of CTF viral nucleic 
acid in a specimen or a seroconversion with >4-fold 
change in virus-specific neutralizing antibody titers 
between paired acute and convalescent serum speci-
mens. We defined a probable infection as detection 
of virus-specific neutralizing antibodies in a single 
specimen because the timing of infection cannot be 
determined. IgM testing typically is not performed 
because the sensitivity for detection of IgM is lower 
than for neutralizing antibodies (11).

We identified case-patients and controls through 
a query of the Arbovirus Diagnostic Laboratory da-
tabase. We defined a case-patient as a Montana resi-
dent who had symptom onset and a confirmed or 
probable CTF virus infection in 2020. We defined a 
control as a Montana resident who had symptom 
onset but negative testing for CTF virus infection 
in 2020. We contacted persons by phone to describe 
the investigation and offer participation in a survey 
collecting data on demographics, clinical symptoms, 
outdoor recreational and occupational exposures, 

tick exposures and prevention measures, and chang-
es in behavior related to the COVID-19 pandemic. 
We collected specific location data for recreational 
activities and tick exposures whenever possible. 
Survey questions focused on the potential incuba-
tion or 2-week period before symptom onset in 2020 
and the same period in 2019.

Healthcare Provider Survey
We developed a survey for healthcare providers and 
distributed them to staff in 13 hospitals in 10 public 
health jurisdictions in Montana where either a CTF 
case was reported in the previous 10 years or CTF 
virus testing was requested in 2020. The survey col-
lected information on healthcare provider type and 
demographics, awareness and testing practices for 
CTF virus and other tickborne diseases, patient en-
counters for tick bites, and healthcare providers’ in-
terest in educational resources for CTF.

Diagnostic Testing Evaluation
We reviewed diagnostic laboratory methods used 
for CTF testing during 2020 and in previous years 
and calculated the proportion of specimens testing 
positive. To assess whether other tickborne diseases 
transmitted by Dermacentor andersoni ticks increased 
in Montana during 2020, we also examined trends 
in reported cases of Rocky Mountain spotted fever 
(RMSF) and tularemia.

Data Analysis
We managed data from participant interviews and 
the healthcare provider survey in Research Electron-
ic Data Capture (Vanderbilt University, https://
www.project-redcap.org) (13) and analyzed data 
using SAS (SAS Institute Inc., https://www.sas.
com). For categorical variables, we calculated 95% 
CIs of the odds ratios (ORs) between case-patients 
and controls by using the score interval (14); given 
the rarity of CTF in the population, we expected OR 
estimates to provide reliable estimates of relative 
risk. For quantitative variables, we calculated 95% 
CIs of the differences in means by using the Welch-
Satterthwaite approximation for the Student t in-
terval (15). We determined statistical significance 
from the reported 95% CIs by noting whether they 
contained the null values of 1 for the ORs and 0 
for the mean differences, enabling interpretation in 
a hypothesis-testing context at a significance level 
of α = 0.05. We performed geospatial mapping of 
tick exposure locations by using ArcGIS 10.7.1 (En-
vironmental Systems Research Institute, https://
www.esri.com).
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Results

Case–Control Study
Of 107 potential participants identified, including 21 
case-patients and 86 controls, we were able to contact 
36 (14 [67%] case-patients and 22 [26%] controls) who 
agreed to participate. Both groups consisted of predom-
inantly non-Hispanic White men and had similar age 
distributions. Most participants from both groups re-
ported having no underlying medical conditions. About 
one third of participants reported being tested for SARS-
CoV-2 when they sought healthcare for their symptoms, 
and all reported a negative test result (Table 1).

Symptom onset dates for case-patients occurred 
during April 1–July 31, 2020; for controls, symptoms oc-
curred during April 1–August 22, 2020. Case-patients 
were more likely to become symptomatic earlier in the 
year, having a peak in late April, compared with con-
trols (Figure 1). Symptoms reported by over half of the 
participants were similar between groups and included 
fever, fatigue, muscle aches, headache, chills, weakness, 
and joint pain and swelling (Table 2). Case-patients (11 
[79%]) were statistically significantly more likely to re-
port a biphasic illness than controls (3 [14%]). 

Almost half of all participants (44% [16/36]) re-
ported spending more time outside in 2020 because 
of the COVID-19 pandemic compared with the same 
period in 2019, and we identified no difference be-
tween groups. A statistically significantly greater pro-
portion of case-patients (86%) reported spending >4 

hours outdoors recreating on weekends than controls 
(50%) (Table 3). Participants reported several out-
door activities; hiking or walking on unpaved trails 
was most common for both groups. Case-patients 
reported fewer instances of yardwork or gardening 
in the 2-week period before symptom onset than did 
controls and were statistically significantly more like-
ly than controls to report finding a tick crawling on 
themselves (100% vs. 41%) or a tick attached to them-
selves (93% vs. 36%) (Table 3).

Among patients who reported finding ticks on 
themselves, 86% (12/14) of case-patients and 44% 
(4/9) of controls provided specific information about 
where they acquired the tick or ticks (Figure 2). Tick 
exposures occurred in national forests, in state parks, 
and on private land in several areas of Montana; 6/12 
case-patients reported acquiring their tick or ticks in 
the vicinity of the Bitterroot Valley (5 in Ravalli Coun-
ty and 1 in Mineral County). One Montana resident 
with CTF reported acquiring a tick in Idaho (Figure 
2). Except for 1 case-patient, all other case-patients re-
ported that their tick exposures occurred in locations 
>4,000-ft elevation.

Healthcare Provider Survey
A total of 36 healthcare providers from 10 public health 
jurisdictions responded to the survey. Most respon-
dents were physicians (22 [61%]), worked in outpatient 
clinics (24 [67%]), and had a nonpediatric specialty (26 
[72%]). The median number of years practicing was 15 
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Table 1. Demographic characteristics of participants in a Colorado tick fever case–control study, Montana, USA, 2020* 
Characteristic Case-patients, n = 14 Controls, n = 22 OR (95% CI) 
Sex    
 M 10 (71) 12 (55) 2.1 (0.5–8.3) 
 F 4 (29) 10 (45) 0.5 (0.1–2.0) 
Age group, y    
 <21 5 (36) 4 (18) 2.5 (0.6–11.0) 
 21–44 3 (21) 10 (45) 0.3 (0.1–1.4) 
 45–64 5 (36) 5 (23) 1.9 (0.4–7.9) 
 >65 1 (7) 3 (14) 0.5 (0.1–3.9) 
 Median age, y (range) 26 (1–70) 33 (7–84) NA 
Race    
 White 14 (100) 22 (100) 0.6 (0.4–11.7) 
Ethnicity    
 Non-Hispanic or non-Latino 12 (86) 17 (77) 1.8 (0.3–9.2) 
 Hispanic or Latino 1 (7) 3 (14) 0.5 (0.1–3.9) 
 Other 1 (7) 2 (9) 0.8 (0.1–6.7) 
Underlying medical condition    
 None 11 (79) 13 (59) 2.5 (0.6–10.8) 
 Immunosuppressive condition or medication 0 2 (9) 0.3 (0.0–3.6) 
 Diabetes mellitus 0 2 (9) 0.3 (0.0–3.6) 
 Cardiovascular disease 1 (7) 3 (14) 0.5 (0.1–3.9) 
 Cancer 0 1 (5) 0.1 (0.0–1.3) 
 Other 2 (14) 2 (9) 1.7 (0.3–10.9) 
SARS-CoV-2 testing during illness    
 Tested 6 (43) 7 (32) 1.6 (0.4–6.3) 
 Positive 0 0 1.6 (0.1–28.1) 
*Values are no (%) except as indicated. NA, not applicable; OR, odds ratio. 
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years (range 1–41 years), including 10 years (range 0.5–
40 years) practicing in Montana. Only 2 providers in-
dicated that they had more patients reporting tick bites 
in 2020 than in 2019, whereas 5 had fewer patients re-
porting tick bites in 2020 than in 2019. Three healthcare 
providers reported ordering more CTF virus tests in 
2020 than in 2019, and 2 providers ordered fewer CTF 
tests. Most providers (31 [86%]) reported no change in 
their awareness of CTF virus in 2020 compared with 
2019. Many providers (26 [72%]) were interested in 
educational resources for CTF.

Laboratory Testing Evaluation
Before 2020, testing for CTF virus in Montana was 
conducted by the state public health laboratory using 
an indirect immunofluorescence assay (IFA) to detect 
CTF virus–specific IgG antibodies (16,17). Cases were 
reported as probable if virus-specific IgG was detected 

in a single serum specimen and confirmed if a 4-fold 
rise in IgG was detected between paired acute and con-
valescent serum specimens. During 2011–2019, a me-
dian of 156 specimens (range 90–208 specimens) were 
tested for CTF annually by using IFA, and average 
positivity was 1.3% (Table 4). We did not have data on 
the numbers of specimens tested per patient or timing 
of specimen collection in relation to onset.

In 2020, because of the surge in SARS-CoV-2 test-
ing, Montana began sending specimens for CTF test-
ing to CDC, which primarily used RT-PCR for acute 
specimens and PRNT for convalescent specimens. 
A total of 137 CTF tests were performed at CDC on 
specimens sent on behalf of 107 Montana residents 
with symptom onset in 2020; of those, 21 tests (15.3%) 
were positive. Of the RT-PCR tests performed, 18/84 
(21.4%) were positive (confirmed cases) on serum 
specimens collected a median of 3 days (range 0–14 
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Figure 1. Percentage of Colorado 
tick fever case-patients (n = 21) 
and controls (n = 86), by week of 
illness onset, Montana, USA, 2020.

 
Table 2. Self-reported symptoms leading to Colorado tick fever virus testing of case–control study participants, Montana, USA, 2020* 

Symptom 
No. (%) 

OR (95% CI) Case-patients, n = 14 Controls, n = 22 
Fever 13 (93) 14 (64) 7.4 (1.0–50.7) 
Fatigue 13 (93) 18 (82) 2.9 (0.4–21.0) 
Muscle aches 12 (86) 18 (82) 1.3 (0.2–7.2) 
Headache 11 (79) 17 (77) 1.1 (0.2–4.9) 
Chills 9 (64) 13 (59) 1.3 (0.3–4.8) 
Weakness 9 (64) 17 (77) 0.5 (0.1–2.2) 
Nausea 8 (57) 9 (41) 1.9 (0.5–7.3) 
Joint pain or swelling 8 (57) 15 (68) 0.6 (0.2–2.4) 
Rash 5 (36) 13 (59) 0.4 (0,1–1.5) 
Stiff neck 5 (36) 10 (45) 0.7 (0.2–2.6) 
Abdominal pain 5 (36) 5 (23) 1.9 (0.4–7.9) 
Swollen lymph nodes 4 (28) 11 (50) 0.4 (0.1–1.5) 
Confusion 4 (28) 10 (45) 0.5 (0.1–1.9) 
Vomiting 4 (28) 3 (14) 2.5 (0.5–12.3) 
Diarrhea 3 (21) 5 (23) 0.9 (0.2–4.4) 
Sore throat 3 (21) 7 (32) 0.6 (0.1–2.6) 
Biphasic illness† 11 (79) 3 (14) 23.2 (4.2–128.6) 
*Bold indicates statistical significance ( = 0.05). OR, odds ratio. 
†Defined as remission and relapse of symptoms with 1–4 d between remission and relapse when dates were provided. 
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days) after symptom onset. Of the PRNT tests per-
formed, 3/53 (5.7%) were positive (probable cases) on 
serum specimens collected 17, 23, and 42 days after 
symptom onset. For 25 patients, RT-PCR and PRNT 
were performed on the same specimen; of these, 4 

had discordant results, 3 (12%) were RT-PCR-positive 
and PRNT-negative (collected 8, 12, and 14 days after 
onset), 1 was RT-PCR-negative and PRNT-positive 
(collected 17 days after onset), and 21 had concordant 
negative results (Table 4).
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Table 3. Outdoor and tick exposures during the 2 weeks before illness onset for participants in a Colorado tick fever case–control 
study, Montana, USA, 2020* 
Risk factor Case-patients, n = 14 Controls, n = 22 OR or SD (95% CI) 
Employment status    
 Employed 7 (50) 12 (55) 0.8 (0.2–3.1) 
 Retired 2 (14) 4 (18) 0.7 (0.1–4.2) 
 Student or dependent child 5 (36) 5 (23) 1.9 (0.4–7.9) 
Occupational outdoor activities 5/7 (71) 4/12 (33) 5.0 (0.7–33.5) 
More outdoor recreation because of COVID-19 pandemic 6 (43) 10 (45) 0.9 (0.2–3.4) 
Recreational outdoor activities    
 >4 h outside per weekday 6 (43) 5 (23) 2.5 (0.6–10.5) 
 >4 h outside per weekend day 12 (86) 11 (50) 6.0 (1.2–29.2) 
Average total time outside, h (SD) 83.3 (77.2) 51.3 [47.5) 31.9 (–16.1 to 80.0) 
Specific recreational outdoor activities  
 Yard work or gardening 8 (58) 15 (68) 0.6 (0.2 to 2.4) 
  Average no. times (SD) 2.9 (1.7) 7 [4.7) –4.0 (–6.8 to –1.2) 
 Hunting or fishing 5 (36) 7 (32) 1.2 (0.3 to 4.7) 
  Average no. times (SD) 2.8 (1.6) 3.1 [1.0) –0.3 (–2.4 to 1.7) 
 Hiking/walking/running on unpaved trails 12 (86) 15 (68) 2.8 (0.5 to 13.9) 
  Average no. times (SD) 5.6 (3.5) 8.9 [6.0) –3.3 (–7.2 to 0.7) 
 Camping 6 (43) 6 (27) 2.0 (0.5 to 8.0) 
  Average no. times (SD) 4.2 (1.7) 2.8 [1.2) 1.3 (–0.6 to 3.3) 
 Off-road mountain biking 2 (14) 5 (23) 0.6 (0.1 to 3.1) 
  Average no. (SD) 5 (0) 3.3 [2.2) 1.7 (–1.0 to 4.4) 
Personal tick prevention measures 
 Used repellent or repellent-treated clothing 3 (21) 10 (45) 0.3 (0.1–1.4) 
 Checked self for ticks 14 (100) 10 (45) 34.5 (3.0–365.3) 
 Wore long pants 11 (78) 15 (68) 1.7 (0.4–7.5) 
 Wore long sleeves 12 (86) 14 (64) 3.4 (0.7–16.9) 
Found a tick on self 14 (100) 9 (41) 41.2 (3.5–436.6) 
Found tick attached to self 13 (93) 8 (36) 22.7 (3.0–156.0) 
Location where tick acquired    
 National Forest 8/12 (67) 4/4 (100) 0.2 (0.0–3.0) 
 State Park 2/12 (17) 0/4 (0) 2.1 (0.1–27.0) 
 Private land 2/12 (17) 0/4 (0) 2.1 (0.1–27.0) 
*Values are no (%) except as indicated. Bold indicates statistical significance ( = 0.05). OR, odds ratio. 

 

Figure 2. Geographic locations 
in Montana and Idaho, USA, 
where case-patients (n = 12) 
and controls (n = 4) reported 
tick acquisition during the 2 
weeks before symptom onset 
in a Colorado tick fever case–
control study, Montana, USA, 
2020. Ravalli County (dashed 
box) had the most case-patient 
tick acquisitions (5); Missoula, 
Mineral, Madison, Park, Big 
Horn, and Lewis and Clark each 
had 1 acquisition. One case-
patient acquired a tick in Idaho.
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During 2020, no changes occurred in testing for 
RMSF or tularemia. The numbers of cases reported 
were within the range of those reported during previ-
ous years in Montana: 2 cases of RMSF reported in 
2020 compared with an average of 5 cases (range 1–11 
cases) during 2010–2019, and 1 case of tularemia in 
2020 compared with an average of 4 cases (range 1–7 
cases) during 2010–2019.

Discussion
Using a multifaceted approach, we investigated the 
effect the COVID-19 pandemic might have had on 
CTF virus infection risk and diagnosis in Montana 
in 2020. Because of the pandemic, persons were 
more likely to spend time outdoors, and many per-
sons with CTF reported acquiring ticks in areas of 
Montana known to be endemic for CTF virus. How-
ever, a switch from serologic to primarily molecu-
lar testing on acute-phase specimens that occurred 
because of the surge in demand for SARS-CoV-2 
testing was most likely responsible for the increase 
in CTF cases detected.

Unlike most domestic arthropodborne viruses, 
CTF virus infection is characterized by a sustained 
viremic period caused by infection of hematopoietic 
progenitor cells and delayed antibody response (12). 
CTF viral RNA can usually be detected by RT-PCR 
during the first 2 weeks of illness and for up to 6 
weeks after illness onset (1,7,12). CTF virus–specific 
antibodies are undetectable in >50% of patients at 2 
weeks after illness onset, but neutralizing antibodies 
are detectable in >90% of patients by 4 weeks after 
illness onset (1,7,11,16). Therefore, RT-PCR testing is 
recommended for acute-phase specimens (collected 
<14 days after symptom onset), and serologic testing 
(e.g., IFA or PRNT) is recommended for specimens 
collected >2 weeks symptom onset (11,12,18). Previ-
ous studies comparing IFA to PRNT assays for sero-
logic diagnosis of CTF demonstrated comparable per-
formance (16). As a crude comparison, we found that 

the proportion of RT-PCR tests positive during 2020 
was ≈20-fold higher compared with the proportion of 
tests positive by IFA in previous years; however, we 
were unable to test specimens from previous years to 
directly compare the assay performances.

CTF used to be one of the most frequently report-
ed domestic arboviral diseases. Beginning in the late 
1980s, the numbers of CTF cases reported to CDC be-
gan decreasing, probably because of changes in land 
use, testing, and reporting practices (4,7). Because 
CTF is not a nationally notifiable condition, reporting 
is based on individual state requirements, and not all 
states where CTF virus is known to be endemic have 
reported consistently over time (7). Furthermore, di-
agnostic testing methods among states are variable; 
before 2006, most available CTF testing was done 
by serologic testing only (4,7). Therefore, historical 
trends are difficult to assess, and the actual preva-
lence of CTF is probably underappreciated.

The findings of this investigation are consistent 
with national trends showing that outdoor recre-
ation increased during the COVID-19 pandemic. 
More time spent recreating outdoors can increase 
the likelihood of persons being exposed to vec-
tors that can transmit infections. A recent report 
on Lyme disease surveillance in the United States 
found that ≈50% of respondents to a consumer sur-
vey reported spending more time outdoors in 2020 
than in previous years, similar to our results (19). 
Reports from Switzerland and Germany during the 
summer of 2020 demonstrated a substantial increase 
in endemic tickborne encephalitis virus but decreas-
es in travel-related vectorborne diseases such as 
dengue and malaria (20,21). Both reports attributed 
the increase in cases primarily to increased outdoor 
activity. Although 44% of our participants reported 
spending more time outdoors in 2020 compared 
with 2019, case-patients and controls reported a 
similar change in behavior. Furthermore, we did 
not see an increase in the number of other diseases 
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Table 4. Laboratory testing for Colorado tick fever virus infection performed on specimens from Montana, USA, 2011–2020* 
Year Assay No. tests performed No. (%) tests positive 
2011 IFA 90 0 
2012 IFA 141 2 (1.4) 
2013 IFA 168 0 
2014 IFA 143 2 (1.4) 
2015 IFA 199 4 (2.0) 
2016 IFA 120 3 (2.5) 
2017 IFA 172 4 (2.3) 
2018 IFA 208 3 (1.4) 
2019 IFA 170 3 (1.8) 
2020 RT-PCR 84 18 (21.4) 
 PRNT 53 3 (5.7) 
   Total 137 21 (15.3) 
*IFA, indirect immunofluorescence assay for IgG; PRNT, plaque-reduction neutralization test; RT-PCR, reverse transcription PCR. 
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transmitted by the same tick vector for which test-
ing algorithms did not change, including RMSF and 
tularemia, and providers did not report an increase 
in patient encounters with tick exposure histories 
in 2020. Although tularemia can be spread by other 
routes, the lack of an increase in either of these dis-
eases is supportive evidence that the CTF testing 
protocol change was the major factor leading to an 
increase in CTF cases detected.

These findings also indicate that the locations 
where case-patients spent their time recreating and 
were exposed to ticks probably contributed to the 
case-patients becoming infected. In addition, greater 
awareness of tickborne diseases in highly endemic 
areas might have led to more testing of patients ex-
posed in these regions. Half (6 of 12) of patients with 
CTF who knew where they acquired a tick before be-
coming ill reported acquiring ticks in the Bitterroot 
Valley. The Bitterroot Valley, located between the 
Bitterroot and Sapphire Mountains in Ravalli and 
Missoula Counties, has historically been an endemic 
area for CTF virus; a survey of ticks collected dur-
ing 2002–2003 and 2009–2013 in the Bitterroot Val-
ley found a 6.6% prevalence of infection with CTF 
virus (22). On the basis of the specific location data 
provided by participants, CDC and the Montana 
Department of Public Health and Human Services 
worked with partners at the US Forest Service and 
Montana Department of Fish, Wildlife, and Parks to 
distribute social media messages and trail signs on 
tick-prevention measures and CTF awareness to tar-
geted areas identified during this investigation.

The first limitation of our study is that the small 
number of participants and our convenience sample 
of controls with suspected tickborne diseases could 
have limited the precision of our estimates and our 
power to detect differences. In addition, given the 
relatively few case-patients able to participate in the 
study, reliable evaluation of confounding or identi-
fication of potential effect modifiers of the identified 
risk factors was not possible. We report a range of 
95% CI estimates for both ORs and mean differences, 
and several of these are wide, given the context of 
the application. Although our results are consistent 
with what is known about the epidemiology of CTF 
in Montana and are not unexpected, caution should 
be used when interpreting imprecise results. Further, 
selection was nonrandom, and participation was self-
selected, so our results may be subject to related un-
measurable biases. The results were probably subject 
to participant recall bias and accentuated by delays in 
the investigation related to the COVID-19 pandemic. 
Finally, although the molecular testing performed at 

CDC might have increased the proportion of speci-
mens identified as positive, we did not test specimens 
from previous years to directly compare sensitivities 
of the assays.

To help potentially improve case detection and 
to address healthcare provider interest in additional 
CTF resources identified during this investigation, 
CDC developed and distributed a pocket card with 
information about CTF, including epidemiology, 
clinical findings, prevention, and testing recom-
mendations (https://www.cdc.gov/coloradotick-
fever/diagnostic-testing.html). CDC also created 
a tickborne viral disease training module for clini-
cians, which includes information on CTF, Powas-
san, Heartland, and Bourbon virus diseases and pro-
vides continuing education credits (https://tceols.
cdc.gov/course/detail2/8642).

In summary, the increase in CTF cases reported by 
Montana in 2020 was most likely caused by the shift 
in use of molecular testing for CTF, which is recom-
mended during the acute phase of illness. State public 
health laboratories should consider molecular testing 
for CTF, and support for adopting this testing platform 
can be obtained from CDC on request. Greater outdoor 
recreation, particularly in areas endemic for CTF, was 
an identified modifiable risk factor. Although out-
door recreation should be encouraged, persons who 
work or recreate in CTF-endemic areas should con-
tinue to be advised to take precautions to avoid tick 
exposures, such as using insect repellent approved by 
the US Environmental Protection Agency, perform-
ing tick checks when returning from outdoor activi-
ties (https://www.cdc.gov/ticks/avoid/on_people.
html), and promptly removing ticks.

E.B. reports an Epidemiology and Laboratory Capacity  
Cooperative Agreement grant from CDC during the 
conduct of the study. None of the investigative work was 
funded by an outside source.
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The BA.5 lineage of the SARS-CoV-2 Omicron vari-
ant emerged in South Africa in February 2022 (1) 

and rapidly spread to other countries (2). In Portugal, 

the first BA.5 case was detected on March 29, 2022, and 
BA.5 became predominant by epidemiologic week 19 
of 2022 (May 9–15) (3), leading to a new surge in SARS-
CoV-2 infections, hospitalizations, and deaths (4).

Early data showed that protection against 
BA.4/5 conferred by a previous pre–Omicron SARS-
CoV-2 variant infection was low (5). Studies from 
the United Kingdom (6) and Denmark (7) indicated 
no differences in the odds of having been vaccinated 
between BA.5 and BA.2 case-patients, suggesting 
no differences in the vaccine performance against 
infection. A severity assessment from South Africa 
indicated no differences in the risk for severe hos-
pitalization or death during the BA.4/5 wave com-
pared with the BA.1 wave (8). In contrast, a study 
from Denmark indicated higher odds of hospitaliza-
tion among BA.5 case-patients compared with BA.2 
case-patients, even among those vaccinated with a 
booster dose (7). Those studies have not addressed 
potential differences in vaccine effectiveness (VE) 
against severe outcomes or disease progression be-
tween the 2 lineages.
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We estimated comparative primary and booster vaccine 
effectiveness (VE) of SARS-CoV-2 Omicron BA.5 and 
BA.2 lineages against infection and disease progression. 
During April–June 2022, we implemented a case–case 
and cohort study and classified lineages using whole-
genome sequencing or spike gene target failure. For 
the case–case study, we estimated the adjusted odds 
ratios (aORs) of vaccination using a logistic regression. 
For the cohort study, we estimated VE against disease 
progression using a penalized logistic regression. We 
observed no reduced VE for primary (aOR 1.07 [95% CI 
0.93–1.23]) or booster (aOR 0.96 [95% CI 0.84–1.09]) 
vaccination against BA.5 infection. Among BA.5 case-pa-
tients, booster VE against progression to hospitalization 
was lower than that among BA.2 case-patients (VE 77% 
[95% CI 49%–90%] vs. VE 93% [95% CI 86%–97%]). Al-
though booster vaccination is less effective against BA.5 
than against BA.2, it offers substantial protection against 
progression from BA.5 infection to severe disease.
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VE against emerging SARS-CoV-2 variants has 
become a pressing issue (9). In the context of highly 
vaccinated populations and challenges with establish-
ing a negative control group, alternative study designs 
can be helpful. Case–case studies based on surveillance 
data that include only infected case-patients have been 
shown to be feasible for rapid evaluation of changes 
in VE against SARS-CoV-2 infection in the context of 
variants replacing other variants (10–12). Moreover, in-
tegrating the surveillance data on COVID-19 outcomes 
of different severity levels enables timely assessment 
of changes in VE against severe disease, which can be 
achieved by estimating VE against disease progression 
in infected case-patients (13,14). According to Halloran 
et al. (14), VE against severe outcomes estimated with 
traditional study designs can be expressed as a product 
of 2 components, VE against infection and VE against 
progression from infection to a severe outcome. There-
fore, the reduction of VE against disease progression 
with a new variant would also lead to a decrease in VE 
against a severe outcome.

Our study builds on previous work to address this 
knowledge gap (10,15; A. Peralta-Santos, et al., unpub. 
data, https://doi.org/10.1101/2022.01.20.22269406). 
We aimed to measure the comparative VE of complete 
primary vaccination and first booster dose between 
Omicron BA.5 and BA.2 lineages against infection and 
compare lineage-specific VE against progression to se-
vere COVID-19 outcomes that require hospitalization.

Methods

Study Design and Population
First, we conducted a case–case study to compare the 
odds of vaccination between persons infected with 
SARS-CoV-2 Omicron lineages BA.5 and BA.2. Sec-
ond, we followed a cohort of BA.2- and BA.5-infected 
persons to compare lineage-specific VE against pro-
gression from infection to hospitalization (VEp). We 
estimated VEp by comparing the risk for severe out-
comes in vaccinated infected and unvaccinated in-
fected persons (14).

We included persons from mainland Portugal 
who had SARS-CoV-2 diagnosed by an reverse tran-
scription PCR (RT-PCR) test and and had their illness 
reported to Portugal’s national surveillance system 
during April 25–June 10, 2022. We excluded SARS-
CoV-2 case-patients who were not eligible for booster 
vaccination (i.e., those <18 years of age) and residents 
in the autonomous regions of Madeira and Azores 
or for whom residence information was unavailable. 
Further, we excluded those vaccinated with brands 
other than the ones used in Portugal; vaccinated with 

a combination of brands other than the ones recom-
mended by the vaccines’ manufacturers; vaccinated 
with an interval period between the 2 doses shorter 
than that recommended by the manufacturer; vacci-
nated with the second booster dose or with an incom-
plete vaccination scheme; infected with variants other 
than BA.2 and BA.5 according to whole-genome se-
quencing (WGS) results. Finally, we excluded those 
who had suspected cases of nosocomial infection.

The testing policies remained stable during the 
study period, and all symptomatic patients were eli-
gible for a free diagnostic test. All patients admitted 
to a hospital were tested at admission, even if asymp-
tomatic. However, during April 29–May 23, 2022, 
rapid antigen tests were not available free of charge, 
and some asymptomatic infections might have been 
undiagnosed. The overall positivity rate during the 
study period was very high (≈50%) (16).

Case Selection and Variant Classification
We classified samples as BA.2 or BA.5 according to 
spike gene target failure (SGTF) status (BA.5 as SGTF, 
BA.2 as non-SGTF) or by WGS. WGS data was pro-
vided by the National Genomics Surveillance Net-
work, which conducts nationwide random sequenc-
ing surveys weekly (3). SGTF data was provided by 
2 clinical pathology laboratories (UNILABS and Al-
garve Biomedical Center Laboratory) that operate in 
mainland Portugal and use the TaqPath COVID-19 
RT-PCR (ThermoFisher, https://www.thermofisher.
com), enabling identification of samples with SGTF 
or non-SGTF status. Those 2 laboratories detected 
≈3% of diagnosed cases at the national level during 
the study period. For SGTF-based classification, we 
considered only samples with both nucleocapsid 
and open reading frame 1a positive signals and cycle 
threshold values <30.

We defined a COVID-19 hospitalization as any 
admission (of >24 hours’ duration) of a patient to 
the National Health Service (NHS) hospitals in 
mainland Portugal with a SARS-CoV-2 diagnosis 
classified as BA.2 or BA.5 infection. We obtained 
data from Portgual’s Integrated Hospital Informa-
tion System registry, which captures information 
from NHS hospitals and registers COVID-19 admis-
sions for all the patients with primary or secondary  
COVID-19 diagnoses hospitalized in COVID-19 
dedicated facilities. In Portugal, NHS covers the cost 
of nearly all COVID-19 hospitalizations.

Exposure Definition
We extracted vaccination status from the nation-
wide electronic vaccination registry and classified 
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them as unvaccinated (i.e., no record of COVID-19 
vaccine administration), complete primary vaccina-
tion received, or booster dose vaccination received. 
We included a patient in the primary vaccination 
category if the SARS-CoV-2 infection diagnosis oc-
curred >14 days after the complete vaccination regi-
men according to the product characteristics (i.e., 
>14 days after the second dose of mRNA BNT162b2 
[Comirnaty, https://www.pfizer.com], mRNA-1273 
SARS-CoV-2 [Moderna, https://www.modernatx.
com] or AstraZeneca [https://www.astrazeneca.
com] vaccines or >14 days after the single dose of the 
Johnson & Johnson/Janssen [https://www.jnj.com] 
COVID-19 vaccine). We included a patient in the 
booster dose vaccination if a SARS-CoV-2 infection 
diagnosis occurred >14 days after the first mRNA 
booster dose.

Other Covariates
We collected information on age, sex, region of resi-
dence, and swab collection date through Portugal’s 
national surveillance system. We defined a previous 
infection as a positive RT-PCR or rapid antigen SARS-
CoV-2 test result for the same patient >90 days apart. 
Data extraction and deterministic linkage of electronic 
health records with laboratory data were performed 
on July 12, 2022, by the General Directorate of Health 
team using the National Health Service user number, 
a unique identifier for health services in Portugal.

Statistical Analysis
We used absolute and relative frequencies to de-
scribe BA.2 and BA.5 case characteristics. In a case–
case design, we estimated the odds of vaccination 
(primary and first booster dose) and previous infec-
tion in BA.5 case-patients compared with BA.2 case-
patients by using a logistic regression model adjust-
ed for sex, age group, region of residence, and week 
of swab collection.

For interpretation, we expect no differences in VE 
between 2 lineages if the odds of vaccination in BA.5 
case-patients are higher than for BA.2 case-patients, 
the OR estimate is >1, suggesting that VE is lower 
for BA.5 lineage compared with BA.2. If the odds of 
vaccination are similar between BA.2 and BA.5, (i.e., 
OR = 1), we expect no differences in VE between 2 
lineages. The OR for the previous infection can be in-
terpreted similarly; an OR >1 suggests less protection 
conferred by the previous infection against BA.5 com-
pared with BA.2. In addition, we combined previous 
infection and vaccination exposure to compare levels 
of protection conferred by so-called hybrid immunity 
between BA.5 and BA.2 lineages.

To reduce the bias caused by rare events, we es-
timated VEp in BA.5 and BA.2 case-patients by us-
ing penalized logistic regression (Firth’s penalized 
likelihood method) (17), adjusting for sex, age group, 
region of residency, and week of swab collection. To 
compare lineage-specific VEp estimates, we included 
an interaction term between lineage and vaccination 
status in the models. The OR for the lineage and vac-
cination status interaction can be interpreted as mea-
sure of relative VE to prevent progression to severe 
outcomes among patients infected with BA.5 com-
pared with BA.2.

We performed all statistical analyses with Stata 
15.1 software (StataCorp, https://www.stata.com). 
All tests were 2-sided, and we considered a p value 
<0.05 to be statistically significant.

Ethics Considerations
The genomic surveillance of SARS-CoV-2 in Portugal 
is regulated by the Assistant Secretary of State and 
Health Executive Order (dispatch no. 331/2021, is-
sued January 11, 2021). The study protocol received 
clearance from the Ethics Committee of Portugal’s 
Instituto Nacional de Saúde Doutor Ricardo Jorge on 
June 15, 2022.

Results

Study Participant Characteristics
For the period April 25–June 10, 2022, we included 
27,702 SARS-CoV-2–positive case-patients (15,396 
with the BA.2 variant and 12,306 with BA.5). A to-
tal of 106 COVID-19 hospitalization occurred (54 
[0.4%] among patients infected with BA.2 and 52 
[0.4%] among those infected with BA.5). Most cases 
(91.2%) were classified using SGTF. Sex distribution 
was similar between the 2 groups (BA.5 case-patients 
were slightly younger than BA.2 case-patients), and 
BA.5 was more frequent in Alentejo and Centro re-
gions (Table 1). Both groups had a similar percent-
age of nonvaccinated case-patients (4%–5%), but the 
BA.5 group had a higher percentage of case-patients 
who received complete primary vaccination (20.6% 
vs. 15.8%), and BA.2 case-patients had a higher per-
centage of patients who had received the first booster 
dose (80.1% vs. 74.7%). Also, the percentage of case-
patients with a previous COVID-19 infection was 
higher among BA.5 case-patients (10.0%) than among 
BA.2 case-patients (5.6%).

Case–Case Study
For the case–case study, the odds of complete prima-
ry vaccination (aOR 1.07 [95% CI 0.93–1.23]) or first 
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booster dose (aOR 0.96 [95% CI 0.84–1.09]) among 
BA.5 case-patients were similar to those for the BA.2 
case-patients, suggesting no relevant differences in 
VE against infection for the BA.5 lineage compared 
with the BA.2 lineage (Table 2). We observed high-
er odds of previous infection in BA.5 case-patients 
compared with BA.2 case-patients (aOR 1.44 [95% CI 
1.30–1.60]).

Cohort VEp Study
For the cohort study, regarding hospitalization (Table 
3), for complete primary vaccination, we estimated 
an aOR of 0.38 (95% CI 0.16–0.89) for BA.2 case-pa-
tients and 0.78 (95% CI 0.29–2.09) for BA.5 case-pa-
tients, which is equivalent to a VEp of 62% (95% CI 
11%–84%) for BA.5 and 22% (95% CI –109%–71%) for 
BA.2 For the first booster dose, we observed a higher 
reduction in risk for hospitalization among infected 
patients for both BA.2 (aOR 0.07 [95% CI 0.03–0.14]) 
and BA.5 (aOR 0.23 [(95% CI 0.10–0.51]), representing 
VEp of 93% (95% CI 86%–97%) for BA.2 and 77% (95% 
CI 49%–90%) for BA.5.

The interaction term that enables comparison 
between BA.5 and BA.2 lineage-specific VEp was 
aOR 3.36 (95% CI 1.18–9.63), suggesting reduced 
protection induced by the first booster dose against 
hospitalization for BA.5 case-patients compared 
with BA.2. For complete primary vaccination the 
difference in VEp between BA.5 and BA.2 case-
patients was not statistically significant (aOR 2.06 
[95% CI 0.56–7.55]).

Discussion
Using routinely collected data from electronic health 
records, we found no differences in odds of vaccina-
tion between BA.5 and BA.2 infection in the adult 
population of Portugal, suggesting that VE against 
BA.5 infection was similar to VE against BA.2. This 
result corroborates findings from studies conducted 
in the United Kingdom and Denmark that compared 
VE against infection between BA.5 and BA.2 by using 
a similar methods (6,7).

Our study showed that infection with the SARS-
CoV-2 Omicron BA.5 lineage was associated with 
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Table 1. Sociodemographic and clinical characteristics of COVID-19 case-patients in the study sample, by SARS-CoV-2 variant, 
Portugal, April 25–June 10, 2022 

Characteristic 
No. (%) patients 

BA.5, n = 12,306 BA.2, n = 15,396 
Sex         
 F 7,176 (58.3) 9,043 (58.7) 
 M 5,130 (41.7) 6,353 (41.3) 
Age group, y         
 18–29 3,474 (28.2) 3,299 (21.4) 
 30–39 2,059 (16.7) 2,922 (19.0) 
 40–49 2,475 (20.1) 3,431 (22.3) 
 50–59 1,974 (16.0) 2,581 (16.8) 
 60–69 1,089 (8.9) 1,567 (10.2) 
 >70 1,235 (10.0) 1,596 (10.4) 
Region         
 Alentejo 1,280 (10.4) 752 (4.9) 
 Algarve 325 (2.6) 487 (3.2) 
 Centro 1,401 (11.4) 972 (6.3) 
 Lisboa e Vale do Tejo 1,462 (11.9) 3,396 (22.1) 
 Norte 7,838 (63.7) 9,789 (63.6) 
Epidemiologic week of diagnosis, 2022         
 Week 17 980 (8.0) 4,200 (27.3) 
 Week 18 3,237 (26.3) 5,691 (37.0) 
 Week 19 5,655 (46.0) 4,763 (30.9) 
 Week 20 1,080 (8.8) 492 (3.2) 
 Week 21 799 (6.5) 174 (1.1) 
 Week 22 348 (2.8) 56 (0.4) 
 Week 23 207 (1.7) 20 (0.1) 
COVID-19 vaccination status         
 Not vaccinated 590 (4.8) 631 (4.1) 
 Complete primary vaccination 2,530 (20.6) 2,434 (15.8) 
 First booster vaccination 9,186 (74.7) 12,331 (80.1) 
Previous SARS-CoV-2 infection         
 No 11,073 (90.0) 14,536 (94.4) 
 Yes 1,233 (10.0) 860 (5.6) 
Hospitalization         
 No 12,254 (99.6) 15,342 (99.7) 
 Yes 52 (0.4) 54 (0.4) 
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higher odds of previous infection compared with BA.2, 
suggesting reduced protection conferred by the previ-
ous infection against BA.5. The effect of the previous 
infection on the odds of being infected with BA.4/BA.5 
and BA.2 has been investigated in Qatar, where the re-
ported protective effect of previous infection against 
infection with BA.2 was 46.1% (95% CI 39.5%–51.9%) 
(18). The authors reported a low effect for pre-Omicron 
infection 14.9% (95% CI −47.5%–50.9%) and higher ef-
fectiveness for previous infection with BA.1/2 of 76.1% 
(95% CI 54.9%–87.3%) in reducing the risk for infection 
with BA.4/BA.5 (5). Although not directly compara-
ble, our results align with these findings.

Moreover, we used a cohort design to compare the 
risk for hospitalization among vaccinated and unvacci-
nated patients, conditional on being infected with BA.5 
or BA.2. Our results suggest statistically significant dif-
ferences between BA.5 and BA.2 in VEp after the first 
booster dose (aOR 3.36 [95% CI 1.18–9.63]). In addition, 
among BA.5-infected patients, the protective effect of 
the first booster on reducing the odds of hospitalization 
was higher (VEp 77% [95% CI 49%–90%]) than for the 
primary vaccination (VEp 22%–95% [95% CI −109% to 
71%]). These findings align with neutralization stud-
ies that suggested higher immune evasion for the 
BA.5 lineage than for BA.2 (19) and an improvement 
in plasma-neutralizing activity after receipt of booster 
vaccine, highlighting the importance of vaccine boost-
ers for eliciting potent neutralizing antibody responses 
against Omicron lineages (20).

