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Bartonella quintana is a re-emerging, louseborne 
pathogen that can be insidious because of diverse 

clinical manifestations, laboratory diagnostic chal-
lenges, and disproportionate effects on marginalized 
populations that face substantial barriers to obtain-
ing adequate healthcare. After B. quintana infection 
is diagnosed, treatment can be complex and costly, 
consisting of extended courses of antimicrobial drugs 
and sometimes requiring surgical intervention (e.g., 
cases of infective endocarditis). With increasing avail-
ability of molecular diagnostic tests that can identify 
B. quintana, outbreaks and infections have been de-
tected with increasing frequency (1–7) among persons 
experiencing homelessness (PEH) and, more recently, 
among organ transplant recipients (8).

B. quintana is transmitted by human body lice 
(Figure 1), which can live in the clothing of persons 

who lack regular access to hygiene resources. In the 
United States, B. quintana infection occurs almost ex-
clusively among PEH. Because the number of persons 
experiencing housing instability is increasing (9,10), 
the number of organ donors recently or currently ex-
periencing homelessness at the time of death is also 
likely to rise (11). Housing status is not included in 
donor registries (12); thus, the frequency of home-
lessness among deceased organ donors is unknown. 
However, organ donors are often young persons who 
have experienced sudden and traumatic deaths; and 
because persons with housing instability experience 
disproportionate rates of physical trauma, opioid 
overdose, and early death (13), they may also be more 
likely than members of the general population to be-
come organ donors.

Beeson et al. describe an intensive investigation 
into B. quintana infections resulting from donor organ– 
derived transmission to 2 kidney recipients (14). In 
Canada, 6 confirmed cases of donor organ–derived 
transmission of B. quintana from donors with a his-
tory of experiencing homelessness were also recently 
reported (8). Those cases show that B. quintana trans-
mission via organ donation can cause severe disease, 
probably because of the high level of immunocom-
promise resulting from medications designed to  
prevent organ rejection.

Homelessness and  
Organ Donor–Derived  

Bartonella quintana Infection
Rachel Henderson, Emily Mosites, Jane E. Koehler, Carl Boodman, Grace E. Marx
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Louseborne Bartonella quintana infections in the United 
States occur almost exclusively among persons expe-
riencing homelessness because of inadequate access 
to hygiene resources. Homelessness is increasing, 
and persons experiencing homelessness can be organ 
donors, despite barriers to receiving donated organs 
themselves. Recent reports have documented B. quin-
tana transmission via organs transplanted from donors 
who had recently experienced homelessness. Those 
reports demonstrate the threat of severe bartonellosis 
in immunosuppressed organ transplant recipients after 

donor-derived B. quintana infection. Addressing the root 
causes of B. quintana transmission could improve the 
quality of life for persons experiencing homelessness 
and simultaneously mitigate risk for donor-derived B. 
quintana transmission. Interventions include improved 
access to housing, consistent access to hot water for 
showers and laundry, early treatment of body lice infes-
tation and B. quintana infection, and B. quintana testing 
and prophylactic treatment of recipients of organs from 
donors who have experienced risk factors for B. quin-
tana, including homelessness.

http://www.cdc.gov/eid
https://doi.org/10.3201/eid3012.240389
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Opportunities for prevention and early diag-
nosis can be identified by analysis of homelessness 
epidemiology, body lice ecology, and B. quintana 
transmission dynamics. We closely examined those 
factors to determine specific strategies to reduce 
body louse infestation among PEH; promote early 
recognition, detection, and treatment of B. quintana 
infection among PEH; and mitigate transmission 
risk to organ recipients.

Epidemiology of Homelessness in the  
United States
Since 2016, homelessness has increased in the United 
States, driven in part by increasing housing costs, the 
COVID-19 pandemic, and the opioid epidemic. The 
US Department of Housing and Urban Development 
(HUD) estimates that, on a single night in 2022, ap-
proximately 582,500 persons in the United States were 
experiencing homelessness; 40% of those were experi-
encing unsheltered homelessness in cars, tents, aban-
doned buildings, the street, or in other places not in-
tended for human habitation (10). The HUD estimate 
of homelessness prevalence does not include persons 
with unstable housing who were able to stay with 
friends or relatives, sometimes called doubling up or 
couch-surfing, which has also been on the rise (9).

Homelessness is a nationwide issue; however, 
≈20% of PEH in the United States live in New York, 
New York, or Los Angeles, California (10). The ex-
perience of homelessness differs by geographic area; 
sheltered homelessness is most common in New 
York, and unsheltered homelessness is more common 
in Los Angeles (10).

In the United States, PEH are most often cis-
gender men; rates of homelessness are almost twice 
as high among men than women (9). In 2022, ap-
proximately 1.1% of all PEH reported a gender oth-
er than cisgender (10,15); proportions among youth 
experiencing homelessness were higher (15). Rates 
of homelessness among many minority groups in 
the United States are disproportionate. The highest 
rates of homelessness among persons of any race/
ethnicity are among persons who identify as Na-
tive Hawaiian/Pacific Islander (160/10,000 popu-
lation), American Indian/Alaska Native (67/10,000 
population), or Black/African American (55/10,000 
population); nearly 40% of PEH identify as Black/
African American (9). Hispanic/Latinx persons 
are also disproportionately affected, representing 
nearly one quarter of PEH in 2022, an increase from 
prior years (10). Barriers to adequate housing may 
be further amplified by intersectionality of those 
characteristics (e.g., when an individual’s race/
ethnicity coincides with nonconforming gender or 
sexual orientation).

Homelessness is strongly associated with sub-
stance use (16). In the ongoing opioid epidemic, driv-
en by readily available, highly potent synthetic opi-
oids (e.g., fentanyl), drug overdose has become the 
leading cause of death among PEH (17). In Los An-
geles, drug overdose accounted for 37% of all deaths 
among PEH in 2020 and 2021, outpacing other causes 
(e.g., coronary artery disease) (18).

Homelessness has well-documented adverse 
effects on health (19–21), resulting from structural 
and social barriers to healthcare, nutrition, and safe  

2460 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024

Figure 1. Dimorphous Pediculus humanus humanus (human body louse). A) The female adult (top) is larger than the male adult 
(bottom). B) Eggs, also known as nits, observed behind a coat button. Photographs courtesy of Denise Bonilla and the California 
Department of Public Health.

http://www.cdc.gov/eid
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environments. Barriers are exacerbated by discrimi-
nation and stigma against PEH. Lack of consistent ac-
cess to basic services, resources, and safety can result 
in inconsistent showering and laundering, which cre-
ates a risk for body lice infestation (22,23), which di-
rectly contributes to the greatly disproportionate rate 
of B. quintana infection and disease in PEH.

Body Lice Ecology and Transmission Dynamics
Body lice (Pediculus humanus humanus), unlike the 
more common head lice, are not found directly at-
tached to the human host; instead, body lice live on 
clothing, which provides easy proximity to human 
skin for frequent blood meals. Ideal conditions for 
body lice are 79%–90% humidity and 29°C–32°C 
(84.2°F –89.6°F) temperature, conditions that are 
often found in clothing next to human skin. Body 
lice cannot survive humidity <40% or tempera-
tures >50°C (122°F) (24) and thus are easily killed 
when clothing is laundered in hot water (typically 
60°C [160°F]). Adult body lice (Figure 1, panel A) 
live for weeks to months but can survive for only 2 
days without a blood meal (24). They cement their 
eggs, also known as nits, to clothing fibers or seams 
(Figure 1, panel B), and the eggs hatch after 8–10 
days (24). Body lice spread person to person through 
direct close contact or by shared infested clothing 
or bedding; dense living quarters with infrequent 
showering and clothes laundering present an ideal 
setting for body lice transmission.

Body lice are competent vectors of several bac-
terial pathogens, including B. quintana, Rickettsia 
prowazekii (the cause of epidemic typhus), and Bor-
relia recurrentis (the cause of louseborne relapsing 
fever). Humans are the primary reservoirs of B. 
quintana; a body louse becomes infected after tak-
ing a blood meal from a bacteremic human host. 
After infection, exponential replication occurs in the 
louse gut; up to 107 B. quintana bacteria have been 
shown to be excreted in the feces of 1 louse in 1 day 
(25). An infected body louse remains infectious for 
its lifespan; louse feces can remain infectious for up 
to 1 year (26). When the infected body louse takes 
blood meals, which they do 1–5 times each day, 
they defecate and leave feces with high quantities 
of viable B. quintana near the bite site (25). A per-
son becomes infected from inoculation of infectious 
louse feces through skin lesions or mucosal surfaces 
(24,27). The bite of a human body louse causes an 
intensely pruritic rash; scratching increases inocula-
tion risk via the introduction of infected feces into 
abraded skin. B. quintana bacteremia in humans is 
often asymptomatic and chronic; durations of up to 

8 years have been documented (26). Asymptomatic  
B. quintana bacteremia can result in further transmis-
sion to biting body lice and subsequent transmission 
to other persons, as well as increased risk of develop-
ing end-organ damage, including endocarditis (28).

Asking patients about itchy skin and bug bites 
can be helpful questions when screening for body 
lice infestation. Careful inspection of clothing may 
reveal visible body lice, nymphs, nits, or feces in the 
interior seams of clothing. A thorough dermatologic 
examination often reveals erythematous papules 
and papular urticaria, typically concentrated on the 
trunk where lice-infested clothing is in direct con-
tact with the skin. Because of the severe pruritis, 
extensive excoriations are common and severe, and 
chronic infestation can lead to postinflammatory in-
creased pigmentation and skin thickening (24). In 
addition to bacterial infections transmitted by body 
lice, severe infestation can also result in iron defi-
ciency anemia and eosinophilia (24,29).

Body lice infestations occur among persons in 
crowded living situations who lack access to hygiene 
resources. PEH often lack consistent access to hot wa-
ter for bathing and laundry, which are the primary 
tools for preventing and treating body lice infesta-
tion (30–32). Homeless shelters are often crowded, 
increasing risk for close person-to-person contact, 
which promotes body lice transmission. Some PEH 
may receive donated clothing and bedding, which 
are not always washed with hot water before distri-
bution (31). Sharing of resources such as clothing and 
bedding by PEH further increases risk for spread of 
body lice. Mental health and substance use conditions 
may also be barriers to accessing laundry and bath-
ing facilities, even when they are available (33). Ad-
ditional barriers may be other social factors (e.g., risk 
for personal violence or theft of possessions while 
accessing bathing or laundry facilities). Combined, 
those factors result in inadequate personal hygiene 
practices among PEH, perpetuating disproportionate 
lice infestation and louseborne disease. One study in 
San Francisco, California, reported finding body lice 
infestations in nearly 30% of PEH (30). Another study 
in Marseille, France, found that body lice infestation 
was associated with 2.75 (95% CI 1.14–6.65) increased 
odds for B. quintana bacteremia (34).

B. quintana Epidemiology and Clinical Overview
Molecular evidence indicates that B. quintana has 
infected humans for >4,000 years (35). First recog-
nized around 1914 during World War I, B. quintana 
infection was primarily known as trench fever or 
quintan (5-day) fever, an acute syndrome of fever 
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lasting 1–5 days and recurring at 5-day intervals, 
accompanied by shin pain, fatigue, headache, and 
splenomegaly. During World War I, trench fever 
was estimated to have affected more than 1 million 
troops (36). For most of the 20th century, trench fe-
ver was considered a disease of wartime or human-
itarian crises, and outbreaks occurred again during 
World War II (22,28). The body louse was identi-
fied as the vector of B. quintana in the mid-1920s 
(22), but it was not until 1961 that the gram-nega-
tive bacterium was successfully isolated in culture 
(22,28). Since its initial recognition, the bacterium 
has been reclassified several times; initially known 
as Rickettsia quintana, its name was later changed to 
Rochalimaea quintana and then, in 1993, to the cur-
rent Bartonella quintana.

Until the 1980s, B. quintana was only known to 
cause trench fever, the acute symptomatic disease 
with a relapsing fever pattern, the likely result of 
an intraerythrocytic phase of infection followed by 
periodic erythrocyte rupture (27,37). In the early 
years of the HIV/AIDS epidemic, however, B. quin-
tana and the closely related species B. henselae were 
identified as the cause of bacillary angiomatosis, 
causing extremely vascular lesions of the skin. In 
addition, B. henselae was identified as the sole spe-
cies causing peliosis hepatis, resulting in highly 
vascular lesions in the liver. Both of those novel 
vascular proliferative lesions occurred among per-
sons living with advanced immunosuppression 
caused by AIDS (38). In the 1990s, a diverse array 
of clinical manifestations from B. quintana infection 
were identified, including subacute endocarditis 
and chronic bacteremia, which disproportionately 
occurred among PEH who did not have known 
HIV infection or other immunodeficiency (39–40). 
The prevalence of asymptomatic bacteremia is un-
known because of limitations of diagnosis and un-
derreporting, but bacteremia durations of months 
to years have been described (26).

Because B. quintana infection is not a nationally 
reportable condition, most of what is known about 
its current epidemiology is based on seroprevalence 
studies. US studies conducted since 1996 have re-
ported B. quintana seropositivity rates among PEH 
of 5%–15% (1,2,41). In recent years, outbreaks and 
B. quintana seropositivity have been documented 
among PEH in geographically diverse urban areas of 
the United States, including Denver, Colorado (1,3); 
Anchorage, Alaska (4); Seattle, Washington (2); San 
Francisco, California (6); Baltimore, Maryland (7); 
New York, New York (42); and Washington, DC 
(5). Cases have also been reported in Canada (43). 

Independent risk factors for B. quintana seropositiv-
ity identified among PEH include duration of home-
lessness >1 year, age >40 years, and alcohol use dis-
order (44). Intravenous drug use has been identified 
as another potential risk factor; B. quintana seroposi-
tivity among persons who use intravenous drugs, 
irrespective of homelessness, has been reported as 
2%–10% in the United States (7,45). However, a no-
table limitation of those serologic studies is the po-
tential for cross-reactivity with antibodies to other 
bacteria, including other Bartonella spp., Chlamydia 
spp., and Coxiella burnetii (46).

B. quintana is challenging to grow in bacterial 
culture because it is slow growing (doubling time is 
≈21 hours) (25) and requires special conditions. When 
B. quintana is suspected, cultures should be held for 
a minimum of 14 days, much longer than the typi-
cal 5-day incubation period for bacterial cultures (3). 
Until recently, serologic assays provided the primary 
diagnostic approach for detection of B. quintana in-
fection, despite challenges with specificity. The most 
common serologic assay, an indirect immunofluores-
cent antibody assay, is also limited by low through-
put. Although PCR diagnosis was described as early 
as 1994, molecular diagnosis for detection of B. quin-
tana has only recently become more widely available 
for clinical diagnosis (39,47). In a 2023 study describ-
ing 430 cases of Bartonella spp. infection diagnosed by 
molecular methods, 15% were positive for B. quintana; 
of those, 82% were in male patients (compared with 
18% in female patients), and 83% were in persons 18–
65 years of age (39). Cell-free DNA testing has also 
recently emerged as a promising diagnostic tool for 
detecting B. quintana (48).

After B. quintana infection is known or suspected, 
treatment typically consists of doxycycline or mac-
rolide antimicrobial therapy for 4–6 weeks, although 
high-quality evidence for the optimal antimicrobial 
regimen and duration is still needed. Effective treat-
ment of endocarditis and bacteremia may require 
months of multiple antimicrobial drugs and should 
include doxycycline or a macrolide (both bacterio-
static) with the addition of a bactericidal drug such as 
rifampin (49,50). Surgical cardiac valve replacement 
is often necessary for cases of endocarditis (51), which 
often affects normal valves. Definitive treatment also 
requires controlling any ongoing body lice infestation 
to prevent reinfection and further transmission.

B. quintana Prevention, Screening,  
and Early Treatment
Body lice infestation and B. quintana infection and 
disease can be prevented by promoting universal 
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housing, increasing access to showers and laun-
dry with hot water, and identifying patients at risk 
for infection so they can receive early diagnosis 
and treatment (Figure 2). Public health and clinical  
professionals have an opportunity to implement 
those interventions for PEH, the group at highest risk 
for disease and often from marginalized and minor-
ity groups, as well as for organ transplant recipients, 
who are often uniquely vulnerable to severe disease 
because of immunosuppressive treatment.

An ethical discussion of whether PEH should  
be organ donors is ongoing; by current transplant 
protocols, PEH are usually not considered for receipt 
of transplanted organs (11). Although the proportion 
of organ donors with a history of homelessness is un-
known, PEH currently donate organs for transplan-
tation in the United States; thus, risk for B. quintana 
transmission through organ transplantation should 
be recognized and mitigated.

With the guiding principles of primary preven-
tion, health equity, and risk mitigation, we make the 
following calls to action (Figure 3):

Homeless service systems
•  Ensure that PEH have consistent, low-barrier 

access to basic hygiene services, including 
laundry and showers with hot water. Hygiene 
services should be offered with dignity and re-
spect while addressing potential challenges of 
mental health conditions, substance use, risk 
for sexual violence, and the risk of losing one’s 
belongings or shelter.

•  Launder donated clothing and bedding with 
hot water before distribution to PEH.

•  For PEH with body lice infestation, offer a hot 
shower and a clean change of clothing and bed-
ding. Exercise contact precautions when han-
dling used clothing or bedding to limit infection 
transmission risk. In general, shelter, resources, 
and services should not be withheld because of 
body lice infestation, which is both preventable 
and treatable.

•  Consider referring clients with body louse infes-
tation to health services for B. quintana screening 
and facilitate access to treatment, if possible.

Clinicians
•  Ask all patients about current and previous 

housing status. Housing status should be sys-
tematically entered into medical records.

•  Evaluate PEH for body lice infestation in a re-
spectful way by asking a screening question 
about itchy skin and performing a physical  
examination. If itching is reported or if  

excoriations are observed, obtain consent to 
examine clothing for evidence of body lice. 
Exercise contact precautions when examining 
patients with lice infestation to limit infection 
transmission risk. Treat body lice infestations 
promptly by coordinating access to a hot show-
er and a clean change of clothing/bedding.

•  Consider testing for B. quintana in patients 
who have evidence of body lice infestation 
or a history of homelessness and symptoms 
compatible with B. quintana infection. Note:  
Diagnostic testing for B. quintana includes bac-
terial culture with prolonged incubation time 
(minimum 14 days), serology, and molecular di-
agnostic methods (e.g., PCR or microbial cell-free  
DNA testing).

•  Consider empiric treatment or prophylaxis for 
B. quintana for recipients of organs donated by 
persons with untreated B. quintana infection or 
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Figure 2. Life cycle of the human body louse (Pediculus humanus 
humanus).
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by persons with a history of homelessness and 
unknown B. quintana infection status.

•  Treat all patients with B. quintana infection, 
even if asymptomatic, in consultation with an 
infectious disease physician.

Organ donor organizations
•  Ask all potential organ donors and donor next 

of kin (for deceased donors) about current and 
previous housing status in a respectful and dig-
nified way. Housing status should be systemati-
cally entered into medical records and reported 
by regional transplantation organizations.

•  Consider screening all organ donors with a 
known history of homelessness for B. quintana 
and report test result to appropriate public 
health and medical organizations. Note: Diag-
nostic testing for B. quintana includes bacterial 
culture with prolonged incubation time (mini-
mum 14 days), serology, and molecular diag-
nostic methods (e.g., PCR or microbial cell-free 
DNA testing).

With implementation of the strategies outlined, 
rates of body lice infestation and bartonellosis from 
B. quintana infection would decrease among PEH and 
among organ transplant recipients. A future without 
B. quintana infection is achievable if a cohesive, com-
prehensive approach is adopted that prioritizes uni-
versal access to basic hygiene resources.
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Bartonella quintana is a small, facultatively intra-
cellular, gram-negative bacillus that is trans-

mitted to humans through the feces of an infected 
human body louse (Pediculus humanus corporis) (1). 
B. quintana infection was first described among 
soldiers living in poor hygienic conditions during 
World War I and became known as trench fever 
(2). In the United States and Europe, B. quintana 
infection has become increasingly linked to urban 
homelessness, a consequence of crowded living 

conditions and inconsistent access to clean clothes, 
showers, and laundry facilities (3,4).

The clinical manifestations of B. quintana infec-
tion range from asymptomatic to life-threatening. 
The most frequently described manifestations are en-
docarditis, bacteremia, and bacillary angiomatosis, a 
vasoproliferative disorder that primarily affects the 
skin but can also affect bones, liver, and spleen (5,6). 
Prolonged B. quintana bacteremia may be asymp-
tomatic or pauci-symptomatic over several years (7).  
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Bartonella quintana infection can cause severe disease 
that includes clinical manifestations such as endocarditis, 
chronic bacteremia, and vasoproliferative lesions of the 
skin and viscera. B. quintana bacteria is transmitted by the 
human body louse (Pediculus humanus corporis) and is as-
sociated with homelessness and limited access to hygienic 
services. We report B. quintana infection in 2 kidney trans-
plant recipients in the United States from an organ donor 
who was experiencing homelessness. One infection mani-

fested atypically, and the other was minimally symptomatic; 
with rapid detection, both recipients received timely treat-
ment and recovered. B. quintana was identified retrospec-
tively in an archived donor hematoma specimen, confirming 
the transmission link. Information about the organ donor’s 
housing status was critical to this investigation. Evaluation 
for B. quintana infection should be considered for solid or-
gan transplant recipients who receive organs from donors 
with a history of homelessness or of body lice infestation.
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B. quintana manifestations vary by immune status; 
bacillary angiomatosis occurs mostly in severely im-
munocompromised patients (8).

B. quintana infection can be identified by serologic 
testing, culture, or molecular methods (9). Current se-
rologic tests do not reliably differentiate B. quintana 
from other Bartonella species, including the more 
common B. henselae, which causes cat-scratch fever. B. 
quintana is slow-growing, and culture is aided by pro-
longed incubation and specialized techniques (10–
12). Molecular diagnostic tests for Bartonella are more 
sensitive than culture but are currently only available 
from a few commercial laboratories and vary in their 
ability to distinguish between Bartonella species (13).

Bartonella infection has previously been found 
in solid organ transplant recipients (14,15). In most 
of those cases, B. henselae was the suspected or con-
firmed causative pathogen, and it was presumed 
the recipient acquired the infection after exposure to 
household or feral cats (14,15). Very rarely, donor-
derived Bartonella infection has been documented: 
a B. henselae infection (16), a renal transplant recipi-
ent in the Czech Republic with B. quintana infection 
(17), a suspected cluster of Bartonella infections in 3 
recipients (heart, liver, and kidney) from a donor in 
the United States (18), and a recent cluster among 6 
recipients from unhoused seropositive donors in Al-
berta, Canada (19).

In December 2022, a Bartonella infection was diag-
nosed in a kidney transplant recipient in the United 
States with no identifiable risk factors, spurring a 
complex investigation to determine the species and 
source of infection. Molecular testing eventually con-
firmed B. quintana in the recipient. Active screening 
identified B. quintana bacteremia in a second kidney 
transplant recipient from the same organ donor, and 
B. quintana was detected in an archived, formalin-
fixed paraffin-embedded (FFPE) hematoma specimen 
from the organ donor. We describe the B. quintana 
infections in this organ donor who was experiencing 
homelessness and the 2 kidney recipients and discuss 
the diagnostic and treatment considerations among 
transplant recipients and public health implications. 

Methods

Ethics Considerations
This investigation was conducted as part of the Cen-
ters for Disease Control and Prevention (CDC) and 
the New York City (NYC) Department of Health 
and Mental Hygiene routine public health surveil-
lance and disease investigation activities. The CDC  
Human Subjects Review committee reviewed this  

investigation and deemed it to be nonresearch and 
exempted from full review. Recipient A’s guardian 
and recipient B gave informed consent to include a 
summary of their cases in this report.

Case Description for  Recipient A
In late 2022, a 16-year-old male patient who had re-
ceived a kidney transplant 3 months before was hos-
pitalized because of progressive abdominal pain over 
the previous 2 weeks, loose stools, intermittent fevers, 
and 2 days of cough and posttussive emesis. The pa-
tient had chronic kidney disease secondary to atypi-
cal hemolytic uremic syndrome as a child and had 
received his first deceased donor kidney transplant 
>10 years before. After graft failure in 2019 because 
of antibody-mediated rejection, he received a second 
deceased donor transplant in 2022 with antithymo-
cyte globulin induction. At the time of admission, 3 
months after transplant, the patient’s immunosup-
pressive regimen included tacrolimus, mycopheno-
late, and prednisone. Since transplantation, he had 
been receiving prophylactic trimethoprim/sulfa-
methoxazole and valganciclovir.

Recipient A was febrile and tachycardic on ini-
tial examination. We noted right upper quadrant and 
epigastric tenderness and mild abdominal distension; 
no hepatosplenomegaly, lymphadenopathy, or skin 
lesions were observed. Laboratory testing showed 
creatinine mildly elevated from baseline (from 0.8 to 
1.2 mg/dL), low hemoglobin (10.2 g/dL, reference 
range 13.0–16.0 g/dL), neutropenia (absolute neutro-
phil count, 950 cells/µL, reference range 1,540–7040 
cells/µL), lymphopenia (absolute lymphocyte count, 
520 cells/µL, reference range 970–3260 cells/µL), ele-
vated C-reactive protein (5.2 mg/dL, reference range 
0.0–0.9 mg/dL), and unremarkable alanine transami-
nase (19 U/L) and aspartate transaminase (36 U/L) 
values. His abdominal pain progressively worsened. 
Signs of peritonitis developed 4 days after admis-
sion, and we found an intraperitoneal hemorrhage 
that required resection. Magnetic resonance imaging 
revealed multiple T2 hyperintense enhancing lesions 
in his liver, spleen, and every vertebral body (Figure 
1). A ruptured hepatic lesion was believed to be the 
source of the hemorrhage.

We initiated empiric antimicrobial treatment at 
admission with cefepime and vancomycin; the pa-
tient received multiple β-lactam medications during 
the first week. An extensive evaluation for infectious 
etiologies was unremarkable, which included B. hense-
lae serologic testing that was negative at admission. 
Transthoracic echocardiogram revealed no abnormali-
ties. We suspected posttransplant lymphoproliferative 
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disease, but a needle biopsy of recipient A’s liver was 
nondiagnostic. We performed an excisional biopsy of 
1 liver lesion (Figure 2) that showed histopathologic 
findings of a vasoproliferative lesion consistent with 
bacillary angiomatosis, including clusters of bacteria 
seen on Warthin-Starry stain, prompting targeted test-
ing for Bartonella. Results of Bartonella PCR conducted 
by ARUP Laboratories (Salt Lake City, UT, USA) were 
positive 30 days after admission (Table 2), and we 
initiated Bartonella–directed therapy. The laboratory-
developed test used by ARUP Laboratories is a real-
time PCR to detect Bartonella species from the liver 
and blood. The assay uses primers and probes specific 
for the heat shock protein gene of Bartonella species.  
The assay is validated to detect both B. henselae and  
B. quintana with a limit of detection of 643 copies/mL. 
After nucleic acid extraction, specimens were ampli-
fied on the QuantStudio 12k Flex (Thermo Fisher Sci-

entific, https://www.thermofisher.com) instrument 
using the GoTaq Probe qPCR Master Mix (Promega, 
https://www.promega.com) with primers and probes 
manufactured by ELITech (https://www.elitech-
group.com). Specimens were considered positive if 
cycle threshold was <36.

Recipient A did not have any known exposures 
that would confer risk of either B. henselae or B. quintana 
infection, such as contact with felines or persons expe-
riencing homelessness or a history of body lice infes-
tation. We filed a report with the Organ Procurement 
and Transplantation Network for investigation by the 
ad hoc Disease Transmission Advisory Committee. In 
addition, we submitted a FFPE liver tissue specimen 
to CDC for further histopathologic evaluation and 
laboratory testing (Table 2). Histopathologic features 
were compatible with bacillary angiomatosis. Re-
sults of an immunohistochemical assay for B. henselae 

Figure 1. Imaging of a 
kidney transplant recipient 
with a Bartonella quintana 
infection linked to a donor who 
experienced homelessness, 
United States, 2022. A) Multiple 
enhancing T2 hyperintense 
lesions throughout the hepatic 
parenchyma. B) Numerous 
enhancing T2 hyperintense 
lesions affecting cervical, 
thoracic, and lumbar vertebrae.

Figure 2. Liver biopsy of a kidney transplant recipient with a Bartonella quintana infection linked to a donor who experienced 
homelessness, United States, 2022. A) Fibrovascular proliferation accompanied by few inflammatory cells. Magnification ×200. B) 
Myxoid stroma that contains clumps of granular material (arrows). Magnification ×400. C) Warthin-Starry stain highlights clumps of bacilli 
(arrows). Magnification ×400.

http://www.cdc.gov/eid
https://www.thermofisher.com
https://www.promega.com
https://www.elitechgroup.com
https://www.elitechgroup.com


were negative, but results of a conventional Bartonella  
species-specific PCR on DNA extracted from liver tis-
sue were positive, and Sanger sequencing of the PCR 
products identified B. quintana. We conducted a con-
ventional Bartonella species-specific heminested PCR 
targeting the riboflavin synthase-encoding gene on 
DNA extracted from FFPE tissue (20). We confirmed 
positive results by using sequencing.

The patient’s fever and abdominal pain resolved 
within 1 week of starting Bartonella-specific antimi-
crobial drugs. Results of an eye examination includ-
ing slit lamp and dilated funduscopic examination 
were unremarkable. The patient experienced gas-
trointestinal side effects from the first-line treatment 
doxycycline, prompting a switch to azithromycin. He 
then experienced a slight increase in mild preexisting 
tinnitus that did not progress during the remainder 
of treatment. He was treated for a total of 23 weeks. 
Repeat imaging showed nearly complete resolution 
of liver, spleen, and vertebral lesions with no residual 
enhancing lesions. B. henselae serologic testing was re-
peated twice, becoming positive on the third test with 
an IgG titer of 1:512 (Table 1). B. quintana serologic 
testing was not readily available, but the B. henselae 

assay that was used is known to cross-react with B. 
quintana. The patient remained without symptoms 
during an 8-month follow-up.

Investigation
Shortly after recipient A began antimicrobial treat-
ment for a Bartonella infection, CDC learned of the 
case through the Emerging Infections Network (21) 
and initiated a collaborative investigation includ-
ing clinicians and public health authorities in sev-
eral states, the organ procurement organization, and 
laboratory partners. The investigation revealed that 
2 organs (left and right kidneys) had been recovered 
from a common donor and transplanted into 2 organ 
recipients. In addition, bone was recovered from the 
donor for processing as allograft tissue.

CDC contacted the transplant team caring for 
the second kidney recipient (recipient B), and the pa-
tient was promptly evaluated. In addition, CDC and 
the NYC Department of Health and Mental Hygiene 
collaborated to evaluate the possibility of donor-de-
rived Bartonella infection through a review of the do-
nor’s medical record, phone outreach to the donor’s 
listed contacts, and testing of residual specimens.

 
Table 1. Serologic test results from kidney transplant recipients and donor with Bartonella quintana infection, United States, 2022* 

Source 
Posttransplant specimen 

collection, weeks Test performed Result 
Recipient A 14 B. henselae IgG Negative 

B. henselae IgM Negative 
19 B. henselae IgG Negative 

B. henselae IgM Negative 
35 B. henselae IgG 1:512 

B. henselae IgM Negative 
Recipient B 26 B. henselae IgG 1:16,384 

B. henselae IgM Negative 
26 B. quintana IgG 1:2,048 

B. quintana IgM 1:64 
30 B. henselae IgG 1:32,768 

B. henselae IgM Negative 
30 B. quintana IgG 1:4,096 

B. quintana IgM 1:128 
44 B. henselae IgG 1:1,024 

B. henselae IgM Negative 
44 B. quintana IgG 1:512 

B. quintana IgM Negative 
54 B. henselae IgG 1:1,024 

B. henselae IgM Negative 
54 B. quintana IgG 1:256 

B. quintana IgM Negative 
63† B. henselae IgG 1:64 

B. henselae IgM Negative 
63† B. quintana IgG Negative 

B. quintana IgM Negative 
Donor Archived specimen B. henselae IgG 1:256 

B. henselae IgM Negative 
Archived specimen B. quintana IgG Negative 

B quintana IgM Negative 
*All serologic testing was performed at ARUP Laboratories (Salt Lake City, Utah, USA).  
†Recipient B’s 63-week samples were not sent to ARUP Laboratories. 
Reference ranges for B. henselae and B quintana titers: IgG <1:64, negative; 1:64–1:128, equivocal; >1:256, positive; IgM <1:16, negative; >1:16, positive. 
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Case Description for Recipient B
In mid-2022, a 54-year-old male patient underwent a 
third renal transplant for advanced nephropathy sec-
ondary to type 2 diabetes mellitus. Recipient B was 
evaluated 5 months after transplantation in an infec-
tious disease clinic after the transplant team learned 
of the infection in recipient A. Recipient B reported 
feeling well other than bilateral hand and knee ar-
thralgias that had begun shortly after the transplant. 
His immunosuppressive regimen consisted of tacro-
limus, mycophenolate, and prednisone. After the 
transplant, he received posttransplant prophylaxis 
with trimethoprim/sulfamethoxazole for 3 months. 
Recipient B reported 1 pet dog and 3 cats. He reported 
no history of experiencing homelessness, incarcera-
tion, body lice infestation, or contact with persons ex-
periencing homelessness.

Recipient B’s physical examination was unre-
markable and showed no audible cardiac murmur. 
We noted hyperpigmented macules on bilateral 
palms. Laboratory testing showed no acute changes 
in renal or hepatic function tests, blood chemistry, 
complete blood count, or C-reactive protein. Serum 
Bartonella PCR results were positive, and the patient 
was found to have elevated antibody titers (B. hense-
lae IgG 1:16,384; B. henselae IgM <1:16; B. quintana IgG 
1:2,048; B. quintana IgM 1:64). B. henselae and B. quin-
tana IgG were detected at ARUP Laboratories by us-
ing the BIOCHIP Mosaic (EuroImmun, https://www.
euroimmun.com) indirect immunofluorescence anti-
body assay (Table 2). Serum specimens were diluted 
to 1:64 for screening. We serially diluted positive 
specimens to endpoint reactivity to determine a final 
titer. Specimens with titers <1:64 were considered  

negative. Titers of 1:64–1:128 were considered equiv-
ocal and required subsequent convalescent testing for 
confirmation. Titers >1:128 were considered positive. 
We detected B. henselae and B. quintana IgM by using 
indirect immunofluorescence antibody assay (Dia-
Sorin, https://int.diasorin.com). We diluted serum 
specimens to 1:16 and further titrated specimens with 
reactivity at 1:16 to endpoint reactivity. We reported 
titers <1:16 as negative and titers >1:16 as positive. 
Computed tomography scans without contrast of 
the abdomen and pelvis showed an edematous, ill- 
defined transplanted kidney without other acute ab-
normalities. Dilated eye examination did not reveal 
retinal abnormalities. Transthoracic and transesopha-
geal echocardiography showed mild thickening of 
the mitral valve leaflets and moderate thickening of 
aortic valve leaflets, without definite vegetations. The 
aortic valve thickening was more prominent com-
pared with a study completed 2 years prior. Recipient 
B was referred to dermatology for evaluation of pal-
mar lesions, which were not believed to be consistent 
with Janeway lesions.

Although recipient B did not meet the modified 
Duke criteria for definite endocarditis, on the basis of 
the valvular changes, positive Bartonella PCR in blood, 
and potential exposure through transplantation, we 
initiated treatment for possible Bartonella endocar-
ditis with oral doxycycline (100 mg 2×/d) and oral 
azithromycin (500 mg 1×/d initial dose, then 250 mg 
1×/d) (22). Shortly after treatment initiation, the pa-
tient’s joint pain resolved. After 3 weeks, we stopped 
the azithromycin. We added rifampin for 6 weeks, 
during weeks 11–17 of treatment, and then discon-
tinued. Because of the risk for subtherapeutic levels 

 
Table 2. Test results other than serology from kidney transplant recipients and donor with Bartonella quintana infection, United States, 
2022* 

Source 
Time posttransplant 

specimen collection, wk Specimen type 
Test performed (performing 

laboratory) Result 
Recipient A 16 Liver tissue (FFPE) Bartonella spp. PCR (ARUP 

Laboratories) 
Positive 

16 Liver tissue (FFPE) Bartonella spp. PCR (CDC) Positive 
16 Liver tissue (FFPE) Bartonella spp. sequencing (CDC) B. quintana 
16 Liver tissue Fungal, aerobic, and anaerobic 

tissue culture 
No growth 

19 Serum Bartonella spp. PCR (ARUP 
Laboratories) 

Positive 

19 Whole blood Blood culture No growth after 5 d 
Recipient B 26 Whole blood Bartonella spp. PCR (ARUP 

Laboratories) 
Positive 

54 Serum Bartonella spp. PCR (ARUP 
Laboratories) 

Negative 

Donor Prior to transplant Whole blood Blood culture No growth after 5 d 
Archived specimen Serum Bartonella spp. PCR (ARUP 

Laboratories) 
Negative 

Archived specimen Hematoma (FFPE) Bartonella spp. PCR (CDC) Positive 
Archived specimen Hematoma (FFPE) Bartonella spp. sequencing (CDC) B. quintana 

*CDC, Centers for Disease Control and Prevention; FFPE, formalin-fixed paraffin-embedded. 
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of tacrolimus with coadministration of rifampin, we 
tapered and then discontinued the tacrolimus and re-
placed it with belatacept.

Erythrocyte sedimentation rate and C-reactive 
protein were unremarkable and repeat antibody titers 
showed increased B. henselae and B. quintana titers 1 
month after treatment initiation. Approximately 4 
months after treatment initiation, the titer values had 
decreased (Table 1). Recipient B has remained on oral 
doxycycline (100 mg 2×/d) for maintenance to date. 
Repeat echocardiography is planned.

Donor Description
Medical records from the organ donor’s terminal hos-
pitalization documented a traumatic brain injury that 
led to brain death despite neurosurgical interven-
tions. A history of alcohol use disorder was noted; 
the donor had no other known immunocompromis-
ing conditions. No concerns for preexisting infection 
were noted during the terminal hospitalization. The 
donor underwent 2 surgical evacuations of a subdural 
hematoma that required multiple blood transfusions. 
Postoperatively, the donor experienced tachycardia, 
fever with a temperature >106°F, and leukocytosis. 
Sympathetic nervous system hyperactivity was a sus-
pected cause of the marked hyperthermia. Despite 
aggressive treatment, the patient was determined to 
have very limited chance of recovery. The next of kin 
decided to transition to comfort-focused care, and the 
patient died shortly afterward.

The donor’s hospital record and organ donation 
records did not explicitly note a history of homeless-
ness or body lice infestation; however, after the recipi-
ents became ill, independent interviews with 2 people 
who knew the donor revealed a history of unsheltered 
homelessness in the months before the terminal hospi-
talization. Records at NYC’s Department of Homeless 
Services did not indicate that the donor had ever been 
registered for services provided by the agency.

We tested a frozen, archived serum sample from 
the deceased donor for Bartonella by using PCR, 
which was negative. We also tested the donor’s se-
rum for antibodies to B. henselae and B. quintana, 
which was positive only for B. henselae IgG with a titer 
of 1:256. We located a subdural hematoma specimen 
from the donor that had been collected during a neu-
rosurgical procedure and preserved. The hematoma 
showed erythrocytes admixed with fibrin, abundant 
neutrophils, and cellular debris. We conducted a Bar-
tonella-specific PCR on DNA extracts from this FFPE 
specimen, and results were positive (Table 2). We 
conducted Sanger sequencing of the PCR products 
and identified B. quintana (Table 2).

The bone that had been recovered from the do-
nor and processed as allograft tissue was quarantined 
when illness was first identified in recipient A. The 
bone specimens were not tested because there are few 
validated tests for this specimen type; the specimens 
were destroyed at the conclusion of this investigation.

Discussion
Our findings suggest B. quintana transmission 
through solid organ transplantation in 2 recipients 
from 1 donor, with species-specific confirmation 
of infection in the donor and recipient A. We sus-
pect the organ donor in this case acquired B. quin-
tana from a body lice infestation while experiencing 
homelessness. In recent decades, numerous cases 
and clusters of B. quintana infection have been de-
scribed among persons experiencing homelessness 
in urban areas (4,23–29).

The organ donor in this cluster had slept outdoors 
in the months before the terminal hospitalization and 
had a history of alcohol use disorder. Among persons 
experiencing homelessness, those without consistent 
access to shower and laundry facilities or clean clothes 
are at risk for body lice infestation and B. quintana sys-
temic infection. In the United States, the prevalence 
of unsheltered homelessness is increasing, and un-
sheltered homelessness has been linked to body lice 
infestation and B. quintana in San Francisco and NYC 
(29,30). Alcohol use disorder has also frequently been 
associated with B. quintana infection (4,27).

The cases in this study came to prompt attention 
because both recipients were engaged with post-
transplant care teams and received a high level of 
care. However, most patients who have B. quintana 
infections do not receive the same level of attention 
or prompt treatment. This cluster serves as a remind-
er that this emerging infection still affects many on 
the margins of society and that public health mea-
sures are needed, including improved hygienic ser-
vices, healthcare access, substance use treatment pro-
grams, and interventions to address the root causes 
of homelessness.

Limited clinician awareness of the risk factors for 
B. quintana transmission, its variable clinical mani-
festations, and laboratory diagnostic challenges con-
tribute to the likely underdiagnosis of B. quintana 
infection. Those and other factors might also cause 
delayed or missed identifications in organ transplant 
recipients, a population with more consistent health-
care access but at risk for atypical disease manifesta-
tions and severe illness or death from Bartonella infec-
tions because of immunosuppression. Of note, both 
recipients in this cluster displayed unusual clinical 
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manifestations of B. quintana. Recipient A’s case dem-
onstrates the potential for atypical and severe mani-
festations of B. quintana during immunosuppression. 
Hepatosplenic manifestations of B. quintana have 
rarely been described and are much more character-
istic of B. henselae infection (6); the co-occurrence of 
osteomyelitis with bacillary angiomatosis of the liver 
is highly unusual. Recipient B’s case demonstrates the 
potential for indolent, pauci-symptomatic B. quintana 
infection and chronic bacteremia among transplant 
recipients. Recipient B’s infection and probable en-
docarditis was only found through active screening 
performed as part of this public health investigation, 
because he did not report fevers or have symptoms 
of endocarditis that would typically prompt echo-
cardiography. Of note, Bartonella infection occurred 
despite prolonged use of prophylactic trimethoprim/
sulfamethoxazole in both recipients; trimethoprim/
sulfamethoxazole is sometimes recommended as 
treatment for B. henselae infection, but treatment fail-
ure has been documented in patients with bacillary 
angiomatosis (8). Clinicians caring for transplant re-
cipients should consider B. quintana infection in organ 
transplant recipients with clinical manifestations in-
cluding prolonged fever, culture-negative endocardi-
tis, or bacillary angiomatosis involving the skin, liver, 
spleen, or bone.

The cases in this study also underline the diag-
nostic challenges specific to solid organ transplant 
recipients. Serologic testing, a mainstay of Bartonella 
diagnosis, may remain negative for a prolonged in-
terval because of immunosuppression. Blood prod-
uct transfusion during or after transplantation can 
cloud the interpretation of test results because dilu-
tion can cause false negative results, whereas immu-
noglobulins acquired from donor plasma can result 
in false-positive results (31,32). Serologic tests and 
many molecular tests for Bartonella infections lack 
species specificity. Identification of specific Barton-
ella species has implications for prevention because 
those species have distinct transmission pathways 
and epidemiologic risk factors. In the United States, 
B. henselae is vectored by the cat flea, whereas B. 
quintana is transmitted by the human body louse. In-
fections with other, less common Bartonella species 
have been associated with other vectors and ani-
mals. Because of the unreliability of serologies and 
the difficulty of isolating B. quintana in culture, test-
ing by using molecular diagnostic methods is par-
ticularly necessary if B. quintana is suspected in solid 
organ transplant recipients; providers should note 
that sensitivity may vary according to the specific 
assay and sample type.

For investigations of suspected transplant-associ-
ated transmission, obtaining FFPE tissue specimens 
when available from the recipient(s) and donor have 
frequently been used to help establish tissue-based di-
agnoses that can help guide patient management and 
inform epidemiologic investigations (33–35). Evalua-
tion of such tissue specimens can be especially use-
ful when conventional specimens such as serum and 
blood are unavailable or when results of testing those 
specimens are negative or not fully interpretable.

Because laboratory testing for B. quintana can be 
resource-intensive and because of the limitations of 
existing tests, universal screening of organ and tissue 
donor specimens for B. quintana or Bartonella infection 
before transplantation is neither feasible nor advis-
able. B. quintana is treatable, and positive test results 
in a prospective donor should not preclude transplan-
tation of a lifesaving organ. As an alternative to uni-
versal donor screening, data on the housing status of 
organ donors (such as a history of homelessness or cur-
rent homelessness) collected from the donor’s next of 
kin might prove useful to clinicians managing poten-
tial donor-derived infections in transplant recipients; 
unfortunately, those data are not currently collected 
systematically (36). When a history of homelessness or 
body louse infestation is recognized in a donor, testing 
donor samples with blood culture, serology, molecular 
assays, or a combination of those methods should be 
considered. For recipients from organ donors who test 
positive, periodic testing, echocardiography, or even 
preemptive treatment might be relevant to prevent 
late complications of B. quintana infection, even if re-
cipients are asymptomatic.

Although treatment of both organ transplant re-
cipients in this cluster has been successful to date, 
management of B. quintana infection in the setting 
of transplantation has distinct challenges. Effective 
antimicrobial drug durations for immunocompro-
mised persons are not clearly established, although 
the experience with treatment of Bartonella infection 
in severely immunocompromised persons living with 
HIV has demonstrated that lengthy antimicrobial 
drug treatment is necessary to prevent relapse. Anti-
microbial drugs effective against B. quintana include 
doxycycline, rifampin, aminoglycosides, and mac-
rolides (37). After kidney transplantation, rifampin 
use can be challenging because of interactions with 
common immunosuppressive medications used to 
prevent transplant rejection, and aminoglycoside use 
may be limited by nephrotoxicity.