Among the limitations of our study is that, for 
most included cases, SARS-CoV-2 variant was deter-
mined by SGTF, so we cannot exclude the possibility 
of variant misclassification, given that other contem-
porary lineages (BA.1 and BA.4) also display SGTF 
and non-SGTF status. However, genomic surveil-
lance data indicate that this potential bias was largely 
minimized because BA.1 and BA.4 had a <0.3% week-
ly relative frequency throughout the study period (3). 
Regarding the non-SGTF profile, only very sporadic 
sequences were detected beside the dominant BA.2. 
Both observations support a reduced risk for lineage 
misclassification.

In addition, the study relies on surveillance data 
that had some limitations (e.g., lack of information on 
potential confounders, underlying conditions, and 
adherence to protective measures such as mask use, 
social distancing, or other behaviors, which may dif-
fer between vaccinated and unvaccinated patients). 
These differences can be rooted in the risk perception 
of the disease associated with age or previous expo-
sure to SARS-CoV-2. Although we account for age, 
sex, and region of residence in the models, which 
minimize the confounding, we cannot exclude un-
measured confounding bias.

Moreover, we cannot identify the variant from a 
previous infection, and having a pre-Omicron infec-
tion affects the odds of being infected with BA.5, as 
demonstrated in the Qatar study (5,18). Time since 
previous infection was also unknown, so we were not 
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Table 2. Crude and adjusted odds ratios of vaccine infection breakthrough in BA.5 case-patients compared with BA.2 SARS-CoV-2 
case-patients, Portugal, epidemiologic weeks 17–23, 2022* 

Category BA.5, no. (%) BA.2, no. (%) 
Crude OR  
(95% CI) 

Adjusted† OR 
(95% CI) 

Vaccination status     
 Unvaccinated 590 631 Referent Referent 
 Complete primary vaccination 2,530 2,434 1.11 (0.98–1.26) 1.07 (0.93–1.23) 
 Booster dose 9,186 12,331 0.80 (0.71–0.89) 0.96 (0.84–1.09) 
Previous infection     
 No 11,073 14,536 Referent Referent 
 Yes 1,233 860 1.88 (0.71–2.06) 1.44 (1.30–1.60) 
Vaccination status accounting for previous infection     
 Unvaccinated without previous infection 468 (3.8) 550 (3.6) Referent Referent 
 Unvaccinated with previous infection 122 (1.0) 81 (0.5) 1.77 (1.30–2.41) 1.77 (1.26–2.49) 
 Complete primary vaccination without previous infection 1,802 (14.6) 1,982 (12.9) 1.07 (0.93–1.23) 1.08 (0.92–1.26) 
 Complete primary vaccination with previous infection 729 (5.9) 452 (2.9) 1.90 (1.60–2.25) 1.70 (1.40–2.05) 
 Booster without previous infection 8,805 (71.5) 12,004 (78.0) 0.86 (0.76–0.98) 0.99 (0.86–1.14) 
 Booster with the previous infection 382 (3.1) 327 (2.1) 1.37 (1.13–1.66) 1.18 (0.95–1.47) 
*OR, odds ratio. 
†Adjusted for age group, sex, region, and week of diagnosis. 

 
 

 
Table 3. Adjusted odds ratios of hospitalization among COVID-19 case-patients, by SARS-CoV-2 variant, Portugal, 2022* 

Vaccination status 
BA.5 

 
BA.2 aOR BA.5/BA.2 

(95% CI) No. (%) aOR (95% CI) No. (%) aOR (95% CI) 
Not vaccinated 9/590 (1.53) Referent  14/631 (2.2) Referent   
Complete primary vaccination 9/2,530 (0.36) 0.78 (0.29–2.09)  11/2,434 (0.45) 0.38 (0.16–0.89) 2.06 (0.56–7.55) 
1st booster vaccination 34/9,186 (0.37) 0.23 (0.10–0.51)  29/12,331 (0.24) 0.07 (0.03–0.14) 3.36 (1.18–9.63) 
*aOR, adjusted odds ratio; OR, odds ratio. 
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able to address the hypothesis of waning protection. 
We did not account for the underascertainment of 
the previous infection, meaning that we are probably 
underestimating the protective effect of the previous 
infection. Serologic surveys have estimated postinfec-
tion seroprevalence to be higher than the cumulative 
incidence reported by the national surveillance sys-
tem in Portugal (21,22).

The ascertainment bias might be present if the 
probability of testing is different between vaccinated 
and unvaccinated case-patients. However, during 
the study period, the daily testing rate in Portugal 
was 3.6–4.7 tests/1,000 population, the testing rec-
ommendations remained stable, and active commu-
nity testing was maintained, which meant all symp-
tomatic persons could have a free test and paid sick 
leave regardless of vaccination status. The variant 
status is unknown to the person being tested and 
hence is less likely to be an incentive for different 
testing behaviors by itself. Although we cannot ex-
clude the effect of ascertainment bias on our results, 
the robust community testing and the paid sick leave 
program probably minimize it.

Our approach does not provide a direct mea-
sure of VE against infection or severe disease but 
does provide a rapid assessment of the effects of 
SARS-CoV-2 variants on VE, which can be help-
ful in guiding public health measures. Our results 
suggest no differences in VE against SARS-CoV 
infection and lower protective effect of previous 
infection against infection with BA.5 compared 
with BA.2, which explains the surge in cases ob-
served in countries with high BA.5 prevalence. In 
addition, we observed that VE against COVID-19 
progression to severe disease was lower among pa-
tients infected by BA.5 compared with BA.2. Vac-
cines currently used in Portugal are less effective 
in reducing the risk for disease progression to se-
vere outcomes for patients infected with BA.5 com-
pared with BA.2. The observed difference between 
BA.5 and BA.2 lineages emphasizes the importance 
of high vaccination coverage to prevent severe  
COVID-19–associated outcomes.
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The first case of human infection caused by the 
yeast Candida haemulonii was reported in 1984 

(1). Recent research has indicated that the previously 
recognized C. haemulonii species is actually a spe-
cies complex comprising 4 phylogenetically closely  

related species, C. haemulonii, C. duobushaemulonii, C. 
pseudohaemulonii, and C. vulturna (1,2). The emerging, 
highly problematic pathogen C. auris, which is also a 
closely related species of the C. haemulonii complex, was 
first reported in Japan in 2009; it has attracted wide-
spread attention worldwide owing to its multidrug 
resistance and capacity to cause nosocomial outbreaks 
(3–5). Because the overall prevalence of C. haemulonii 
sensu stricto remains low worldwide, less attention 
has been paid to this species. Like C. auris, C. haemulonii 
exhibits notable resistance to various classes of antifun-
gal agents, including azoles and amphotericin B (6–8), 
and some reports have described nosocomial outbreaks 
caused by C. haemulonii (9). However, although C. hae-
mulonii s.s. has been discovered in a broad range of wild 
environmental and animal sources (10–15), it has not 
been isolated from a hospital environment.

Molecular methods play important roles in clini-
cal mycology, including laboratory diagnostics, taxo-
nomic investigations, phylogenetic analysis, and con-
firmation of outbreaks (16). Previous studies on the C. 
haemulonii complex have applied methods such as se-
quencing of the rDNA internal transcribed spacer (ITS) 
region, amplified fragment-length polymorphism, and 
random amplified polymorphic DNA; however, the 
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Candida haemulonii, a relative of C. auris, frequently 
shows antifungal resistance and is transmissible. How-
ever, molecular tools for genotyping and investigating 
outbreaks are not yet established. We performed ge-
nome-based population analysis on 94 C. haemulonii 
strains, including 58 isolates from China and 36 other 
published strains. Phylogenetic analysis revealed that C. 
haemulonii can be divided into 4 clades. Clade 1 com-
prised strains from China and other global strains; clades 
2–4 contained only isolates from China, were more re-
cently evolved, and showed higher antifungal resistance. 
Four regional epidemic clusters (A, B, C, and D) were 
identified in China, each comprising ≥5 cases (largest 
intracluster pairwise single-nucleotide polymorphism dif-
ferences <50 bp). Cluster A was identified in 2 hospitals 
located in the same city, suggesting potential intracity 
transmissions. Cluster D was resistant to 3 classes of an-
tifungals. The emergence of more resistant phylogenetic 
clades and regional dissemination of antifungal-resistant 
C. haemulonii warrants further monitoring.



Antifungal-Resistant Candida haemulonii, China

discriminatory powers of those methods are limited 
and only capable of assigning isolates to the species 
level (2). Whole-genome sequencing (WGS) provides 
a high-resolution alternative. In fact, WGS-based ge-
nomic analysis has assisted in tracing the phyloge-
netic evolution and dissemination of C. auris globally 
(17), confirming nosocomial transmission of C. auris in 
healthcare facilities (5,18,19), and analyzing potential 
antifungal resistance mechanisms (20–22).

The global phylogeny of C. haemulonii remains 
uncharacterized. The China Hospital Invasive Fungal 
Surveillance Net (CHIF-NET) program identified sev-
eral regional clustered cases (n >5) in China caused 
by C. haemulonii; however, the overall prevalence of 
this species remained low (0.8%) (23). We performed 
WGS-based analysis of 94 C. haemulonii strains, 58 
isolates collected from 23 hospitals by the CHIF-NET 
study over 8 years in China and 36 previously pub-
lished international strain genomes (24). The primary 
goal of our study was to illustrate the phylogenetic 
character of this species worldwide and determine 
the population relatedness of regional cluster cases 
in China. In addition, we sought to predict major  
antifungal resistance mechanisms using bioinfor-

matic analysis. Our study was approved by the Hu-
man Research Ethics Committee of the Peking Union 
Medical College Hospital (protocol S-263).

Materials and Methods
We examined 58 nonduplicated clinical C. haemulonii 
isolates collected from 23 hospitals distributed across 
15 provinces in China during August 2009–July 2017 
(Figure 1). Of those strains, 31 had been previously 
reported (7). We also included publicly available ge-
nomic data for 36 international C. haemulonii strains, 
obtained from the National Center for Biotechnology 
Information Sequence Read Archive.

Of the strains from China, 69% (40/58) were iso-
lated from the blood and 13.8% (8/58) from the cere-
brospinal fluid. The remaining strains were isolated 
from venous catheters (8.6%, 5/58), secretions (3.4%, 
2/58), tissue fluid (1.7%, 1/58), ascitic fluid (1.7%, 
1/58), and drainage (1.7%, 1/58) (Appendix 1 Table 
1, https://wwwnc.cdc.gov/EID/article/29/3/22-
1082-App1.xlsx). Samples came from from patients in 
medical wards (53.4%, 31/58), surgical wards (22.4%, 
13/58), intensive care units (22.4%, 13/58), and emer-
gency departments (1.7%, 1/58).
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Figure 1. Regional distribution 
of 58 invasive infections caused 
by C. haemulonii in China during 
2010–2017, collected from 
the China Hospital Invasive 
Fungal Surveillance Net study. 
Province names are listed, and 
hospital locations are marked by 
icons; the abbreviation codes of 
hospitals are listed next to each 
location. The pie charts adjacent 
to the province names indicate 
the number of isolates collected; 
phylogenetic clades are labeled 
in different colors.
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The international strains were isolated from 3 
continents: 18 from South America (Venezuela, n = 
7; Colombia, n = 11), 17 from North America (United 
States, n = 13; Panama, n = 4), and 1 from Asia (Is-
rael, n = 1). Of the strains, 94.4% (34/36) were from 
humans (blood, wounds, bone bronchial wash, foot, 
vaginal secretion, catheter, urine, or peritoneal fluid), 
2.8% (1/36) from animals (fish), and 2.8% (1/36) with 
no source information (Appendix 1 Table 1).

We identified all strains by using matrix-assisted 
laser desorption/ionization time-of-flight mass spec-
trometry and ITS sequencing (Appendix 2, https://
wwwnc.cdc.gov/EID/article/29/3/22-1082-App2.
pdf). We evaluated in vitro susceptibility and per-
formed WGS to explore the molecular features of the 
isolates. Raw genome reads are available from the 
National Center for Biotechnology Information (Bio-
Project no. PRJNA827237). 

Results

Collection of Isolates
We identified all strains as C. haemulonii by using Au-
tof MS 1000 (Autobio Diagnostics Co., Ltd; https://
en.autobio.com.cn) and Vitek MS (bioMerieux; 
https://www.biomerieux-usa.com/). The phyloge-
netic tree based on rDNA ITS region sequences re-
vealed that CHIF-NET strains clustered with C. hae-
mulonii CBS5149T rather than other species within the 
C. haemulonii species complex. 

C. haemulonii Genome Highly Conserved
We performed single-nucleotide polymorphism 
(SNP) calling for all 94 isolates. Although derived 
from vast international geographic regions, we found 
C. haemulonii genomes to be highly conserved. We 
found 6,807 SNPs among the 94 C. haemulonii ge-
nomes, which was a considerably smaller number 
than that first reported for C. auris (119,188 SNPs) (4). 
The pairwise SNP differences among all international 
strains ranged from 6 to 553 (median 269). SNP dif-
ferences between Chinese and international isolates 
ranged from 4 to 653 (median 333), and pairwise SNP 
differences between different Chinese strains ranged 
from 6 to 581 (median 297).

Four Phylogenetic Clades Identified Worldwide
Fast hierarchical Bayesian analysis of population 
structure revealed that all strains could be divided 
into 4 major clades, and principal components analy-
sis results clearly supported the presence of these 4 
groups (Figure 2; Appendix 2 Figure 1). We classified 
63 isolates (67%) as clade 1, 13 (13.8%) as clade 2, 6 

(6.4%) as clade 3, and 12 (12.8%) as clade 4 (Appendix 
1 Table 1). From the phylogenetic tree, we observed 
that clade 1 strains were widely distributed across 
vast geographic regions (Figure 1). In comparison, 
all isolates in clades 2, 3, and 4 were exclusively from 
China (clade 2, n = 13; clade 3, n = 6; clade 4, n = 12), 
and those 3 branches are suggested to have evolved 
from clade 1 in the phylogenetic tree. Of note, analy-
sis of the mating-type locus showed that all 94 isolates 
were MATα. 

Regional Clustered Cases Associated with  
Spread of Specific Clones
We observed several clustered regional cases. To in-
vestigate potential clonal spreads or outbreaks, we 
first concentrated on any hospital with ≥5 cases of C. 
haemulonii infections that occurred during the sur-
veillance period. We found that the maximum pair-
wise SNP differences for isolates within the same 
clade from the same hospital were all <50 (33 SNPs 
for clade 1 in hospital HS, 28 for clade 2 in hospital 
CH, 34 for clade 3 in hospital XN, and 45 for clade 
4 in hospital NJ). Except for isolates of clade 3 that 
were identified in only 1 hospital, the above differ-
ences were considerably less than the average intra-
clade pairwise SNP differences of all isolates within 
the same clade, which were 301 SNPs for clade 1, 131 
for clade 2, and 160 for clade 4. We therefore used a 
criterion of ≤50 SNPs for defining clonal clusters in 
our primary analysis. On the basis of those criteria, 
we identified 4 obvious clusters.

We discovered cluster A, initially, in hospital CH 
in East China; 6 cases accounted for 85.7% (6/7) of the 
C. haemulonii infection cases found in that institution. 
Cluster A isolates belonged to clade 2, and SNP differ-
ences between any 2 cluster A strains ranged from 10 
to 28 bp (median 21). Three strains were isolated from 
the surgical ward, 2 strains from the medical depart-
ment, and 1 strain from the intensive care unit. Five 
strains were isolated from blood and 1 strain from 
cerebrospinal fluid. The remaining non–cluster A 
isolates from that hospital belonged to clade 1, which 
differed from the cluster A strains, ranging from 349 
to 399 bp (median 398). Of note, 1 strain isolated from 
another hospital (hospital CZ, also located in hospital 
CH’s city) fell into cluster A (paired SNPs 13 to 22 ver-
sus CH cluster A strains), suggesting intra-city trans-
mission of C. haemulonii from August 2016 through 
April 2017 (Figure 3).

Cluster B, belonging to clade 1, was detected in 
hospital HS in East China, comprising 6 cases, and the 
inter-cluster pairwise SNP differences ranged from 
6 to 33 bp (median 20). Although hospitals HS, CH, 
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Figure 2. Maximum-likelihood phylogenetic tree constructed based on whole-genome single-nucleotide polymorphisms and 
phylogenetic clades in a study of antifungal-resistant Candida haemulonii in China. Information is labeled for each strain: geographic 
origin, antifungal susceptibilities for representative drugs of different classes (fluconazole, amphotericin B, and 5-fluorocytosine), 
and key amino acid substitutions related to antifungal resistance that were observed in genes encoding lanosterol 14-α-demethylase 
(ERG11) and uracil phosphoribosyltransferase (FUR1). The tree was rooted to strain B10441 (CBS5149), which is the most ancient C. 
haemulonii strain, identified in 1962 (from Haemulon sciurus). All remaining strains were isolated after 2010.
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and CZ were in the same city, cluster B diverged from 
cluster A (>258 bp differences). Four cluster B isolates 
were collected from the infectious department ward, 
1 isolate was collected from the emergency depart-
ment, and 1 isolate was collected from the intensive 
care unit. All strains were isolated from cerebrospinal 
fluid during October 2013–August 2014 (Figure 3).

Cluster C was detected in hospital XN in South-
west China and belonged to clade 3. Of the 7 strains 
isolated from hospital XN, 85.7% (6/7) were attrib-
uted to cluster C. The remaining isolate was from 
clade 3 but differed from other cluster C strains by 
451–463 bp. Within cluster C strains, pairwise SNP 
differences ranged from 11 to 34 bp (median 28). 
All cluster C strains from hospital XN were isolat-
ed from the hepatobiliary ward; 3 of those strains 
were cultured from blood and catheter samples. 
The timeline for the isolation of cluster C isolates in 
hospital XN was >2 years (September 2013–October 
2015) (Figure 3).

Cluster D isolates belonging to clade 4 were 
detected from hospital NJ in East China and com-
prised 5 cases. The number of SNPs in cluster D 
ranged from 19 to 45 bp (median 37). All 6 cluster 
D strains were isolated from the general surgery 
wards. As with cluster C strains, cluster D strains 
persisted in hospital NJ for >2 years (September 
2013–November 2015) (Figure 3). Of interest, 2 ad-
ditional non–cluster D strains from that hospital 
belonged to clade 1. Both strains were isolated from 
the nephrology ward (August 2016–November 
2016), and pairwise SNP differences between the 2 
strains were only 11, suggesting another potential 
nosocomial transmission.

In summary, 4 clonal dissemination events of C. 
haemulonii were identified in China. Moreover, evi-
dence suggests the occurrence of an intra-city clonal 
spread caused by a multidrug-resistant clone.

Notable Antifungal Resistance in C. haemulonii 
Among the 94 isolates studied, only an interna-
tional strain from Venezuela was reported to be re-
sistant to caspofungin (MIC = 16 μg/mL) (24). All 
other strains remained susceptible to echinocan-
dins. Of the isolates, 40.4% (38/94) were resistant 
to fluconazole and 21.2% (20/94) were resistant to 
voriconazole, including 24.5% (23/94) that were 
cross-resistant to the 2 azoles. The resistance rate in 
China was 56.9% (33/58) for fluconazole and 34.5% 
(20/58) for voriconazole, both rates higher than the 
rates among international strains, which were 13.9% 
(5/36) for fluconazole and 0% (0/36) for voricon-
azole. In comparison, only 9.6% (9/94) of the isolates 
were resistant to itraconazole, and only 1 isolate had 
a minimum inhibitory concentration ≥1 μg/mL for 
posaconazole. Nearly half (44.7%, 42/94) of the iso-
lates were resistant to amphotericin B. Although 
data for 5-fluorocytosine resistance were not avail-
able for the 36 international strains, more than half 
(53.4%) of the 58 strains from China were 5-fluorocy-
tosine resistant. Moreover, in China, 25.8% (15/58) 
of the isolates were multidrug resistant, including 
15.5% (9/58) that were resistant to 3 classes of anti-
fungal agents.

Antifungal resistance was associated with the 
clonal background of the strains. For instance, flu-
conazole resistance rates were above 80% for clade 
3 (100%) and clade 4 (83.3%) strains, whereas only 
30.2% of clade 1 and 46.2% of clade 2 isolates were flu-
conazole resistant (Appendix 1 Table 2). In addition, 
China clade 1 isolates exhibited a higher fluconazole 
resistance rate (51.9%) than the international strains 
(13.9%). The amphotericin B resistance rate of strains 
in clade 1 (49.2%) and in clade 4 (58.3%) were higher 
compared with other clades (<20%). The 5-fluorocyto-
sine resistance rate was 100% in clades 3 and 4. Strains 
resistant to 3 classes of antifungals were mainly  
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Figure 3. Distribution of 4 regionally disseminated Candida haemulonii clusters (clusters A, B, C, and D) in 5 hospitals in China. Isolates 
not belonging to the 4 major clusters were summarized as noncluster strains. Pie charts indicate number of isolates (indicated by size of 
pie) and distribution of clusters (distinguished by color).
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distributed in clade 4 (66.7%), including all cluster D 
isolates (Appendix 1 Table 2).

Potential Resistance Mechanisms of C. haemulonii
We used the genome of strain BMU5228 as a wild-
type sequence to annotate gene mutations in 25 
known important antifungal resistance genes (Ap-
pendix 1 Table 3). Among the 33 fluconazole-resistant 
strains in China, 100% harbored the Y132F substitu-
tion in Erg11p (Table). We also found the Y132F sub-
stitution in 11.1% (4/36) of the international strains, 
and 2 of them were fluconazole resistant. We found 
54.5% (18/33) of fluconazole-resistant strains in Chi-
na harbored >1 of the substitutions V125A, F126L, 
and G307A (Table; Appendix 1 Table 3). We screened 
other genes reported to cause azole resistance and 
found that 6 cluster C strains had the substitution 
M589L in Tac1Bp, the transcriptional regulator of the 
efflux pump Cdr1. Our analysis of the distribution 
of copy number variations revealed that 13 (22.4%) 
strains in China had >1 copy of the ERG11 gene, and 
those strains were all resistant to fluconazole (Appen-
dix 2 Figure 2). For strains with >1 copy of ERG11, 
6 strains were from clade 3 and 7 strains were from 
other clades (Appendix 2 Figure 2). Isolates with >1 
copy of ERG11 had significantly higher MICs against 
fluconazole than did isolates with 1 copy (p<0.05 by 
Mann–Whitney test). For 5-fluorocytosine, of the 31 
resistant isolates, 25.8% (8/31) had noteworthy muta-
tions in the FUR1 gene, including 7 strains carrying 
the substitution A143T (all of which were cluster C) 
and 1 strain carried the substitution P206S. Although 
42.6% (40/94) of the strains were resistant to ampho-
tericin B, we observed no mutations of note in the pre-
viously described resistance-related genes, including 
ERG2, ERG3, or ERG6 (Appendix 1 Table 3).

Discussion
In recent years, the number of human infections 
caused by emerging pathogens has increased gradu-
ally (24). Among those pathogens, C. haemulonii and 
its closely related species C. auris, belonging to the 
family Metschnikowiaceae, have received great pub-
lic attention because of their notable trends of anti-
fungal resistance and capacity to cause nosocomial 
transmission (5,9,25).

Genome-based phylogenetic studies of C. auris 
have revealed that 5 distinct clades (I, II, III, IV, and 
V) are distributed in East Asia, South Asia, South Af-
rica, and South America (17,26), whereas the popula-
tion structure of C. haemulonii has not been previously 
defined. In this study, we found that C. haemulonii 
can also be divided into 4 phylogenetic clades. Root-

ed by the most ancient C. haemulonii strain B10441 
(CBS5149) that was isolated in 1962, strains from 
clades 2–4 emerged more recently, with isolates  
identified exclusively in China and antifungal resis-
tance observed more notably compared with clade 1. 
We found that 46.2% of clade 2 isolates were flucon-
azole resistant versus 30.2% in clade 1, all clade 3 iso-
lates were cross-resistant to fluconazole and 5-fluoro-
cytosine, and 66.7% of clade 4 isolates were resistant 
to 3 classes of antifungals.

Although C. haemulonii can be divided into 4 
clades, the total number of SNPs identified in the 13.31 
Mb whole genome of C. haemulonii was only 6,807 
(<0.005%), which was considerably less than that in C. 
auris, which has a similar genome size (>210,000 SNPs 
in a 12.4 Mb genome) (27–29). When we compared the 
most ancient C. haemulonii strains identified to date 
(strain ID no. CBS5149, isolated from Haemulon sci-
urus fish in 1962) with the other strains in our study, 
the maximum genome sequence difference was only 
384 bp. Those factors indicate that the genome of C. 
haemulonii is highly conserved. In some Candida spe-
cies, mating can lead to an increase in genetic diver-
sity, and opposite mating types have been observed 
in C. auris (17,29). However, all C. haemulonii isolates 
identified were of the same mating type (type α), and 
a sexual cycle has not been observed in this species 
(2), which is a possible reason for the conservation of 
the species’ genome found in previous studies (24,29).

Although the global prevalence of C. haemulo-
nii remains low, nosocomial outbreaks have been 
reported (9,24). Nosocomial transmission of C. hae-
mulonii was first reported in Kuwait in 2006 (9). Be-
cause bloodstream infection caused by C. haemulonii 
was rare at the time of the report, the outbreaks were 
determined by successive isolations of C. haemulonii 
with identical phenotypic characteristics made in the 
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Table. Distribution of noteworthy Erg11p substitutions among 4 
clades of Candida haemulonii strains studied as part of an 
investigation of antifungal-resistant C. haemulonii, China 
Clade/ 
geographic origin 

Erg11p substitutions No. 
isolates Y132F V125A F126L G307A 

Clade 1      
 International Y N N N 8 
 China Y N N N 5 
 Y N N Y 7  

Y Y N N 1  
Y N Y Y 1 

Clade 2      
 China Y N N N 3 
Clade 3      
 China Y Y Y N 6 
Clade 4      
 China Y N N N 7  

Y N Y N 2 
 Y N N Y 1 
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same ward (a neonatal intensive care unit) within a 
short period of time (3 months), but the outbreaks 
were not verified by molecular typing. Such molecu-
lar methods as ITS sequence typing, random ampli-
fied polymorphic DNA analysis, amplified fragment 
length polymorphism analysis, and, more recently, 
matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry have been applied in C. 
haemulonii studies (2,30); however, all of those meth-
ods have limitations in discriminatory power. Con-
sidering the low genetic diversity of C. haemulonii, 
traditional molecular typing assays are not suitable 
for providing solid evidence for the dissemination of 
C. haemulonii.

WGS-based analysis provides a high-resolution 
alternative for confirming bacterial and fungal out-
break transmission (16,31,32). Even for species with 
low genetic diversity, such as Saprochaete clavata, 
this approach can clearly distinguish between spo-
radic cases and epidemic outbreaks (SNPs <400) 
(33). In this study, we proposed a pairwise SNP 
difference of ≤50 bp as a criterion for determining 
clonal cluster cases in C. haemulonii, and identified 
4 regional clusters that met the criterion. In the ab-
sence of medical record evidence, we could not de-
termine whether the case clusters were outbreaks. 
A previous study by Chow et al. used a 12-bp SNP 
difference as a cutoff value for interpreting C. au-
ris outbreaks (25). We suggest that an equally strict 
pairwise difference might be needed to character-
ize C. haemulonii outbreak events; however, this hy-
pothesis requires further investigation.

C. auris has a potent ability to colonize humans 
and persist in the hospital environment, and biofilm 
formation is considered the main contributor (34). 
C. haemulonii can form dense biofilms (35,36), which 
are thought to enhance its capacity to cause regional 
dissemination and nosocomial transmission. The 
epidemic cluster events of C. haemulonii identified in 
China had further implications. Several studies have 
reported that C. haemulonii has a low susceptibility 
to triazoles and amphotericin B (9,37,38). Our study 
further revealed that antifungal resistance was more 
obvious among C. haemulonii strains from China 
than among those from other geographic regions 
(24). Moreover, the 4 regional clusters we identi-
fied were all caused by antifungal-resistant clones: 
cluster A was caused by a clone resistant to ampho-
tericin B, cluster B by a clone resistant to 5-fluorocy-
tosine, cluster C by a clone cross-resistant to flucon-
azole and 5-fluorocytosine, and cluster D by a clone 
resistant to 3 classes of antifungals. Cluster A was 
recovered from 2 hospitals located in the same city, 

suggesting interfacility transmission. Gade et al.  
reported that 2 strains of C. haemulonii isolated from 
different healthcare facilities in Valencia, Venezu-
ela, were closely related (with only 32 SNPs) (24). 
As with the closely related species C. auris, which 
presents a serious global health threat (5,25), the 
emergence of C. haemulonii clones with high rates of 
both transmission and antifungal resistance should 
be taken as a warning.

A potential limitation of this study is that only a 
limited number of publicly available genomes were 
available for C. haemulonii, and they were derived 
from systematic epidemiology surveillances. These 
isolates, therefore, may not represent real-world C. 
haemulonii distributions globally. To this end, further 
genomic-based studies need to be conducted with 
more isolates from different geographic regions.

In conclusion, we studied a total of 94 C. haemulo-
nii genomes, including 36 international strains (38.2%) 
from the National Center for Biotechnology Informa-
tion Sequence Read Archive database and 58 strains 
(61.7%) from 23 hospitals in China. We observed 4 
phylogenetic clades, 3 of which were identified ex-
clusively in China and exhibited higher antifungal re-
sistance. All fluconazole-resistant strains carried the 
Y132F substitution in Erg11p. WGS confirmed that 
the 4 regional cluster cases were caused by specific 
clones. We additionally noted a potential interfacility 
transmission within the same city and the spread of 
multidrug-resistant clones. As with its close relative 
C. auris, C. haemulonii should be recognized as a po-
tential threat to global health, and further monitoring 
and stewardship steps to limit excessive antifungal 
usage are warranted.
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Middle East respiratory syndrome coronavirus 
(MERS-CoV) infections cause severe pneumonia, 

acute respiratory distress syndrome, and even lethal 
disease in humans. High case-fatality rates are report-
ed in the Middle East (1), where the virus is endemic 
and represents a major human health threat. Although 
major travel-associated outbreaks have occurred and 
nosocomial transmissions have been documented, 
MERS-CoV is primarily carried and transmitted to 
humans by dromedary camels, which are the natu-
ral reservoirs and main source of zoonotic events (2). 
All primary cases of MERS-CoV in humans reported  

during July–December 2021 occurred in persons who 
had been exposed to dromedary camels (3). Suscep-
tible camelid species, such as dromedaries, llamas, and 
alpacas (4), as opposed to humans, do not experience 
severe disease upon MERS-CoV infection. Infection in 
camelids is characterized by upper respiratory tract rep-
lication, abundant infectious viral shedding, and high 
transmission potential (2). Furthermore, robust and 
transient innate immune responses in alpacas correlate 
with virus clearance in the respiratory epithelia (5,6).

High seroprevalences and active circulation of 
MERS-CoV have been determined in dromedary 
camels from the Arabian Peninsula and Africa (7). 
Although >80% of the global camel population is 
found in Africa (https://www.fao.org/faostat) and 
MERS-CoV infection is widespread in dromedaries 
in Africa, zoonotic disease has only been reported 
in the Arabian Peninsula. Serologic and molecu-
lar evidence of MERS-CoV infection in camel han-
dlers exists (8–11), but no zoonotic transmission has 
been reported in Africa. Despite continuous trade 
of dromedaries into the Arabian Peninsula, African 
clade C MERS-CoV strains have not been detected 
in the region. One explanation for the dominance 
of clade B strains in the Middle East could be their 
increased fitness compared with African clade C 
viruses. A recent study demonstrated increased 
replication competence of MERS-CoV clade B Ara-
bian viruses compared with different clade C Afri-
can strains in human lung ex vivo cultures and in a 
transgenic mouse model expressing the human cell 
receptor for MERS-CoV (human dipeptidyl pepti-
dase-4 [hDPP4]) (12). However, the replication and 
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Middle East respiratory syndrome coronavirus (MERS-
CoV) clade B viruses are found in camelids and hu-
mans in the Middle East, but clade C viruses are not. 
We provide experimental evidence for extended shed-
ding of MERS-CoV clade B viruses in llamas, which 
might explain why they outcompete clade C strains in 
the Arabian Peninsula.
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transmission competence of Arabian and African vi-
ruses in camelid reservoir species remains unknown. 

The kinetics by which llamas shed infectious 
MERS-CoV are similar to those of dromedary camels, 
so they are considered a reliable surrogate model for 
transmission experiments (2,4). Therefore, we experi-
mentally investigated transmission of MERS-CoV vi-
ruses in llamas.

The Study
We used a previously developed direct-contact model in 
which the transmission of a MERS-CoV clade B isolate 
(Qatar15/2015) was assessed in llamas (13,14). In brief, 
we kept a group of 5 llamas inside an experimental en-
closure (Appendix Figure 1, panel A, https://wwwnc.
cdc.gov/EID/article/29/3/22-0986-App1.pdf) to study 
the transmission capabilities of a MERS-CoV clade C 
isolate (MERS-CoV/Egypt2013) that was obtained from 
an infected dromedary (15). We inoculated 2 llamas 
with MERS-CoV and placed them in direct contact with 
3 sentinels at 2 days postinoculation (dpi) (Appendix). 
We monitored clinical signs and body temperature 
and collected nasal swab specimens for virologic stud-
ies. In addition, we retrieved experimental data from  

MERS-CoV Qatar15/2015-inoculated and in-contact lla-
mas (13,14) and performed comparative analyses.

We specifically selected the animals used in the 
transmission studies to be 6-to-10-month-old juve-
niles of similar geographic origin, sex, and health 
status background. All animal experimentation and 
MERS-CoV handling were conducted at the Biosafety 
Level 3 facilities of the Biocontainment Unit of IRTA 
CReSA (Barcelona, Spain). Animal handling and ex-
perimental procedures were approved by the Ethical 
and Animal Welfare Committee of IRTA and by the 
Ethical Commission of Animal Experimentation of 
the Autonomous Government of Catalonia (approval 
nos. FUE-2017–00561265 and CEA-OH/10942/1).

Rectal temperatures of all animals remained at 
basal levels (37°C–40°C), and no animals displayed 
clinical signs during the study. We detected no gross 
or microscopic lesions in the upper or lower respira-
tory tracts of any studied llama, independent of their 
experimental group. Animals inoculated with a high 
dose of either MERS-CoV Egypt/2013 (clade C) or 
Qatar15/2015 (clade B) had similar levels of genomic 
and subgenomic viral RNA in nasal swab specimens 
for 2 weeks (Figure 1, panels A, B). They also shed 
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Figure 1. MERS-CoV RNA and infectious virus shedding in llamas experimentally infected with MERS-CoV Egypt/2013 (red) or 
Qatar15/2015 (blue) strains. A–C) Viral RNA and infectious MERS-CoV shedding of inoculated animals. Genomic (A) and subgenomic 
(B) viral RNA were quantified in nasal swab samples collected at different times after MERS-CoV inoculation. Infectious MERS-CoV 
titers (C) were demonstrated in nasal swab specimens collected on different days after MERS-CoV inoculation. Solid lines indicate 
mean values determined for different MERS-CoV–inoculated groups; shadings represents SD intervals. D–F) Infection profile of naive 
in-contact llamas). Genomic (D) and subgenomic (E) viral RNA quantified in nasal swab samples collected at different times after MERS-
CoV inoculation. Infectious MERS-CoV titers (F) were demonstrated in nasal swab samples collected on different days after MERS-CoV 
inoculation. Solid lines indicate mean values of the groups of animals infected by contact; shaded areas represent SD intervals. Colored 
dashed lines indicate mean values calculated for MERS-CoV–inoculated animals. Horizontal dashed lines depict detection limits of 
assays. Cq, quantification cycle; MERS-CoV, Middle East respiratory syndrome coronavirus; TCID50, 50% tissue culture infective dose.
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high titers of infectious virus during the first week af-
ter inoculation in a similar biphasic pattern (Figure 1, 
panel C), indicating that the doses used to inoculate 
the animals caused productive infection with both 
strains. Although viral shedding was comparable 
between both experimental groups, higher infectious 
titers were detected in Egypt/2013-inoculated lla-
mas. The infection was characterized by a first peak 
of shedding at 2 dpi and a subsequent reduction in 
MERS-CoV viral loads, followed by a secondary peak 
before viral clearance.

The African MERS-CoV isolate was transmit-
ted to 2 of 3 in-contact animals in this study, as de-
termined by quantitative reverse transcription PCR 
(Figure 1, panels D, E), but infectious virus shedding 
in contact animals largely remained below thresh-

old levels (Figure 1, panel F). Infectious MERS-CoV 
Egypt/2013 could only be isolated sporadically and 
at titers close to the limit of detection. In contrast, the 
Arabian MERS-CoV Qatar15/2015 isolate was trans-
mitted to all direct-contact llamas, leading to produc-
tive infection (Figure 1, panels D–F). Of note, genomic 
and subgenomic MERS-CoV Egypt/2013 RNA was 
detected at lower levels and cleared faster in direct-
contact llamas than in sentinels infected with the 
MERS-CoV Qatar15/2015 strain (Figure 1, panels D, 
E). In the remaining sentinel, a productive infection 
did not develop, but the animal was naturally exposed 
to MERS-CoV Egypt/2013, as indicated by traces 
of genomic RNA in NS at 3–7, 10, and 12 dpi (cycle 
quantitation values >37) and development of serum 
neutralizing antibodies (nAbs) to MERS-CoV (Appen-
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Figure 2. Mixed model analyzing 
the transmission competence 
of each MERS-CoV strain 
over time in investigation of 
llamas experimentally infected 
with MERS-CoV. Boxplots 
show daily virus shedding of 
sentinel llamas infected with 
MERS-CoV Egypt/2013 (red) or 
Qatar15/2015 strains (blue) after 
direct exposure to inoculated 
llamas. A, B) Genomic (A) 
and subgenomic (B) viral RNA 
quantification in nasal swabs 
collected throughout the study. 
C) Infectious MERS-CoV titers. 
Only the time points considered 
in the mixed models are 
represented. Horizontal lines 
within boxes indicate medians; 
box tops and bottoms indicate 
interquartile ranges; error bars 
indicate 95% CIs; black dots 
indicate outliers. p values are 
indicated above the boxes; 
p values indicate statistical 
differences between areas under 
the curve of the experimental 
groups, as calculated by 
Wilcoxon test. Cq, quantification 
cycle; MERS-CoV, Middle 
East respiratory syndrome 
coronavirus; TCID50, 50% tissue 
culture infective dose.
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dix Figure 2). Subgenomic RNA analyses indicated 
no evidence for either viral replication or shedding in 
this llama throughout the study. Statistical analyses 
in sentinel animals showed a significant reduction in 
MERS-CoV Egypt/2013 replication and shedding pe-
riod compared with those observed in llamas exposed 
to MERS-CoV Qatar15/2015 strain (Figure 2). Regard-
less of the MERS-CoV strain investigated, nAbs were 
detected starting at 2 weeks after infection in all inocu-
lated animals and in-contact sentinels (Appendix Fig-
ure 2). We did not find statistical differences in serum 
nAb levels among experimental groups. 

Altogether, our data demonstrated transmission of 
both MERS-CoV strains, which resulted in decreased 
viral replication and shedding capabilities of the 
Egypt/2013 strain compared with the Qatar15/2015 
strain in sentinel llamas infected by contact. Therefore, 
the Egypt/2013 strain might have a lower potential of 
transmission than the Qatar15/2015 strain.

Conclusions
The results of our experimental investigation might 
explain why MERS-CoV clade C strains have not 
been established in the Arabian Peninsula after being 
introduced through imported camels and competing 
with enzootic clade B viruses. However, further stud-
ies are needed to determine whether this potentially 
reduced transmissibility is a common feature of the 
diverse MERS-CoV lineages found in dromedaries in 
Africa. Specific amino acid substitutions in the spike 
protein or in other genomic regions of African clade 
C viruses might be determinant of the low replica-
tion phenotype observed in the in-contact animals 
in our study, as has been previously observed in hu-
man cells (12). However, viral or host factors that 
play a key role in conferring replication and trans-
mission competence remain to be explored in cam-
elid reservoirs. High MERS-CoV genome stability 
was previously described in llamas infected with the 
Qatar15/2015 strain (13). Thus, eventual mutations 
arising from animals infected with the Egypt/2013 
strain were not expected, and no sequencing was 
performed in those infected animals. Nonetheless, 
our study provides in vivo experimental data demon-
strating reduced MERS-CoV fitness of 1 African clade 
C isolate to in-contact camelids compared with an 
Arabian clade B isolate. In addition, reduced MERS-
CoV shedding from infected camelids might limit 
spillover to humans. Introducing MERS-CoV clade B 
strains to Africa through infected camelids must be 
avoided, because these strains might outcompete Af-
rican MERS-CoV clade C strains and pose a greater 
zoonotic and pandemic threat in Africa.
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etymologia revisited
Schizophyllum commune 
[skiz-of′-ǐ-ləm kom′-yoon]

Schizophyllum commune, or split-gill mushroom, is an envi-
ronmental, wood-rotting basidiomycetous fungus. Schizo-

phyllum is derived from “Schíza” meaning split because of the 
appearance of radial, centrally split, gill like folds; “commune” 
means common or shared ownership or ubiquitous. Swedish 
mycologist, Elias Magnus Fries (1794–1878), the Linnaeus of 
Mycology, assigned the scientific name in 1815. German my-
cologist Hans Kniep in 1930 discovered its sexual reproduction 
by consorting and recombining genomes with any one of nu-
merous compatible mates (currently >2,800).
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Serial seroepidemiologic surveys contribute infor-
mation about pandemic dynamics; monitoring 

population-level SARS-CoV-2 antibody distribution 
establishes trends in postinfection and vaccine-induced 
immunity. Such surveys are essential to integrated sur-
veillance systems for respiratory infections (1).

During May 2020–June 2022, the National Health 
Institute Doutor Ricardo Jorge, in partnership with the 
National Clinical Pathology Laboratories Association, 
the Portuguese Association of Clinical Analysts, and 
a nationwide network of public hospitals, conducted 
4 serial seroepidemiologic surveys (ISN1COVID-19, 
ISN2COVID-19, ISN3COVID-19, and ISN4COVID-19). 
Number of study participants ranged from 2,301 to 
8,463 residents of Portugal (2–4) (Figure 1). The fourth 
survey (ISN4COVID-19) was conducted from April 27, 
2022, through June 8, 2022, after the mandatory mask 
mandate was lifted and during rapid spread of the 
SARS-CoV-2 BA.5 Omicron lineage (5) (Appendix Fig-
ure 1, https://wwwnc.cdc.gov/EID/article/29/3/22-
1546-App1.pdf) and the ongoing second booster vacci-
nation campaign (6) (Appendix Figure 2). We estimated 
SARS-CoV-2 seroprevalence, distinguishing between 
antibodies against the spike (S) and nucleocapsid (N) 

proteins. This distinction is relevant because currently 
deployed vaccines elicit an immune response against 
the S protein, so the presence of N antibodies could be 
interpreted as a proxy for postinfection seroprevalence 
in highly vaccinated populations.

The study was approved by the Ethics Commit-
tee of the National Health Institute Doutor Ricardo 
Jorge. The need for participants’ informed consent was 
waived by the Ethics Committee because of the irre-
versible anonymization of the data at collection sites.

The Study
Using a 2-stage nonprobability quota sampling de-
sign, we collected 3,825 irreversibly anonymized re-
sidual serum samples from persons who had under-
gone blood testing for reasons unrelated to COVID-19 
in a nationwide network of participating clinical pa-
thology laboratories and public hospitals (Figure 2; 
Appendix). For each sample, we qualitatively deter-
mined the type of IgG against SARS-CoV-2 N protein 
and quantitatively determined IgG against S protein 
by using Abbott SARS-CoV-2 Chemiluminescent Mic-
roparticle Immunoassays in the ARCHITECT i1000SR 
(https://www.abbott.com). We considered samples 
with S IgG levels >50 arbitrary units (AU)/mL to be 
positive. Total seroprevalence was defined as positiv-
ity for S or N IgG.

We stratified seroprevalence by patient sex, age 
group, and region of residence. To compare seroprev-
alence between population subgroups, we used a de-
sign-adjusted χ2 test (7). We described the distribution 
of quantitative S IgG in terms of geometric means 
and respective 95% CIs (Appendix). We stratified es-
timates by patient age group, and sex. To account for 
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After the rapid spread of SARS-CoV-2 BA.5 Omicron lin-
eage in Portugal, we developed a seroepidemiologic sur-
vey based on a sample of 3,825 residents. Results indicat-
ed that from April 27 through June 8, 2022, the estimated 
seroprevalence of SARS-CoV-2 nucleocapsid or spike IgG 
was 95.8%, which indicates a high level of protection.
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sampling design, we weighted all estimates to match 
the distribution of the Portugal population by sex, age 
group, and region of residence. We conducted statis-
tical analyses by using Stata 15.1 software (StataCorp 
LLC, https://www.stata.com).

From 3,825 collected residual serum samples, 
27.3% were positive for N IgG, 95.0% for S IgG, and 
95.8% for either N or S IgG (Table 1). Seroprevalence 
of N IgG was similar by sex  but varied significantly 
by age group, highest among children (39.2% among 
those 0–4 years of age and 40.0% among those 10–19 
years of age) and lowest (17.3%) among adults >70 
years of age. The age-related pattern for seropreva-
lence of S IgG differed; estimated rates were lower 
among those 0–4 years of age (71.2%) and 5–9 years 
of age (78.2%) than for those in the remaining age 
groups. S IgG seroprevalence also was lower in Al-
garve (91.0%) than in other regions of Portugal. Total 
seroprevalence also varied by region and age group, 
showing patterns similar to those of S IgG.

We observed lower S IgG levels among children 
<10 years of age (geometric mean 180.4 AU/mL for 
0–4 and 426.6 AU/ml for 5–9 years of age). S IgG lev-
els were also lower among persons >70 years of age 
(geometric mean 4,558.5 AU/mL) than among mid-
dle-aged adults. Higher S IgG levels were observed 
among those positive for N IgG (Table 2).

Conclusions
The fourth observational nationwide study (ISN-
4COVID-19) estimated that during the early Omicron 
BA.5 circulation period, most residents of Portugal 
(95.5%, 95% CI 95.0–96.4%) had specific SARS-CoV-2 
antibodies resulting from infection or vaccination. To-
tal seroprevalence increased by ≈10 percentage points 
compared with findings from a previous survey de-
veloped during September–November 2021 (Figure 
1) (4). Seropositivity in Portugal during April–June 

2022 was comparable to the reported seroprevalence 
in Scotland during May–June 2022 (95.7%) (8) and to 
that in Navarra, Spain, during May–July 2022 (S IgG 
92.7%) (9). Seropositivity in Portugal was also in line 
with the high vaccination coverage achieved in Portu-
gal (Appendix Figure 2) (6).

Our results reveal a steep increase in N IgG sero-
prevalence for all age groups between the third and 
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Figure 1. Daily number of cases 
and percentages of SARS-
CoV-2 seroprevalence in 4 serial 
seroepidemiologic surveys in 
Portugal, May 2020–June 2022. 
Tick marks correspond to the first 
day of the month.

Figure 2. Data collection sites for study of seroprevalence of 
specific SARS-CoV-2 antibodies during the Omicron BA.5 wave, 
Portugal, April–June 2022 (ISN4COVID-19 study). NUTSIII, 
territorial units for statistics level III.



DISPATCHES

fourth surveys (Appendix Figure 3) (4), comparable 
to intensive epidemic activity in Portugal during Jan-
uary–June 2022 (10). The age-related pattern of lower 
N IgG seroprevalence in older age groups observed 
in our study is in line with age-specific SARS-COV-2 
notifications to the National Epidemiological Sur-
veillance Information System in early 2022 (10) and 

similar to results from Canada (11) and Navarra (9), 
which reported lower postinfection seroprevalence 
for the older than younger age groups. 

Regarding the pediatric population, our re-
sults demonstrate high postinfection seroprevalence 
among children not eligible for COVID-19 vaccina-
tion. Among children 0–4 years of age, seropreva-
lence was >75%, higher than estimates reported for 
unvaccinated pediatric populations by European 
Union countries at the beginning of the Omicron 
BA.1 wave: 28.8% among children 1–4 years of age 
in Ireland in January 2022 (12); 45% among preschool 
children in Italy in February 2022 (13); and >4-fold 
as high as seroprevalence among children recruited 
in our previous seroepidemiologic study conducted 
during September–October 2021 in Portugal (ISN-
3COVID-19) (Appendix Figure 3) (4). The percentage 
of persons seropositive for N IgG in the 0–4 year age 
group was lower (39.2%) than for those positive for 
S IgG  (71.2%). This finding may be associated with 
a previously reported shorter half-life of N IgG (14). 
The results regarding N IgG positivity should be in-
terpreted with caution because they may reflect only 
the most recent infections.

Antibody levels were lower among those at the 
extremes of age distribution. This finding may be 
related to the course of the vaccination campaign 
and age-related immunosenescence. Since Septem-
ber 2021, the first booster vaccinations were rolled 
out by age criteria; those in the older age groups 
were vaccinated earlier and experienced a more 
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Table 1. Seroprevalence of specific SARS-CoV-2 antibodies, stratified by sex, age group, and region of residence, Portugal, April 27–
June 8, 2022* 
Characteristic N IgG positive, % (95% CI) S IgG positive, % (95% CI) N or S IgG positive, % (95% CI) 
Overall 27.3 (25.5–29.1) 95.0 (94.2–95.7) 95.8 (95.0–96.4) 
Sex p = 0.8789 p = 0.9801 p = 0.8544 
 M 27.4 (25.0–30.0) 95.0 (93.9–95.9) 95.7 (94.6–96.6) 
 F 27.1 (24.7–29.7) 95.1 (93.7–96.1) 95.8 (94.6–96.8) 
Age group, y p<0.001 p<0.001 p<0.001 
 0–4  39.2 (32.3–46.5) 71.2 (64.4–77.2) 76.2 (69.6–81.7) 
 5–9  32.9 (26.6–39.9) 78.2 (71.5–83.6) 78.7 (72.1–84.1) 
 10–19  40.0 (35.0–45.2) 95.2 (92.5–97.0) 96.2 (93.7–97.7) 
 20–29  29.7 (24.8–35.2) 97.9 (95.7–99.0) 98.6 (96.5–99.5) 
 30–39  30.3 (25.2–36.0) 96.3 (93.4–98.0) 96.9 (94.1–98.4) 
 40–49  27.2 (22.3–32.7) 96.6 (93.8–98.2) 97.7 (95.3–98.9) 
 50–59  27.0 (22.2–32.4) 97.5 (95.0–98.8) 97.7 (95.1–98.9) 
 60–69  21.0 (16.7–26.0) 97.0 (94.4–98.4) 97.4 (94.8–98.7) 
 >70  17.3 (13.5–21.7) 96.7 (94.2–98.2) 97.2 (94.8–98.6) 
Region of residence p = 0.1465 p = 0.0141 p = 0.0315 
 Norte 24.8 (21.6–28.3) 96.4 (94.9–97.5) 96.8 (95.3–97.8) 
 Centro 28.2 (24.3–32.6) 95.2 (93.0–96.7) 95.9 (93.8–97.3) 
 Lisboa e Vale do Tejo 29.3 (26.3–32.6) 94.2 (92.5–95.6) 95.3 (93.7–96.5) 
 Alentejo 25.4 (21.7–29.5) 95.3 (93.1–96.9) 96.0 (93.9–97.3) 
 Algarve 27.6 (23.2–32.5) 91.0 (87.6–93.5) 91.7 (88.4–94.1) 
 Madeira 31.0 (26.8–35.5) 94.1 (92.0–95.7) 95.6 (93.7–97.0) 
 Açores 24.4 (20.6–28.6) 93.7 (91.1–95.6) 95.9 (93.8–97.3) 
*ISN4COVID-19 study. Weighted to match the distribution of the resident population of Portugal (Census 2021) by sex, age group, and region. p values 
indicate design-adjusted 2 testing used to compare seroprevalence by sex, age group, and region. N, nucleocapsid protein; S, spike protein.  

 

 
Table 2. Geometric mean of specific antibodies against SARS-
CoV-2 spike protein IgG, stratified by patient sex, age group, and 
region of residence, Portugal, April 27–June 8, 2022* 
Characteristic Geometric mean, AU/mL (95% CI ) 
Sex  
 M 4,344.8 (3,909.5–4,828.6) 
 F 4,662.3 (4,150.5–5,237.1) 
Age group, y 

 

 0–4  180.4 (118.9–273.6) 
 5–9  426.6 (285.4–637.7) 
 10–19  4,750.8 (3,795.5–5,946.5) 
 20–29  6,011.5 (5,050.5–7,155.4) 
 30–39  5,433.3 (4,342.8–6,797.6) 
 40–49  6,940.7 (5,645.7–8,532.9) 
 50–59  7,669.3 (6,297.5–9,340.0) 
 60–69  5,484.6 (4,420.3–6,805.2) 
 >70  4,558.5 (3,708.4–5,603.4) 
Region of residence 

 

 Norte 5,020.5 (4,358.0–5,783.6) 
 Centro 5,020.9 (4,158.3–6,062.4) 
 Lisboa e Vale do Tejo 3,998.1 (3,451.9–4,630.9) 
 Alentejo 5,038.9 (4,177.2–6,078.3) 
 Algarve 2,970.2 (2,294.2–3,845.3) 
 Madeira 5,070.6 (4,188.3–6,138.8) 
 Açores 4,339.1 (3,523.1–5,344.1) 
Positivity for nucleocapsid IgG 
 Positive 9,233.6 (8,099.1–10,527.0) 
 Negative 3,452.8 (3,146.7–3,788.6) 
*ISN4COVID-19 study. Weighted to match the distribution of the resident 
population of Portugal (Census 2021) by sex, age group, and region.  
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pronounced wane of antibody levels (15) compared 
with middle-aged adults who were vaccinated more 
recently. Although starting May 15, 2022, a second 
booster was offered for persons >80 years of age and 
for institutionalized persons, our results have not 
yet reflected the effect of that change. The second 
booster recommendation was issued during collec-
tion of ISN4COVID-19 data, and at the end of the 
study period, only 4.4% of the population had re-
ceived the second booster (6).

Lower antibody levels in children may be asso-
ciated with postinfection immunity; antibody levels 
that were lower after infection than after vaccination 
have been reported (14,15). Furthermore, at the time 
of data collection, a booster was not recommended 
for the pediatric population, which may also explain 
lower antibody levels.

Among the limitations of our study, the nonran-
dom sampling and recruitment strategy can result in 
selection bias because participants seeking clinical 
care might differ from the general population. Also, 
the study might not capture reinfections, and because 
seroreversion occurs without recent vaccination or 
infection, we were unable to estimate a cumulative 
number of SARS-CoV-2 infections in Portugal.

In summary, almost all persons in the Portugal 
population have specific antibodies against SARS-
CoV-2. Even among children not eligible for vacci-
nation, ≈75% have SARS-CoV-2 antibodies. Among 
adults, IgG values are higher for those in age groups 
who received their vaccine booster more recently.
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BA.5 is a subvariant of the SARS-CoV-2 Omicron 
variant (1). Since July 2022, Omicron BA.5 has been 

the dominant variant in Japan (2,3). According to Ja-
pan’s Infectious Diseases Control Law, public health 
centers (PHCs) must be notified of all COVID-19 cases 
and conduct contact tracing (4). The first patient in-
fected with SARS-CoV-2 Omicron BA.5 was reported 
on July 4, 2022, to the Itako PHC in Ibaraki Prefec-
ture, Japan. The number of confirmed COVID-19 cas-
es from July 4 through August 19, 2022, was 12,577 
in the PHC’s jurisdiction, which has a population of 
≈265,000 persons (5). In our study, we estimated the 
incubation period (period between virus exposure 
and symptom onset) of SARS-CoV-2 Omicron BA.5, 
determined potential correlations with demographic 
data and transmission settings, and compared the 
BA.5 subvariant with other subvariants.

The Study
We enrolled COVID-19 infector/infectee pairs who 
lived within the Itako PHC jurisdiction and had a 
single definite close contact date with patients who 
had COVID-19 without other potential transmission 
settings. We calculated the incubation period by us-
ing the calendar dates of contact and symptom on-
set, regardless of duration or number of contacts. If 
a pair shared meals on July 4 and the infectee had 
COVID-19 symptoms on July 7, we calculated an  

incubation period of 3 days. If the pair shared meals 
on both July 4 and 5, we excluded all data from this 
pair. Other transmission settings included conver-
sations in the home, a building or car, or outdoors. 
Procedures used for contact tracing and data collec-
tion for patient pairs with COVID-19 were similar to 
those described previously (6,7). Persons exposed to 
SARS-CoV-2 in household, workplace, or school set-
tings were excluded if they might have been exposed 
at another time. We defined the patient with the later 
symptom onset in each pair as the infected patient.

We defined patients in the Omicron BA.5–domi-
nant period as those who had symptoms during July 
4–August 19, 2022. Genomic sequencing of 528 sam-
ples collected in Ibaraki showed 481 (91%) samples 
were BA.5, 40 were BA.2, and 7 were BA.1 subvari-
ants. We defined patients in the BA.1–dominant pe-
riod as those who had symptom onset during Janu-
ary 1–February 2, 2022. Of the 1,216 samples collected 
during January 3–February 6 in Ibaraki, a total of 
1,158 (95%) were negative for the SARS-CoV-2 spike 
protein mutation L452R (8). Genomic sequencing 
showed that 92% of 22,953 variants of concern sam-
pled in Japan during January 3–February 6 were BA.1 
(9). We defined patients in the Delta-dominant period 
as those who had symptom onset during July 23–
September 14, 2021, and either they or their contacts 
were confirmed to have L452R-positive SARS-CoV-2. 
Genomic sequencing detected variants of concern in 
Japan from July 19–September 13, 2001, as follows: 
26,963 cases of B.1.617.2 (Delta), 15,009 cases of B.1.1.7 
(Alpha), and 5 cases of other variants (9); the L452R 
mutation was found mostly in the Delta variant.

We extracted data for 266 infector/infectee pairs 
who had 1 definite date of SARS-CoV-2 exposure as 
follows: 122 infectees from 108 infectors during the 
Omicron BA.5–dominant period, 68 infectees from 
49 infectors during the BA.1–dominant period, and 
76 infectees from 51 infectors during the Delta-domi-
nant period. Patient data during the BA.1–dominant 
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The mean virus incubation period during the SARS-CoV-2 
Omicron BA.5–dominant period in Japan was 2.6 (95% 
CI 2.5–2.8) days, which was less than during the Delta-
dominant period. Incubation period correlated with shared 
meals and adult infectors. A shorter incubation suggests a 
shorter quarantine period for BA.5 than for other variants.
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and Delta-dominant periods were obtained from 
previous studies (6,7). The mean (+SD) incubation 
periods were 2.6 (+1.0) days during the BA.5–domi-
nant period, 2.9 (+1.3) days during the BA.1–domi-
nant period, and 3.7 (+1.6) days during the Delta-
dominant period.

When we fitted incubation period data from the 
BA.5–dominant period to parametric distribution 
models, the Akaike information criterion for gamma 
distribution was smaller than that for Gaussian, log-
normal, and Weibull distribution models. We fitted 
incubation period data for each subvariant to the 
gamma distribution model and calculated parameters 
and 95% CI within a Bayesian inference framework.

The estimated mean incubation period for pa-
tients during the BA.5–dominant period was 2.6 (95% 
CI 2.5–2.8) days, and the median was 2.5 (95% CI 2.3–
2.7) days. The mean during the BA.1–dominant peri-
od was 2.9 (95% CI 2.6–3.2) days, and the median was 
2.7 (95% CI 2.5–3.0) days. During the Delta-dominant 
period, the mean incubation period was 3.7 (3.4–4.0) 
days, and the median was 3.5 (3.2–3.8) days. The es-
timated mean incubation period was shorter for pa-
tients during the BA.5–dominant period than during 
the Delta-dominant period. The 95th percentile dis-

tribution for incubation period was estimated at 4.5 
(95% CI 4.1–4.9) days during the BA.5–dominant pe-
riod, 5.2 (95% CI 4.6–5.9) days during the BA.1–domi-
nant period, and 6.1 (95% CI 5.5–6.8) days during the 
Delta-dominant period (Table 1; Figure).

We estimated the monovariable mean incubation 
period of 122 patients during the BA.5–dominant pe-
riod. The mean incubation period was 2.5 days for pa-
tients infected during shared meals, 2.9 days for pa-
tients without transmission during shared meals, 3.0 
days for patients with infectors who were <19 years 
of age, and 2.5 days for patients with infectors who 
were >20 years of age (2.6 days for 79 patients with 
infectors who were 20–59 years of age and 2.1 days 
for 16 patients with infectors who were >60 years of 
age). We performed multivariate gamma regression 
analyses; transmission during shared meals (p = 0.03) 
and age of infector (p = 0.007) correlated significantly 
with incubation period (Table 2).

Conclusions
The estimated mean incubation period for patients 
during the Omicron BA.5–dominant period in this 
region was 2.6 days. Incubation periods for Omicron 
BA.1 were reported to be 3.3 days in Norway, 4.6 
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Table 1. Estimated overall mean incubation periods and means within percentiles for Omicron and Delta variants in study of SARS-
CoV-2 incubation period during the Omicron BA.5-dominant period in Japan* 
Distribution† BA.5-dominant period, n = 122 BA.1-dominant period, n = 68 Delta-dominant period, n = 76 
Overall mean 2.6 (2.5–2.8) 2.9 (2.6–3.2) 3.7 (3.4–4.0) 
5th percentile 1.2 (1.1–1.4) 1.2 (1.0–1.5) 1.8 (1.5–2.1) 
25th percentile 1.9 (1.8–2.0) 2.0 (1.8–2.3) 2.7 (2.4–3.0) 
50th percentile (median) 2.5 (2.3–2.7) 2.7 (2.5–3.0) 3.5 (3.2–3.8) 
75th percentile 3.2 (3.0–3.5) 3.6 (3.3–4.0) 4.5 (4.1–4.9) 
95th percentile 4.5 (4.1–4.9) 5.2 (4.6–5.9) 6.1 (5.5–6.8) 
*Values are mean no. days (95% CI). Means were calculated by fitting to gamma distribution model for SARS-CoV-2 infections during Omicron BA.5–
dominant and BA.1–dominant and Delta-dominant periods.  
†Distribution of patients within incubation period. 

 

Figure. Probability densities for 
incubation period distribution 
during different SARS-CoV-2 
variant-dominant periods 
in study of SARS-CoV-2 
incubation period during the 
Omicron BA.5–dominant period 
in Japan. A–C) Histograms 
show probability densities for 
estimated gamma distribution 
of virus incubation periods for 
patients during the Omicron 
BA.5–dominant period (A), 
Omicron BA.1–dominant 
period (B), and Delta-dominant 
period (C). D) Comparison 
of probability densities for 
estimated gamma distribution of 
virus incubation periods among patients during the BA.5-dominant period (solid line), BA.1–dominant period (short-dashed line), and 
Delta-dominant period (long-dashed line).



SARS-CoV-2 Omicron BA.5–Dominant Period in Japan

days in South Korea, 3.2 days in the Netherlands, 3.1 
days in Spain, and 2.9 days in Japan (6,10,11); incuba-
tion period for BA.2 was 4.4 days in Hong Kong (12). 

Reports on incubation periods for BA.5 are sparse. 
The incubation period in this study for patients during 
the BA.5–dominant period was markedly shorter than 
that for patients during the Delta-dominant period; 
this result is supported by those from previous studies 
(10,11). The 95th percentile distribution for incubation 
period among patients during the BA.5–dominant pe-
riod appeared shorter than that during the BA.1–domi-
nant period, although the difference was not statisti-
cally significant. Our results might warrant a reduction 
of the quarantine period from 7 to 5 days during the 
BA.5–dominant period in Japan (13).

The incubation period was shorter among pa-
tients who had transmission occur during shared 
meals and those with adult infectors. The incubation 
period might be influenced by various factors, such 
as viral load, environmental setting, patient immune 
response, severity of disease, and selection biases. In-
fectees exposed while eating do not normally wear 
masks and may share longer exposure times, so they 
might be exposed to a higher viral load than those ex-
posed through conversations while wearing a mask. 
Exposure in restaurants has been shown to increase 
COVID-19 infection risk (14). Furthermore, children 
usually have mild symptoms, and average viral shed-
ding might be less than that of an adult (15).

The first limitation of our study is that the infector 
and infectee might have been mutually misclassified, 
leading to overestimation. Second, patient pairs with 
long incubation periods might be censored during ob-
servational periods, and selection bias might result in 
underestimation. Third, exposures from sources other 
than the infector of the pair might have been missed. 
Fourth, the incubation period was calculated by the cal-
endar date and not by real-time intervals. Fifth, the vari-
ant type was not confirmed by using genomic sequenc-
ing. Finally, increasing patient numbers might have 
influenced the quality of contact tracing by the PHC.

In summary, our results indicate that the SARS-
CoV-2 Omicron BA.5 subvariant has a shorter incu-
bation period than other variants. Shorter incubation 
time for this variant suggests the quarantine period 
could be reduced.
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Table 2. Correlations between incubation period and different patient characteristics in study of SARS-CoV-2 incubation period during 
the Omicron BA.5-dominant period in Japan* 
Variables No. patients Incubation period, mean no. d (SD) p value 
Total no. patients 122 2.6 (1.0) NA 
Infectee variables 
 Sex 0.07 
  M 55 2.8 (1.0) NA 
  F 67 2.5 (1.0) NA 
 Age, y 0.13 
  <19 32 2.8 (1.2) NA 
  >20 90 2.6 (0.9) NA 
 No. vaccinations 0.66 
  0–2 54 2.6 (1.0) NA 
  3 68 2.6 (1.0) NA 
 Transmission—shared meals 0.03 
  Yes 90 2.5 (0.9) NA 
  No 32 2.9 (1.1) NA 
Infector variables 
 Sex 0.68 
  M 68 2.7 (1.0) NA 
  F 54 2.5 (1.0) NA 
 Age, y 0.007 
  <19 27 3.0 (1.2) NA 
  >20 95 2.5 (0.9) NA 
 No. vaccinations 0.83 
  0–2 59 2.7 (1.0) NA 
  3 63 2.6 (0.9) NA 
*We performed multivariable gamma regression analyses of patients during the SARS-CoV-2 Omicron BA.5–dominant period in Japan. NA, not 
applicable. 
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Essential and frontline workers experience re-
peated occupational exposure to SARS-CoV-2 

(1). The variant B.1.1.529 (Omicron) is characterized 
by unprecedented transmissibility and potential for 

immune evasion, which led to a surge in first-time 
infections and reinfections in the United States be-
ginning in December 2021 (2). Before Omicron pre-
dominance, previous infection had been highly pro-
tective against reinfection, but protection waned as 
Omicron emerged (3–5). Compared with results for 
pre-Omicron variants, reports of mRNA vaccine ef-
fectiveness against first-time Omicron infections were 
lower (46% after 2 doses and 60% after 3 doses) (6). 
Early reports on vaccine effectiveness against hospi-
talization related to reinfection with Omicron dem-
onstrated 35% risk reduction with 2 doses of mRNA 
vaccine and 68% with 3 doses (6,7).

Little is known about the constellation factors 
that put persons who had previous infections at 
risk for reinfection with Omicron (8). In this study, 
we examined a prospective cohort of essential and 
frontline workers who had previous SARS-CoV-2 
infections to identify risk factors for reinfection dur-
ing Omicron predominance.

The Study
Beginning in July 2020, frontline workers in 8 US loca-
tions were enrolled in the Arizona Healthcare, Emer-
gency Response, and Other Essential Workers Study 
(AZ-HEROES) and the Research on the Epidemiology 
of SARS-CoV-2 in Essential Response Personnel (RE-
COVER) Study (9,10). Participants self-collected weekly 
mid-turbinate nasal specimens regardless of symptoms 
and upon the date of onset of any COVID-19–like illness 
symptoms. All specimens were tested at Marshfield 
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In a cohort of essential workers in the United States pre-
viously infected with SARS-CoV-2, risk factors for rein-
fection included being unvaccinated, infrequent mask 
use, time since first infection, and being non-Hispanic 
Black. Protecting workers from reinfection requires a 
multipronged approach including up-to-date vaccination, 
mask use as recommended, and reduction in underlying 
health disparities.



DISPATCHES

Clinical Research Laboratories (Marshfield, WI, USA) 
for SARS-CoV-2 RNA by reverse transcription PCR 
(RT-PCR) testing. Specimens positive by RT-PCR with 
a cycle threshold (Ct) value <30 underwent whole-ge-
nome sequencing to determine SARS-CoV-2 variant. 
(Ct is defined as the number of cycles required for the 
fluorescent signal to cross the threshold [i.e., exceeds 
background level].) 

If the specimen was ineligible (Ct >30) for se-
quencing, the date of incident infection was used to 
estimate variant predominance by using the state-
specific date at which >50% of specimens sequenced 
were of the Delta or Omicron variants according to 
Centers for Disease Control and Prevention data (Fig-
ure) (11). Only participants who were actively en-
rolled in the study during site-specific Omicron pre-
dominance, and those who had 1 previous infection 
at least 45 days before Omicron predominance, were 
included (Figure).

We identified first infections on the basis of par-
ticipant-reported positive viral test results before en-
rollment or positive study-based RT-PCR results af-
ter enrollment. We defined reinfections as the second 
incident infection with >90 days between last date of 
positivity for first infection and first date of positivity 
for the second infection, or a second infection after 45 

days from a distinct SARS-CoV-2 variant. We collected 
demographic and underlying health information at 
enrollment. Participants self-reported vaccination at 
enrollment, quarterly, and more frequently when new 
vaccines became available; study staff subsequently 
verified self-reports through vaccine card uploads, 
state vaccine registries or electronic medical records. 
We collected exposure variables, including self-report-
ed mask use and number of hours worked per week, 
monthly and averaged them over the study period (12). 
All participants provided written consent, and proto-
cols were approved by institutional review boards at 
all participating sites, including Abt Associates and the 
Centers for Disease Control and Prevention.

We estimated unadjusted and adjusted hazard 
ratios for Omicron reinfection with Cox proportional-
hazards models by using the Andersen–Gill exten-
sion to account for time-varying vaccination status 
described previously (13). Adjusted models included 
demographic information, preexisting health condi-
tions, time-varying vaccination status, self-reported 
mask use in the community, and time since previous 
infection. All statistical analyses were conducted in R 
version 4.0.4 (The R Project for Statistical Computing, 
https://www.r-project.org) and SAS university edi-
tion 9.4 (SAS Institute, Inc., https://www.sas.com).
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Figure. Sample inclusion 
criteria and site-specific study 
timeline for risk factor analyses 
for reinfection with SARS-
CoV-2 Omicron variant among 
previously infected frontline 
workers, United States.



Risk Factors for Reinfection with SARS-CoV-2

Of 4,707 actively enrolled HEROES-RECOVER 
participants, 1,587 (33.7%) had a previous SARS-
CoV-2 infection >45 days before Omicron predomi-
nance. We excluded from the study population 
persons who had received J&J/Janssen (https://

www.jnj.com) vaccination (n = 57) (Figure). From 
the location-specific date of Omicron predominance 
through April 3, 2022, a total of 1,530 participants 
who had previous SARS-CoV-2 infections contribut-
ed 124,665 person-days at risk for reinfection (Table). 
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Table. Composition of study sample at risk for reinfection with SARS-CoV-2 during Omicron predominance, United States, December 
2021‒April 2022* 

Characteristic 

No. 
participants, 
n = 1,530† 

No. 
reinfected, 

n = 318 

No. person-
days at risk, 
n = 124,665 

Reinfection 
incidence/1,000 

days at risk  
(95% CI) 

Unadjusted HR 
(95% CI)‡ 

Adjusted HR 
(95% CI)§ 

Site, no. (%)       
 Tucson, AZ 579 (37.8) 109 47,933 2.27 (1.85‒2.70) Referent Referent 
 Phoenix, AZ 211 (13.8) 40 17,054 2.35 (1.62‒3.07) 1.03 (0.72‒1.49) 0.99 (0.66‒1.48) 
 Other areas in AZ 123 (8.0) 21 10,389 2.02 (1.16‒2.89) 0.88 (0.56‒1.42) 0.75 (0.46‒1.35) 
 Temple, TX 93 (6.1) 20 8,003 2.50 (1.40‒3.59) 1.15 (0.71‒1.85) 1.12 (0.68‒1.82) 
 Portland, OR 59 (3.9) 9 4,851 1.86 (0.64‒3.07) 0.84 (0.42‒1.65) 0.99 (0.48‒2.01) 
 Miami, FL 151 (9.9) 43 11,834 3.63 (2.55‒4.72) 1.66 (1.17‒2.37) 1.28 (0.86‒1.91) 
 Duluth, MN 135 (8.8) 24 11,271 2.13 (1.28‒2.98) 0.92 (0.59‒1.43) 1.08 (0.67‒1.74) 
 Salt Lake City, UT 179 (11.7) 52 13,330 3.90 (2.84‒4.96) 1.65 (1.19‒2.30) 1.61 (1.09‒ 2.37) 
Age category, y, no. (%) 

    
  

 18–34 360 (23.5) 83 28,112 2.95 (2.32‒3.59) Referent Referent 
 35–49 662 (43.3) 135 54,065 2.50 (2.08‒2.92) 0.86 (0.66‒1.13) 0.88 (0.65‒1.20) 
  50–77 508 (33.2) 100 42,488 2.35 (1.89‒2.81) 0.82 (0.61‒1.10) 0.89 (0.63‒1.27) 
Sex, no. (%) 

    
  

  M 605 (39.5) 144 47,929 3.00 (2.51‒3.50) Referent Referent 
  F 925 (60.5) 174 76,736 2.27 (1.93‒2.60) 0.76 (0.61‒0.95) 0.95 (0.72‒1.25) 
Race/ethnicity, no. (%)¶# 

    
  

 Non-Hispanic/White 1,023 (66.9) 197 84,350 2.34 (2.01‒2.66) Referent Referent 
 Non-Hispanic/Black 44 (2.9) 15 3,058 4.91 (2.42‒7.39) 2.02 (1.19‒3.41) 2.14 (1.17‒3.92) 
 Non-Hispanic/Asian 30 (2.0) 5 2,636 1.90 (0.23‒3.56) 0.81 (0.33‒1.96) 1.02 (0.43‒2.43) 
 Hispanic 375 (24.9) 88 29,837 2.95 (2.33‒3.57) 1.26 (0.98‒1.62) 1.30 (0.98‒1.72) 
 Other 18 (1.2) 3 1,605 1.87 (0.00‒3.98) 0.81 (0.26‒2.56) 0.56 (0.18‒1.78) 
Comorbid conditions, no. (%)#** 

    
  

  0 970 (63.4) 206 78,492 2.62 (2.27‒2.98) Referent Referent 
  >1 489 (32.0) 106 39,704 2.67 (2.16‒3.18) 1.02 (0.80‒1.29) 1.17 (0.90‒1.53) 
Occupation, no. (%)†† 

    
  

 Heathcare personnel 650 (42.5) 126 53,745 2.34 (1.94‒2.75) Referent Referent 
  First responder 400 (26.1) 111 30,557 3.63 (2.96‒4.31) 1.52 (1.18‒1.96) 1.13 (0.78‒1.63) 
  Other essential worker 480 (31.4) 81 40,363 2.01 (1.57‒2.44) 0.86 (0.65‒1.13) 0.82 (0.60‒1.13) 
Time-varying vaccination status, no.‡‡      
  0 doses 441 125 32,879 3.80 (3.14‒4.47) Referent Referent 
  1 dose 34 5 2,605 1.92 (0.24‒3.60) 0.56 (0.22‒1.40) 0.56 (0.22‒1.42) 
  2 doses 646 107 48,039 2.23 (1.81‒2.65) 0.58 (0.45‒0.75) 0.57 (0.43‒0.75) 
  3 doses 513 81 42,726 1.90 (1.48‒2.31) 0.55 (0.41‒0.72) 0.54 (0.39‒0.75) 
Mask use in community, no. (%)#§§ 

   
  

 Above mean (47%) 766 (50.1) 126 64,630 1.95 (1.61‒2.29) Referent Referent 
 Below mean 735 (48.0) 189 57,595 3.28 (2.81‒3.75) 1.64 (1.31‒2.06) 1.39 (1.07‒1.82) 
Weekly work hours, no. (%)# 

    
  

 Below mean (30 hours) 781 (51.0) 154 64,077 2.40 (2.02‒2.78) Referent Referent 
 Above mean 741 (48.5) 164 59,901 2.74 (2.32‒3.16) 1.14 (0.91‒1.41) 1.09 (0.87‒1.37) 
Time elapsed since first infection, y, no. (%) 

   
  

 <1 781 (51.0) 133 65,239 2.04 (1.69‒2.39) Referent Referent 
 >1 749 (49.0) 185 59,426 3.13 (2.66‒3.56) 1.53 (1.23‒1.91) 1.63 (1.28‒2.07) 
*HR, hazard ratio.  
†Column percentage reported. 
‡Each covariate listed was entered into a Cox proportional hazard model as a single predictor to generate unadjusted hazard ratios 
§All covariates were entered into a fully adjusted model. 
¶Other includes American Indian or Alaska Native, Asian/Pacific Islander, or multiracial. 
#Missing values for this variable but <5% of study sample; persons who had missing values were excluded from hazard ratio analyses. 
**Includes asthma, other chronic lung disease, cancer, diabetes, heart disease or condition, hypertension, immunosuppression, kidney disease, liver 
disease, neurologic disease or disorder, autoimmune disease, or other medical problem requiring clinical care for >6 months. 
††Includes inpatient, ambulatory, and institutional healthcare personnel; First responders include nonfire emergency medical service workers, fire 
services, law enforcement and corrections personnel; other essential workers include persons who work in the hospitality, retail, food service, education, 
government, or grocery sectors and persons who work in essential infrastructure and operations.  
‡‡Vaccination status was allowed to vary over the time period at risk by using the Andersen–Gill extension methods; column percentages are not 
provided because they do not add up to 100%.  
§§Refers to the reported percentage of time masks were worn while in public but not at work in the past 7 days averaged across the study period. 
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More than half of the participants were from Arizo-
na (59.7%), female (60.5%), and non-Hispanic White 
(66.9%). In this study sample, 42.5% were healthcare 
personnel, 26.1% first responders, and 31.4% other 
essential workers.

Of all mRNA vaccines received, 71.2% were 
BNT162b2 (Pfizer-BioNTech, https://www.pfizer.
com) and 28.8% were mRNA-1273 (Moderna, https://
www.modernatx.com). About half (51.0%) of partici-
pants experienced their first infection within a year 
of location-specific Omicron predominance. Reinfec-
tions were identified among 318 (20.8%) participants; 
27.0% of those reinfected were asymptomatic.

The proportional hazards assumption was met 
for all models. Participants who had 2 or 3 doses of 
mRNA vaccine had lower risk for reinfection with 
Omicron than persons who were unvaccinated (ad-
justed HR [aHR] 0.57 [95% CI 0.43–0.75] for those 
with 2 doses; aHR 0.54 [95% CI 0.39–0.75] for those 
with 3 doses) (Table). Although age and sex did 
not significantly predict reinfection in this sample, 
residence in Utah (aHR 1.61, 95% CI 1.09–2.37; 
referent Tucson, AZ, USA) and self-identification 
as non-Hispanic Black (aHR  2.14, 95% CI 1.17–3.92; 
referent non-Hispanic White) were risk factors for 
reinfection. Participants who wore masks in com-
munity settings less frequently, defined as wearing 
less than the mean reported percentage of time of 
47% (interquartile range 8%–83%), had higher risk 
for reinfection (aHR 1.39, 95% CI 1.07–1.82). Finally, 
participants for whom >1 year had elapsed since 
their first infection had increased risk for reinfection 
compared with persons who had <1 year since their 
first infection (aHR 1.63, 95% CI 1.28–2.07).

Conclusions
In this prospective cohort of previously infected 
frontline workers, mRNA vaccination with 2 or 3 dos-
es reduced the risk for reinfection by >40%. Risk for 
reinfection was increased by low self-reported mask 
use and for persons who had an initial infection >1 
year before the study period. Those findings are con-
sistent with risk factor studies for primary infections 
and suggest that infection-induced immunity wanes 
over time (12,14). Given that 27% of reinfections were 
asymptomatic, our findings suggest that vaccination 
might have been protective against infections that 
workers would have acquired unknowingly. Non-
Hispanic Black participants had increased risk for re-
infection, which underscores the need for addressing 
health disparities, especially because racial and ethnic 
minority groups are overrepresented among essential 
and frontline workers (15).