The first limitation of this report is that, although 
the NYC Department of Health and Mental Hygiene 
did not find records to indicate that the donor sought 
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care for symptoms suggestive of bartonellosis before 
death, the donor could have sought care at a facility 
not captured by the regional health information ex-
change organizations that were queried. Therefore, 
it remains unknown whether the donor experienced 
signs or symptoms of B. quintana infection before 
death and whether there might have been missed op-
portunities for earlier diagnosis. Second, although the 
donor had epidemiologic risk factors for the acquisi-
tion of B. quintana through infected body lice, it is also 
possible that the donor acquired the infection through 
blood transfusion (18) because transmission through 
blood transfusion has been demonstrated (38). Final-
ly, Bartonella species confirmation for recipient B and 
molecular sequencing of donor and recipient speci-
mens could have provided further evidence of donor-
to-recipient transmission. We attempted additional 
16S sequencing testing on the liver tissue sample from 
recipient A and the PCR-positive blood sample from 
recipient B, but results were indeterminate.

 In conclusion, this investigation of a donor- 
derived cluster of B. quintana infections in 2 solid 
organ transplant recipients yields lessons for public 
health practitioners and clinicians. B. quintana is a 
growing public health problem in the United States, 
but it is not nationally notifiable and is underrecog-
nized. In this investigation, information sharing and 
collaboration among clinicians, laboratorians, and 
public health authorities led to timely testing, treat-
ment, and clinical improvement for both organ recipi-
ents. Improving diagnosis, treatment, and prevention 
of B. quintana infections in the United States depends 
on heightened awareness of this enigmatic pathogen, 
including its potential to cause illness in solid organ 
transplant recipients.
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Primary varicella zoster virus (VZV) infection can 
cause varicella (chicken pox), which is generally 

a mild, self-limiting disease; however, VZV infection 
can also rarely lead to serious complications, such as 
secondary bacterial superinfection of the skin, pneu-
monia, encephalitis, and acute cerebellar ataxia. Af-
ter primary viral infection, VZV establishes latency 
in sensory neurons and can subsequently reacti-
vate and cause herpes zoster infection (shingles) in  

elderly and immunosuppressed patients. Because of 
the major disease burden of varicella, the live atten-
uated varicella vaccine was developed in 1974 (1). 
This vaccine has been used worldwide for routine 
childhood immunization, and its high efficacy and 
safety have been demonstrated (2,3). Although the 
varicella vaccine was developed by researchers in 
Japan (1), for many years it was used as a voluntary 
base vaccine in Japan, not as a universal vaccine. 
However, beginning in 2014, two doses of the vari-
cella vaccine were included in the national immuni-
zation program in Japan. Consistent with epidemio-
logic changes observed in other countries that have 
implemented universal varicella vaccination (2), our 
previous studies showed high efficacy of 2 vaccine 
doses for preventing VZV infection (4,5), as well as 
a substantial reduction in the number of varicella 
cases during 2015–2019, after universal immuniza-
tion was implemented in 2014 (3).

The decrease in the number of varicella patients 
since universal immunization was implemented (6–8) 
has limited the opportunity to induce a natural boost-
er effect in VZV-seropositive persons. The loss of this 
natural booster effect, which plays a role in prevent-
ing viral reactivation (6), accelerates the decline in im-
munity, leading to an increase in the number of her-
pes zoster infections (7). In fact, such increases have 
been reported in many countries that have initiated 
universal varicella vaccination (9–11), including Ja-
pan (8). Furthermore, the risk for herpes zoster infec-
tion has been suggested to increase with COVID-19 
infection (4), as well as with COVID-19 mRNA vacci-
nation (5). Therefore, the number of herpes zoster in-
fections might have further increased since the onset 
of the COVID-19 pandemic.

Increase in Adult Patients with 
Varicella Zoster Virus–Related  

Central Nervous System  
Infections, Japan

Ayami Yoshikane, Hiroki Miura, Sayuri Shima, Masaaki Matsunaga, Soichiro Ishimaru,  
Yuki Higashimoto, Yoshiki Kawamura, Kei Kozawa, Akiko Yoshikawa, Akihiro Ueda,  

Atsuhiko Ota, Hirohisa Watanabe, Tatsuro Mutoh, Tetsushi Yoshikawa

2476 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024

SYNOPSIS

An increase in the number of herpes zoster patients has 
been reported since universal varicella immunization 
was introduced, perhaps because of reduced opportuni-
ties for varicella patients to experience the natural boost-
er effect caused by reexposure. We investigated recent 
trends of varicella zoster virus (VZV)–related central 
nervous system (CNS) infections at a university hospital 
in Japan. We enrolled patients with suspected CNS in-
fection during 2013–2022 and tested cerebrospinal fluid 
samples by real-time PCR for DNA from 7 human her-
pesviruses. VZV DNA was the most commonly detected 
in 62 (10.2%) of 615 patients. Kulldorff’s circular spatial 
scan statistics demonstrated a significant temporal clus-
ter of patients with VZV-related CNS infections during 
2019–2022 (p = 0.008). Among persons with such infec-
tions, the percentage with aseptic meningitis was signifi-
cantly higher during 2019–2022 (86.8%), when the tem-
poral cluster of cases occurred, than during 2013–2018 
(50.0%) (p = 0.0029).
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Varicella Zoster Virus–Related Infections, Japan

In addition to herpes zoster, VZV reactivation 
can cause various types of central nervous system 
(CNS) complications, such as meningitis, meningoen-
cephalitis, myelitis, and cerebral stroke (12). Several 
cohort studies have suggested that along with the 
herpes simplex virus, VZV has conferred a substan-
tial disease burden in adult patients with CNS infec-
tions (13). In addition, 1 study demonstrated that the 
detection of VZV DNA in cerebrospinal fluid (CSF) 
increased the risk for subsequent dementia and epi-
lepsy (14). In our recent cohort study examining the 
epidemiology of human herpesviruses in adult pa-
tients suspected of having CNS infections, ≈10% of 
those patients were positive for these viruses in the 
CSF; VZV was the most common (15). That study 
began in 2013; as previously mentioned, because the 
number of herpes zoster infections has increased over 
the years, the number of patients with VZV-related 
CNS infections might have risen as well. In this study, 
we sought to analyze the number of patients with 
VZV-related CNS disease in an adult CNS infection 
cohort in Japan.

Materials and Methods

Patient and Sample Collection
During January 2013–December 2022, we enrolled 
patients >15 years of age who were suspected of hav-
ing CNS infection and from whom CSF was collected 
in the Department of Neurology of Fujita Health Uni-
versity School of Medicine (Toyoake, Japan). CSF was 
collected at time of hospital admission, and bacterial 
CNS infection was ruled out by negative CSF culture. 
CSF samples were stored at −30°C until examination. 
This study was approved by the Ethical Review Board 
of Human Studies at Fujita Health University (acces-
sion no. 14-096). Patient consent to participate in this 
study was obtained through an opt-out method.

Patient Background and Clinical Characteristics
We collected patient background and clinical charac-
teristics (specifically, sex, age, underlying conditions, 
diagnosis, symptoms, laboratory data, findings of 
brain magnetic resonance imaging [MRI] and elec-
troencephalography, treatment, and prognosis) ret-
rospectively from medical records. The final diagno-
sis for each patient was determined by the attending 
neurologist on the basis of clinical symptoms. Among 
patients with CSF pleocytosis, patients with impaired 
consciousness were defined as having encephalitis, 
whereas patients with clear consciousness were de-
fined as having meningitis. We carried out virolog-
ic analysis, as detailed in the next sections. In VZV 

DNA–positive patients, we elicited herpes zoster and 
COVID-19 vaccination status and recent COVID-19 
history through telephone interviews.

DNA Extraction and Quantitative PCR
We extracted DNA from 200 μL of CSF using the 
QIAamp Blood Kit (QIAGEN, https://www.qiagen.
com), eluted in 50 μL of elution buffer, then stored at 
−30°C before assay. We conducted real-time PCR to 
detect DNA of 7 human herpesviruses: herpes sim-
plex virus (HSV) 1, HSV-2, VZV, cytomegalovirus, 
Epstein-Barr virus, human herpesvirus (HHV) 6, and 
HHV-7. The details of those real-time PCR methods 
for measuring viral DNA loads were described previ-
ously (9,10,16). The detection limit of the assays was 
10 copies/tube.

Differentiation between Oka VZV Vaccine  
and Wild-Type Strains
We performed differentiation between the Oka vari-
cella vaccine (BIKEN, https://www.biken.or.jp) and 
wild-type strains by using a VZV loop-mediated iso-
thermal amplification assay (LAMP) using DNA ex-
tracted from VZV-positive CSF samples. To amplify 
the target sequences, including 2 different single-
nucleotide polymorphisms (nucleotides 105,705 and 
106,262) located in the ORF62 gene, we designed 
primers from published sequences (GenBank acces-
sion no. NC_001348) using Primer Explorer version 
3 software (https://primerexplorer.jp). We used 
SmaI to digest the LAMP products, then subjected 
them to electrophoresis on 1.5% agarose gels and vi-
sualized them under ultraviolet light after ethidium 
bromide staining (17).

Statistical Analysis
We examined data pertaining to proportions, such 
as comparisons of patient background and clinical 
characteristic information, by Fisher exact or χ2 test. 
We assessed statistical comparison of numerical dif-
ferences, such as laboratory findings, by using the 
Mann-Whitney U test. All reported p values are 2- 
sided. We used JMP version 12.2 (SAS Institute, 
https://www.sas.com) for analyses. We used Kull-
dorff’s retrospective space-time scan statistics, calcu-
lated using software FleXScan version 3.1 (https://
sites.google.com/site/flexscansoftware), to identify 
temporal clusters of VZV-related CNS infections. We 
defined statistical significance as p<0.05.

Results
During the observation period, a total of 615 pa-
tients (median age 53 years, range 15–91 years) were  
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enrolled in this study. Herpesvirus DNA was detect-
ed in 90 (14.6%) of the 615 patients (Figure 1). The me-
dian age of herpesvirus DNA–positive patients was 
67 years (interquartile range [IQR] 43–78 years). The 
most frequently detected herpesvirus was VZV (62 
patients), followed by HHV-6 (10 patients), Epstein-
Barr virus (10 patients), HSV-1 (7 patients), and HSV-
2 (6 patients). Cytomegalovirus and HHV-7 were not 
detected. The median age of patients who tested posi-
tive for VZV DNA in CSF was 70.5 years (IQR 48.5–78 
years); 54.8% were male and 45.2% female (Table). 
In total, meningitis was diagnosed in 45 (72.6%) pa-
tients, and encephalitis was diagnosed in 7 (11.3%) 
patients (Table). Moreover, 49 patients (79.0%) had 
clinical signs of herpes zoster infection, which most 
commonly affected the trigeminal nerve area (38.8%). 
Target sequences in 44 of 62 CSF samples were suc-
cessfully amplified by LAMP, and all were wild-type 
strains. The remaining 18 samples could not be ana-
lyzed by LAMP, probably because of low copy num-
bers of VZV DNA.

In Japan, the live-attenuated varicella zoster Oka 
vaccine (BIKEN) was additionally approved in March 
2016, and the recombinant subunit vaccine Shingrix 
(https://www.shingrix.com) was approved in March 
2018 as zoster vaccine for adults >50 years of age. Of 
62 patients who had VZV-related CNS infections  

develop after 2016, a total of 49 were eligible for zos-
ter vaccination before those CNS infections devel-
oped. However, among the 26 patients for whom vac-
cination status was available, none had received the 
zoster vaccine. Furthermore, to investigate the rela-
tionship between an increase in VZV-related CNS in-
fections and COVID-19 illness or COVID-19 vaccine, 
we elicited COVID-19 history and COVID-19 vac-
cination status from patients who had VZV-related 
CNS infection after 2020. Of the 19 patients for whom  
COVID-19 history was available, none had COVID-19 
before the onset of CNS infection, whereas VZV- 
related CNS infections developed in 6 patients after 
they received COVID-19 vaccinations.

The proportion of VZV DNA–positive patients 
among patients suspected of having CNS infection 
appeared to be increasing (Figure 2). Kulldorff’s cir-
cular spatial scan statistics demonstrated a significant 
temporal cluster of patients with VZV-related CNS 
infections during 2019–2022 (p = 0.008). This time 
frame was defined as the late period, in contrast with 
the early period of 2013–2018. However, the disease 
trends among hospitalized patients in our institution 
did not change during the overall study period (2013–
2022) (Appendix Figure).

Next, we compared patients’ background and 
clinical characteristics between the early and late pe-
riods (2013–2018 vs. 2019–2022) (Table). Background 
factors (sex, median age, number of underlying con-
ditions, and number receiving prednisolone treat-
ment) did not differ significantly between the 2 peri-
ods. However, the percentage of patients with several 
VZV-related CNS infections differed significantly be-
tween the 2 periods. The percentage of patients with 
aseptic meningitis was significantly higher in the late 
period (33/38 cases, 86.8%) than in the early period 
(12/24 cases, 50.0%; p = 0.0029). Meanwhile, the per-
centage of patients with encephalitis was significantly 
higher in the early period (6/24 cases, 25.0%) than in 
the late period (1/38, 2.6%; p = 0.0111). The percent-
age of patients with herpes zoster infection was high-
er in the early period (22/24 cases, 91.7%) than in the 
late period (27/38 cases, 71.1%). We observed no sig-
nificant difference between the 2 periods either in the 
percentage of patients with pleocytosis or in the VZV 
viral load in CSF. The percentage of patients with ab-
normal brain MRI findings was significantly higher 
in the early period than in the late period (33.3% vs. 
6.9%; p = 0.0253).

Discussion
This cohort study, initiated in 2013, showed that, begin-
ning in 2019, the number of patients with VZV-related  
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Figure 1. Flowchart of virologic examinations of cerebrospinal fluid 
samples from 615 patients with suspected CNS infection increase 
in adult patients with VZV-related CNS infections, Japan. Real-time 
PCR was carried out to detect DNA of 7 human herpesviruses: 
HSV-1, HSV-2, VZV, CMV, EBV, HHV-6, and HHV-7. Statistical 
analyses of VZV DNA–positive patients were performed to 
determine the trends and clinical features of VZV-related CNS 
infections. CMV, cytomegalovirus; CNS, central nervous system; 
EBV, Epstein‐Barr virus; HHV, human herpesvirus; HSV, herpes 
simplex virus; VZV, varicella-zoster virus.
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CNS infections increased significantly among pa-
tients at our institution in Japan. Furthermore, Kull-
dorff’s circular spatial scan statistics, which are used 
to elucidate clusters of infectious diseases, including 
COVID-19, demonstrated a statistically significant 
temporal cluster of patients with VZV-related CNS 
infections during 2019–2022 (18,19). Bryant et al. (11) 
recently performed a molecular epidemiologic study 
on VZV on the basis of samples collected from pa-
tients with CNS infection in New York, USA, and 
showed a similar increase in patients with VZV- 
related CNS infection. However, because those study 
samples were transported to a central laboratory 
from many hospitals across New York state, whether 

this trend represents a real increase in disease inci-
dence or an increase in the submission of samples for 
testing is unclear. Our results of a single-center study 
clearly demonstrated a recent increase in the number 
of VZV-related CNS infections, a pattern similar to 
that recently observed regarding the incidence of her-
pes zoster infection (20), which strongly supports the 
findings demonstrated by Bryant et al. (11). On the ba-
sis of the Hope-Simpson model, it has been suggested 
that the greater number of herpes zoster patients may 
be caused in large part to reduced opportunities for 
persons previously infected with varicella to experi-
ence the natural booster effect caused by reexposure 
(6). Although the increased incidence of herpes zoster 
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Table. Comparison of background and clinical characteristics of VZV-positive patients during 2013–2018 and 2019–2022 in study of 
increase in adult patients with VZV-related central nervous system infections, Japan* 
Characteristic Total, N = 62 2013–2018, n = 24 2019–2022, n = 38 p value 
Sex      
 M 34 (54.8) 13 (54.2) 21 (55.3) 1.0000 
 F 28 (45.2) 11 (45.8) 17 (44.7)  
Median age (IQR) 70.5 (48.5–78) 69.5 (46.5–78.5) 70.5 (50.3–77.5) 0.9079 
Underlying conditions     
 Diabetes 13 (21.0) 7 (29.2) 6 (15.8) 0.2217 
 Hypertension 12 (19.0) 6 (25.0) 6 (15.8) 0.5111 
 Solid tumor/hematological malignancy 12 (19.0) 5 (20.8) 7 (18.4) 1.0000 
 Others 48 (77.4) 18 (75.0) 30 (78.9) 0.7617 
 None 11 (17.7) 4 (16.7) 7 (18.4) 1.0000 
 Prednisolone treatment 11 (17.7) 2 (8.3) 9 (23.7) 0.1776 
Final diagnosis     
 Meningitis 45 (72.6) 12 (50.0) 33 (86.8) 0.0029 
 Encephalitis 7 (11.3) 6 (25.0) 1 (2.6) 0.0111 
 Myelitis 3 (4.8) 1 (4.2) 2 (5.3) 1.0000 
 Hunt syndrome 4 (6.5) 2 (8.3) 2 (5.3) 0.6371 
 Herpes zoster† 2 (3.2) 2 (8.3) 0 0.1460 
 Peripheral neuritis 1 (1.6) 1 (4.2) 0 0.3871 
Clinical symptoms     
 Herpes zoster 49 (79.0) 22 (91.7) 27 (71.1) 0.0623 
  Cervical nerve 11/49 (22.4) 7/22 (31.8) 4/27 (14.8) 0.1854 
  Trigeminal nerve 19/49 (38.8) 9/22 (40.9) 10/27 (37.0) 1.0000 
  Thoracic nerve 13/49 (26.5) 6/22 (27.3) 7/27 (25.9) 1.0000 
  Lumbar nerve 10/49 (20.4) 3/22 (13.6) 7/27 (25.9) 0.4778 
  Sacral nerve 2/49 (4.1) 0/22 (0.0) 2/27 (7.4) 0.4949 
 Postherpetic neuralgia 23 (37.1) 10 (41.7) 13 (34.2) 0.7818 
 Confusion 14 (22.6) 8 (33.3) 6 (15.8) 0.1287 
Laboratory data     
 Pleocytosis 60 (96.8) 22 (91.7) 38 (100.0) 0.1460 
 Median VZV DNA copy numbers (IQR) 4.7  105 (5.7  104–2.3  

106) 
8.2  105 (2.8  105 –5.7  

106) 
4.2  105 (5.3  104–1.0 

 106) 
0.1255 

Imaging data     
 Abnormal brain MRI finding 9/50‡ (18.0) 7/21 (33.3) 2/29 (6.9) 0.0253 
 Abnormal EEG finding 7/20§ (35.0) 5/14 (35.7) 2/6 (33.3) 1.0000 
Treatment     
 Intravenous acyclovir administration 61 (98.4) 24 (100.0) 37 (97.4) 1.0000 
 Median duration, d (IQR) 14 (10–15) 14 (11.8–15.5) 14 (10–14.6) 0.6480 
 Adjunctive prednisone 10 (16.1) 2 (8.3) 8 (21.1) 0.0750 
Prognosis     
 Sequelae 33 (53.2) 14 (50.0) 19 (50.0) 0.4398 
 Fatal 1 (1.6) 1 (4.2) 0 0.3871 
*Values are no. (%) except as indicated. EEG, electroencephalogram; IQR, interquartile range; MRI, magnetic resonance imaging; VZV, varicella  
zoster virus.  
†The classification of herpes zoster as the final diagnosis indicates that those patients were not categorized under any of the other diseases listed in this 
table; they are classified as having herpes zoster only. 
‡Of 62 patients with VZV-related central nervous system infections, 50 underwent brain MRI. 
§Of 62 patients with VZV-related central nervous system infections, 20 underwent EEG. 
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has been demonstrated in many industrial countries 
with aging populations (20), no clear correlation has 
been demonstrated to date between this increase and 
the lessened opportunity for the natural booster effect 
(21). The higher incidence of herpes zoster is thought 
to be associated with increasingly aging populations 
(22) and the growing number of patients at high risk 
for herpes zoster (23), such as immunocompromised 
persons or persons with diabetes or autoimmune dis-
eases. In any event, data suggest that herpes zoster 
infection and VZV-related CNS infections should be 
monitored to accurately assess the disease burden as-
sociated with VZV reactivation in adults, especially in 
aging populations.

Some have suggested that the risk for herpes 
zoster is increased by COVID-19 (4) and COVID-19 
mRNA vaccination (5), and some case reports have 
indicated that zoster meningitis developed after  
COVID-19 mRNA vaccination (24–26). Among the 
patients in our study with an available history of  
COVID-19 infection and vaccination status, none had 
COVID-19 before the onset of the VZV-related CNS 
infection, but VZV-related CNS infections developed 
in 6 patients after they had COVID-19 vaccinations. 
Our study is insufficient to elucidate an association 
between VZV-related CNS infection and COVID-19 
or COVID-19 vaccination; further studies are needed 
to clarify this issue.

Postherpetic neuralgia has been considered to be the 
greatest contributor to disease burden caused by VZV 
reactivation, and it has been demonstrated that both 
live-attenuated and subunit zoster vaccines reduced 
the risks of herpes zoster infection and postherpetic  

neuralgia (27). This study shows that in addition to 
herpes zoster and postherpetic neuralgia, VZV-related 
CNS infections might be a cause of the disease burden 
associated with VZV reactivation. The zoster vaccine is 
expected to reduce the risk for VZV-related CNS infec-
tions, as has already been shown for herpes zoster and 
postherpetic neuralgia (27). Recent studies have sug-
gested that VZV reactivation might be associated with 
the pathogenesis of more severe CNS diseases, such 
as brain infarction (28) and dementia (29). Further-
more, large cohort analyses have demonstrated that 
the zoster vaccine can reduce the risk for brain infarc-
tion (17) and dementia (18). In this study, no patients 
with VZV-related CNS infection for whom vaccination 
history was available had received the zoster vaccine. 
Therefore, determining whether the zoster vaccine can 
reduce the burden of additional diseases, including 
VZV-related CNS infection, is key. Such studies will 
provide information to aid in determining the ability 
of the zoster vaccine to reduce healthcare costs in aging 
populations and in evaluating the cost-effectiveness of 
implementing universal zoster vaccination.

To determine whether the clinical features of VZV-
related CNS infections differed at our institution before 
and after the beginning of the temporal cluster of those 
diseases in 2019, we compared patients’ background 
and clinical characteristics during 2013–2018 with 
those during 2019–2022. Of note, most patients (86.8%) 
in the late period received a diagnosis of aseptic men-
ingitis, compared with only half in the early period (p = 
0.0029). Conversely, incidence of encephalitis was sig-
nificantly higher in the early period (p = 0.014). In ad-
dition, a significantly higher percentage of patients had 
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Figure 2. Trends of VZV-
related central nervous system 
infections at Fujita Health 
University School of Medicine 
during 2013–2022 in study of 
increase in adult patients with 
VZV-related central nervous 
system infections, Japan. 
Vertical bars show percentages 
of patients with (black) and 
without (white) VZV infection 
each year. Numbers above bars 
indicate no. patients positive/no. 
analyzed. VZV, varicella-zoster 
virus.
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abnormal brain MRI findings in the early period (p = 
0.0253), suggesting a high frequency of encephalitis pa-
tients in that period. Although a previous study found 
that VZV meningitis patients were significantly young-
er than VZV encephalitis patients (19), no statistically 
significant difference in age was observed between the 
2 periods in this study. We did not change the criteria 
for performing a spinal tap or brain MRI during the 
study; further research is needed to clarify the reasons 
for the recent increase in the number of patients with 
VZV-related aseptic meningitis. Furthermore, most 
patients with VZV-related CNS infections before 2018 
had herpes zoster infection, whereas in the late period, 
≈30% of the patients did not have a zosteriform rash 
(zoster sine herpete); however, no significant difference 
was observed in frequency. We recently demonstrated 
that the reactivated Oka vaccine strain caused aseptic 
meningitis in a child without herpes zoster virus (30). 
Although some physicians might previously not have 
measured VZV DNA in CSF collected from patients 
without the typical herpes zoster rash, the recent intro-
duction of comprehensive PCR panel tests, such as Fil-
mArray (bioMérieux, https://www.biomerieux.com), 
might reveal the precise incidences of VZV-related 
CNS infections that occur without this rash.

Molecular epidemiologic analysis in this study 
demonstrated that all evaluated VZV DNA in CSF 
was derived from wild-type VZV. In Japan, 2 doses 
of varicella vaccination were introduced as part of the 
national immunization schedule in 2014. Meanwhile, 
2 different zoster vaccines, specifically Shingrix (a 
recombinant subunit vaccine) and varicella-zoster 
Oka vaccine (a live-attenuated vaccine), have been 
licensed and are available in Japan, whereas only 
Shingrix is currently recommended for herpes zoster 
vaccination in the United States (31). Therefore, some 
elderly persons have received a live-attenuated zoster 
Oka vaccine, and the number of recipients of that vac-
cine is expected to increase dramatically in the future. 
Although the risk of viral reactivation of the Oka vac-
cine strain was shown to be lower than that of wild-
type VZV on the basis of in vivo (32) and in vitro (33) 
studies, the Oka vaccine strain is well known to be 
capable of reactivating and causing herpes zoster in-
fection (34). In addition, a recent study detected Oka 
vaccine strain DNA in CSF collected from patients 
with CNS infection, although the number of patients 
was very small, and all were children and young 
adults (11). Therefore, the reactivated Oka vaccine 
strain could feasibly cause VZV-related CNS infec-
tions, and molecular epidemiologic analysis to dis-
tinguish between wild-type and vaccine-type strains 
will become increasingly key in future.

Conclusions
In this study, we investigated 10-year trends and clin-
ical features of VZV-related CNS infections in adult 
patients with suspected CNS infection at our univer-
sity hospital in Japan. Statistical analysis revealed a 
significant temporal cluster of patients with VZV- 
associated CNS infections during 2019–2022, as well 
as an increasing proportion of aseptic meningitis 
caused by VZV reactivation during that period. Al-
though all detected VZV DNA was the wild-type 
strain in this study, molecular epidemiologic studies 
to differentiate between vaccine and wild-type strains 
will be key in the future.
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The Soviet plague control system was estab-
lished in the early 20th Century as a compre-

hensive strategy to combat plague outbreaks across 
the vast territories of the former Soviet Union. That 
system was characterized by its focus on surveil-
lance, prevention, and rapid response to plague 
epidemics. The approach involved the creation of 

specialized plague control institutes and stations, 
which were responsible for monitoring and control-
ling the spread of plague within designated areas. 
In Kazakhstan, which has a long history of plague 
endemicity, the Soviet system was adapted to suit 
the region’s unique geographic and ecologic con-
ditions. Soviet authorities divided plague-endemic 
territories into natural foci on the basis of ecologic 
and epidemiologic characteristics. Within those 
larger foci, the territory was further subdivided 
into smaller subfoci that represented more specific 
areas where plague activity was particularly con-
centrated, often because of specific ecologic condi-
tions, such as soil composition, climate, and par-
ticular rodent and flea species.

Plague is an endemic disease of Kazakhstan, and 
epidemic outbreaks of plague among the popula-
tion have been known for a long time (1–3), which 
is evidenced by the historical names of geographic 
areas that include the Kazakh root oba (plague), in-
cluding Karaoba (kara [black] plus oba); Kosoba (kos 
[both] plus oba); Kyzyloba (kyzyl [red] plus oba), and 
Besoba (bes [five] plus oba) (1,2). In the late 19th and 
early 20th Centuries, outbreaks of plague among 
the population of western Kazakhstan became more 
frequent and larger. During 1905–1906, an epidemic 
of the so-called Beketayev plague was registered in 
the Naryn part of the Volga-Ural sands, where 659 
persons fell ill and 621 died (1–5). Later, outbreaks 
of plague among the population of Kazakhstan 
were also noted in 1907, 1910–1914, 1918, and 1928. 
However, plague epidemics did not begin to be 
documented by descriptive epidemiology and mi-
crobiology until 1913 (3–5). We used historical data 
on plague recorded in Kazakhstan to describe the 
epidemiology and spatial characteristics of human 
plague cases during 1926–2003.
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Understanding Kazakhstan’s plague history is crucial for 
early warning and effective health disaster management. 
We used descriptive-analytical methods to analyze spa-
tial data for human cases in natural plague foci in Ka-
zakhstan during 1926–2003. The findings revealed 565 
human cases across 82 outbreaks in Almaty (32.22%), 
Aktobe (1.59%), Atyrau (4.42%), Mangystau (21.24%), 
and Kyzylorda (40.53%) oblasts. Before antibiotic drugs 
were introduced in 1947–1948, major plague outbreaks 
occurred in 1926, 1929, 1945, 1947, and 1948, con-
stituting 80.7% of human transmission. Plague spread 
through flea bites, camel handling, wild animal contact, 
aerosol transmissions, and rodent bites. Patients were 
up to 86 years of age; 49.9% were male and 50.1% fe-
male. Pulmonary cases were reported most frequently 
(72.4%), and person-to-person infection occurred at an 
incidence rate of 0.29 cases/10,000 population. Risk in-
creased with human expansion into natural plague foci 
areas. Swift diagnosis and treatment are essential for 
curbing plague outbreaks in Kazakhstan. 
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Methods

Terminology
In the context of plague epidemiology, the term 
natural plague foci (NPF) refers to relatively limited 
geographic areas where the plague-causing bacte-
rium, Yersinia pestis, circulates persistently among 
wildlife, particularly rodent populations, over ex-
tended periods. Those areas are characterized by 
specific ecologic conditions that support the continu-
ous presence of the bacterium, its hosts, and vectors, 
leading to the long-term maintenance of the disease 
in the environment.

Autonomous plague foci refers to specific geo-
graphic areas where Y. pestis circulates and per-
sists independently over time without relying on  
external sources of infection. Those foci are char-
acterized by a stable ecologic and epidemiologic 
environment that supports Y. pestis persistence and 
transmission among local wildlife, particularly ro-
dent populations and flea vectors. In autonomous 

plague foci, the disease cycle is self-sustaining, 
meaning that Y. pestis can be maintained within the 
local ecosystem for extended periods, often decades 
or even centuries, without the need for reintroduc-
tion from other regions. Those foci are essential for 
understanding the long-term dynamics of plague 
and are critical targets for surveillance and control 
efforts to prevent the spread of the disease to sur-
rounding areas.

The term plague carriers refers to persons who 
were asymptomatic but tested positive for Y. pestis 
through laboratory confirmation. Thus, those per-
sons carried the bacterium without exhibiting typical 
plague symptoms.

Criteria for Defining Foci and Subfoci
We used the following criteria for defining foci and 
subfoci. First was, geographic boundaries, the natu-
ral boundaries of the landscape, such as mountains, 
rivers, and deserts, that influenced the distribution of 
rodent populations. Second was ecologic conditions, 
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Figure 1. Locations of natural plague foci in a historical assessment and mapping of human plague, Kazakhstan, 1926–2003. Codes 
according to the unified country certification system, Commonwealth of Independent States. Codes indicate location names and terrain type.
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which include the type of vegetation, soil characteris-
tics, and climate that affect the habitat suitability for 
Y. pestis reservoirs and vectors. Third was rodent and 
flea populations and density of specific rodent spe-
cies known to be primary hosts for Y. pestis and the 
flea species that serve as vectors. Finally was histori-
cal data, including records of plague outbreaks and 
epizootics in the region, which helped identify areas 
with persistent plague activity.

Adaptation of the Soviet plague control sys-
tem in Kazakhstan led to the systematic categori-
zation of the region’s plague-endemic areas into 

foci and subfoci, which were critical for targeted  
surveillance and control measures. That framework 
remains a cornerstone of plague management in 
the region, guiding current efforts to monitor and 
mitigate risk for outbreaks.

Study Area
The natural plague endemic range in Kazakhstan is 
located on an area of 1,117,000 km2, which is ≈41.0% 
of the country. The republic includes 6 natural and 15 
autonomous plague foci, within which >90 landscape-
epizootologic districts are allocated (6,7) (Figure 1).
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Figure 2. Epizootologic zoning of 
plague in a historical assessment 
and mapping of human plague, 
Kazakhstan, 1926–2003. Human 
plague cases and known and 
presumed plague epizootic areas 
are noted.

 
Table 1. Natural plague foci and years of registration of human plague cases in a historical assessment and mapping of human 
plague, Kazakhstan, 1926–2003 
Region Natural plague foci Main rodent host Main flea vector Year of human plague cases 
Atyrau Volga-Ural Sand Meriones meridianus, 

M. tamariscinus 
Xenopsylla conformis, 
Nosopsyllus laeviceps 

1997 

Atyrau Ural-Emba Rhombomys opimus Xenopsylla skrjabini, X. 
conformis, N. laeviceps, 
Coptopsylla lamellifer 

1956, 1958, 1964, 1968, 
1986, 1988, 1989, 1990, 

1992, 1993 
Atyrau, Mangystau Pre-Ustyurt R. opimus X. skrjabini, N. laeviceps 1958, 1959, 1961, 1967, 

1975 
Mangystau, Aktobe Ustyurt R. opimus X. skrjabini, Xenopsylla nuttalli, 

Xenopsylla gerbilli 
1926, 1974, 1975, 1999 

Aktobe, Kyzylorda North Pre-Aral R. opimus X. skrjabini, N.laeviceps, C. 
lamellifer 

1945,1993, 1999, 2002 

Mangystau Mangyshlak R. opimus X. skrjabini, Xenopsylla nuttalli 1926, 1927, 1948, 1964, 
1973, 1974, 2003 

Aktobe, Kyzylorda Pre–Aral-Karakum R. opimus X. skrjabini, N. laeviceps, C. 
lamellifer 

1947, 1948, 1955, 1959, 
1966, 1967, 1969, 1971, 
1972, 1979, 1990, 1991, 

1999, 2001, 2003 
Kyzylorda Kyzylkum R. opimus X. skrjabini, X. gerbilli, Xenopsylla 

hirtipes 
1966, 1971,1993, 1999 

Almaty Pre-Balkhash R. opimus X. skrjabini, X. gerbilli, X. hirtipes 1947, 1948, 1989 
Almaty Ili Intermountain R. opimus X. gerbilli, X. hirtipes 1929 
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The main carriers of plague in the region are 
gerbils (Rhombomys opimus), ground squirrels (Sper-
mophilus spp.), and marmots (Marmota spp.); the 
main flea vectors are in the genera Xenopsylla and 
Nosopsyllus. In Kazakhstan, plague was found in 
>40 species of rodents, carnivorous and insectivo-
rous mammals, lagomorphs, ungulates, and 2 spe-
cies of birds (5,6,8).

Human Plague Cases
We collected records of human plague cases in 
Kazakhstan from 1926 through 2003 from litera-
ture sources (3–6,8–11). Those sources identified 
each case by its history, site, disease outcome, sus-
pected source of infection, clinical form, clinical  

confirmation, and laboratory confirmation through 
bacteriology or serology. We calculated incidence 
per 10,000 population. We collected data on the 
population during 1926–2003 from the archive of 
demographic documents (12–14).

We determined geographic coordinates of human 
plague sites by using literature sources that included 
an approximate area of 1,007,350 km2 (3–6,8–10,15). 
We used ArcGIS Pro 2.7 software (ESRI, https://
www.arcgis.com; 15) to digitize and map locations of 
plague cases (Figure 2).

Statistical Analysis
We used GraphPad Prism software version 9.0.0 
(GraphPad Software Inc., https://www.graphpad.
com) to perform statistical analysis. To analyze age 
and gender differences between groups, we used 
2-way analysis of variance, then the Sidak or Tukey 
multiple comparisons test. We considered p<0.05 sta-
tistically significant.

Results

Human Plague Cases
During 1926–2003, a total of 565 plague cases, includ-
ing 2 cases of plague carriers, were registered in 82 foci 
(3–6,8–10,15). We included those cases in the analysis of 
epidemiology of plague in Kazakhstan. The last known 
case occurred in 2003. Plague outbreaks have been reg-
istered in 10 of 20 natural plague foci (3–6,8) (Table 1).
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Figure 3. Numbers of human plague cases by region in 
a historical assessment and mapping of human plague, 
Kazakhstan, 1926–2003.

Figure 4. Locations of human plague cases by region in a historical assessment and mapping of human plague, Kazakhstan, 1926–2003.
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During the 1950s through the 1970s, mass field 
teams worked in Kazakhstan and identified areas 
with stable and suspected plague epizootics (1,2,4). 
Almost all studied human plague cases overlapped 
with areas of stable plague epizootics (3) (Figure 2).

During the study period, human plague cases 
were registered in the regions of Almaty (32.22% of 
all cases), Aktobe (1.59%), Atyrau (4.42%), Mangys-
tau (21.24%), and Kyzylorda (40.53%). The incidence 
rate (IR) for all cases registered during the study pe-
riod was 0.29/10,000 population. The IR per 10,000 
population by region was 0.52 in Almaty, 0.05 in Ak-
tobe and Atyrau, 1.11 in Mangystau, and 0.27 in Ky-
zylorda (Figures 3, 4).

At the beginning of the 20th Century, many 
plague cases were reported, and then cases decreased. 
We noted 3 plague peaks during the study period 
(Figure 5). The first peak occurred during 1926–1948 
in the west and south, where 82% of all cases were 

reported. For example, in 1 outbreak in Kyzylorda 
oblast in 1945, more than one third (37.4%) of the 
population became ill with plague. Those epidemics 
required the organization of scientific and methodol-
ogy centers in Central Asia. By the Order of the Min-
istry of Health of the USSR, No. 739, dated December 
9, 1948, and January 1, 1949, the Almaty Anti-Plague 
Station was transformed into the Central Asian Re-
search Anti-Plague Institute of the Ministry of Health 
of the USSR, later renamed M. Aikimbayev National 
Scientific Center for Especially Dangerous Infections 
(NSCEDI) of the Ministry of Health of the Republic 
of Kazakhstan. NSCEDI conducted research work 
on plague; produced diagnostic preparations; and 
provided scientific, methodological, and operational 
guidance on the organization and implementation of 
a set of sanitary and prophylactic measures for plague 
control stations in Kazakhstan and other Central Asia 
republics. In addition, during 1947–1948, the Public 
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Figure 5. Annual number of 
cases in a historical assessment 
and mapping of human plague, 
Kazakhstan, 1926–2003. Red 
arrows indicate peaks.

Figure 6. Human plague 
cases by month in a historical 
assessment and mapping of 
human plague, Kazakhstan, 
1926–2003.
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Health Service of Kazakhstan began to use antibiot-
ic drugs to treat plague, vaccinate the population to 
prevent the disease, conduct sanitary and preventive 

work against plague, and conduct epidemiologic field 
studies. After those measures were applied, plague 
incidence rapidly decreased.
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Figure 7. Human plague cases by age group a historical assessment and mapping of human plague, Kazakhstan, 1926–2003.

Figure 8. Human plague cases by age group and sex in a historical assessment and mapping of human plague, Kazakhstan, 1926–2003.
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The second plague period occurred during 1955–
1989, which accounted for 13.0% of all cases during 
the analyzed period. Few cases were reported dur-
ing that time, but a slight increase was noted during 
1961–1967 related to the slaughter of plague-affected 
camels. During those years, 6.37% of the population 
contracted plague, among whom 75.0% were infected 
through contact with sick camels. At one time, doz-
ens of persons participated in the slaughter of cam-
els, and all could have contracted plague at the same 
time. Then, the government issued an order stating 
that camel owners could receive compensation if their 
camels were infected with plague and the owners re-
ported infected camels to the authorities. That order 
contributed to the reduction of cases involving sick 
camels (1,3,4).

A third period of increasing incidence occurred 
during 1990–2003, which accounted for 5.0% of all cas-
es during the analyzed period. During that time, the 
Soviet Union collapsed, infrastructure was destroyed,  

and the economy in Kazakhstan deteriorated. Epide-
miologic surveillance of plague was not fully funded 
and could not cover all plague endemic areas. Af-
ter the economic situation of the country improved, 
plague incidence decreased, and the last case was reg-
istered in 2003 (Figure 5).

Most plague cases were reported in the months of 
January, August, September, October, and November 
(Figure 6). January, October, November, and Decem-
ber cases occurred during major outbreaks recorded 
in 1926, 1929, 1945, 1947, and 1948, and plague was 
spread by humans during those outbreaks (Figure 6).

During the study period, we noted multiple 
clinical forms of plague. Among reports we found 
12.57% bubonic, 5.84% bubonic septicemic, 1.06% bu-
bonic pneumonia, 72.4% pulmonary, 0.35% second-
ary pneumonia, 2.83% septicemic, 0.18% cutaneous, 
0.88% cutaneous bubonic, 0.35% tonsillar, and 0.18% 
tonsillar bubonic forms; 3.36% of cases had no clinical 
form data. We also observed that 71.15% of plague 
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Table 2. Percentages of registered human plague cases per year in a historical assessment and mapping of human plague, 
Kazakhstan, 1926–2003* 

Year 
% Cases per region 

% Total cases 
% Confirmed (% not confirmed) 

Aktobe Almaty Atyrau Kyzylorda Mangystau Bacteriology Serology 
1926 0 0 0 0 12.2 12.2 100.0 – 
1927 0 0 0 0 1.77 1.77 No data No data 
1929 0 22.3 0 0 0 22.3 100.0 – 
1945 0 0 0 30.8 0 30.8 100.0 – 
1947 0 2.3 0 1.06 0 3.36 100.0 – 
1948 0 7.43 0 0.35 4.07 11.86 92.5 (7.5)‡ – 
1955 0 0 0 1.95 0 1.95 100.0 – 
1956 0 0 0.35 0 0 0.35 100.0 – 
1958 0 0 0.88 0 0 0.88 20.0 (80.0)‡ – 
1959 0 0 0.18 0.18 0 0.35 100.0 – 
1961 0 0 0.18 0 0 0.18 100.0 – 
1964 0 0 0.18 0 1.77 1.95 100.0 – 
1966 0.35 0 0 1.59 0 1.95 36.36 (63.64)‡ – 
1967 0 0 1.06 1.24 0 2.3 38.46 (46.15)‡ 15.38 
1968 0 0 0.18 0 0 0.18 100.0 – 
1969 0 0 0 0.35 0 0.35 100.0 – 
1971 0 0 0 0.71 0 0.71 No data 50.0 
1972 0 0 0 0.18 0 0.18 100.0 – 
1973 0 0 0 0 0.18 0.18 100.0 – 
1974 0 0 0 0 0.35 0.35 100.0 – 
1975 0 0 0 0 0.35 0.35 50.0 (50.0)‡ – 
1979 0 0 0 0.18 0 0.18 100.0 – 
1986 0 0 0.18 0 0 0.18 100.0 – 
1988 0 0 0.18 0 0 0.18 100.0 – 
1989 0 0.18 0.18 0 0 0.35 100.0 – 
1990 0 0 0.35 0.35 0 0.71 75.0 25.0 
1991 0 0 0 0.18 0 0.18 100.0 – 
1992 0 0 0.18 0 0 0.18 100.0 – 
1993 0.18 0 0.18 0.18 0 0.53 100.0 – 
1997 0 0 0.18 0 0 0.18 100.0 – 
1999 1.06† 0 0 0.53 0 1.59 100.0 – 
2001 0 0 0 0.35 0 0.35 50.0 50.0 
2002 0 0 0 0.18 0 0.18 0 100.0 
2003 0 0 0 0.18 0.53 0.71 75.0 25.0 
Total 1.59† 32.21 4.44 40.54 21.22 100.0 92.3 1.41 
*–, cases that were not tested 
†Cases included 2 plague carrier cases. 
‡Y. pestis not isolated. 
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infections occurred from person-to-person transmis-
sion. Other infection sources included fleas (12.39%), 
camels (12.39%), hares (0.88%), aerosols (0.53%), fox-
es (0.35%), rodent bites (0.18%), saiga antelope (Saiga 
tatarica) (0.18%), and feral cats (0.18%); 1.77% of cases 
had no available transmission data.

Among case-patients, we noted 3 age subgroups: 
young (0–19 years of age), middle (20–59 years of 
age), and older (>60 years of age) (Figure 7). When 
we analyzed age and sex distribution, we found 
that female and male persons were at equal risk for 
plague infection. However, we found age differences 
for both sexes in the young, middle, and older age 
groups  (Figure 8). Most cases among female persons 
were registered in 8 different age groups. The highest 
number of cases for both sexes was observed in the 
10–14-year age group. The highest number of cases in 
women was observed in the >60-year age group and 
for male persons in the 15–19-year age group. The 
lowest number of cases among women was observed 
in the 25–29-year age group and among men in the 
20–24-year age group (Figure 8).

In 1913, human plague epidemics began to be docu-
mented by using descriptive epidemiology and micro-
biology (12). Cases were confirmed on the basis of epi-
demiologic, clinical, serologic, and bacteriologic data. 
Most human plague cases were confirmed by bacterio-
logic methods and isolation of Y. pestis (Table 2).

We noted that higher mortality rates were re-
corded in 1926, 1927, 1929, 1945, and 1948 (Figure 9). 
In total, ≈26% of patients recovered from plague. Ar-
eas with higher mortality rates included Mangystau 

oblast in 1926, 1927, and 1948; Alma-Ata in 1929 and 
1948; and Kyzylorda oblast in 1945. 

During the study period, the IR was 0.01–56.1/10,000 
population, and case-fatality rates (CFRs) ranged up to 
100% (Table 3), but CFR was high for most of the study 
period. IR was high during 1926–1927 but declined after 
that timeframe (Table 3). The highest observed IR was 
from the Kul Kara settlement in Mangystau oblast in 
1926. During that outbreak in mid-August, the death of 
a child led to person-to-person spread of infection. By 
September 20 of that year, 41 of 72 persons living in the 
village had died of pneumonic plague, and other cases 
were registered in different villages in Buzachi Penin-
sula of the oblast. At that time, Mangystau oblast had 
12,300 residents (9,12,13,15,16).