The first limitation of this study is that sparse 
data contributed from certain geographic sites and 
demographic groups reduced the precision of esti-
mates. Second, it is possible that some persons who 
were reinfected during the early phases of Omicron 
predominance (when Omicron and Delta were co-cir-
culating) and who also had high Ct values that pre-
cluded whole-genome sequencing were misclassified 
as Omicron reinfections (instead of Delta), although 
that number is probably negligible, given the rapid 
acceleration of Omicron dominance. Third, although 
inclusion of self-reported mask use in community 
settings was a strength of the study, we were unable 
to account for venue-specific mask mandates, which 
might have been variable among participants or 
changed throughout the study period. Fourth, find-
ings suggesting the need for second and third doses 
of mRNA vaccines are less relevant as recommen-
dations for additional and variant-specific boosters 
emerge. Nonetheless, those findings suggest the role 
of time since immune-modifying events, including 
most recent mRNA vaccination or previous infection, 
in reducing risk for reinfection. Overall, our findings 
underscore the need for maintaining a multipronged 
approach, including vaccines, nonpharmaceutical in-
terventions, and efforts to reduce disparities, to pro-
tect frontline workers as the pandemic enters a period 
in which reinfections are increasingly common.
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etymologia revisited
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 it 

inoculable? [in French]. Comptes Rendus de l’Académie Sciences. 
1936;203:1552.

  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.



Vibrio and Shewanella spp. bacteria cause a variety 
of human infections, including wound infections, 

ear infections, septicemia, and gastroenteritis (1). Do-
mestically acquired Vibrio and Shewanella infections oc-
cur only sporadically in countries in northern Europe 
because the coastal seawater temperature tends to be 
too cold to support growth and high bacterial patho-
gen concentration levels (2,3). However, the warming 
of low-salinity coastal waters of the Baltic Sea has pro-
moted the growth of Vibrio and Shewanella spp. and 
consequently increased the risk of disease for humans 
exposed to such seawater (4). In the unusually warm 
summer of 1994 in Denmark, several V. vulnificus and S. 
algae infections were seen among patients who reported 
bathing in seawater (5,6). Furthermore, during 2014–
2018, more than 1,055 cases of vibriosis were reported 
in northern Europe countries, including Denmark (7).

Considering the annual increase in infections dur-
ing recent summer seasons in Denmark and the recur-
ring heatwaves across Europe, this emerging public 
health threat requires more investigation to provide 

decision-makers with evidence for action. The aim of 
our nationwide study was to describe the distribution 
of Vibrio and Shewanella infections in Denmark dur-
ing 2010–2018 and investigate a possible correlation 
between infections and sea surface temperature.

The Study
We studied cases of Vibrio and Shewanella infections dur-
ing 2010–2018 in the summer months in Denmark (June 
to August); in the decade spanning 2010–2020, 2018 
was the warmest registered summer in the country. We 
obtained information about the cases from the Danish 
Microbiology Database, a national database containing 
all clinical microbiology reports from Denmark (8). We 
extracted identification results, confirmed by matrix-
assisted laser desorption/ionization time-of-flight mass 
spectrometry, on Vibrio and Shewanella spp. cultured 
from blood, wound swabs, deep soft tissue, ear, trachea, 
urine, and feces as well as information about date of 
sampling. We also extracted the person identification 
number of each patient studied from Denmark’s Cen-
tral Person Registry (CPR) (9). Clinical patient informa-
tion was not available, but sample types were used as a 
proxy for type of infection. We registered cases by month 
per patient (Appendix 1, https://wwwnc.cdc.gov/
EID/article/29/3/22-1568-App1.pdf). We counted the 
number of cases by calendar year and stratified them by 
the genus of isolated bacterial pathogen. Using the CPR 
number, we eliminated duplicate positive results. By 
linking to data from the CPR register, we retrieved infor-
mation on address of residence for each case at the time 
of sampling. We performed geomapping and geocoding 
in QGIS 1.8.0 Lisboa (https://www.qgis.org) for the 
spatial analysis of Shewanella and Vibrio cases and plot-
ting of number of infections per municipality, which 
we further interpreted based on seawater salinity in the 
mapped areas. We obtained sea surface temperatures of 
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During 2010–2018 in Denmark, 638 patients had Vibrio 
infections diagnosed and 521 patients had Shewanella 
infections diagnosed. Most cases occurred in years with 
high seawater temperatures. The substantial increase in 
those infections, with some causing septicemia, calls for 
clinical awareness and mandatory notification policies.
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the coastal waters of Denmark during summer from the 
Danish Meteorological Institute (Appendix 1; Appendix 
2, https://wwwnc.cdc.gov/EID/article/29/3/22-1568-
App2.xlsx). We performed the Pearson correlation test 
in R version 4.2.1 (The R Foundation for Statistical Com-
puting, https://www.r-project.org) to determine corre-
lation between annual summer seawater temperatures 
and number of Vibrio and Shewanella cases.

We found a positive correlation between aver-
age summer seawater temperatures (15°C–22°C) and 
the number of cases of Vibrio (29–172) and Shewanella 
(18–134) infections diagnosed in Denmark during 
2010–2018 (p<0.0001; Figure 1, panels A, B). Results 
showed a higher number of infections during warmer 
summers compared with colder summers. Ear infec-
tions (n = 595) and wound infections (n = 424) were 
the most frequent clinical manifestations (Table); V. 
alginolyticus and S. algae were predominant in ear in-
fections. V. parahaemolyticus was the most frequently 
isolated from wounds (n = 103, 24%), V. vulnificus 
(n = 14, 36%) and S. putrefaciens (n = 10, 26%) were 

predominant in septicemia cases, and S. putrefaciens 
was the species most associated with deep soft tissue 
infections (Table). Clinical manifestations varied by 
bacterial species. More than one third of V. vulnificus 
infections manifested as septicemia, supporting evi-
dence of the high virulence of this species (10–12). 

Vibrio and Shewanella infections increased during 
every summer in the study period. The summers of 
2014 and 2018 were characterized by particularly high 
sea surface temperatures and showed an association to 
higher incidence in infections (Figure 1, panels A, B). 
In all studied years, the frequency of Vibrio and She-
wanella spp. infections increased beginning in week 
23, reaching a peak in the warmest months (July and 
August), followed by a tail of decreasing number in 
subsequent months (Appendix 1 Figure, panel A). A 
recent study on 2018 data alone reported that most hu-
man vibriosis cases reported in the Nordic region were 
likely linked to exposure to the warm seawater that 
year (7). We found that infections were more preva-
lent in men and boys 10–19 years of age and in elderly  
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Figure 1. Relationship between 
Shewanella and Vibrio spp. 
infections and seawater 
temperature in Denmark, by 
year, 2010–2018. A, B) Pearson 
correlation between annual 
numbers of diagnosed Shewanella 
(A) and Vibrio (B) infections. C) 
Comparison of Shewanella and 
Vibrio cases and average summer 
seawater temperature by year.



Seawater Temperature and Vibrio and Shewanella 

persons, 60–80 years of age (Appendix 1 Figure, panel 
B). We suspect that those results are likely because ac-
tive adolescents may have scratches or wounds while 
performing recreational water activities (e.g., swim-
ming, rowing, windsurfing, or fishing) and because of 
the vulnerability of elderly persons in general.

We found a marked geographic distribution in 
results obtained from 2018, when most cases were in 
persons who lived near coastal areas with brackish wa-
ters characterized by low saline levels (<30 parts per  
thousand; Figure 2) (13). In contrast, along the west coast 
of Jutland, where the salinity of the North Sea is high 

and the water colder, the frequency of infections was 
lower. This difference suggests that increased temper-
ature of low-salinity water favors the growth of Vibrio 
and Shewanella bacteria. It is important to consider that 
the association between place of residence and number 
of cases is challenged because geographic distances are 
short in Denmark and multiple exposures at different 
geographic sites during a summer season are to be ex-
pected. The lack of information on prior seawater ex-
posure and information on international travel for each 
case is a limitation for the correlation between number of 
Vibrio and Shewanella infections and seawater exposure.  
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Table. Distribution of species per type of Vibrio and Shewanella infections, Denmark 2010–2018* 

Bacterial species 

Type of manifestation or site of infection, no. (%) 

Ear 
Wound and 

shallow soft tissue Septicemia Feces† 
Deep soft 

tissue 
Respiratory 

tract Urine Other 
Shewanella algae 99 (16.6) 82 (19.3) 4 (10.3) NA  3 (12.5) 6 (30) 1 (7.7) 2 (9.5) 
S. putrefaciens 86 (14.5) 80 (18.9) 10 (25.6) NA 12 (50) 7 (35) 8 (61.5) 10 (47.6) 
Shewanella spp.‡ 58 (9.7) 41 (9.7) 1 (2.6) NA 1 (4.2) 6 (30) 2 (15.4) 2 (9.5) 
Total Shewanella 243 203 15 NA 16 19 11 14 
Vibrio alginolyticus 248 (41.7) 72 (17) 2 (5.1) 2 (8.7) 4 (16.7) 1 (5) 0 4 (19) 
V. cholerae 12 (2) 1 (0.2) 0 4 (17.4) 0 0 0 1 (4.8) 
V. fluvialis 9 (1.5) 3 (0.7) 1 (2.6) 4 (17.4) 0 0 0 0 
V. parahaemolyticus 36 (6.1) 103 (24.3) 5 (12.8) 9 (39.1) 2 (8.3) 0 0 1 (4.8) 
V. vulnificus 2 (0.3) 11 (2.6) 14 (35.9) 1 (4.3) 2 (8.3) 0 2 (15.4) 0 
Vibrio spp.‡ 45 (7.6) 31 (7.3) 2 (5.1) 3 (13) 0 0 0 1 (4.8) 
Total Vibrio 352 221 24 23 8 1 2 7 
Total 595 424 39 23 24 20 13 21 
*NA, not applicable. 
†S. algae, S. putrefaciens, S. spp. found in feces samples (n = 24) were excluded from all analyses. 
‡Not identified to species level. 

 

Figure 2. Number of cases 
of Shewanella and Vibrio 
spp. infection (n = 98), by 
municipality, Denmark, 2018.
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Nevertheless, the observed geographic distribution of 
cases and the presented correlation between the number 
of cases in cold and warm summers strongly supports 
a relationship between higher-temperature/low-saline 
seawater exposure and risk of infection.

Conclusions
In this nationwide study, we show a correlation be-
tween number of Vibrio and Shewanella human infec-
tions and coastal summer water temperature in Den-
mark during 2010–2018. In addition, we were able 
to map residency of most cases to geographic areas 
with coastlines of low salinity. A combination of cli-
mate change effects (i.e., increasing coastal sea surface 
temperature at higher latitudes during summer) and 
a more elderly population indicates the need for in-
creased awareness of the risk of these emerging infec-
tions and their public health impact. Rising tempera-
tures will lead to an increase in burden of disease for 
these marine infections in an expanding area of the 
northern hemisphere (14). We propose that persons 
in Denmark who are exposed to seawater in summer 
should consider covering open wounds with a water-
proof bandage, particularly the elderly and immuno-
compromised. We also recommend that persons thor-
oughly wash new cuts exposed to seawater and inform 
healthcare professionals of recent seawater exposure 
when seeking medical attention. Persons with defected 
eardrums should use earplugs. Our study lends sup-
port to categorizing all Vibrio and Shewanella infections 
in humans as mandatory notifiable diseases in Den-
mark and other countries in Europe that have seawater 
borders to monitor the incidence of these infections.
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Tuberculosis (TB) is the leading cause of illness 
and death globally among persons living with 

HIV (PLHIV) (1,2). In 2021, among ≈38.4 million PL-
HIV worldwide, 703,000 TB cases and 187,000 TB-
related deaths were reported (3,4). HIV antiretrovi-
ral therapy (ART) and TB preventive therapy (TPT) 
reduce TB incidence and death among PLHIV (5,6). 
TPT is administered to persons at high risk for TB 
and who do not have symptoms of active disease; 
positive tuberculin skin tests or interferon gamma 
release assays are not required. Although increased 
ART coverage has coincided with declines in TB-re-
lated deaths worldwide, since the early 2000s, TPT 
scale-up has been limited (3,7,8).

Uganda is a World Health Organization–desig-
nated TB and HIV high-burden country (3). By 2020, 
≈1,400,000 PLHIV were reported in Uganda; in 2021, 
a total of 29,000 TB cases and 6,200 TB-related deaths 
among PLHIV were reported (9,10). In 2015, Uganda 

accelerated efforts to provide TPT to PLHIV who 
had no TB symptoms and received support from 
the US President’s Emergency Plan for AIDS Relief 
(PEPFAR) (11,12). Further efforts included a 100-day 
scale-up campaign in 2019, adopting TPT as stan-
dard of care for all eligible PLHIV in 2021 (13), and 
a last-mile campaign launched in June 2022. There-
fore, despite the COVID-19 pandemic, TPT scale-up 
continued. We analyzed data describing TPT scale-
up among PLHIV in Uganda and highlight next 
steps to further reduce TB-related illness and death 
and reach global targets for treatment coverage.

The Study
We sourced semiannual aggregate data during Oc-
tober 2016–March 2022 from the centralized PEP-
FAR DATIM Monitoring, Evaluation, and Report-
ing database (Uganda DATIM version 1.31 MER 
2.5, updated January 4, 2021; https://ug.datim4u.
org). We analyzed trends among PLHIV receiving 
PEPFAR-supported ART across 5 areas: TPT initia-
tion, defined as beginning any TPT regimen, such 
as 6-month daily isoniazid or 3-month 1 time/week 
isoniazid plus rifapentine; TPT completion, defined 
as receiving a full course of TPT according to data 
capture tools; TPT completion rates, calculated as 
the number of TPT completions divided by the num-
ber of TPT initiations in the previous semiannual pe-
riod × 100; TPT coverage, calculated as the number 
of TPT completions divided by the total number of 
PLHIV eligible for TPT; and TB notification among 
PLHIV on ART, calculated as the number of regis-
tered new and relapsed TB patients with document-
ed HIV-positive status divided by the total number 
of PLHIV on ART. TPT eligibility was defined as 
95% of total PLHIV on ART; TPT ineligibility (5%) 
accounts for PLHIV with active TB and PLHIV  
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discontinuing TPT because of loss to follow-up, 
death, or adverse events. Since October 2019, PLHIV 
have been considered to be on ART until <27 days 
after their last missed clinical appointment; clients 
whose last missed appointment was >28 days earlier 
are not considered to be receiving ART. Before Octo-
ber 2019, PLHIV were considered to be on ART until 
<90 days after their last missed appointment.

We used R software version 4.1.1 (The R Project 
for Statistical Computing, https://www.r-project.
org) to analyze age groups, sex, and region. We de-
scribed semiannual trends by using time series plots. 
We used nonparametric Cuzick tests to analyze TB 
notification rates across periods.

The total number of PLHIV on ART in Uganda 
increased from 890,938 in March 2017 to 1,283,662 in 
September 2022. Most (1,226,266; 95.5%) PLHIV were 
>15 years of age, and 822,864 (65.5%) were women. 
Age and sex distribution remained stable over time.

TPT completions increased from 28.6% 
(5,264/18,394) during October 2016–March 2017 to 
94.0% (75,173/79,949) during October 2021–March 
2022 (Table 1; Figure 1). We observed a steady in-
crease in TPT completion rates except for a decline 
from 71.1% during April–September 2017 to 63.6% 
during October 2017–March 2018. The average re-
gional TPT completion rate increased from 27.2% (in-
terquartile range [IQR] 12.9%–41.9%) during October 
2016–March 2017 to 93.8% (IQR 91.85%–96.25%) dur-
ing October 2021–March 2022. The lowest regional 
average completion rate across all periods was 69.9% 
in the Kigezi region, and the highest average comple-
tion rate was 85.2% in the Lango region.

From October 2016–March 2017 through October 
2021–March 2022, TPT coverage increased from 0.6% 

to 88.8% (Figure 2). In all periods, TPT coverage was 
higher for men. After October 2017–March 2018, TPT 
coverage increased steadily for both age groups; the 
largest increases were among PLHIV who were <15 
years of age. The median regional TPT coverage dur-
ing October 2021–March 2022 was 88.0% (IQR 84.5%–
92.9%); the lowest rate (68.8%) was in the Karamoja 
region, and the highest rate (100.0%) was in the West 
Nile region.

TB notification rates increased from 881.1 cas-
es/100,000 PLHIV during October 2016–March 2017 
to 972.5 cases/100,000 PLHIV during October 2021–
March 2022 (Table 2). Across all periods, TB notifica-
tion rates were higher among men and PLHIV who 
were <15 years of age. During October 2021–March 
2022, the highest regional TB notification rate was 
1,819.2/100,000 PLHIV in the Karamoja region, and 
the lowest rate was 665.5/100,000 PLHIV in the 
Acholi region. The average regional TB notification 
rate during October 2016–March 2017 was 935.0 
(IQR 715.4–1,069.9)/100,000 PLHIV compared with 
1,032.72 (IQR 876.7–1,095.2)/100,000 PLHIV during 
October 2021–March 2022. Across all regions except 
Karamoja, TB notification rates declined during Octo-
ber 2019–March 2020.

Conclusion
In 6 years, Uganda successfully scaled up TPT cov-
erage among a large cohort of PLHIV on ART. Key 
enablers of success were strong country leadership 
and ownership, integration of HIV and TB programs, 
data-driven stakeholder engagement, stable supply 
chains, and data use for continuous program im-
provement. However, TB notification rates increased, 
likely reflecting improvements in TB case reporting 
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Table 1. Tuberculosis preventive therapy completion and coverage among persons living with HIV who received antiretroviral therapy 
during semiannual periods, Uganda, October 2016–March 2022* 

Semiannual periods 
Initiated 

TPT 
Completed 

TPT 
Receiving 

ART† TPT eligible‡ 
Cumulative 
completion  

Completion 
rate, %§ TPT coverage, %¶ 

2016 Oct–2017 Mar 18,394 5,264 890,938 846,391 5,264 28.6 0.6 (5,264/846,391) 
2017 Apr–2017Sep 17,391 12,360 993,070 943,417 17,624 71.1 1.9 (17,624/943,417) 
2017 Oct–2018 Mar 8,162 5,188 1,030,756 979,218 22,812 63.6 2.3 (22,812/979,218) 
2018 Apr–2018 Sep 18,836 13,272 1,101,716 1,046,630 36,084 70.5 3.4 (36,084/1,046,630) 
2018 Oct–2019 Mar 99,602 85,954 1,097,366 1,042,498 122,038 86.3 11.7 (122,038/1,042,498) 
2019 Apr–2019 Sep 443,900 391,514 1,148,258 1,090,845 513,552 88.2 47.1 (513,552/1,090,845) 
2019 Oct–2020 Mar 111,898 98,399 1,201,166 1,141,108 611,951 87.9 53.6 (611,951/1,141,108) 
2020 Apr–2020 Sep 172,862 158,546 1,218,006 1,157,106 770,497 91.7 66.6 (770,497/1,157,106) 
2020 Oct–2021 Mar 122,969 113,296 1,239,829 1,177,838 883,793 92.1 79.1 (883,793/1,117,838) 
2021 Apr–2021 Sep 134,387 124,525 1,266,588 1,203,259 1,008,318 92.7 83.8 (1,008,318/1,203,259) 
2021 Oct–2022 Mar 79,949 75,173 1,283,662 1,219,479 1,083,491 94.0 88.8 (1,083,491/1,219,479) 
*Patients received ART at PEPFAR-supported facilities. ART, antiretroviral therapy; PEPFAR, US President’s Emergency Plan for AIDS Relief; TPT, 
tuberculosis preventive therapy. 
†Number of adults and children receiving ART was reported quarterly; we used the number reported during the final quarter of each 6-month period.  
‡TPT eligible was defined as 95% of total persons living with HIV who were receiving ART; TPT ineligibility (5%) accounts for PLHIV with active TB 
disease and PLHIV discontinuing TPT because of loss to follow-up, death, or adverse events.  
§Number of patients who completed TPT divided by the number of patients who initiated TPT  100. 
¶TPT coverage was calculated as cumulative number of persons living with HIV who completed TPT divided by the number of TPT eligible patients  100. 
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as part of efforts to provide TPT to all eligible PLHIV. 
Over time, TPT completion rates increased, especially 
during October 2019–March 2020, after the 100-day 
scale-up campaign (Appendix, https://wwwnc.cdc.
gov/EID/article/29/3/22-1353-App1.pdf) (14). Al-
though TPT coverage has continued to expand since 
2020, negative effects of the COVID-19 pandemic are 
reflected by declines in TPT initiations and comple-
tions during the October 2019–March 2020 and April–
September 2020 periods (3).

Considering available evidence (6–8), reducing 
the burden of TB among PLHIV in Uganda is feasible 
given high TPT coverage and if the following priori-
ties are continued. First, full TPT coverage should be 
maintained, including among newly identified eli-
gible PLHIV; shorter TPT regimens should be lever-
aged for high initiation and completion rates (15), and 
data should be routinely collected for close program 
monitoring. Second, enhanced TB case reporting is 
warranted, including among the general population, 
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Figure 1. Completion rate 
percentages for tuberculosis 
preventive therapy by district 
among persons living with HIV 
in Uganda during 2016–2022. 
Completion rates in different 
districts in Uganda for 11 
semiannual periods: A) October 
2016–March 2017; B) April 
2017–September 2017; C) 
October 2017–March 2018; D) 
April 2018–September 2018; E) 
October 2018–March 2019; F) 
April 2019–September 2019; G) 
October 2019–March 2020; H) 
April 2020–September 2020; I) 
October 2020–March 2021; J) April 
2021–September 2021; and K) 
October 2021–March 2022. TPT, 
tuberculosis preventive therapy.

Figure 2. Number of persons 
initiating and completing 
tuberculosis preventive therapy 
among persons living with HIV 
and overall percentage coverage 
rate in Uganda, 2016–2022. 
Numbers are given for 11 
semiannual periods; values 
along line indicate percentage 
coverage for that period. TPT, 
tuberculosis preventive therapy.
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because the effects of high TPT coverage have not yet 
translated into declining TB notification rates among 
PLHIV. Ensuring early identification and treatment 
initiation for confirmed patients could include quality 
TB screening, testing, and prompt treatment. Third, 
newly recommended shorter TB treatment regimens 
should be considered standards of care to improve 
patient outcomes.

The first limitation of our study is that discrep-
ancies were observed during some periods between 
disaggregated and overall totals because the nation-
al reporting systems integrated PEPFAR reporting 
requirements for TB-related data. Second, aggregate 
patient data are prone to ecologic fallacy and limited 
our ability to analyze person-level factors affecting 
TPT initiation and completion. Third, disaggregated 
data for TB cases during October 2016–March 2017 
and October 2017–March 2018 were missing because 
of changes in data reporting requirements.

In summary, programmatic data indicate that al-
most all PLHIV in Uganda have received TPT, accel-
erating progress toward global targets for treatment 
coverage. Investments in timely TB screening, diag-
nosis, and earlier treatment during disease course 
should remain high priorities for TB/HIV preven-
tion programming.
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Table 2. Tuberculosis notification rates per 100,000 persons living with HIV during semiannual periods in study of tuberculosis 
preventive therapy among persons living with HIV, Uganda, October 2016–March 2022* 

Semiannual periods Overall 
Patient age 

 
Patient sex 

<15 y >15 y  M F 
2016 Oct–2017 Mar† 881.1 

(7,850/890,938) 
NA NA  NA NA 

2017 Apr–2017 Sep‡ 523.4 
(5,198/993,070) 

465.6 
(290/62,279) 

331.2 
(3,083/930,791) 

 642.0 
(2,106/328,026) 

201.0 
(1,267/630,451) 

2017 Oct–2018 Mar† 860.1 
(8,866/1,030,756) 

NA NA  NA NA 

2018 Apr–2018 Sep‡ 1,015.3 
(11,186/1,101,716) 

1,633.7 
(1,035/63,353) 

294.1 
(3,054/1,038,363) 

 547.9 
(2,128/388,410) 

274.9 
(1,961/713,306) 

2018 Oct–2019 Mar 1,028.3 
(11,284/1,097,366) 

1,553.2 
(929/59,812) 

998.0 
(10,355/1,037,554) 

 1,694.1 
(6,528/385,331) 

667.9 
(4,756/712,035) 

2019 Apr–2019 Sep 1,094.4 
(12,566/1,148,258) 

1,607.6 
(985/61,273) 

1,065.4 
(11,581/1,086,985) 

 1,774.4 
(7,195/405,491) 

723.1 
(5,371/742,767) 

2019 Oct–2020 Mar 918.9 
(11,037/1,201,166) 

1,182.6 
(730/61,731) 

904.6 
(10,307/1,139,435) 

 1,489.6 
(6,336/425,358) 

605.9 
(4,701/775,808) 

2020 Apr–2020 Sep 710.2 
(8,650/1,218,006) 

756.6 
(462/61,062) 

707.7 
(8,188/1,156,944) 

 1,148.3 
(4,956/431,584) 

469.7 
(3,694/786,422) 

2020 Oct–2021 Mar 866.8 
(10,747/1,239,829) 

1,144.3 
(678/59,249) 

854.1 
(10,083/1,180,580) 

 1,356.2 
(5,921/436,577) 

602.6 
(4,840/803,252) 

2021 Apr–2021 Sep 908.8 
(11,511/1,266,588) 

1,175.1 
(703/59,925) 

895.6 
(10,808/1,206,763) 

 1,388.7 
(6,185/445,390) 

648.6 
(5,326/821,198) 

2021 Oct–2022 Mar 972.5 
(12,483/1,283,662) 

1,416.5 
(813/57,396) 

951.7 
(11,670/1,226,266) 

 1,504.8 
(6,788/451,092) 

684.0 
(5,695/832,570) 

*Values are no./100,000 population (actual number of notifications among PLHIV/total PLHIV population). Tuberculosis notification rate is defined as the 
number of registered new and relapsed TB cases with documented HIV-positive status during the reporting period divided by the total number of PLHIV 
currently receiving antiretroviral treatment at PEPFAR-supported sites in Uganda. NA, not applicable; PEPFAR, US President’s Emergency Plan for AIDS 
Relief. 
†Total number of tuberculosis cases disaggregated by age and sex were not available. 
‡Disaggregated totals for age groups and sex do not equal the overall totals in periods 2 and 4 because of synchronization issues between DATIM 
(Uganda DATIM version 1.31 MER 2.5, updated January 4, 2021; https://ug.datim4u.org) and the national reporting system; only the sites in which 
disaggregated totals were consistent with the national reporting system were included. 
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Severe fever with thrombocytopenia syndrome 
(SFTS) is an emerging and mostly fatal tickborne 

zoonosis in eastern Asia. The causative agent is Da-
bie bandavirus, of the family Phenuiviridae and genus 
Bandavirus, and is generally known as SFTS virus 
(SFTSV). In Japan, SFTS-related mortality rates are 
reported to be 27% among humans and 62% among 
domestic cats (1,2). Although dogs can become infect-
ed with SFTSV, the mortality rate is unclear because 
infection of healthy dogs tends be subclinical (3). 

SFTSV is transmitted to humans and animals pri-
marily through tick bites. However, nosocomial in-
fection without a tick bite can occur via contact with 
blood and body fluids (4). Human-to-human trans-
mission from an index patient to healthcare workers 
has been reported (4). Animal-to-human transmission 
from an index animal to veterinary personnel has also 
been reported (5,6). We report a nosocomial animal-
to-animal transmission of SFTSV.

The Cases
On January 8, 2022, a 13-year-old female dog (dog 
1) with a high fever (39.9°C [reference range 38.0°C–
39.0°C]) and anorexia was examined at animal hos-
pital A (Table; Figure 1). The next day, dog 1 exhibit-
ed diarrhea and neurologic symptoms (unsteadiness 
and wandering). When the animal’s condition did 

not improve, on January 11, the dog was transferred 
to animal hospital B. On the basis of a high concen-
tration of pancreas-specific lipase and pancreatic 
ultrasonography findings, veterinarians in animal 
hospital B diagnosed pancreatitis. Infectious disease 
was not suspected because the dog had no signs of 
a tick bite and had been vaccinated against most of 
the severe canine diseases in Japan. At 11:00 a.m. the 
next day, the dog was unresponsive to stimuli. The 
dog underwent tracheal intubation and mechanical 
ventilation, and a pulse oximeter probe was placed 
on the tongue. The dog did not respond to treatment 
and was euthanized and returned to the owner at 
approximately 3:00 p.m.

On January 12, at approximately 10 a.m., a healthy 
7-month-old female domestic cat (cat 1) was hospital-
ized at animal hospital B for ovariohysterectomy (Fig-
ure 1). At approximately 4:00 p.m., the ovariohysterec-
tomy was performed under anesthesia on the same 
operating table and with the same ventilator used for 
dog 1. Cat 1 was discharged in healthy condition the 
next day.

Also on January 12, at approximately 6 p.m., a 
21-month-old male domestic cat (cat 2) was urgently 
hospitalized at animal hospital B for ingestion of a 
foreign body. Cat 2 underwent endoscopic surgery 
under anesthesia in the same operating room and was 
discharged in healthy condition the next day. 

Cats 1 and 2 had no contact with dog 1 in the 
hospital. After surgery, the cats were kept in the 
same hospital room but in different cages and had 
no contact with each other. All 3 animals had dif-
ferent owners, and no contact before hospitalization 
was reported.

On January 19, a high fever (40.8°C [refer-
ence range 38.0°C–39.0°C]), vomiting, and inappe-
tence developed in cat 1. Its condition worsened; 
on January 21, leukopenia and thrombocytopenia 
were confirmed (Table), and on January 22, the cat 
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In Japan, 2 cats that underwent surgery in a room where 
a sick dog had been euthanized became ill within 9 days 
of surgery. Severe fever with thrombocytopenia syndrome 
virus was detected in all 3 animals; nucleotide sequence 
identity was 100%. Suspected cause was an uncleaned 
pulse oximeter probe used for all patients.
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died. On January 21, high fever (39.8°C) with bili-
rubinuria developed in cat 2. Despite vomiting on 
January 22, cat 2 recovered by January 26. Both cats 
were kept indoors only, and neither had a history 
of a tick bite.

The director of animal hospital B suspected noso-
comial infections because severe symptoms devel-
oped in the 2 cats that had undergone surgery on the 
same day. Serum samples from the cats were sent to 
the Center for Animal Disease Control, University of 
Miyazaki, where real-time reverse transcription PCR 
for SFTSV, feline calicivirus, and feline parvovirus 
was performed (9–11).

High copy numbers of SFTSV RNA were de-
tected in both samples (cat 1 = 1.53 × 106 copies/mL; 
cat 2 = 6.37 × 106 copies/mL). Also confirmed by us-
ing double-antigen ELISA were IgG, IgM, or both 
against SFTSV nucleoprotein (absorbance at 405 nm) 
(cat 1 = 0.39; cat 2 = 2.92) (8). Blood collected from 
dog 1 on January 8 had been discarded in the medical 
waste box but was retrieved and sent to the Center 
for Animal Disease Control after results for the cats 
were confirmed. Although the blood had been kept at 
room temperature for >2 weeks, a high copy number 
of SFTSV RNA was detected (1.99 × 106 copies/mL). 
ELISA was not performed because the blood was in 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023 615

 
Table. Hematologic results and outcomes for 3 companion animals with severe fever with thrombocytopenia syndrome virus infection, 
Japan, 2022* 

Characteristic 
Reference ranges† 

 
Dog 1 

 
Cat 1 

 
Cat 2 

Canine Feline Jan 8 Jan 12 Jan 21 Jan 21 
Real-time RT-PCR, copies/mL NA  1.99 × 106‡ ND§  1.53 × 106  6.37 × 106 
Virus isolation NA  ND ND  +  + 
ELISA (absorbance at 405 nm) (<0.04)§  ND ND  + (0.39)  + (2.92) 
Temperature, °C 38.0–39.0 38.0–39.0  39.9 ND  37.2¶  39.8 
Leukocytes, × 102 cells/mL 40–155 30–148  81.0 49.4  13.1  73.7 
Hemoglobin, g/dL 12.1–20.3 9.3–15.9  14.4 11.4  15.1  35.1 
Platelets, × 104/mL 17–40 20–50  10.6 1.4  0.9  6.4 
Total bilirubin, mg/dL 0.1–0.3 0.1–0.4  0.2 3.2  5.5  5.1 
Alanine transaminase, U/L 12–118 10–100  157 189  566  148 
Alkaline phosphatase, U/L 5–131 10–50  >1225 >1225  <10  16 
Creatinine, mg/dL 0.5–1.6 0.6–2.4  0.8 5.1  1.3  1.5 
Outcome    Euthanasia  Death  Recovery 
*NA, not applicable; ND, not done; RT-PCR, reverse transcription PCR. 
†Standard canine and feline hematology parameters were selected according to (7). 
‡Poorly preserved blood was used for real-time RT-PCR and virus isolation. 
§Cutoff value selected according to (8). 
¶Temperature was 40.8°C on January 19. 

 

Figure 1. Timeline of dog-to-cat nosocomial transmission of SFTSV, Japan, 2022. Cat 1 was 7 months of age; cat 2 was 21 months of age; 
dog 1 was 13 years of age. RT-PCR, reverse transcription PCR; SFTSV, severe fever with thrombocytopenia syndrome virus; +, positive.
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poor condition. For veterinary personnel, body tem-
perature and real-time reverse transcription PCR 
were monitored daily by the Oita City Public Health 
Center, but SFTSV infection was not detected.

SFTSV isolation was performed by using serum 
from cats 1 and 2 and hemolyzed blood from dog 1. 
The virus isolation procedure has been previously 
described (12). SFTSV was isolated from both cats 
but not from the dog because of poor preservation 
of the dog sample. Next, the entire sequences of the 
SFTSV medium (M) segment from the animals were 
compared. The M segment encoding Gn and Gc gly-
coproteins is a more diverse segment than the small 
and large segments (13). Almost the entire sequence 
(SFTSV M segment, nt 9–3378) was successfully am-
plified and determined by using the reported prim-
ers (13) and submitted to the DNA Data Bank of Ja-
pan (accession no. LC705155-7). The virus sequences 
from the index dog and the 2 secondarily affected cats 
showed 100% homology (Figure 2). Furthermore, the 
sequences were most closely related (99.8%) to the 

SFTSV SPL105A Miyazaki 2013 strain (accession no. 
AB985315), which was obtained from a person with 
SFTS infection in an adjacent prefecture in 2013.

The operating room was a sanitary environment. 
The operating table was disinfected after each use; 
repeated use of contaminated instruments was pro-
hibited; and all staff wore disposable gowns, masks, 
and gloves during operations. Although most medi-
cal instruments do not cause nosocomial infection, 
we determined that the pulse oximeter probe posed 
the highest risk for virus transmission between the 
dog and the cats because a disposable paper tow-
el was placed between the probe and tongue, with 
saliva contaminating the probe, and the staff were 
unable to confirm whether the inner surface of the 
probe was wiped with hypochlorous acid between 
patients. A previous study detected high levels of 
viral RNA in the saliva of animals with SFTS (14,15). 
Because the same ventilator was used with the 3 
animals reported here, aerosol transmission is an-
other suspected source. Although the tracheal tubes 
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Figure 2. Phylogenetic analysis of severe fever with thrombocytopenia syndrome virus obtained from dog with index infection and 2 cats 
with nosocomial infection, Japan, 2022. The phylogenetic tree is shown for the viral genomic RNA of the medium segment. Boldface 
indicates viruses isolated from the animals in this study. Scale bar indicates nucleotide substitutions per site.
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and attached equipment were changed after each 
use, other parts (e.g., the breathing tube) were not 
changed and disinfected because infectious disease 
was not suspected.

Conclusions
We report molecular evidence of nosocomial trans-
mission of SFTSV among companion animals in 
an animal hospital in Japan. Veterinary person-
nel should be aware of the risk that this emerging 
zoonotic disease poses for their safety as well as the 
safety of patients and clients. To prevent nosocomial 
infections, veterinary staff should be educated about 
basic infection prevention and control practices in 
animal hospitals.
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Burkholderia thailandensis, a gram-negative bacte-
rium found in the environment, poses a public 

health threat both because of its ability to cause in-
fections as an opportunistic pathogen and potential 
misidentification as the more pathogenic B. pseudom-
allei, its closest phylogenetic relative (1–4). B. pseudo-
mallei, designated a Select Agent by the US Federal 
Select Agents Program and the causative pathogen 
of melioidosis, and B. thailandensis are found in the 
environment in some tropical regions, including 
Southeast Asia and northern Australia. B. thailanden-
sis, a Biosafety Level 2 organism not classified as a 
Select Agent (3), has fewer safety restrictions than B. 
pseudomallei, and because it can be handled outside of 
Biosafety Level 3 laboratories, it is used by research-

ers as a surrogate in some experiments (5). In labo-
ratory analyses, B. thailandensis is challenging to dis-
tinguish from B. pseudomallei because of their similar 
biochemical phenotypes, the only difference being 
that B. thailandensis can assimilate L-arabinose (1,3). 
B. thailandensis was described after researchers ob-
served reduced virulence in an environmental isolate 
thought to be B. pseudomallei. Subsequent 16S rRNA 
gene analysis revealed a novel Burkholderia species 
named B. thailandensis after the geographic origin of 
the type strain (3).

Human B. thailandensis infections are uncom-
mon (1,4), especially in the Western Hemisphere. 
Three previous clinical cases in that region have 
been reported, all from the southern United States: 
Louisiana in 1997, Texas in 2003 (1), and Arkansas 
in 2017 (4). Environmental sampling related to the 
2003 case in Texas and previous environmental 
sampling for B. pseudomallei complex members did 
not recover B. thailandensis (6). B. thailandensis has 
been described primarily from the environment 
in Southeast Asia and Australia (3,7) and, recent-
ly, Africa (8). Occurrence of B. thailandensis in the 
environment in the Western Hemisphere remains 
poorly understood. We used a systematic approach 
to detect and isolate B. thailandensis from soil and 
water samples collected in Texas in November 2019 
and November 2020 (9) and Puerto Rico during De-
cember 2018–March 2020.

The Study
We collected 2,540 environmental samples, 370 (280 
soil, 80 water, 10 environmental water tank scrapes) 
from Texas and 2,170 (1,650 soil, 520 water) from 
throughout Puerto Rico. From the collected samples, 
we detected B. thailandensis DNA in 10 complex broth 
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Burkholderia thailandensis, an opportunistic pathogen 
found in the environment, is a bacterium closely related 
to B. pseudomallei, the cause of melioidosis. Human B. 
thailandensis infections are uncommon. We isolated B. 
thailandensis from water in Texas and Puerto Rico and 
soil in Mississippi in the United States, demonstrating a 
potential public health risk.  
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samples, 4 from Texas and 6 from Puerto Rico (Appen-
dix, https://wwwnc.cdc.gov/EID/article/29/3/22-
1245-App1.pdf). Culturing (10) yielded B. thailanden-
sis isolates from 5 samples, 1 from Texas and 4 from 
Puerto Rico. In addition, we isolated B. thailandensis 
from a soil sample collected in Mississippi in July 2022 
during a melioidosis cluster investigation (11). Fur-
ther, in 2021, we identified B. thailandensis infection 
in a 4th case-patient in the United States (Oklahoma) 
(Table). The patient was suspected to have aspirated 
water after a motor vehicle rollover into water; he 
died because of multiple complications (Appendix). 

We used whole-genome analysis of those 7 iso-
lates (National Center for Biotechnology Informa-
tion BioProject nos. PRJNA575701, PRJNA818328, 
PRJNA908850) to place them within a larger phylo-
geographic context, including other B. thailandensis 
isolates from the United States and other global loca-
tions (Table; Figure). Environmental B. thailandensis 
isolates from Texas and Mississippi grouped in the 
same clade with clinical isolates from Texas and Lou-
isiana and 2 environmental isolates from Asia. The 
2021 clinical isolate from Oklahoma was most closely 
related to the isolate from the 2003 clinical case in 
Texas. Environmental isolates from Texas and Missis-
sippi differed by more (4,639 single-nucleotide poly-
morphisms [SNPs]) than environmental isolates from 
Thailand and Australia (2,671 SNPs); B. pseudomallei 
isolates found in Australia and Asia are more diverse 

than isolates in the Americas (10). We observed little 
diversity among the 4 B. thailandensis isolates from 
Puerto Rico; total diversity was 62 SNPs, and distance 
between any 2 isolates was 28–36 SNPs.

Among the isolates identified in our study, in silico 
multilocus sequence type analysis (https://pubmlst.
org/organisms/burkholderia-pseudomallei)  
revealed novel ace allele 106 in the 4 isolates from 
Puerto Rico and the clinical isolate from Oklahoma, 
assigning all 5 to novel sequence type (ST) 1772. 
Novel gltB allele 175 was identified in the isolate from 
Texas, which was assigned to novel ST1785. The iso-
late from Mississippi, which had a unique combina-
tion of alleles, was assigned to novel ST2019.