We analyzed the number of outbreaks and per-
centage of affected population during the study pe-
riod. We found that that 31 outbreaks were registered 
in the Mangyshlak desert NPF, accounting for 13.4% 
of all plague cases during the study period. In the 
Priaralie Karakum NPF, 17 foci and 8.8% of plague 
cases were registered. In the Ural-Emba desert NPF, 
11 foci with 2.7% of cases were reported. In the Pri-
ustyurt desert NPF, 6 outbreaks occurred and 1.8% of 
the population was infected. In the Kyzylkum desert 
NPF, plague infected 1.1% of the population during 5 
outbreaks. In the Ustyurt desert NPF, 4 outbreaks oc-
curred, and plague infected 8.1% of the population. In 
the North-Priaral Desert NPF, 4 outbreaks occurred, 
and 31.7% of the population was infected. The Volga-
Ural sandy NPF only had 1 outbreak, in which 0.2% 
of the population was infected. One major outbreak  
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Figure 9. Human plague cases by outcome in a historical assessment and mapping of human plague, Kazakhstan, 1926–2003.
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occurred in the Iliysk intermountain NPF, where 
plague infected 22.3% of the population. Two out-
breaks occurred in the Pribalkhash desert NPF, where 
plague affected 9.9% of the population. 

Cases of plague among humans were registered 
in places with stable epizootic plague activity (Figure 
10, panels A, B). Mangystau oblast had the most out-
breaks, and Almaty and Aktobe oblasts had the few-
est (Figure 10).

Discussion
We analyzed 82 human plague outbreaks that oc-
curred within 10 natural plague foci in Kazakhstan. 
Although human-to-human plague transmission oc-
curred, we observed that a higher percentage of per-
sons came in contact with Y. pestis through flea bites, 
mainly during summer and fall, and that human 
cases were associated with local epizootics of plague 
among wild rodents. Human-to-human transmission 
has been observed in large and small outbreaks. Oth-
er modes of infection were also observed, including 
cutting or skinning of animals. 

We found that camels played a major role as a 
source of human infections (Table 4). In summer 
(July and August), camels come in contact with Y. 
pestis during active plague epizootics among rodents. 
In September and October, camels infected during 
plague epizootics in summer could transmit Y. pestis 
to humans during butchering. Camels were infected 
by various flea vectors, depending on the season: 
Xenopsylla spp. fleas during November, December, 
and January, and fall flea vector fleas Coptopsylla spp. 
and Ceratophyllus spp. in September or October (9–11).

We noted persons 0–19 years of age contracted 
plague while working in the fields, herding livestock, 
playing in a plague zone, and hunting with falcons and 
golden eagles. Adults 20–59 years of age were infect-
ed with Y. pestis while grazing animals, slaughtering 
camels, hunting, harvesting fox and hare skins, work-
ing in the fields, and other outdoor activities. Persons 
>60 years of age mainly were infected while helping in 
slaughtering animals and working in the fields.

When analyzing cases by age groups and sex, we 
found that, among age groups 15–19, 25–29, 50–54, and 
55–59 years, cases were mostly among men and boys, 
who were involved in herding animals and slaughter-
ing and skinning sick camels and wild animals. Howev-
er, we noted more girls and women were infected with 
plague in other age groups, except in the 10–14-year age 
group, where the number of cases were equal among 
girls and boys. More (56%) girls and women were in-
fected with plague during the major epidemics that 
occurred in 1945, 1947, and 1948; many were infected 

while cutting meat from camels or wild animals or dur-
ing daily work in gardens and fields.

During the analyzed period, 70.1% of plague cas-
es were confirmed by bacteriologic methods, 1.4% by 
serology after those diagnostic methods were added 
to surveillance efforts in 1967, and 4.1% by clinical di-
agnosis; 2.1% of cases had no confirmatory diagnostic 
data available. According to the records, some pa-
tients used antibiotic drugs before samples were col-
lected, and no bacteriologic confirmation was made. 
Indirect hemagglutination reaction serologic method 
was used for confirmation in 2% of cases. 

The IR for plague was high in the early 20th 
Century and then decreased, after which the inci-
dence plummeted as a result of plague monitoring 
and control programs and the use of antimicrobial 
drugs, insecticides, and vaccine prophylaxis (4,14). 
During 1926–2003, IR was 0.01–56.1/10,000 popula-
tion. The mortality rate was high in almost all periods 
studied. For example, in the 1945 outbreak in Kyzy-
lorda oblast, the mortality rate was 73%. In the 1920s, 
the mortality rate was high because treatment and  
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Table 3. Incidence and fatality rates in a historical assessment 
and mapping of human plague, Kazakhstan, 1926–2003 
Year % Cases* Incidence rate† Case-fatality rate, % 
1926 12.2 56.1 93.0 
1927 1.77 8.13 70.0 
1929 22.3 4.56 95.0 
1945 30.8 5.3 73.0 
1947 3.36 0.17 79.0 
1948 11.86 0.58 72.0 
1955 1.95 0.34 36.0 
1956 0.35 0.08 50.0 
1958 0.88 0.20 20.0 
1959 0.35 0.03 50.0 
1961 0.18 0.04 100.0 
1964 1.95 0.34 27.0 
1966 1.95 0.15 45.0 
1967 2.3 0.22 15.0 
1968 0.18 0.04 100.0 
1969 0.35 0.06 50.0 
1971 0.71 0.08 0.00 
1972 0.18 0.02 100.0 
1973 0.18 0.05 100.0 
1974 0.35 0.10 50.0 
1975 0.35 0.09 100.0 
1979 0.18 0.02 0.00 
1986 0.18 0.03 100.0 
1988 0.18 0.03 100.0 
1989 0.35 0.01 50.0 
1990 0.71 0.04 50.0 
1991 0.18 0.02 0.0 
1992 0.18 0.02 0.0 
1993 0,53 0.02 33.0 
1997 0.18 0.02 0.0 
1999 1.59 0.07 22.0 
2001 0.35 0.03 50.0 
2002 0.18 0.02 0.0 
2003 0.71 0.04 25.0 
*Values indicate percentage of cases recorded during the study period. 
†Reported as cases per 10,000 population. 
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prophylaxis measures were limited. In subsequent 
years, high mortality rates were associated with de-
layed treatment, incorrect and late plague diagnoses, 
presence of concomitant chronic diseases, late referral 
of patients to doctors, and remote location of patients.

Of note, study data from 2021 suggest that the area 
of natural foci with gopher-type Y. pestis Medievalis bi-
ovar 2.MED strain circulation is 221,347 km2 and that 
the Y. pestis sandstone-type has a 1,728,676-km2 range 
(17). Thus, Y. pestis strains of the phylogenetic branch 
of the Medievalis biovar 2.MED1 may have been the 
cause of the 1945 outbreak and 2.MED0 might have 
been the cause of plague outbreaks in the 1920s.

Natural plague foci in Kazakhstan vary in terms of 
occupied area, activity of epizootic process manifesta-
tion, and studied biocenotic and spatial structure, as 
well as varying risks for  epidemiologic complications. 
On the basis of our findings, we included 139 sectors in 
the group with a very high degree of potential epidemic 

hazard, 375 sectors with high, 989 sectors with medium, 
7,127 sectors with low, and 5,991 sectors with very low 
degree of potential epidemic hazard (18).

Considering the current epizootic plague situ-
ation, plague control stations and other medical and 
prophylactic organizations of Kazakhstan annually 
carry out the necessary sanitary, and preventive mea-
sures. In addition, the country conducts special plague 
mitigation measures, primarily epizootologic surveil-
lance of focal areas, vaccination of humans and camels, 
village disinfection and deratization, creation of pro-
tective zones by field disinfection around settlements, 
and sanitary and educational work. The sufficient 
quantity and timeliness of prophylactic measures in 
Kazakhstan has reduced the risk for human and camel 
Y. pestis infection and absence of plague since 2003 (18). 

The study faced difficulties in reconstructing each 
plague case because the cases were recorded in differ-
ent sources and some sources did not have complete 
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Figure 10. Human plague outbreaks in a historical assessment and mapping of human plague, Kazakhstan, 1926–2003. A) Number of 
plague outbreaks per natural plague foci; B) number of outbreaks by region.

 
Table 4. Month and infection route in a historical assessment and mapping of human plague, Kazakhstan, 1926–2003* 
Infection route Jan Apr May Jun Jul Aug Sep Oct Nov Dec 
Human-to-human 7.43 0 0 0.18 0.53 16.81 14.69 6.90 22.30 2.12 
Flea bite 0.18 0 0.88 2.65 1.59 2.30 0.53 1.59 2.48 0.35 
Animal butchering or skinning 0 0 0 0.35 0 0.53 0 0 0.71 0 
Rodent bite 0 0.18 0 0 0 0 0 0 0 0 
Camel butchering or skinning 0.18 0 0 0 1.41 7.43 0.53 0.18 1.24 1.41 
Aerosol 0 0 0 0 0.53 0 0 0 0 0 
Unknown 0 0 0 0 0 1.81 0 0 0 0 
Total 7.81 0.18 0.88 3.18 4.07 28.85 15.75 8.67 26.72 3.89 
*Values indicate percentage of cases recorded during the study period. 
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data. In addition, the historical records omitted some 
data on patients’ sex, age, occupation, laboratory 
data, and clinical confirmation of cases. Those limita-
tions may result in underestimation of incidence and 
fatality rates and may affect our ability to analyze 
demographic patterns accurately. Consequently, the 
study’s findings may not fully capture the scope or 
severity of the epidemic, potentially underrepresent-
ing certain affected groups or trends.

Conclusions
In Kazakhstan, from 1926 through 2003, plague cas-
es were registered for 565 persons in 82 plague foci. 
Most outbreaks occurred during 1926–1948, before 
antibiotics and prophylactic measures were intro-
duced in plague-endemic areas, after which the num-
ber of cases decreased. All cases were registered in 
plague areas of a 1,007,350-km2 area overlapping with 
stable plague epizootics. 

In summary, even though the last case was reg-
istered in 2003, plague is still relevant in Kazakhstan; 
active plague epizootics are observed among wild 
rodents in plague-endemic areas, and local plague in-
stitutions annually isolate Y. pestis from animals and 
flea vectors. Thus, to aid early warning and decision 
support for adequate treatment, up-to-date descrip-
tive analyses are needed to curb effects of plague on 
the human population of Kazakhstan.

This article was preprinted at https://doi.org/10.21203/
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Bartonella bacteria are fastidious, intracellular gram-
negative rods that cause disease in humans, cats, 

dogs, rodents, and other mammals. Thirteen Bartonella 
species are known to cause human infection (1). B. quin-
tana infection can cause bacillary angiomatosis, peliosis 
hepatis, chronic bacteremia (2–4), and culture-negative 
endocarditis (5,6). B. quintana is transmitted by the hu-
man body louse (Pediculus humanus humanus) through 
inoculation of broken skin by contaminated feces. In-
fection is enabled in settings where personal hygiene is 
compromised, such as refugee camps (7) and wartime 
environments (8). In recent decades, B. quintana infec-
tion has emerged as a disease primarily affecting per-
sons experiencing homelessness (3,5,9–20).

In January 2023, B. quintana infection was diag-
nosed in 2 kidney transplant recipients from 1 donor 
(21). An investigation by the New York City (NYC) 
Department of Health and Mental Hygiene (New 
York, NY, USA) determined the donor had experi-
enced unsheltered homelessness and had B. quintana 
bacteremia during their terminal hospitalization in 
summer 2022. In April 2023, another case of Barton-
ella endocarditis diagnosed in a patient experiencing 
homelessness was reported to the NYC Department 
of Health and Mental Hygiene, prompting efforts to 
identify additional cases to better understand the in-
cidence and severity of B. quintana infections in the 
city (22). This article provides information regarding 
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Bartonella quintana infection can lead to bacillary an-
giomatosis, peliosis hepatis, chronic bacteremia, and 
culture-negative endocarditis. Transmitted by the human 
body louse (Pediculus humanus humanus), B. quintana 
infection has become an emerging disease in recent de-
cades among persons experiencing homelessness. By 
using retrospective laboratory surveillance, we identified 5 
cases of left-sided, culture-negative B. quintana endocar-
ditis among persons in New York, New York, USA, during 
January 1, 2020–November 23, 2023. Identifications were 

made by using molecular assays. All patients experienced 
unsheltered homelessness in the year before hospital-
ization. Of those patients, 4 experienced heart failure, 3 
renal failure, and 2 embolic strokes; 2 died. Aortic valve 
replacement occurred in 4 cases. A history of possible 
body louse infestation was found in 4 cases. Clinicians 
should consider housing status and history of lice expo-
sure in patients with suspected bartonellosis and have a 
low threshold for diagnostic testing and empiric treatment 
in patients experiencing homelessness.
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the clinical manifestations, diagnosis, and treatment 
of each case and discusses management options for 
clinicians caring for patients experiencing homeless-
ness who might have bartonellosis.

Methods
The NYC Department of Health and Mental Hygiene 
conducted retrospective active surveillance for pa-
tients with a diagnosed B. quintana infection among 
clinical laboratories of 5 large hospital networks and 
the Wadsworth Center at the New York State De-
partment of Health. The laboratories identified pa-
tients during January 1, 2020–November 23, 2023, 
who had a Bartonella spp. recovered from specimen 
cultures; who tested positive for Bartonella spp. with 
PCR further confirmed as B. quintana by 16S rRNA 
sequencing; whose plasma yielded >10 molecules/
μL of B. quintana cell-free DNA detected with next- 
generation sequencing (23); or whose serum demon-
strated B. quintana or B. henselae IgM or IgG titer re-
sults of >1:128. All serologic testing was conducted at 
the same commercial clinical laboratory.

We reviewed the electronic medical records of 
patients identified by the laboratories, accessed by 
using NYC regional health information organizations 
for clinical and social history details, which included 
documentation of housing status. The NYC Depart-
ment of Homeless Services registration database was 
queried for evidence that cases received services in 
the NYC shelter system. The NYC Department of 
Health and Mental Hygiene’s Institutional Review 
Board determined that the activities described in this 
article meet the definition of public health surveil-
lance as set forth under 45 CFR§46.102(1)(2). 

Results
We identified 5 cases of culture-negative, left-sided 
B. quintana endocarditis. The 5 patients had expe-
rienced unsheltered homelessness within 1 year of 
admission. None were registered in the NYC shelter 
system. The case descriptions illustrate similarities 
in clinical manifestations and highlight the concern 
of delayed diagnosis.

Case 1 Description
In summer 2022, a middle-aged man with schizo-
phrenia and alcohol use disorder was found unre-
sponsive at an assisted living facility where he had 
lived for ≈1 year for the management of malnutrition 
and chronic anemia. According to his family, the pa-
tient had previously been living unsheltered in NYC 
and had been treated for body lice. In the emergency 
department, the patient was unresponsive but had 

unremarkable vital signs (Table). Laboratory testing 
revealed severe anemia and renal failure. Computed 
tomography (CT) scans of the brain revealed a large, 
acute, right inferior cerebellar intraparenchymal 
hemorrhage with surrounding edema. Cerebral angi-
ography revealed a 3-mm right posterior inferior cer-
ebellar artery aneurysm that was treated emergently 
with endovascular coiling.

Transthoracic echocardiogram (TTE) revealed 
a 2.2 cm vegetation on the noncoronary aortic valve 
(AV) leaflet and a 2.0 cm vegetation on the anterior 
mitral valve leaflet, which is associated with severe 
regurgitation of both valves with preserved left ven-
tricular function and suggestive of bacterial endocar-
ditis. Healthcare providers collected 1 set of blood 
cultures before antimicrobial administration and 4 
sets the first week of hospitalization. Bacterial cul-
tures were held for 5 days, and fungal cultures were 
held for 30 days. Cultures remained negative. Provid-
ers treated the patient empirically for bacterial endo-
carditis with ceftriaxone and vancomycin for 12 days, 
then stopped after blood cultures remained negative. 
Providers did not initially consider bartonellosis.

The patient received anticoagulants and under-
went aortic and mitral bioprosthetic valve replace-
ments 38 days after admission and after neurologic 
recovery. After reassessment of the case by a new con-
sultant 2 days after surgery, doxycycline was started 
empirically for possible bartonellosis, and serologic 
testing was conducted. Results of bacterial culture of 
the explanted valve tissue was negative; fungal and 
mycobacterial cultures were not performed. B. hense-
lae and B. quintana IgG titers were >1:1024; IgM titers 
were negative.

The patient was discharged and then readmitted 
3 weeks later with renal failure. Doxycycline mono-
therapy was continued for 4 weeks and then switched 
to azithromycin for an additional 2 weeks because of 
a drug rash while on doxycycline.

After the second hospital discharge, a nonspecific 
qualitative PCR at a commercial laboratory detected 
a Bartonella sp. in an explanted AV tissue specimen. 
The Wadsworth Center conducted Bartonella PCR of 
whole blood that was collected before doxycycline 
was started, and the PCR was negative. A Warthin-
Starry silver stain of the AV tissue revealed small, 
black, curved organisms that were consistent with 
Bartonella spp. (Figure 1).

The patient’s family was contacted after he 
missed outpatient appointments. They reported that 
he had left home and was experiencing homeless-
ness. The patient sought treatment at another hospi-
tal 2 months after the second discharge. The hospital 
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clinicians diagnosed Clostridioides difficile–associated 
diarrhea and Enterococcus faecalis bacteremia. No ad-
ditional Bartonella testing was conducted. The patient 
was discharged to hospice and died 10 months after 
his endocarditis diagnosis.

Several months after the patient’s death, forma-
lin-fixed paraffin-embedded explanted AV tissue 
was submitted to the Centers for Disease Control 
and Prevention for testing. B. quintana was identi-
fied by using a Bartonella-specific hemi-nested PCR 
targeting the ribC gene (24) followed by sequence 
analysis of 307 bp and 211 bp PCR products.  

Electron microscopy revealed B. quintana within 
aortic tissue (Figure 2).

Case 2 Description
In early spring 2022, a middle-aged man with chronic 
obstructive pulmonary disease who had been expe-
riencing unsheltered homelessness sought care at an 
emergency department with dyspnea on exertion that 
progressed to shortness of breath at rest over the previ-
ous 2 weeks. He had a history of bipolar disorder, an-
tisocial personality disorder, and alcohol use disorder. 
Body lice were discovered and treated after admission.
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Table. Demographic and clinical features of 5 Bartonella quintana endocarditis cases in persons experiencing homelessness, New 
York, New York, USA, 2020–2023* 
Characteristics Case 1 Case 2 Case 3 Case 4 Case 5 
Patient demographics      
 Age, y 50 50 70 50 60 
 Sex M M F M M 
 Race/ethnicity Black Middle Eastern Unknown Hispanic Asian 
Admission values      
 Temperature at admission, °C 37.0 36.2 36.7 36.4 36.9 
 Heart rate, beats/min 118 101 46 92 72 
 Respiratory rate, breaths/min 20 19 9 16 20 
 Blood pressure, mm Hg  138/108 123/51 82/45 111/66 138/85 
 Leukocytes, 103 cells/mL 8.6 11.1 17 3.1 9.5 
 Hemoglobin g/dL 6.2 10.3 5.8 8.6 7.8 
 Platelets, 103/mL 233 205 155 123 350 
 Creatinine, mg/dL 2.8 1.9 1.4 1.3 0.8 
 Albumin, g/dL 2.9 2.5 2.5 2.7 3.4 
 Pro-BNP, pg/mL Not tested Not tested 2756 40510 Not tested 
Diagnoses and course of illness      
 Heart failure Yes Yes Yes Yes No 
 Affected heart valve(s) Aortic, mitral Aortic Aortic Aortic Aortic, mitral 
 Valve replacement Yes Yes Yes Yes No 
 Renal failure Yes Yes Yes No No 
 Renal replacement therapy No Yes Yes No No 
 B. quintana IgG titer >1:1,024 1:1,280 <1:128 1:640 1:2,560 
 B. henselae IgG titer >1:1,024 1:2,560 >1:1,024 1:2,560 1:2,560 
 B. quintana IgM titer Negative Negative Negative Negative Negative 
 B. henselae IgM titer Negative Negative Negative Negative Negative 
 Molecular diagnostic assay HN-PCR 

valve 
PCR/16S rRNA 

valve 
PCR/16S 

rRNA valve 
16S rRNA gene 

sequencing 
cfDNA, 

14049 MPM 
 Molecular diagnosis B. quintana B. quintana B. quintana B. quintana B. quintana 
 Antimicrobial drugs administered before B. 
 quintana treatment started 

VAN, CTX DAP, CTX VAN, P/T, 
CTX 

VAN, CTX VAN, CTX 

 Days before B. quintana treatment started 40 4 3 3 8 
 Hospitalization, d 46 79 34 33 31 
 Died during hospitalization No No Yes No No 
 Died within 1 year Yes No Yes No No 
 Risk factors      
 Alcohol use disorder Yes Yes Unknown Yes No 
 Illicit drug use No Yes Unknown Yes No 
 Schizophrenia Yes No Unknown No No 
 Bipolar disorder No Yes Unknown Yes No 
 Other mental health condition Unknown Yes Unknown Unknown No 
 Unsheltered homelessness at admission No Yes Presumed Yes Yes 
 Unsheltered homelessness within 1 year of 
 admission 

Yes Yes Presumed Yes Yes 

 Known exposure to body lice Yes Yes bed bugs Yes No 
*cfDNA, microbial cell-free DNA detection with next-generation sequencing; CTX, ceftriaxone; DAP, daptomycin; HN-PCR, hemi-
nested PCR confirmed with sequence analysis; MPM, DNA molecules per microliter (number of DNA fragments present in 1 microliter 
of plasma); PCR/16S rRNA, real-time PCR of gltaA confirmed with full gene sequencing of PCR product; pro-BNP, pro-B-type 
natriuretic peptide; P/T, piperacillin/tazobactam. 
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Physical examination revealed bilateral lower 
extremity and scrotal edema and diffuse pulmonary 
crackles. The patient was tachycardic (Table). Labo-
ratory testing revealed hematuria, mild neutrophilic 
leukocytosis, acute kidney injury, and metabolic aci-
dosis. A chest radiograph showed pulmonary con-
gestion and bilateral pleural effusions. TTE revealed 
severe aortic regurgitation (AR), a 1.7 cm AV vegeta-
tion, a small vegetation on the noncoronary aortic 
leaflet, elevated end diastolic right ventricular pres-
sure, and preserved left ventricular function.

Healthcare providers obtained blood cultures 
after a single dose of ceftriaxone and before dapto-
mycin was initiated; the cultures remained negative 
after 5 days. Clinicians became concerned for pos-
sible bartonellosis because of the patient’s recent 
homelessness and negative blood cultures. Clinicians 
changed the patient’s antimicrobials to doxycycline 
and rifampin after serologic testing revealed B. hense-
lae titers of IgG >1:2,560 and B. quintana titers of IgG 
>1:1,280; IgM titers were negative.

The patient’s renal function continued to de-
cline, likely secondary to glomerulonephritis, and 
clinicians initiated intermittent dialysis. The patient 
subsequently refused treatment and laboratory test-
ing but was legally deemed unable to make medical 
decisions; a court ordered dialysis and cardiothoracic 
surgery. He underwent bioprosthetic AV replace-
ment and a left atrial appendage ligation on day 29 of 
hospitalization. The postoperative course was com-
plicated by deterioration of cardiac function and re-
nal failure.

The Wadsworth Center conducted molecular 
testing of the explanted AV and identified B. quintana 
by using real-time PCR targeting of the gltA gene and 
confirmed the B. quintana infection by 16S full gene 
DNA sequencing of the PCR product. During the hos-
pitalization, the patient completed 10-week courses 
of doxycycline and rifampin; 6 additional weeks of 
doxycycline were recommended after hospital dis-
charge. The patient was discharged to a shelter 79 
days after admission with hemodialysis scheduled 
3 times/week, but he left the facility and did not at-
tend outpatient clinic appointments. He returned to 
the emergency department 3 months later with vol-
ume overload and possible worsening of heart failure 
(HF), although renal function had recovered. He left 
against medical advice and was lost to follow-up.

Case 3 Description
An elderly woman with unknown medical his-
tory was found disoriented and lying on a subway 
platform during the winter of 2020. Bed bugs were 

noted by emergency responders. She was afebrile, 
bradycardic, and hypotensive, and it was noted she 
had hyperpigmented lower extremities with 3+ pit-
ting edema (Table). At the hospital, laboratory values 
revealed moderate leukocytosis, profound anemia, 
thrombocytopenia, acute kidney injury, elevated pro-
B-type natriuretic peptide (pro-BNP), lactic acidosis, 
and coagulopathy. TTE showed severe AR with large 
vegetations on the AV noncoronary and right coro-
nary cusps, moderate pulmonary hypertension, mod-
erate tricuspid and severe pulmonic regurgitation, 
and diastolic dysfunction. Brain magnetic resonance 
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Figure 1. Warthin-Starry staining of aortic valve vegetation from a 
person experiencing homelessness who had Bartonella quintana 
endocarditis, New York, New York, USA. The presence of 
argyrophilic microorganisms is consistent with Bartonella (arrow). 
Original magnification ×500.

Figure 2. Transmission electron microscopy image from 
a person experiencing homelessness who had Bartonella 
quintana endocarditis, New York, New York, USA. Image reveals 
pleomorphic bacteria from a formalin-fixed paraffin-embedded 
tissue section. Arrows indicate 2 rod-shaped bacteria present in 
the aorta of the patient. Scale bar indicates 2 μm.
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imaging revealed possible embolic-type infarcts in bi-
lateral cerebral and left cerebellar hemispheres.

Healthcare providers collected blood cultures 
and then administered ceftriaxone and vancomycin 
empirically for bacterial endocarditis. Providers start-
ed the patient on doxycycline and rifampin 3 days lat-
er because the negative blood cultures, homelessness, 
and the ectoparasitic infestation were suggestive for 
bartonellosis.

The patient underwent urgent tissue AV replace-
ment and tricuspid valve repair. Warthin-Starry stain 
was negative. Bacterial cultures held 5 days and fun-
gal cultures held 28 days of the explanted valve were 
negative. Blood cultures were held for 14 days and 
remained negative.

The titer for B. quintana IgG was <1:128 and the 
titer for B. henselae IgG was >1:1,024; IgM titers were 
negative. Clinicians changed the patient’s antimicro-
bial drugs to doxycycline and rifampin because of the 
clinical suspicion of bartonellosis after consideration 
of the elevated Bartonella spp. titers, negative blood 
cultures, homelessness, and ectoparasitic infestation. 
The Wadsworth Center conducted molecular test-
ing of the explanted AV and identified B. quintana. 
The patient died from multiorgan failure 3 weeks  
after surgery.

Case 4 Description
A middle-aged man with a history of asthma, bipolar 
disorder, alcohol use disorder, hepatitis C infection, 
pancytopenia, and experiencing unsheltered home-
lessness sought care at an emergency department in 
the winter of 2022 with dyspnea and bilateral lower 
extremity edema over the previous 2 months. He was 
hospitalized for fluid overload with suspected acute 
HF. At admission, the patient’s vital signs were unre-
markable, and no signs or symptoms of systemic in-
fection were noted (Table). Laboratory tests revealed 
anemia, hypoalbuminemia, and elevated pro-BNP. 
Chest radiograph showed pulmonary congestion and 
bilateral pleural effusions.

TTE showed AR, mitral regurgitation, tricuspid 
regurgitation, mild pulmonary hypertension, and 
suspected mobile vegetations on the AV. Healthcare 
providers collected blood cultures before initiating 
treatment with intravenous vancomycin and ceftri-
axone for suspected bacterial endocarditis. Initial 
and repeated blood cultures remained negative after 
21 days. Because of the patient’s recent unsheltered 
homelessness and reported exposure to cats, dogs, 
and lice, Bartonella endocarditis was considered. 
Clinicians changed the antimicrobial treatment to 
doxycycline and rifampin. Serologic testing detected  

elevated IgG titers to B. henselae of 1:2,560 and B. quin-
tana of 1:640. B. henselae IgM titers were negative.

The patient underwent tissue AV replacement 10 
days after admission. Bacterial, fungal, and mycobac-
terial cultures of the AV tissue were negative. Health-
care providers identified B. quintana from the ex-
planted AV by using Sanger sequencing of amplicons 
obtained from PCR assays targeting 16S rRNA and 
ribC genes. The patient was discharged from the hos-
pital and recommended to complete a 12-week course 
of doxycycline and 6-week course of rifampin. How-
ever, he continued to experience unsheltered home-
lessness and reported that he was unable to complete 
the recommended regimen because his medications 
were stolen.

Case 5 Description
An ≈60-year-old man experiencing unsheltered 
homelessness was admitted to an emergency depart-
ment in summer 2023 after being found collapsed on 
a sidewalk. Physical examination revealed left-sided 
facial droop and weakness. He was afebrile, and vital 
signs were unremarkable. Laboratory testing showed 
severe anemia and normal renal function (Table). CT 
scans of the patient’s head revealed an acute right 
middle cerebral artery infarct with suspected throm-
bus. CT angiography showed occlusion of the right 
M1 segment, which was treated with thrombectomy.

Transesophageal echocardiogram revealed mo-
bile vegetations on each AV leaflet, anterior and pos-
terior mitral valve leaflets, and the tricuspid valve; 
mild AR; and mild to moderate mitral regurgitation. 
Digital subtraction angiography revealed a 3 mm dis-
tal middle cerebral artery mycotic aneurysm.

Healthcare providers collected blood cultures 
and initiated vancomycin and ceftriaxone for sus-
pected bacterial endocarditis. Blood cultures were 
held for 5 days and remained negative.

Clinicians considered the patient at risk for B. 
quintana endocarditis because he experienced recent 
homelessness. They added doxycycline and rifampin 
after B. hensalae and B. quintana IgG titers were both 
1:2,560; IgM titers were negative. Clinicians discon-
tinued vancomycin and ceftriaxone when cell-free B. 
quintana DNA was detected in the patient’s plasma by 
using next-generation sequencing.

The patient completed 6 weeks of rifampin 
and 7 weeks of doxycycline during hospitalization. 
He did not undergo valve replacement because 
of stable vegetations and high risk for aneurysm 
hemorrhage if anticoagulated. He was discharged 
wheelchair-bound to a shelter. After falling from 
his wheelchair the next day, he was hospitalized 
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and completed his doxycycline course during an 
extended rehabilitation hospitalization.

Discussion
We describe 5 cases of left-sided B. quintana endocar-
ditis that occurred during 2020–2023 in persons ex-
periencing unsheltered homelessness in NYC. Most 
patients had serious complications, including 4 with 
HF, 3 with renal failure, and 2 with embolic strokes. 
Renal replacement therapy during hospitalization 
was required for 2 cases, and 2 patients died.

Echocardiographic findings of AV vegetations 
prompted evaluations for infective endocarditis. In 
all cases, negative blood cultures triggered testing 
for Bartonella spp. because clinicians recognized that 
B. quintana infection was a possibility because of the 
patients’ history of experiencing homelessness. Body 
lice and homelessness have been linked to B. quintana 
infection (3,9–12,17,19). In this article, body louse ex-
posure was documented in 3 of 5 endocarditis cases; 
a fourth patient had what appeared to be bed bugs, 
which might have been misidentified body lice.

Because of nonspecific clinical manifestations, B. 
quintana endocarditis requires a high index of clinical 
suspicion to diagnose. Even when clinicians consider 
bartonellosis, diagnosis can be elusive. The bacterium 
stains poorly with Gram stain and is visualized better 
with Giemsa or Warthin-Starry silver stain, although 
histopathological diagnosis is insensitive and non-
specific (5). Diagnosis is commonly made by using 
serology but can be challenging. Cross-reactivity be-
tween different Bartonella spp. can affect interpreta-
tion (1,16,25–27). In the cases reported in this article, 
titers for B. henselae IgG were equal to or higher than 
for B. quintana IgG, and in 1 endocarditis case, B. quin-
tana IgG was negative. B. henselae and B. quintana IgM 
titers were also negative in all cases, which is expect-
ed with prolonged chronic infections.

A standard approach to B. quintana diagnosis is 
lacking. As fastidious organisms, Bartonella spp. are 
difficult to grow by using routine blood culture meth-
ods and require up to 3–4 weeks of incubation. Bar-
tonella spp. endocarditis blood culture sensitivity can 
be <20% (1,28). Periodic subculturing of blood culture 
broth in shell vials or to solid media with different 
base formulas has been used, but most clinical labora-
tories are unable to use these specialized techniques 
(1,4,29). None of the B. quintana endocarditis cases in 
this article were detected by blood culture and in 4/5 
cases cultures were only held for 5 days.

Molecular assays, such as PCR amplification of 
specific gene targets (e.g., the Bartonella citrate syn-
thase gene, gltA, ribC) and 16S rRNA sequencing of 

PCR products, are the most reliable methods to de-
tect Bartonella infection and can be used for blood or 
fresh tissue specimens (4,27,30,31). In addition, mo-
lecular assays can be performed on formalin-fixed 
paraffin-embedded tissues for retrospective analysis. 
The diagnostic sensitivity of PCR to detect B. quintana 
from cardiac valve tissue in 1 reference center was 
81%, compared with 28% for blood to shell vial cul-
ture, 44% for valve tissue to shell vial culture, 33% for 
blood, and 36% for serum (4,5). However, molecular 
diagnosis of Bartonella spp. is available in only a lim-
ited number of public health and commercial labora-
tories and tissue is not always available for testing.

In this investigation, molecular testing of excised 
valve tissue confirmed the detection of B. quintana en-
docarditis in 4 patients, including in 1 patient whose 
PCR blood test was negative and another with unde-
tectable B. quintana IgG. Detection of cell-free B. quin-
tana DNA in plasma confirmed the diagnosis in the 
patient who did not undergo valve replacement.

B. quintana infection results in intraerythrocytic 
and endothelial propagation with biofilm formation 
that protects it from the immune response and anti-
microbial drugs, which might explain the insidious 
consequences of prolonged bacteremia, resistance to 
many antibiotic classes, and propensity for recurrent 
infection (1). Experimental and clinical evidence sug-
gest that aminoglycosides have bactericidal activity 
against Bartonella spp. and should be used for >14 
days, ideally in combination with a second antimi-
crobial drug (32). Doxycycline plus rifampin has been 
recommended as an effective alternative regimen 
(33). For B. quintana endocarditis, 4–6 weeks of com-
bination therapy is recommended (1,33,34), and valve 
replacement is often necessary.

A low threshold for diagnostic testing and ad-
ministration of empiric antimicrobial drugs is neces-
sary when B. quintana infection is suspected. Because 
infections can be asymptomatic and prolonged, the 
diagnosis and treatment of bartonellosis can be chal-
lenging, the consequences of untreated infection can 
be severe, untreated infection poses a risk of subse-
quent transmission, and the cost for each prolonged 
hospitalization (mean = 45 days in this article) is 
great. Persons experiencing homelessness who are 
unable to maintain regular clothing hygiene are at 
an increased risk for body louse infestation and B. 
quintana infection. When evaluating patients with 
vasoproliferative skin lesions, HF, or cardiac valve 
vegetations, clinicians should routinely ask about 
housing status and body lice exposure. In this inves-
tigation, clinicians started B. quintana–directed anti-
microbial drugs for 3 patients within 4 days of their 
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presumptive bacterial endocarditis detection. Those 
clinicians were in a hospital that frequently treats 
persons experiencing homelessness.

A history of alcohol use disorder was discovered 
in 3 of 4 cases with known medical histories, which 
has been documented previously in patients with B. 
quintana endocarditis (5,14,16,20). Those patients also 
had mental health conditions. Those related condi-
tions may have contributed to delayed detection and 
poor outcomes.

The burden of B. quintana infection in persons ex-
periencing homelessness is unknown. However, we 
infer from the published literature that this burden 
might be considerable. In 1999, 25% of clinic patients 
experiencing homelessness in Seattle, Washington, 
USA, had elevated antibody titers to B. quintana, 
compared with 1% of blood donor controls (16). Dur-
ing 2016–2021, medical centers in Denver, Colorado, 
USA, reported 12 (85.7%) of 14 patients with B. quin-
tana infections were experiencing homelessness (20). 
Over 1-year in Marseille, France, B. quintana bactere-
mia was detected in 10 (14%) of 71 of all patients expe-
riencing homelessness (3). With an estimated 653,100 
persons experiencing homelessness in the United 
States (35), the potential burden is considerable.

Bartonellosis is not a nationally notifiable dis-
ease and is not reportable to the NYC Department 
of Health and Mental Hygiene. Persons at risk for 
B. quintana infection are also frequently outside the 
reach of healthcare. Moreover, even if a patient is 
suspected to have bartonellosis, diagnostic testing 
is often inconclusive or negative. Therefore, it is 
likely those cases represent a fraction of all B. quin-
tana infections in unsheltered NYC residents dur-
ing that period.

In conclusion, clinicians who provide clini-
cal services to persons experiencing homelessness 
should consider B. quintana infection when patients 
have symptoms that may be consistent with barton-
ellosis, particularly in the setting of prior or current 
body louse infestation. Available diagnostic testing 
includes blood and tissue cultures, serologic testing, 
and molecular assays, which includes cell-free DNA 
testing; however, negative results do not entirely rule 
out B. quintana infection, and empiric antimicrobial 
drug treatment should be considered if clinical suspi-
cion for B. quintana infection is high.
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The Ebola virus disease (EVD) outbreak in West 
Africa during 2013–2016 was large, resulting in 

28,652 cases, 11,325 deaths, and ≈17,000 survivors, 
primarily from Guinea, Liberia, and Sierra Leone (1). 
Although the epidemic formally ended in 2016, EVD 
poses an ongoing threat to public health. Another 
large EVD outbreak occurred in 2018–2019, causing 
3,470 cases and 2,287 deaths in Democratic Republic 
of the Congo (DRC) (1,2), and another in 2022 led to 
164 cases and 55 deaths in Uganda (1,3). All EVD out-
breaks in West Africa, except for the 1994 outbreak 
of Taï Forest ebolavirus, have been caused by Zaire 
ebolavirus, the Ebolavirus species with the highest fa-
tality rate (40%–90%) (1,4). During a Zaire ebolavirus 
outbreak in DRC in 1995, bilateral conjunctival in-
jection was reported in 48% of hospitalized patients; 
late ocular findings including uveitis were described 
in a few surviving patients (5,6). However, the oph-
thalmic manifestations of EVD were poorly under-
stood before the West Africa EVD outbreak.

Studies on the large number of EVD survivors from 
the epidemic in 2013 revealed uveitis as the most com-
mon ophthalmic sequela. In Liberia, where EVD caused 
10,678 cases and 4,810 deaths, uveitis was found in 26% 
of survivors ≈1 year after symptom onset and in 33% at 
the 2-year follow-up (7). Another study found that ≈40% 
of the EVD survivors with uveitis were blind, with visu-
al acuity (VA) of 20/400 or worse (8). In Guinea, where 
EVD caused 3,814 cases and 2,544 deaths, ocular com-
plications were reported in 18% of survivors and uveitis 
in 13.5% (9,10). Within Sierra Leone, uveitis was report-
ed in 18%–34% of survivors and was associated with 
worse VA and higher viral load when they sought care 
for acute systemic presentation (11,12). Pediatric EVD 
survivors also experienced uveitis more frequently than 
close contact controls (10.8% vs. 1.7%; p = 0.03) and had 
worse vision-related quality of life (13).

In this study, we report the prevalence of long-
term ophthalmic findings in the largest long-term co-
hort of EVD survivors from Sierra Leone who under-
went comprehensive ophthalmic examination ≈3.5 
years after resolution of their acute illness. We also 
describe vision impairment associated with uveitis, 
in addition to the range of ophthalmic manifestations 
we observed.

Methods

Patient Recruitment and Evaluation
We conducted this study in partnership with the Min-
istry of Health and Sanitation, Sierra Leone; Emory 
University (Atlanta, GA, USA); and nongovernmen-
tal organizations including Partners in Health, John 
Snow, Inc., and Central Global Vision Fund. We ob-
tained Institutional Review Board approval for re-
view of retrospective data from Emory University 
and the Office of Ethics and Scientific Review Com-
mittee, Sierra Leone Ministry of Health and Sanita-
tion. We conducted human subject research in accor-
dance with the tenets of the Declaration of Helsinki.

EVD survivors were assessed for ophthalmic 
complications at the Lowell and Ruth Gess Kissy Eye 
Hospital (Freetown, Sierra Leone) in June 2018. Pa-
tients from outlying districts were examined at the 
Makeni Government Hospital Eye Clinic (Makeni, Si-
erra Leone). Full ophthalmic exams were performed 
and included corrected VA, slit lamp, and dilated 
funduscopic examination. B-scan ultrasound was 
performed when clinically indicated due to media 
opacity (i.e., cataract, vitreous opacity) that precluded 
a view of the posterior fundus. We confirmed EVD 
survivor status with survivor certificates or a history 
of EVD requiring Ebola treatment unit (ETU) admis-
sion. We collected demographic information, past 
medical and ocular history, and current systemic and 
ocular symptoms during a comprehensive medical 
interview. We defined active uveitis as the presence 
of inflammation in the anterior chamber, keratic pre-
cipitates, vitreous haze, or retinal or choroidal infil-
trates. We graded uveitis according to the Standard-
ization of Uveitis Nomenclature and National Eye 
Institute guidelines for anterior chamber cell, flare, 
vitreous cell, and haze (14,15). Data reviewed includ-
ed past medical and ocular history, ETU admission 
and discharge dates, and ocular and systemic symp-
toms during acute EVD.

Statistical Analysis
We analyzed demographic and medical history  
by patient; we summarized ophthalmic data on a  

The Ebola virus disease (EVD) outbreak of 2013–2016 
was large, leaving in its wake an estimated 17,000 sur-
vivors in West Africa. Uveitis is one of the most common 
ophthalmic manifestations of EVD, but long-term follow-up 
in the at-risk population is lacking. We conducted a retro-
spective cross-sectional study of 521 EVD survivors from 
Sierra Leone who underwent comprehensive ophthalmic 
examination a median of 1,289 days, or ≈3.5 years, after 
discharge from Ebola treatment units. The most common 
ophthalmic findings were cataracts (117 eyes, 11.2%), uve-
itis (86 eyes, 8.3%), dry eyes (81 eyes, 7.8%), and chorio-
retinal scar (68 eyes, 6.5%). EVD survivors with cataracts, 
uveitis, optic neuropathy, and corneal scar were more likely 
to have vision impairment, defined as Snellen visual acuity 
worse than 20/50. Results of our study highlight the need 
for ongoing vision care in EVD survivors.
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per-patient and per-eye basis. For ophthalmic data 
summarized per-person, if the condition was found 
in either eye, we counted the patient as having the 
finding. We summarized descriptive statistics as fre-
quencies for categorical data and mean/SD or me-
dian/interquartile range (IQR) for continuous data. 
We conducted bivariate analysis of factors associat-
ed with uveitis using χ2 test for per-person analysis 
and unadjusted generalized estimating equations, 
controlling for the correlation between eyes, for per-
eye analysis.

We defined vision impairment as Snellen VA 
of 20/50 or worse. We converted Snellen VAs to 
logarithm of the minimum angle of resolution (log-
MAR) values for all analyses. We calculated mean 
logMAR VA by eye, as well as by the better-seeing 
eye and worse-seeing eye. We excluded eyes with 
no light perception vision (n = 7) from analysis be-
cause there is no appropriate logMAR conversion; 
however, we recognize this exclusion could bias 
the analyses toward accepting the null hypothesis 
(16). We created a multivariable model to examine 
the relationship between vision impairment status 
and ophthalmic findings of interest and adjusted 
for cataract, uveitis, corneal scar, and optic neu-
ropathy. We adjusted the correlation between eyes 
using a compound symmetric correlation structure. 
We performed all analyses using SAS version 9.4 

(SAS Institute Inc., https://www.sas.com); we con-
sidered α<0.05 statistically significant.

Results

Demographic and Clinical Characteristics
We included 521 EVD survivors from Sierra Leone 
in this study (Table 1). The cohort had a mean age 
of 31.1 years (SD 16.0 years); 285 (54.7%) patients 
were female and 236 (45.3%) male, predominantly of 
Temne ethnicity (61.2%). Most EVD survivors who 
were offered eye care services were recruited from 
the Western Area urban or rural districts (58.4%) or 
the Northern Province (29.0%).

Patient Medical History and Current Symptoms
The cohort had a median duration of stay in an ETU 
of 22 (IQR 14–30) days (Table 2). They were examined 
after a median of 1,289 days (IQR 1,207–1,371), or ≈3.5 
years, after ETU discharge. Many survivors reported 
a history of malaria (47.8%) or typhoid (92.7%) during 

 
Table 1. Demographic characteristics of survivors in study of 
ophthalmic sequelae after Ebola virus disease, Sierra Leone* 
Characteristic Total, N = 521 
Age, mean (SD) 31.1 (16.0) 
Sex, no.  
 F 285 (54.7) 
 M          236 (45.3)  
Ethnicity n = 485 
 Temne 297 (61.2) 
 Limba 64 (13.2) 
 Mende 44 (9.1) 
 Fula 18 (3.7) 
 Other 62 (12.8) 
Education level n = 470 
 Primary and junior secondary school 177 (37.7) 
 None or nursery school 175 (37.2) 
 Higher education 118 (25.1) 
Occupation n = 492 
 Farmer or trader 213 (43.3) 
 Student 143 (29.1) 
 Unemployed or housewife 27 (5.5) 
 Healthcare or social worker 24 (4.9) 
 Construction worker 18 (3.7) 
 Other 67 (13.6) 
District of residence n = 510 
 Western Area Urban 157 (30.8) 
 Western Area Rural 141 (27.6) 
 Bombali or Tonkolili, Northern Province 148 (29.0) 
 Koidu or Kono, Eastern Province 52 (10.2) 
 Other 12 (2.4) 
*Values are no. (%) except as indicated. ETU, Ebola treatment unit, 

 
 

 
Table 2. Medical history and current symptoms of survivors in 
study of ophthalmic sequelae after Ebola virus disease,  
Sierra Leone* 
Medical history and symptoms Total, N = 521 
Days admitted in ETU, median (IQR) 22 (14–30) 
Days from ETU discharge to study 
enrollment, median (IQR) 

1,289 (82) 

Had previous eye exam  444 (86.6) 
Medical history  n = 510 
 Malaria 244 (47.8) 
 Typhoid 473 (92.7) 
 Lassa fever 7 (1.4) 
 HIV 3 (0.6) 
 Other 54 (10.6) 
 None 10 (2.0) 
Ocular history n = 510 
 Uveitis 51 (10.0) 
 Cataract 42 (8.2) 
Current systemic symptoms n = 510 
 Any systemic symptoms 503 (98.6) 
 Headache 485 (95.1) 
 Joint pain 427 (83.7) 
 Fatigue 369 (72.4) 
 Chest pain 316 (62.0) 
 Low mood 305 (59.8) 
 Abdominal pain 294 (57.6) 
 Weight loss 276 (54.1) 
 Joint stiffness and/or swelling 258 (50.6) 
 Anxiety 235 (46.1) 
Current ocular symptoms n = 510 
 Any eye symptoms 484 (94.9) 
 Eye pain 377 (73.9) 
 Light sensitivity 344 (67.4) 
 Blurred vision 342 (67.1) 
 Tearing 298 (58.4) 
 Eye redness 270 (52.9) 
 Floaters 152 (29.8) 
 Vision loss 134 (26.3) 
*Values are no. (%) except as indicated. ETU, Ebola treatment unit; 
IQR, interquartile range. 
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their lifetime. Approximately 87% of the cohort had 
>1 previous eye exam. Fifty-one survivors (10.0%) re-
ported a previous diagnosis of uveitis and 42 survi-
vors (8.2%) a previous diagnosis of cataract.