Conclusions
Our study confirms B. thailandensis endemicity in 
the environment in the United States, albeit of rare 
occurrence and low abundance, requiring extensive 
sampling to detect; we found B. thailandensis at only 
3.7% of collection sites in Puerto Rico and 8% in Tex-
as. However, the pathogen could be present in other 
unsampled areas in the southern United States and 
Puerto Rico. Substantial culturing was required to 
isolate bacteria from PCR-positive samples, suggest-
ing low abundance or its presence being outcom-
peted by other bacteria. B. thailandensis abundance 
might vary seasonally or on the basis of precipita-
tion levels. 
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Table. Genomes from global isolates used to generate whole-genome phylogeny in study of Burkholderia thailandensis from the 
environment in the United States* 

Isolate Alternative ID 
Country 

(state/territory) Sample type (source) Year MLST 
GenBank 

accession no. 
Bt10009† 165–01_P1_S7 USA (TX) Environmental (water) 2019 1758 JALGJD00000000 
Bt10013† 203–09_P1_S27 USA (PR) Environmental (water) 2020 1772 JALGJC00000000 
Bt9795† 61_10_S54_S1 copy3 USA (PR) Environmental (water) 2018 1772 WCIR00000000 
Bt9920† 89–06_P1_S1 USA (PR) Environmental (water) 2018 1772 WCIQ00000000 
Bt9942† 91–08_P2_S1 USA (PR) Environmental (water) 2018 1772 WCIP00000000 
BtMS2022a†  USA (MS) Environmental (soil) 2022 2019 SRR22548212 
BtOK2021a†  USA (OK) Clinical (human) 2021 1772 SRR22548210 
2.1 

 
Vietnam Environmental (soil) 2017 696 GCA_002803565.1 

82172 34; 2002721621 France Veterinary (horse) 1982 73 GCA_001555485.1 
Bt4 49639 Australia Environmental Unknown 699 GCA_000170395.1 
BtAR2017 

 
USA (AR) Clinical (human) 2017 101 GCA_004684955.1 

E1 
 

Papua New Guinea Environmental 1995 669 GCA_001524325.1 
E254 

 
Thailand Environmental (soil) 1992 345 GCA_000765375.1 

E264 ATCC 700388 Thailand Environmental (soil) 1994 80 GCA_003568605.1 
E444 E0444 Thailand Environmental (soil) 2002 79 GCA_000567945.1 
E555 

 
Cambodia Environmental 2005 696 GCF_000179515.1 

H0587 2002721121 USA (LA) Clinical (human) 1997 101 GCA_000567905.1 
MSMB59 

 
Australia Environmental (soil) 2006 669 GCA_001718595.1 

MSMB60 
 

Australia Environmental (soil) 2006 669 GCA_001524345.1 
Phuket 4W-1 

 
Thailand Environmental (water) 1965 80 GCA_000877335.1 

TXDOH CDC3015869; 
2003015869 

USA (TX) Clinical (human) 2003 101 GCA_002888425.1 

USAMRU 
Malaysia no. 20 

2002721744 Malaysia Unknown Unknown 80 GCA_000706745.1 

*Phylogeny shown in Figure. MLST, multilocus sequence type; USAMRU, US Army Medical Research Unit; TXDOH, Texas Department of Health.  
†Isolated in this study. 
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We detected B. thailandensis in Texas and Puerto 
Rico only from water samples, although they com-
prised only 24% of total (water and soil) samples col-
lected at positive sites; all soil samples were negative 
for B. thailandensis. In contrast, in Thailand, B. thai-
landensis is most commonly isolated from soil (12). All 
4 clinical cases from the United States were associated 
with traumatic injuries (1,4), 3 involving water (1), 
demonstrating the public health risk for disease from 
traumatic injuries related to contaminated water. 
This risk is especially relevant in Puerto Rico where 
B. thailandensis was detected within neighborhoods of 
the largest city, San Juan. Puerto Rico and the south-
eastern United States are prone to hurricane-induced 
flooding, which could increase the risk for infection 
by both B. thailandensis and B. pseudomallei (13).

Although samples were collected from 3 mu-
nicipalities in northeastern Puerto Rico during a 
1-year period, we found little phylogenetic diversity 
among the isolates, suggesting B. thailandensis may 
be widespread but rare in the environment in Puerto 
Rico and the result of a single introduction, as pre-
viously suggested for B. pseudomallei in Puerto Rico 
(10). We found evidence of possible local adaptation 
in Puerto Rico, which supports this hypothesis. We 
identified 113 genes unique to B. thailandensis iso-
lates from Puerto Rico (Appendix), many of them 
potentially colocated in genomic islands, a pattern 
similar to one previously observed among B. pseudo-
mallei isolates from Puerto Rico (10). Of note, 2 genes 
common to all B. thailandensis from Puerto Rico were 
present in some B. pseudomallei isolates from Puerto 
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Figure. Wholegenome maximum-likelihood phylogeny of global isolates in study of Burkholderia thailandensis from the environment 
in the United States (Table). Tree was constructed with 1,000 bootstrap replicates and rooted with B. pseudomallei. Bold indicates 
B. thailandensis genomes generated from isolates collected in this study; other B. thailandensis from the Western Hemisphere have 
epidemiologic information underlined. Scale bar indicates 3,000 SNPs.
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Rico but absent from all other global B. pseudomallei 
genomes (Appendix). In contrast, thousands of SNPs 
were found among B. thailandensis strains in the con-
tinental United States (Arkansas, Louisiana, Missis-
sippi, Oklahoma, and 2003 clinical and 2019 environ-
mental isolates from Texas). This finding suggests a 
long-term but cryptic presence of B. thailandensis in 
the southern United States, perhaps in water. It is un-
known how long B. thailandensis can persist in water, 
but B. pseudomallei can survive in water for >16 years 
without nutrients (14).

Our study provides valuable information regard-
ing B. thailandensis occurrence and the potential of 
water to serve as a reservoir and source of infection 
for this opportunistic pathogen in the southern Unit-
ed States and Puerto Rico, especially following flood-
ing events. Because likely autochthonous melioidosis 
cases also have been reported from Texas (15), Puerto 
Rico (10), and Mississippi (11), clinicians should be 
aware of the potential of misidentifying B. thailanden-
sis as B. pseudomallei because of their morphologic and 
biochemical similarities. 
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Hansen disease (leprosy) is an ancient pathology 
caused by 2 slow-growing intracellular bacilli, 

Mycobacterium leprae and M. lepromatosis (1). Both 
pathogens have the ability to damage peripheral 
nerves of hosts, producing a broad spectrum of clini-
cal outcomes. Routes of disease transmission have 
been hypothesized for >100 years but are still actively 
debated (2); traditionally, human-to-human transmis-
sion has been considered the dominant route of in-
fection. Evidence incriminates M. leprae as a zoonotic 
pathogen; the nine-banded armadillo (Dasypus novem-
cinctus) is its main wildlife reservoir in the southern 
United States (2). M. leprae also has been found in D. 
novemcinctus armadillos outside the United States 
(e.g., in Brazil), in the six-banded armadillo (Euphrac-
tus sexcinctus), and in nonhuman primates including 
chimpanzees, macaques, and sooty mangabeys (2). In 
addition, M. leprae and M. lepromatosis have been re-
ported in red squirrels (Sciurus vulgaris) in the British 
Isles (3). Those data strongly suggest broad zoonotic 
transmission dynamics for both bacilli.

Natural history collections represent a neglected 
resource for biomedical research despite their known 
utility (4). We examined armadillo (family Dasypodi-
dae) tissues deposited in museum collections across 

the United States to identify M. leprae and M. lepro-
matosis across space and time. We report presence of 
M. leprae in armadillo tissue samples from endemic 
and nonendemic areas of the Americas, suggesting 
that public health policy should contemplate zoonotic 
leprosy transmission routes carefully.

The Study
We assembled a database of museum armadillo tissue 
samples using the biodiversity information portals Vert-
Net (http://portal.vertnet.org) and Arctos (https://
arctos.database.museum/home.cfm), queried during 
December 2018–April 2019. Ten US museums included 
armadillo samples in their datasets. The samples were 
collected during 1974–2017 (Appendix 1 Figure 4, 
https://wwwnc.cdc.gov/EID/article/29/3/22-1636-
App1.pdf) from 8 countries across the Americas; 68.6% 
(n = 109) came from the United States (Table 1; Figure 
1). Each museum contributed ≈1 mm3 of armadillo tis-
sue (Appendix 1; Appendix 2, https://wwwnc.cdc.
gov/EID/article/29/3/22-1636-App2.xlsx). The 159 
samples processed corresponded to 10 armadillo spe-
cies; D. novemcinctus, the nine-banded armadillo, was 
the most common (n = 122 [76.7%]). Most samples were 
liver tissues (n = 66 [41.5%]), followed by muscle (n = 
37 [23.3%]) and spleen (n = 31 [19.5%]) (Table 1). The 
specimens were frozen or preserved in 10% dimethyl 
sulfoxide or 70%, 90%, or 95% ethanol; most were ei-
ther frozen (n = 77 [48.4%]) or in 95% ethanol (n = 55 
[34.6%]) (Table 1). 

We processed tissues using an in-house DNA 
extraction method based on magnetic beads (Appen-
dix 1). We applied standardized PCR protocols using 
specific primers to detect M. leprae and M. lepromato-
sis (5,6). For M. leprae, we implemented typification 
and subtypification as described previously (7). We 
performed quantitative real-time PCR (qPCR) on all 
samples for which genotyping was successful as a 
proxy of M. leprae DNA quantity with cycle threshold 
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We examined armadillos from museum collections in the 
United States using molecular assays to detect leprosy-
causing bacilli. We found Mycobacterium leprae bacilli in 
samples from the United States, Bolivia, and Paraguay; 
prevalence was 14.8% in nine-banded armadillos. US 
isolates belonged to subtype 3I-2, suggesting long-term 
circulation of this genotype.
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(Ct) <26 as a threshold for whole-genome sequencing. 
We multiplexed and sequenced libraries on an Illumi-
na NextSeq 500 instrument (https://www.illumina.
com) (Appendix 1).

We found M. leprae in 18/159 (11.3%) samples. 
All positives were in D. novemcinctus armadillos, for 
prevalence in that species of 14.8% (n = 18/122). We 
detected positive results mainly in muscle tissue (n = 
13/18 [72.2%]) and in 95% ethanol–preserved speci-
mens (n = 13/18 [72.2%]) (Tables 1, 2). M. lepromatosis 
was not detected in the tissues examined. PCR subtyp-
ing was successful in 5/18 (27.8%) positive samples; 
4 belonged to subtype 3I, as expected for armadillos 
from Texas, USA (8) (Table 2). The remaining sample 
was characterized only to type (3 or 4), because we 
found low amounts of M. leprae DNA (Table 2). Af-
ter RLEP qPCR, 2 samples had a Ct<26 (i.e., 109 and 
209) and were suitable for whole-genome sequencing. 
The genomes of M. leprae National Center for Biotech-
nology Information BioSample no. SAMN31421191 
(https://www.ncbi.nlm.nih.gov/biosample) had 
coverage of 18.2× and of BioSample SAMN31421192, 
4.9× (Appendix 1). Phylogenetic analysis showed 
that both M. leprae strains belonged to genotype 
3I-2 (8,9). The 2 M. leprae genomes clustered specifi-
cally with other isolates previously identified in ar-
madillos (i.e., I-30) and humans (i.e., NHDP-55 and 
NHDP-63) from the United States (Figure 2). Isolate 
109 harbored 3 specific single-nucleotide polymor-
phisms, including 1 missense mutation in argD (i.e., 
C1691069T; Arg61Cys), encoding a probable acety-
lornithine aminotransferase. Sequence data are avail-
able from the National Center for Biotechnology In-
formation Sequence Read Archive under accession  
no. PRJNA893376.

Conclusions
We identified M. leprae in D. novemcinctus armadillos 
only; prevalence was 14.8%. Positive samples were 
mainly detected from muscle and from ethanol-pre-
served specimens (Table 1). Infected armadillos were 
found in the United States, Paraguay, and Bolivia. M. 
leprae has not been reported in other wildlife in Para-
guay or Bolivia. In our study, tissues from Paraguay 
were collected in 1996 and from Bolivia in 1993 (Table 
2). Hansen disease is prevalent in humans in both 
countries (10); presence of infected armadillos should 
prompt research to explore their role as a potential 
zoonotic source of leprosy (2). In Bolivia, a previous 
survey of D. novemcinctus and T. matacus armadillos 
conducted during 1999–2001 found 0 positive ani-
mals (2). We found 7 M. leprae–negative armadillo tis-
sues in the United States: 1 from Florida in 1974 and 

6 from Texas collected during 1982–1990 (Appendix 
2). No evidence for M. leprae was reported in Florida 
before 2009 (8). In Texas, although immunologic de-
tection studies suggested the presence of M. leprae in 
armadillos before the 2000s, evidence was restricted 
to 1 area (2). Thus, our molecular identification of M. 
leprae in Texas armadillos from 1996, 1999, and 2000 
are novel records (Table 2; Figure 1).
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Table 1. Characteristics of armadillo tissues from US museum 
collections examined for Mycobacterium leprae and M. 
lepromatosis* 

Category 
No. (%) 
animals 

No. (%) positive 
for M. leprae  

Species   
 Dasypus novemcinctus  122 (76.7) 18 (100) 
 Tolypeutes matacus 20 (12.6) 0 
 Cabassous unicinctus 5 (3.1) 0 
 Chaetophractus vellerosus 3 (1.9) 0 
 Zaedypus pichiy 3 (1.9) 0 
 Chaetophractus villosus 2 (1.3) 0 
 Cabassous tatouay 1 (0.6) 0 
 Chaetophractus sp. 1 (0.6) 0 
 Euphractus sexcinctus 1 (0.6) 0 
 Priodontes maximus 1 (0.6) 0 
 Total 159 (100) 18 (100) 
Sex   
 M 72 (45.3) 4 (22.2) 
 F 71 (44.7) 12 (66.7) 
 Unknown† 16 (10.1) 0 
 Total 159 (100) 18 (100) 
Tissues tested   
 Liver 66 (41.5) 2 (11.1) 
 Muscle 37 (23.3) 13 (72.2) 
 Spleen 31 (19.5) 3 (16.7) 
 Unknown 16 (10.1) 0 
 Lysate 4 (2.5) 0 
 Heart and kidney 2 (1.3) 0 
 Kidney 2 (1.3) 0 
 Heart 1 (0.6) 0 
 Total 159 (100) 18 (100) 
Preservation method   
 Frozen 77 (48.4) 4 (22.2) 
 Ethanol 95% 55 (34.6) 13 (72.2) 
 Ethanol 70% 17 (10.7) 0 
 DMSO 9 (5.7) 1 (5.6) 
 Ethanol 90% 1 (0.6) 0 
 Total 159 (100) 18 (100) 
DNA concentration, ng/µL   
 Mean 19 15.63 
 SD 27.3 12.2 
 Range 0.0041–218 0.0041–43 
Country of origin   
 United States 109 (68.6) 16 (88.9) 
 Paraguay 24 (15.1) 1 (5.6) 
 Argentina 10 (6.3) 0 
 Bolivia 7(4.4) 1 (5.6) 
 Peru 3 (1.9) 0 
 Brazil 2 (1.3) 0 
 Unknown 2 (1.3) 0 
 Costa Rica 1 (0.6) 0 
 Panama 1 (0.6) 0 
 Total 159 (100) 18 (100) 
*All samples tested negative for M. lepromatosis. DMSO, dimethyl 
sulfoxide. 
†Unknown indicates no data were available. 
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M. lepromatosis has been reported in multiple 
countries of the Americas, including the United 
States, Mexico, and Colombia, but as of 2022, only in 
humans (11,12). Although this species has been de-
tected in Sciurus vulgaris squirrels in the British Isles, 
broader surveillance in rodents across Europe and 

Mexico identified 0 positive samples (13). From our 
dataset we obtained only negative results. M. lepro-
matosis is seldom screened as a Hansen disease–caus-
ing pathogen because of lack of awareness, which 
has impeded understanding of its incidence. Thus, in 
countries endemic for Hansen disease, M. lepromatosis 
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Figure 1. Geographic origin of 
samples analyzed in study of 
Mycobacterium leprae in armadillo 
tissue samples from US museums 
(n = 8 countries). We obtained 
coordinates from the tissue 
metadata or georeferenced them 
manually by using Google Earth 
(https://earth.google.com). Of the 2 
samples suitable for whole-genome 
sequencing, 1, USA-am-109, lacked 
spatial detail from which to obtain 
coordinates and is not included on 
the map, along with 4 additional 
samples. The other sample that 
was sequenced, USA-am-209, is 
indicated with an arrow and the 
number in a red square.

 
Table 2. Characteristics of armadillo tissue samples from US museums identified as positive by standard PCR for Mycobacterium 
leprae* 
Voucher/tissu
e no. 

Sample 
ID 

Tissue 
type Preservation (%) DNA con. Country State Sex Year Type Subtype Ct 

YPM 16952 63 Muscle Ethanol (95) 20 USA Texas F 2014 ND  ND ND 
YPM 15982 66 Muscle Ethanol (95) 13 USA Texas F 2015 ND ND ND 
YPM 15294 80 Muscle Ethanol (95) 2.89 USA Texas F 2013 3 3I 34.41 
YPM 16954 95 Muscle Ethanol (95) 11 USA Texas M 2014 ND ND ND 
YPM 15295 97 Muscle Ethanol (95) 14 USA Texas F 2013 ND ND ND 
YPM 15292 99 Muscle Ethanol (95) 5.7 USA Texas F 2013 ND ND ND 
YPM 15296 103 Muscle Ethanol (95) 8.9 USA Texas F 2013 ND ND ND 
YPM 15293 105 Muscle Ethanol (95) 4.76 USA Texas M 2013 ND ND ND 
YPM 14944 109 Muscle Ethanol (95) 9.3 USA Texas NA 2014 3 3I 23.15 
YPM 15315 110 Muscle Ethanol (95) 0.0041 USA Texas F 2013 ND ND ND 
YPM 15298 111 Muscle Ethanol (95) 27 USA Texas F 2013 ND ND ND 
YPM 15299 115 Muscle Ethanol (95) 43 USA Texas F 2012 ND ND ND 
UAM 46589 118 Liver DMSO 11 Paraguay Canindeyu F 1996 ND ND ND 
MSB 140243 138 Liver Ethanol (95) 37 Bolivia Beni NA 1993 ND ND ND 
TTU 75235 158 Spleen Frozen 19 USA Texas F 1996 3 or 4 ND 35.12 
TTU 82457 194 Muscle Frozen 3.82 USA Texas M 2000 3 3I 31.58 
TTU 75360 209 Spleen Frozen 20 USA Texas F 1996 3 3I 25.83 
TTU 80673 212 Spleen Frozen 31 USA Texas M 1999 ND ND ND 
*We identified a total of 18 M. leprae-positive samples. Bold text indicates samples suitable for whole-genome sequencing (n = 2). Samples negative for 
subtyping were determined unsuitable for whole-genome sequencing. Ct determined by quantitative PCR. Ct, cycle threshold; DNA con., concentration of 
total DNA per sample; NA, no data available; ND, not determined 
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should be also screened systematically in humans 
and potential animal reservoirs.

We were able to identify M. leprae subtypes in 
4 armadillos (Table 2) and to sequence 2 entire ge-
nomes. Those 2 strains clustered with armadillo and 
human isolates from the United States, all belong-
ing to subtype 3I-2, on branch 3 of the genetic tree 
(Figure 2). Of interest, our isolates differed by several 
nonsynonymous sites from those isolated previously. 
Our findings corroborate that several strains of M. 
leprae are circulating in armadillo populations in the 
southern United States (8,9,14). As predicted (15), 
our data also confirm that the strains circulating in 

armadillos today are close to those infecting animals 
>30 years ago, highlighting the promise of using pre-
served animal tissues to study epizootic dynamics of 
leprosy and other diseases.

Information on pathogen biodiversity in wildlife 
is much needed. We suggest that specimens in natural 
museums can play a role in infectious disease monitor-
ing; our study relied on the global museum initiative 
and the large digital repositories of relevant specimen 
data in the United States. Protocols for using museum 
repositories for infectious disease research are still in de-
velopment (4); parameters to optimal pathogen identifi-
cation should be explored for M. leprae and other patho-
gens. We recognize that no single best way to study the 
diversity of pathogens exists; any approach should con-
sider the specific nuances of each zoonotic system.

The reagent genomic DNA from Mycobacterium leprae, 
strain Thai-53, NR-19352 was obtained through BEI  
Resources, US National Institute of Allergy and Infectious 
Diseases, National Institutes of Health. Genomic DNA 
for Mycobacterium lepromatosis was provided by Ramanuj 
Lahiri (National Hansen’s Disease Program, Baton Rouge, 
Louisiana, USA).
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etymologia revisited
Petri Dish  
[pe′tre ′dish]

The Petri dish is named after the German inventor and bac-
teriologist Julius Richard Petri (1852–1921). In 1887, as an 

assistant to fellow German physician and pioneering microbi-
ologist Robert Koch (1843–1910), Petri published a paper titled 
“A minor modification of the plating technique of Koch.” This 
seemingly modest improvement (a slightly larger glass lid), 
Petri explained, reduced contamination from airborne germs 
in comparison with Koch’s bell jar.

Sources: 
  1 Central Sheet for Bacteriology and Parasite Science [in German].  

Biodiversity Heritage Library. Volume 1, 1887 [cited 2020 Aug 25].  
https://www.biodiversitylibrary.org/item/210666#page/313/
mode/1up

  2. Petri JR. A minor modification of the plating technique of Koch [in  
German]. Cent für Bacteriol und Parasitenkd. 1887;1:279–80.

  3. Shama G. The “Petri” dish: a case of simultaneous invention in  
bacteriology. Endeavour. 2019;43:11–6. DOIExternal 

  4. The big story: the Petri dish. The Biomedical Scientist. Institute of 
Biomedical Science [cited 2020 Aug 25]. https://thebiomedicalscientist.
net/science/big-story-petri-dish



Japanese encephalitis virus (JEV) is a single-strand-
ed, positive-sense, RNA flavivirus endemic to 

tropical regions of South and Southeast Asia and 
is the most common cause of vaccine-preventable 
encephalitis in the Asia-Pacific region (1). As for 
Murray Valley encephalitis virus and Kunjin virus, 
2 other flaviviruses endemic in Australia, most JEV 
infections are asymptomatic, but severe meningoen-
cephalitis can occur in up to 1% (2) of cases. Although 
incidence varies geographically, ≈100,000 cases are 
estimated annually worldwide, resulting in 709,000 
disability-adjusted life years through severe neuro-
logic disease complications (3). Nonspecific febrile 

illness is the typical clinical manifestation, but in se-
vere cases, rapidly progressive neurologic deteriora-
tion, reduced consciousness, movement disorders, 
seizures, and coma can occur. Neuroinvasive JEV 
mortality can reach 30%, and major neurologic dis-
ability approaches 50% (4).

Culex tritaeniorhynchus mosquitoes are the pri-
mary vector for JEV transmission in Asia. Although 
previously thought absent from Australia, this spe-
cies was recently detected in the Darwin and Kath-
erine regions of the Northern Territory (5). The Cx. 
annulirostris mosquito, which is the primary vector 
for Flaviviridae transmission in Australia, has also 
been implicated in JEV transmission globally. JEV 
has previously been isolated from subspecies of Aedes 
and Anopheles mosquitoes, both present in Australia. 
Wading and water birds are the virus’s natural host; 
feral and domestic pigs are particularly susceptible. 
Transmission between pigs occurs through mucosal 
and microdroplet contacts, enabling disease amplifi-
cation and acting as a protective reservoir for the vi-
rus. However, humans are dead-end hosts, probably 
because of low levels of or short-lived viremia (6).

In Australia, sporadic human cases and virus iso-
lation in pigs and mosquitoes have all been confined 
to the tropical north of the country (7,8). Since Feb-
ruary 2022, however, JEV has been found in 4 states 
in Australia (New South Wales [NSW], Victoria, 
Queensland, and South Australia), thousands of ki-
lometers from previously detected cases. We describe 
a locally acquired case of fatal JEV meningoencepha-
litis in a NSW resident in January 2022. The infection 
was diagnosed by RNA-based metagenomic next-
generation sequencing (RNA-mNGS) performed on 
postmortem brain tissue.
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In the context of an emerging Japanese encephalitis 
outbreak within Australia, we describe a novel locally ac-
quired case in New South Wales. A man in his 70s had 
rapidly progressive, fatal meningoencephalitis, diagnosed 
as caused by Japanese encephalitis virus by RNA-based 
metagenomic next-generation sequencing performed on 
postmortem brain tissue.
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The Case
A man in his 70s sought care at a rural hospital after 
3 days of fever and progressive confusion. Results 
of septic screen, chest radiography and computed 
tomography brain scan were unremarkable. Despite 
empiric intravenous flucloxacillin and gentamicin, 
the patient experienced progressive neurologic de-
terioration and required intubation. Cerebrospinal 
fluid (CSF) testing revealed a lymphocyte predomi-
nant pleocytosis of 126 × 106 cells/L (50 × 106 cells/L 
polymorphs and 76 × 106 cells/L mononuclear cells) 
and elevated protein of 0.96 g/L (reference range 
0.15–0.45). No organisms were isolated. Results of 
CSF nucleic acid testing (NAT) were negative for 
Neisseria meningitidis, Streptococcus pneumoniae, her-
pes simplex virus types 1 and 2, enterovirus, varicel-
la zoster virus, parechovirus, cytomegalovirus, and 
Epstein-Barr virus. CSF and serum samples tested 
negative for antineuronal antibodies (PCA-1/PCA-
2/ANNA-1/ANNA-2/Ma1/Ma2/Amphiphysin/
SOX-1/CRMP-5/Tr) and limbic encephalitis panel 
(anti-NMDA/CASPR-2/LGI-1/GABA-B/DPPX/
IgLON5/AMPA-1/AMPA-2). Empiric treatment 
was changed to intravenous ceftriaxone, benzylpeni-
cillin, and aciclovir. Magnetic resonance brain imag-
ing showed an equivocal T2/FLAIR hyperintensity 
in the dorsal midbrain and pons with sparing of both 
thalami and basal ganglia (Figure 1). Electroenceph-
alogram demonstrated encephalopathic features. 
Repeat CSF examination on day 10 demonstrated 
lymphocytic pleocytosis (57 × 106 cells/L mononu-
clear cells), and results of repeat culture, NAT, and 

antineuronal/limbic encephalitis panels were nega-
tive. CSF protein remained elevated at 0.86 g/L.

Despite supportive management and broaden-
ing of antimicrobial therapy with meropenem, the 
patient showed no neurologic improvement and, af-
ter discussion with his family, ventilator support was 
withdrawn; he died 22 days after symptom onset. In 
the absence of a definitive diagnosis, a noncoronial 
limited brain autopsy was performed. Twenty-four 
brain tissue samples were sent for neuropathologic 
examination; 10 were sent for RNA-mNGS analysis 
(9). Initial sequencing of the right anterior hippocam-
pus, amygdala, and left striatum returned only host-
derived sequences. Additional pooled samples of li-
braries of the left hippocampus, left upper midbrain, 
pons, medulla, right cerebellum, and dentate nucleus 
identified 4 JEV genotype IV sequences. We detected 
JEV RNA by real-time reverse transcription PCR tar-
geting the JEV NS1 region (10) in all 10 samples (cycle 
threshold values 34.3–38.3). Neuropathology showed 
widespread meningoencephalitis, more marked in 
gray matter and most severe in the thalamus, hip-
pocampus, and substantia nigra, with perivascular 
and interstitial lymphocytes (predominantly CD8+ 
T-cells), macrophages/activated microglia, and loose 
microglial nodules (Figure 2). Retrospective testing of 
stored serum samples demonstrated JEV-specific IgM 
and IgG seroconversion. JEV-specific IgM, but not 
RNA, was detected in CSF. Further history revealed 
the patient had recently visited a neighboring town 
containing numerous domestic pig farms, where JEV 
was detected and subsequently confirmed.
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Figure 1. Axial FLAIR magnetic 
resonance imaging brain 
sequence in a patient with locally 
acquired Japanese encephalitis 
virus detected using clinical 
metagenomics, New South 
Wales, Australia. A) Equivocal 
hyperintensity in the dorsal 
midbrain and pons; B) sparing of 
the thalamus and basal ganglia.



Japanese Encephalitis Virus, Australia

Discussion
JEV was detected for the first time across southeastern 
Australia in 2022 and, as of January 5, 2023, a total of 
45 human cases of JEV had been notified in Australia 
since January 1, 2021 (of which 14 were from NSW), 
including 7 deaths (11). The described case was undi-
agnosed premortem; JEV was not known to be pres-
ent in NSW at the time of the patient’s admission. 
RNA-mNGS enabled a definitive diagnosis postmor-
tem through the detection of JEV-specific sequences 
in brain tissue, confirmed by NAT and seroconver-
sion on retrospective serum testing. The diagnosis 
was further corroborated by the concurrent detection 
of JEV in piggeries across 4 Australia states. Similar 
to other reported cases of infection with fatal geno-
type IV (12), this case evidenced profound neurologic 
deterioration 3–4 days after symptom onset with CSF 
lymphocyte predominant pleocytosis and JEV-spe-
cific IgM in CSF. However, unlike other case reports, 
some typical markers of JEV, such as T2/FLAIR hy-
perintense signal change in both thalami, basal gan-
glia, and substantia nigra, occasionally associated 
with hemorrhage, were not present in this case. The 
lack of JEV RNA detected in CSF is not uncommon 
because of the relatively brief viremia in humans, al-
though prolonged viruria of 26 days and viremia of 
28 days have been reported (13). JEV is typically di-
agnosed by the detection of JEV-specific IgM in CSF 
or through JEV-specific IgG seroconversion in serum 
samples, but false-positive results of serologic test-
ing for JEV might occur because of cross-reactivity to 
other flaviviruses.

This case highlights the diagnostic value of 
pathogen-agnostic mNGS for pathogens not iden-
tified through traditional testing, known but unex-
pected pathogens, or novel pathogens. Recent public 
health alerts should prompt clinicians to interrogate 
a patient’s history for animal or mosquito exposures 
and request specific JEV or other flavivirus (such as 
Murray Valley encephalitis virus and Kunjin virus) 
testing accordingly when treating undifferentiated 
meningoencephalitis. The case also demonstrates 
the new incursion of a pathogen across a broad, 
previously nonendemic geographic area and into 
a largely nonimmune population. The origins re-
main unclear but, given the widespread geograph-
ic area of infected piggeries and human cases, JEV 
has likely been circulating undetected in wild birds, 
mosquitoes, and pigs for some time. Whole-genome 
sequencing has demonstrated that this outbreak is 
caused by genotype IV, previously thought to be re-
stricted to Indonesia, Papua New Guinea, and the 
Tiwi Islands.

Changes in vector distribution have been associ-
ated with changes in climate, destruction of natural 
habitats altering bird migratory patterns, agricultural 
practices, and periurban growth (14). Floodwater-me-
diated or windblown movement of JEV-infected mos-
quito vectors into new regions has been previously 
reported in Australia (15). The movement of other 
infected vertebrates could also be implicated. Mos-
quito, human and animal surveillance in areas where 
JEV is detected will inform the extent of JEV incur-
sion in mainland Australia and guide vector control, 
vaccination efforts, and research priorities, including 
vector competence studies to limit further disease 
and vector spread.
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Humans have spent eons imagining—
and experiencing—outbreaks of dis-
ease. Now that the COVID-19  
pandemic has reached our doorstep, 
it’s jarring to think about how this virus 
is eerily different from the pandemics 
of popular imagination. 

In this EID podcast, Dr. Elana Osen, 
a specialty registrar at St. George’s 
University Hospital in London, reads a 
poem she wrote about her experience 
of the COVID-19 pandemic. 



Lymphocytic choriomeningitis mammarenavirus 
(LCMV) is an enveloped virus with a bisegment-

ed genome of single-stranded, ambisense RNA (1). 
The small (S) segment of ≈3,400 nt encodes structural 
components, including the glycoprotein (GP) and 
nucleocapsid protein (NP), whereas the large (L) seg-
ment of ≈7,200 nt encodes the L (RNA polymerase) 
and Z proteins (1,2). First identified in St. Louis, Mis-
souri, USA, in 1933 (3), LCMV is a zoonotic pathogen 
transmitted through contact with excreta and secre-
tions of infected house mice (Mus musculus), the res-
ervoir host (4). More recently, LCMV RNA was also 
detected in wild wood mice (Apodemus sylvaticus) 
from Spain (5).

In humans, LCMV can cause symptoms rang-
ing from influenza-like illness to meningitis and en-
cephalitis (6). Infection during pregnancy may lead 
to neurologic and developmental problems in infants 

(7). New World primates (family Callitrichidae) are 
also susceptible to infection, resulting in callitrichid 
hepatitis, a lethal infection exhibiting histopathologic 
lesions in the brain, liver, and lymphoid tissues (8).

During 1968–1973, a total of 48 human cases of 
LCMV infection were reported in Germany, many 
of which originated from pet hamsters (Mesocricetus 
auratus) (6,7,9). Thereafter, 6 prenatal or postnatal in-
fections were reported during 1991–1997 in Germany, 
most of which were believed to have originated from 
pet rodents (10). During 1999–2000, a total of 4 callit-
richid hepatitis cases were reported in Germany: 1 in 
a Goeldi’s monkey (Callimico goeldii) and 3 in pygmy 
marmosets (Cebuella pygmaea) (8).

Very little is known on the distribution and 
prevalence of LCMV in mice from Germany, the 
most comprehensive study being from Ackermann 
et al. (11) in 1964, which only surveyed the west-
ern federal states of Germany (former West Ger-
many). That study found the highest prevalence 
among house mice in North Rhine–Westphalia, in 
the western part of West Germany. Most recently, 
Fornůsková et al. (12) screened nearly 800 mice from 
the Czech Republic and eastern Germany sampled 
during 2008–2019 but detected LCMV-positive mice 
only in the Czech Republic.

Four lineages of LCMV are recognized (I–IV). 
Lineages I and II are the most common sequences 
worldwide. Lineage III consists of a single strain from 
Georgia, USA. Only S-segment sequences exist for 
lineage IV, entirely comprising sequences obtained 
from wood mice (Apodemus sylvaticus) from Spain. 
Fornůsková et al. (12) recently proposed that LCMV 
lineages I and II are host-specific, whereby lineage I is 
harbored by the house mouse subspecies M. m. domes-
ticus and lineage II by the subspecies M. m. musculus. 
This hypothesis is of particular importance in Europe 
because M. m. domesticus and M. m. musculus meet 
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Lymphocytic choriomeningitis mammarenavirus (LCMV) 
is a globally distributed zoonotic pathogen transmitted 
by house mice (Mus musculus). We report the reemer-
gence of LCMV (lineages I and II) in wild house mice (Mus 
musculus domesticus) and LCMV lineage I in a diseased 
golden lion tamarin (Leontopithecus rosalia) from a zoo 
in Germany.
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in the house mouse hybrid zone, a ≈2,500-km-long 
stretch from Scandinavia to the Black Sea. The hybrid 
zone acts as a barrier to gene flow and the spread of 
pathogens between the subspecies (12,13), and, as a 
consequence, M. m. domesticus populations in Germa-
ny would be expected to harbor only lineage I.

Although house mice are strongly associated 
with human settlements, LCMV surveillance in wild 

mice in Europe is lacking. This study examines the re-
emergence of LCMV in a golden lion tamarin (Leonto-
pithecus rosalia; family Callitrichidae) and wild house 
mice (M. m. domesticus) from a zoo in Germany.

The Study
In late 2021, an adult golden lion tamarin from a zoo 
in western Germany died (Appendix, https://ww-
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Figure. Phylogeny of the L protein encoding nucleotide sequences of lymphocytic choriomeningitis virus (LCMV) identified in Germany 
(blue arrows) and reference sequences, constructed by using Bayesian inference. Lunk virus from Mus minutoides mice was used 
as an outgroup. Sequence names are comprised of the GenBank accession number, strain name, host species and country of origin 
(wherever known). Countries are represented by their International Organization for Standardization code (AU, Australia; BG, Bulgaria; 
CN, China; DE, Germany; ES, Spain; FR, France; GA, Gabon; GF, French Guiana; JP, Japan; SK, Slovakia; US, USA; YU, former 
Yugoslavia). Roman numerals (I–IV) represent the different LCMV lineages defined according to Albariño et al. (2); WE and Armstrong 
refer to laboratory strains of LCMV. Mm, Mus musculus; Mmm, Mus musculus musculus; Mmd, Mus musculus domesticus.
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wnc.cdc.gov/EID/article/29/3/22-1822-App1.pdf). 
On the basis of the symptoms and an initial diag-
nosis by the Hessian State Laboratory (Landeslabor 
Hessen, Giessen, Germany), we conducted further 
screening for LCMV. The Hessian State Laboratory 
and the zoo sent tissue samples from the golden lion 
tamarin and wild mice from the zoo (taken in 2009, 
2021, and 2022) to the Friedrich-Loeffler-Institut 
(Greifswald–Insel Riems, Germany) for molecular 
and epidemiologic investigations. We extracted and 
screened nucleic acids for LCMV using conventional 
reverse transcription PCR (14). We detected LCMV 
RNA in the brain of the golden lion tamarin and in 
the kidneys of 55% of wild house mice (M. m. domes-
ticus) from 2021 and 2022 (n = 53) but not in any of 
the house mice from 2009 (n = 82). On the basis of 
≈340 nt sequences from the L segment of the virus 
(GenBank accession nos. OP938541–68), we selected 
2 mice with the most dissimilar LCMV sequences 
and, together with brain tissue from the diseased 
golden lion tamarin, used them for high-throughput 
sequencing of complete genomes (GenBank acces-
sion nos. OP958777–82) (Appendix).

We used the new complete coding-region se-
quences (L, GP, and NP) together with all published 
LCMV genomes to reconstruct phylogenetic trees us-
ing the general time reversible substitution model with 
invariable sites and gamma distribution (MrBayes 
3.2.7, https://nbisweden.github.io/MrBayes) (15). 
LCMV sequences of the full coding regions of the L, 
NP, and GP proteins were almost identical between 
the golden lion tamarin and 1 of the mice, forming a 
monophyletic clade within LCMV lineage II (Figure; 
Appendix Figure). The sequences obtained from the 
other mouse fell within lineage I (Figure; Appendix 
Figure). According to the L segment sequences (≈340 
nt) obtained from the remaining 27 LCMV-positive 
mice, both lineages were nearly equally represented 
in the zoo population (lineage I for 16 mice, lineage II 
for 11 mice).

We obtained sequences from the mitochondrial 
DNA d-loop of all LCMV-positive mice and several 
LCMV-negative mice from 2009 (n = 32), 2021 (n = 
12), and 2022 (n = 41). All those sequences identified 
exclusively the house mouse subspecies M. m. domes-
ticus (data not shown).

Conclusions
The high similarity between LCMV lineage II in a 
golden lion tamarin and a wild house mouse indi-
cates that the virus was passed between wild and 
captive animals in the zoo. The large number of 
LCMV lineage I and II strains in the wild house 

mouse population at this site suggests either an 
outbreak after recent introduction from 2 different 
sources or long-term persistence in the local house 
mouse population but with very low prevalence  
in 2009.

Despite considerable effort by researchers to de-
tect LCMV in Germany, the virus remains mostly 
elusive. Although the route through which LCMV 
entered the zoo is not known, this event most likely 
occurred after 2009. The virus may have been brought 
in through naturally occurring wild animals in the 
region (e.g., wild house mice) or, although unlikely, 
through infected zoo animals.

We provide evidence for LCMV lineage II in 
Germany within an area naturally occupied only by 
the M. m. domesticus subspecies of house mice. The 
occurrence of both LCMV lineages I and II in M. m. 
domesticus mice does not support the subspecies host 
specificity proposed by Fornůsková et al. (1). Further 
evaluation of LCMV association with house mouse 
subspecies in Germany and other parts of the world 
will help clarify potential expanded risk to animal 
and human health.
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In March 2019, a 65-year-old man sought treatment at 
an emergency department in Virginia, USA, for fe-

ver, odynophagia, weight loss, and productive cough 
after returning from a 2-year stay in Liberia. In Janu-
ary 2019, he had been treated in Liberia for malaria, 
typhoid, and thrush. The patient already had an HIV 
diagnosis at the time he sought treatment, which we 
confirmed; he was taking lamivudine/zidovudine/
nevirapine (150/300/200 mg/d) combination tablets, 
trimethoprim/sulfamethoxazole (160/800 mg/d) 
for pneumocystis prophylaxis, and fluconazole (100 
mg/d) for thrush. Despite self-reported perfect com-
pliance with his medication regimen, the patient lost 
14 kg body weight and reported worsening fatigue 
over the 5-month period before he sought care in Vir-
ginia. The patient’s social history revealed smoking 30 
packs/year and drinking up to 6 beers/day. 