Most EVD survivors (96.5%) had systemic symp-
toms, such as headache (95.1%), joint pain (83.7%), fa-
tigue (72.4%), chest pain (62.0%), low mood (59.8%), 
abdominal pain (57.6%), weight loss (54.1%), joint 
stiffness/swelling (49.5%), and anxiety (46.1%). Most 
survivors (92.9%) also had ocular symptoms, such 
as eye pain (73.9%), light sensitivity (67.4%), blurred 
vision (67.0%), tearing (58.4%), eye redness (52.9%), 
floaters (29.8%), and vision loss (26.2%).

Ophthalmic Examination and Diagnosis
A total of 358 eyes (34.4%) had ophthalmic findings 
(Table 3; Figure 1). The most common diagnoses were 

cataract (117 [11.2%]), uveitis (86 [8.3%]), dry eye (81 
[7.8%]), chorioretinal scar (68 [6.5%]), and pterygium 
(43 [4.1%]) (Figures 2, 3). Anterior uveitis was the 
most common location (44 [51.2%]), followed by pan-
uveitis (17 [19.7%]) and posterior uveitis (16 [18.6%]).

Univariable Analysis in Patients with or without Uveitis
We analyzed demographic and clinical characteris-
tics of the cohort by patients’ uveitis status (Tables 4, 
5). EVD survivors who were female (p = 0.036) and 
older (p = 0.048) with a previous history of eye exam 
(p = 0.006), previous diagnosis of cataracts (p<0.001), 
previous diagnosis of uveitis (p = 0.030), and symp-
toms of vision loss (p = 0.026) were more likely to 
have uveitis. The presence of uveitis was not associ-
ated with days spent in the ETU (p = 0.182). Survivors 
with bullous keratopathy (p<0.001), chorioretinal scar  

 
Table 3. Ophthalmic findings in survivors in study of ophthalmic sequelae after Ebola virus disease, Sierra Leone 
Ophthalmic findings No. (%) patients, N = 521 No. (%) eyes, N = 1,042 
Any ophthalmic finding 200 (38.4) 358 (34.4) 
Cataract 62 (11.9) 117 (11.2) 
Uveitic cataract 10 (16.1) 17 (14.5) 
Uveitis 69 (13.2) 86 (8.3) 
Anterior uveitis 34 (49.3) 44 (51.2) 
Intermediate uveitis 1 (1.4) 1 (1.2) 
Anterior/intermediate uveitis 4 (5.8) 5 (5.8) 
Posterior uveitis 13 (18.8) 16 (18.6) 
Panuveitis 15 (21.7) 17 (19.8) 
Unspecified 2 (2.9) 3 (3.5) 
Dry eyes 41 (7.9) 81 (7.8) 
Chorioretinal scar 56 (10.7) 68 (6.5) 
Pterygium 20 (3.8) 43 (4.1) 
Drusen 20 (3.8) 36 (3.5) 
Refractive error 18 (3.5) 35 (3.4) 
Corneal scar 22 (4.2) 28 (2.7) 
Vitreous hemorrhage 9 (1.7) 16 (1.6) 
Optic neuropathy 6 (1.2) 7 (0.7) 

 

 

Figure 1. Common ophthalmic findings in Ebola virus disease survivors, Sierra Leone. The most common were cataract (11.2%), uveitis 
(8.3%), dry eyes (7.8%), chorioretinal scar (6.5%), and pterygium (4.1%).
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(p = 0.012), posterior synechiae (p = 0.002), retinal de-
tachment (p = 0.012), and vitreous opacity (p = 0.022) 
were significantly more likely to have uveitis. Cata-
racts (p = 0.065), corneal scar (p = 0.276), and optic 
neuropathy (p = 0.790) were not significantly associ-
ated with the presence of uveitis. Finally, survivors 
with vision impairment, defined as Snellen VA worse 
than 20/50, were significantly more likely to have 
uveitis (p = 0.004).

Visual Acuity and Multivariable Analysis by  
Vision Impairment Status
A total of 259 (24.9%) of the 1,042 eyes examined 
had vision impairment, or Snellen VA worse than 
20/50. Vision impairment was found in 18.0% of 
better-seeing eyes and 32.0% of worse-seeing eyes. 

The median logMAR VA was 0.23 (Snellen VA 
20/34) in all eyes, 0.19 (Snellen VA 20/30) in the 
better-seeing eyes, and 0.30 (Snellen VA 20/40) 
in the worse-seeing eyes. Multivariable analysis 
revealed that the presence of vision impairment 
was significantly associated with cataract (odds ra-
tio [OR] = 7.68; p<0.001), uveitis (OR = 2.08; p = 
0.007), corneal scar (OR = 4.23; p = 0.001), and optic 
neuropathy (OR = 6.32; p = 0.034) (Table.

Discussion
This retrospective observational study included a 
large cohort of 521 EVD survivors who underwent 
comprehensive ophthalmic examination at long-term 
follow-up, ≈3.5 years after their initial ETU admission 
for acute EVD. Results of the study demonstrate a 

Figure 2. Anterior segment 
photographs showing the 
spectrum of ophthalmic 
sequelae associated with EVD 
in survivors, Sierra Leone. A) A 
patient with anterior uveitis has 
diffuse round keratic precipitates 
on the corneal endothelium, 
predominantly within the inferior 
cornea. B) An EVD survivor 
with severe, chronic uveitis has 
posterior synechiae, pigment 
on the lens capsule, and a 
dense cataract. C) Another EVD 
survivor with severe uveitis 
has dense posterior synechiae 
overlying a cataract, leading 
to blindness, and corneal 
edema involving the superior 
paracentral cornea (asterisk). D) 
An external photograph shows a 
diffuse corneal opacity (leukoma) 
with superior neovascularization, 
which was not present before 
the onset of acute EVD. EVD, 
Ebola virus disease. 

Figure 3. Posterior and fundus 
photographs showing the 
spectrum of ophthalmic sequelae 
associated with EVD in survivors, 
Sierra Leone. A) Posterior 
segment photograph of an EVD 
survivor shows peripapillary 
chorioretinal scarring and variable 
pigmentary changes indicative of 
multifocal choroiditis. B) Fundus 
photograph of another survivor 
shows dense chorioretinal 
scarring along the superotemporal 
arcade and nasal to the nerve, 
consistent with inactive posterior 
uveitis. EVD, Ebola virus disease.
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broad spectrum of ophthalmic findings that were as-
sociated with vision impairment, including cataract, 
uveitis, corneal scar, and optic neuropathy.

Uveitis remained one of the most common oph-
thalmic diagnoses found, affecting 8.4% of EVD sur-
vivors. The prevalence of uveitis in our study was 
lower than in other studies from Sierra Leone also 
conducted during the West Africa EVD outbreak, 
which reported uveitis in 18%–34% of EVD survivors 
a few months after ETU discharge (8,11,12). In those 
studies, EVD survivor status was determined on the 
basis of EVD survivor certificates, history of ETU 
admission, and laboratory diagnostics when avail-
able. Some EVD survivors in our cohort might have 
been treated for uveitis in the previous few years; 
87% reported having >1 previous eye exam, which 
was also associated with the presence of uveitis (p 
= 0.05). Another explanation is that EVD-associated 
uveitis develops shortly after the acute illness; risk 
declines over time, potentially in relation to the viral 
load in ocular tissues. One previous study showed 
that a higher viral load at acute EVD illness was as-
sociated with the development of uveitis (11). Vi-
able Ebola virus was detected from the ocular fluid 
of an EVD survivor at 14 weeks in association with 
panuveitis but was no longer detected at 27 months, 
when the uveitis had been inactive for 3 months (17). 
In the Ebola Virus Persistence in Ocular Tissues and  

Fluids (EVICT) study of survivors being evaluated 
for cataract surgery, 46 survivors with vision-impair-
ing cataract tested negative for Ebola virus RNA in 
the aqueous humor at 19 months and 34 months af-
ter acute EVD (18,19). On the basis of those data, it 
is possible that EVD survivors have a greater risk for 
uveitis immediately after acute EVD as a result of vi-
ral persistence and that risk for uveitis decreases over 
time as the virus clears. Further studies will clarify 
the relationship between viremia, viral persistence in 
immune-privileged sites such as ocular tissues, and 
the development and progression of uveitis.

Nearly 20% of EVD survivors in this cohort had 
moderate vision impairment of 20/50 or worse in 
their better-seeing eye, which indicated ongoing oph-
thalmic disease at long-term follow-up. Ophthalmic 
findings associated with vision impairment in EVD 
survivors, including uveitis, cataract, corneal scar, and 
optic neuropathy, indicate a range of ocular disease 
that may contribute to visual illness and requires on-
going management. The EVICT study reported similar 
findings that vision-impairing cataract, posterior syn-
echiae, optic neuropathy, and retinal detachment were 
strongly associated with worse logMAR VA in EVD 
survivors referred for vision impairment or cataract 
evaluation (20). In a population-based study conduct-
ed in 2021in Sierra Leone, 5.1% of participants were bi-
laterally blind and ≈16% had varying degrees of vision  

 
Table 4. Demographic and clinical characteristics associated with uveitis status in survivors in study of ophthalmic sequelae after 
Ebola virus disease, Sierra Leone* 
Characteristics Total, N = 521 Uveitis, n = 69 No uveitis, n = 452 OR (95% CI) p value 
Age, mean (SD), n = 496 31.1 (16.0) 29.7 (12.7) 31.3 (16.5) 0.97 (0.95–0.99) 0.048 
Sex, n = 510    1.78 (1.03–3.05)† 0.036 
 F 285 (55.9) 46 (16.1) 239 (83.9)   
 M 236 (45.3) 13 (9.7) 223 (90.3)   
Days in ETU, mean (SD), n = 184 26.8 (21.4) 22.7 (12.3) 27.4 (22.5) 0.99 (0.97–1.01) 0.182 
Previous eye exam, n = 513 444 (86.5) 67 (15.1) 377 (84.9) 5.95 (1.42–24.88) 0.006 
History of cataract, n = 510 42 (8.2) 16 (38.1) 26 (61.9) 4.82 (2.43– 9.56) <0.001 
History of uveitis, n = 510 51 (10.0) 12 (17.4) 39 (8.8) 2.17 (1.07–4.39) 0.030 
Vision loss symptoms, n = 510 134 (26.3) 26 (19.4) 108 (21.2) 1.86 (1.09–3.18) 0.026 
*Values are no. (%) except as indicated. ETU, Ebola treatment unit; OR, odds ratio. 
†OR is the odds of uveitis for women vs. men. 

 

 
Table 5. Ophthalmic examination findings associated with uveitis status in eyes of survivors in study of ophthalmic sequelae after 
Ebola virus disease, Sierra Leone* 

Ophthalmic exam finding 
No. (%) eyes 

OR (95% CI) p value Total, N = 1,042 Uveitis, n = 86 No uveitis, n = 956 
Bullous keratopathy 2 (0.2) 1 (50.0) 1 (50.0) 11.13 (8.67–14.51) <0.001 
Cataract 117 (11.2) 14 (12.0) 103 (88.0) 1.94 (0.96–3.89) 0.065 
Corneal scar 28 (2.7) 5 (17.9) 23 (82.1) 1.94 (0.59–6.37) 0.276 
Chorioretinal scar 68 (6.5) 17 (25.0) 51 (75.0) 3.74 (1.84–7.62) 0.012 
Optic neuropathy 7 (0.7) 6 (85.6) 1 (14.3) 1.53 (0.07–34.47) 0.790 
Posterior synechiae 7 (0.7) 3 (42.9) 4 (57.1) 11.58 (2.23–55.98) 0.002 
Retinal detachment 7 (0.7) 3 (42.9) 4 (57.1) 5.64 (1.46–21.67) 0.012 
Vitreous opacity 21 (2.0) 8 (38e.1) 13 (61.9) 5.41 (2.04–14.45) 0.022 
Visual acuity      
 20/40 or better 783 (75.1) 54 (6.9) 729 (93.1) 2.25 (1.32–3.83) 0.004 
 20/50 or worse 259 (24.9) 32 (12.4) 227 (87.6) NA NA 
*NA, not applicable; OR, odds ratio. 
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impairment (21). The most common causes of bilateral 
blindness in the general population of Sierra Leone 
were untreated cataracts (59.4%), glaucoma (21.7%), 
and nontrachomatous corneal opacity (8.4%). Of note, 
the participants in the population-based study were 
>50 years of age, whereas the median age in our cohort 
of EVD survivors was 29 years. In addition, uveitis was 
not reported as a major cause of blindness or vision im-
pairment in the general population.

Cataracts were found in 11.2% of eyes in our co-
hort and were strongly associated with vision impair-
ment. Our analysis showed that uveitis found in the 
study exam was associated with a previous diagnosis 
of cataract (p<0.001); ≈10% of newly diagnosed cata-
racts were uveitic in nature. Considering the relatively 
young age of this cohort, a substantial number of the 
cataracts are likely attributable to previous or ongo-
ing inflammation or treatment with topical corticoste-
roids. Cataract development related to uveitis was re-
ported in other studies. Tiffany et al. (12) showed that 
7 out of 8 EVD survivors with cataracts had concur-
rent uveitis. Mattia et al. (11) found that 10% of EVD 
survivors with uveitis had concurrent early cataracts 
and were relatively young (median age 29 years), 
suggesting that that the cataracts were not related to 
age. Thus, early detection and treatment for uveitis in 
EVD survivors could reduce the frequency of cataract 
development and improve visual outcomes.

Corneal scar and optic neuropathy were less com-
mon in EVD survivors but were also strongly associ-
ated with vision impairment status. A post hoc analy-
sis of the EVICT study corroborated findings of worse 
logMAR VA in survivors with optic nerve disease 
than those without optic nerve disease (22). How-
ever, the presence of ocular surface disease, includ-
ing dry eye, band keratopathy, and corneal scar, were 
not strongly associated with worse visual outcomes 
(23). Further studies will determine whether these 
ophthalmic manifestations are more common in EVD 
survivors than control participants and are associated 
with worse vision. To understand the prevalence of 
uveitis, visual impairment, and disease pathogenesis 
of ocular inflammation in EVD survivors compared 
with close-contact control patients, a longer-term 
study is currently underway in Sierra Leone (24).

Limitations of our study include the retrospec-
tive study design and lack of a control group. Tim-
ing or directionality of associations cannot be de-
termined because this was a cross-sectional study. 
In addition, Ebola serum IgG was not available, so 
EVD survivor status was determined by survivor 
certificates and a history of ETU admission. Fi-
nally, there is also a potential for selection bias for 
symptomatic survivors that could skew the results 
toward a higher prevalence of ophthalmic find-
ings; however, we recruited for examination any 
EVD survivor in the targeted regions who could  
be reached.

In summary, this study identified a range of 
ophthalmic complications that were associated with 
vision impairment in EVD survivors >3 years after 
the resolution of their acute illness. Uveitis remained 
one of the most common ophthalmic findings in 
EVD survivors, but cataract, corneal scars, and optic 
neuropathy were also found to be associated with 
poor visual outcomes. Our findings highlight the 
need for long-term vision care and follow-up for 
uveitis as well as a range of ophthalmic conditions 
in EVD survivors to optimize their visual potential 
and associated quality of life.
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Table 6. Multivariable model of ophthalmic findings and vision impairment in eyes of survivors in study of ophthalmic sequelae after 
Ebola virus disease, Sierra Leone* 

Ophthalmic finding 
No. (%) eyes 

OR (95% CI) p value Vision impairment, n = 259 No vision impairment, n = 783 
Cataract 71 (27.4) 46 (5.9) 7.68 (4.32–13.64) <0.001 
Uveitis 32 (12.4) 54 (7.0) 2.08 (1.23–3.52) 0.0065 
Corneal scar 12 (4.6) 16 (2.0) 4.23 (1.80–9.95) 0.0010 
Optic neuropathy 5 (1.9) 2 (0.3) 6.32 (1.15–34.69) 0.0335 
*Vision impairment was defined as visual acuity worse than 20/50 Snellen. OR, odds ratio. 
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Highly pathogenic avian influenza virus (HPAIV) 
(H5Nx) subtype descendents of the H5N1 

Goose-Guangdong (Gs/Gd) lineage emerged in 1996; 
since then, derivatives of H5Nx have disseminated 
intercontinentally through wild migratory waterfowl 
and human activity (1–3). Since 2020, HPAI H5 virus-
es belonging to the Gs/Gd lineage have become pan-
zootic, demonstrating continual reassortment with 

low pathogenicity avian influenza viruses (LPAIV). 
Those viruses have shown unprecedented global 
spread among poultry and wild birds, even infecting 
mammals and humans (1,4). In most cases, mammal 
infection results from direct or indirect contact with 
infected birds or from consumption of dead birds, 
suggesting that the avian virus can be transmitted to 
mammal hosts (5).

Viruses belonging to H5Nx clade 2.3.4.4b caused 
major outbreaks in wild birds in Asia, Europe, Africa, 
and America (6,7); infections even extended to both 
terrestrial and aquatic mammals (8). Wild mammals, 
such as red foxes, lynxes, and skunks, and domestic 
mammals, including pet ferrets, domestic mink, rac-
coon dogs, and arctic foxes, have been infected by 
H5N1 clade 2.3.4.4b viruses; moreover, the disease 
has been detected in aquatic mammal species includ-
ing seals and sea lions in North and South America 
(6,9,10). In addition, a report from Italy in July 2023 
revealed infected cats and dogs living in close prox-
imity to humans (10); studies conducted since June 
2023 report that 29 domestic cats in at least 6 regions 
of Poland were infected with the H5N1 clade 2.3.4.4b 
virus (10–12).

In South Korea, HPAIV infection of cats and dogs 
on poultry farms affected by HPAIV were reported in 
2015 and 2016. Those infections are thought to have 
occurred through close contact with, or consumption 
of, HPAIV-infected birds (13,14). HPAIV was later 
confirmed in cats at 2 different cat shelters in 2023. 
In July 2023, cats housed in a cat shelter in Seoul 
were found dead, leading the owner to request di-
agnostic tests at a private diagnostic institution. Sub-
sequently, a veterinary laboratory at Seoul National 
University (SNU) became involved in the diagnosis 
of those samples. The SNU laboratory contacted the 
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In July 2023, cases of highly pathogenic avian influenza 
(HPAI) were reported at 2 shelters for stray cats in Seoul, 
South Korea. The cause of infection was suspected to 
be improperly sterilized raw food made from domestic 
duck meat, which was manufactured in South Korea. All 
viruses isolated from cats at the shelters and from the 
raw food belonged to HPAI A(H5N1) clade 2.3.4.4b. The 
gene constellation of all viruses was most similar to that 
of viruses isolated in Korea in November 2022. Of note, 
the viruses isolated from infected cats harbored muta-
tions E627K or D701N in polymerase basic 2, which 
are indicative of adaptation to mammals. Postmortem 
examination revealed systemic pathologic lesions and 
the presence of widespread virus in different tissues. 
Thus, consumption of raw duck meat contaminated with 
HPAI virus likely caused systemic symptoms and death 
in cats, indicating the introduction of mammal-adapted 
mutations of the virus.
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Animal and Plant Quarantine Agency (APQA) in 
South Korea with the HPAIV-positive test results; the 
HPAIVs were isolated from dead cats and belonged 
to H5N1 clade 2.3.4.4b with a D701N mutation in the 
polymerase basic (PB) 2 gene (15). A second shelter 
in Seoul reported suspected clinical signs of HPAIV 
infection in cats 5 days later. We obtained additional 
clinical samples from cats and the environments of 
the 2 shelters and conducted various tests to identify 
the source of infection and to characterize the viruses.

In this study, we describe identifying the source 
of infection through environmental sampling, epide-
miologic investigations, and genetic analysis. We also 
evaluate the risk for human infection and transmis-
sion between mammals. Furthermore, we explore 
disease pathogenesis, focusing on virus replication in 
tissues and associated pathologic sequelae.

Materials and Methods

Case Description and Sampling
On July 24, 2023, SNU contacted the APQA, the na-
tional reference institute headquarters responsible for 
avian influenza diagnosis in South Korea, to report 
possible HPAIV infection of cats housed in a shelter 
located in Yongsan-gu, Seoul (shelter 1). To ensure 
the results and investigate the case, we collected ad-
ditional samples from 3 frozen cat carcasses and 2 
live cats at the shelter; we also collected blood from 
2 live cats, neither of which showed clinical signs for 
serologic testing. On July 29, 2023, a vet charged with 
examining hospitalized cats from another cat shelter 
in Gwanak-gu, Seoul (shelter 2), also reported sus-
pected cases of HPAIV infection. A cat carcass, as 
well as nasal swab samples from 4 sick cats housed at 
the animal hospital and from the 122 cats remaining 
at shelter 2, were collected and tested by the Seoul 
local veterinary service. The clinical samples and the 
cat carcasses that tested positive for the H5 gene from 
shelter 2 were sent to APQA. We performed postmor-
tem examination on all the cat carcasses sent to APQA 
from the 2 shelters and collected tissue samples from 
various organs. All those samples and other clinical 
swab samples were subjected to molecular diagnostic 
tests for avian influenza or other suspected diseases.

To determine the location and the extent of con-
tamination of the shelters, we conducted environmen-
tal sampling (183 swabs) at various locations within 
2 shelters within 2–3 days of the report of HPAIV. 
The swabs were placed in a viral transport medium 
and delivered to the APQA directly. We categorized 
environmental samples according to sampling loca-
tion, type of object sampled, the structures within the 

shelter itself, whether the items were cat-related (e.g., 
food), and samples from wildlife residues located 
outside the shelter.

Furthermore, we conducted epidemiologic envi-
ronmental sampling at relevant sites associated with 
contaminated raw food, such as raw duck meat food 
manufacturers, slaughterhouses, meat storage facilities, 
suspected duck farms, other cat shelters, and locations 
associated with feral cats. We collected 214 samples 
from 9 different locations and tested them at the APQA. 
In addition, we also sampled and tested all types of 
raw food for cats or dogs on the market (produced by 
10 other manufacturers); in total, we tested 65 raw food 
products and 24 raw meats of duck or chicken origin.

Molecular Detection, Isolation, and Sequencing
We tested swab samples, tissue samples, and virus 
isolates by real-time reverse transcription PCR (RT-
PCR), as described previously (16,17), to detect the 
matrix (M), H5, or H7 genes of avian influenza (18). If a 
sample tested positive for H5, we amplified the cleav-
age site within the H5 hemagglutinin (HA) gene by 
RT-PCR and determined nucleotide sequences using 
an Applied Biosystems ABI 3500xL Genetic Analyzer 
(ThermoFisher Scientific, https://ww.thermofisher.
com) for pathotyping (18).

To isolate and characterize the virus, we inoculat-
ed H5-positive samples into 10-day-old embryonated 
chicken eggs and incubated for 48 hours at 37°C. We 
extracted viral RNA from the infectious allantoic flu-
id using an NX-48 Viral NA kit (Genolution, https://
genolution.co.kr). We amplified all 8 segments of the 
isolates by RT-PCR (19). We performed complete-ge-
nome sequencing using the Illumina Miseq platform 
with the Nextera DNA Flex Library Prep Kit (https://
www.illumina.com) and assembled genomic se-
quences by using CLC Genomics Workbench version 
23 (QIAGEN, https://www.qiagen.com). We depos-
ited the nucleotide sequences of 12 viruses isolated 
in this study in the GISAID database (https://www.
gisaid.org; accession nos. EPI_ISL_18819799–EPI_
ISL_18819810). We downloaded the reference datas-
ets for phylogenetic analysis of all the gene segments 
characterized in this study from GenBank and the GI-
SAID EpiFlu Databases. We aligned those sequenc-
es with MAFFT (https://mafft.cbrc.jp/alignment/
software) using the default parameters for FASTA 
alignment. We removed all untranslated regions 
and retained only the protein-coding sequences of 
each segment. We constructed maximum-likelihood 
trees based on the aligned sequences using RAxML 
on XSEDE version 8.2.12 (20). We used bootstrap  
analysis with 1,000 replicates to assess the reliability 
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of the trees and generated the tree displays by using 
the interactive Tree of Life program (21).

Pathologic Examination
We conducted necropsy to confirm HPAIV diagnosis 
and to examine pathologic lesions. We collected tis-
sue samples (brain, heart, lung, spleen, kidney, liver, 
pancreas, and intestine), fixed for 24 hours in 10% buff-
ered neutral formalin, and then processed for paraffin 
embedding. We then cut 4-µm sections, mounted, de-
waxed, and stained with hematoxylin and eosin. We 
analyzed duplicate sections by immunohistochem-
istry to determine the distribution of influenza virus 
antigens using a monoclonal antibody specific for in-
fluenza A virus nucleoprotein (Bio-Rad Laboratories, 
https://www.bio-rad.com). We used a biotinylated 
goat anti-mouse IgG and an avidin-biotin complex sys-
tem, using the RedMap Kit (all Roche, https://www.
roche.com) as the chromogenic substrate. We incu-
bated the negative control slide in phosphate-buffered 
saline instead of the primary antibody.

Serologic Testing
We treated serum samples from 2 surviving cats 
from shelter 1 with a receptor-destroying enzyme 
(Denka Seiken, https://www.denka.co.jp), in-
activated at 56°C for 30 minutes, and chilled at  
10°C. We performed hemagglutination inhibition 
assays using standard methods and homologous 
antigens (22).

Results

Detecting, Isolating, and Characterizing Viruses  
from Cats in the Shelters
We detected the H5 gene in nasal swab samples and 
all tested organs from the 3 carcasses at shelter 1 and 1 
cat carcass from the shelter 2–related animal hospital 
(Table 1). In addition, nasal swab samples as well as 
from the 3 living cats at the animal hospital and its 
related shelter 2, were positive for the H5 gene (Table 
1). All H5-positive samples had multiple basic ami-
no acid residues at the cleavage site of the HA gene 
(PLREKRRKR/G), corresponding to the motif that 
denotes the HPAI virus, was detected. In addition, 
the analysis of the neuraminidase (NA) sequences as-
signed all the viruses sequenced to the N1 subtype. 
As expected, HPAI H5N1 viruses were isolated from 
the affected cats from the 2 shelters. The 2 surviving 
cats in shelter 1 had H5-specific antibodies (hemag-
glutination inhibition titer, 25) (Table 1).

The 3 H5N1 viruses isolated from dead cats in shel-
ter 1 were designated A/feline/Korea/M302-5/2023, 
A/feline/Korea/M302-6/2023, and A/feline/Korea/
M302-7/2023, referred to hereafter as M302-5, M302-6, 
and M302-7. The 4 H5N1 isolates from shelter 2 were 
named A/feline/Korea/M305-11/2023 (for the dead 
cat in the hospital), A/feline/Korea/M305-7/2023 (for 
the sick cat in the hospital), A/feline/Korea/M305-
3/2023 and A/feline/Korea/M305-4/2023, referred to 
hereafter M305-11, M305-7, M305-3, and M305-4.

 
Table 1. Real-time RT-PCR results for the H5 gene in study of highly pathogenic avian influenza virus A(H5N1) infection in cats, South 
Korea, 2023* 

Location ID 
Clinical 
signs 

Cycle threshold value 

Brain Feces Heart Intestine Kidney Liver Lung 
Lymph 
node 

Nasal 
swab Spleen Trachea 

Yongsan-gu   
           

Shelter 1 Cat carcass 
no. 1 

Death 33 32 32 27 32 27 21 28 35 26 26 

Cat carcass 
no. 2 

Death 20 28 21 27 25 15 18 22 27 21 26 

Cat carcass 
no. 3 

Death 28 31 25 27 27 17 19 24 36 25 23 

Cats nos. 4–
5 

None NT NT NT NT NT NT NT NT –† NT NT 

Gwanak-gu              
Animal 
hospital 

Cat carcass 
no. 1 

Death 22 27 20 19 18 12 15 21 19 17 24 

Cat no. 1 Severe NT NT NT NT NT NT NT NT 35 NT NT 
Cats nos. 2–

4 
Moderate NT NT NT NT NT NT NT NT –‡ NT NT 

Shelter 2 Cat no. 5 None NT NT NT NT NT NT NT NT 29 NT NT 
Cat no. 6 None NT NT NT NT NT NT NT NT 24 NT NT 

Cats nos. 7–
126 

None NT NT NT NT NT NT NT NT –§ NT NT 

*ID, identification number; NT, not tested; RT-PCR, reverse transcription PCR; –, negative. 
†Two live cats from shelter 1 were negative on H5 real-time RT-PCR but showed seroconversion against H5 antigens. 
‡Three cats from the animal hospital were negative on H5 real-time RT-PCR. 
§At shelter 2, 120 live cats were negative on H5 real-time RT-PCR. 
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Pathologic Lesions
We first examined the carcasses (Figure 1) and as-
signed a body condition score (1–3, poor weight; 

4–6, ideal weight; 7–9, overweight) (23); all 3 cat car-
casses from shelter 1 (Y cat nos. 1–3) had a score of 
7 (Appendix Table 1). Two carcasses (1 from shelter  

Figure 1. Gross, microscopic, and immunohistochemistry 
(IHC) findings in cats infected with highly pathogenic avian 
influenza A(H5N1) virus, South Korea, 2023. Findings are 
shown for cat carcasses from shelter 1 (Y cat carcass no. 3) 
and shelter 2 (G cat carcass no. 1). A–D) Gross findings:  
A) severe congestion and edema in the lungs; B) congestion 
and edema in the lungs; C) lack of lesions in the small 
intestine; D) bloody diarrhea in the small intestine (D).  
E–J) Hemotoxylin and eosin staining: E) brain showing 
no lesions; F) multifocal gliosis in the brain; G) interstitial 
pneumonia with focally extensive vascular thrombosis; H) 
interstitial pneumonia characterized by invasion of the alveolar 
lumina by mixed neutrophils and macrophages; I) intestine 
showing no lesions; J) necrotic enteritis with denuded villi. 
K–P) Immunohistochemical staining: K) brain showing no 
influenza virus antigens; L) influenza virus antigens in the 
neurons; M) influenza virus antigens in alveolar macrophages 
and bronchial epithelial cells; N) influenza virus antigens in 
alveolar macrophages and bronchial epithelial cells;  
O) influenza virus antigens in the small intestine; P) influenza 
virus antigens in the crypt epithelium and blood vessels in the 
submucosa. Original magnification ×100, except panel F, in 
which original magnification was ×10. 
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1 [Y cat no. 3] and 1 from shelter 2 [G cat no. 1]) 
grossly exhibited diffuse moderate to severe con-
gestion and edema in the lungs (Figure 1, panels 
A and B), as well as interstitial pneumonia charac-
terized by infiltration of macrophages and degen-
erated neutrophils into the vascular and alveolar 
lumina (Figure 1, panels G and H). Y cat no. 3 did 
not have gross or microscopic lesions in the brain 
or small intestine (Figure 1, panels C, E, and I); that 
finding was true for all 3 carcasses from shelter 1. 
However, the carcass from shelter 2 had multifocal 
encephalitis, with gliosis and perivascular cuffing 
in the brain, and bloody diarrhea in the small in-
testine (Figure 1, panels D, F, and J). Immunohis-
tochemistry revealed influenza virus antigens in 
alveolar macrophages and bronchial epithelial cells 
in all 4 cats (Figure 1, panels M, N). The carcass 
from shelter 2 also had influenza antigens in neu-
rons, glial cells (Figure 1, panel L), and intestinal 
epithelial cells in the small intestine (Figure 1, pan-
el P). No influenza viral antigens were present in 
the brains of carcasses from shelter 1, but H5 genes 
were detected (Table 1; Appendix Table 2).

Environment Sampling
To investigate the source and extent of contamina-
tion at the cat shelters, we collected 183 environ-
mental samples from both inside and outside the 
cat shelters and tested them by real-time RT-PCR. In 
shelter 1, we detected the M gene in samples taken 
from staff’s shoes and clothing, floors, doors, walls, 
and refrigerators. In shelter 2, we detected the M 
gene in vacuum cleaners and in cat feces, whereas 
we detected the M and H5 gene in the 4 unopened 
containers of raw cat food manufactured by a com-
pany using domestic duck meat as a main ingredient 
(Appendix Table 3).

Thereafter, we isolated H5N1 virus from the cat 
raw food, manufactured on July 6; we named the isolte 
A/environment/Korea/M305E-13/2023(H5N1), re-
ferred to hereafter as EV/M305E-13 (Tables 2, 3). Upon 

conducting a nationwide recall and investigating the 
raw food produced by the manufacturer in question, 
we collected all raw food products of the same brand 
from customers. Of note, we isolated identical viruses 
not only from the same brand of food at the manu-
facturer but also in the food bought by customers, 
which was manufactured using the same lot of raw 
duck meat, albeit on different dates (May 26, June 15, 
and July 6 and 27). The level of viral infectivity in the 
raw food products was 102.5–103.5 50% egg infectious 
dose (EID50)/g (Table 2). The viruses isolated from 
them were designated as A/environment/Korea/ 
M305E2-24/2023 (M305E2-24), A/environment/ 
Korea/M305E2-25/2023 (M305E2-25), and A/environ-
ment/Korea/M305E3-1/2023 (M305E3-1) (Table 2).

We identified all facilities or companies that had 
handled the duck meat contained in the infectious 
raw cat food and tested for the presence of virus; 
those facilities consisted of suspected duck farms, 
slaughterhouses, meat processing companies, mid-
dlemen, and retailers. No virus could be detected in 
214 samples from 9 locations. In addition, all types 
of raw foods (65 products and 24 meats from 10 
manufacturers) for pet cats or dogs on the market 
were tested and determined to be avian influenza–
negative (data not shown).

Genetic Analysis
To identify the source of the H5N1 virus isolated from 
cats and raw food, we analyzed representative virus-
es isolated at each location alongside other viruses 
within H5Nx clade 2.3.4.4b (Figures 2, 3). The 8 genes 
of the 3 viruses, M302-5, M305-11, and M305E-13, 
were almost identical among them (99.9% for nucleo-
protein, HA, and PB1 and 100% for polymerase acidic 
[PA], NA, M, and nonstructural [NS]). Phylogenetic 
analysis revealed that the HA and NA genes of the 3 
viruses are most closely related to those of the H5N1 
clade 2.3.4.4b identified in 2022–2023 (Figures 2, 3), 
1 of which was A/duck/Korea/H537/2022(H5N1); 
nucleotide identities to them were 99.46%–100% 

 
Table 2. Detection of H5 genes and H5 HPAIV in raw cat food in study of HPAIV A(H5N1) infection in cats, South Korea, 2023* 
Sample source Sample Manufacturing date H5 Ct  EID50/g Strain name 
Collected from shelter 2 Raw cat food† 

(duck meat) 
2023 Jul 6 28 103.5 A/environment/Korea/M305E-

13/2023(H5N1) 
Collected from manufacturer A‡ or 
the buyer of the foods under 
tracking investigation† 

Raw cat food 
(duck meat) 

2023 May 26 27 102.5 A/environment/Korea/M305E2–
24/2023(H5N1) 

2023 Jun 15 28 103.0 A/environment/Korea/M305E2–
25/2023(H5N1) 

2023 Jul 27 29 103.5 A/environment/Korea/M305E3–
1/2023(H5N1) 

*Ct, cycle threshold; EID50, 50% egg infectious dose; HPAIV, highly pathogenic avian influenza virus. 
†The same brand of raw cat food products made of raw meat from ducks slaughtered on the same day but on different manufacturing dates were all 
positive, but the same brand of raw food products made from raw chicken meat was negative (data not shown). Moreover, all kinds of cat food made from 
raw meat that were recalled nationwide from 10 manufacturers tested negative except for products in Table 2. 
‡Manufacturer of avian influenza–positive raw cat food product fed to cats at shelter 2. 
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across the 8 genes (Appendix Table 4). All the cat vi-
ruses isolated from shelter 1, including M302-5, pos-
sessed mutation D701N in the PB2 gene, whereas 
all the cat viruses isolated from shelter 2, including 
M305-11, possessed mutation E627K in the PB2 gene 
(Table 3; Appendix Table 4). The D701N and E627K 
mutations in the PB2 gene are critical markers of virus 
adaptation to mammals (12).

Discussion
The owner of shelter 1 in Seoul, in which 38 of 40 cats 
died within a month beginning in late June 2023 (15), 
had taken sick cats with respiratory and neurologic 
symptoms to a private animal hospital in early July. 
Of the 38 cats that died, HPAIV was diagnosed in 
only 5; the other 33 cat carcasses had been disposed of 
without diagnosis (15). After the report of the HPAI 

 
Table 3. Amino acid differences identified among highly pathogenic avian influenza A (H5N1) virus detected in domestic ducks, cats, 
and duck meat–based cat food, South Korea, 2023* 

Virus strain 
Amino acid differences 

PB2 
 

HA† 
 

NA‡ 
Name Origin T271A K526R E627K D701N S137A T160A Q226L G228S H274Y N294S 

A/duck/Korea/H537/ 
2022(H5N1)§ 

(EPI_ISL_18819799) 

Poultry in 
South Korea 

T K E D  A A Q G  H N 

A/feline/Korea/M302-
5/2023(H5N1) 

(EPI_ISL_18819808) 

Cat carcass in 
shelter 1 

T K E N  A A Q G  H N 

A/feline/Korea/M302-
6/2023(H5N1) 

(EPI_ISL_18819809) 

Cat carcass in 
shelter 1 

T K E N  A A Q G  H N 

A/feline/Korea/M302-
7/2023(H5N1) 

(EPI_ISL_18819810) 

Cat carcass in 
shelter 1 

T K E N  A A Q G  H N 

A/feline/South_Korea/ 
SNU-01/2023(H5N1) 
(EPI_ISL_18102700) 

Cat carcass in 
shelter 1 

T K E N  A A Q G  H N 

A/feline/South_Korea/ 
SNU-02/2023(H5N1) 
(EPI_ISL_18102701) 

Cat carcass in 
shelter 1 

T K E N  A A Q G  H N 

A/feline/Korea/M305-
3/2023(H5N1) 

(EPI_ISL_18819805) 

Cat in shelter 
2¶ 

T K K D  A A Q G  H N 

A/feline/Korea/M305-
4/2023(H5N1) 

(EPI_ISL_18819806) 

Cat in shelter 
2¶ 

T K K D  A A Q G  H N 

A/feline/Korea/M305-
7/2023(H5N1) 

(EPI_ISL_18819807) 

Cat from 
shelter 2# 

T K K D  A A Q G  H N 

A/feline/Korea/M305-
11/2023(H5N1) 

(EPI_ISL_18819804) 

Cat carcass 
from shelter 

2# 

T K K D  A A Q G  H N 

A/environment/Korea/ 
M305E2-

24/2023(H5N1) 
(EPI_ISL_18819801) 

Raw duck 
meat food 

manufactured 
on May 26 

T K E D  A A Q G  H N 

A/environment/Korea/ 
M305E2-

25/2023(H5N1) 
(EPI_ISL_18819802) 

Raw duck 
meat food 

manufactured 
on June 15 

T K E D  A A Q G  H N 

A/environment/Korea/ 
M305E-13/2023(H5N1) 
(EPI_ISL_18819800) 

Raw duck 
meat food 

manufactured 
on July 6 

T K E D  A A Q G  H N 

A/environment/Korea/ 
M305E3-1/2023(H5N1) 
(EPI_ISL_18819803) 

Raw duck 
meat food 

manufactured 
on July 27 

T K E D  A A Q G  H N 

*Letters in red denote differences between viruses. HA, hemagglutinin; NA, neuraminidase; PB2, polymerase basic 2. 
†H3 numbering.  
‡N2 numbering.  
§R.M. Cha, unpub. data.  
¶Cats living in shelter 2.  
#Cats moved from shelter 2 to the animal hospital. 
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case in shelter 1, all cat owners, shelters, and veteri-
narians were urged to report influenza-like illnesses 
to the government, and another suspicious case in 
cats originating from shelter 2 was disclosed.

The HPAI infections of dogs (2015) and cats (2016) 
previously reported in South Korea were related to 
infected wild birds (13,14). However, the infections of 
cats in 2 shelters located in a metropolitan city in 2023 
could not be attributed to direct contact with wild 
birds or poultry. Therefore, the HPAI-contaminated 
raw cat food found at shelter 2 was regarded as a crit-
ical and direct source of infection. Furthermore, the 
viruses isolated from the cats (M305-11) and the raw 
food from shelter 2 (M305E-13) presented a genetic 
similarity >99.9% for all the genes, and that similarity 

strongly supports the idea that the raw food was the 
direct source of infection, particularly in shelter 2. The 
gene constellation of M302-4, M305-11, and M305E-13 
was most similar to that of viruses isolated in Korea 
in November 2022; 1 of those was A/duck/Korea/
H537/2022(H5N1), which had a nucleotide identity 
of 99.46%–100% across the 8 genes (Appendix Table 
4). These viruses possess a gene constellation repre-
senting that of a group, including A/duck/Korea/
H537/2022(H5N1), dominant in South Korea (R.M. 
Cha, unpub. data) in the winter of 2022–2023, which 
was also isolated from birds in Japan during the  
same period (15).

The viral infectivity of the contaminated raw 
food product ranged from 102.5 to 103.5 EID50/g, 

Figure 2. Maximum-likelihood phylogenetic tree for the hemagglutinin (HA) gene in study of highly pathogenic avian influenza virus 
A(H5N1) infection in cats, South Korea, 2023. The phylogenetic tree is based on H5N1 HA sequences of viruses isolated recently, as 
well as on the HA gene sequence of other H5Nx viruses. Bootstrap values (1,000 replicates) >70% are displayed at the branch nodes. 
The black circle denotes virus isolated from poultry in South Korea, 2022–2023, and the black triangle denotes viruses isolated from 
raw duck meat used for cat food. The blue shaded square denotes viruses isolated from cats in shelter 1, and the red square indicates 
viruses isolated from cats in shelter 2. The blue outlined square indicates viruses isolated from cats in shelter 1 by SNU. Scale bar 
indicates number of nucleotide substitutions per site. SNU, Seoul National University. 

http://www.cdc.gov/eid
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which is similar to the minimal dose required to in-
fect cats (102–104 EID50/g) (24). The high viral load 
in most organs from the dead cats suggests that the 
virus replicated systemically and affected the host 
severely, similar to the effects of HPAI in chickens. 
The pattern of distribution of viral load, virus par-
ticles, and lesions observed in the cat carcasses was 
very similar to that observed in other HPAI H5N1–
infected cats (both naturally and experimentally in-
fected cases) (24). Previous studies report that gas-
trointestinal exposure is sufficient to infect cats with 
HPAIV; the liver and lungs are the main organs af-
fected (25,26). We also found that the liver, lungs, 

and especially the intestines of cats from shelter 2 
had the highest viral load among all organs (cycle 
threshold 12–19), along with clear pathologic lesions 
(Figure 1). Our results support the fact that oral 
consumption of contaminated raw food products 
can induce extensive lesions in the digestive sys-
tem, along with concurrent infection of the respira-
tory and digestive systems (Figure 1) (27). The dead 
cats, and those with clinical signs, at shelter 2 had 
likely ingested the cat raw food repeatedly, result-
ing in substantial exposure to the virus. By contrast, 
the cat carcasses from shelter 1 had been stored in 
a frozen state, making it difficult to determine the 

Figure 3. Maximum-likelihood phylogenetic tree for the neuraminidase (NA) gene in study of highly pathogenic avian influenza virus 
A(H5N1) infection in cats, South Korea, 2023. The phylogenetic tree is based on sequences of H5N1 NA sequences of viruses isolated 
recently, as well as on the HA gene sequence of other H5Nx viruses. Bootstrap values (1,000 replicates) >70% are displayed at the 
branch nodes. The black circle denotes virus isolated from poultry in South Korea, 2022–2023, and the black triangle denotes viruses 
isolated from raw duck meat used for cat food. The blue shaded square denotes viruses isolated from cats in shelter 1, and the red 
square indicates viruses isolated from cats in shelter 2. The blue outlined square indicates viruses isolated from cats in shelter 1 by 
SNU. Scale bar indicates number of nucleotide substitutions per site. SNU, Seoul National University.
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route of HPAI infection on the basis of pathologic 
lesions alone. Although no direct evidence of con-
taminated food was found at shelter 1, the cause of 
infection is presumed to be the same as at shelter 2; 
that presumption is based on a statement from the 
owner of shelter 1 that cats had been fed a variety 
of types of raw food and the discovery of a receipt 
for the purchase of the same brand of raw cat food 
consumed in shelter 2. Of note, the 2 kinds of muta-
tions related to mammalian adaptations, PB2-E627K 
and PB2-D701N, were observed in the viruses iso-
lated from cats in shelter 1 (PB2-E627K) and shelter 2 
(PB2-D701N). However, in the viruses isolated from 
the raw cat food, none of these point mutations were 
observed. The mammal-adaptive mutations at the 
critical genome sites of the HPAI virus are the same 
as those reported previously (28,29).