At initial workup, his CD4 T lymphocyte count 
was 16 cells/mm3 and HIV-1 viral RNA was 359 
copies/mL. We excluded malaria during differen-
tial diagnosis with 3 thin/thick smears. Because the 
patient exhibited fever and was an immunocompro-
mised returning traveler, we admitted him for fur-
ther evaluation. Computed tomography (CT) of the 
chest revealed ground glass opacifications at bases, 

tree-in-bud nodularity within posterior, lateral, and 
anterior right upper lobes, and a central necrotic 
nodule at the left lower lung base measuring 1.3 × 
2.1 cm (Appendix Figure, https://wwwnc.cdc.gov/
EID/article/29/3/22-1683-App1.pdf). We found as-
sociated hilar and aortopulmonic lymphadenopathy 
measuring up to 8 mm in diameter. He was evaluated 
by infectious disease clinicians and started on amoxi-
cillin/clavulanic acid (875/125 mg every 12 h) and 
doxycycline (100 mg every 12 h). We increased flu-
conazole to 200 mg/d and continued trimethoprim/
sulfamethoxazole prophylaxis and antiretroviral 
therapy. The patient displayed night sweats and fever 
on days 2 (100.9°F) and 3 (101.5°F). He was afebrile on 
day 4 and for the remainder of his hospital stay. 

A needle core biopsy of the lung nodule on day 
4 revealed necrotizing granulomatous inflamma-
tion consisting of epithelioid histiocytes associat-
ed with intracellular narrow-based budding yeast 
(Figure 1, panels B, C) and multinucleated giant 
cells (Figure 1, panel A). Yeast forms 2–5 µm in size 
were visible on the hematoxylin and eosin smears. 
Both histochemical stains for Grocott methenamine 
silver and periodic acid–Schiff performed on the 
core biopsy were positive, but a mucicarmine stain 
was negative. Among the serologic fungal mark-
ers tested, serum cryptococcal antigen was nega-
tive. The Platelia Aspergillus galactomannan assay 
(Bio-Rad Laboratories, https://www.bio-rad.com) 
was elevated at 2.10 (reference range <0.49), and 
beta-D-glucan (Fungitell; Associates of Cape Cod, 
https://www.fungitell.com) was negative at 35 
pg/mL (reference range <60 pg/mL). The patient 
was discharged on voriconazole (200 mg 2×/d) in 
addition to his HIV medication. 

On day 17, the biopsy culture grew a fungus 
initially reported on the basis of morphology as  
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A 65-year-old man with HIV sought treatment for fe-
ver, weight loss, and productive cough after returning 
to the United States from Liberia. Fungal cultures grew 
Emergomyces pasteurianus, and the patient’s health 
improved after beginning voriconazole. We describe the 
clinical case and review the literature, treatment, and 
susceptibilities for E. pasteurianus.
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presumptive Emmonsia sp., which was further iden-
tified through sequencing. We saw the patient for 
follow-up in the clinic on day 31; his appetite had re-
turned, and he had gained 4 kg. We simplified his an-
tiretroviral therapy to bictegravir/emtricitabine and 
tenofovir alafenamide. Day 37 culture results (Lab-
Corp, https://www.labcorp.com) confirmed Emer-
gomyces pasteurianus (formerly Emmonsia pasteuriana) 
through sequencing of internal transcribed spacer re-
gions 1 and 2. MICs for antifungal agents were deter-
mined at the University of Texas Health Science Cen-
ter (San Antonio, Texas, USA) by susceptibility tests 
at 23°C by broth microdilution (Table 1). 

At day 81 follow-up, the patient reported that 
his cough had resolved. His CD4 was 54 cells/mm3 
and viral load was 129 copies/mL. Our plan was to 
continue prescribing voriconazole for 12 weeks, then 
repeat the chest CT scan; however, the patient did not 
return for follow-up. 

The geographic distribution of E. pasteurianus is 
still being described. Emergomyces is a dimorphic fun-
gus related to Emmonsia, Histoplasma, and Blastomyces 
(1). This organism is an emerging pathogen among 

immunocompromised persons, especially those with 
HIV. E. pasteurianus was originally classified within the 
genus Emmonsia. However, the formation of yeast rath-
er than adiaconidia (formerly adiaspores) and the clini-
cal manifestations of emergomycosis suggested that E. 
pasteurianus belongs in a different genus from Emmon-
sia spp. (1). Subsequent genetic sequencing supported 
this relationship (2). There is evidence that the number 
of diagnosed emergomycosis cases are increasing, pos-
sibly because of more sensitive diagnostic techniques 
(1). We definitively diagnosed the infection in this  
patient through fungal cultures developed from lung 
biopsy samples, in which the organism readily grew as 
a filamentous fungi on Sabouraud dextrose agar, My-
cocel agar, and brain–heart infusion agar at 25˚C. Col-
onies on Sabouraud dextrose agar incubated at 25˚C 
appeared white and compact and became domed/
heaped over time (Figure 2, panel A). The reverse side 
started as white/cream and progressed to tan. 

The microscopic appearance of the mold form 
of E. pasteurianus has been described as septate, hya-
line hyphae, with short conidiophores arising at right 
angles that may show a slight swelling at the tip and 
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Figure 1. Left lower lobe needle core biopsy histology of Emergomyces pasteurianus infection in a patient returning to the United States 
from Liberia. A) Numerous yeast within a multinucleated giant cell shown by hematoxylin and eosin stain; original magnification ×600.  
B) Narrow budding yeast shown by periodic acid–Schiff stain; original magnification ×1,000. C) Yeast shown by Grocott methenamine 
sliver stain; range 2–5 µm.

 
Table 1. MIC/MEC (g/mL)Antimicrobial susceptibility of antifungal agents for Emergomyces pasteurianus isolate from a patient 
returning to the United States from Liberia and reported cases from the literature* 
Case (ref) AMB MICA ANID FLC ITC VOR POS ISA 5-FC 
This study 0.25 0.03 <0.015 >64 0.06 0.25 0.25 1.0 >64 
1 (9) 0.031 0.031 0.5 >64 0.125 0.25 0.125 2.0 NA 
2 (10) NA NA NA NA NA NA NA NA NA 
3 (4) 1.0 0.05 NA 2.0 0.125 0.25 0.125 NA NA 
4 (11) 0.125 0.063 0.0031 >64 0.25 0.25 0.063 1.0 NA 
5 (12) NA NA NA NA NA NA NA NA NA 
6 (5) 0.031 <0.008 NA 64 0.063 0.25 0.063 1.0 NA 
7 (5) NA NA NA NA NA NA NA NA NA 
8 (13) NA NA NA NA NA NA NA NA NA 
9 (14) 1.0 0.5† NA 4.0 0.125 0.25 0.125 NA NA 
10 (15) NA NA NA NA NA NA NA NA NA 
*Values are MICs (g/mL), except as indicated. 5-FC, 5-fluorocytosine; AMB, amphotericin B; ANID, anidulafungin; FLC, fluconazole; ISA, isavuconazole; 
ITC, itraconazole; MICA, micafungin; POS, posaconazole; ref, reference; VOR, voriconazole. 
†Caspofungin minimal effective concentration. 
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typically produce >1 round conidia on short thin 
denticles. Conidia may also appear directly off the 
hyphae. The conidia are described as hyaline, thin-

walled, 2–4 µm in size (2,3), which mirrors our expe-
rience. The yeast form (grown at 37˚C or present in 
tissue) is described as 2–5 µm with narrow budding. 
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Figure 2. Lung nodule biopsy 
and fungal culture isolate of 
Emergomyces pasteurianus 
infection in a patient returning to 
the United States from Liberia. 
A) Colony morphology on 
Sabouraud dextrose agar at 14 
days. B) Lactophenol cotton blue 
tape prep; original magnification 
×1,000.

 
Table 2. Reported cases of Emergomyces pasteurianus (formerly Emmonsia pasteuriana) from the literature* 
Case 
(ref)  Year Location 

Patient 
age, y/sex 

Patient medical 
history Clinical features 

Specimen 
cultured Treatment Outcome 

1 (9) 1998 Italy 40/F HIV/AIDS Skin ulcerations, 
weight loss 

Skin biopsy Amphotericin Died from 
unrelated 

cause 
2 (10) 2008 Spain 46/M HIV (CD4 134 

cells/L, HCV, 
liver transplant 

Nodular skin lesions 
(ulcerating), bilateral 
pulmonary infiltrates, 

liver failure 

Skin biopsy Liposomal 
amphotericin B (2 
wk), decreased 

immunosuppression 

Died 

3 (4) 2012 India  
(Nepal 
native) 

38/F HIV (CD4 <10 
cells/L) 

Nodular skin lesions, 
weight loss, dyspnea, 
bilateral pulmonary 

infiltrates (LUL 
necrotizing lesion), 

Pulmonary 
nodule 
biopsy 

HAART, 2 wk, 
amphotericin B,  

then itraconazole,  
12 mo 

Survived 

4 (11) 2015 China 43/M Renal transplant Nodular skin lesions 
(painful, ulcerating), 
bilateral pulmonary 
nodules, fungitell 

negative at first then 
up to 339 pg/mL 

Skin biopsy Amphotericin B, 
voriconazole, and 
caspofungin, 2 wk 

(ongoing) 

Survived 

5 (12) 2015 China 30/F CMV enteritis, 
urticaria (on 
prednisone),  
HIV negative 

Nodular skin lesions Skin biopsy Oral voriconazole, 2 
mo  

Survived 

6 (5) 2016 Netherlands 
(Moroccan 
ancestry) 

62/F B cell non-
Hodgkin 

lymphoma, 
cirrhosis, CKD, 

T2DM, AIHA; 50 
mg/d prednisone 

Nodular skin lesions, 
dyspnea, RUL nodule 

Skin biopsy Posaconazole, 
decreased steroid 

dosing, 14 mo 

Survived 

7 (5) 2017 Netherlands 
(Iraqi 

nationality) 

80/M B-CLL, CKD Encephalopathy, 
fever, respiratory 

failure, sepsis 

BAL Amphotericin B Died 

8 (13) 2019 Uganda 38/F HIV  
(CD4 140 
cells/L) 

Nodular skin lesions Skin biopsy Fluconazole,  
6 wk, with clinical 

worsening followed 
by itraconazole, 8 wk 

Survived 

9 (14) 2020 India 27/F HIV/AIDS Weight loss, cough, 
skin lesions 

Skin biopsy Amphotericin, 2 wk, 
itraconazole, 12 mo 

Survived 

10 (15) 2020 Hong Kong 61/M Renal transplant Pneumonia Lung biopsy Amphotericin, 8 wk 
voriconazole, 10 wk 

Died 

*AIHA, autoimmune hemolytic anemia; B-CLL, B cell chronic lymphocytic lymphoma; CKD, chronic kidney disease; CMV, cytomegalovirus; HAART, 
highly active antiretroviral therapy; HCV, hepatitis C virus; LUL, left upper lobe; RUL, right upper lobe; T2DM, type 2 diabetes mellitus; ref, reference.  
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Bipolar budding and formation of giant cells with 
broad-based budding have also been reported (3–5); 
however, we did not definitively observe those forms 
in this case (Figure 2, panel B). 

Clinical manifestations of emergomycosis may 
include dyspnea, pleuritic chest pain, and pink to 
purple nodular skin lesions (4). One study reported 
rapid progression of respiratory failure and death (5). 
Skin rash has been reported in some cases, but fre-
quency of this clinical sign is unknown. CT imaging 
may show necrotizing cavitary lesions (4) or diffuse 
pulmonary infiltrates (5). Histopathology of skin le-
sions have shown yeast forms (4). Risk factors for 
emergomycosis include HIV (CD4 count <10 cells/
mm3) (4), B-cell chronic lymphocytic leukemia with 
neutropenia, and chronic prednisone therapy (5). 
Chronic kidney disease was present in 2 case-patients, 
but association was uncertain (5). 

Data are limited on antifungal susceptibilities for 
E. pasteurianus. The organism appears to have low 
MICs for itraconazole, posaconazole, and voricon-
azole but higher MICs for fluconazole and flucyto-
sine (4). Although echinocandins generally have low 
MICs for the mold form of Emergomyces, activity in 
the pathogenic yeast form is less well known and 
significant discrepancies have been noted in other 
dimorphic fungi (6). A study of 50 clinical isolates 
of E. africanus demonstrated consistently low MICs 
to voriconazole, posaconazole, and itraconazole for 
both yeast and mold forms, with consistently el-
evated MICs for echinocandins and fluconazole (7). 
Although no guidelines exist to direct treatment for 
emergomycosis, multiple treatment courses have 
been used with varying outcomes (Table 2). 

Serologic markers have been shown insufficient 
for diagnosing E. pasteurianus infection. The galacto-
mannan assay was positive in the only previous case 
reporting a result and in our case (5). Beta-d-glucan 
testing was negative in our patient but was reported 
positive in 1/4 cases in other studies (8). Cross-reac-
tivity with the histoplasma urine antigen has been re-
ported (8). However, none of those tests are specific 
for Emergomyces, and they have not been systemati-
cally studied as markers for this specific pathogen. 

Conclusions
Our study provides evidence of possible E. pasteur-
ianus endemicity in Liberia and adds to the litera-
ture on susceptibilities for this emerging pathogen. 
We provide further evidence of low MICs to new-
er generation triazoles, suggesting their utility in 
empiric therapy, but additional data is needed to 
clarify formal breakpoints. Given the gaps in our 

knowledge about E. pasteurianus, public health pro-
viders should be aware of clinical manifestations of 
emergomycosis and consider it in the differential 
diagnosis, especially in regions where its presence 
is known. 
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A 61-year-old man who had been treated for 4 years 
with the Bruton’s tyrosine-kinase (BTK) inhibitor 

ibrutinib as a first-line therapy for chronic lymphocytic 
leukemia (CLL) sought treatment for a painful rash. He 
reported 6 previous episodes in the previous 5 months 
and had been treated with short courses of amoxicil-
lin, amoxicillin/clavulanate, or pristinamycin. The pa-
tient denied fever. We noted, on physical examination, 
3 painful, infiltrated erythematous lesions with sharp 
borders: 1 on his left thigh, 1 on his left tibia, and 1 on 
the right side of his abdomen (Figure 1).

Laboratory results revealed an abnormal leukocyte 
count of 13.5 G/L (reference range 4–10 G/L) and a 
neutrophil count of 10 G/L. We noted normal labora-
tory findings for C-reactive protein and gammaglobulin 
levels and found no evidence of progressive CLL. Skin 
biopsy showed eosinophilic spongiosis leading to spon-
giotic vesicles, perivascular/interstitial inflammatory 
infiltrates composed of eosinophilic and lymphocytic 
cells without atypical cells, mostly located in the super-
ficial and mid dermis (Figure 2, panels A, B, https://
wwwnc.cdc.gov/EID/article/29/3/22-1329-F2.htm). 
Grocott methenamine silver stain, Gram stain, and pe-
riodic acid–Schiff stain showed no bacterial or fungal 

element. We performed 16S PCR testing directly on 
skin biopsy; results were negative. Two different aero-
bic blood culture bottles showed helical gram-negative 
rods after 96 hours of incubation; however, we could 
not identify the strain based on the blood culture broth. 
We obtained single colonies of fresh bacterial culture 
and performed matrix-assisted laser/desorption ion-
ization time-of-flight (MALDI-TOF) mass spectrometry 
without success. We finally identified the strain as Heli-
cobacter cinaedi by sequencing the entire 16S ribosomal 
RNA gene using 2 pairs of primers.

We treated the patient with amoxicillin/clavu-
lanate for 6 weeks and discontinued ibrutinib. Dur-
ing the patient’s antibiotic therapy, we performed 3 
consecutive blood cultures on 3 different days, all of 
which remained negative, confirming the efficiency 
of our antibiotic strategy. The patient achieved com-
plete clinical remission without relapse 6 months af-
ter antibiotic discontinuation and was able to restart 
ibrutinib therapy at that time.

Helicobacter is a gram-negative spiral bacillus be-
longing to the Helicobacteriaceae family (1,2). It has 
been considered an opportunistic infection in patients 
with either acquired or primary immunodeficiencies 
(3,4). Cases of H. cinaedi bacteremia have been reported 
very rarely in immunocompetent persons (5). Reported 
clinical manifestations of H. cinaedi infection have in-
cluded fever, proctitis, enteritis, cellulitis, and arthritis 
(1). Cutaneous manifestations are encountered mainly 
in the setting of H. cinaedi bacteremia, typically present-
ing as mild but painful cellulitis of the extremities (6).

H. cinaedi is a slow-growing bacterium and is dif-
ficult to identify. Traditional bacterial identification 
systems bear numerous limitations. As demonstrat-
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Helicobacter cinaedi bacteremia caused recurring mul-
tifocal cellulitis in a patient in France who had chronic 
lymphocytic leukemia treated with ibrutinib. Diagnosis re-
quired extended blood culture incubation and sequencing 
of the entire 16S ribosomal RNA gene from single bacte-
rial colonies. Clinicians should consider H. cinaedi infec-
tion in cases of recurrent cellulitis. 

Figure 1. Recurrent skin manifestations revealing Helicobacter 
cinaedi bacteremia in a man on ibrutinib therapy for chronic 
lymphocytic leukemia, France. A bright red, slightly painful lesion 
with a sharp border was localized on the left thigh.
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ed in our report, a molecular approach is helpful in 
identifying the strain. Although MALDI-TOF mass 
spectrometry was insufficient to establish a diagnosis 
for this patient, others have used it successfully (7). 
A more efficient strategy would be combining a pro-
longed blood culture incubation time with MALDI-
TOF mass spectrometry and a molecular approach. H. 
cinaedi is usually susceptible to carbapenems, tetracy-
clines, and aminoglycosides (1,8), as well as to amoxi-
cillin and ceftriaxone (with intermediate MICs) (1,6). 
However, this species is resistant to macrolides, such 
as erythromycin and clarithromycin, and to ciproflox-
acin (1,8). To avoid recurrence, prolonged therapies 
(2–8 weeks) are preferable (6).

H. cinaedi pathogenicity has not been clearly iden-
tified. The bacterium’s cytolethal distending toxin is 
reported as a potential virulence factor (9). Compared 
with other Helicobacter species, H. cinaedi might have a 
stronger ability to translocate from the intestinal tract 
to the vascular system, resulting in a greater chance 
for bacteremia (1). H. cinaedi is a known cause of bac-
teremia in patients with humoral immunodeficiency, 
especially X-linked agammaglobulinemia (4).

For our patient, given that CLL was quiescent and 
gammaglobulins levels were normal, ibrutinib may 
have promoted the occurrence of H. cinaedi bactere-
mia. Infections are common adverse events in patients 
receiving ibrutinib, especially pneumonia and inva-
sive fungal infections (10). Because BTK inhibition in 
patients treated with ibrutinib does not generally re-
sult in immunoglobulin depletion (10), the increased 
risk for infection might be explained by other puta-
tive mechanisms associated with BTK. For example, 
ibrutinib’s disruption of chemokine-controlled B cell 
migration, trafficking, and homing to lymphoid or-
gans might impair the humoral response to H. cinaedi 
(10). Furthermore, ibrutinib’s off-target inhibition of 
interleukin 2–inducible T-cell kinase could weaken 
the adaptive response against H. cinaedi (10). In ad-
dition, BTK is involved in Toll-like receptor signaling 
and is found in other immune cell subsets, such as 
neutrophils and macrophages. Thus, BTK inhibition 
could lead to a defect in host innate immune response 
or proliferation and function of myeloid cells.

The case we report illustrates 2 problems associ-
ated with H. cinaedi infections. First, patients must of-
ten endure prolonged courses of antibiotic therapy to 
avoid recurrence. Second, bacterial strains grow very 
slowly and often demand a molecular approach to es-
tablish microbiological diagnosis. Clinicians should add 
H. cinaedi infection to the diagnostic list when treating 
recurrent cellulitis, especially in patients with humoral 
immunodeficiency and those treated with ibrutinib.
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A 45-year-old woman in France who had received a 
lung transplant in 2016 for end-stage cystic fibro-

sis (CF) sought care for rhinorrhea on March 1, 2022. 
Her immunosuppressive regimen included mycophe-
nolate mofetil (750 mg 2×/d) and cyclosporine A (200 
mg 2×/d). She received oral azithromycin (250 mg/d) 
and trimethoprim/sulfamethoxazole 400 (80 mg/d) for 
pneumocystosis prophylaxis. In 2021, she experienced 
progressive graft dysfunction with no obvious trigger 
and was treated with alemtuzumab in June 2021. Her 
forced expiratory volume decreased from 78% in Janu-
ary 2021 to 57% in May 2021 and 30% in January 2022.

At the visit, the patient tested positive for SARS-
CoV-2 by reverse transcription PCR. She returned 
home with treatment for symptoms; she had a pro-
ductive cough with greenish sputum, for which she 
received 7 days of amoxicillin/clavulanate. Because 
her condition did not improve, she continued the 
treatment for 14 more days. On April 11, we isolated a 
strain of P. aeruginosa (106 CFU/mL) from her sputum 
and prescribed cefepime (2 g/d). However, her con-
dition worsened, and she was hospitalized on April 
20. A chest computed tomography showed bilateral 
nodular condensations in the lungs; we switched ce-
fepime for piperacillin/tazobactam and tobramycin. 
Several respiratory samples grew Inquilinus limosus 
and Pseudomonas aeruginosa (Table 1). We recovered 
A. fumigatus from bronchoalveolar liquid and started 
the patient on posaconasole (300 mg/d). No myco-
bacteria were recovered. 

An aerobic vial of a blood culture set sampled on 
April 26 was positive for I. limosus after 87 hours of 
incubation. We identified I. limosus using matrix-as-
sisted laser desorption/ionization time-of-flight mass 
spectrometry after subculture and formic acid extrac-
tion. We replaced the treatment with ceftolozane/
tazobactam. We determined MIC as follows: piper-
acillin/tazobactam, >32 mg/L; cefepime, 256 mg/L; 
ceftolozane/tazobactam, 256 mg/L; imipenem, 0.047 
mg/L; meropenem, 0.012 mg/L; and ciprofloxacin, 
0.016 mg/L. Ceftolozane/tazobactam was switched 
for meropenem plus amikacin and then ciprofloxacin 
on May 4. The patient improved but remained colo-
nized with I. limosus, displaying a similar pattern of 
resistance, 3 months later. Of interest, she was colo-
nized before the lung transplantation, but I. limosus 
has not been isolated since then.

I. limosus is a fastidious, gram-negative rod from 
environmental sources (1) that has rarely been as-
sociated with colonization of the respiratory tract of 
CF patients (2). The airways of CF are susceptible to 
colonization by respiratory pathogens (3), a condition 
that is improved in lung transplant recipients. Nev-
ertheless, I. limosus infection has been reported twice 
in lung transplant recipients (4,5). In 1 case, a 22 year-
old woman had pulmonary infiltrates develop within 
a month after lung transplantation (4). She complete-
ly recovered with antimicrobial drug treatment; I. li-
mosus was not isolated during 1 year of follow-up. In 
the second case, a 31-year-old man experienced a bac-
teremic lung empyema 1 month posttransplant and a 
contralateral lung empyema 7 months later (5). He re-
covered from each episode with surgery and antimi-
crobial treatment with ciprofloxacin and meropenem. 
Both patients were lung transplant recipients for end-
stage cystic fibrosis (CF); they were colonized with I. 
limosus before lung transplantation. Indeed, the lung 
graft microbiome is affected by donor and recipient 
factors (6), but early posttransplant infections mainly 
involve the bacteria of the recipient rather than those 
of the donor (7). 

In contrast to those patients, the case-patient we 
describe experienced a late infection several years af-
ter I. limosus clearance. Unfortunately, the pretrans-
plant strain was not preserved, and we could not 
determine whether she was infected with the strain 
she was colonized with before the lung transplanta-
tion or another strain. It is possible that the chronic 
graft dysfunction, the recent intensification of immu-
nosuppression, and the SARS-CoV-2 infection could 
have led to a modification of the graft microbiome 
and enabled colonization with I. limosus. In CF pa-
tients, colonization with I. limosus induces a specific 

Inquilinus limosus is an environmental bacterium associ-
ated with respiratory tract colonization in cystic fibrosis 
patients. We report a case of I. limosus bacteremia in 
a patient in France who received a lung transplant and 
experienced chronic graft dysfunction and SARS-CoV-2 
infection. This case suggests I. limosus displays virulence 
factors associated with invasion.
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serum antibody response (8). The intensification of 
immunosuppression and the clearance of I. limosus af-
ter lung transplantation could have reduced humoral 
immunity. Furthermore, the bacteremia suggested 
virulence factors involved in the invasion. Two other 
cases of I. limosus bacteremia have been reported pre-
viously (5,9).

Because I. limosus is a rarely encountered micro-
organism and because its colonies are of a mucoid 
morphotype, it could be misidentified using phe-
notypic characteristics as P. aeruginosa (8,10). The 
biochemical methods used previously provided in-
consistent identification, and neither European Com-
mittee on Antimicrobial Susceptibility Testing nor 

 
Table. Timeline of events in study of Inquilinus limosus bacteremia in lung transplant recipient with history of chronic graft dysfunction 
and prolonged SARS-CoV-2 infection, France, 2022* 

Date 
Symptoms and 

clinical conditions CT scan findings Microbiologic findings Treatment 
Mar 1 Rhinorrhea  SARS-CoV-2 RT-PCR positive (Ct = 18.5) Symptomatic treatment 
Mar 14  Productive cough 

with greenish 
sputum 

 SARS-CoV-2 RT-PCR positive (Ct = 17.0) Amoxicillin/clavulanate 
1.5 g/d for 7 d 

Mar 29 No improvement  
 

Amoxicillin/clavulanate 
1.5 g/d continued for  

14 d; oseltamivir  
added for 5 d 

Apr 11 No improvement Bilateral nodular opacities Sputum grew 106 CFU/mL of 
Pseudomonas aeruginosa, resistant to 
ticarcillin, piperacillin, and carbapenem 

and susceptible to ceftazidime, cefepime, 
tobramycin, and ciprofloxacine (EUCAST 
2021 guidelines); SARS-CoV-2 RT-PCR 

positive (Ct = 23.2) 

Cefepime 2 g/d for 11 d 

Apr 22 Condition worsened; 
patient hospitalized 

Discordant evolution with 
reduction of some lesions but 

appearance of new 
condensations and ground-

glass opacities 

SARS-CoV-2 RT-PCR positive (Ct = 26.4) Piperacillin/tazobactam  
8 g/d for 5 d; tobramycin 

5 mg/kg, 1 shot 

Apr 23 
 

 Sputa grew 106 CFU/mL of I. limosus and 
103 CFU/mL of a cephalosporin-

susceptible P. aeruginosa 

 

Apr 24 
 

 Sputa grew 106 CFU/mL of I. limosus and 
103 CFU/mL a cephalosporin-susceptible 

P. aeruginosa 

 

Apr 25 
 

 BAL grew 104 CFU/mL of I. limosus, 102 
CFU/mL, cephalosporin-susceptible P. 

aeruginosa, and few colonies of 
Aspergillus fumigatus 

 

Apr 26 Persistent cough 
and colored sputum 

 SARS-CoV-2 RT-PCR positive (Ct = 23.1) Ceftolozane/tazobactam 
0.75 g d 

Apr 29 
 

 Sputa grew 106 CFU/mL of I. limosus and 
105 CFU/mL of P. aeruginosa 

 

Apr 30 Fever, no 
respiratory 

improvement 

 1 vial of a blood culture set sampled on 
April 26 was positive for a gram-negative 

rod after 87 h of incubation 

Posaconazole 300 mg/d 

May 2 Apyrexia  
 

Meropenem 2 g/d for  
2 d; amikacin 0.75 g,  

1 shot 
May 3 

 
 Gram-negative rod isolated from the blood 

culture identified as I. limosus; 
antimicrobial susceptibility testing results 

 

May 4 
 

Increased ground-glass 
opacities and bilateral 

condensations 

 
Ciproflxoacin 1 g/d 

May 5 
 

 SARS-CoV-2 RT-PCR positive (Ct = 
27.6); BAL grew 104 CFU/mL of I. limosus 

 

May 12 Respiratory 
improvement 

 SARS-CoV-2 RT-PCR positive (Ct = 29.8) 
 

July 21   Sputa grew 106 CFU/mL of I. limosus and 
106 CFU/mL of P. aeruginosa 

 

*Blank cells indicate no report. CT, computed tomography; Ct, cycle threshold; EUCAST, European Committee on Antimicrobial Susceptibility Testing; 
RT-PCR, reverse transcription PCR.  
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Clinical and Laboratory Standards Institutes guide-
lines include standardized I. limosus antimicrobial 
susceptibility testing. However, matrix-assisted 
laser desorption/ionization time-of-flight mass 
spectrometry accurately identifies I. limosus. I. limo-
sus displays high MICs for colistin and almost all 
β-lactams, except imipenem and meropenem (9). It 
has been suggested that the multidrug resistance of 
I. limosus enhances its selection in CF patients (2). In 
our case, successive treatment with drugs that were 
ineffective against I. limosus could have enabled 
its selection.

In conclusion, we emphasize a pathogenic role 
of I. limosus in lung transplant recipients several 
years after respiratory clearance of the bacteria. 
Chronic graft dysfunction, intensifying immuno-
suppression, and SARS-CoV-2 infection in this pa-
tient could have favored colonization with I. limo-
sus. Characteristics of the bacterium such as colony 
morphotypes and multidrug resistance could delay 
effective therapy.

About the Author
Dr. Farfour is a medical microbiologist at Foch  
Hospital clinical laboratory, Suresnes, France. His 
primary research interests are emerging pathogens and 
antimicrobial drug resistance.

References
  1. Peeters C, Depoorter E, Praet J, Vandamme P. Extensive  

cultivation of soil and water samples yields various  
pathogens in patients with cystic fibrosis but not Burkholderia 
multivorans. J Cyst Fibros. 2016;15:769–75 https://doi.org/ 
10.1016/j.jcf.2016.02.014

  2. Bittar F, Leydier A, Bosdure E, Toro A, Reynaud-Gaubert M, 
Boniface S, et al. Inquilinus limosus and cystic fibrosis. 
Emerg Infect Dis. 2008;14:993–5. https://doi.org/10.3201/
eid1406.071355 

  3. Garnett JP, Kalsi KK, Sobotta M, Bearham J, Carr G,  
Powell J, et al. Hyperglycaemia and Pseudomonas aeruginosa 
acidify cystic fibrosis airway surface liquid by elevating epi-
thelial monocarboxylate transporter 2 dependent lactate-H 
+ secretion. Sci Rep. 2016;6:37955. https://doi.org/10.1038/
srep37955

  4. Pitulle C, Citron DM, Bochner B, Barbers R, Appleman MD. 
Novel bacterium isolated from a lung transplant patient with 
cystic fibrosis. J Clin Microbiol. 1999;37:3851. 

  5. Goeman E, Shivam A, Downton TD, Glanville AR.  
Bacteremic Inquilinus limosus empyema in an Australian  
lung transplant patient with cystic fibrosis. J Heart Lung 
Transplant. 2015;34:1220–3. https://doi.org/10.1016/ 
j.healun.2015.06.013

  6. McGinniss JE, Whiteside SA, Simon-Soro A, Diamond JM, 
Christie JD, Bushman FD, et al. The lung microbiome in lung 
transplantation. J Heart Lung Transplant. 2021;40:733–44. 
https://doi.org/10.1016/j.healun.2021.04.014

  7. Konishi Y, Miyoshi K, Kurosaki T, Otani S, Sugimoto S, 
Yamane M, et al. Airway bacteria of the recipient but not the 

donor are relevant to post–lung transplant pneumonia. Gen 
Thorac Cardiovasc Surg. 2020;68:833–40. https://doi.org/ 
10.1007/s11748-019-01273-6

  8. Schmoldt S, Latzin P, Heesemann J, Griese M, Imhof A,  
Hogardt M. Clonal analysis of Inquilinus limosus isolates 
from six cystic fibrosis patients and specific serum antibody 
response. J Med Microbiol. 2006;55:1425–33. https://doi.org/ 
10.1099/jmm.0.46466-0

  9. Kiratisin P, Koomanachai P, Kowwigkai P, Pattanachaiwit S, 
Aswapokee N, Leelaporn A. Early-onset prosthetic valve 
endocarditis caused by Inquilinus sp. Diagn Microbiol Infect 
Dis. 2006;56:317–20. https://doi.org/10.1016/j.diagmicrobio. 
2006.05.005

10. Hogardt M, Ulrich J, Riehn-Kopp H, Tümmler B.  
EuroCareCF quality assessment of diagnostic microbiology 
of cystic fibrosis isolates. J Clin Microbiol. 2009;47:3435–8. 
https://doi.org/10.1128/JCM.01182-09

Address for correspondence: Eric Farfour, Service de biologie 
Clinique, Hôpital Foch, 40 rue Worth, 92150 Suresnes, France; 
email: e.farfour@hopital-foch.com, ericf6598@yahoo.fr

Genomic Analysis of Early 
Monkeypox Virus Outbreak 
Strains, Washington, USA

Pavitra Roychoudhury,1 Jaydee Sereewit,1  
Hong Xie, Ethan Nunley, Shah M. Bakhash,  
Nicole A.P. Lieberman, Alexander L. Greninger
Author affiliations: University of Washington, Seattle, Washington, 
USA (P. Roychoudhury, J. Sereewit, H. Xie, E. Nunley, S.M. Bakhash, 
N.A.P. Lieberman, A.L. Greninger); Fred Hutchinson Cancer  
Research Center, Seattle (P. Roychoudhury, A.L. Greninger)

DOI: https://doi.org/10.3201/eid2903.221446

1These first authors contributed equally to this article.

We conducted a genomic analysis of monkeypox virus 
sequences collected early in the 2022 outbreak, dur-
ing July–August , in Washington, USA. Using 109 viral 
genomes, we found low overall genetic diversity, mul-
tiple introductions into the state, ongoing community 
transmission, and potential for co-infections by mul-
tiple strains.
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The World Health Organization declared the 2022 
mpox (formerly monkeypox) outbreak a public 

health emergency of international concern on July 23, 
2022, after cases were identified in nearly 80 coun-
tries (1). By August 26, 2022, a total of 411 mpox cases 
had been confirmed in Washington, USA (2), and 
17,432 cases had been confirmed in the United States 
(https://www.cdc.gov/poxvirus/monkeypox/ 
response/2022/us-map.html). 

Viral whole-genome sequencing (WGS) can aug-
ment contact tracing efforts and identify emerging 
variants, which potentially could affect infectivity, 
virulence, vaccine escape, and treatment resistance. 
By late August 2022, Washington had deposited more 
monkeypox virus (MPXV) sequences into public da-
tabases than any other state in the country. Here, 
we describe the Washington outbreak by using 109 
MPXV genomes collected in the state.

We attempted WGS on 140 residual clinical speci-
mens, primarily lesion swabs, that were PCR-positive 
for MPXV and had a cycle threshold (Ct) value <31 
(range 15.9–30.4). We performed sequencing by us-
ing a hybridization probe-capture–based approach, 
as previously described (3), and probes designed by 
using the MPXV 2022/MA001 strain (Genbank acces-
sion no. ON563414) (Appendix, https://wwwnc.cdc.
gov/EID/article/29/3/22-1446-App1.pdf). We gen-
erated consensus genomes by using Revica (https://
github.com/greninger-lab/revica), a custom pipeline 
that performs trimming, filtering, and iterative re-

mapping (Appendix). Sequences with <1% ambigu-
ous bases (Ns) were deposited to GenBank under 
BioProject accession no. PRJNA862948 (Appendix 
Table). We used Augur, Auspice, and Nextclade to 
perform phylogenetic analysis (4,5), and we used 
UShER (6) to perform phylogenetic placement on a 
global tree (Appendix). This study was approved by 
the University of Washington Institutional Review 
Board STUDY00000408.

The analysis comprised a total of 109 sequences 
from 98 persons whose specimens were collected dur-
ing July 6–August 19, 2022, primarily from King and 
Pierce Counties. Of the 98 patients, 90 (91.84%) were 
male and 1 (1.02%) female; 7 (7.14%) had unknown 
or undeclared sex. Median age at specimen collection 
was 36.0 (range 19–57) years.

We identified multiple identical genomes from 
different persons, suggesting ongoing community 
transmission (Figure, panel A). All 109 genomes fell 
within the predominant 2022 outbreak lineage B.1 
(7), and sublineages included B.1.1 (n = 18), B.1.2 (n = 
6), B.1.3 (n = 10), B.1.4 (n = 2), and B.1.8 (n = 2), sug-
gesting separate MPXV introductions into the state. 
Among sublineages, we identified the nearest neigh-
bor sequences from Germany (B.1.1); Connecticut, 
USA (B.1.2); Canada (B.1.4); Florida, USA (B.1.8); and 
multiple countries in Europe (B.1.3) (Appendix).

Overall, we observed low genetic diversity and 
a median of 1 aa (range 0–7 aa) mutation (substitu-
tions or deletions) across the genome relative to the 

Figure. Phylogenomic analysis 
of 109 early monkeypox virus 
outbreak strains, Washington, USA. 
A) Phylogenetic tree showing that 
all Washington sequences fall within 
the major outbreak lineage B.1. The 
many identical sequences suggest 
community transmission; distinct 
sublineages suggest multiple MPXV 
introductions into the state. Black 
triangles indicate sequences from 
multiple swabs from the same 
patient, which were available for 11 
persons, patients P01–P11. Clades 
with >5 sequences were assigned 
a color for tips and branches, 
and have text labels for the major 
sublineages, B.1.1, B.1.2, and 
B.1.3. All other tips and smaller 
clades are indicated in gray. B) 
Single nucleotide polymorphisms 
from each sample in panel 
A arrayed across the MPXV 
genome. Colors correspond to 
lineage coloring in panel A. MPXV, 
monkeypox virus.
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B.1 ancestor (genome MPXV_USA_2022_MA001; 
Genbank accession no. ON563414). We identified 
138 unique SNPs across the genome in the 109 se-
quences (Figure, panel B), producing 66 unique mu-
tations (amino acid substitutions or deletions) in 51 
genes. Of these, 5 unique aa substitutions (S553N, 
A1232V, D1546N, D1604N, and S1633L) occurred in 
surface glycoprotein OPG210, and 3 (E306K, D441Y, 
and E553K) in OPG189, which encodes one of sev-
eral ankyrin-repeat proteins (Appendix Figure 1). 
We noted an abundance of G to A and C to T nucleo-
tide substitutions (Appendix Figure 2), indicative of 
apolipoprotein B mRNA editing catalytic polypep-
tide-like3 activity consistent with other reports (8). 
We did not identify any substitutions or deletions 
in OPG057, a membrane glycoprotein homologous 
to F13L in vaccinia virus and the putative target of 
the therapeutic antiviral tecovirimat currently used 
to treat mpox (9).

Sequences from multiple swabs from the same 
person at the same time point had a median pairwise 
nucleotide difference of 1 (range 0–10 for 11 sample 
pairs) outside of labile tandem repeat regions (10). 
We observed even greater similarity in protein se-
quences with 0 (range 0–6) median pairwise aa differ-
ences. Among sample pairs from 3 patients, patient 
06 (P06) had 1 aa difference, P07 had 6 aa differences, 
and P08 had 2 aa differences. Relative to the B.1 an-
cestral strain MA001, one of the P06 pair featured a 
V195I mutation in OPG079. One of the P08 pair had 
synonymous mutations in OPG073 and OPG083, 
and an OPG003:R84K substitution. Finally, differ-
ences in repeat samples from P07 suggest possible 
co-infection with strains from the B.1.2 and B.1.3 lin-
eages, consistent with the patient’s clinical history 
indicating multiple sexual partners. Relative to the 
MA001 B.1 reference strain, one of the P07 samples 
had synonymous mutations in OPG083 and OPG189, 
OPG180:D325N, and OPG016:R84K. The other of 
the P07 pair shared none of those SNPs, but had 
OPG015:V261A, OPG109:I66V, and the B.1.2-defining 
OPG210:D1604N. These mutations remained after re-
extracting and re-sequencing the original specimens 
and, compared with interhost variation, suggest 
the possibility of co-infection with different MPXV 
strains (Appendix Table).

Overall, our data showed ongoing community 
MPXV transmission in Washington. The limited 
MPXV genetic diversity makes it challenging to use 
WGS data for contact tracing. However, continued 
genomic surveillance will be crucial for tracking viral 
evolution and identifying mutations associated with 
vaccine escape or antiviral treatment resistance.

This article was preprinted at https://doi.org/10.1101/ 
2022.09.19.22280115.
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Human mpox (formerly monkeypox) is a viral 
zoonosis caused by monkeypox virus (MPXV). 

As of December 8, 2022, a total of 144 reported infec-
tions had occurred in Australia, all in men who have 
sex with men (MSM); no mpox-related deaths had 
been reported.