In other genomic regions, the viruses isolated 
from the cats in shelter 2 had amino acid differ-
ences in a few locations (Appendix Table 5). Each 
of those cat viruses in shelter 2, notably, had qua-
sispecies containing minor populations with glu-
tamic acid (E) at 627th in PB2 and major popula-
tions with lysine (K) at the same location (data not 
shown). Therefore, in the case of shelter 2, all the 
cats were likely infected from the direct ingestion 
of the contaminated raw foods. For the cat viruses 
from shelter 1, most of the deceased cats and raw 
food were disposed of before testing, and feeding 
records for the infected animals were not main-
tained, making the route of infection and transmis-
sion in that shelter difficult to infer. HPAI infection 
of cats in Poland during the summer of 2023 was 
suspected to be caused primarily by cat food made 
from poultry meat (11,12).

The main ingredient of the raw food collected 
from shelter 2 was domestic duck meat, and we 
suspect some infected broiler ducks were slaugh-
tered despite intensive and regular active avian 
influenza surveillance on broiler duck farms dur-
ing the HPAI incursion period; broiler duck farms 
should be tested 3–4 times for avian influenza before 
ducks are moved to the slaughterhouse (30). Further 
epidemiologic investigations revealed that the cat 
food manufacturer had not performed the required 
electron beam sterilization process during produc-
tion, and the omission of the sterilization process is 
considered the most direct cause of cat infection in 
the shelters (data not shown). Thus, all facilities or 
companies that handled duck meat were contacted 
and ordered to clean and disinfect the premises to 
prevent secondary infections by avian influenza vi-
ruses. Promptly identifying the source of infection in 

shelter 2 led to the recall of all contaminated raw cat 
food products or products at risk for contamination; 
all were discarded.

The cases of HPAI infection at 2 cat shelters car-
ing primarily for stray cats located in Seoul, South 
Korea, were sporadic and irregular. The source of 
infection at shelters was improperly sterilized raw 
cat food. We identified systemic virus and patho-
logic manifestations in the carcasses of cats that 
had consumed this raw food and confirmed the 
presence of mammalian-adaptive mutations in the 
viruses isolated from the cats. From these results, 
ways to increase disease surveillance sensitivity on 
poultry farms continue to be sought on the basis of 
the risk-based surveillance principle (31). In addi-
tion, more strict disease monitoring in the slaugh-
terhouse is also necessary, especially for subclinical 
infection of duck species. As a last resort, the risk 
for avian influenza virus infection in pets should 
be mitigated by achieving compliance and enforc-
ing regulations for sterilization of raw food. More-
over, it was also perceived that humans exposed 
to the risk for HPAI infection must be identified 
and monitored, and various preventive measures 
have been implemented by the authorities for hu-
man health. In conclusion, strict management and 
adequate sterilization for raw poultry meat are re-
quired, along with active surveillance, to prevent 
influenza-like illnesses that could become a public 
health concern.
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Hepatitis is a common entity; severity can range 
from subclinical biochemical transaminitis to 

acute liver failure. Common etiologies of hepatitis 
include viral infections, adverse drug reactions, al-
cohol, autoimmune disorders, metabolic diseases, 
and biliary pathologies. However, unexplained hep-
atitis is still frequently encountered in clinical prac-
tice. Studies in a variety of practice settings estimate 

that 11%–35% of acute liver failure cases lack a clear 
etiology (1). This proportion is higher in patients 
with mild hepatitis, for whom exhaustive laboratory 
investigations are usually not performed. Therefore, 
conceivably, some causes of infectious hepatitis re-
main unknown. A striking example of this possibil-
ity was the recent multinational outbreak of pedi-
atric hepatitis for which the best current hypothesis 
is a co-infection of adeno-associated virus 2 and 
adenovirus type 41 in children with genetic pre-
dispositions (2). Another example is rat hepatitis E 
virus, previously disregarded as a human pathogen 
but now identified as an endemic hepatitis agent in 
China and Spain (3–5).

Circovirus human is a recently discovered species 
of the family Circoviridae independently reported in 
France and China (6–8). This species includes human 
circovirus (HCirV). In China, HCirV was first report-
ed in an intravenous drug user with HIV infection (6). 
A follow-up study identified a second HCirV patient, 
also an intravenous drug user with HIV and hepatitis 
C virus (HCV) co-infection (9). Sparse clinical details 
were available for those 2 patients. Around the same 
time, researchers in France using metagenomic next-
generation sequencing identified HCirV infection in 
a heart–lung transplant recipient with unexplained 
hepatitis (7). HCirV peripheral blood virus loads 
correlated with derangements in liver function tests 
(LFTs). Those researchers also demonstrated HCirV 
mRNA in liver tissue by in situ hybridization indicat-
ing virus tropism for hepatocytes (7).

In this study, we evaluated the role of HCirV as a 
cause of viral hepatitis by comparing HCirV infection 
prevalence in hepatitis cases and asymptomatic con-
trols. We described the clinical profiles and genomic 
epidemiology of HCirV infection cases. Finally, we 
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Circovirus human is a new viral species that includes 
the human circovirus (HCirV), which has been linked to 
hepatitis in immunocompromised persons. We investi-
gated prevalence of HCirV infection in 278 patients with 
hepatitis and 184 asymptomatic persons using real-time 
PCR and sequencing assays. HCirV viremia and se-
quences were found in 8 (2.9%) hepatitis patients and 
no asymptomatic patients. Alternate causes of hepatitis 
(hepatitis E and cholangitis) were clearly identifiable in 2 
HCirV-infected patients. HCirV could not be ruled out as 
a contributor to hepatitis in the remaining 6 patients, 4 of 
whom were immunocompromised. Persistent infections 
were documented in 3 patients, but only 1 had relapsing 
hepatitis. One HCirV patient displayed symptoms of an 
infectious mononucleosis-like syndrome. Isolates clus-
tered with known HCirV strains from France and China. 
HCirV-derived virus-like particles bound to PLC/PRF/5 
and Hep-G2 human hepatoma cells but not to lung epi-
thelial cells, indicating hepatic tropism.
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expressed HCirV virus-like particles (VLPs) to probe 
binding of HCirV to human hepatic cell lines.

Materials and Methods

Study Setting, Patient Specimens, and Animal Samples
This retrospective observational study was conduct-
ed at the Queen Mary Hospital (QMH) Department 
of Microbiology in Hong Kong, China. The study 
was approved by the Institutional Review Board of 
the University of Hong Kong, China/Hospital Au-
thority Hong Kong, China West Cluster (UW 23-330). 
The QMH microbiology laboratory provides viral 
hepatitis diagnostic services to acute hospitals and 
transplant services across Hong Kong. We retrieved 
plasma or serum samples from patients sent to the 
laboratory for diagnostic evaluation of viral hepatitis 
(hepatitis cases) during October 1, 2022–November 
15, 2023. We assigned patients to the hepatitis cases 
group if alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), alkaline phosphatase (ALP), 
or bilirubin were elevated above respective reference 
ranges (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/30/12/24-1114-App1.pdf). We excluded 
persons with isolated elevated ALP if their gamma-
glutamyl transpeptidase levels were within reference 
ranges (indicating extrahepatic source). Similarly, we 
excluded cases with isolated unconjugated hyper-
bilirubinemia. Archived plasma or serum samples 
from persons with unremarkable LFTs formed a con-
trol group; blood samples from those persons were 
sent to the QMH microbiology laboratory for organ 
donation evaluation or cytomegalovirus (CMV) re-
activation monitoring. We retrieved patient clinical 
notes, imaging findings, and diagnostic test results 
from electronic patient records. As described in our 
previous study (5), we defined patients as immuno-
suppressed if they met any of the following criteria 
at time of blood taking: active hematological ma-
lignancy, history of solid organ or hematopoietic  
stem cell transplantation, receiving disease modi-
fying antirheumatic drugs/marrow-suppressive  
chemotherapy/steroids (>0.5 mg/kg/d predniso-
lone-equivalent for >1 mo), or living with HIV infec-
tion with CD4 T-lymphocyte counts <200 cells/mm3.

HCirV PCR screening was conducted by staff 
blinded to group assignment. Patients were defined 
as infected with HCirV if they fulfilled both of the fol-
lowing criteria: HCirV PCR positive in serum or plas-
ma with cycle threshold (Ct) <36 and at least a par-
tial HCirV genome fragment sequenced from serum 
or plasma. The stringent requirement for sequenced 
isolates eliminated spurious cases of nonspecific PCR 

positivity because we did not have positive sample 
controls for PCR reactions at the outset of this study. 
Clinical records of HCirV-infected persons were as-
sessed for hepatitis at time of blood taking. If hepa-
titis was present, clinical, imaging, and diagnostic 
investigation data were independently assessed by 2 
experts blinded to study goals to determine the cause 
of hepatitis.

Real-Time PCR, Sequencing, and Phylogenetic Analysis
The HCirV real-time PCR targets the rep gene and 
was designed based on published genomes of HCirV 
strains from France (Paris strain) and China (YN09/
J030 and YN09/347 strains) (GenBank accession nos. 
ON677309, ON226770, and OP744467) (Appendix 
Table 2). We determined performance characteristics 
including limit-of-detection, linearity, and analytical 
specificity of the assay as previously described (10,11) 
and obtained partial HCirV genomes by using Sanger 
sequencing. If the viral load was sufficiently high by 
Sanger sequencing, we attempted complete genome 
sequencing (Appendix Table 3). For phylogenetic 
analysis, we obtained complete genomes of the 65 ex-
emplar circovirus species as listed by the International 
Committee on Taxonomy of Viruses as of September 
9, 2024, from the National Center for Biotechnology 
Information (NCBI) GenBank database. We also in-
cluded an additional 3 complete HCirV genomes 
(GenBank accession nos. OP744467.1, ON226770.2, 
and OR905605.1) and those of 4 strains of Circovirus 
porcine 3 (PCV3; accession nos. MK095623, MK496297, 
MH277112, and MK496292). We downloaded 3 com-
plete Cyclovirus genomes (accession nos. KT732787, 
KF031466, GQ404857) for use as an outgroup to root 
the phylogeny. 

We performed multiple sequence alignment of 
the complete genomes using MAFFT version 7.526 
software (–genfapair–maxiterate 1000—adjustdi-
rectionaccurately) (12) and added partial genome 
sequences to the alignment with MAFFT (–local-
pair–addfragments–adjustdirectionaccurately) (13). 
We removed sites with >20% gaps with TrimAl ver-
sion 1.4.22 (-gt 0.2) (14) and visualized the resulting 
alignment in JalView (15). We inferred a maximum-
likelihood phylogenetic tree using IQ-TREE, using 
the best-fit substitution model automatically selected 
by ModelFinder and MixtureFinder (16,17; H. Ren et 
al., unpub. data, https://www.biorxiv.org/content
/10.1101/2024.03.20.586035v2). We assessed branch 
support using the Shimodaira-Hasegawa–like ap-
proximate likelihood ratio test with 10,000 bootstrap 
replicates. We visualized and annotated the final phy-
logenetic tree using TreeViewer (18).

http://www.cdc.gov/eid
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HCirV Peptide Expression, Characterization,  
and Immunoblots
The capsid (Cap) protein encoding the outer capsid of 
HCirV was expressed in Escherichia coli. Proteins were 
assessed using transmission electron microscopy and 
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). Cap protein was used to raise 
hyperimmune polyvalent serum samples in mice and 
IgM/IgG immunoblots of human serum samples as 
previously described (19) (Appendix). 

Cell-Binding Assay
We seeded human hepatoma cells (PLC/PRF/5, ATCC 
CRL-8024; Hep-G2, ATCC CRL-10741) and A549 lung 
epithelial cells (CCL-185) on glass coverslips in a 24-well 
plate. When confluence reached 80%, we washed cells 
with prechilled 1× phosphate-buffered saline (PBS). We 
incubated Purified Cap protein (10 µg/well) VLPs and 
control proteins with PLC/PRF/5, Hep-G2, and A549 
cells for 1 hour at 4°C. After discarding supernatant, we 
extensively washed cells with cold PBS 3–4 times to re-
move unbound VLPs and fixed with 4% paraformalde-
hyde, then incubated with mouse anti-Cap protein poly-
valent immune serum (1:200) diluted in 1% BSA. We used 
Alexa Fluor 488-conjugated anti-mouse IgG (Thermo 
Fisher Scientific, https://www.thermofisher.com) as 
secondary antibody (1:2,000). We counterstained nuclei 
at AntiFade mounting medium with DAPI (VectorLabs, 
https://www.vectorlabs.com). We examined slides us-
ing a fluorescence microscope and used ImageJ software 
(https://imagej.net/ij) to measure positive cells.

Testing for Other Causes of Viral Hepatitis
We screened samples positive for HCirV DNA for 
other viral causes of hepatitis including hepatitis A 
virus, hepatitis B virus, HCV, hepatitis E virus (HEV), 
adenovirus, enterovirus, human herpesvirus (HHV) 

6, HHV-7, CMV, HIV, and Epstein-Barr virus (EBV) 
using commercial or in-house–developed serologic 
and molecular assays (Appendix Table 4). Protocols 
for molecular assays have been published previously 
(10,11,20–23). We measured Torque teno virus (TTV) 
DNA using a published protocol (24).

Statistical Analysis
We compared proportions of HCirV-positive cases 
and controls using χ2 or Fisher exact test, depending 
on the number of persons. To differentiate cholestatic 
from hepatocellular liver injury, we calculated the 
R factor as follows: (ALT value/ALT upper limit of 
normal) ÷ (ALP value/ALP upper limit of normal). 
R factor <2 corresponds to cholestatic injury, >2 to <5 
represents a mixed pattern, and >5 corresponds to he-
patocellular injury (25).

Results

Cases and Controls
We obtained serum or plasma samples from 278 hepa-
titis patients and 184 controls (Table 1). Immunosup-
pressed persons were well represented in both groups 
and accounted for more than half of all controls (Table 
1). Degree of hepatitis was typically mild; most pa-
tients had anicteric hepatitis. A cause of hepatitis was 
identified by the clinical team in 123 (44.2%) cases; 
the remaining 155 (55.8%) were of unspecified etiol-
ogy. For those with identified etiology, viral hepatitis 
(18.7%) and drug-induced liver injury (17.9%) were the 
most commonly diagnosed (Appendix Table 5).

Results of HCirV Screening in Human Samples
The limit-of-detection of the Rep gene real-time 
PCR was 600 copies/mL (Appendix Table 6) with 
good linearity (Appendix Figure 1). This result was  

 
Table 1. Clinical and demographic characteristics of hepatitis cases and asymptomatic controls in study of human circovirus in 
patients with hepatitis, Hong Kong 
Characteristic Hepatitis cases, n = 278 Controls, n = 184 
Median age, y (IQR) 59 (46–69) 53; 38.8 – 61 
Sex   
 M  143 (51.4) 96 (52.2) 
 F 135 (48.6) 88 (47.8) 
Immunosuppression  95 (34.2) 117 (63.6) 
 Hemopoietic stem cell transplant 24 32 
 Solid organ transplant 43 67 
 HIV 1 1 
 Hematological malignancy 14 14 
 Cancer/chemotherapy  8 0 
 Other  5 3 
Median ALT, U/L (IQR) 126 (66.3–267.3) NA 
Median ALP, U/L (IQR) 142 (97–240) NA 
Median total bilirubin, µmol/L (IQR) 12 (8–30) NA 
*Values are no. (%) except as indicated. ALP, alkaline phosphatase; ALT, alanine aminotransferase; IQR, interquartile range; NA, not applicable because 
all liver function parameters were below the upper limit of reference ranges (Appendix Table 2, https://wwwnc.cdc.gov/EID/article/30/12/24-1114-App1.pdf). 

 

http://www.cdc.gov/eid
https://www.thermofisher.com
https://www.vectorlabs.com
https://imagej.net/ij


RESEARCH

2524 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024

comparable to the limit-of-detection in a recent 
study (26). We screened samples from hepatitis case- 
patients and from controls for HCirV infection using 
the Rep gene assay, followed by sequencing of posi-
tive samples. Of 278 hepatitis patients, 10 (3.6%) tested 
positive by HCirV PCR, but a sequence could not be 
obtained from 2 of those. Of the 184 controls, 1 (0.5%) 
tested positive for HCirV DNA, but a sequence could 

not be obtained (Figure 1). The 3 samples that tested 
positive by PCR without an identifiable sequence had 
high Ct values at >33. We did not regard those as 
HCirV infections for the purpose of this study.

HCirV Case Characteristics
The median age of 8 confirmed HCirV-infected per-
sons (PCR-positive with identifiable sequences) was 

Figure 1. Results of screening 
in study of human circovirus in 
patients with hepatitis, Hong 
Kong. Ct, cycle threshold; HCirV, 
human circovirus.

 
Table 2. Clinical and demographic characteristics of patients with human circovirus infection, Hong Kong* 
Patient no. 1 2 3 4 5 6 7 8 
Age 15 59 39 53 67 75 40 42 
Sex M M F F M M M F 
Immunosuppressive 
condition 

Neuroblastoma None None Kidney graft† 
 

Liver graft† None None Liver graft† 

Organs / blood 
products 

Y N N Y Y N N Y 

Peak ALT, U/L 672 413 109 96 532 469 401 983 
Peak ALP, U/L 2288 139 174 928 601 274 484 168 
R factor 0.6 4.7 1.6 0.3 1.4 3.2 1.6 15.2 
Peak bilirubin, µmol/L 91 9 23 44 301 28 281 52 
Duration of hepatitis Chronic Acute Acute Acute Acute, 

relapse 
Acute Acute Acute 

Outcome Death Survived Death Survived Death Survived Survived Survived 
Clinician diagnosis NIC NIC NIC NIC Chronic 

rejection 
COVID-19 Cholangitis Anastomotic 

stricture 
Expert 1 diagnosis Drug-induced 

hepatitis 
NIC Ischemic 

hepatitis 
Drug-induced 
cholestasis 

NIC COVID-19 Cholangitis Rejection 

Expert 2 diagnosis NIC NIC NIC NIC NIC Gallstone Cholangitis Anastomotic 
stricture 

*ALP, alkaline phosphatase; ALT, alanine aminotransferase; NIC, no identifiable single cause for hepatitis. 
†Time from transplantation to hepatitis: patient 4, 1 month; patient 5, 15 years; patient 8, 22 months. 

 

http://www.cdc.gov/eid


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024 2525

 Human Circovirus in Patients with Hepatitis

47.5 years; 5 were male and 3 female (Table 2). A 
total of 4 patients had received an organ graft or 
blood transfusion within 3 months of hepatitis onset, 
and 4 persons were immunocompromised. None of 
the patients were known to be infected with HCV 
or HIV. R factor indicated cholestatic injury in 5 pa-
tients, mixed pattern in 2 persons, and hepatocel-
lular injury in 1 person. Consensus on the cause of 
hepatitis was only available for 1 patient (patient 
7); both experts (who were blinded to study objec-
tives and HCirV screening results) agreed with the 

clinical team on a diagnosis of cholangitis (Appen-
dix Table 7). Investigations conducted for this study 
identified HEV viremia in 1 patient (patient 3) who 
had tested negative for HEV IgM (Appendix Table 
7). Consensus on the cause of hepatitis in the other 
6 patients was lacking. All but 1 patient had acute 
hepatitis that resolved within a month. HCirV DNA 
was detectable in plasma or serum of all patients on 
>1 day during episodes of hepatitis (except for pa-
tient 3, who had only 1 blood sample available for 
testing) (Figure 2). A total of 3 patients died; cause 

Figure 3. Hematoxylin and eosin stained liver sections of patients in study of human circovirus in patients with hepatitis, Hong Kong. A, 
B) Cholestasis with bile pigment in zone 3 canaliculi (arrows) in patient 5 at original magnification ×10 (A) and original magnification ×20 
(B). C) Acidophil body (blue arrow) with neutrophils around ducts (green arrow) in patient 8; original magnification ×10. 

Figure 2. Liver function test kinetics in 8 patients with hepatitis and human circovirus infection, Hong Kong. A) Patient 1; B) patient 2; 
C) patient 3; D) patient 4; E) patient 5; F) patient 6; G) patient 7; H) patient 8. Black line indicates ALT, and green line indicates bilirubin. 
Plus signs indicate days when human circovirus DNA was detected in blood, whereas dashes indicate days when human circovirus DNA 
was not detected in blood. ALT, alanine aminotransferase.
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of death was progression of underlying disease or 
unexplained cardiac arrest rather than hepatitis.

Of the 4 persons with immunosuppressive condi-
tions, 3 were solid organ transplant recipients and1 
was receiving chemotherapy for neuroblastoma (pa-
tient 1). Patient 1 had relapsing hepatitis episodes over 
3 years before eventually dying of the underlying dis-
ease (Figure 2). HCirV was detected consistently in 
all plasma samples over a period of 18 months. Virus 
loads ranged from 5.65 × 103 copies/mL to 1.75 × 106 
copies/mL. Patient 4 (kidney graft recipient) and pa-
tient 8 (liver graft recipient) also had persistent HCirV 
viremia over several months despite resolution of the 
initial hepatitis episode; viremia was highest during 
hepatitis (104–105 copies/mL) and declined as LFTs 
normalized in subsequent months. Archived plasma  
samples from patient 8 obtained at 1-month and 
12-months after transplant tested negative for HCirV 
DNA, indicating an infection in the second year. Patient 
5 (liver graft recipient) had acute hepatitis with transient 
HCirV DNA detection. Although the hepatitis relapsed 
around 3 months later, HCirV DNA was no longer de-
tectable in the patient’s plasma. The liver histology of 
patient 5 during the first hepatitis episode was consis-
tent with cholestasis, whereas histology of patient 8 
showed neutrophils around biliary ducts and acidophil 
bodies with no features of acute cellular rejection (Fig-
ure 3). Immunohistochemical staining for HCirV capsid 
protein on a small liver core biopsy from patients 5 and 
8 did not show positive signals (Appendix Figure 2).

For some samples with sufficient volume, we also 
measured concomitant TTV viral load. HCirV was 
detected in 2 persons with undetectable TTV viremia. 
In patient 1, who had serial concomitant measures 
of HCirV and TTV viral loads, viral loads of HCirV 
tended to fluctuate much less than those of TTV, sug-
gesting that HCirV is not merely an indirect measure 
of immunosuppression (Appendix Table 8).

The remaining 2 patients (patients 2 and 6) did 
not have immunosuppressive conditions. Patient 2, a 
59-year-old man with good past health, was admitted 
with fever for 1 week and a maculopapular skin rash. 
In addition to hepatitis, blood tests revealed a lym-
phocytosis (3.8 × 109 cells/L) with occasional atypical 
lymphocytes. Serologic workup for known causes of 
infectious mononucleosis including EBV, CMV, and 
HIV yielded negative results (Appendix Table 7). The 
peripheral blood EBV viral load was detected at <100 
IU/mL. Patient 6 was a 75-year-old man admitted for 
fever. Blood tests showed parenchymal liver dysfunc-
tion (Figure 2). Nasopharyngeal swab samples tested 
positive for SARS-CoV-2 by reverse transcription 
PCR with a Ct value of 30.4. Chest radiograph did 

not show lower respiratory tract involvement, and 
he did not require supplemental oxygen. Ultrasound 
showed a gallstone but no cholecystitis or cholangitis.

HCirV Genome and Phylogenetic Analysis
Complete HCirV genome was obtained for patient 1 
(GenBank accession no. PP968832). Predicted genom-
ic organization of this strain was like other circovirus 
strains: 2 major open reading frames (ORFs) encod-
ing the Rep gene at nucleotide positions (nt) 247–1134 
and capsid protein at nt 1368–2012. The Rep gene is 
encoded on the sense strand and the Cap gene on the 
antisense strand. The genome size is 2021 bp, and it is 
most closely related to the HCirV1 Paris strain (Gen-
Bank accession no. ON677309.1), sharing a nucleo-
tide identity of 98.7%. Partial gene sequences were 
obtained from all the other patients (Appendix Table 
9). A phylogenetic tree of complete HCirV genome of 
patient 1 (HK P1) and partial gene sequences of other 
isolates showed that strains related to both Paris and 
Yunnan strains circulate in Hong Kong (Figure 4).

HCirV Immunoassays
HCirV Cap protein was expressed in E. coli. This pep-
tide showed a band at 25 kDa on SDS-PAGE (Appen-
dix Figure 3, panel A). The peptides spontaneously as-
sembled into VLPs on transmission electron microscopy 
(Appendix Figure 3, panel B). Serum samples from 7 
HCirV-infected persons were available for antibody 
immunoassays using HCirV VLP-based immunoblots 
(Figure 5). All patients were negative on IgM immuno- 
blots. Four patients had discernible bands on IgG  
immunoblots (patients 1, 4, 7, and 8); of those, 3 patients 
were immunocompromised. As negative controls, we 
used 9 HCirV PCR-negative donor samples, as well 
as a serum pool of 900 healthy donors. None of those 
samples showed bands in the immunoblot, suggesting 
reasonable specificity (Appendix Figure 3, panel C).

HCirV Cell-Binding Assay
To further investigate hepatic tropism of HCirV, we 
tested whether HCirV VLPs could bind to hepatoma 
cells (PLC/PRF/5). HEV VLPs that are known to 
bind strongly to PLC/PRF/5 cells served as positive 
controls. SARS-CoV-2 nucleoprotein served as nega-
tive controls. HCirV VLPs were capable of binding 
to PLC/PRF/5 cells (Figure 6). We found that 27/90 
(30%) of cells bound to HCirV VLPs, compared with 
30/468 (6.4%) cells that bound to HEV VLPs. We con-
firmed that HCirV VLPs could bind with Hep-G2, 
another hepatoma cell line (Appendix Figure 4). Of 
note, no binding was observed with A549, a lung epi-
thelial cell line (Appendix Figure 4).
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Discussion
The association between HCirV and hepatitis requires 
careful evaluation. Many human DNA viruses have been 
classified as orphan viruses despite initial discovery in 
diseased patient cohorts (27–29). Prominent examples in-

clude anelloviruses and pegiviruses, which were initially 
believed to be associated with hepatitis but are now gen-
erally considered to be nonpathogenic (30–33).

In this study, we identified HCirV infections in 
1.7% of all screened persons using our stringent case 

Figure 4. Phylogenetic tree of representative circoviruses and human circoviruses from study of human circovirus in patients 
with hepatitis, Hong Kong. Maximum-likelihood phylogenetic tree was inferred from a multiple sequence alignment of complete 
representative Circovirus genomes and a mixture of full-length and partial genome sequences from this study (red text) using 
IQ-TREE (16). Three representative species of Cyclovirus were used as an outgroup for rooting the tree. Branch supports were 
assessed using the Shimodaira-Hasegawa–like approximate likelihood ratio test with 10,000 bootstrap replicates. Branches with 
<80% support were collapsed. Scale bar indicates nucleotide substitutions per site.
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definition of PCR positivity with sequenced partial ge-
nome. Some persons with high Ct value without iden-
tifiable sequences could feasibly have had genuine re-
solving HCirV infection, in which case the prevalence 
of HCirV infection in our cohort would be even higher.

Confirming the association between HCirV in-
fection and hepatitis was not straightforward. Alter-
native explanations for deranged liver function were 
present in some HCirV patients. However, we could 
not rule out that HCirV contributed to hepatitis in 
other cases because of lack of alternate diagnoses, 
suggestive liver histology, and negative workup for 
other causes of hepatitis. The case of patient 2, who 
had an infectious mononucleosis-like syndrome, 
was particularly striking because of the presence of 
clinical manifestations that were compatible with 
acute viral illness. Most infectious mononucleosis-
like syndromes are caused by primary/acute EBV, 
CMV, HIV, and human herpesvirus 6 infections. 
However, case reports of infectious mononucleosis-
like symptoms during noncanonical viral infections 
such as mpox, parvovirus B19, and human meta-
pneumovirus are also described (34–36). Therefore, 
we believe that the infectious mononucleosis-like 

syndrome in patient 2 was attributable to HCirV. 
Such clinical manifestations might represent distinc-
tive host responses in a minority of infected patients. 
We described cholestasis and neutrophil infiltrates 
in liver tissue of our HCirV-infected patients, which 
was distinct from the hepatitis with mixed inflam-
matory infiltrates described by Pérot et al. (7) and 
Hamelin et al. (37) in HCirV-infected patients. Those 
results might represent distinct histopathological 
findings caused by this virus.

Figure 5. IgM and IgG immunoblots of 7 patients for whom 
sufficient serum was available from study of HCirV in patients with 
hepatitis, Hong Kong. P indicates positive control, mouse polyclonal 
serum raised against HCirV cap protein. N indicates HCirV PCR-
negative human donor sample. HCirV, human circovirus.

Figure 6. Cell-binding assay showing binding of HCirV VLPs to PLC/PRF/5 cells in study of HCirV in patients with hepatitis. HEV VLPs 
(bHEV p239) is included as a positive control; SARS-CoV-2 NP protein is included as a negative control. Nuclei are counterstained with 
DAPI. Cap, capsid; HCirV, human circovirus; HEV, hepatitis E virus; NP, nucleoprotein; VLP, virus-like particle.
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On the basis of the pathobiology of other circo-
viruses, HCirV human infections could run the 
gamut from silent infection to well-defined clini-
cal syndromes with complex virus-host interac-
tions determining clinical phenotype (38). Detailed 
surveillance and case descriptions will be required 
to elucidate the clinical spectrum of this virus. We 
demonstrate here that HCirV VLPs can bind to liver 
cells. Tropism for immune cells (like PCV3) could 
lead to complex virus–host interplay and cytokine 
dysregulation leading to liver dysfunction (39). The 
role of co-infections and other inflammatory stim-
uli in HCirV reactivation cannot be excluded. Of 
the patients reported in this study, 2 had HEV and  
COVID-19 concomitantly.

In this study, we confirm that HCirV can cause 
persistent infection. Of note, LFTs can normalize 
despite ongoing viremia. Because half the HCirV 
patients identified in this study were immunocom-
promised, we speculate that HCirV might establish 
latency and reactivate during immunosuppression. 
Another possibility is that those patients acquired 
HCirV through contaminated blood or organ grafts. 
We were unable to access blood and organ donor 
data to evaluate this possibility. Furthermore, a 
large international study involving >200,000 plasma 
donations did not find evidence of HCirV contami-
nation (26). However, on the basis of the relatively 
higher HCirV detection rate in our study, we can-
not rule out that prevalence might be higher in our 
locality. We speculate whether HCirV might be a 
previously unidentified porcine circovirus capable 
of zoonotic transmission. PCV3 has been shown to 
be transmissible to nonhuman primates through xe-
notransplantation (40).

The first limitation of our study was that we were 
not able to identify sequences in 3 HCirV PCR-posi-
tive samples. Those cases might have been genuine in-
fection cases at early convalescence. The use of rolling 
circle amplification using a phi29 DNA polymerase 
would have helped us resolve some of these cases. 
Other limitations of our study include its retrospec-
tive nature; we could not track kinetics of infection 
in most cases because samples were not available. 
Liver biopsy was also not available for most cases be-
cause of the mild nature of hepatitis. Only small core 
biopsies of tissue were available from patients 5 and 
8, which could explain negative immunohistochemi-
cal staining. In situ hybridization would have been a 
more sensitive approach.

Although not definitive, we believe our findings 
support further investigation of HCirV as a cause of 
hepatitis in a proportion of infected human hosts. 

Larger case–control studies, liver tissue analysis, and 
infectious disease models are required to investigate 
this association further. Clinicians should be aware 
of this new evidence that HCirV could be a cause of 
hepatitis in some infected individuals.
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Acute febrile illness (AFI) is a substantial pub-
lic health problem in Latin America, exempli-

fied by the almost US $3 billion expended annually 
for dengue outbreaks (1). The main cause of AFI in 
Latin America is dengue virus (DENV), followed 
by chikungunya virus, Zika virus, and Plasmodium 
spp. infections (2). However, ≈51% of AFI cases re-
main undiagnosed (2). The main reasons for the lack 
of elucidation of AFI etiology include similar clinical 
signs/symptoms and lack of robust and accessible di-
agnostic tools (3).

Hantavirus infections in the Americas can cause 
AFI and severe disease, termed hantavirus pul-
monary syndrome (4). In South America, at least 
12 human pathogenic hantaviruses cause hantavi-
rus pulmonary syndrome, including Andes virus 
(ANDV), Laguna Negra virus (5), and Río Mamore 
virus (RIOMV). RIOMV has been documented from 
a single patient in Brazil in 2011, including only 

partial RIOMV genomic sequence characterization 
(6). RIOMV belongs to the species Orthohantavirus 
mamorense, which also encompasses Maripa and 
Laguna Negra viruses (family Hantaviridae, sub-
family Mammantavirinae, genus Orthohantavirus). 
Human hantavirus infections are rodent-associated 
zoonoses (7). RIOMV in Peru was first described in 
1996, isolated from a small-eared rice rat (Oligoryzo-
mys microtis) from the department of Loreto in the 
Peruvian Amazon (8).

Hantavirus infection is infrequently diagnosed in 
humans because lack of testing and short viremia du-
ration hinder direct detection (7). During 2011–2013, 
the Peruvian National Institute of Health (Instituto 
Nacional de Salud; INS) reported 6 human cases of 
hantavirus infection, all from Loreto (7). Through 
PCR-based detection and Sanger sequencing, 2 cases 
were determined by INS to be caused by the ubiq-
uitous rat-associated Seoul virus and 2 by RIOMV; 
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To explore hantavirus infection patterns in Latin America, 
we conducted molecular and serologic hantavirus inves-
tigations among 3,400 febrile patients from Peru during 
2020–2021. Reverse transcription PCR indicated that a 
patient from Loreto, in the Peruvian Amazon, was positive 
for Rio Mamore hantavirus (serum, 3.8 × 103 copies/mL). 
High genomic sequence identity of 87.0%–94.8% and phy-
logenetic common ancestry with a rodent-associated Rio 
Mamore hantavirus from Loreto in 1996 indicated ende-
micity. In 832 samples from Loreto, hantavirus incidence 
based on IgM ELISA of pooled Sin Nombre (SNV) and 

Andes virus (ANDV) nucleoproteins and immunofluores-
cence assay–based end-point titration using SNV/ANDV/
Hantaan/Puumala/Saarema/Dobrava/Seoul hantaviruses 
was 0.5%. Across 3 ecologically distinct departments in 
Peru, SNV/ANDV IgG ELISA/IFA–based reactivity was 
1.7%, suggesting circulation of antigenically distinct New 
World hantaviruses. Testing for arboviruses, nonendemic 
pathogens, and antigen-free ELISA corroborated nonspe-
cific reactivity in 2 IgG and several IgM ELISA–positive 
serum samples. Hantavirus diagnostics and surveillance 
should be strengthened in Peru and across Latin America..
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for 2 cases, the hantavirus could not be identified 
(7). However, the lack of viral genomic sequences in 
public databases and patient samples hinders confir-
mation of etiology. To learn more about the epidemi-
ology, distribution, and risk factors of infection with 
RIOMV and other hantaviruses in Peru, we conduct-
ed a hantavirus-specific serologic and molecular in-
vestigation among persons with AFI who underwent 
medical investigation in Peru during 2020.

Material and Methods

Molecular Analyses
We extracted nucleic acids from samples collected 
during routine AFI surveillance in Peru by using 
the MagNA Pure 96 DNA and Viral NA Small Vol-
ume Kit (Roche, https://www.roche.com). To elu-
cidate potential co-infections, we tested all samples 
by nested reverse transcription PCR (RT-PCR) for 
hantavirus RNA and samples from Loreto by quan-
titative RT-PCR (qRT-PCR) for DENV (9,10). We 
conducted library preparation by using the KAPA 
RNA HyperPrep Kit (Roche), followed by enrich-
ment via in-solution hybridization capture (Arbor 
Biosciences, https://arborbiosci.com) as previously 
described for hantavirus genomic sequencing (11). 
We sequenced the captured library by using an Il-
lumina Miniseq High-Output Reagent Kit 150 cycles 
paired, and mapped reads against the RIOMV strain 
HTN-007 by using Geneious 2023.2.1 (https://www.
geneious.com) and deposited sequence data in the 
European Nucleotide Archive (https://www.ebi.
ac.uk; accession no. ERR11860590). We attempted 
to close sequence gaps by using PCR with specific 
bridging primers (Appendix 1 Table 1, https://ww-
wnc.cdc.gov/EID/article/30/12/24-0249-App1.pdf) 
and quantified the viral load by using a set of specific 
oligonucleotides (Appendix 1 Table 2).

Phylogenetic Analyses
We conducted nucleotide alignments by using 
MAFFT with an L-INS-I algorithm (https://mafft.
cbrc.jp) using Geneious 2023.2.1. We conducted 
Bayesian phylogenies by using MrBayes 3.2.6 (12) 
with a general time-reversible substitution model 
with gamma distribution and a complete deletion 
of all positions containing gaps in the alignment. 
We retrieved hantavirus reference sequences from 
GenBank for phylogenetic analysis (Appendix 1 
Table 3). We conducted sequence identity plots of 
partial genomic sequences by using SSE 1.4 (13) 
with a fragment length of 200 and an increment  
between fragments of 50 nt. We constructed  

neighbor-joining trees of partial hantaviral genom-
ic sequences in GenBank using 1,000 bootstrap rep-
licates and the pairwise deletion option in MEGA 
X (14) (Appendix 1 Table 4). We determined trans-
lated amino acid sequence distances in MEGA X by 
using a pairwise deletion option (14).

Serologic Analyses
We tested serum samples by IgM/IgG ELISA by 
using a pool of recombinant nucleoproteins from 
ANDV and Sin Nombre virus (SNV) licensed for di-
agnostic use in Peru (EUROIMMUN, https://www.
euroimmun.com) (Appendix 1). To provide addi-
tional validation for the IgM/IgG ELISA-positive 
samples, we conducted an end-point antibody titra-
tion by using an indirect immunofluorescence assay 
(IFA), as previously reported for hantavirus serolog-
ic investigations (15,16). For IFA, we tested serum 
samples at 1:10–1:10,000 dilutions in 10-fold dilu-
tion steps. A few samples still yielded weak reactiv-
ity at 1:10,000, so we also tested those at 1:12,500. 
IFA was based on cells infected with ANDV, SNV, 
Seoul virus, Hantaan virus, Puumala (PUUV), Do-
brava (DOBV), and Saaremaa hantaviruses (EURO-
IMMUN). For IgM-based IFA and ELISA, we pre-
treated serum samples with the immunoadsorbent 
Eurosorb (EUROIMMUN) to deplete class IgM rheu-
matoid factors potentially present in the sample that 
might react with specifically bound IgG, causing 
false-positive results and in parallel depleting spe-
cific IgG, displacing IgM from the antigen causing 
false-negative results. IgM and IgG detection relies 
on specific secondary fluorescein-coupled antibod-
ies for IFA or horseradish peroxidase–coupled anti-
bodies for ELISA.

To test for potential causes of unspecific reactiv-
ity in ELISA, we used PCR for pathogens commonly 
eliciting polyclonal B cell stimulation, including Plas-
modium spp. (17), Epstein-Barr virus (EBV) (18), and 
cytomegalovirus (CMV) (19) (TIB Molbiol, https://
www.tib-molbiol.de). To assess potentially unspecif-
ic reactivity, we used IgM/IgG ELISAs for endemic 
arboviruses in serum from hantavirus-seropositive 
patients and controls, including Oropouche virus 
(OROV) (20), Mayaro virus, chikungunya virus (21), 
and nonendemic arbovirus Crimean-Congo hemor-
rhagic fever virus (CCHFV), and we used IgG ELISAs 
only for Plasmodium spp. (22,23), SARS-CoV-2 (nu-
cleoprotein antigen-based) (24), and the nonendemic 
pathogen Middle East respiratory syndrome coro-
navirus (S1-based; IgM is not commonly tested for 
respiratory human coronaviruses) (all ELISAs from 
EUROIMMUN).
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To exclude a nonspecific reaction to components 
of the ELISA other than viral antigens, we tested all 
hantavirus IgM/IgG ELISA–positive samples on 
non–antigen-coated ELISA plates acquired from the 
manufacturer, following the same ELISA protocols. 
We compared serologic reactivity in hantavirus IgM/
IgG ELISA-positive serum samples with 38 hantavi-
rus IgM-negative and 38 IgG-negative samples from 
the same areas and time for which sufficient volumes 
were available, while ensuring comparable age dis-
tribution (hantavirus IgM-negative serum samples, 
mean patient age 20 years, SD 21.13; hantavirus IgM-
positive serum samples, mean patient age 22 years, 
SD 22.58; t-test, t = 0.29, p = 0.77; hantavirus IgG-

negative serum samples, mean patient age 26 years, 
SD 17.04; hantavirus IgG-positive serum samples, 
mean patient age 28 years, SD 24.53; t-test, t = 0.26, p = 
0.80). We considered p<0.05 to indicate statistical sig-
nificance and conducted all tests by using a 2-tailed 
approach. We performed statistical analyses by using 
R software version 2024.04.2 (The R Project for Statis-
tical Computing, https://www.r-project.org).

Virus Isolation
We used Vero E6 and BHK-21 cell lines for virus 
isolation attempts, as previously described for 
RIOMV and other hantaviruses (25). For both lines, 
we seeded a monolayer of 1.8 × 105 cells per well 

Figure 1. Locations and climate 
classifications related to study 
of Rio Mamore hantavirus 
endemicity in the Peruvian 
Amazon, 2020. A) Location of 
Peru (green) in South America. 
B) Regions in Peru where 3,400 
serum samples from febrile 
patients were collected and 
stored during a dengue outbreak 
that overlapped with COVID-19 
(24) in 3 diverse ecoregions: 
Loreto (Amazon; n = 1,972 
samples), Lambayeque (coastal 
desert /dry forest; n = 743 
samples), and Lima  
(coastal desert; n = 685 
samples) (One Earth, https://
www.oneearth.org). C) Climate 
classification regions of Peru 
and distribution of Oligoryzomys 
microtis small-eared rice rats 
(white dots) (https://www.gbif.
org) (26). All maps were created 
by using QGIS 3.28.10  
(https://hub.arcgis.com) based 
on freely available maps from 
Bucknell University.
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in a 12-well dish with Dulbecco Eagle modified 
medium supplemented with 10% fetal bovine se-
rum and 1% penicillin/streptomycin. We diluted 
the serum sample 1:25 and inoculated 250 μL onto 
the cell monolayer. After 1 hour, we removed the 
inoculum and replaced it with fresh medium. We 
checked the cells daily to assess the development of 
cytopathic effects and tested by qRT-PCR. We per-

formed 2 blind passages over 1 week each.

Results

Cohort Description
During a 1-year period (January 2020–2021), INS col-
lected and stored 3,400 serum samples from febrile 
patients for AFI surveillance during a DENV out-

Figure 2. Phylogenetic relationships between partial concatenate sequences of RIOMV from Peru (RIOMV PER 2020, depicted in red) and 
reference sequences. The phylogenetic trees were constructed by using MrBayes 3.2.6 (http://mrbayes.csit.fsu.edu) and a general time-
reversible substitution model with gamma distribution. Black circles at nodes indicate posterior probability >0.80. Reference sequences are 
available in Appendix 1 (https://wwwnc.cdc.gov/EID/article/30/12/24-0249-App1.pdf). A) Partial sequence of the small segment (1,393 nt). 
B) Partial sequence of the medium segment (1,914 nt). C) Partial sequence of the large segment (1,617 nt). LAIN, Laibin mobatvirus.

Figure 3. Sequence identity plot 
comparing RIOMV variants from 
Peru (RIOMV PER 2020 and 
RIOMV PER 1996) and Brazil 
(RIOMV BRA 2005). The identity 
plot was calculated by using SSE 
(http://www.virus-evolution.org) with 
partial concatenate sequences for 
the alignment of RIOMV (Appendix 
1 Figure 2, https://wwwnc.cdc.gov/
EID/article/30/12/24-0249-App1.
pdf), a fragment length of 200 
nt, and an increment between 
fragments of 50 nt. GenBank 
accession nos., RIOMV 1996 
(FJ532244, FJ608550, FJ809772) 
and RIOMV Brazil 2005 (JX443679, 
JX443700, JX443697). L, large; M, 
medium; RIOMV, Rio Mamore  
virus; S, small.
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break that overlapped with COVID-19 (24) in 3 di-
verse ecoregions: Loreto (Amazon; n = 1,972 samples),  
Lambayeque (coastal desert /dry forest; n = 743 sam-
ples), and Lima (coastal desert; n = 685 samples) (Fig-
ure 1). The mean age of patients analyzed was 27 years 
(SD 18.8); 51.1% (n = 1,735) were female and 48.9% (n 
= 1,663) male. The overall age and sex distributions 
were comparable to those of the total population of 
Peru (mean age 31 years; 50.8% female, 49.2% male) 
(https://www.inei.gob.pe/media/MenuRecursivo/
publicaciones_digitales/Est/Lib1743/Libro.pdf).

Molecular Testing for DENV and Hantaviruses
In January 2020, a serum sample from a 5-year-old 
boy from Iquitos, Loreto region, was positive for 
hantavirus RNA by nested RT-PCR (9) (Figure 1). Be-
cause sampling was conducted during a dengue out-
break and because other viruses may co-occur during 
dengue outbreaks, as was illustrated by detection of a 
Fort Sherman orthobunyavirus in a patient from Lam-
bayeque (27), DENV infection in Loreto was assessed 
by qRT-PCR (10). The hantavirus-positive serum was 
negative for DENV, whereas the overall rate of DENV 
detection in Loreto was 56.8% (95% CI 54.7%–59.0%; 
n = 1,121/1,972) during 2020–2021. The patient expe-
rienced fever, muscle pain, headache, and vomiting 
for 3 days before sampling; no travel history preced-
ing AFI was reported. No further information about 
the clinical signs/symptoms and disease outcome 
of the patient was available. A BLAST (http://blast.
ncbi.nlm.nih.gov) comparison of the 347-bp region 
amplified by hantavirus RT-PCR after the exclusion 
of primer binding sites showed the highest nucleotide 
sequence identity (97.1%) to the rodent-associated 
RIOMV strain from 1996 in Loreto (8).

The viral load in the serum sample was low at 3.8 
× 103 copies/mL, which was consistent with the time 

since symptom onset, because the viral load is known 
to decline rapidly from ≈105–106 copies/mL 3–6 days 
after symptom onset (28). Virus isolation was unsuc-
cessful, most likely because of low viral load and sam-
ple degradation under tropical conditions and repeat-
ed freeze–thaw cycles.

Genomic Characterization of RIOMV
Using a mixed approach of high-throughput and 
Sanger sequencing to close multiple gaps after high-
throughput sequencing, probably because of low 
viral load, we reached a genome coverage of 41.4% 
(4,956 nt; 543,993 reads), of which 1,681 nt were from 
Sanger sequencing, with coverage of 72.7% for small 
(S), 52.5% for medium (M), and 24.7% for large (L) 
segments (GenBank accession nos. OR902838–40) 
(Appendix 1 Figure 1). Sequence comparisons within 
a dataset of all hantavirus reference sequences (Ap-
pendix 1 Table 3) showed that the 3 segments of the 
RIOMV strain from our study were most closely relat-
ed to the rodent-associated RIOMV from 1996 (S seg-
ment, 96.8%; M segment, 96.4%; L segment, 97.0%). 
Separate Bayesian phylogenetic analyses of each seg-
ment placed the RIOMV strain consistently in a clade 
sharing the most recent common ancestry with the 
rodent-associated RIOMV (Figure 2). The phyloge-
netic placement of all genomic segments within the 
same RIOMV clade and similar sequence distance 
across genomic segments (Figure 3) spoke against re-
assortment or recombination events in the available 
dataset (29). The clustering of our sequence within 
the RIOMV clade was also supported by phylogenies 
relying on all available partial genomic sequences of 
viruses belonging to the Orthohantavirus mamorense 
species (Appendix 1 Table 4; Figure 2).

Serologic Markers of Acute Hantavirus Infection

 
Table 1. Hantavirus IgM-positive serum samples from Loreto, Peru* 

Sample 
IgM ELISA 

ratio† 
Patient age, 

y/sex Patient nationality Date 
Hantavirus 
RT-PCR 

IgG ELISA 
ratio† IFA result 

1395 1.87 1/F Peruvian 2020 Jan Negative 0.16 SNV-like 1.0 × 101 
3260 5.00 5/M Peruvian 2020 Jan Positive 1.46 SNV/ANDV-like 

1.0 × 104 
3261 4.00 3/M Peruvian 2020 Jan Negative 0.15 Negative 
3265 1.36 32/M Peruvian 2020 Jan Negative 0.17 Negative 
3281 1.22 1/M Peruvian 2020 Jan Negative 0.57 Negative 
3345 2.96 <1/M Peruvian 2020 Jan Negative 0.27 Negative 
3358 3.73 45/M Peruvian 2020 Sep Negative 0.33 Negative 
3376 1.25 27/M Peruvian 2020 Sep Negative 0.28 SNV-like 1.0 × 101 
3630 2.60 55/F Peruvian 2020 May Negative 0.17 Negative 
4242 2.60 66/F Peruvian 2020 Sep Negative 0.28 SNV/ANDV/ 

PUUV-like 1.0 × 101 
4432 2.03 27/F Peruvian 2021 Jan Negative 0.33 Negative 
4605 1.11 21/F Foreign 2020 Dec Negative 0.29 Negative 
4893 1.13 2/M Peruvian 2021 Jan Negative 0.51 Negative 
*ANDV, Andes virus; IFA, immunofluorescence assay; PUUV, Puumala virus; RT-PCR, reverse transcription PCR; SNV, Sin Nombre virus. 
†Results with a ratio greater than 1.1 are considered positive and marked in boldface. 
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To investigate whether the molecular detection of 
RIOMV was epidemiologically linked to additional 
hantavirus cases, we selected all AFI samples from 
Loreto that were negative for DENV during January 
2020–2021 (n = 832). We selected DENV-negative se-
rum because acute DENV infection can affect serologic 
analysis for other pathogens (e.g., SARS-CoV-2) (30). 
Because a RIOMV-specific IgM ELISA was not avail-
able, we used a commercially available IgM ELISA li-
censed for diagnostic use in Peru that relies on pooled 
ANDV and SNV nucleoproteins, which are suitable 
for detecting hantavirus-specific immune responses 
shortly after infection (31). The IgM ELISA yielded a 
detection rate of 1.6% (95% CI 0.9%–2.7%; n = 13/832) 
averaged over 2020 (Appendix 2, https://wwwnc.cdc.
gov/EID/article/30/12/24-0249-App2.xlsx), includ-
ing detectable IgM in the patient who tested positive 
by RT-PCR and exhibited high IgM IFA end-point 
titers of 1.0 × 104 against SNV and ANDV individu-
ally (Table 1; Appendix 1 Figure 3, panel A). Among 
the 13 samples positive for IgM by ELISA, 30.8% (95% 
CI 12.4%–58.0%; n = 4/13) were positive by IgM IFA 
(Appendix 1 Figure 3, panel B). The incidence based 
solely on IFA results was 0.5% (95% CI 0.07%–1.11%; n 
= 4/832). All IgM-positive samples, except those posi-
tive by RT-PCR, were negative for IgG, which may be 
attributed to the facts that all patients were febrile and 
that IgG production is expected during the first weeks 
after symptom onset (Table 1) (32,33).

In January 2020, the 2 patients who were positive 
according to IgM IFA, including the patient who was 
positive according to RT-PCR, were 1 and 5 years of 
age. In September 2020, the patients who were IgM 
positive by IFA were a 27-year-old woman and a 
66-year-old man. Beyond the patient positive by PCR, 
IgM end-point titers were generally low at 1.0 × 101 
against SNV and SNV/ANDV/PUUV, suggesting 
circulation of hantaviruses antigenically related to 
SNV/ANDV, potentially including RIOMV (Table 1; 
Appendix 1 Figure 4). Peru is not in the geographic 
distribution of the primary host of SNV, the North 
American deer mouse (Peromyscus maniculatus) (34), 
and PUUV is not endemic to South America. The 
reactivity for those viruses is probably explained by 
cross-reactivity between hantaviral epitopes, as pre-
viously described in full virus-based IFA (35).

In an IgM ELISA devoid of viral antigen, the op-
tical density (OD) of hantavirus IgM IFA-confirmed 
serum did not differ significantly from that of IFA 
IgM-negative serum that had previously tested posi-
tive in the hantavirus IgM ELISA (Mann-Whitney U 
test, U = 20; p = 0.28) (Figure 4, panel A). We there-
fore compared reactivity with that of a control group 

composed of serum samples negative for hantavirus 
IgM by ELISA. The OD of serum samples showing 
reactivity in the hantavirus IgM ELISA was higher 
(mean 0.61, SD = 0.28) than that of serum samples 
nonreactive in the hantavirus IgM ELISA (mean 
0.07, SD = 0.09; Figure 4, panel A). Among the IgM-
positive samples, 83.33% (95% CI 54.0%–96.5%; n = 
10/12) also showed reactivity in real-time PCR for 
CMV, EBV, and Plasmodium spp., and in IgM ELISAs 
for several endemic arboviruses (OROV, chikungu-
nya, and Mayaro virus) and even for the nonendemic 

Figure 4. Investigation of unspecific reactivity in serum positive 
in hantavirus IgM by ELISA, Peru. A) OD450 in noncoated ELISA 
plate. B) Comparison of IgM ELISA reactivity for different 
arboviruses: Control group, n = 38; hantavirus IgM–positive by 
ELISA group, n = 12. Tukey-style box plots are given with medians 
(thick lines within boxes) and interquartile ranges (box top and 
bottom or left and right edges); whiskers indicate 1.5× interquartile 
range. CCHFV, Crimean-Congo hemorrhagic fever virus, CHIKV, 
chikungunya virus, MAYV, Mayaro virus; OD450, optical density at 
450 nm; OROV, Oropouche virus.

http://www.cdc.gov/eid
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arbovirus CCHFV (Table 2). Arbovirus IgM ELISA  
reactivity in hantavirus IgM ELISA-reactive serum 
samples was consistently higher than that in hanta-
virus IgM ELISA-nonreactive serum samples (Fig-
ure 4, panel B). To avoid false-positive results, when 

calculating the IgM detection rate, we included only 
samples that tested positive for IFA.

Serologic Markers of Past Hantavirus Infection
The scarce hantavirus detections in humans and ro-

 
Table 2. Results of complementary ELISA and PCR testing of serum samples positive by hantavirus IgM ELISA, Peru, January  
2020–2021* 

Sample 
IgM ELISA ratio† 

 
PCR copies/mL Non–antigen 

coated plate OD CCHFV CHIKV MAYV OROV Plasmodium spp. EBV CMV 
1395‡ 1.19 1.59 1.46 0.89  Negative Negative Negative 0.19 
3261 5.38 5.91 5.61 5.94  Negative Negative Negative 0.80 
3265 1.82 1.10 0.75 1.30  8.4 × 105 4.4 × 103 1.9 × 103 0.93 
3281 1.97 2.82 3.75 6.50  Negative Negative Negative 0.73 
3345 2.97 7.55 6.56 2.96  Negative Negative 4.2 × 103 0.86 
3358 7.95 10.86 10.25 9.11  2.8 × 104 Negative Negative 0.88 
3376 0.34 0.65 0.80 0.60  Negative Negative Negative 0.26 
3630 3.61 3.80 2.17 1.30  Negative Negative Negative 0.64 
4242‡ 2.43 1.74 1.47 1.97  Negative Negative Negative 0.77 
4432 0.32 0.45 0.33 0.31  Negative Negative Negative 0.15 
4605 1.28 1.74 2.63 11.04  Negative Negative Negative 0.50 
4893 1.22 2.44 1.81 1.90  Negative Negative Negative 0.61 
*Boldface indicates samples that tested positive. CCHFV, Crimean-Congo hemorrhagic fever virus; CHIKV, chikungunya virus; CMV, cytomegalovirus; 
EBV, Epstein-Barr virus; MAYV, Mayaro virus; OROV, Oropouche virus. The sample that tested positive by reverse transcription PCR was not tested 
because of limited sample volume after isolation attempts. OD of the negative control for IgM in Sin Nombre virus/Andes virus ELISA on a noncoated 
plate, 0.15. (Mann-Whitney U test, MAYV, U = 44; OROV, U = 56; CCHFV, U = 20, CHIKV, U = 15, p<0.001 for all). 
†Boldface indicates results with a ratio >1.1 considered positive in all ELISAs. 
‡Samples that tested positive by hantavirus IFA. 

 

 
Table 3. Hantavirus IgG-positive serum samples from Loreto, Lambayeque, and Lima, Peru, 2020* 

Sample Place 
Patient age, 

y/sex Nationality Month 

IgG 
ELISA 
ratio† IFA result Interpretation 

1788 Lambayeque 13/M Peruvian Feb 1.42 SNV, 1.0 × 102; 
ANDV/PUUV, 1.0 × 101 

SNV-like 

1818 Lambayeque 6/M Peruvian Aug 2.15 Negative Negative 
1835 Lambayeque 29/F Peruvian Nov 1.15 Negative Negative 
1866 Lambayeque 60/M Peruvian Feb 1.76 Negative Negative 
1882 Lambayeque 20/F Foreign Mar 2.24 SNV 1.0 × 103 SNV-like 
1945 Lambayeque 4/F Foreign Jan 1.52 Negative Negative 
2738 Lambayeque 15/F Peruvian Mar 1.35 Negative Negative 
2740 Lambayeque 84/M Peruvian Mar 1.77 Negative Negative 
2003 Lima 48/F Peruvian Jan 1.69 SNV 1.0 × 101 SNV-like 
2069 Lima 19/M Peruvian Feb 1.95 SNV, 1.0 × 103; ANDV, 1.0 

× 102; HTNV/SAAV/DOBV, 
1.0 × 101 

SNV-like 

2139 Lima 2/M Foreign Mar 1.20 Negative Negative 
2167 Lima 30/M Peruvian Jan 2.80 ANDV/SNV, 1.0 × 103 ANDV/SNV-like 
3136 Loreto 6/F Peruvian Jan 1.64 ANDV, 1.0 × 101 ANDV-like 
3249 Loreto 5/M Peruvian Jan 1.16 DOBV/SAAV, 1.0 × 101 DOBV/SAAV-like 
3260 Loreto 5/M Peruvian Jan 1.46 ANDV/SNV, 1.0 × 104 ANDV/SNV-like 
3317 Loreto 43/M Peruvian Jan 1.17 HTNV/DOBV, 1.0 × 101 HTNV/DOBV-like 
3361 Loreto 22/M Peruvian Sep 2.31 ANDV/SNV, 1.0 × 102 ANDV/SNV-like 
3404 Loreto 16/M Peruvian Sep 1.12 SNV, 2.5 × 103; ANDV, 1.0 

× 102; PUUV, 1.0 × 101 
SNV-like 

3562 Loreto <1/F Peruvian Mar 1.96 Negative Negative 
3615 Loreto 16/M Peruvian Apr 1.67 SNV, 1.0 × 103; 

ANDV/HTNV/DOBV, 1.0 × 
101 

SNV-like 

3937 Loreto <1/M Peruvian Mar 5.30 Negative Negative 
4524 Loreto 26/F Peruvian Dec 3.16 ANDV/SNV, 1.0 × 104; 

HTNV/PUUV/SEOV/DOBV, 
1.0 × 101 

ANDV/SNV-like 

4591 Loreto 71/M Peruvian Jan 1.69 SNV 2.5 × 103; ANDV 1.0 × 
102; PUUV 1.0 × 101 

SNV-like 

*Boldface indicates positive results (ratio >1.1). ANDV, Andes virus; DOBV, Dobrava virus; HTNV, Hantaan virus; IFA, immunofluorescence assay; 
PUUV, Puumala virus; SAAV, Saaremaa virus; SEOV, Seoul virus; SNV, Sin Nombre virus.  
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dents in Peru all originated from the Amazon Basin. 
To compare whether persons living in other ecozones 
had had previous contact with hantaviruses, we test-
ed 830 samples from Loreto, Lambayeque, and Lima 
that were DENV-negative by qRT-PCR and were of 
sufficient serum volume for hantavirus IgG testing by 
using the same ELISA that we used to detect IgM. The 
hantavirus IgG ELISA detection rate by region was 
4.0% (95% CI 2.1%–7.0%; n = 11/278) in Loreto, 1.4% 
(95% CI 0.4%–3.8%; n = 4/279) in Lima, and 2.9% 
(95% CI 1.4%–5.8%; n = 8/273) in Lambayeque (Ap-
pendix 1 Figure 5, panel A; Appendix 2). We found 
no significant difference in hantavirus IgG detection 
rates by ELISA between sites (χ2 = 3.32; p = 0.20).

To confirm past hantavirus infections, we again 
performed IFA-based end-point titration. IgG IFA 
confirmed 60.9% (95% CI 40.7%–77.9%; n = 14/23) 
of the IgG ELISA-positive samples IgG positive by 
ELISA (Appendix 1 Figure 5, panel B). The sample 
positive by RT-PCR had IgG titers of 1.0 × 104 against 
SNV and ANDV, a finding consistent with early IgG 
responses in some hantavirus-infected patients (32). 
End-point titration suggested 7 past infections with 
viruses antigenically more related to SNV than to 

ANDV, according to the highest SNV titers in all 3 
ecozones. One serum sample each showed monotyp-
ic reactivity with SNV or ANDV (Table 3). Another 
6 samples positive by IFA had similar titers against 
>2 hantaviruses, including DOBV/Saaremaa virus, 
Hantaan virus/DOBV, and SNV/ANDV (Table 3; 
Appendix 1 Figure 5, panel B). Nine samples positive 
by IgG ELISA samples were negative by IFA (Table 3).

Complementary testing as before revealed that 
2 serum samples (Table 4, samples 3562 and 3937) 
from children <1 year of age that were positive by 
the hantavirus IgG ELISA but negative by hantavirus 
IgG IFA were CMV positive by PCR. In an IgG ELISA 
plate devoid of viral antigens, the ODs in the 2 CMV-
positive serum samples were strikingly higher at 1.03 
and 2.31 (mean 1.67, SD = 0.9) compared with the 
rest of the samples that were hantavirus IgG ELISA- 
positive (mean 0.05, SD = 0.09). The ODs of samples that 
were The ODs of samples that were positive by hanta-
virus IgG ELISA but negative by hantavirus IgG IFA, 
including those 2 samples, differed significantly from 
those of the control group (Table 4; Figure 5, panel A). 
After excluding the 2 CMV-positive samples, we de-
tected no significant differences between the ODs of the 

 
Table 4. Results for complementary ELISA and PCR testing of serum samples positive by hantavirus IgG ELISA, Peru, January 2020–
2021* 

Sample 

IgG ELISA ratio† 

 

PCR copies/mL Non–antigen 
coated 

plate/OD CCHFV CHIKV MAYV OROV 
MERS-

CoV 
SARS-
CoV-2 

Plasmodium 
spp. 

Plasmodium 
spp. EBV CMV 

1788‡ 0.12 0.11 0.15 0.05 0.06 0.15 2.25  Negative Negative Negative 0.04 
1818 0.07 0.09 0.03 0.02 0.02 0.79 0.23  Negative 1.2 × 103 Negative 0.03 
1835 0.11 0.31 0.04 0.06 0.03 0.18 0.19  Negative Negative Negative 0.02 
1866 0.15 0.06 0.07 0.06 0.02 0.12 3.98  Negative Negative Negative 0.02 
1882‡ 0.05 0.07 0.12 0.04 0.03 0.11 5.94  Negative Negative Negative 0.01 
1945 0.87 0.44 0.21 0.50 0.33 0.32 7.14  Negative Negative Negative 0.45 
2003‡ 0.06 0.03 0.03 0.04 0.02 0.11 3.79  Negative Negative Negative 0.01 
2069‡ 0.13 0.02 0.07 0.03 0.02 0.15 1.48  Negative Negative Negative 0.01 
2139 0.13 0.10 0.09 0.18 0.04 0.17 0.24  Negative Negative Negative 0.05 
2167‡ 0.17 0.17 0.21 0.34 0.08 0.23 1.77  Negative Negative Negative 0.05 
2216 0.10 0.06 0.06 0.06 0.03 0.17 0.37  Negative Negative Negative 0.01 
2738 0.08 0.05 0.13 0.06 0.04 0.14 2.27  Negative Negative Negative 0.02 
2740 0.15 0.17 0.09 0.10 0.04 1.19 0.43  Negative Negative Negative 0.05 
3136‡ 0.24 0.18 0.08 0.07 0.12 0.22 0.23  Negative Negative Negative 0.13 
3249‡ 0.21 0.17 0.16 0.13 0.04 0.20 0.50  Negative Negative Negative 0.04 
3317‡ 0.08 0.58 2.43 0.99 0.02 0.34 0.79  Negative Negative Negative 0.02 
3361‡ 0.06 0.10 0.17 0.08 0.03 0.92 3.20  Negative Negative Negative 0.02 
3404‡ 0.08 0.12 0.23 0.06 0.05 0.13 0.99  Negative Negative Negative 0.03 
3562 2.71 2.02 2.30 2.97 0.71 1.66 2.78  Negative Negative 1.7 × 103 1.03 
3615‡ 0.08 0.46 0.49 0.09 0.03 0.30 0.27  Negative Negative Negative 0.02 
3937 5.48 3.89 2.71 3.69 2.05 3.56 3.45  Negative Negative 2.1 × 103 2.31 
4524‡ 0.18 2.70 6.54 0.29 0.04 0.67 1.79  Negative Negative Negative 0.03 
4591‡ 0.46 1.27 2.69 2.44 ND 1.82 1.19  Negative Negative Negative 0.02 
*The RT-PCR positive sample was not tested because of to limited sample volume after isolation attempts. OD of negative control for IgG in Sin Nombre 
virus/Andes virus ELISA on a noncoated plate, 0.01. Statistical results comparing the ratios of hantavirus IFA-positive, IFA-negative serum samples, and 
the control group, Kruskal-Wallis; CCHFV, H = 2.33, p = 0.31; CHIKV, H = 2.0, p = 0.22; MAYV, H = 5.0, p = 0.08; MERS-CoV, H = 0.01, p = 0.99; OROV, 
H = 8.24, p = 0.02; Plasmodium spp., H = 12.21, p = 0.02 and SARS-CoV-2, H = 10.12, p = 0.006. CCHFV, Crimean-Congo hemorrhagic fever virus; 
CHIKV, chikungunya virus; CMV, cytomegalovirus; EBV, Epstein-Barr virus; IFA, immunofluorescence assay; MAYV, Mayaro virus; MERS-CoV, Middle 
East respiratory syndrome coronavirus; ND, not done; OD, optical density; OROV, Oropouche virus. Samples that tested positive by hantavirus IFA 
indicated in bold. 
†Results with a ratio >1.1 are considered positive and marked in boldface. 
‡Samples that tested positive by hantavirus IFA. 
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3 compared groups. The 2 CMV-positive samples also 
showed significantly higher reactivity in most comple-
mentary ELISAs, including pathogens not found in South 
America, such as CCHFV and Middle East respiratory 
syndrome coronavirus (Table 4). After excluding the 2 
CMV-positive samples, we found significant differences 
in ELISA reactivity levels for OROV, SARS-CoV-2, and 
Plasmodium spp. (Figure 5, panel B), whereas the overall 
number of positive serum samples did not differ among 
groups (Appendix 1 Table 8). Thus, we calculated the 
ELISA-based IgG detection rate without the 2 CMV-
positive serum samples. The adjusted hantavirus IgG 
detection rate for Loreto was 3.2% (95% CI 1.6%–6.1%; n 
= 9/278;); 66.7% (95% CI 45.2%–82.9%; n = 14/21) of the 
samples also tested positive by IFA, and the overall IgG 
detection rate was 1.7% (95% CI 1.0%–2.8%; n = 14/830) 
across the 3 ecozones.

Discussion
We detected and characterized RIOMV and analyzed 
hantavirus exposure for patients with AFI in Peru. 
Our serologic results were consistent with those of a 
previous study conducted in Loreto during 2007–2010 
that used an ANDV antigen–based capture ELISA and 
reported an IgM detection rate of 0.3% (n = 15/5,174) 
(36). Moreover, the high genomic similarity of the 
RIOMV strain from our study and the rodent-associ-
ated RIOMV from 1996 and the geographic distribu-
tion of the host in the Amazon suggest endemicity 
(37) (Global Biodiversity Information Facility, https://
www.gbif.org). That the only human case described 
from Brazil also occurred in the Amazon Basin reaf-
firms the area of RIOMV endemicity and confirms the 
ability of RIOMV to cause disease in humans (6).

The ecology of hantavirus infections is complex 
and probably varies according to climatic factors, 
predator/prey relationships, land use changes, 
host abundance, and virus genetics (38). Most cases 
of infection with ANDV, which is hosted by rodent 
species of a different genus than those of the genus 
that hosts RIOMV (34), in Argentina and Chile have 
been reported during spring and summer, when 
food availability is higher (39). In the Amazon re-
gion, the relatively constant climatic conditions 
throughout the year and the continuous harvest of 
different crops make it challenging to identify risk 
factors (40). However, 2 samples confirmed IgM 
positive were collected in January and another 2 
were collected in September 2020, suggesting the 
potential for seasonal patterns of hantavirus infec-
tion in Loreto.

The lower sensitivity of IFA compared with ELI-
SA may also partly explain the observed difference 

Figure 5. Investigation of unspecific reactivity in serum samples 
positive in hantavirus in IgG-positive serum by ELISA, Peru. A) OD450 
in noncoated ELISA plate. B) Comparison of IgG ELISA reactivity for 
different viruses excluding the CMV-positive samples. Control group, 
n = 38; ; hantavirus IgG IFA-negative samples, n = 7; hantavirus 
IgG IFA-positive samples, n = 13. Tukey-style box plots are given 
with medians (thick lines within boxes) and interquartile ranges 
(box top and bottom or left and right edges); whiskers indicate 1.5 
× interquartile range. CCHFV, Crimean-Congo hemorrhagic fever 
virus, CHIKV, chikungunya virus; CMV, cytomegalovirus; IFA, 
immunofluorescence assay; MAYV, Mayaro virus; MERS-CoV, 
Middle East respiratory syndrome coronavirus; neg, negative; pos, 
positive; OD450, optical density at 450 nm; OROV, Oropouche virus.
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between ELISA and IFA reactivity (41,42), especially 
when recombinant nucleoproteins are used rather 
than full virus-infected cells as antigens (43,44) and 
when RIOMV antigens are not included. Moreover, 
the nonspecific reactivity in the hantavirus ELISA is 
compatible with polyclonal B cell activation resulting  
from CMV, EBV, Plasmodium spp., or hantavirus in-
fections (45) and emphasizes the value of confirm-
ing IgM/IgG ELISA results, ideally by neutralization 
tests (NTs) for IgG (15,16).

Ecologic investigations of hantaviruses in the 
Peruvian Amazon and their host are thus urgently 
needed. Further investigation of circulating hantavi-
rus strains in humans in Peru and other regions of 
South America is also warranted because our serolog-
ic findings suggest that antigenically diverse hantavi-
ruses may co-occur.

Among the potential limitations of our study is 
the use of uneven numbers of samples throughout 
the year. It is likely that, during the onset of the CO-
VID-19 pandemic, movement restrictions and lack of 
medical personnel led efforts to be focused on COV-
ID-19, and persons with febrile illness without respi-
ratory signs/symptoms might not have sought medi-
cal care (46,47). That interpretation is consistent with 
lower numbers of reported cases of dengue during 
the onset of the COVID-19 pandemic in Latin Ameri-
ca (47). In addition, virus NTs might have contributed 
additional serologic information. However, the cross-
reactivity of hantavirus immune responses would 
probably also have limited unambiguous results in 
virus NTs, even if we had an RIOMV isolate (44). In 
addition, a comparison of glycoprotein-based IFA- 
and NT-based serotyping results in a previous study 
of Old World hantaviruses was consistent in 79.5% 
of the samples (42). Thus, our conclusions, which are 
based on exhaustive serologic testing, are most likely 
robust even in the absence of NTs.

The early signs/symptoms of hantavirus infec-
tion are nonspecific (6,7,48) and resemble those of 
other AFIs. Therefore, it is necessary to enhance 
AFI surveillance by incorporating diagnostic pro-
tocols for hantavirus in patients in Peru and other 
ecologically similar regions of Latin America with 
compatible symptomatology and no evidence of 
dengue or malaria.
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Most adenoviruses that infect mammals belong to 
the genus Mastadenovirus, which is part of the 

family Adenoviridae and includes a variety of viruses 
found in humans, nonhuman primates (NHPs), and 
other mammals (1,2). Although many cases of human 
adenovirus infection are predominantly asymptomat-
ic and infection can be self-limited in immunocompe-
tent hosts, infections in immunosuppressed patients 
can lead to greater severity and even death (3–6).

Of the >50 adenovirus species in the genus Mast-
adenovirus, 9 that infect NHPs, known as simian ad-
enoviruses (SAdVs; SAdV-A–I), and 7 that infect 
humans, known as human adenoviruses (HAdVs; 
HAdV-A–G), have been documented (1). Although 

species domination is considered on the basis of in-
fected hosts, many adenoviruses found in NHPs, have 
been identified as HAdVs (7), and SAdV infections 
have also been reported in humans who have contact 
with NHPs (6). Because of the phylogenetic proximity 
between NHPs, and humans, interspecies transmis-
sion is highly possible (8,9). Although adenoviruses 
have been considered host-specific and restricted to 
>1 related species (4), phylogenetic and evolutionary 
analyses reveal instances of interspecies transmission 
that have led to new host-virus adaptations. For ex-
ample, HAdV-E is believed to have originated from 
chimpanzee adenoviruses and HAdV-B from gorilla 
adenoviruses (10). In addition, serologic evidence in-
dicates that adenoviruses derived from monkeys can 
infect humans who have close contact with NHPs 
(5,6). Those findings raise concerns about interspecies 
transmission and zoonotic potential. Notable exam-
ples include canine adenovirus 1, which infects multi-
ple carnivore species, and skunk adenovirus 1, found 
in marmosets (Callithrix spp.), skunks (Mephitis spp.), 
pygmy hedgehogs (Atelerix albiventris), and other spe-
cies, illustrating adenoviruses’ ability to cross species 
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We identified a novel mastadenovirus, herein referred to 
as colobus adenovirus (CoAdV), as the likely cause of fatal 
respiratory and enteric diseases in multiple black-and-white 
colobuses (Colobus guereza) imported into Thailand in 
2022. Among 9 affected colobuses, 4 died. Viral antigen was 
abundant in respiratory and enteric tissues, where prominent 
lesions and clinical signs were observed. We successfully 
cultivated CoAdV in Vero cells and characterized the com-
plete viral genome, which indicated the virus is genetically 

distinct from other simian adenoviruses. We also conducted 
a retrospective study of archival samples from 7 other un-
related colobuses that had respiratory distress or diarrhea 
and found similar viral strains in 4 of those colobuses. Al-
though we could not determine the potential harm to humans 
or other nonhuman primates from current information, the 
zoonotic and spillover potential of this virus to other related 
hosts should not be neglected. Veterinarians should consider  
CoAdV when pneumonia is diagnosed in colobuses.
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Mastadenovirus as Cause of Pneumonia in Colobuses

barriers (11,12). Such instances underscore the poten-
tial zoonotic threats posed by mastadenoviruses be-
cause of their genetic diversity and adaptability (13).

Southeast Asia and China are main hubs of the 
primate trade, both as importers and exporters, for 
various purposes (14,15). Importation of apparently 
healthy NHPs without specific surveillance for NHP-
related adenoviruses may result in the introduction 
of novel adenoviruses to naive environments or vice 
versa. We identified a novel adenovirus in colobuses 
with fatal respiratory distress that were imported into 
Thailand in 2022. 

Materials and Methods
During August–September 2022, nine wild-caught 
adult black-and-white colobuses (Colobus guereza) of 
unknown specific ages were imported from South Af-
rica and kept as pets in individual stainless-steel cag-
es in Bangkok, Thailand. All animals were shipped 
together in a single lot and underwent quarantine at 
customs for several months before all 9 went to a sin-
gle pet owner. Initially, clinical signs and symptoms 
began with depression, reduced appetite, and fever, 
after which coughing, pneumonia, and subsequent 
respiratory distress developed. Those symptoms 
were observed shortly (within a few weeks) after the 
animals arrived at the final destinations with the pet 
owner. Four of the colobuses (nos. 1–4) succumbed 
to their illnesses 5–10 days after the onset of clinical 
symptoms; the other 5 (nos. 5–9) survived after re-
ceiving intensive supportive care.

Clinical samples, including oral and rectal swab 
samples, were collected from all 9 diseased colobuses. 
Among the 9 colobuses, the 4 that subsequently died 
(nos. 1–4) were submitted for necropsy at the Depart-
ment of Pathology, Faculty of Veterinary Science, 
Chulalongkorn University, Bangkok. We collected vi-
tal samples, including brain, trachea, lung, heart, in-
testine, liver, kidneys, and lymph nodes, and divided 
samples into 2 cohorts: fresh-frozen tissues and for-
malin-fixed paraffin-embedded (FFPE) tissues fixed 
in 10% buffered formalin. This study was approved 
by Chulalongkorn University Animal Care and Use 
Committee (approval no. 2431048).

Nucleic Acid Extraction and Routine Diagnostic Panels
We processed collected samples for viral nucleic acid 
extraction by using QIAamp Viral RNA Mini Kit 
(QIAGEN, https://www.qiagen.com) according to 
the manufacturer’s guidelines. To elucidate the viral 
infections in these cases, we subjected the extracted 
nucleic acid samples to routine virologic testing pan-
els by using pan-family virologic PCRs targeting Her-

pesviridae (16), Paramyxoviridae (17), Pneumoviri-
dae (17), Parvoviridae (18), Orthomyxoviridae (19), 
Retroviridae (20), and Adenoviridae (21) families. For 
PCR-positive samples, we sent target amplicons to 
Celemics, Inc. (https://www.celemics.com) for next-
generation sequencing (NGS)–based methods. Fur-
thermore, we submitted fresh lung samples from all 
investigated colobuses for aerobic bacterial culture.

Detection of Adenovirus DNA and Complete  
Genome Characterization
For samples that initially tested positive for adenovi-
ruses by pan-Adenoviridae PCR targeting the DNA 
polymerase (DNApol) gene, we reconfirmed results 
by using a second PCR that targeted the hexon gene 
with established pan-Mastadenovirus primers (22). We 
then sequenced the positive amplicons following the 
protocol described previously. We used nucleic acid 
extracts obtained from fresh lung tissue of colobus 
no. 1 for complete adenoviral genome characteriza-
tion through a de novo–based NGS method (Vishuo 
Biomedical, https://www.vishuo.com) (Appendix, 
https://wwwnc.cdc.gov/EID/article/30/12/24-
1042-App1.pdf). Subsequently, we aligned the identi-
fied sequence with previously described adenovirus 
sequences found in NHPs, including SAdV-A–I and 
unclassified SAdVs. We subjected that alignment to 
maximum-likelihood phylogenetic analysis (Appen-
dix). We also performed recombination analysis by 
using a recombination detection program (23) (Ap-
pendix). We refer to this novel virus as colobus ad-
enovirus (CoAdV).

Viral Load Quantification and Localization
To confirm the results from NGS analysis and inves-
tigate the genomic distribution of CoAdV in various 
organs and in other colobuses, we conducted conven-
tional PCR using newly designed primers targeting 
the DNApol gene of CoAdV. In addition, to quan-
tify viral loads in different organs, we performed a 
SYBR green–based quantitative PCR (qPCR) by using 
KAPA SYBR Fast qPCR Master Mix (2X) Universal 
Kit (Sigma-Aldrich, https://www.sigmaaldrich.com) 
with specific primers designed to target the DNApol 
gene of CoAdV (CoAdV-DpolF-6348, 5′-CAG CTG 
GTC CTC GTC C-3′; CoAdV-DpolR-6443, 5′-TTG 
CAG GAC CCC CTG AAG AC-3′). We estimated 
relative viral loads in each organ on the basis of cycle 
threshold (Ct) values.

Detection of CoAdV Antigen in FFPE Tissues
To determine the tissue tropism of CoAdV, we sub-
jected FFPE tissues from the 4 necropsied colobuses 
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that tested positive in both conventional and qPCR to 
immunohistochemical (IHC) analysis. The examined 
tissues were brain, lung, liver, lymph node, spleen, 
heart, kidneys, and intestine. We assessed localiza-
tion of CoAdV in those tissues by using a horseradish 
peroxidase polymer-conjugated method with prima-
ry antibody against adenovirus clones 2/6 and 20/11 
(Chemi-Con, https://chemi-con.com) (Appendix).

Viral Isolation
We conducted virus isolation on Vero cells (ATCC 
accession no. CCL-81) in 12-well tissue culture 
plates. We subjected samples to viral isolation, in-
cluding oral and rectal swab samples from diseased 
colobus nos. 4–6, 7, and 9 that had been collected in 
viral transport medium, and supernatants from lung 
and trachea homogenized in PBS from colobus no. 
1 that died (Appendix). We monitored cultures for 
cytopathic effects (CPE) daily for 5 days (2). We col-
lected supernatants from wells showing CPE and 
stored at –80°C for subsequent adenovirus-specific 
PCR confirmation. In addition, we harvested cell 
pellets and prepared for transmission electron mi-
croscopy analysis.

Retrospective Study of CoAdV in Other NHPs
We also used the qPCR described to conduct CoAdV 
detection on a small sample cohort that underwent 
postmortem examination at Department of Pathol-
ogy, Faculty of Veterinary Science, Chulalongkorn 
University, during 2020–2022. The cohort comprised 
archival respiratory or rectal swab samples and fresh-
frozen lung tissues obtained from 7 other colobuses 
that died from various causes, plus the fresh-frozen 
lung or respiratory swab samples from other pri-
mates, including 2 Douc monkeys (Pygathrix spp.), 
1 De Brazza’s monkey (Cercopithecus neglectus), 6 
marmosets, 4 Japanese macaques (Macaca fuscata), 2 
cotton-top tamarins (Saguinus oedipus), and 11 long-
tailed macaques (Macaca fascicularis).

Results

CoAdV Detection, Genome Characterization,  
and Phylogenetic Analysis 
Apart from negative results of ancillary testing us-
ing pan-family virologic PCR panels, the oral swab 
samples from all 9 colobuses and 5 fecal swab sam-
ples obtained from colobuses nos. 1–4 and 7 tested 
positive by pan-adenovirus PCR. The colobuses that 
subsequently died (nos. 1–4) predominantly exhib-
ited lower Ct values (Table). Analysis of tissue sam-
ples showed that the lung, trachea, and intestines 
exhibited positive amplification signals for the pan- 
adenovirus PCR, whereas the other collected tissues 
had negative results. Klebsiella spp. was cultivated 
from the lung tissue of colobus nos. 1 and 4. We se-
quenced the positive adenovirus amplicons (460 bp) 
from all samples, and initial BLASTn (https://blast.
ncbi.nlm.nih.gov) results showed 99.9% nucleotide 
similarities among adenovirus from colobuses and 
most were closely related to another SAdV (GenBank 
accession no. JN808448).

NGS results showed a total of 889 sequence 
reads that mapped to various simian mastadenovi-
rus species. From those sequence reads, we gener-
ated a consensus sequence of 33,813 bp, tentatively 
named CoAdV strain CP001-TH/2023. To confirm 
the accuracy of the generated CoAdV sequence, we 
used primers for adenovirus screening as described 
and submitted the 460-bp PCR products for Sanger 
sequencing, which showed 100% similarity to the 
generated sequence. The CoAdV genome comprises 
19.85% A, 18.34% T, 30.80% C, and 31.01% G. The 
CoAdV strain CP001-TH/2023 genome contained 
145-bp ends of inverted terminal repeats with a 
conserved motif CATCATCCAAT, displaying typi-
cal mastadenovirus orthologs. The CoAdV CP001-
TH/2023 genome possessed 32 predicted proteins 
and included genus-specific genes encoding pro-
teins V and IX and the early (E) regions E1, E3, and 
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Table. Immunohistochemistry and quantitative PCR findings in an investigation of novel mastadenovirus infection causing pneumonia 
in imported black-and-white colobuses (Colobus guereza), Thailand* 

Colobus no. 
Sample types tested, Ct value/immunohistochemistry findings 

Oral swab Fecal swab Lung Trachea TLN Intestine MLN Liver Kidney Heart Brain 
1† 22.5/ND 30.2/ND 18.2/++ 20.2/++ 30.6/+ 29.0/++ −/− −/− −/− −/− −/− 
2† 23.4/ND 32.5)/ND 20.2/++ 24.2/+ 32.7/– 30.6/+ −/− −/− −/− −/− −/− 
3† 26.9/ND 32.8/ND 22.4/++ 23.8/++ 30.2/+ 30.2/+ −/− −/− −/− −/− −/− 
4† 22.8/ND 29.9)/ND 17.5/++ 24.9/++ 33.8/– 25.8/+ −/− −/− −/− −/− −/− 
5 29.0/ND –/ND NSA NSA NSA NSA NSA NSA NSA NSA NSA 
6 29.8/ND –/ND NSA NSA NSA NSA NSA NSA NSA NSA NSA 
7 30.5/ND 34.5/ND NSA NSA NSA NSA NSA NSA NSA NSA NSA 
8 27.2/ND –/ND NSA NSA NSA NSA NSA NSA NSA NSA NSA 
9 29.3/ND –/ND NSA NSA NSA NSA NSA NSA NSA NSA NSA 
*Staining intensity of immunohistochemistry was semiquantitative. Ct, cycle threshold; MLN, mesenteric lymph node; ND, not determined; NSA, no 
sample available; TLN, tracheobronchial lymph node; +, positive intensity; ++, strong positive intensity; –, negative. 
†Colobus died. 
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E4. Only one fiber gene was observed within the  
CoAdV CP001-TH/2023 genome (Figure 1). We sub-
mitted the CoAdV sequence to GenBank (accession 
no. PP985428).

The full-length CoAdV strain CP001-TH/2023 
exhibited 67.10% nucleotide similarity to the SAdV-6 
strain SV-39 (GenBank accession no. JQ776547) from 
Old World macaque monkeys in the United States. 
CoAdV CP001-TH/2023 was distinct from other  
SAdVs, and nucleotide similarities ranged from 
66.50% to 50.02%. The human mastadenovirus B iso-
late KUMC-62 (GenBank accession no. KY320276) 
was the most distant strain, showing only 50.02% 
nucleotide similarity to the detected CoAdV. Analy-
sis of DNApol gene revealed nucleotide similarities of 
62.30%–77.90% and amino acid similarities of 25.40%–
57.6% to previously described SAdVs. The SAdV 
strain ER (GenBank accession no. MZ062897) identi-
fied in China was the most genetically similar strain. 
Phylogenetic analysis of the full-length genome of 
SAdVs revealed that CoAdV CP001-TH/2023 formed 
a distinct phylogenetic cluster, and was most closely 
related to SAdV-A, SAdV-G, and SAdV-I isolated 
from Old World monkeys (Figure 2) and that SAdV-6 
strain SV-39 was the most closely related. The whole-
genome phylogenetic tree was consistent with the 
phylogenetic analysis of amino acid sequences of the 
DNApol and IVa2 trees (Figures 3, 4).

Because limited information was available on 
other genes of previously described AdVs identified 
in colobuses in Germany, we were only able to ana-
lyze relatedness in the fiber gene (Figure 5). CoAdV 
CP001-TH/2023 shared 71.75%–80.50% nucleotide 
similarity with AdVs identified in colobuses in Ger-
many in 2011, and Colobus guereza adenovirus 1 (Gen-
Bank accession no. JN163994) was the most closely 
related strain. Although the CoAdV hexon gene iden-
tified in this study genetically clustered closely with 

the Colobus guereza adenovirus 1 (GenBank acces-
sion no. JN163994) strain, it formed a distant phylo-
genic topology with 99% bootstrap support (Figure 
6). However, CoAdV CP001-TH/2023 had a unique 
phylogenetic topology and did not cluster with other 
previously described AdVs identified in colobuses 
(GenBank accession nos. JN613993 and JN613995). In-
formation for complete genome sequences of SAdV 
identified in Thailand was limited, and only the fiber 
gene was available. Thus, we also included the fiber 
gene of SAdV-B isolate RBR-7-10 (GenBank acces-
sion no. ON072488) to determine the phylogenetic 
relationship of the detected CoAdV; however, those 
sequences were distantly related (Figure 5). We did 
not identify any genetic recombination events within 
the CoAdV genome.

CoAdV Pathology and Viral Distribution 
Overall, histologic findings were consistent across 
all colobuses and showed varying degrees of sever-
ity. The trachea mucosa was extensively replaced 
by laminated bands of eosinophilic fibrillar material 
mixed with scant aggregates of karyorrhectic debris. 
In addition, the tracheal lumen contained a small 
pool of neutrophils and karyorrhectic debris (Figure 
7, panel A). The pulmonary interstitium was diffusely 
congested, with increased prominence and tortuosity 
of markedly engorged alveolar capillaries. In colobus 
no. 1, the pulmonary alveoli were multifocally filled 
with eosinophilic granular to homogenous material, 
intermixed with variable numbers of foamy macro-
phages, and fewer polymorphonuclear cells (Figure 
7, panel B). Moreover, alveoli were overlaid by vari-
able flocculent mats of eosinophilic fibrin. Similar 
mats of eosinophilic fibrin and a few neutrophils 
were seen in 1 lumen of the large bronchial airways 
(Figure 7, panel C). In colobus no. 2, we noted similar 
but milder changes.
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Figure 1. Genome organization of novel mastadenovirus infection causing pneumonia in imported black-and-white colobuses (Colobus 
guereza), Thailand. Thick black line indicates virus genome; gene length is also indicated. ITR sequences and putative viral genes are 
represented as rectangles or arrows, corresponding to the transcriptional direction. Within the rectangles or arrows, light blue color 
indicates 5′ to 3′ translational direction, and dark green indicates complementary translational direction. The virus, tentatively named 
colobus adenovirus, is available in GenBank (accession no. PP985428). DBP, DNA-binding protein; E, early region; ITR, inverted 
terminal repeat; ORF, open reading frame; RID, receptor internalization and degradation.
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Figure 2. Phylogenetic analysis of 
complete genome sequence of novel 
mastadenovirus infection causing 
pneumonia in imported black-and-
white colobuses (Colobus guereza), 
Thailand. Comparative analysis of the 
genome from this study, tentatively 
name colobus adenovirus (CoAdV), 
with various adenoviruses identified 
in nonhuman primates. Bootstrap 
values are shown at each node. Red 
triangle indicates the CoAdV CP001 
TH/2023 identified in this study, and 
phylogenetic reveals this sequence 
groups with various SAdVs and 
HAdVs. GenBank accession numbers 
are provided. Scale bar indicates 
number of substitutions per site. 
HAdV, human adenovirus; SAdV, 
simian adenovirus.
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To determine the CoAdV distribution in tissue 
and localize the virus where lesions were located, we 
quantified the viral loads by using qPCR (Table). We 
primarily detected CoAdV in respiratory samples and 

noted the highest viral loads in the lung but also high 
loads in trachea tissue and oral and fecal swab sam-
ples. We found smaller amounts of the viral genome in 
the small intestine. We used IHC to determine CoAdV 
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Figure 3. Phylogenetic analysis of amino acid sequences 
of DNApol gene of novel mastadenovirus infection causing 
pneumonia in imported black-and-white colobuses 
(Colobus guereza), Thailand. Comparative analysis of 
the genome from this study, tentatively name colobus 
adenovirus (CoAdV), with various adenoviruses identified 
in nonhuman primates. Bootstrap values are shown at each 
node. Red triangle indicates the CoAdV CP001 TH/2023 
identified in this study. GenBank accession numbers are 
provided. Scale bar indicates the number of substitutions 
per site. AdV, adenovirus; BaAdV, baboon adenovirus.
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Figure 4. Phylogenetic analysis of amino acid 
sequences of IVa2 gene of novel mastadenovirus 
infection causing pneumonia in imported black-
and-white colobuses (Colobus guereza), Thailand. 
Comparative analysis of the genome from this study, 
tentatively name colobus adenovirus (CoAdV), 
with various adenoviruses identified in nonhuman 
primates. Bootstrap values are shown at each node. 
Red triangle indicates the CoAdV CP001 TH/2023 
identified in this study. GenBank accession numbers 
are provided. Scale bar indicates the number of 
substitutions per site. AdV, adenovirus; BaAdV, 
baboon adenovirus. 
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Figure 5. Phylogenetic analysis of amino acid 
sequences of fiber gene of novel mastadenovirus 
infection causing pneumonia in imported black-
and-white colobuses (Colobus guereza), Thailand. 
Comparative analysis of the genome from this study, 
tentatively name colobus adenovirus (CoAdV), 
with various adenoviruses identified in nonhuman 
primates. Bootstrap values are shown at each node. 
Red triangle indicates the CoAdV CP001 TH/2023 
identified in this study. GenBank accession numbers 
are provided. Scale bar indicates the number of 
substitutions per site. AdV, adenovirus; BaAdV, 
baboon adenovirus.
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Figure 6. Phylogenetic analysis of amino 
acid sequences of hexon gene of novel 
mastadenovirus infection causing pneumonia in 
imported black-and-white colobuses (Colobus 
guereza), Thailand. Comparative analysis of the 
genome from this study, tentatively name colobus 
adenovirus (CoAdV), with various adenoviruses 
identified in nonhuman primates. Bootstrap 
values are shown at each node. Red triangle 
indicates the CoAdV CP001 TH/2023 identified in 
this study; blue triangles indicate AdVs previously 
identified in colobuses in Germany in 2011; green 
triangle indicates previously identified adenovirus 
isolated from macaques in Thailand. GenBank 
accession numbers are provided. Scale bar 
indicates the number of substitutions per site. 
AdV, adenovirus; BaAdV, baboon adenovirus.
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tissue localization, which revealed prominent positive 
immunoreactivity in the nuclei of bronchial epithelial 
cells (Figure 8, panel A), pulmonary alveolar macro-
phages, and endothelial cells of pulmonary capillaries 
(Figure 8, panel B). We also found local immunolabel-
ling in the mucosal epithelial cells and glands of the 
trachea, particularly in areas that had pseudodiph-
theritic membrane of necrosis (Figure 8, panel C). We 
identified IHC labeling in the small intestine (Figure 8, 
panel D) and in single lymphoid cells in mediastinal 
lymph node and tonsil.