A 26-year-old overseas-born MSM with no co-
morbidities sought care at the Sydney Local Health 
District (SLHD; Sydney, NSW, Australia) Depart-
ment of Sexual Health Medicine (DSHM), 20 days 
after becoming unwell with severe perianal ulcer-
ation, dyschezia, tenesmus, purulent bloody anal 
discharge, and skin lesions on his trunk and limbs. 
His symptoms were initially accompanied by a fe-
ver and prodrome, although those had resolved 
by the time he was examined. He had not received 
MPXV vaccination and had not taken HIV preexpo-
sure prophylaxis.

The patient spoke limited English and had trav-
eled to Australia approximately 3 weeks earlier. He 
sought care from a local doctor 5 days after onset 
of symptoms and was prescribed valaciclovir for a 
clinical diagnosis of herpes simplex virus (HSV). He 
was unresponsive to treatment and returned to the 
same doctor 2 weeks later with more extensive peri-
anal lesions and rectal symptoms and new truncal 
and limb lesions. This doctor contacted the SLHD 
Public Health Unit, which recommended referral to 
SLHD DSHM.

Physical examination showed large, superfi-
cial, ulcerated lesions with surrounding erythema  

perianally extending to the buttocks and 2 smaller, 
deep, indurated ulcers on the anal verge consistent 
with syphilitic chancres. The patient had purulent 
discharge from the anus; anoscopy was not attempt-
ed because of pain. Several umbilicated, papular 
lesions with necrotic centers and surrounding ery-
thema were present on the hand, thigh, and trunk. 
The papular and perianal lesions were swabbed for 
MPXV, HSV, and syphilis PCR. We performed test-
ing for HIV, chlamydia, and gonorrhea on urine, 
throat, and rectal specimens and took additional 
rectal swab specimens for PCR testing for lympho-
granuloma venereum, syphilis, HSV, and Myco-
plasma genitalium. He was treated with 4.8 million 
units of benzathine benzylpenicillin for presump-
tive primary syphilis and asked to isolate at home 
until MPXV results were known.

The patient reported his most recent sexual ac-
tivity (receptive anal intercourse using a condom) 
was with a casual partner overseas 7–10 days be-
fore his arrival in Australia. The next most recent 
sexual encounter was 3 months earlier with his 
regular male partner of 1 year. He had not been 
to any nightclubs, sex-on-premises venues, or 
festivals and reported no other intimate contact.  
His last sexual health screening (including an HIV 
test) 7 months before detected no sexually transmit-
ted infections.

Results of an HIV antigen/antibody assay were 
reactive (signal-to-cutoff ratio of 74.2 and a positive 
p24 antigen), whereas Western blot results were in-
determinate (positive band at p24 and gp160), con-
sistent with seroconversion. MPXV was detected 
at all sites by PCR, and results of syphilis enzyme 
immunoassay and Treponema pallidum particle ag-
glutination assays were positive (rapid plasma re-
agin test result of 16). Syphilis PCR results were 
negative, but clinical signs and serologic testing 
were consistent with primary syphilis. Test results 
for gonorrhoea, chlamydia, Mycoplasma genitalium, 
HSV, varicella zoster, and hepatitis B and C were 
all negative.

We began antiretroviral treatment (bictegra-
vir/emtricitabine/tenofovir alafenamide) in antici-
pation that immune reconstitution would improve 
the patient’s severe and sustained mpox (1). His 
rectal symptoms and perianal lesions improved 
dramatically after benzylpenicillin administration, 
and he began oral cefalexin for empirical treat-
ment of secondarily infected mpox lesions. His  
HIV viral load was found to be 7,120,000 RNA cop-
ies/mL and CD4 count was 370 × 106 cells/L (12%) 
with a fully sensitive genotype. He continued to 

A 26-year-old man in Australia who has sex with men 
had severe perianal ulceration, proctitis, and skin lesions 
develop. Testing revealed primary syphilis, mpox, and 
primary HIV infection. Recent publications have docu-
mented severe mpox associated with HIV infection. Dis-
ruption of mucosal integrity by mpox lesions could enable 
HIV transmission and vice versa.
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improve and was deisolated once his skin lesions 
had resolved.

Severe and protracted mpox infection in persons 
living with HIV has been described previously (2–5). 
Publications have reported mpox co-occurring with 
HIV (5–7), syphilis (8), COVID-19 (9), and varicella 
zoster (10) in up to 15% of mpox cases (3). Boesecke 
et al. (6) report a case of severe mpox in the setting 
of advanced HIV and syphilis. However, no case 
reports have described mpox in the context of pri-
mary syphilis and primary HIV infection. The incu-
bation periods for mpox, HIV infection, and syphilis 
aligned with the patient’s symptom onset 13 days 
after his only sexual encounter in the preceding 3 
months, suggest co-infection likely acquired from a 
single encounter (Figure 1). This finding could indi-
cate increased transmissibility of >1 infection from a 
partner with multiple infections, especially if the per-
son had active syphilis or mpox skin lesions. Brundu 
et al. (5) postulated a disruption of mucosal integ-
rity by mpox lesions could enable HIV transmission 
and that HIV infection also enables mpox acquisi-
tion. Previous publications have hypothesized local 
inoculation of the virus aggravated by an immune 

system dysfunction in the setting of acute HIV in-
fection as a potential mechanism. HIV can result in 
atypical clinical manifestations of mpox and higher 
rates of secondary bacterial infections (2,6,7,9), con-
sistent with this case-patient’s clinical course. This 
case highlights the need for comprehensive clinical 
assessment, a broad differential diagnosis, and syn-
dromic testing for MPXV when evaluating patients 
with anogenital lesions.
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Figure. Timeline of symptom development and infectious vector incubation periods in case of patient with sustained mpox proctitis with 
primary syphilis and HIV seroconversion, Australia
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During 2022, an unprecedented multicountry out-
break of monkeypox virus (MPXV) infection 

among humans was detected. The first verified mpox 
cases in Europe were reported in mid-May 2022 with 
no apparent link to MPXV-endemic countries, but 
patients shared travel history to Lisbon, Portugal, 
and Gran Canaria, Canary Islands, as well as sexual 
behavior (men who have sex with men [MSM]) (1). 
The first draft sequence of the outbreak-related ge-
nome from Portugal was published on May 19, 2022 
(J. Isidro, unpub. data, https://virological.org/t/
first-draft-genome-sequence-of-monkeypox-virus- 
associated-with-the-suspected-multi-country-out-
break-may-2022-confirmed-case-in-portugal/799). 
During the following weeks, several closely related 
MPXV genomes were reported from other countries in 
Europe, resulting from travel-associated and commu-
nity-transmitted infections. The clinical picture of those 
infections (anogenital lesions or rash and enlarged  

Monkeypox virus was imported into Finland during late 
May–early June 2022. Intrahost viral genome variation 
in a sample from 1 patient comprised a major variant 
with 3 lineage B.1.3–specific mutations and a minor 
variant with ancestral B.1 nucleotides. Results suggest 
either ongoing APOBEC3 enzyme–mediated evolution 
or co-infection.
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inguinal lymph nodes) (2), together with the epide-
miologic data, suggested human-to-human trans-
mission by sexual contact, mainly among MSM (3); 
however, other routes of transmission may also have 
played roles (4). As the number of verified mpox cas-
es increased, on July 23, 2022, the World Health Orga-
nization declared MPXV a Public Health Emergency 
of International Concern (https://www.who.int/ 
director-general/speeches), although the epidemic 
has since waned. We describe the molecular and clin-
ical characteristics of MPXV introduced to Finland 
during late May–early June 2022 (Table). The patients 
provided written informed consent for use of their 
case details and medical images in this study.

We investigated 4 patients who exhibited sys-
temic mpox symptoms, such as fever and skin le-
sions (Appendix, https://wwwnc.cdc.gov/EID/
article/29/3/22-1388-App1.pdf). The patients were 
epidemiologically unrelated to each other; however, 
all reported travel in southern Europe, declared them-
selves to be MSM, and declared recent unprotected 
sexual exposure with previously unknown partners 
(Table). Two patients were HIV positive. Orthopox-
virus real-time PCR of individual skin lesion samples 
detected orthopoxvirus, which was later verified 
as MPXV by hemagglutinin gene sequencing with 
MinION (Oxford Nanopore Technologies, https:// 
nanoporetech.com) (Appendix). The sample from pa-
tient 1 was also sequenced by MinION and on May 27, 
2022, produced an MPXV draft genome. The whole 
genomes of all samples were subsequently sequenced 
by using Illumina NovaSeq (https://www.illumina.
com). As of November 8, 2022, the total number of ver-
ified cases in Finland reached 42, but no further virus 
transmission from those patients has been reported.

We obtained complete MPXV genomes from 3 
of the 4 patients: patient 1 (penis, quantitative cycle 

[Cq] 19.77), patient 2 (face, Cq 26.29), and patient 4 
(perianal skin, Cq 23.4); we could obtain only a frag-
mental genome from patient 3 (hand, Cq 33.38). In 
the phylogenetic analysis, the consensus sequence of 
MPXV genome from patient 1 (GenBank accession no. 
ON782021) clustered with lineage B.1.3 genomes (Fig-
ure). The members of that cluster share 3 substitutions: 
nonsynonymous G55133A (R665C in OPG074 protein), 
synonymous C64426T, and nonsynonymous G190660A 
(R84K in NTB03_gb174 protein), according to National 
Center for Biotechnology Information reference se-
quence NC_063383 coordinates (equivalent to the muta-
tions addressed as G55142A, C64435T, G190675A [5]). 
The sequence from patient 2 (GenBank accession no. 
ON782022) was identical to the early sequences first 
detected in Portugal (6) and thereafter in various other 
countries. The sequence from patient 4 (GenBank ac-
cession no. ON959143) had 4 nt substitutions: C89906T 
(OPG110: S92F), G94798A (OPG115: E47K), C150831T, 
and C188491T. Two of those sequences (C89906T and 
G94798A) were shared with genomes from the United 
Kingdom, Portugal, Spain, and Germany.

The 3 nt substitutions detected in the patient 1 se-
quence were not fixed but rather contained minority 
variants with the frequencies of 10% (G55133A, depth 
2231; nucleotide counts G = 233, A = 1997), 12% (C64426T, 
depth 2685; C = 308, T = 2364), and 13% (G190660A, 
depth 2685; G = 280, A = 1872). On the other hand, in 
the members of the same clade from Slovenia (GenBank 
accession no. ON609725) and France (GenBank acces-
sion no. ON622722), all 3 mutations were fixed (allele 
frequency >99.7%). The mutational signature of the 
major and minor intralesion single-nucleotide variant 
(SNV) findings in patient 1 is consistent with the effects 
of the human apolipoprotein B mRNA-editing catalytic 
polypeptide-like 3 (APOBEC3) enzyme, which has been 
suggested to drive the CT>TT and GA>AA conversions 

 
Table. Patient data from study of intrahost viral genome variation from 4 patients with early monkeypox virus infection, Finland, 2022* 

Data 
Patient no. 

1 2 3 4 
Age, y 30s 20s 30s 30s 
Onset of symptoms May 19 May 21 Jun 1 Jun 13 
Systemic signs/symptoms Fever, enlarged 

inguinal lymph 
nodes 

Fever, headache, 
exhaustion, enlarged 
inguinal lymph nodes 

Fever, myalgia, 
lymphadenopathy, 
nausea, myalgia 

Fever, headache, 
anal itch 

Lesion sites Penis Penis, neck, trunk, face Trunk, hands, feet, anus Perianal skin 
Evolution of lesions Synchronous Asynchronous Asynchronous Synchronous 
Swab sample lesion sites (Cq value) Penis (19.77) Face (26.29), trunk (31.94) Hand (33.38) Perianal skin (23.4) 
Monkeypox virus sequence† ON782021‡ ON782022 (face) NA ON959143 
Sample date May 24, D5 May 31, D10 Jun 5, D4 Jun 16, D3 
*All 4 patients were men who have sex with men who had recent sexual exposure and who had traveled to southern Europe. Cq value, quantitative cycle 
value of diagnostic orthopoxvirus PCR (Appendix, https://wwwnc.cdc.gov/EID/article/29/3/22-1388-App1.pdf); D, day after first symptom onset; NA, not 
available. 
†GenBank accession numbers. 
‡Majority sequence. 
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in recent MPXV evolution (6; A. O’Toole et al., unpub. 
data, https://virological.org/t/initial-observations-
about-putative-apobec3-deaminase-editing-driving-

short-term-evolution-of-mpxv-since-2017/830). A simi-
lar phenomenon, the fixation of minor intralesion SNVs 
along the transmission chain, was observed in 5 of the 15 

Figure. Phylogenetic tree 
of monkeypox virus (MPXV) 
sequences used in study of 
intrahost viral genome variation 
in patient with early monkeypox 
virus infection, Finland, 2022. 
The tree was inferred by the 
maximum-likelihood method 
implemented in IQtree2 software 
(www.iqtree.org), using 1,000 
bootstrap replicates and the 
Hasegawa-Kishino-Yano plus 
empirical base frequencies plus 
invariate sites substitution model 
(Appendix, https://wwwnc.cdc.
gov/EID/article/29/3/22-1388-
App1.pdf). The curated dataset 
of MPXV reference genomes 
was downloaded from Nextstrain 
and aligned by using Nextalign 
(5). The reference dataset 
was downsampled to include 
only genomes with <5,000 
ambiguous genome sites. 
For the sake of visualization, 
nodes with bootstrap values 
<70, as well as clusters with 
no lineage designation and no 
representatives from Finland, 
were deleted; only a subset 
of nearly identical genomes 
in the B.1 lineage is shown. 
Blue indicates the consensus 
sequences from the 4 patients 
from Finland; red indicates the 
hypothetical minority variant 
sequence (differing from the 
consensus sequence at sites 
G55133, C64426, and G190660) 
from patient 1. Lineage 
nomenclature (MPXV-1 clade 
3, lineage B.1) is as suggested 
(C. Happi, unpub. data, https://
virological.org/t/urgent-need-for-
a-non-discriminatory-and-non-
stigmatizing-nomenclature-for-
monkeypox-virus/8537). The 
tapering bars indicate clusters 
of B.1.1 (pink), B.1.2 (green), 
and B.1.3 (blue), collapsed for 
clarity. Sequences are identified 
by GenBank accession number, 
date, and country of origin.



652 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023

RESEARCH LETTERS

samples from Portugal sequenced in May 2022 (6) and 
in a publicly available MPXV sequence dataset (A. Nek-
rutenko et al., unpub. data, https://virological.org/t/ 
mpxv-intrahost-variation-in-the-context-of-apobec-de-
amination-an-initial-look/856), suggesting that this pat-
tern might be a general pattern of evolution for the 2022 
MPXV outbreak. However, in contrast to the previous 
findings (6; A. Nekrutenko et al., unpub. data, https://
virological.org/t/mpxv-intrahost-variation-in-the- 
context-of-apobec-deamination-an-initial-look/856), 
both the major and minor SNV genotypes from pa-
tient 1 could be found fixed in previously reported  
MPXV sequences.

In conclusion, we demonstrate intrahost MPXV 
variation within a single lesion from one of the pa-
tients with infection introduced to Finland. Most of the 
sequence reads in that sample contained APOBEC3-
related mutations, which may have emerged from the 
ancestral minor variant present in this sample. How-
ever, because the majority and minority nucleotides 
in that sample are also found fixed in sequences from 
other countries, we cannot resolve whether this ob-
servation relates to contemporary APOBEC3-driven 
evolution or to co-infection.
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We performed autopsies on persons in Germany who died 
from COVID-19 and observed higher nasopharyngeal 
SARS-CoV-2 viral loads for variants of concern (VOC) 
compared with non-VOC lineages. Pulmonary inflamma-
tion and damage appeared higher in non-VOC than VOC 
lineages until adjusted for vaccination status, suggesting 
COVID-19 vaccination may mitigate pulmonary damage.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 3, March 2023 653

RESEARCH LETTERS

SARS-CoV-2 emerged in 2020, and after rapid glob-
al spread, virus variants emerged that had adapta-

tion or immune evasion mutations and were classi-
fied as variants of concern (VOCs). Although the first 
VOCs, Alpha (B.1.1.7) and Delta (B.1.617.2), showed 
enhanced transmissibility (1), Omicron (B.1.1.529) 

lineages carry mutations that provide strong im-
mune evasion after infection with previous lineages 
or mRNA vaccination (2). Because autopsy data are 
lacking, differences in SARS-CoV-2–related pulmo-
nary disease and tropisms have not been well studied. 
In this study, we performed full autopsies of persons 

Figure. Prevalence of SARS-CoV-2 variants, pulmonary inflammation, and diffuse alveolar damage in corpses autopsied during 2020 
and 2022 at the Institute of Legal Medicine and crematoria in Hamburg, Germany. A) Overall prevalence of corpses positive for SARS-
CoV-2 mRNA and prevalence of B.1.1.7 (Alpha), B.1.617.2 (Delta), and B.1.1.529 (Omicron) variants of concern as the percentage of 
SARS-CoV-2 mRNA-positive corpses are depicted; 3-point centered moving averages are shown. Gray bars indicate monthly number 
of corpses screened for SARS-CoV-2 mRNA. B, C) Number of SARS-CoV-2 mRNA copies in different autopsy specimens. Median and 
interquartile ranges of viral mRNA loads were stratified according to virus variants in nasopharyngeal swabs (B) and different organs (C). 
Nasopharyngeal and organ viral loads for non-VOC and B.1.1.7 were published in part previously (7,8). Black dots are non-VOC lineages. 
Pairwise comparisons were performed by using the Kruskal-Wallis H test and Dunn post-hoc analysis. D, E) Percentage of cases that had 
pulmonary inflammation or alveolar damage caused by different SARS-CoV-2 lineages: NV, Non-VOC lineage; A, Alpha B.1.1.7 lineage; 
D, Delta B.1.617.2 lineage; O, Omicron B.1.1.529 lineage. D) We scored microscopic pulmonary inflammation as follows: none, 0; mild, 1; 
moderate, 2; or severe, 3 on the basis of a Likert-like scale and calculated percentages of cases within each group for each SARS-CoV-2 
variant. E) Percentage of corpses infected with non-VOC lineages (n = 16) and the VOC lineages B.1.1.7 (Alpha, n = 6), B.1.617.2 (Delta, n 
= 4), and B.1.1.529 (Omicron, n = 14) that had DAD in lungs. DAD, diffuse alveolar damage; VOC, variant of concern.
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who died from COVID-19 and conducted compre-
hensive analyses to characterize COVID-19–related 
cases macroscopically and microscopically.

All corpses admitted to the Institute of Legal 
Medicine (n = 8,578) and crematoria (n = 1,705) in 
Hamburg, Germany, during March 3, 2020–March 
31, 2022, were screened for SARS-CoV-2 mRNA by 
quantitative reverse transcription PCR (3). We found 
a total of 808 SARS-CoV-2 RNA-positive corpses; me-
dian monthly prevalence was 6.54% in 2020, 5.28% in 
2021, and 12.50% in 2022 (Figure, panel A). In com-
parison, the median monthly prevalence of SARS-
CoV-2 in Hamburg’s general population was 0.10% 
in 2020, 0.37% in 2021, and ≈5.20% in 2022 (https://
de.statista.com/statistik/daten/studie/1106006/
umfrage/entwicklung-der-fallzahl-des-coronavirus-
in-hamburg). A considerably higher prevalence of 
virus in deceased persons than in the general popula-
tion can be explained by an older age in postmortem 
cohorts, targeted transport of clinically suspected or 
confirmed COVID-19 deaths to the Institute of Le-
gal Medicine in 2020, and underreporting of overall 
SARS-CoV-2 prevalence because of limited availabil-
ity of molecular testing.

We further characterized SARS-CoV-2 RNA-pos-
itive samples by using multiplexed typing quantita-
tive reverse transcription PCR (4,5). The occurrence 
of VOCs among corpses (B.1.1.7 for December 2020–
March 2022, B.1.617.2 beginning in May 2021, and 
B.1.1.529 beginning in November 2021) reflected their 

occurrence within the general population but had a 
2–4 week delay (https://www.leibniz-liv.de/de/ 
aktuelles/covid-19/daten-der-hamburg-surveil-
lance-plattform).

Of the 808 COVID-19–associated deaths (deter-
mined by postmortem SARS-CoV-2 RNA detection), 
we autopsied 49 corpses and collected multiorgan tis-
sue samples for more detailed analyses. We included 
23/49 consecutive deceased persons infected with 
non-VOC lineages and 26/49 consecutive deceased 
persons infected with VOCs (B.1.1.7, n = 7; B.1.617.2, 
n = 4; and B.1.1.529, n = 15) (Table). We processed 
formalin-fixed paraffin-embedded tissue for histo-
logic and immunohistochemical staining and cryo-
preserved tissue for molecular analysis as previously 
described (3,6).

The median nasopharyngeal SARS-CoV-2 RNA 
load was 5.82 (interquartile range [IQR] 4.08–7.31) 
log10 copies/mL (Figure, panel B). Nasopharyngeal 
and organ viral loads for non-VOC and B.1.1.7 were 
published in part previously (7,8). We observed 
strong evidence for a difference in mean nasopha-
ryngeal viral loads by virus variant (p = 0.01); by us-
ing multiple comparisons, we observed a difference 
in means between B.1.1.529 and non-VOC lineages 
(p = 0.002; Figure, panel B). This result supports 
increased infectivity of B.1.1.529 compared with 
non-VOC lineages (9). An association between na-
sopharyngeal virus load and virus variant at the 5% 
significance level did not persist in a multivariable 

 
Table. Baseline characteristics of persons whose deaths were associated with SARS-CoV-2 infection, grouped according to SARS-
CoV-2 virus variant in study of new postmortem perspective on emerging SARS-CoV-2 variants of concern, Germany* 

Variable 
Non-VOC 
lineages B.1.1.7† B.1.617.2† B.1.1.529† p value Cohort total 

No. corpses 23 7 4 15 NA 49 
Age, y, median 
(IQR) 

76.0 (70.0–85.0) 75.0 (52.0–77.0) 50.5 (42.5–70.0) 75.0 (58.0–87.0) 0.29 75.0 (63.0–85.0) 

Sex 0.31  
 M 15 (65.2) 4 (57.1) 2 (50.0) 5 (33.3) NA 26 (53.1) 
 F 8 (34.8) 3 (42.9) 2 (50.0) 10 (66.7) NA 23 (46.9) 
BMI, kg/m2, 
median (IQR) 

25.3 (20.7–31.9) 29.5 (26.1–34.8) 38.4 (16.5–42.9) 22.6 (18.8–23.6) 0.02 24.8 (20.7–31.0) 

COVID-19 deaths 20 (87.0) 6 (85.7) 3 (75.0) 3 (20.0) <0.0001 32 (65.3) 
No. underlying 
conditions, 
median (IQR) 

4.0 (3.0–4.0) 2.0 (2.0–3.0) 3.0 (2.0–5.0) 4.0 (2.0–5.0) 0.24 3.5 (2.0–4.0) 

Place of death 0.23  
 Home 5 (21.7) 3 (42.9) 0 (0.0) 5 (33.3) NA 13 (26.5) 
 Normal ward 9 (39.1) 2 (28.6) 2 (50.0) 2 (13.3) NA 15 (30.6) 
 ICU 5 (21.7) 2 (28.6) 2 (50.0) 2 (13.3) NA 11 (22.4) 
 Other 4 (17.4) 0 (0.0) 0 (0.0) 6 (40.0) NA 10 (20.4) 
PMI, d, median 
(IQR) 

1.0 (0.0–1.0) 3.0 (1.0–6.0) 1.0 (1.0–1.5) 0.0 (0.0–1.0) 0.03 1.0 (0.0–2.0) 

Vaccination 0 (0.0) 1 (7.7) 1 (7.7) 11 (84.6) <0.0001 13 (27.1) 
*Corpses were admitted to the Institute of Legal Medicine, University Medical Center Hamburg-Eppendorf, Hamburg, Germany, for autopsy during 2020–
22. Values are no. (%) unless otherwise noted. BMI, body mass index; ICU, intensive care unit; IQR, interquartile range; NA, not applicable; PMI, 
postmortem interval (time elapsed from death until cooling at 4°C); VOC, variant of concern. 
†VOC lineages B.1.1.7 (Alpha), B.1.617.2 (Delta), and B.1.1.529 (Omicron). 
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model adjusted for the deceased’s vaccination sta-
tus, which might be because of the small sample size 
(Appendix Tables 1, 2, https://wwwnc.cdc.gov/
EID/article/29/3/22-1297-App1.pdf). Of note, the 
pulmonary virus load was strongly associated with 
viremia (odds ratio 2.21, 95% CI 1.34–3.63; p = 0.002) 
and mRNA detection in peripheral organs (odds ra-
tio 1.54, 95% CI 1.10–2.16; p = 0.01) in univariable 
logistic regression models. However, normalized 
SARS-CoV-2 RNA loads in peripheral organs did 
not differ between virus variants (Figure, panel C).

Experienced pathologists performed single-blind 
histologic assessments. We detected SARS-CoV-2 nu-
cleocapsid protein in the lungs of 25/41 (61%) cases. 
Using a Likert-like scale, we found the median abun-
dance of SARS-CoV-2 nucleocapsid protein (0, not 
detected; 1, low abundance; 2, intermediate abun-
dance; 3, high abundance) was 1 (IQR 0–2) for non-
VOC lineage, 1.5 (IQR 1–2) for B.1.1.7, 0.5 (IQR 0–1) 
for B.1.617.2, and 0 (IQR 0–1) for B.1.1.529 cases (p = 
0.03) (Appendix Figure).

We detected mild to strong inflammatory chang-
es in the lungs of 36/40 (90%) cases and microscopic 
signs of diffuse alveolar damage (DAD), indicating 
acute respiratory distress syndrome, in 17/40 (43%) 
cases (Figure, panels D, E). As in recent animal ex-
periments (10), pulmonary changes, such as inflam-
mation and DAD, were associated with virus variant 
at the 5% level (Appendix Tables 3, 4) but not with 
nasopharyngeal or pulmonary viral load (inflamma-
tory changes, p>0.05; DAD, p>0.05). An association 
between virus variants and inflammatory changes or 
DAD at the 5% level did not persist in a multivariable 
model adjusted for the deceased’s vaccination status 
(Appendix Tables 5–7).

In conclusion, our data confirm higher SARS-
CoV-2 mRNA loads in nasopharynges of deceased 
persons who were infected with the B.1.1.529 VOC 
lineage, but we observed no differences in pulmonary 
or tertiary organ viral loads. However, pulmonary in-
flammation appeared higher and DAD more frequent 
in non-VOC than VOC lineages until adjustment for 
vaccination status. Our results suggest that prior vac-
cination, rather than reduced virulence of virus vari-
ants, might convey protection against pulmonary in-
flammation and acute respiratory distress syndrome 
during SARS-CoV-2 infections.
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As the 2022 mpox outbreak spread worldwide, pro-
tection against smallpox has become a focus of 

interest because smallpox vaccination might provide 
some protection against monkeypox virus (1). Massive 
vaccination with live vaccinia virus vaccines was con-
ducted in most countries before smallpox was eradi-
cated in 1980 (2), meaning a substantial proportion of 
persons ≥50 years of age as of 2022 might be protect-
ed against both diseases. One suggested approach to 
mpox protection during the current outbreak has been 
to administer smallpox vaccine to close contacts of in-
fected persons (3,4). However, before taking this ap-
proach if the outbreak spreads to additional persons, 
concerns need to be addressed about whether small-
pox vaccination provides real cross-protection and, if 
so, whether protection has waned over time. 

We conducted a serologic study among 162 per-
sons ≥50 years of age in Spain who had probably 
received smallpox vaccination to determine the se-
roprevalence of vaccinia virus antibodies (VVAbs). 
We included 10 unvaccinated persons <40 years of 
age as controls, avoiding persons 40–49 years of 
age to eliminate possible interference in findings 
from persons of those ages possibly having been 
immunized against smallpox in the final years of 
vaccination. Our aim was to ascertain the presence 
of residual vaccinia virus immunity among adult/
elderly persons. The study was approved by the 
ethics committee of the Eastern Health Area of   Val-
ladolid (cod: PI 22–2798) and research performed 
according to the Declaration of Helsinki. We ob-
tained written informed consent from participants 
before sampling. 

We used the Anti-Vaccinia virus IMV/Envelop 
protein/H3L/p35 IgG ELISA (Alpha Diagnostic In-
ternational, https://www.4adi.com) to detect IgG 
against the vaccinia envelope protein H3L/p35, follow-
ing manufacturer specifications (Appendix, https://
wwwnc.cdc.gov/EID/article/29/3/22-1231-App1.
pdf). VVAb levels were expressed in units per  
milliliter. We stratified results by age group: 50–60, 
61–70, 71–80, and >80 years. 

Seroprevalence differed by age group. We found 
no VVAbs among the control group. Seroprevalence 
increased with age, until it dropped dramatically 1These senior authors contributed equally to this article.

Smallpox vaccination may confer cross-protection to 
mpox. We evaluated vaccinia virus antibodies in 162 
persons ≥50 years of age in Spain; 68.5% had detect-
able antibodies. Highest coverage (78%) was among 
persons 71–80 years of age. Low antibody levels in 
31.5% of this population indicates that addressing their 
vaccination should be a priority. 
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among participants >80 years of age (Figure). The 
71–80 year age group exhibited the highest serop-
revalence (78.0%), the >80 year group the lowest 
(57.5%) (p <0.05 by χ2 test). We found no significant 
differences in median VVAbs levels between the 
other age groups. 

The relevance of these findings is that, 42 years 
after the end of routine smallpox vaccination in 
Spain, 68.5% of persons ≥50 years of age that we 
tested had detectable antibodies to vaccinia. That 
the highest seroprevalence was among partici-
pants in the 71–80-year age group and gradually 
decreased among younger age groups is probably 
explained by declines in smallpox vaccination cov-
erage in Europe over time, rather than by decreased 
immune response. 

Although guidelines for recommended small-
pox vaccination did not change during 1937–1980 
in most countries in Europe, vaccination coverage 
in Spain and other countries declined continuously 
as disease eradication progressed (5,6). For example, 
a 2019 article reported that smallpox vaccination 
coverage in Guinea-Bissau fell dramatically dur-
ing the 1970s, from 75% to 10%–25% (7). Another 
study, conducted in Denmark, reported that vac-
cination coverage dropped from 95% in 1965 to 
5%–20% among persons born during the 1970s (8). 
In Spain, >6 million smallpox vaccinations were 
administered in 1961 but only 725,371 in 1970 and 
105,573 in 1979 (5,6). Furthermore, endemic cases in 
high-income countries declined greatly during the 
1950s (9). Taken together, those data illustrate that 
smallpox vaccination coverage steadily declined in 

most high-income Western countries as smallpox 
was increasingly confined to low-income countries 
(7). Although an imported outbreak in Yugoslavia 
in 1972 caused 175 cases and 35 deaths, the last non-
imported case in Europe was declared in 1953 (10); 
after that date, persons became less likely to receive 
smallpox vaccination. 

The main limitation of our study is that we did 
not know the vaccination status of participants and 
thus could not determine whether lack of VVAbs 
was because of absence of vaccination or waning of 
antibodies. In addition, VVAbs levels might not cor-
relate with immune protection against other ortho-
pox viruses. The low number of participants might 
have affected statistical differences in results between 
groups. Finally, the absence of conserved cells pre-
cluded analysis of cellular immunity.  

Our findings suggest that a substantial percent-
age (31.5%) of persons in Spain born before 1972, es-
pecially persons born during the years when routine 
smallpox vaccination use waned, have either not been 
vaccinated against smallpox or have lost the VVAbs 
induced by the vaccine. Assuming 85% maximum 
cross-protection against monkeypox virus conferred 
by smallpox vaccination (1) and 68.5% of the popula-
tion >50 years of age having detectable VVAbs, we 
estimated that only 58.2% of persons in those age 
groups would be protected. Through September 2022, 
a total of 813 (12.4%) mpox cases in Spain had been re-
ported in persons >50 years of age (11). Limited vac-
cine coverage might be one cause of these cases, so 
vaccination against mpox or with new smallpox vac-
cines should be a priority in this population. 

Figure. Seroprevalence of 
smallpox vaccine–generated 
antibodies among older 
adults, Spain. Detectable 
vaccinia virus antibody levels 
in the different age groups 
analyzed and for the total study 
population are given.
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On December 4, 2021, a 20-year-old female hip-
popotamus (Hippopotamus amphibius) at a zoo in 

Hanoi, Vietnam, was treated for lethargy, depression, 
and reduced appetite. Veterinary staff initiated antimi-
crobial drug treatment on the basis of the clinical signs. 

1These first authors contributed equally to this article.

While investigating the death of a hippopotamus at a 
zoo in Hanoi, Vietnam, we isolated SARS-CoV-2 and 
sequenced the RNA-dependent RNA polymerase gene 
from different organs. Phylogenetic analysis showed that 
the SARS-CoV-2 strain was closely related to 3 human 
SARS-CoV-2 strains in Vietnam. 
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Six days after onset of clinical signs, the hippopota-
mus was anorexic; she died 17 days after onset. Zoo 
staff conducted necropsy; the main finding was severe 
pneumonia. Tissue samples from the liver, spleen, 
lung, intestine, and blood were collected and sent to 
the National Institute of Veterinary Research in Hanoi 
for further diagnosis of viral and bacterial diseases.

We screened the samples by real-time PCR 
to detect SARS-CoV-2, in accordance with World 
Health Organization (WHO) PCR protocol (1). The 
lung, spleen, liver, and intestine samples tested posi-
tive; cycle threshold (Ct) values for tissue types were 
26.67 for lung, 33.53 for spleen, 31.8 for liver, and 
36.96 for intestine. No other viral testing was pur-
sued, and tissues were not examined histologically 
(data not shown).

To obtain the viral isolate, we inoculated the 
samples into Vero cells according to a method de-
scribed previously (2). After 3 days, we successfully 
recovered the virus from the lung, spleen, and liver 
samples (Table). We confirmed that the recovered vi-
ruses from Vero cells were SARS-CoV-2 by real-time 
PCR. We gave the virus the temporary designation 
SARS-CoV-2/hippo/zoo/Vietnam/2021.

To further characterize and compare the virus 
isolated from the hippopotamus and the recent hu-
man SARS-CoV-2, we used a seminested reverse 
transcription PCR assay (3) to amplify 599–602 bp 
of the conserved RNA-dependent RNA polymerase 
(RdRp) genome sequence of 3 human SARS-CoV-2 
strains from COVID-19 patients in Vietnam (selected 
at the same time as the hippopotamus isolate and af-
terwards) and the isolates from the dead hippopota-
mus. We sent the purified PCR products to 1st BASE 
Company (http://www.base-asia.com), Singapore, 
to sequence the 599–602-bp nucleotide of the RdRp 
genome. We submitted the sequences to GenBank 
(hippopotamus, accession no. ON365747; human, 
ON365835–7. We conducted multiple alignments of 
the obtained sequences of the dead hippopotamus 
and 3 human COVID-19 patients, together with rep-
resentative nucleotide sequences of SARS-CoV-2 
and other betacoronaviruses available in GenBank, 
using ClustalW in BioEdit version 7.2.5 as previ-
ously described (4). We performed phylogenetic 

analysis in MEGA-X software using the maximum-
likelihood method with the best-fit model general 
time reversible plus gamma 4 plus invariate sites 
and 1,000 bootstrap replicates (5). We constructed 
a Bayesian maximum-clade credibility host discrete 
traits tree by using BEAST version 1.10.4 (http://
tree.bio.ed.ac.uk/software/beast).

Phylogenetic analysis indicated that the sequences 
obtained from the dead hippopotamus and 3 human 
COVID-19 patients were SARS-CoV-2 (Figure; Appen-
dix, https://wwwnc.cdc.gov/EID/article/29/3/22-
0915-App1.pdf).. The source of the hippopotamus’ 
infection was difficult to pinpoint because the zoo had 
been open to the public; a visitor or staff member could 
have been transmitted the virus. As a precaution, all 
zoo staff were required to wear uniforms, facemasks, 
and gloves and to disinfect their boots when servicing 
the animal areas. However, those biosecurity measures 
were not sufficient to prevent the airborne transmis-
sion of the virus from humans to animals. To prevent 
anthroponotic disease, zoos must closely monitor the 
health status of zoo staff to eliminate virus transmis-
sion from humans to animals. Active surveillance 
using nasal or oral swab specimens, or fecal samples 
from animals, is needed for early detection of viral in-
fection. In addition, stricter biosecurity measures are 
required in zoo exhibit areas to reduce the potential 
transmission of viruses by visitors to animals. For ex-
ample, zoos should install glass barriers to separate ex-
hibit areas from pathways for visitors.

This study highlights an urgent need to establish 
comprehensive monitoring systems for SARS-CoV-2 
in animals. Our findings underscore hippopota-
muses’ susceptibility to SARS-CoV-2 and further 
contribute to the knowledge of the epidemiology of 
SARS-CoV-2, especially regarding the virus’s host 
range. Whole-genome sequencing will provide in-
formation about SARS-CoV-2 lineage to help track 
transmission pathways. 

Acknowledgments
We thank Ngo Thi Minh Quyen and other members of our 
laboratory in the Department of Virology at the National 
Institute of Veterinary Research for technical support. We 
thank Tezira Lore for language editing work.

 
Table. Identification and isolation of SARS-CoV-2 from tissue samples of a hippopotamus, Vietnam 

Tissue 
Real-time RT-PCR result  Virus isolation 

All betacoronaviruses SARS-CoV-2 Vero cells Real-time RT-PCR result 
Lung 27.09 26.67  Positive 26.30 
Spleen 33.96 33.53  Positive 33.91 
Liver 32.29 31.8  Positive 38.34 
Intestine 37.84 36.96  Negative NA 

Blood Negative Negative  NA NA 
*NA, not applicable; RT-PCR, reverse transcription PCR. 
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Figure. Maximum-likelihood tree constructed for 600-
bp RNA-dependent RNA polymerase gene SARS-
CoV-2 nucleotide sequences from a hippopotamus 
(red circle) and 3 human SARS-CoV-2 strains 
from COVID-19 patients in Vietnam (red triangles) 
compared with reference betacoronavirus strains 
obtained from GenBank. Betacoronavirus lineages 
are indicated on the right of the figure. Scale bar 
denotes evolutionary distance. MERS, Middle Eastern 
respiratory syndrome.
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Tuberculosis (TB) caused by Mycobacterium orygis 
has been reported in humans, cattle, and, rarely, 

wild animals in India (1–3). We report 3 cases of M. 
orygis–associated TB in wild animals from among 85 
unexplained deaths screened as part of disease inves-
tigations during February 2016–March 2020, which 
also revealed cases of suppurative bronchopneumo-
nia (n = 32), TB caused by M. tuberculosis or M. bovis 
(n = 29), verminous pneumonia (n = 9), fungal granu-
lomas (n = 6), and neoplasms (n = 6).

In February 2016, two adult free-range spotted 
deer (a male [case 1] and a female [case 2]) were found 
dead in Girnar Wildlife Sanctuary, Gujarat, western 
India. Postmortem examination revealed nonuniform, 
multifocal, coalescing pale-yellow nodules embedded 
in the parenchyma of the lungs with caseated yellow-
ish-white material and enlarged liver and mesenteric 
lymph nodes with surface nodules. In January 2017, an 
emaciated adult male bison (case 3) was found dead at 
Bandhavgarh National Park, Madhya Pradesh, central 

Tuberculosis caused by Mycobacterium orygis was de-
tected in 2 spotted deer from a wildlife sanctuary in west-
ern India and an Indian bison from a national park in cen-
tral India. Nationwide surveillance is urgently required to 
clarify the epidemiology of the Mycobacterium tuberculo-
sis complex at the human–livestock–wildlife interface.
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India. Similar to the deer, the bison had variable-sized 
white caseous nodules on the visceral pleura, superfi-
cial lung parenchyma, and pulmonary lymph nodes.

To investigate the causative agent, tissues from the 
lungs, liver, and lymph nodes were collected on ice and 
10% neutral buffered formalin and processed for histo-
pathology, Ziehl-Neelsen staining, and culture isolation. 
Histopathologic examination of these tissues revealed 
large granulomas with extensive caseous necrosis and 
multiple calcified areas surrounded by epithelioid cells, 
lymphocytes, giant cells, and fibroblasts (most abun-
dant in case 3). Acid-fast bacilli were abundant (50–75/
oil immersion field), both extracellularly and within the 
macrophages. We cultured all samples in triplicate in 
Löwenstein–Jensen media with glycerol and in Löw-
enstein–Jensen with sodium pyruvate, which revealed 
moist, smooth, and granular colonies (4). Primary 
screening of bacterial isolates by single-tube multiplex 
PCR that targets the 16S rRNA, specific for the Mycobac-
terium genus, and MPB70 genes, specific for members of 
MTBC, confirmed that the isolates were MTBC (5). We 

performed further PCR on the MTBC-positive samples 
to determine the presence or absence of genomic regions 
of difference (RD4 and RD9) using published primers 
(6); this testing indicated the absence of RD9 and pres-
ence of RD4, thus excluding the possibility of M. tuber-
culosis, M. canetti, M. bovis, or M. bovis BCG in all 3 cases.