Viral Culture
We successfully isolated CoAdV from fecal and oral 
swab samples of colobus nos. 6, 7, and 9 and from ho-
mogenized trachea and lung tissues of colobus no. 1. 
However, cell cultures inoculated with samples from 
colobuses 4 and 5 exhibited severe cytotoxicity, char-
acterized by cell detachment and cell death at the first 
day postinoculation (dpi), leading us to discard those 
inoculations. Infected Vero cells revealed nonsyncytia, 
round-shaped CPE (Figure 9). The CPE first appeared 
at 3 dpi, characterized by cell rounding and detach-
ment observed by 5 dpi. Subsequent infection of Vero 
cells with the supernatant from the primary virus  

isolation also resulted in similar CPE formation at 3 dpi. 
Conventional PCR confirmed the presence of CoAdV 
DNA in the infected cell culture supernatants. Sanger 
sequencing of the partial DNApol gene from cellular 
supernatant identified partial CoAdV sequences. We 
did not detect CoAdV DNA in mock-infected cells.

In Situ Ultrastructure of CoAdV
Ultrastructural investigation of CoAdV-infected FFPE 
sections revealed pulmonary cellular damage by exhib-
iting rupture of cellular membrane, cytoplasmic vac-
uolization, and degenerated nuclear compartments. 
Within intact cells, condensed nuclear membrane 
contained various sizes of large cytoplasmic vacuol-
ization containing numerous icosahedral electron- 
dense particles, each ≈80 nm in diameter, character-
istic of adenoviruses (Figure 10, panel A). We con-
sidered those particles, typically seen attached near 
ruptured nuclear membranes or distributed random-
ly within the cytosol (Figure 10, panels B–D), of viral 
origin. Transmission electron microscopy analysis of 
CoAdV-infected Vero cells at 1 dpi showed promi-
nent nuclear chromatin with early detection of viral 
virion within the nucleus (Figure 11, panel A). We 
also noted vesicles containing 80–90 nm icosahedral  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024 2553

Figure 7. Hematoxylin and eosin–stained tissue samples from colobus 1 in an investigation of novel mastadenovirus infection causing 
pneumonia in imported black-and-white colobuses (Colobus guereza), Thailand. A) Trachea showing mucosa is extensively replaced 
by laminated bands of fibrillar material (arrows) intermixed with aggregates of karyorrhectic debris and degenerated neutrophils. B) 
Lung section showing lumen of the bronchial airways; flocculent mats of fibrin (asterisk) and neutrophils can be seen. C) Lung section 
showing alveoli filled with foamy macrophages (arrows), polymorphonuclear cells and eosinophilic material (arrowhead); alveolar 
capillaries are markedly engorged. Scale bars indicate 100 µm.
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electron-dense or electron-lucent particles. We found 
cytoplasmic vacuolization and disruption of nuclear 
membranes in infected Vero cells at 5 dpi. We fre-
quently observed numerous electron-dense particles 
in the cytosol. Virions were scattered throughout the 
cytosol and found within the endoplasmic reticulum 
or Golgi apparatus (Figure 11, panel B). In some in-
fected cells, we observed mature virions fused with 
the cellular membrane being released into the extra-

cellular space or passively through ruptured plasma 
membranes (Figure 11 panels C, D).

Retrospective Study
We detected CoAdV nucleic acid in 4 oral and 2 rectal 
swab samples collected and archived from 4 of 7 col-
obuses that were imported into Thailand, exhibited 
respiratory distress, and were submitted for postmor-
tem investigation during 2020–2022. Phylogenetic 
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Figure 8. Adenoviral immunohistochemically stained lung and intestine sections from case 1 in an investigation novel mastadenovirus 
infection causing pneumonia in imported black-and-white colobuses (Colobus guereza), Thailand. A–C) Lung sections; D) intestine 
section. A) Nuclear labeling of adenoviral antigen in the bronchial epithelial lining; inset shows area of interest at 400 × magnification.  
B) Adenoviral antigen is localized in the nuclei of pulmonary epithelial cells (arrows); inset shows endothelial-like cells from area of 
interest at 400 × magnification. C) Infiltrated inflammatory cells and bronchial glands of the trachea (arrows); inset shows inflammatory 
cells at 400 × magnification. D) Adenoviral antigen detected in rare, single inflammatory cells infiltrating the intestinal villi; inset shows 
area of interest at 400 × magnification. Scale bars indicate 50 µm.

Figure 9. Vero cell isolation of novel mastadenovirus infection causing pneumonia in imported black-and-white colobuses (Colobus 
guereza), Thailand. Over 80% confluence of Vero cells were used for CoAdV isolation. A) Mock-infected cells. B) CoAdV-infected Vero cells 
at 5 days postinfection; clear cytopathic effects can be seen, characterized by cell rounding and detachment. Scale bars indicate 100 µm.
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analysis of obtained sequences revealed that the se-
quences clustered together and were closely related 
to the CoAdV identified in this study (Appendix Fig-
ure). Investigation of archival samples derived from 
various other simian species were negative.

Discussion
Using conventional PCR targeting the conserved 
DNApol gene of adenoviruses, we identified a novel 
mastadenovirus, CoAdV, in multiple black-and-white 
colobuses, a species currently listed as decreasing in 
population (24). Identification of this virus was asso-
ciated with a fatal outbreak of respiratory disease. We 
propagated CoAdV in Vero cells and confirmed the 
virus via PCR and ultrastructural investigation. qPCR 
quantified viral loads in various organs, and immuno-
histochemistry and transmission electron microscopy 
revealed virus localization in tracheal epithelium and 
pulmonary parenchyma, associated with pneumonia. 

We successfully isolated CoAdV and character-
ized its complete genome sequence. Subsequent tissue 
analysis revealed that CoAdV infection was linked to 
respiratory lesions. Detection of CoAdV DNA and its 
localization in tissues with lesions suggests a major 
disease burden. Moreover, the identification of Co-
AdV in colobuses within the same household may 

indicate the virus’ contagious nature. Therefore, Co-
AdV infection should be considered a concern when 
pneumonia occurs in this species.

Adenovirus infection in colobuses has been re-
ported previously (9), but no information regard-
ing clinical relevance was provided in those cases, 
and only the partial hexon gene was characterized. 
Although phylogenetic analysis of the hexon gene 
revealed that our CoAdV CP001-TH/2023 is geneti-
cally close to Colobus guereza adenovirus 1 (GenBank 
accession no. JN163994), the virus we detected still 
exhibits diversity and shares less genomic and amino 
acid similarity with that virus. 

Infection associated with fatal outcomes in these 
colobuses cannot be definitively concluded without 
conducting animal challenge studies. The clinical 
severity of adenovirus infection in NHPs varies and 
often is associated with fatal diseases when infecting 
immunocompromised subjects (4). Although metage-
nomic studies in the fatal CoAdV cases we report 
did not indicate other underlying viral infection and 
results of ancillary testing were negative, the severe 
clinical outcomes observed suggest a potential role for 
stress-induced reactivation of a latent virus in the col-
obuses, exacerbated by transportation stress and pos-
sibly inadequate quarantine measures. In addition,  
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Figure 10. Transmission 
electron microscopy of 
formalin-fixed paraffin 
embedded lung section of 
case 1 in an investigation 
of novel mastadenovirus 
infection causing pneumonia 
in imported black-and-white 
colobuses (Colobus guereza), 
Thailand. A) Destructed 
bronchial epithelial cell 
showing degenerated plasma 
membrane and a large 
cytoplasmic vacuole containing 
electron-dense particles 
(inset area of interest at 100 
× magnification). N indicates 
nuclear membrane. Scale bar 
indicates 200 nm. B) Random 
viral particles distributed in 
cytosol; viral particles are 
seen near ruptured nuclear 
(N) membrane (inset area of 
interest at 100× magnification). 
Scale bar indicates 100 nm. C) 
Mature icosahedral electron-
dense viral particles in the 
cytosol. Black arrows indicate 
plasma membrane. Scale bar 
indicates 100 nm. D) A vacuole containing electron-lucent particle and a free-living electron-dense particle in the cytosol. Scale bar 
indicates 100 nm.
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the widespread severity of the illnesses raises the 
possibility that CoAdV might have originated from 
another animal source and was not native to this 
species. Although our phylogenetic analysis did not 
confirm direct links to viruses in related hosts, the 
adaptability of adenoviruses across species barriers 
supports that hypothesis (6,7,10,11).

To determine whether CoAdV is circulating or 
originating in Thailand, we made further attempts to 
investigate CoAdV infection in other NHPs; however, 
we could not identify this virus in samples from other 
NHPs, except in other colobuses that had respiratory 
problems or diarrhea. Further studies are needed to 
assess whether CoAdV is host-restricted because the 
infection appears potentially limited to colobuses. 
Detection of CoAdV in archival samples suggests the 
possibility of longstanding circulation within the col-
obus population. Supporting previous publications 
(2,25), the adenovirus identified in the colobuses was 
not genetically related to previously described adeno-
viruses in free-ranging macaques in Thailand. How-
ever, because we only investigated a small number 
of samples, definitive conclusions cannot be drawn. 
Future investigations incorporating serologic surveys 
could provide a more comprehensive assessment of 
the virus’ prevalence and transmission patterns. Such 
studies would be particularly valuable for determin-

ing whether CoAdV is circulating endemically or was 
recently introduced into Thailand. Because samples 
from close contact humans have not been investigat-
ed, the potential harmful effects of CoAdV infection 
to humans cannot be extrapolated. Reports of SAdV 
infection in non–natural hosts and humans, and sub-
sequent transmission to other contracts (6), highlight 
the zoonotic transmission risk. Therefore, the spill-
over of CoAdV to susceptible hosts, including hu-
mans, should not be overlooked.

The CoAdV genome contains 32 putative coding 
sequences, including unique genes such as V and IX, 
and the E1, E3, and E4 regions that are specific to the 
Mastadenovirus genus (1). CoAdV also has a single 
fiber gene, which is uncommon in related viruses. 
The <85% amino acid identity to its closest relative, 
SAdV-6 strain SV-39, and its identification in a new 
host support classifying CoAdV as a distinct species. 
Thus, we propose the virus as SAdV-J on the basis of 
species demarcation.

CoAdV phylogenetically clustered with most 
mastadenoviruses found in old-world monkeys, 
confirming unique clusters of adenoviruses within 
the Cercopithecidae family. Phylogenetic analysis of 
DNApol gene revealed that CoAdV shares genetic 
similarity with SAdV strain 55, identified in an en-
dangered golden sub-nosed monkey (Rhinopithecus 
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Figure 11. Transmission electron 
microscopy of Vero cell of case 
1 in an investigation of novel 
mastadenovirus infection causing 
pneumonia in imported black-
and-white colobuses (Colobus 
guereza), Thailand. A) Vero cells 
1 day postinfection; B–C) Vero 
cells at 5 days postinfection A) 
Cytoplasmic vacuolated Vero 
cell contains numerous electron-
dense particles packed within 
a destructed nucleus. Inset 
indicates the overall cellular 
morphology of an infected cell, 
and asterisk  within indicates 
the area of higher magnification. 
Scale bar indicates 400 nm.  
B) Viral particles arranged within 
the cytosol as freely-distributed 
and clustered patterns 
(black arrows). M indicates 
mitochondria; N indicates 
nucleus. Scale bar indicates 
300 nm. C) Electron-lucent 
viral particles within nuclear 
membrane and fused nuclear 
membrane (black arrows); electron-dense particles (white arrows) are seen within the endoplasmic reticulum (ER). Scale bar indicates 
100 nm. D) A viral particle fused with plasma membrane (black arrow) and the budding virions (white arrow) in extracellular space. Scale 
bar indicates 100 nm.
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roxellana) in China, suggesting that CoAdV may have 
co-evolved with that viral SAdV species. Although 
the partial hexon gene of adenoviruses identified in 
colobuses in Germany was reported (9), our phylo-
genetic analysis of the hexon gene indicated that Co-
AdV is not related to those former strains. Given the 
unique phylogenic topology of CoAdV and the fact 
that interspecies recombination of mastadenoviruses 
has been previously reported (8,9), we investigated 
the potential recombination events. However, we did 
not identify any recombination breakpoints within 
the CoAdV genome. Although we successfully char-
acterized a complete genome sequence of CoAdV, we 
acknowledge that the genomic analysis was limited 
to that single sequence. Future studies should aim to 
include multiple genome sequences to enhance our 
understanding of the genetic diversity and epidemi-
ology of CoAdV.

Colobuses, native to Africa, are now experiencing 
a population decline (24). Despite extensive efforts to 
protect this species from becoming endangered, Co-
AdV infection causing fatal disease poses a possible 
threat. The transmission of CoAdV to native monkeys 
has not been elucidated, and the natural host of this 
virus remains unidentified, although imported infect-
ed reservoirs may spread the infection.

In conclusion, our study demonstrates infection 
with a novel virus, CoAdV, associated with respira-
tory disease in imported black-and-white colobuses 
and describes the isolation and characterization of 
this virus. CoAdV was identified in all colobus con-
tacts, indicating its transmissibility. Genetic analysis 
of the isolated virus revealed that CoAdV is distant-
ly related to other previously described SAdVs and 
appears to be a novel species in the genus Mastad-
enovirus. Although we did not find CoAdV in ret-
rospective samples obtained from other NHPs, the 
potential for infection in NHPs and humans remains 
unclear. Further studies are needed to determine the 
virus’ role in disease development and host diver-
sity. Extensive AdV surveillance in various animal 
species is crucial for elucidating the origins and 
spread of CoAdV in colobuses.

Acknowledgments
We thank Patcharee Umroong for excellent transmission 
electron microscopy sample preparation.

This research project was supported by Ratchadapisek 
Somphot Fund for Postdoctoral Fellowship,  
Chulalongkorn University to C.P.; National Research 
Council of Thailand grant no. NRCT5-RGJ63001-013 and 
The Second Century Fund (C2F), Chulalongkorn  
University to P.P.; National Research Council of Thailand 

(grant no. N41A640189) and The Second Century Fund 
(C2F), Chulalongkorn University to P.L.; The Second  
Century Fund (C2F), Chulalongkorn University to  
S.W.W.; National Research Council of Thailand R. 
Thanawongnuwech TRF Senior Scholar 2022 grant no. 
N42A650553 and Animal Virome and Diagnostic  
Development Research Unit, Faculty of Veterinary Science, 
Chulalongkorn University, to S.T. 

About the Author
Dr. Piewbang is a senior postdoctoral fellow at the  
Department of Pathology, Faculty of Veterinary  
Science, Chulalongkorn University, Bangkok, Thailand. 
His research interests include virus discovery, emerging 
and re-emerging infections, cross-species transmission, 
and viral evolution.

References
  1. Benkő M, Aoki K, Arnberg N, Davison AJ, Echavarría M, 

Hess M, et al.; ICTV Report Consortium. ICTV virus  
taxonomy profile: Adenoviridae 2022. J Gen Virol. 
2022;103:001721. https://doi.org/10.1099/jgv.0.001721

  2. Kosoltanapiwat N, Tongshoob J, Ampawong S, Reamtong O, 
Prasittichai L, Yindee M, et al. Simian adenoviruses:  
molecular and serological survey in monkeys and humans  
in Thailand. One Health. 2022;15:100434. https://doi.org/ 
10.1016/j.onehlt.2022.100434

  3. Wachtman LM, Mansfield KG. Opportunistic infections in 
immunologically compromised nonhuman primates. ILAR J. 
2008;49:191–208. https://doi.org/10.1093/ilar.49.2.191

  4. Rogers DL, Ruiz JC, Baze WB, McClure GB, Smith C,  
Urbanowski R, et al. Epidemiological and molecular  
characterization of a novel adenovirus of squirrel monkeys 
after fatal infection during immunosuppression. Microb 
Genom. 2020;6:mgen000395. https://doi.org/10.1099/
mgen.0.000395

  5. Chiu CY, Yagi S, Lu X, Yu G, Chen EC, Liu M, et al. A novel 
adenovirus species associated with an acute respiratory  
outbreak in a baboon colony and evidence of coincident  
human infection. MBio. 2013;4:e00084-13. https://doi.org/ 
10.1128/mBio.00084-13

  6. Chen EC, Yagi S, Kelly KR, Mendoza SP, Maninger N, 
Rosenthal A, et al. Cross-species transmission of a novel  
adenovirus associated with a fulminant pneumonia outbreak  
in a new world monkey colony. PLoS Pathog. 2011; 
7:e1002155. https://doi.org/10.1371/journal.ppat.1002155

  7. Medkour H, Amona I, Akiana J, Davoust B, Bitam I,  
Levasseur A, et al. Adenovirus infections in African humans 
and wild non-human primates: great diversity and  
cross-species transmission. Viruses. 2020;12:657.  
https://doi.org/10.3390/v12060657

  8. Tan B, Wu LJ, Yang XL, Li B, Zhang W, Lei YS, et al.  
Isolation and characterization of adenoviruses infecting 
endangered golden snub-nosed monkeys (Rhinopithecus 
roxellana). Virol J. 2016;13:190. https://doi.org/10.1186/
s12985-016-0648-6

  9. Wevers D, Metzger S, Babweteera F, Bieberbach M, Boesch C,  
Cameron K, et al. Novel adenoviruses in wild primates: a 
high level of genetic diversity and evidence of zoonotic  
transmissions. J Virol. 2011;85:10774–84. https://doi.org/ 
10.1128/JVI.00810-11

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024 2557

https://doi.org/10.1099/jgv.0.001721
https://doi.org/10.1016/j.onehlt.2022.100434
https://doi.org/10.1016/j.onehlt.2022.100434
https://doi.org/10.1093/ilar.49.2.191
https://doi.org/10.1099/mgen.0.000395
https://doi.org/10.1099/mgen.0.000395
https://doi.org/10.1128/mBio.00084-13
https://doi.org/10.1128/mBio.00084-13
https://doi.org/10.1371/journal.ppat.1002155
https://doi.org/10.3390/v12060657
https://doi.org/10.1186/s12985-016-0648-6
https://doi.org/10.1186/s12985-016-0648-6
https://doi.org/10.1128/JVI.00810-11
https://doi.org/10.1128/JVI.00810-11
http://www.cdc.gov/eid


RESEARCH

10. Hoppe E, Pauly M, Gillespie TR, Akoua-Koffi C,  
Hohmann G, Fruth B, et al. Multiple cross-species  
transmission events of human adenoviruses (HAdV) during 
hominine evolution. Mol Biol Evol. 2015;32:2072–84.  
https://doi.org/10.1093/molbev/msv090

11. Needle DB, Selig MK, Jackson KA, Delwart E, Tighe E,  
Leib SL, et al. Fatal bronchopneumonia caused by skunk  
adenovirus 1 in an African pygmy hedgehog. J Vet Diagn 
Invest. 2019;31:103–6. https://doi.org/10.1177/ 
1040638718812123

12. Balboni A, Verin R, Morandi F, Poli A, Prosperi S, Battilani M.  
Molecular epidemiology of canine adenovirus type 1 and 
type 2 in free-ranging red foxes (Vulpes vulpes) in Italy.  
Vet Microbiol. 2013;162:551–7. https://doi.org/10.1016/ 
j.vetmic.2012.11.015

13. Borkenhagen LK, Fieldhouse JK, Seto D, Gray GC. Are 
adenoviruses zoonotic? A systematic review of the evidence. 
Emerg Microbes Infect. 2019;8:1679–87. https://doi.org/ 
10.1080/22221751.2019.1690953

14. Ni Q, Wang Y, Weldon A, Xie M, Xu H, Yao Y, et al.  
Conservation implications of primate trade in China over 
18 years based on web news reports of confiscations.  
PeerJ. 2018;6:e6069. https://doi.org/10.7717/peerj.6069

15. Nekaris KAI, Bergin D. Primate trade (Asia). In: Fuentes A, 
editor. The international encyclopedia of primatology.  
Hoboken (NJ, USA): John Wiley & Sons; 2017. p. 1–8.

16. VanDevanter DR, Warrener P, Bennett L, Schultz ER,  
Coulter S, Garber RL, et al. Detection and analysis of  
diverse herpesviral species by consensus primer PCR.  
J Clin Microbiol. 1996;34:1666–71. https://doi.org/10.1128/
jcm.34.7.1666-1671.1996

17. Tong S, Chern SW, Li Y, Pallansch MA, Anderson LJ. 
Sensitive and broadly reactive reverse transcription-PCR 
assays to detect novel paramyxoviruses. J Clin Microbiol. 
2008;46:2652–8. https://doi.org/10.1128/JCM.00192-08

18. Mochizuki M, Horiuchi M, Hiragi H, San Gabriel MC,  
Yasuda N, Uno T. Isolation of canine parvovirus from a  
cat manifesting clinical signs of feline panleukopenia.  
J Clin Microbiol. 1996;34:2101–5. https://doi.org/10.1128/
jcm.34.9.2101-2105.1996

19. Tong S, Li Y, Rivailler P, Conrardy C, Castillo DA, Chen LM,  
et al. A distinct lineage of influenza A virus from bats. Proc 
Natl Acad Sci U S A. 2012;109:4269–74. https://doi.org/ 
10.1073/pnas.1116200109

20. Hwa CZR, Tsai SP, Yee JL, Van Rompay KK, Roberts JA.  
Evidence of simian retrovirus type D by polymerase chain 
reaction. J Med Primatol. 2017;46:79–86. https://doi.org/ 
10.1111/jmp.12266

21. Wellehan JF, Johnson AJ, Harrach B, Benkö M, Pessier AP, 
Johnson CM, et al. Detection and analysis of six lizard  
adenoviruses by consensus primer PCR provides further 
evidence of a reptilian origin for the atadenoviruses.  
J Virol. 2004;78:13366–9. https://doi.org/10.1128/
JVI.78.23.13366-13369.2004

22. Crawford-Miksza LK, Nang RN, Schnurr DP. Strain  
variation in adenovirus serotypes 4 and 7a causing acute  
respiratory disease. J Clin Microbiol. 1999;37:1107–12. 
https://doi.org/10.1128/JCM.37.4.1107-1112.1999

23. Poonsin P, Wiwatvisawakorn V, Chansaenroj J,  
Poovorawan Y, Piewbang C, Techangamsuwan S. Canine 
respiratory coronavirus in Thailand undergoes mutation  
and evidences a potential putative parent for genetic  
recombination. Microbiol Spectr. 2023;11:e0226823.  
https://doi.org/10.1128/spectrum.02268-23

24. de Jong YA, Butynski TM, Oates JF. Colobus guereza. In: 
International Union for Conservation of Nature and Natural 
Resources, editor. The IUCN Red List of threatened species 
2019 [cited 2024 Jun 16]. https://dx.doi.org/10.2305/ 
IUCN.UK.2019-3.RLTS.T5143A17944705.en

25. Kosoltanapiwat N, van der Hoek L, Kinsella CM,  
Tongshoob J, Prasittichai L, Klein M, et al. A novel simian 
adenovirus associating with human adeno-virus  
species G isolated from long-tailed macaque feces. Viruses. 
2023;15:1371. https://doi.org/10.3390/v15061371

Address for correspondence: Somporn Techangamsuwan, 
Department of Pathology, Faculty of Veterinary Science, 
Chulalongkorn University, Pathumwan, Bangkok 10330, 
Thailand; email: somporn62@hotmail.com

2558 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024

https://doi.org/10.1093/molbev/msv090
https://doi.org/10.1177/1040638718812123
https://doi.org/10.1177/1040638718812123
https://doi.org/10.1016/j.vetmic.2012.11.015
https://doi.org/10.1016/j.vetmic.2012.11.015
https://doi.org/10.1080/22221751.2019.1690953
https://doi.org/10.1080/22221751.2019.1690953
https://doi.org/10.7717/peerj.6069
https://doi.org/10.1128/jcm.34.7.1666-1671.1996
https://doi.org/10.1128/jcm.34.7.1666-1671.1996
https://doi.org/10.1128/JCM.00192-08
https://doi.org/10.1128/jcm.34.9.2101-2105.1996
https://doi.org/10.1128/jcm.34.9.2101-2105.1996
https://doi.org/10.1073/pnas.1116200109
https://doi.org/10.1073/pnas.1116200109
https://doi.org/10.1111/jmp.12266
https://doi.org/10.1111/jmp.12266
https://doi.org/10.1128/JVI.78.23.13366-13369.2004
https://doi.org/10.1128/JVI.78.23.13366-13369.2004
https://doi.org/10.1128/JCM.37.4.1107-1112.1999
https://doi.org/10.1128/spectrum.02268-23
https://dx.doi.org/10.2305/
http://IUCN.UK
http://RLTS.T5143A17944705.en
https://doi.org/10.3390/v15061371
mailto:somporn62@hotmail.com
http://www.cdc.gov/eid


In the mid-2010s, Zika virus (ZIKV) emerged as a 
global health threat despite its discovery in Uganda 

>6 decades earlier. After spreading across the islands 
of the South Pacific, the virus reached the Americas 
in 2013–2014, rapidly infecting >100 million persons 
during a 2015–2017 pandemic (1). The pandemic was 
a source for new information on ZIKV pathogenesis, 
including its potential to induce severe neurologic 

conditions, such as Guillain-Barré syndrome and  
congenital Zika syndrome (CZS) (2). It has been hy-
pothesized that the primary mode of ZIKV transmis-
sion is through the bite of infected Aedes spp. mos-
quitoes (vector transmission). However, the virus can 
also be transmitted from mother to fetus through the 
placenta, potentially leading to CZS, and between 
persons via sexual intercourse (2,3).

Although ZIKV sexual transmission is recog-
nized by health authorities and the scientific com-
munity, determining its epidemiologic relevance and 
how it contributed to the explosive spread of the vi-
rus has proved challenging. The main difficulty lies 
in distinguishing whether ZIKV infection occurred 
through mosquito bites or sexual contact, especially 
in affected persons living in countries with intense 
mosquito transmission of the virus.

Three field studies have shed light on ZIKV 
sexual transmission in regions highly affected by 
the 2015–2017 ZIKV pandemic. The first study was 
conducted in Puerto Rico and included participants 
acutely infected with ZIKV and their household 
members (4). The findings indicated that pairs of 
persons within the study households engaging in 
sexual relationships had a higher risk for both per-
sons being ZIKV positive by PCR than other house-
hold pairs. The second study, conducted in North-
east Brazil by our group (T.M., T.J., E.T.A.M, and 
B.D.F.) (5), used a household-based serosurvey and 
showed that, within households, persons report-
ing sexual relationships with ZIKV-seropositive 
index-participants were 3 times more likely to also 
be ZIKV-seropositive than those without a sexual 
relationship with the index person. In addition, 
persons belonging to a sex dyad within households 
were more likely to be ZIKV seroconcordant than 
pairs who had no sexual relationship. The same 
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The epidemiologic effects of Zika virus (ZIKV) sexual 
transmission in virus-endemic countries remain un-
clear. We conducted a 2-level, linear mixed-effects 
logistic regression analysis by using a recently ac-
quired population-based ZIKV and chikungunya virus 
(CHIKV) serologic dataset obtained from persons re-
siding in Northeast Brazil (n = 2,070 participants). We 
adjusted mathematical models for housing type and 
age of participants; the models indicated a significant-
ly higher likelihood of ZIKV seropositivity among per-
sons engaged in a sexual relationship within the same 
household (odds ratio 1.25 [95% CI 1.00–1.55]; p = 
0.047), regardless of their partner’s ZIKV serostatus, 
and among participants with a ZIKV-seropositive sex 
partner within the same household (odds ratio 1.54 
[95% CI 1.18–2.01]; p = 0.002). CHIKV was also mod-
eled as a control; no sex-associated effects were ob-
served for CHIKV serology. Inclusion of ZIKV sexual 
transmission in prevention and control strategies is 
urgently needed, particularly in ZIKV-endemic regions.
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serologic analysis was performed for chikungunya 
virus (CHIKV) and no associations between paired 
serologic data and sexual activity among the study 
participants were observed (5). That serosurvey re-
cruited persons who had experienced acute febrile 
illness caused by arbovirus infection a few months 
before recruitment (thus, not acutely infected) along 
with their household members. The third study, also 
conducted in Northeast Brazil, reported that men 
residing in a low socioeconomic area and engaging 
in risky sexual behaviors were more likely to be se-
ropositive for ZIKV than men who did not report 
risky sexual behaviors (6). Those 3 studies provide 
valuable data supporting sexual activity as a risk 
factor for ZIKV infection in countries that have in-
tense mosquito transmission; however, factors, such 
as selection bias (e.g., choosing households on the 
basis of persons with symptomatic disease) (5) and 
relatively low numbers of participants (4–6), limit 
the generalizability of those findings.

Mathematical models have also been used to es-
timate the contribution of ZIKV sexual transmission 
in Zika epidemiology in regions affected by epidem-
ics. In most cases, studies used national datasets of 
notified ZIKV cases in affected countries, such as 
Brazil and Colombia. Although some models have 
indicated minimal contribution of sexual transmis-
sion to ZIKV epidemics (7–9), the models that con-
sidered the synergistic effects of both mosquito and 
sexual transmission and heterogeneity of sexual re-
lationships have indicated a more substantial role 
for sex in ZIKV infections overall (10–13). However, 
studies relying on official case notifications might 
be biased for several reasons. In particular, notified 
cases do not accurately represent the actual num-
ber of affected persons because of underreporting 
or misdiagnosis. Moreover, biases in gender-based 
healthcare seeking need to be considered when in-
terpreting data from official notified cases.

We conducted a population- and household-
based ZIKV seroprevalence study in an urban 
center in Northeast Brazil ≈3 years after ZIKV 
was introduced in the region (14); that serosur-
vey assessed past exposure to ZIKV and other 
arboviruses among residents of an arbovirus-hy-
perendemic region, ensuring representative de-
mographic, socioeconomic, and spatial coverage. 
Using a large dataset obtained from that study (14), 
we performed a secondary analysis of the effect of 
sexual relationships on ZIKV transmission. The In-
stitutional Review Board of Instituto Aggeu Mag-
alhães approved the original study (protocol/Cer-
tificado de Apresentação de Apreciação Ética no. 

79605717.9.0000.5190). We used the existing dataset 
and remained within the scope of the original study 
aims; thus, no additional approval for the second-
ary data analysis was required.

Methods

Primary Data Source
We conducted a stratified multistage cluster sam-
pling survey to estimate the seroprevalence of 
ZIKV, CHIKV, and dengue virus (DENV) in resi-
dents of the city of Recife, Brazil, who were 5–65 
years of age during August 2018–February 2019 
(14). Recife, the capital of the state of Pernambu-
co, has an area of 218.8 km2 and a population of 
≈1.5 million persons (15). Successive arbovirus out-
breaks have been registered in the city since the in-
troduction of DENV in the 1980s (16–18). After the 
surge of ZIKV cases in Brazil in 2015, Recife was a 
hotspot for microcephaly cases in babies associated 
with ZIKV infection (19).

The methods used for the original serosurvey 
have been previously described (14). In brief, we 
divided the population sample into high, interme-
diate, and low socioeconomic strata. We used a 
2-stage sampling approach involving the random 
selection of census tracts followed by selection of 
households. All residents who were within the 
study age range (5–65 years) in the selected house-
holds were eligible to participate in the survey. Of 
the 2,691 eligible participants, we obtained ZIKV, 
DENV, and CHIKV serologic data for 2,070 persons; 
480 persons were in the high, 815 in the intermedi-
ate, and 775 in the low socioeconomic stratum. We 
included a total of 899 households in the study. We 
collected individual and household data through 
interviews performed during home visits by using 
standardized questionnaires. In addition to collect-
ing sociodemographic data and documenting clini-
cal manifestations of arbovirus infections, we ques-
tioned participants about having had a fixed sex 
partner within the past 4 years. If the response was 
affirmative, they were then asked whether the sex 
partner resided in the same household. If the sex 
partner lived in the same house, study participants 
were prompted to specify which resident was their 
partner. After the interview, we collected a venous 
blood sample from each participant.

We used commercially available or in-house ELI-
SAs to detect ZIKV and CHIKV immunoglobulins 
(IgG, IgG3, and IgM) in serum samples, as previously 
described (14). Assay sensitivities and specificities 
and IgG, IgG3, and IgM seroprevalence rates were 
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determined as previously described (14). In addition, 
a subset of randomly selected serum samples was as-
sayed by using a plaque reduction neutralization as-
say to further validate ZIKV IgG data. 

We used raw serologic data for ZIKV (IgG and 
IgG3) and CHIKV (IgG and IgM) and the associated 
variables of interest obtained in the serosurvey (14) 
for the analyses described in this work. Because the 
DENV seroprevalence rate found in the survey was 
high, which was expected, we did not include DENV 
data in the analyses.

Data Analysis
We modeled the odds of testing positive for ZIKV in 
response to risk factors related to vector and sexual 
transmission by using a hierarchical 2-level linear 
mixed effects logistic regression (Appendix Figure, 
https://wwwnc.cdc.gov/EID/article/30/12/23-
1733-App1.pdf). We considered having a sex part-
ner (sexual transmission risk) and living with other 
ZIKV-seropositive participants (vector transmission 
risk) in the household as risk factors. Households 
formed the random intercept. We defined the bino-
mial response variable by combining 2 diagnostic 
methods for each virus (tests for ZIKV IgG, ZIKV 
IgG3, CHIKV IgG, and CHIKV IgM) and assigned 
a positive status to persons who tested positive in 
>1 of the tests. We also investigated the effect of the 
residence type by adding another binary variable; a 
value of 1 was given for a person living in ground-

level housing and 0 for a person living in a multisto-
ry apartment building. We included a person’s age 
in years in the model as a discrete variable. We cal-
culated the odds ratio (OR) for age, which reflected 
the change in risk associated with each additional 
year of age. As a control, we used a model with the 
same structure to assess the odds of testing positive 
for CHIKV using the participants’ CHIKV serosta-
tus. We reported ORs and 95% CIs for all risk factors 
included in the model. We interpreted OR values 
>1 as an increased probability of testing positive for 
ZIKV or CHIKV for each specific risk factor. We cal-
culated p values according to a null hypothesis of 
OR = 1 and set the statistical significance threshold 
at 0.05. We estimated the models by using the lme4 
package in R (The R Project for Statistical Comput-
ing, https://www.r-project.org).

Results
Among the 2,070 study participants that had ZIKV 
and CHIKV serologic data, 1,207 (58.3%) were 
women and 863 (41.7%) men. We determined the 
frequency distribution of the main characteristics 
of the study population categorized by sex partner 
status (Table 1). Of the 2,070 participants, 891 re-
ported having a sex partner within the same house-
hold; 873 (98.0%) of those reported being hetero-
sexual, and 18 (2.0%) homosexual (Table 1). Only 7 
persons who reported having a sex partner within 
the household were <18 years of age; each was 17 
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Table 1. Characteristics of survey participants according to sexual partnership status in study of ZIKV transmission in virus-endemic 
region, Northeast Brazil* 
Characteristics No. (%) study participants  
Participants with a fixed sex partner within the household 891 
 Housing type† 
  Ground-level house 638 (71.6) 
  Multistory apartment 250 (28.4) 
 Age group, y 
  <18 7 (0.8) 
  >18  884 (99.2) 
 ZIKV serostatus of sex pairs‡ 
  Both partners positive 245 (27.5) 
  Discordant, 1 partner positive, 1 negative 256 (28.7) 
  Both partners negative 179 (20.1) 
 CHIKV serostatus of sex pairs‡ 
  Both partners positive 130 (14.6) 
  Discordant, 1 partner positive, 1 negative 215 (24.1) 
  Both partners negative 335 (37.6) 
Participants with no sex partner within the household 1,179 
 Housing type 
  Ground-level house 886 (75.4) 
  Multistory apartment 289 (24.6) 
 Age group, y 
  <18 392 (33.4) 
  >18 787 (66.6) 
*CHIKV, chikungunya virus; ZIKV, Zika virus. 
†Housing type was missing for 3 persons.  
‡Data on sexual partners was incomplete for 211 persons, leading to their exclusion from the analyses of the effect of sexual partnership when 
accounting for the partner’s ZIKV and CHIKV serostatus. 
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years of age. ZIKV and CHIKV serostatus data were 
missing for 211 partners of the 891 participants be-
cause of either refusal to have blood drawn or be-
cause they were absent during the home visit. As a 
result, those persons were excluded from the mod-
els that accounted for the sex partner’s ZIKV and 
CHIKV serostatus. In the other models, all 2,070 
participants were included.

In the ZIKV model, living in the same house-
hold with other persons who were ZIKV seroposi-
tive, regardless of whether they were sex partners, 
contributed significantly to the odds of testing posi-
tive for ZIKV (OR 1.47 [95% CI 1.17–1.84]; p<0.05) 
compared with living in a household with only se-
ronegative persons. Having a sex partner within 
the household, irrespective of the partner’s ZIKV 
serologic status, increased the odds of testing posi-
tive for ZIKV by 64% (OR 1.64 [95% CI 1.36–1.99]; 
p<0.0001) compared with participants who had no 
sex partner in the household. The odds of testing 
positive for ZIKV increased by 94% (OR 1.94 [95% 
CI 1.51–2.5]; p<0.0001) when the sex partner in the 
household was ZIKV-seropositive compared with 
participants who did not have a ZIKV-seropositive 
sex partner. In contrast, the odds of being ZIKV se-
ropositive when the sex partner was seronegative 
for ZIKV was low, suggesting a potential protective 
effect, although this effect was not significant (OR 
0.79 [95% CI 0.60–1.03]; p = 0.086).

The type of residence was significantly associ-
ated with the odds of testing positive for ZIKV; per-
sons living in ground-level housing had ≈3 times 
higher odds of being seropositive than those living 
in a multistory apartment building (OR 2.94 [95% 
CI 2.25–3.84]; p<0.0001). In addition, we previously 

found that ZIKV seroprevalence differed among age 
groups, being lower in persons <15 years of age (14); 
therefore, we fitted a model to assess the effect of age 
on ZIKV seropositivity. The model showed a posi-
tive association between age and ZIKV exposure 
(OR 1.03 [95% CI 1.02–1.03]; p<0.0001), indicating 
the odds of testing positive for ZIKV increased by 
3% with each additional year of age. Because of the 
significant effects of both housing type and age on 
ZIKV serostatus, we adjusted for those variables and 
reanalyzed the effects of living with other seroposi-
tive persons, having a sex partner in the household, 
or having a ZIKV-seropositive sex partner in the 
household as risk factors for ZIKV seropositivity. In 
adjusted models, sex partnerships within the house-
hold remained a significant risk factor for ZIKV ex-
posure (Table 2). The heterogeneity of households 
accounted for 6% variation in the odds of being 
ZIKV seropositive after controlling for the factors 
included in the model.

We fitted a separate model using the same 
structure for CHIKV serologic data to serve as a 
control. In the CHIKV model, living with other 
CHIKV-seropositive persons, regardless of wheth-
er they were sex partners, contributed significantly 
to the odds of testing positive for CHIKV (OR 2.59 
[95% CI 1.94–3.46]; p<0.0001). Having a sex part-
ner within the household did not contribute sig-
nificantly to the odds of testing positive for CHIKV 
(OR 1.13 [95% CI 0.94–1.36]; p = 0.2). Similarly, hav-
ing a CHIKV-seropositive partner in the household 
did not significantly contribute to the odds of being 
CHIKV seropositive (OR 1.29 [95% CI 0.97–1.74]; p 
= 0.09). Having a CHIKV-seronegative partner de-
creased the odds of testing positive for CHIKV (OR 
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Table 2. Associations between sex partnership status within households and ZIKV or CHIKV seropositivity in study of ZIKV 
transmission in virus-endemic region, Northeast Brazil* 
Exposure variables Odds ratio (95% CI) p value 
ZIKV 
 Age† 1.03 (1.02–1.03) <0.0001 
 Housing type, ground level versus multistory apartment‡ 3.25 (2.54–4.12) <0.0001 
 Living with >1 ZIKV-seropositive person§ 1.46 (1.13–1.88) 0.003 
 Sex partner in the household§ 1.25 (1.00–1.55) 0.047 
 ZIKV-seropositive sex partner in the household§ 1.54 (1.18–2.01) 0.002 
 ZIKV-seronegative sex partner in the household§ 0.70 (0.52–0.94) 0.018 
CHIKV 
 Age† 1.01 (1.00–1.01) 0.005 
 Housing type, ground level versus multistory apartment‡ 4.67 (3.28–6.65) <0.0001 
 Living with >1 CHIKV-seropositive person§ 2.84 (2.24–3.60) <0.0001 
 Sex partner in the household§ 1.05 (0.80–1.36) 0.739 
 CHIKV-seropositive sex partner in the household§ 1.21 (0.82–1.80) 0.343 
 CHIKV-seronegative sex partner in the household§ 0.71 (0.51–0.98) 0.035 
*Mixed-effects hierarchical linear regression model was used to determine associations. Data were from a population-based survey conducted in 
Northeast Brazil during 2018–2019 (14). Number of study participants was 2,070. CHIKV, chikungunya virus; ZIKV, Zika virus. 
†Adjusted for housing type.  
‡Adjusted for age.  
§Adjusted for age and housing type.  
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0.69 [95% CI 0.54–0.89]; p = 0.004). The risk factor 
outcomes remained consistent in the CHIKV mod-
els adjusted for housing type and age (Table 2).

Discussion
The role of sexual transmission in ZIKV epidemi-
ology remains poorly understood, especially in vi-
rus-endemic countries having high levels of vector 
transmission. In a previous index- and household-
based serosurvey conducted in Recife, Northeast 
Brazil, we identified sexual relationships within 
households as a risk factor for ZIKV exposure (5). 
The most substantial effect of sexual activity in 
that study was observed when analyzing ZIKV-
seropositive index cases, whereby the likelihood of 
being ZIKV seropositive was 3 times higher for sex 
partners of ZIKV-seropositive index persons than 
for non–sex partners of those index persons within 
a household. That sex effect was not observed for 
CHIKV, which is transmitted by the same vectors 
as ZIKV and circulated in the study region around 
the same time as ZIKV but is not known to be sexu-
ally transmitted. That work involved index partici-
pants who had experienced symptomatic arbovi-
ral disease a few months before enrollment, along 
with their household members (5). In this study, 
we assessed whether similar effects would be seen 
in a dataset from a recent large population-based 
serologic survey designed to ensure representa-
tive demographic, socioeconomic, and spatial cov-
erage across a wider area within the same region 
(14). Apart from the differences in the datasets 
(population-based rather than analyzing previ-
ously symptomatic index cases), distinct types of  
models were used.

Residing in a household with a person who was 
ZIKV or CHIKV seropositive was significantly asso-
ciated with an increased risk for exposure to the re-
spective virus. This outcome was expected because 
it is known that populations of Aedes aegypti mosqui-
toes, the vector of ZIKV and CHIKV, tend to estab-
lish themselves within domestic and peridomestic 
environments in residential areas. After a mosquito 
population is established within those areas and virus 
circulates, all susceptible residents of a house would 
have the same risk for vector transmission of the vi-
rus, assuming random mosquito biting of the resi-
dents. To corroborate this assumption, in the strati-
fied analysis according to housing type, we found 
that persons residing in ground-level housing were 3 
times more likely to be ZIKV or CHIKV seropositive 
than were persons living in multistory apartments. 
Efficient household transmission of arboviruses in 

areas with ground-level housing has been document-
ed (5,20–24) and points to those houses being more 
easily infested with Ae. aegypti mosquitoes, likely be-
cause of mosquito species behavior and their proxim-
ity to more open-air water containers that can serve 
as breeding sites.

A critical finding from this study was that, in the 
models adjusted for housing type and age, having 
an active sex partner within a household increased 
the risk for ZIKV exposure by 25% and having a 
ZIKV-seropositive sex partner increased risk by 
54%. Those findings corroborated our previous data 
(5) that showed a more robust association between 
increased risk for ZIKV infection and the sex part-
ner’s seropositivity, indicating a higher level of vi-
rus exposure through sex corresponds to a greater 
risk of infection. Because of the low number of ho-
mosexual pairs in the study population, we were un-
able to evaluate potential differential risks between 
heterosexual and homosexual pairs. The differences 
in risk factors between those groups should be eval-
uated in future studies.