To determine the exact species of MTBC involved 
and their genetic similarities with strains affecting live-
stock and humans circulating in India, we performed 
paired-end whole-genome sequencing on the Illumina 
MiSeq platform (https://www.illumina.com). The 
presence of standard genetic markers for M. orygis 
(RD1, RD4, and Rv044c) and the absence of RD9 and 
RD12 confirmed our sequences as M. orygis. We submit-
ted the whole-genome data generated to the National 
Center for Biotechnology Information Sequence Read 
Archive database under accession nos. SRX15482219 
(case 1), SRX6969199 (case 2), and SRX6969201 (case 3). 

We phylogenetically compared the sequences 
generated in this study with other available M. ory-
gis sequences. The phylogenetic branching patterns  

Figure. Phylogeny of newly sequenced Mycobacterium orygis wildlife isolates from 3 wild animals in India (black star, bison; blue stars, 
deer) and reference sequences. The outer circle shows the distribution of isolates in India, Norway, the Netherlands, and the United 
States. The inner circle shows the statewise distribution within countries. Shading of branch labels corresponds to different species. 
Scale bar of 0.01 indicates 1 change for every 100 nucleotides. 
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suggest that the isolate from the case 1 spotted deer 
was genetically closer to the isolate recovered from 
the bison (case 3) than the case 2 deer isolate (Fig-
ure 1). The average pairwise difference across all the 
isolates in this study was 272; it was 73 between the 
isolates. The restricted diversity observed among sev-
eral of the newly described isolates, including those 
recovered from among free-living wildlife, is note-
worthy and requires future investigations.

Recently, M. orygis has emerged as a zoonotic 
threat in south Asia (7); multispecies cases have been 
reported in India involving humans, dairy cattle, and 
wild ungulates (1–3,7,8). Studies from Nepal and Ban-
gladesh have also revealed the circulation of M. orygis 
in free-ranging wild animals and cattle, which indi-
cates the possibility of M. orygis in the India multihost 
wildlife system (9). Reports on the transmission of M. 
orygis infection from an India-origin farm worker to 
cattle in New Zealand (10) and the confirmation of 
M. orygis in 10 human patients in south Asia (2) im-
ply endemicity in the region, highlighting the urgent 
need for genomic epidemiologic investigations.

We report the circulation of M. orygis in free-rang-
ing wildlife populations in India, suggesting an unex-
plored threat to wildlife conservation in regions where 
various endangered species coexist. In this study, the 
transmission dynamics of M. orygis are unknown; 
however, spillover and spillback episodes might have 
occurred because of the shared space and resources at 
the livestock-wildlife-human interface. In India, hu-
man population explosion has led to encroachment on 
forest areas and shrinking wildlife habitats, which has 
increased the threat of pathogen transmission among 
wildlife, livestock, and humans. Although the epide-
miology has not been defined, phylogenetic analysis in 
our study and previous reports indicate that M. orygis 
appears to be circulating in wild animal, human, and 
livestock populations in India. In light of the World 
Health Organization End TB Strategy, nationwide 
screening and continuous surveillance under the um-
brella of the One Health approach should be conduct-
ed to combat this deadly zoonotic disease.
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By November 2022, the COVID-19 pandemic had 
resulted in >630 million cases of disease world-

wide (1). During the outbreak, natural occurrence of 
SARS-CoV-2 infections in animals was a hallmark; 
infections have been reported mainly in companion, 
domestic, captive, and farmed animals but also in 
wildlife (2,3). As of September 2022, the World Or-
ganisation for Animal Health had recorded 26 animal 
species infected with SARS-CoV-2 in 36 countries (2), 
indicating that the virus is able to cross the species 
barrier, thereby increasing risk of new transmission 
cycles and animal reservoirs (2,3). 

Coatis (Nasua nasua) from South America are 
small diurnal mammals (family Procyonidae) that 
are omnivorous, terrestrial, synanthropic, and 
opportunistic. Coatis interact easily with humans and 
are often seen foraging for human food, especially 
from trash (4,5). We investigated the transmission of 
SARS-CoV-2 to a coati population living in an urban 
park near a large anthropized area of Brazil.

We collected serum samples and anal and oral 
swab samples during February–August 2021 from 40 
free-living coatis inhabiting Mangabeiras Municipal 
Park in Belo Horizonte, Brazil (Appendix Table, Figure 
1, https://wwwnc.cdc.gov/EID/article/29/3/22-
1339-App1.pdf). Trained professionals captured 
coatis during 4 periods (February, June, July, and 
August), using appropriate personal protective 
equipment (laboratory coats, gloves, N95 face masks, 
and face shields) in accordance with all biosafety 
guidelines. Ethics approval was obtained for this 
study (Appendix). 

Coatis were captured in Tomahawk Live Traps 
(https://www.livetrap.com/index.php) (70 cm × 35 
cm × 40 cm) baited with banana pieces. Animals were 
anesthetized with Zoletil 100 (Virbac, https://vet-uk.
virbac.com) by intramuscular injection (7–10 mg/kg 
body weight), clinically evaluated, identified, and 
marked with polypropylene earrings and microchips. 
After anesthesia recovery, each coati was released at 
their capture site.

We stored anal and oral swab specimens by 
using RNAlater (ThermoFisher Scientific, https://
www.thermofisher.com) and extracted RNA by using 
QIAmp Viral RNA Mini Kits (QIAGEN, https://
www/qiagen.com). We performed quantitative 
reverse transcription PCR targeting the nucleocapsid 
N1 and N2 regions (6) and sequenced PCR positive 
samples by using nanopore technology. We 
performed phylogenetic analysis by using IQ–TREE2 
(7) and maximum-likelihood reconstruction. 

We detected SARS-CoV-2 RNA in 2 (5%) female 
coatis that had no clinical signs of infection (Table). 
We obtained a complete genomic sequence from the 
anal swab specimen from coati 535 (99% average 
coverage). The genomic sequence of SARS-CoV-2 
obtained from the anal swab specimen from coati 535 
indicated this variant belonged to the Zeta lineage 
(B.1.1.28.2, P.2) (Figure). The P.2 variant was initially 
detected in the state of Rio de Janeiro, Brazil, in July 
2020 and was considered a variant of interest (9).

We performed plaque reduction neutralization 
tests (PRNT) on serum samples from all captured 
coatis to detect SARS-CoV-2 neutralizing antibodies 
(8). We serially diluted serum samples to obtain 1:20, 

We tested coatis (Nasua nasua) living in an urban park near 
a densely populated area of Brazil and found natural SARS-
CoV-2 Zeta variant infections by using quantitative reverse 
transcription PCR, genomic sequencing, and serologic 
surveillance. We recommend a One Health strategy to 
improve surveillance of and response to COVID-19.
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1:40, and 1:80 dilutions and measured 50% and 90% 
neutralizing activity against SARS-CoV-2. Twenty 
(50%) coatis had SARS-CoV-2 neutralizing antibodies 
in >1 dilution at the 50% level; at the 90% level, 13 
(32.5%) coatis had detectable neutralizing antibodies 
in >1 dilutions and 7 (17.5%) coatis had SARS-CoV-2 
neutralizing antibodies in all 3 dilutions. We observed 
neutralizing antibodies in all 3 serum dilutions for 
coati 535 (Appendix Figure 2).

We were unable to confirm the mode of SARS-
CoV-2 transmission to the coati population. However, 
we found evidence for human-to-animal transmission; 
the P.2 genomic sequence from coati 535 was the 
same variant circulating in humans within the area 
during the study period. Furthermore, 50% of the 
coati population had antibodies against SARS-CoV-2, 
suggesting a cluster of natural exposure and infections 
within this population. Our results support indirect 

 
Table. Specimens from 2 SARS-CoV-2 RNA–positive coatis in study of SARS-CoV-2 spillback to wild coatis in sylvatic–urban hotspot, 
Brazil* 
Coati ID Collection date Sex Sample SARS-CoV-2† N1 Count‡ N2 Count‡ 
C341 2021 Feb 17 F Oral swab Positive 33 37 

Anal swab Negative NA NA 
Serum Negative NA NA 

C535 2021 Feb 18 F Oral swab Positive 20 24 
Anal swab Positive 30 33 

Serum Negative NA NA 
*Oral and anal swab and serum samples were collected from 40 wild coatis inhabiting Mangabeiras Municipal Park in Belo Horizonte, Brazil. We 
performed quantitative reverse transcription PCR targeting the nucleocapsid N1 and N2 regions of SARS-CoV-2 RNA for each sample. ID, identification, 
NA, not applicable. 
†Specimens positive or negative for SARS-CoV-2 RNA by PCR. 
‡PCR cycle threshold count. 

 

Figure. Time-scaled phylogenetic 
analysis of SARS-CoV-2 
sequences, by variant type, in study 
of SARS-CoV-2 spillback to wild 
coatis in sylvatic–urban hotspot, 
Brazil. Maximum-likelihood method 
was used to compare the complete 
genomic sequence of SARS-CoV-2 
obtained from coati (Nasua nasua) 
535 (red-outlined yellow circle) 
and 3,441 SARS-CoV-2 reference 
genomic sequences (GISAID, 
https://www.gisaid.org) from 
around the world collected through 
October 2021. Colors represent 
clades corresponding to different 
SARS-CoV-2 variants of concern 
described by the World Health 
Organization; yellow indicates Zeta 
variant sequences. The SARS-
CoV-2 sequence generated in this 
study was deposited in the GISAID 
database (accession no. EPI_
ISL_8800460) and SisGen (Sistema 
Nacional de Gestão do Patrimônio 
Genético, https://www.sisgen.gov.
br; no. A627307).
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contact of coatis with contaminated human trash and 
food scraps in dumpsters and in the bordering urban 
areas of the park or potential direct close contact with 
infected human visitors (Appendix Figure 1).

Our findings agree with results from a zoo in 
Illinois, USA, that also confirmed SARS-CoV-2 in 
a coati by using molecular methods (2,10). Those 
results reinforce the susceptibility of coatis to 
SARS-CoV-2 infection and suggest possible virus 
shedding and transmission capacity of coatis. Viral 
RNA detection in both oral and anal swab specimens 
from coati 535 (Table) and presence of neutralizing 
antibodies indicate that viral replication occurred 
in this host. Therefore, our findings highlight 
possible SARS-CoV-2 enzootic maintenance in 
nature, including in fragmented green areas close 
to urban settings. Because of the potential for SARS-
CoV-2 interspecies transmission, we recommend 
establishing a One Health strategy to improve 
surveillance and ability to respond to COVID-19 
emergency health events.
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Babesiosis, caused by tickborne zoonotic protozoa 
of the genus Babesia, is an emerging health risk 

to humans. Among the known Babesia species infect-
ing humans, B. microti is the most common cause of 

human babesiosis (1). In China, B. microti has caused 
>100 human cases of babesiosis (2), but nearly all 
have been reported in adults, particularly the elderly.

B. microti babesiosis has rarely been reported in 
immunocompetent children in China. We reported a 
case of severe intravascular hemolysis caused by B. 
microti infection in an immunocompetent preschooler 
from Shandong Province, China.

The patient, a girl 4 years and 9 months of age, 
had fever develop (highest temperature 39°C) on Sep-
tember 30, 2021. Antimicrobial drug treatment was 
not effective. Four days later, her urine became dark, 
and she had abdominal pain. On October 9, 2021, she 
was admitted to the hospital because of severe ane-
mia and abnormal laboratory test results (Table). She 
had shock after a discharge of dark brown urine.

To stabilize her vital signs, we began repeated 
blood transfusion for supportive treatment. Azithro-
mycin and immune regulatory treatment (high-dose 
methylprednisolone, 10 mg/kg/d for 3 days, and 
intravenous immunoglobulin, 1 g/kg/d for 2 d) 
were not effective. Her symptoms worsened, and 
her hemoglobin level remained at <60 g/L (Ap-
pendix Figure, panel A, https://wwwnc.cdc.gov/
EID/article/29/3/22-0888-App1.pdf). On the basis 
of those findings, we excluded congenital hemolytic 
anemia and autoimmune hemolytic anemia.

We examined her blood smear and observed para-
sites in the erythrocytes (Appendix Figure, panel B). We 
used a genus-specific 18S rRNA PCR described previ-
ously (3) to confirm Babesia infection by amplification of 
a 515-bp fragment (Appendix Figure, panel C). Test re-
sults for malaria infection was negative. Subsequent se-
quencing of the fragment and BLAST analysis (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) of the nucleotide se-
quence showed 100% similarity with B. microti RI strain. 
Those results confirmed the diagnosis as a B. microti in-
fection causing severe intravascular hemolytic anemia.

The girl’s parents recalled that the child had been 
in a wild chestnut forest in a suburb of Zaozhuang 
City, Shandong Province, on September 14, 2021. 
They found ≈20 red papules and an itching sensa-
tion on the trunk and limbs. The papules subsided 
within 3 days. There were no other complications of 
babesiosis, such as splenic infarction, acute respira-
tory distress syndrome, or disseminated intravascu-
lar coagulation.

The child was given atovaquone and azithromy-
cin (4) for 21 days, and the urine color became clear 
within 24 hours. The frequency of erythrocyte trans-
fusion was reduced gradually, and the hemolysis was 
controlled (Appendix Figure, panel A). On the 10th 
day after the treatment began, molecular detection 1These authors contributed equally to this article.

We report a case of Babesia microti infection in an im-
munocompetent child <5 years of age that caused fever 
and severe intravascular hemolysis. Physicians in China 
should be aware of babesiosis, especially in the differen-
tial diagnosis of immune hemolytic anemia with negative 
results for antiglobulin tests.
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of B. microti showed a negative result. The child has 
been monitored for >6 months and is in good health. 

In this case, we confirmed the severe intravascu-
lar hemolysis caused by B. microti infection in an im-
munocompetent child <5 years of age. For children 
in China, although babesiosis caused by B. venatorum 
and B. crassa–like parasites was detected in epidemio-
logic surveys (5,6), few children who have babesiosis 
caused by B. microti and severe hemolysis have been 
reported. Thus, babesiosis is still unfamiliar to pedia-
tricians. This case implied that Babesia infection might 
be underdiagnosed in China. It is imperative for pe-
diatricians and clinicians to be aware of babesiosis, 
which has become a newly emerging public health 
threat globally.

In Shandong Province, where this child lived, 
only 2 adults who had babesiosis and severe ane-
mia caused by B. divergence were documented (7), 
but B. microti2positive (0.58%) hard ticks from the 
Jiaodong Peninsula in Shandong Province were re-
ported (8). Given that the child did not have a sple-
nectomy, take immunosuppressive drugs, receive 

previous blood transfusions, or have other travel 
histories, her travel history to the wild chestnut for-
est and subsequent red, itching papules provided 
strong evidence for B. microti infection by tick bites. 
Detailed epidemiologic survey of Babesia infection 
in tick vectors and reservoir animals in local areas 
is necessary to provide guidelines for better preven-
tion and control of babesiosis.

Severe babesiosis in immunocompetent persons 
<50 years of age is rare; only 2 cases have been re-
ported (9,10). We report a case of B. microti infection 
causing severe illness in an immunocompetent child. 
Better understanding of the pathogenesis of this par-
asite is necessary. This case indicates that babesiosis 
cannot be ignored in severe intravascular hemolysis. 
For patients who have intermittent fever and intra-
vascular hemolysis but negative results for antiglobu-
lin tests, babesiosis should be considered in the dif-
ferential diagnosis, especially in areas where the tick 
vector is present. A timely and appropriate treatment 
for patients who have severe disease that is recog-
nized early is needed.

 
Table. Laboratory test results for Babesia microti causing intravascular hemolysis in immunocompetent child, China* 
Variable Age-adjusted reference value or range Value 
Epstein-Barr virus Negative Negative 
Mycoplasma pneumoniae Negative Positive 
 IgM titer <1:80 1:80 
 Drug-resistance gene Negative Negative 
Leukocyte count,  109 cells/L 4.9–12.7 4.36 
Erythrocyte count,  1012 cells/L 4.1–5.5 2 
Hemoglobin, g/L 115–150 57 
Mean corpuscular volume, m3 76–88 83 
Mean corpuscular hemoglobin concentration, g/L 309–359 343 
Platelet count,  109/L 187–475 100 
% Reticulocytes 0.5%–2.5% 2.07% 
Clotting function NA Normal 
Bilirubin, mol/L   
 Total 3.42–20.5 55.98 
 Direct  0–3.42 13.76 
 Indirect  0–17.1 42.22 
Aspartate aminotransferase, U/L 14–44 196.2 
Alanine aminotransferase, U/L 7–30 187.6 
Lactate dehydrogenase, U/L 110–295 2,899 
Antiglobulin tests   
 IgG Negative Negative 
 C3d Negative Negative 
 DAT Negative Negative 
 Control Negative negative 
Spot urine sample   
 Urine color Light yellow Brown 
 Ketone body Negative 1+ 
 Protein Negative 2+ 
 Urinary bilirubin Negative 1+ 
Occult blood Negative 3+ 
 Centrifugal microscopy for erythrocytes, HPF 0–3 0 
 Centrifugal microscopy for leukocytes, HPF 0–3 0 
Chest computed tomography NA Few shadows in lower lobe of right 

lung, no exudative lesion 
Abdominal ultrasound NA Splenomegaly 
*DAT, direct antiglobulin test; HPF, high-power field; NA, not applicable. 
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Tick-borne encephalitis (TBE), an emerging infec-
tious disease, has shown a deeply evolving epide-

miology during the past decade, especially in Europe 
(1). TBE virus (TBEV) is transmitted mainly to humans 
by tick bites and occasionally by consumption of con-
taminated dairy products (1). Although most infec-
tions caused by the TBEV European subtype are as-
ymptomatic, some patients’ conditions could worsen 
to show severe encephalitis, associated with long-term 
sequelae (1). Data dealing with TBEV infection during 
pregnancy are scarce. We report a case of severe TBE 
and long-term sequelae in a pregnant woman.

In July 2020, a 34-year-old woman at 20 weeks 
of gestation was admitted to an emergency depart-
ment in Strasbourg, France, because of meningismus 
associated with nystagmus. The patient lived in Ber-
lin, Germany, traveled to the Black Forest (Germany), 
and visited Provence (southeastern France) and Al-
sace (northeastern France) on the way home before 
symptom onset.

On day 3, TBEV serologic results were positive 
for IgM and negative for IgG (Figure). The patient 
progressed to severe hyperactive delirium, requiring 
sedation and intubation. After a second lumbar punc-
ture, results of reverse transcription PCR testing of ce-
rebrospinal fluid (CSF) was positive for TBEV (Figure). 
A second MRI showed signs of diffuse leptomeningitis 

We report a case of severe tick-borne encephalitis in a 
pregnant woman, leading to a prolonged stay in the inten-
sive care unit. She showed minor clinical improvement 
>6 months after her presumed infection. The patient was 
not vaccinated, although an effective vaccine is available 
and not contraindicated during pregnancy.
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with deep cerebral nuclei involvement (Appendix Fig-
ure, https://wwwnc.cdc.gov/EID/article/29/3/22-
1328-App1.pdf). At cessation of sedation (day 7), the 
patient remained in a coma. Iterative TBEV serologic 
results showed appearance of specific IgG (Figure).

At admission (day 0), lumbar puncture showed 
pleocytosis (70 cells/mm3) and 55 mg/dL of protein, 
and all virologic molecular tests results and bacterial 
culture results were negative. Lyme borreliosis sero-
logic test results were negative. Results of magnetic 
resonance imaging (MRI) of the brain were unre-
markable. Faced with a worsening of her condition, 
she was transferred to the intensive care unit 2 days 
later and showed aseptic meningoencephalitis. Given 
her recent history of travel, we tested for West Nile 
virus, dengue virus, Zika virus, Toscana virus, and 
chikungunya virus; all results were negative. An au-
toimmune etiology was ruled out by biologic testing.

At the beginning of August 2020, the patient was 
transferred to Charité Universitätsmedizin in Berlin, 
Germany. The next 2 MRIs, performed in September 
and November 2020, showed progression to deep 
cerebral nuclei and thalamic hemorrhagic transfor-
mation and cerebral atrophy (Appendix Figure). She 
was discharged to a neurologic rehabilitation center 
after 85 days of hospitalization and had tetraparesis 
and polyradiculitis. A tracheostomy and a gastros-

tomy were performed. After intensive rehabilitation, 
the patient showed slow and minor clinical improve-
ment. She was not vaccinated against TBE and did not 
recall either a tick bite or consumption of raw milk 
products. All uterine ultrasounds performed during 
her hospitalization showed development of the fetus 
on schedule. The patient gave birth to a healthy boy 
by cesarean delivery at term.

Six previous cases of TBEV infection occurring 
during pregnancy have been published (2,3). For this 
case, as well as for 2 previously reported cases, preg-
nancy proceeded normally despite severe maternal 
infection (4). However, for 2 cases reported in 1966 
(3), premature birth and fetal or neonatal intracranial 
hemorrhage occurred after the mother was infected. 
Although vertical transmission is known to occur 
with other arboviruses, such as Zika virus, to date, it 
has not been demonstrated for TBEV in humans (4) 
and has only been described in some animal models 
(5,6). Transplacental transmission seems unlikely be-
cause of the barrier function of the placenta and the 
short time of TBEV viremia in natural infection (1).

Pregnancy-associated changes in the immune sys-
tem probably influenced the critical state of the patient. 
Usually, during the phase involving central nervous 
system symptoms, specific TBEV antibodies appear in 
blood or CSF samples, but viral RNA cannot be detected 

Figure. Tick-borne encephalitis in 
pregnant woman and long-term 
sequelae showing relevant clinical 
and laboratory findings, including 
TBEV antibody kinetics in serum 
samples. TBEV IgM (blue curve) 
and IgG (red curve) were detected 
in serum samples by using the 
Serion ELISA Classic TBE Virus 
IgG/IgM Kit (https://www.serion-
immunologics.com) according to 
the manufacturer’s instructions. 
Results are expressed in arbitrary 
units (AU) per milliliter, with a 
positive threshold of 15 AU/mL for 
IgM (blue dot-dash line) and 150 
AU/mL for IgG (red dot-dash line). 
Green arrows indicate clinical 
findings; black circles indicate 
timing of MRIs; purple arrows 
indicate TBE real-time RT-PCR 
performed for CSF, with the Ct 
value for a positive result. An in-
house RT-PCR for TBEV nucleic 
acid was performed on CSF 
samples. Primer and probe sequences targeted the 3′-untranslated region of the viral genome as described by Cassinoti and Swchaiger 
(2). A positive control, a negative control, and an internal control were included to monitor overall efficiency of the RT-PCR. CSF, 
cerebrospinal fluid; Ct, cycle threshold; D, day after admission; M, month after admission; MRI, magnetic resonance imaging; RT-PCR, 
reverse transcription-PCR; TBEV, tick-borne encephalitis virus.
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in those biologic fluids. TBEV RNA is rarely detected 
in CSF samples, as for our patient, corresponding to 
severe or fatal cases occurring in immunosuppressed 
patients (7,8). Relative to pregnancy-related immuno-
tolerance, this patient also showed development of a 
delayed humoral immune response to TBEV because 
the first serologic results were negative at the onset of 
clinical central nervous system disease (1,7).

Cellular immune response is also required for the 
clearance of TBEV infection (1,6,9,10). We did not ex-
plore the cell-mediated response of our patient, but 
it was potentially also weakened by her pregnancy 
condition, which could explain the prolonged viral 
replication in CSF.

Concordant with the severe disease progression 
of this patient, iterative MRI showed cerebral me-
ningo-radiculoencephalitis evolving to deep cerebral 
nuclei and thalamic hemorrhagic transformation and 
cerebral atrophy. Abnormalities on brain MRI are re-
ported in only 20% of TBE patients (7).

As for all previously reported cases, this patient 
was not vaccinated against TBE. However, an effec-
tive vaccine is available and not contraindicated dur-
ing pregnancy.

Further research is warranted to assess the course 
of TBEV infection during pregnancy. In this context, 
our case study offers relevant information and high-
lights the need for vaccination against TBE in disease-
endemic areas.
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Although the subtitle 
of Phantom Plague by 

Vidya Krishnan is How Tu-
berculosis Shaped History, 
the book is actually about 
how history shaped tuber-
culosis (TB) and how TB 
transmission and disease 
has surged and persisted 
because of conditions such 
as poverty, crowding, a 
lack of political commit-
ment, and poor public poli-
cies. As noted in the book, “poverty is the disease, 
TB the symptom.” The author focuses largely on the 
TB epidemic in India, especially in Mumbai, India, 
and provides heartbreaking narratives of several 
persons with TB, including Shreya Tripathi, who 
had drug-resistant TB and whose life inspired the 
book. The book is an indictment of the healthcare 
system in India, care provided to patients with TB 
(often by private providers) in India and elsewhere, 
and TB control and prevention program bureaucra-
cy, notably India’s current government efforts and 
a somewhat farcical declaration that TB would be 
ended in India by 2025. 

The book also singles out “the rise of the Hin-
du supremacist movement [in India which] has 
brought with it a tsunami of misinformation and 
science denialism”; misinformation and science 
denialism have been similarly unleashed in the 
United States during the COVID-19 pandemic. The 
author highlights many challenges ahead that limit 
achieving the World Health Organization (WHO) 
End TB strategy without substantial additional in-
vestments and development of new tools to combat 
TB (the WHO End TB strategy targets a 90% reduc-
tion in TB cases and 95% reduction in TB-related 
deaths by 2035). The book is titled Phantom Plague 
because >30% of global TB cases are never detected, 
highlighting the urgent need for simple, effective 
point-of-care TB testing. TB case detection has only 
worsened during the COVID-19 pandemic, as out-
lined in the recent WHO Global Tuberculosis Re-
port 2022 (1). 

The book follows several tangential threads to 
provide some historical perspective on pandemics. 
The author, a writer and journalist based in Goa, 
India, uses those analogies to make her case for the 
problems and challenges in diagnosing and treat-
ing patients, especially those with drug-resistant 
TB. She takes the reader on journeys to discover 
how TB was viewed in the late 19th century in 
America and how historical figures, such as Sem-
melweis, Pasteur, and Koch, dealt with other chal-
lenges and epidemics (and how Koch dealt with TB 
specifically). Despite being an enjoyable read and 
journey, several small errors exist that someone 
with a science or medical background, especially 
in TB, might find pestiferous and could have been 
corrected by further editorial review. For example, 
dexamethasone (a steroid drug) is listed as an anti-
biotic, efficacies of bedaquiline and delamanid are 
likely not equivalent as claimed, and patients with 
drug-resistant TB are not treated with 10–15 drugs/
day, although a substantial number of pills might 
be required.

The author also tackles racism issues suggested 
by the lack of an adequate global response to TB. She 
indicates that her book “is an attempt to show how 
often social misery inflicted on black and brown na-
tions is quantified into ‘targets’” that never reflect 
the pain and suffering experienced by Shreya and 
others with drug-resistant TB. In addition to India’s 
government, the book is critical of a whole host of 
entities that include the “West [that] is simply un-
able to reimagine global health without a role for 
itself as the savior,” other governments, WHO’s 
stewardship of TB, and “Big Pharma, Big Tech, and 
Big Philanthropy.” The author criticizes the Gates 
Foundation, in part because of Bill Gates’ strong 
support for intellectual property laws. A consider-
able portion of the book is spent criticizing patent 
laws, which the author asserts are responsible for 
restricting availability of newer drugs in low- and 
middle-income countries where TB is most preva-
lent. What is not discussed or emphasized in the 
book is the lack of new drug development for TB 
treatment. In the past 35 years, 58 new drugs or 
drug combination have been approved by the US 
Food and Drug Administration for HIV treatment, 
yet only 2 new TB drugs have received approval 
(bedaquiline and pretomanid; pretomanid in con-
junction with bedaquiline and linezolid as part of 
the BPaL regimen). The market forces that support 
drug development have not been conducive for TB 
because 99.9% of TB cases occur outside the United 
States (mainly in low- and middle-income coun-
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tries with high TB prevalence), resulting in sparse 
interest by the pharmaceutical industry in devel-
oping new TB drugs. New models to support drug 
development for TB are urgently needed, but this 
issue is not discussed in the book. Finally, perhaps 
the book ends prematurely, because after it was 
written, new treatments were developed for highly 
drug-resistant TB that shifted to all oral regimens 
(WHO recommendation); a ≈90% favorable out-
come was recently reported for the BPaL regimen 
used to treat highly drug-resistant TB (2). 

In summary, despite some flaws, this book is 
an interesting, easy read about some of the many 
challenges on the long road ahead toward the ulti-
mate goal of TB elimination. The book also reminds 
us of the importance of community engagement:  
“listening to the voices of the affected commu-
nity in the development and implementation of 
treatment options for drug-resistant tuberculosis  
is paramount” (3).
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lion people each year, mostly in developing countries. It commemo-
rates the day in 1882 when Dr Robert Koch astounded the scientific 
community by announcing that he had discovered the cause of tu-
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the way towards diagnosing and curing TB.
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“Life is short, art is long, opportunity is ephemeral...”
—Hippocrates, Aphorisms

Frédéric François Chopin (born Fryderyk Franciszek 
Chopin; 1810–1849) was a prolific Poland-born 

composer and pianist of outstanding technical abil-
ity and talent. Although his public career was limited 
to 30 performances, his contribution as a composer of 
significant works for piano is unparalleled in its vast ar-
ray of genres, including ballades, études, impromptus, 
mazurkas, nocturnes, polonaises, préludes, scherzi, so-
natas, and waltzes. All his works included piano and, 
although he wrote 2 piano concertos and some chamber 
music, most of his works were written for solo piano. 

Chopin was said to have been a sickly child; his 
younger sister Emilia died at the age of 14 from a 
rapidly progressive respiratory disease. Drawn by its 
identity as a center for the arts, he moved to Paris at 
age 21 and thrived as a master pianist and composer. 
Chopin continued in ill health throughout adulthood, 
suffering from shortness of breath, cervical lymphad-
enitis, night sweats, a persistent cough with copious 
sputum, and later hemoptysis. His physicians were 
reluctant to give a diagnosis of tuberculosis, a stigma-
laden but probable diagnosis in the 19th century.

Without bacteriology or radiography, a definitive 
diagnosis of tuberculosis would not have been pos-
sible. It was not until March 1882 that Robert Koch 
announced his discovery of the causative organism 
of tuberculosis, Mycobacterium tuberculosis, and not 
until late 1895 that Wilhelm Roentgen developed the 

first radiograph. Thus, the definitive cause of Cho-
pin’s death has remained speculative. Given that the 
composer’s sister had died with a similar respiratory 
affliction, a genetic condition has been proposed as 
an alternative, the most popular being cystic fibro-
sis, with its autosomal recessive inheritance pattern. 
Numerous other diagnoses considered have included 
aspergillosis, alpha-1 antitrypsin deficiency, granulo-
matosis with polyangiitis, hypogammaglobulinemia, 
idiopathic bronchiectasis, mitral stenosis, primary 
ciliary dyskinesia, tricuspid valve incompetence, 
pulmonary arteriovenous malformation, pulmonary 
hemosiderosis, and sarcoidosis, all of which may re-
sult in general weakness and nonspecific respiratory 
symptoms, such as dyspnea and chronic cough. 

In 1885, Félix-Joseph Barrias (1822–1907) painted 
Death of Chopin, featured on this month’s cover. Bar-
rias was a Paris native whose father was a successful 
painter on porcelain. Barrias learned the trade and its 
skills from his father but then became an illustrator 
and instructor in his own art school. Edgar Degas, a 
founder of Impressionism, was among Barrias’ many 
distinguished students. Like the works of his younger 
brother, Louis-Ernest Barrias, a well-renowned sculp-
tor, most of Félix-Joseph Barrias’ known canvases have 
elements of Neoclassicism and Romanticism. Neoclas-
sism is characterized as using the most attractive sty-
listic elements of the arts and culture of Graeco-Roman 
antiquity; Romanticism is characterized by emphasis 
on emotion, individualism, and idealization of heroic 
figures and their surroundings or environment, as in 
this portrayal of the death of the composer. 

When painting Death of Chopin, Barrias may have 
been inspired by a setting shortly before Chopin’s 
death, described vividly by Hungarian composer Franz 
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Liszt, also a close friend of Chopin: “[Countess Potoc-
ka’s] tears were flowing fast when [Chopin] observed 
her standing at the foot of his bed, tall, slight, draped 
in white, resembling the beautiful angels created by the 
imagination of the most devout among the painters… 
He requested her to sing… The piano was rolled from 
his parlor to the door of his chamber, while, with sobs in 
her voice, and tears streaming down her cheeks, his gift-
ed countrywoman sang…. He seemed to suffer less as he 
listened. She sang the famous Canticle to the Virgin [pu-
tatively from Stradella’s oratorio for St. John the Baptist 
(https://youtu.be/qO6i-0AbUGU)]… ‘How beautiful 
it is!’ he exclaimed. ‘My God, how very beautiful! Again 
– again!’... Chopin again feeling worse, everybody was 
seized with fright—by a spontaneous impulse all who 
were present threw themselves upon their knees—no 
one ventured to speak; the sacred silence was only bro-
ken by the voice of the Countess, floating, like a melody 
from heaven, above the sighs and sobs which formed its 
mournful earth accompaniment… A dying light lent its 
shadows to this sad scene. Chopin’s [older] sister [Lud-
wika] prostrated near his bed, wept, and prayed—and 
never quitted his attitude of supplication while the life 
of the brother she so cherished lasted.” Most, if not all, of 
those present would have known that Chopin had dedi-
cated several enlivened, optimistic pieces to the singer 
including Waltz in D-flat major, Op. 64 (Minute Waltz; 
https://www.youtube.com/watch?v=3H0SRv8QNwk) 
and Prelude Op. 28, No 7 (https://www.youtube.com/
watch?v=U6vJmHiHBMo), although the somber pro-
gressions of Prelude Op. 28, No. 4 (https://www.you-
tube.com/watch?v=Hj3daBN5F-o) would have been 
more appropriate to the moment.

Near death, Chopin reportedly asked that his 
heart not be interred with his body but rather en-
tombed in his native Poland. Ludwika commissioned 
an autopsy in which his heart was removed and put 
into a preservative liquid, probably brandy, which 
was often used for tissue preservation. 

Although the rest of Chopin’s remains were in-
terred in Paris, Ludwika took the heart back to Po-
land, where it has remained in the preservative at the 
Church of the Holy Cross (Bazylika Świętego Krzyża) in 
Warsaw, except when briefly removed from the church 
under Nazi rule. In April 2014, a team of clergy, scien-
tists, and 2 physicians—1 from the Polish Academy of 
Sciences’ Institute of Human Genetics and 1 from the 
Institute of Forensic Medicine at Wroclaw Medical Uni-
versity—were allowed to examine the composer’s heart 
visually, without opening its original jar of embalm-
ing liquid. Not surprisingly, their assessment was that 
Chopin had “a serious fibrinoid epicarditis embodied 
by foci of epicardial hyalinization in the left ventricular 

front wall and with dilatation, mainly of the right ven-
tricle and right atrium (cor pulmonale) with pronounced 
features of chronic heart failure, predominantly of the 
right ventricle,” consistent with end-stage constrictive 
pericarditis with fibrosis, and “several glossy, whitish-
pearl nodules, slightly protruding from the surface of 
the myocardium,” consistent with myocardial tubercu-
lomas. Those findings are most probably the result of 
longstanding infection with M. tuberculosis.

Other clues to cause of death were provided by 
sculptor Auguste Clésinger, who shortly after Cho-
pin’s death made both a death mask and several casts 
of his left hand. The bronzes made from the hand 
casts do not show clubbed fingers—thickening of the 
distal phalanges caused by hypoxia, characteristic of 
pulmonary cystic fibrosis. No other physical evidence 
supports or excludes any potential diagnosis for Cho-
pin other than tuberculosis, a disease for which there 
was no effective pharmacologic treatment until 1944, 
when Albert Schatz, Elizabeth Bugie, and Selman 
Waksman identified streptomycin with bactericidal 
activity against mycobacteria.
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Article Title
Bartonella spp. Infections Identified by Molecular Methods, United States

CME Questions
1. Your patient is a 35-year-old man with suspected 
bartonellosis. On the basis of the series of broad-
range and organism-specific molecular assays at a 
large clinical reference laboratory by McCormick and 
colleagues, which one of the following statements 
about microbiologic characteristics of identified 
bartonellosis cases is correct? 
A. Bartonella quintana was the most commonly detected 

Bartonella spp.
B.  No novel Bartonella species were detected
C.  Bartonella spp. were identified from a higher 

proportion of specimens submitted as formalin-fixed 
paraffin embedded (FFPE) than as unfixed tissue 

D.  The total median number of annual specimens 
submitted for B. quintana–specific (bispecies-specific) 
polymerase chain reaction testing increased over 
time, going from 18 during 2003–12 to 225  
during 2013–21

2. According to the series of broad-range and 
organism-specific molecular assays at a large clinical 
reference laboratory by McCormick and colleagues, 
which one of the following statements about 
demographic and clinical characteristics of patients 
with bartonellosis is correct?
A.  Most patients were elderly women
B.  B. quintana was most often identified in lymph node 

and B. henselae in cardiac specimens 

C.  B. henselae was detected in various clinical 
specimens, including cardiac, hepatic, and bone 
specimens

D.  Of all US states from which specimens were sent, 
New York and Massachusetts reported the highest 
number of cases

3. On the basis of the series of broad-range and 
organism-specific molecular assays at a large clinical 
reference laboratory by McCormick and colleagues, 
which one of the following statements about 
clinical implications of the demographic, clinical, 
and microbiologic characteristics of patients with 
bartonellosis is correct? 
A.  Molecular methods may rapidly identify Bartonella 

spp. infections, which are difficult to diagnose with 
culture or serology

B.  Serology is still preferred for diagnosis of Bartonella 
endocarditis

C.  There may be cross-reactivity of antibodies among 
Bartonella spp., but not among non-Bartonella 
pathogens

D.  Preanalytical factors such as formalin fixation are  
the only factors known to limit the sensitivity of 
molecular methods
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Article Title
Clonal Expansion of Multidrug-Resistant Streptococcus dysgalactiae 

Subspecies equisimilis Causing Bacteremia, Japan, 2005–2021

CME Questions
1. Your patient is a 83-year-old man with lung cancer 
and invasive Streptococcus dysgalactiae subspecies 
equisimilis (SDSE) infection. According to the 
retrospective analysis of 146 bacteremia episodes 
in 133 patients from 2005 to 2021 by Shinohara and 
colleagues, which of the following statements about 
clinical features of SDSE bacteremia and temporal 
trends in incidence in hospitals in Kyoto-Shiga 
Region, Japan, is correct? 
A.  In-hospital mortality was 3.3%
B.  Prevalence of multidrug-resistant (MDR) isolates to 

erythromycin, minocycline, and clindamycin remained 
stable from 2005–2017 to 2018–2021

C.  Most patients were elderly (aged 80–89 years) with 
underlying diseases and presented with skin and soft-
tissue infections or primary bacteremia

D.  Overall incidence of group C and group G streptococci 
(GCGS) and SDSE bacteremia increased by 50% 
from 2011 to 2020

2. According to the retrospective analysis of 146 
bacteremia episodes in 133 patients from 2005 to 2021 
by Shinohara and colleagues, which of the following 
statements about comparative genomic analyses for 
phylogenetic relationships and recent antimicrobial 
resistance (AMR) emergence is correct?

A.  The most prevalent clonal complex (CC) was CC29, 
with prevalence increasing over the study period

B.  Prevalence of sequence type (ST) ST525 decreased 
from 2005–2017 to 2018–2020 

C.  Antibiotic nonsusceptibility rates were much lower for 
CC25 than for CC17 and CC29

D.  In 2018-2021, SDSE isolates acquired 2 AMR 
genes, ermB and tetM, via Tn916-like integrative and 
conjugative elements (ICEs)

3. According to the retrospective analysis of 146 
bacteremia episodes in 133 patients from 2005 to 
2021 by Shinohara and colleagues, which of the 
following statements about clinical implications of 
clinical features of SDSE bacteremia and comparative 
genomic analyses for phylogenetic relationships and 
AMR emergence is correct? 
A.  Tn916-like ICEs did not affect emergence and  

recent increase of MDR SDSE isolates in the  
Kyoto-Shiga region

B.  Ongoing surveillance with whole-genome sequencing 
is needed to understand and predict trends in MDR 
SDSE strains linked to Tn916-like 368 ICEs

C.  Trends in antimicrobial prescriptions in Japan are likely 
to reduce prevalence of macrolide-resistant SDSE

D.  Demographic trends in Japan and other countries are 
likely to reduce prevalence of macrolide-resistant SDSE
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