Serosurveys are limited in their ability to deter-
mine the timing of virus infection because previous 
exposure (indicated by antibody detection) could 
have occurred at any timepoint. Moreover, estab-
lishing a causal link between ZIKV infection and 
sexual activity requires assessing the timing of both 
events. One study conducted in Puerto Rico (4) in-
vestigated persons acutely infected with ZIKV and 
their sexual activity in the days preceding infec-
tion; this type of study is less susceptible to timing 
bias, and, consequently, can indicate a more pre-
cise causal link between sexual activity and ZIKV 
infection, although still indirectly. The population 
in this study was naive to ZIKV and CHIKV until 
those viruses were introduced and rapidly spread 
in the region during 2015–2016. After those initial 
outbreaks, a sharp decline in ZIKV and CHIKV 
transmission was observed in the region (25). We 
conducted the serosurvey (14) when local transmis-
sion of both viruses was minimal, meaning the sero-
positive persons captured in that study were likely 
infected during the first transmission wave of ZIKV 
and CHIKV, thus limiting the timeframe of infec-
tion occurrence. The underlying assumption in this 
study was that participants with a fixed sex partner 
in the household over the 4 years preceding the se-
rosurvey likely maintained regular sexual activity 
during the period of ZIKV circulation in the region.

Serosurveys can also be biased by cross-reactiv-
ity in serologic assays. In this study, cross-reaction 
between DENV and ZIKV antibodies could have led 
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to false positives. To minimize this cross-reactivity, 
we adjusted the cutoff value for the ZIKV ELISA  
according to well-characterized serum samples; 
however, some level of cross-reactivity likely still 
occurred. The residual cross-reactivity between 
ZIKV and DENV IgG might have slightly diluted the 
association between sexual partnership and ZIKV 
exposure, and a more specific test might reveal a 
stronger association. As previously described (5), 
the association between sexual partnership within 
households and ZIKV exposure was stronger when 
we used serologic data from plaque reduction neu-
tralization tests than when we used IgG data from 
ELISAs. However, a potential higher-than-expected 
waning of ZIKV antibodies over time (26–29) could 
have resulted in some false negatives.

The central message from the population-level 
data is that sexual activity significantly contrib-
utes to ZIKV transmission at a household level in 
virus-endemic regions. This finding is supported by 
previous index-case research (5) and 2 other inde-
pendent studies (4,6), including 1 involving persons 
acutely infected with ZIKV (4). Our findings also 
suggest that sexual transmission acts synergistically 
with vector transmission in ZIKV-endemic regions, 
but whether household transmission is more often 
initiated by a vector that then leads to sexual trans-
mission in the household or vice versa remains un-
known. Ultimately, the finding that increased risk 
for ZIKV exposure can be caused by sexual activ-
ity challenges the current belief that sexual trans-
mission has minimal effect in ZIKV epidemiology, 
and transmission models should be recalibrated 
accordingly. This finding also emphasizes the need 
for health authorities and the scientific community 
to recognize ZIKV infection as a potential sexually 
transmitted disease. We advocate for the urgent in-
clusion of this transmission mode in ZIKV preven-
tion and control strategies, particularly in virus- 
endemic countries. Although health authorities such 
as the World Health Organization and US Centers 
for Disease Control and Prevention have released 
official recommendations to prevent ZIKV sexual 
transmission (30,31), those recommendations have 
been primarily focused on travel-associated in-
fections and CZS. However, sexual transmission 
should be considered in the broader context of ZIKV 
epidemiology because ZIKV infection can lead to 
different symptoms in an infected person. In addi-
tion, symptoms and long-term sequelae related to 
ZIKV-induced urogenital tract infections are not 
well understood, nor is the potential relationship 
between sexual transmission and CZS; both aspects 

warrant further investigation. For CZS, we strongly 
suggest including sexual behavior variables in Zika 
cohort studies, particularly in those studies conduct-
ing multivariable regression analyses on risk factors 
for congenital anomalies.

In conclusion, ZIKV transmission is associated 
with sexual activity. It is essential to consider gen-
der and socio-economic factors within the context 
of ZIKV sexual transmission to develop appropriate 
prevention and control strategies. This need is par-
ticularly critical because ≈50% of the global female 
population have limited autonomy in determining 
their sexual and reproductive health and rights, as 
reported by the United Nations Population Fund 
(32). The involvement of male partners in preven-
tion and control activities, for example, should be 
highly encouraged. Existing ZIKV control programs 
in virus-endemic countries, such as Brazil, that only 
focus on vector transmission are already biased 
against women, contributing to gender inequalities 
(33). Special attention should be given to popula-
tions at high risk of acquiring sexually transmitted 
infections, such as sex workers, when designing pre-
vention and control strategies.
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Ciência e Tecnologia do Estado de Pernambuco; grant  
no. BFP-0010-2.11/22 to I.F.T.V.). This work received  
support from Texas A&M University, Texas A&M  
AgriLife Research, the US Department of Agriculture 
National Institute of Food and Agriculture (Hatch Act 
funding no. 6070), and the Wellcome Trust (grant no. 
226088/Z/22/Z). C.B. received a scholarship from the 
Conselho Nacional de Desenvolvimento Científico e 
Tecnológico (CNPq; grant PQ-2022, scholarship no. 
304413/2022-4). The funders had no role in the study de-
sign, data collection and analysis, decision to publish,  
or preparation of the manuscript.

The authors declare no conflict of interest.

2564 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024

http://www.cdc.gov/eid


Zika Virus Sexual Transmission in Brazil

About the Author
Dr. Magalhaes is an assistant professor in the Department 
of Entomology at Texas A&M University. Her research 
interests focus on factors influencing transmission  
dynamics of mosquitoborne diseases and integrating  
laboratory experiments on mosquito-pathogen  
interactions with studies of human cohorts in disease-
endemic regions.

References 
  1. Zhang Q, Sun K, Chinazzi M, Pastore Y Piontti A,  

Dean NE, Rojas DP, et al. Spread of Zika virus in the  
Americas. Proc Natl Acad Sci USA. 2017;114:E4334–43.  
https://doi.org/10.1073/pnas.1620161114

  2. Pierson TC, Diamond MS. The emergence of Zika virus and 
its new clinical syndromes. Nature. 2018;560:573–81.  
https://doi.org/10.1038/s41586-018-0446-y

  3. Magalhaes T, Foy BD, Marques ETA, Ebel GD,  
Weger-Lucarelli J. Mosquito-borne and sexual transmission  
of Zika virus: recent developments and future directions. 
Virus Res. 2018;254:1–9. https://doi.org/10.1016/j.virusres. 
2017.07.011

  4. Rosenberg ES, Doyle K, Munoz-Jordan JL, Klein L, Adams L, 
Lozier M, et al. Prevalence and incidence of Zika virus  
infection among household contacts of patients with 
Zika virus disease, Puerto Rico, 2016–2017. J Infect Dis. 
2019;220:932–9. https://doi.org/10.1093/infdis/jiy689

  5. Magalhaes T, Morais CNL, Jacques IJAA, Azevedo EAN, 
Brito AM, Lima PV, et al. Follow-up household serosurvey 
in Northeast Brazil for Zika virus: sexual contacts of index 
patients have the highest risk for seropositivity. J Infect Dis. 
2021;223:673–85. https://doi.org/10.1093/infdis/jiaa563

  6. Aguilar Ticona JP, Baig H, Nery N, Doss-Gollin S, 
Sacramento GA, Adhikarla H, et al. Risk of sexually  
transmitted Zika virus in a cohort of economically  
disadvantaged urban residents. J Infect Dis. 2021;224:860–4. 
https://doi.org/10.1093/infdis/jiab001

  7. Ferdousi T, Cohnstaedt LW, McVey DS, Scoglio CM.  
Understanding the survival of Zika virus in a vector  
interconnected sexual contact network. Sci Rep. 2019;9:7253. 
https://doi.org/10.1038/s41598-019-43651-3

  8. Gao D, Lou Y, He D, Porco TC, Kuang Y, Chowell G, et al. 
Prevention and control of Zika as a mosquito-borne and  
sexually transmitted disease: a mathematical modeling 
analysis. Sci Rep. 2016;6:28070. https://doi.org/10.1038/
srep28070

  9. Maxian O, Neufeld A, Talis EJ, Childs LM, Blackwood JC. 
Zika virus dynamics: when does sexual transmission  
matter? Epidemics. 2017;21:48–55. https://doi.org/10.1016/ 
j.epidem.2017.06.003

10. Cruz-Pacheco G, Esteva L, Ferreira CP. A mathematical  
analysis of Zika virus epidemic in Rio de Janeiro as a 
vector-borne and sexually transmitted disease. J Biol Syst. 
2019;27:83–105. https://doi.org/10.1142/S0218339019500050

11. de Barros ACWG, Santos KG, Massad E, Coelho FC.  
Sex-specific asymmetrical attack rates in combined sex-
ual-vectorial transmission epidemics. Microorganisms. 
2019;7:112. https://doi.org/10.3390/microorganisms7040112

12. Olawoyin O, Kribs C. Effects of multiple transmission 
pathways on Zika dynamics. Infect Dis Model. 2018;3:331–44. 
https://doi.org/10.1016/j.idm.2018.11.003

13. Sasmal SK, Ghosh I, Huppert A, Chattopadhyay J.  
Modeling the spread of Zika virus in a stage-structured 

population: effect of sexual transmission. Bull Math Biol. 
2018;80:3038–67. https://doi.org/10.1007/s11538-018-0510-7

14. Braga C, Martelli CMT, Souza WV, Luna CF,  
Albuquerque MFPM, Mariz CA, et al. Seroprevalence of  
dengue, chikungunya and Zika at the epicenter of the  
congenital microcephaly epidemic in Northeast Brazil:  
a population-based survey. PLoS Negl Trop Dis. 
2023;17:e0011270. PubMed https://doi.org/10.1371/ 
journal.pntd.0011270

15. Government of Brazil, Instituto Brasileiro de Geografia  
e Estatística. Overview of Recife, Pernambuco, Brazil, 2022 
[cited 2023 Dec 6]. https://cidades.ibge.gov.br/brasil/ 
pe/recife/panorama

16. Cordeiro MT, Schatzmayr HG, Nogueira RM, Oliveira VF, 
Melo WT, Carvalho EF. Dengue and dengue hemorrhagic 
fever in the state of Pernambuco, 1995–2006. Rev Soc Bras 
Med Trop. 2007;40:605–11. https://doi.org/10.1590/ 
S0037-86822007000600001

17. Magalhaes T, Braga C, Cordeiro MT, Oliveira ALS,  
Castanha PMS, Maciel APR, et al. Zika virus displacement  
by a chikungunya outbreak in Recife, Brazil. PLoS Negl  
Trop Dis. 2017;11:e0006055. https://doi.org/10.1371/ 
journal.pntd.0006055

18. Pessôa R, Patriota JV, Lourdes de Souza M, Felix AC, 
Mamede N, Sanabani SS. Investigation into an outbreak of 
dengue-like illness in Pernambuco, Brazil, revealed a  
cocirculation of Zika, chikungunya, and dengue virus type 1. 
Medicine (Baltimore). 2016;95:e3201. https://doi.org/ 
10.1097/MD.0000000000003201

19. de Oliveira WK, de França GVA, Carmo EH, Duncan BB, 
de Souza Kuchenbecker R, Schmidt MI. Infection-related 
microcephaly after the 2015 and 2016 Zika virus outbreaks in 
Brazil: a surveillance-based analysis. Lancet. 2017;390:861–70. 
https://doi.org/10.1016/S0140-6736(17)31368-5

20. Braga C, Luna CF, Martelli CM, de Souza WV, Cordeiro MT,  
Alexander N, et al. Seroprevalence and risk factors for  
dengue infection in socio-economically distinct areas of  
Recife, Brazil. Acta Trop. 2010;113:234–40. https://doi.org/ 
10.1016/j.actatropica.2009.10.021

21. Harrington LC, Scott TW, Lerdthusnee K, Coleman RC, 
Costero A, Clark GG, et al. Dispersal of the dengue vector 
Aedes aegypti within and between rural communities. Am J 
Trop Med Hyg. 2005;72:209–20. https://doi.org/10.4269/
ajtmh.2005.72.209

22. Mammen MP, Pimgate C, Koenraadt CJM, Rothman AL, 
Aldstadt J, Nisalak A, et al. Spatial and temporal  
clustering of dengue virus transmission in Thai villages. 
PLoS Med. 2008;5:e205. https://doi.org/10.1371/ 
journal.pmed.0050205

23. Stoddard ST, Forshey BM, Morrison AC, Paz-Soldan VA, 
Vazquez-Prokopec GM, Astete H, et al. House-to-house  
human movement drives dengue virus transmission. Proc 
Natl Acad Sci USA. 2013;110:994–9. https://doi.org/ 
10.1073/pnas.1213349110

24. Yoon IK, Getis A, Aldstadt J, Rothman AL,  
Tannitisupawong D, Koenraadt CJM, et al. Fine scale  
spatiotemporal clustering of dengue virus transmission in 
children and Aedes aegypti in rural Thai villages. PLoS  
Negl Trop Dis. 2012;6:e1730. https://doi.org/10.1371/ 
journal.pntd.0001730

25. Gardini Sanches Palasio R, Marques Moralejo Bermudi P, 
Luiz de Lima Macedo F, Reis Santana LM,  
Chiaravalloti-Neto F. Zika, chikungunya and co-occurrence 
in Brazil: space-time clusters and associated environmental-
socioeconomic factors. Sci Rep. 2023;13:18026.  
https://doi.org/10.1038/s41598-023-42930-4

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024 2565

https://doi.org/10.1073/pnas.1620161114
https://doi.org/10.1038/s41586-018-0446-y
https://doi.org/10.1016/j.virusres.2017.07.011
https://doi.org/10.1016/j.virusres.2017.07.011
https://doi.org/10.1093/infdis/jiy689
https://doi.org/10.1093/infdis/jiaa563
https://doi.org/10.1093/infdis/jiab001
https://doi.org/10.1038/s41598-019-43651-3
https://doi.org/10.1038/srep28070
https://doi.org/10.1038/srep28070
https://doi.org/10.1016/j.epidem.2017.06.003
https://doi.org/10.1016/j.epidem.2017.06.003
https://doi.org/10.1142/S0218339019500050
https://doi.org/10.3390/microorganisms7040112
https://doi.org/10.1016/j.idm.2018.11.003
https://doi.org/10.1007/s11538-018-0510-7
https://pubmed.ncbi.nlm.nih.gov/37399197/
https://doi.org/10.1371/journal.pntd.0011270
https://doi.org/10.1371/journal.pntd.0011270
https://cidades.ibge.gov.br/brasil/
https://doi.org/10.1590/S0037-86822007000600001
https://doi.org/10.1590/S0037-86822007000600001
https://doi.org/10.1371/journal.pntd.0006055
https://doi.org/10.1371/journal.pntd.0006055
https://doi.org/10.1097/MD.0000000000003201
https://doi.org/10.1097/MD.0000000000003201
https://doi.org/10.1016/S0140-6736(17)31368-5
https://doi.org/10.1016/j.actatropica.2009.10.021
https://doi.org/10.1016/j.actatropica.2009.10.021
https://doi.org/10.4269/ajtmh.2005.72.209
https://doi.org/10.4269/ajtmh.2005.72.209
https://doi.org/10.1371/journal.pmed.0050205
https://doi.org/10.1371/journal.pmed.0050205
https://doi.org/10.1073/pnas.1213349110
https://doi.org/10.1073/pnas.1213349110
https://doi.org/10.1371/journal.pntd.0001730
https://doi.org/10.1371/journal.pntd.0001730
https://doi.org/10.1038/s41598-023-42930-4
http://www.cdc.gov/eid


RESEARCH

26. Magalhaes T, Morais CNL, Azevedo EAN, Jacques IJAA, 
Castanha PMS, Cordeiro MT, et al. Two-year decay of Zika 
virus neutralizing antibodies in people living in an endemic 
region in Brazil. Am J Trop Med Hyg. 2022;107:186–9. 
https://doi.org/10.4269/ajtmh.21-1279

27. Aubry M, Teissier A, Huart M, Merceron S,  
Vanhomwegen J, Roche C, et al. Zika virus seroprevalence, 
French Polynesia, 2014–2015. Emerg Infect Dis. 2017;23:669–
72. https://doi.org/10.3201/eid2304.161549

28. Henderson AD, Aubry M, Kama M, Vanhomwegen J,  
Teissier A, Mariteragi-Helle T, et al. Zika seroprevalence  
declines and neutralizing antibodies wane in adults  
following outbreaks in French Polynesia and Fiji. ELife. 
2020;9:e48460. https://doi.org/10.7554/eLife.48460

29. Langerak T, Kasbergen LMR, Chandler F, Brinkman T,  
Faerber Z, Phalai K, et al. Zika virus antibody titers three 
years after confirmed infection. Viruses. 2021;13:1345. 
https://doi.org/10.3390/v13071345

30. Polen KD, Gilboa SM, Hills S, Oduyebo T, Kohl KS,  
Brooks JT, et al. Update: interim guidance for  
preconception counseling and prevention of sexual  

transmission of Zika virus for men with possible Zika virus 
exposure—United States, August 2018. MMWR Morb Mortal 
Wkly Rep. 2018;67:868–71. https://doi.org/10.15585/ 
mmwr.mm6731e2

31. World Health Organization. WHO guidelines for the  
prevention of sexual transmission of Zika virus. 2020  
[cited 2023 Dec 27]. https://www.who.int/publications/ 
i/item/9789241550482

32. United Nations Population Fund. My body is my own: 
claiming the right to autonomy and self-determination. 2021 
[cited 2023 Dec 12]. https://algeria.unfpa.org/sites/default/
files/pub-pdf/sowp2021_report_-_en_web_23.3.21_10_0.pdf

33. Coutinho RZ, Villanueva A, Weitzman A, Marteleto LJ.  
Zika virus public health crisis and the perpetuation of  
gender inequality in Brazil. Reprod Health. 2021;18:40. 
https://doi.org/10.1186/s12978-021-01067-1

Address for correspondence: Tereza Magalhaes, Texas A&M 
University, Department of Entomology, TAMU 2475, College 
Station, TX 77843, USA; email: tereza.magalhaes@ag.tamu.edu

2566 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024

Artist Unknown. Rank Badge with Leopard, Wave and Sun Motifs, late 18th century. Silk, metallic thread. 10 ¾ in x 11 ¼ in / 27.31 cm x 28.57 cm. 

Public domain digital image courtesy of the Metropolitan Museum of Art, New York, NY, USA; bequest of William Christian Paul, 1929. Accession Number: 30.75.1025.

Originally published
in May 2020

https://wwwnc.cdc.gov/eid/article/26/5/et-2605_article

etymologia revisited
Coronavirus

The first coronavirus, avian infectious bronchitis virus, was 
discovered in 1937 by Fred Beaudette and Charles Hudson. 

In 1967, June Almeida and David Tyrrell performed electron 
microscopy on specimens from cultures of viruses known to 
cause colds in humans and identified particles that resembled 
avian infectious bronchitis virus. Almeida coined the term 
“coronavirus,” from the Latin corona (“crown”), because the 
glycoprotein spikes of these viruses created an image similar to 
a solar corona. Strains that infect humans generally cause mild 
symptoms. However, more recently, animal coronaviruses 
have caused outbreaks of severe respiratory disease in humans, 
including severe acute respiratory syndrome (SARS), Middle 
East respiratory syndrome (MERS), and 2019 novel coronavirus 
disease (COVID-19).
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Infectious diseases are an increasing threat to wild-
life, domestic species, and humans around the 

world (1,2). Although the recent SARS-CoV-2 pan-
demic has demonstrated the effects of zoonotic trans-
mission of viral diseases from wildlife to the human 
population, the dynamics of pathogen transmission 
between domesticated animal populations and syl-
vatic populations can drive the emergence of infec-
tious diseases in wildlife species, with potentially 
catastrophic outcomes (2). The risk from disease is 

greatest for small populations that live in close prox-
imity to humans and their livestock and companion 
animals; small populations face a greater likelihood 
of stochastic population change caused by disease 
spillover that can further reduce population size or 
even lead to extinction (1,2). Domestic dogs are a par-
ticular danger to wild carnivores and are linked to 
many incidences of pathogen transmission that cause 
conservation issues (3–7), because increasing popula-
tions of free-ranging dogs in rural and wild areas lead 
to frequent spillovers of disease into wildlife (3,4).

Rabies affects many mammal species, including 
humans and livestock. When the virus persists within 
domestic dog populations, it is often a public health 
and conservation threat (8). Rabies virus is a particu-
lar concern for several threatened carnivores (9) in-
cluding endangered African wild dogs (Lycaon pictus) 
(10–12) and Ethiopian wolves (Canis simensis) (13–16). 
Rabies virus is one of the few viral pathogens that 
almost always causes a fatal clinical disease from a 
productive infection. Other diseases of domestic and 
wild animals are emerging as threats to endangered 
species worldwide, including canine distemper virus 
(CDV). CDV is a highly infectious virus that causes 
a profound immunosuppression after infection, often 
leading to secondary opportunistic infections driv-
ing high rates of illness and death (17). In contrast to 
rabies virus, CDV can circulate in a mild state; dis-
ease outcomes are dependent on viral and host ge-
netics, immunostatus, nutritional status, and species 
susceptibility (18). In recent years, spillovers of CDV 
from domestic dogs have been associated with severe 
declines in wild carnivore populations worldwide. 
Outbreaks have been recorded in African wild dogs 
(5,6,19,20), lions (Panthera leo) (19,21), black-footed 
ferrets (Mustela nigripes) (22), Ethiopian wolves 
(16,23), Santa Catalina island foxes (Urocyon littoralis) 

Concurrent Rabies and Canine  
Distemper Outbreaks and Infection 

in Endangered Ethiopian Wolves
Jorgelina Marino,1 Elizabeth F.R. Preston,1 Muktar Abute, Alo Hussein, Fekede Regassa,  
Asefa Deressa, Eric Bedin, Ashley C. Banyard, Anthony R. Fooks, Claudio Sillero-Zubiri

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024 2567

Author affiliations: University of Oxford and Ethiopian Wolf  
Conservation Programme, Tubney, UK (J. Marino, E.F.R. Preston, 
C. Sillero-Zubiri); University of Oxford and Ethiopian Wolf  
Conservation Programme, Robe-Bale, Ethiopia (M. Abute,  
A. Hussein, E. Bedin); Ethiopian Wildlife Conservation Authority, 
Addis Ababa, Ethiopia (F. Regassa); Ethiopian Public Health  
Institute, Addis Ababa (A. Deressa); Animal and Plant Health 
Agency, Weybridge, UK (A.C. Banyard, A.R. Fooks)

DOI: https://doi.org/10.3201/eid3012.240432 1These first authors contributed equally to this article.

Intensive disease surveillance in an endangered popu-
lation of Ethiopian wolves provided evidence of concur-
rent outbreaks of rabies and canine distemper viruses 
in 2019, including co-infection in an individual animal. 
Disease surveillance and intensive monitoring of wolf 
packs in Ethiopia were essential in detecting the concur-
rent outbreaks and enabled accurate assessment of dis-
ease from both pathogens. The study highlights the risk 
posed to endangered populations that are susceptible to, 
or live in areas with, reservoir hosts for canine distemper 
and rabies viruses. Instances of concurrent distemper 
and rabies outbreaks appear unusual in the existing lit-
erature; modeling for one disease might underestimate 
the risk for extinction. Concurrent outbreaks may have 
a larger effect than single-disease outbreaks, even in 
a population that has partial vaccination coverage. Re-
searchers studying wildlife populations from a conserva-
tion perspective should be aware that both diseases can 
strike at once where susceptible populations exist.
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(24), Caspian seals (Pusa caspica) (25), spotted hyenas 
(Crocuta crocuta) (26), Amur tigers (Panthera tigris al-
taica) (27), and gray wolves (Canis lupus) (28).

Across rural Africa, the interface between domes-
tic and wild animals provides many opportunities for 
transmission of infectious viral diseases; Ethiopia ex-
periences some of the highest incidences of rabies in 
the world (29). In this context, there is an unexplored 
risk for population decline or extinction from concur-
rent disease outbreaks in wildlife. Several case studies 
have investigated the effect of disease on population 
extinction risk and management strategies to reduce 
this (30–32), but they tend to focus on a single disease in 
the system or the presence of a single disease at a time. 
Diseases, however, can function differently in the same 
population; for example, CDV and rabies differ in their 
reservoir species and dynamics in African wild dogs 
(6,7). Carnivore species have experienced outbreaks of 
each of these diseases on separate occasions or in dif-
ferent populations (5,6,10–12,16,19–21,23), yet concur-
rent infections have only been recorded in northern 
raccoons (Procyon lotor), red foxes (Vulpes vulpes), and 
striped skunks (Mephitis mephitis), in the United States 
(33–35). There is a critical knowledge gap on the demo-
graphic outcomes of multiple viral infections in wildlife, 
in the face of increasing frequency of CDV and result-
ing illness in wild carnivores (36,37). Studies that report 
co-infection rarely address demographic outcomes and 
are often limited to either individual deaths (38) or re-
port co-infections not linked to disease outbreaks (39).

The risk for concomitant outbreaks should be 
considered and explored further in vulnerable pop-
ulations, particularly those of conservation concern 
(16,40). Concurrent outbreaks, like single outbreaks, 
can easily be unnoticed unless disease monitoring 
and diagnoses are sustained throughout an outbreak, 
and testing is performed for multiple pathogens. 
Here, we report concurrent outbreaks of rabies and 
distemper among Ethiopian wolves, describing the 
spatial and temporal spread of deaths and the overall 
impacts on the host population. Individually, those 
diseases have had a substantial impact upon the 
Ethiopian wolf population in the Bale Mountains of 
Ethiopia (the largest population, with more than half 
the surviving 500 wolves), and consecutive outbreaks 
have led to extinction of one of the smallest popula-
tions (16). 

Materials and Methods

Wildlife Population
Monitoring of the Ethiopian wolves in the Bale Moun-
tains has been continuous since 1997, with a long-term  

focus on 2 core subpopulations, Sanetti Plateau and 
Web Valley; the neighboring subpopulations of More-
bawa (connected to the Web Valley by the Genale 
Corridor) and Chafadalacha were also monitored. 
Subpopulations are groups of neighboring wolf packs 
separated from others by geographic barriers or habi-
tat bottlenecks. A team of 6–8 experienced monitors 
routinely observe Ethiopian wolf packs on foot or 
horseback, during the daytime, following standard 
protocols (15,41). Disease surveillance is also part of 
the routine field monitoring; carcasses are found op-
portunistically or in response to reports by park rang-
ers and members of the local community, and searches 
intensify afterward. Well-established disease alert net-
works, involving local communities, animal health of-
fices and park staff, also contribute to dectection of dis-
eases among local dog populations. We implemented 
oral rabies vaccination campaigns in 2018 and 2019, 
concentrated in Morebawa (10 packs) and the Web 
Valley (2 packs); no packs in the Sanetti Plateau were 
vaccinated before the outbreak (Ethiopian Wolf Con-
servation Programme, unpub. data). A limited trial 
of a CDV vaccine targeting packs in Chafadalacha (2 
packs) and Morebawa (1 pack) was also performed.

Observations and Data Collection
In March 2019, an Ethiopian wolf carcass was found 
in the Bale Mountains, and an infectious disease was 
suspected as the cause of death; subsequently, moni-
toring for carcasses increased across the area. We con-
ducted detailed necropsy examinations of carcasses 
whenever possible and collected tissue samples, in-
cluding lymph node, lungs, spleen, and brain. We 
targeted tissue collection to ensure that organs as-
sessed for infection were appropriate for each patho-
gen tested. The estimated time of death was assigned 
into categories according to the level of decomposi-
tion: within 1 day, 1–2 days, within 1 week, within 1 
month, and >1 month.

Laboratory Procedures
We tested samples for both rabies and CDV viral nu-
cleic acids because these diseases have previously been 
detected in the population and caused outbreaks of 
disease in this area. For evaluation of viral nucleic acid 
within samples, we extracted total RNA as described 
previously (42); all suspect material was handled with-
in a Biosafety Level 3 facility at the Animal and Plant 
Health Agency (Weybridge, UK). To detect rabies vi-
rus nucleic acid, we used a pan-lyssavirus SYBR green 
reverse transcription PCR as described previously (43). 
We detected canine distemper virus using an in-house 
real-time reverse transcription PCR (42). 
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Disease Mapping and Population Assessment
We mapped the spread of diseases across the Bale 
Mountains wolf population from the global posi-
tioning satellite locations of carcasses and adjusted 
by the estimated time of death. We derived com-
plementary data on population change from inten-
sive monitoring of packs in the 2 core areas, Web 
Valley and Sanetti Plateau, including the complete 
set of neighboring packs (8 in Web Valley and 5 in 
Sanetti Plateau). Those social groups and their ter-
ritories were typically stable, which aided us in to-
tal counts; sightings of large and complete groups 
were common, particularly during early morning 
and evening communal greetings, during pack ter-
ritorial patrols, and around dens during the breed-
ing season. We followed standard protocols for 
close observations of focal packs throughout the 
year to obtain accurate information on their size, 
composition, and reproductive success; observa-
tion enabled us to perform complete enumerations 
of wolves into age and sex classes and to note in-
dividuals recognized by ear marks or morphologic 
clues (41). We assessed population change as a re-
sult of the outbreaks by comparing the total num-
ber of wolves and the number of wolves of different 
age and sex categories, compared before and after 

the outbreaks, based on the estimated time of death 
of the first and the last carcass found.

Results

Deaths
During March 2019–November 2019, we found 57 
carcasses and observed another 5 wolves with ad-
vanced clinical signs consistent with an infectious 
agent (Table 1; Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/30/12/24-0432-App1.pdf). 
Wolves died in at least 19 packs in 4 subpopula-
tions: Sanetti Plateau, Chafadalacha, Web Valley, 
and Morebawa. We extracted samples for laboratory 
analyses from 19 of those carcasses; other carcasses 
were in an advanced state of decomposition or se-
verely scavenged. Seven animals tested positive for 
rabies virus and 13 tested positive for CDV, 1 in-
dividual tested positive for both pathogens. In the 
animals with confirmed diagnoses, death caused by 
distemper was higher than death apportioned to ra-
bies. However, we were unable to extrapolate those 
findings to populations because less than half of the 
carcasses detected could be tested for diseases, but 
the number tested is still significant in comparison 
with data from other studies.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024 2569

 
Figure 1. Characteristics of Ethiopian wolf carcasses found in the Bale Mountains in a study of concurrent outbreaks of rabies and 
canine distemper, Ethiopia, 2019* 

Pack 
Carcasses 

found 
Known sex  Known age† Carcasses 

tested 
Rabies 
positive 

CDV 
positive M F Adult Subadult Juvenile 

Sanetti Plateau subpopulation          
 Badagasa 8 0 3  1 1 2 2 1 1‡ 
 Batu 3 0 0  2 0 0 0 0 0 
 BBC 4 

 
3  2 0 1 2 0 2 

 Bilisa 1 1 0  1 0 0 1 0 1 
 Buyamo 1 0 0  0 0 0 0 0 0 
 Garba Gurracha  1 0 0  0 1 0 0 0 0 
Chafadalacha subpopulation 

  
 

      

 Chafadalacha 1 0 0  0 0 0 0 0 0 
 Konteh 2 0 0  0 1 0 0 0 0 
Web Valley subpopulation          
 Alandu 1 0 1  0 0 1 1§ 1§ 1§ 
 Bowman 4 2 1  1 1 2 2 1‡ 1 
 Gata 1 1 0  0 1 0 0 0 0 
 Habale 1 0 0  1 0 0 0 0 0 
 Hangafo 2 1 1  1 0 1 1 1 0 
 Mckenna 1 0 0  1 0 0 0 0 0 
 Megity 10 5 1  3 2 1 4 1 3 
 Megity3 9 4 1  4 2 1 4 1 3 
 Tarura 2 2 0  2 0 0 1 1 0 
 Unknown 1 1 0  0 0 1 0 0 0 
Genale Corridor subpopulation          
 Genale 3 0 0  1 2 0 0 0 0 
Morebawa subpopulation          
 Gurati 1 0 1  0 1 0 1 1 1 
Totals 57 17 12  20 12 10 19 7 13 
*CDV, canine distemper virus,  
†Adult, >2 y; subadult, 1 to <2 y; juvenile, <1 y. 
‡Indicates the first confirmed case of each disease. 
§Indicates case of co-infection. 
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Patterns of Disease Spread
The timing and location of carcasses encountered 
suggest pathways of disease dispersion across sub-
populations (Figures 1–3). The center of infection 
was in the Sanetti Plateau, where the first 2 carcass-
es were found in March and April 2019, but CDV 
was first confirmed from a carcass sampled in May 
2019. Overall mortality rate peaked in July 2019, five 
months after the onset of the outbreak, by which time 
disease had spread southwards to Chafadalacha and 
to the more distant Web Valley (Figures 2 and 3). At 
the peak of the outbreak, both CDV and rabies were 
common in Web Valley, whereas rabies virus was not 
detected in Sanetti Plateau until a month later (Figure 
3). The spread of rabies and distemper appeared to 
occur in both directions, indicating different origins 
for the initial infections (Figure 2).

During August–October 2019, disease spread 
along the Genale habitat corridor connecting Web 
Valley with the Morabawa subpopulation; at least 
1 death from distemper was confirmed toward the 
end of the outbreak (Figures 1, 2). Monitoring effort 
in Morabawa was relatively low in comparison with 
that in Web Valley and Sanetti Plateau. 

Population Effects
The number of carcasses encountered (n = 57) pro-
vided an indirect and partial measure of overall mor-
tality during the outbreaks (Table 1). We assessed lo-
cal population effect from total counts of Ethiopian 
wolves in 2 core monitoring areas by comparing pack 
compositions before and after the outbreaks in the  

Sanetti Plateau (5 packs) and Web Valley (8 packs) 
subpopulations (Table 2). We noted a total of 64 ani-
mals unaccounted for in the 2 subpopulations, where 
50 carcasses had been found: 17 × in the Sanetti Pla-
teau, representing 60% decline, and 47 × unaccounted 
for in the Web Valley, representing 53% decline. 

We assessed mortality patterns in 29 carcasses that 
could be classified by age and 42 by sex (Table 1). More 
carcasses were from adult wolves (>2 years of age), fol-
lowed by subadults (1–2 years of age) and then juveniles 
(<1 year of age) (Table 1), and appeared to be split un-
evenly between the sexes (17 male animals, 11 female, 
and 29 unknown). Of the 13 carcasses tested positively 
for CDV, 6 were adults, 4 subadults, and 3 juveniles; 6 
were female and 7 male). We confirmed rabies in sam-
ples from 3 adults and 4 juveniles but no subadults, al-
beit on a small sample (n = 7). The animal that tested 
positive for both diseases was a juvenile female.

Mortality inferred by changes in pack compo-
sition (Table 2) was consistent with the age distri-
bution of carcasses: of the wolves missing in the 
population, 54 were adults, 40 subadults and 16 
juveniles. In the Web Valley subpopulation, death 
rates were 53% among adults and 73% among sub-
adults. In the Sanetti Plateau subpopulation, death 
rates were 41% among adults and 80% among sub-
adults. More female wolves were missing than 
males (38 females vs. males). 

Discussion
Intensive monitoring of an Ethiopian wolf population 
provided confirmation of concurrent outbreaks and 
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Figure 1. Carcasses of 
Ethiopian wolves retrieved in 
the Bale Mountains, by month 
and subpopulation, in a study 
of concurrent rabies and canine 
distemper outbreaks, Ethiopia, 
2019. Estimated time of death 
determined from postmortem 
observations.
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co-infection with rabies virus and CDV in an endan-
gered mammalian species, and new information on 
population-level impact. Our findings support expec-
tations that concurrent outbreaks can be more dam-
aging to the survival of the Ethiopian wolf than single 
disease outbreaks (16,40); that expectation may also 
apply to other species that can contract both of these 
diseases, including African wild dogs, lions, and oth-
er carnivores. Studies of viral infections in wildlife are 
rare for several reasons, and therefore the knowledge 
gleaned from the concurrent outbreaks has important 
implications for disease surveillance and control, as 
well as some limitations.

Spreading monitoring effort across the extent of a 
population and over time enabled detection of multi-
ple pathogens which could otherwise be missed, and 
we found only 1 other incidence of co-infection in an 
individual 33). Indeed, because rabies and CDV are 
not uncommon diseases among wild carnivores and 
affect many of the same species, a likely reason that 
concurrent outbreaks are rarely reported is that they 
go unmonitored, which can happen if monitoring is 
concentrated in 1 subpopulation and misses 1 disease 
initially, or if all deaths are assumed to be attribut-
able to a single disease. In our study, sustained and 
intensive monitoring maximized detection of deaths 
across the landscape, enabling us to recover 57 wolf 
carcasses; we found no evidence of deaths in other 
species. More often, most carcasses go undetected or 
the identification of the sex or age of a carcasses is im-
paired because of late detection. Time periods leading 

to death from rabies virus infection for canine species 
is typically within 2 weeks of infection. In contrast, 
CDV infection can cause clinical disease within a few 
days of infection and either results in clearance and 
survival from infection or progresses to a severe dis-
ease characterized by an acute leukopenia that may 
lead to secondary infections and death. Timelines for 
infection for CDV can vary, but in cases in which the 
disease leads to death, the timeline will often be in a 
similar time period to that observed with rabies virus 
infection. Carcass detection is inherently imperfect 
and depends on the monitoring effort.

The risks posed by concomitant outbreaks include 
wolf deaths lasting over a longer period and spreading 
further geographically than previously known. The 
carcasses detected in the Bale Mountains showed that 
this combined outbreak lasted >220 days and affected 
4 subpopulations, compared with previous records of 
single-pathogen outbreaks among Ethiopian wolves 
shown to last for 3 months (14,15,42,44) and affecting 1 
(44), 2 (14,15,42) or 3 (42) subpopulations. The unprec-
edented duration of the event was likely because of 
the overlapping outbreaks starting at slightly different 
times, as indicated by the timing and location of car-
casses and adjusted by estimations of time since death 
from postmortems or body remains. The reconstructed 
pathways of disease spread indicated 2 different geo-
graphic origins and directions of spread for the rabies 
and CDV outbreak. Those chains of transmission be-
tween subpopulations coincide with those observed 
in previous outbreaks, involving an initially quick 
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Figure 2. Location of Ethiopian 
wolf carcass found in the Bale 
Mountains in a study of concurrent 
rabies and canine distemper 
outbreaks, Ethiopia, 2019. Shades 
of blue represent the kernel 
density distribution of all observed 
carcasses. Arrows indicate the 
direction of spread of infections 
as revealed by positive cases of 
each disease through time and 
across subpopulations. CDV, canine 
distemper virus. 
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transmission within packs because of social bonds and 
shared space within pack territories, followed by trans-
mission to neighboring packs. The absence of observa-
tions or reports of CDV or rabies cases among domes-
tic dogs or other carnivore species living within or in 
close vicinity of Ethiopia wolf territories supports the 
wolf-to-wolf transmission pathway and coincides with 
descriptions of previous outbreaks. Although whole-
genome sequencing and phylogenetic analysis will 
ultimately infer transmission dynamics, our findings 
were supported by a rate of carcass detection and di-
agnoses that we had not previously found in any wild 
population affected by these viruses.

Despite the large number of Ethiopian wolf 
deaths and disappearances during the concurrent 
outbreaks, declines of 53% and 60% in the 2 core 
subpopulations were comparable to death rates re-
corded during previous CDV outbreaks (43%–68% 
decline) (42) and slightly lower than most rabies out-
breaks (49%–77% decline) (14,15,44). The implication 
that a combined outbreak might not be necessarily 
worse than a single-disease outbreak, however, is 
misleading; a degree of herd immunity existed in the 
population at the time of the outbreaks. Individually 
identifiable wolf carcasses that were tested for either 
disease (n = 6) had not been vaccinated against the 
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Figure 3. Number of carcasses 
retrieved per month in a study 
of concurrent rabies and 
canine distemper outbreaks 
in Ethiopian wolves, Ethiopia, 
2019. Estimated time of 
death determined from 
postmortem observations. A) 
Full wolf population in the Bale 
Mountains. B) Sanetti Plateau 
subpopulation. C) Web Valley 
subpopulation.

http://www.cdc.gov/eid


Rabies and Canine Distemper Outbreaks in Wolves

disease for which they tested positive but had often 
been vaccinated against the other disease. More in-
depth analyses would be needed to ascertain the ef-
fect of the previous vaccinations in the study popu-
lation. Whereas rabies often causes overt clinical 
disease with an inherent zoonotic risk, the dynamics 
of CDV can be difficult to understand without sero-
surveillance because the virus can circulate in wild 
populations subclinically.

Population declines of the severity reported here 
highlight concern for any threatened species that exists 
in small populations such as the Ethiopian wolf. In the 
past, consecutive outbreaks of distemper and rabies 
led to the smallest population of this species becoming 
functionally extinct in Delanta (16). Ongoing oral vac-
cination of Ethiopian wolves against rabies have the 
potential to reduce risks of populations going extinct; it 
is a crucial intervention where rabies remains endemic 
in terrestrial carnivores in vast areas (45). Approaches 
to control rabies are relatively advanced and accessible 
because of the virus’s relevance to human and live-
stock health (46). Tools to control distemper in wildlife 
are less developed, because it generally does not infect 
humans and is therefore considered to be of lesser im-
portance. Canine distemper vaccines have been avail-
able for decades but are rarely used in wildlife, and 
their efficacy is not well known, in part due to the com-
plexity of CDV dynamics in natural ecosystems (18). A 
CDV vaccine is currently under trial (Ethiopian Wolf 
Conservation Programme, unpub. data).

Knowledge of the age and sex composition in 
disease-related deaths can also help deduce disease 

dynamics and immunity (47) to investigate relative 
risks and fitness costs of infection in social species 
(26). By combining information from carcasses with 
our knowledge of Ethiopian wolf packs’ demogra-
phy, this study provides insights into the effects of 
CDV in wildlife populations, a neglected area of re-
search. Statistical analyses by the age and sex of car-
casses would be questionable because a large pro-
portion of the deceased animals were of unknown 
age or sex; however, assessing such data is valuable 
because we know of no comparable level of disease 
surveillance and carcass recovery in other wildlife 
populations. Positivity for CDV spanned across age 
classes and was highest among adults, in itself not 
an indication of age-biased transmission or mortal-
ity because adults make a large proportion of the 
Ethiopian wolf population (48). When compared 
with single CDV outbreaks in Ethiopian wolves, 
these concurrent outbreaks were still unusual in 
the proportion of adult deaths recorded (47% adult 
mortality averaged across 2 subpopulations, com-
pared with 34% during a CDV outbreak in 2006 and 
39% in 2010). Subadult mortality rate was compara-
tively lower, 77% average, compared with 83% in 
the 2006 CDV outbreak and 87% in 2010. Although 
fatalities could not always be assigned to infections 
by rabies virus or CDV, high adult mortality is ulti-
mately expected to reduce the capacity for recovery 
of this population (48) because it is more likely to 
lead to the extinction of a pack (48). The mortality 
rate among female wolves is higher than expected, 
given that there are more males in the populations 
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Table 2. Changes in composition of wolf packs in Ethiopian wolves before and after concurrent outbreaks of rabies and canine 
distemper, Ethiopia, 2019* 

Pack 

Before outbreaks 

 

After outbreaks 
Adult 

 
Subadult 

Juveniles Sex ratio 
Adult/subadult 

Subadults† Sex ratio M F M F M F 
Sanetti Plateau 
subpopulation 

            

 Bagadasa 3 2  2 2 4 1.25  1 1 1 1 
 Garba  Gurracha 2 1  0 1 0 1  2 1 0 2 
 Batu 2 2  1 1 0 1  2 1 0 2 
 BBC 3 2  1 2 0 1  2 1 0 2 
 BBC2 3 2  0 0 5 1.5  1 1 1 1 
 Total 22  10 9   13 2  
Web Valley subpopulation             
 Alando 2 2  0 0 4 1  2 1 1 2 
 Bowman 4 7  2 2 5 0.666667  1 1 0 1 
 Habale 4 3  2 2 4 1.2  2 1 2 2 
 Hangafo 2 1  2 2 3 1.333333  2 1 0 2 
 Mckenna 3 2  1 1 0 1.333333  2 1 0 2 
 Megity 3 3  2 2 3 1  2 1 0 2 
 Megity 3 3 2  2 2 5 1.25  0 0 0  
 Tarura 6 5  2 2 5 1.142857  3 4 4 0.75 
 Total 52  26 29   24 7  
*Sex ratio calculated as the ratio between male and female wolves >1 y of age. It excludes juveniles at the time of the outbreaks because they are difficult 
to sex when young, 
†These subadults were juveniles before the outbreak.  
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we studied, which can also slow down population 
growth by limiting the effective population size.

In conclusion, this study highlights the risk to 
susceptible populations of threatened carnivores 
from concurrent infection from multiple pathogens. 
CDV and rabies viruses can strike at the same time 
and have a large effect even in a population that has 
partial vaccination coverage. Vaccination strategies 
using multivalent rabies/CDV vaccines should be fa-
vored when possible, in light of the possibility of con-
current outbreaks; the simultaneous impact of both 
diseases should be included in future models of vac-
cination programs and extinction risk of susceptible 
endangered populations. Existing models applied 
to Ethiopian wolf populations should be updated 
to integrate more and new information on potential 
multiple hosts of CDV, acquired immunity (49) and 
effectiveness of ongoing oral rabies vaccinations (50). 
The case of the Ethiopian wolf highlights the need for 
effective monitoring of endangered wildlife popula-
tions at risk for co-infections so that concurrent out-
breaks are detected and their true impacts assessed 
accurately and incorporated into models to avoid un-
derestimating the risk for extinction from disease.
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Blastomycosis is a fungal disease prevalent among 
immunosuppressed patients (1–5) that can devel-

op as a progressive disease with either pulmonary or 
extrapulmonary involvement (1–3,6–10). Blastomy-
cosis is caused by Blastomyces spp., which are ther-
mal dimorphic fungi with a saprophytic mycelial 
form in the soil and a pathogenic yeast form in hosts 
(2,3,6,11,12). The transition between those 2 forms is 
mediated by temperature; at ≈37°C, the mycelial (or 
conidia) form transforms into a yeast (13–15). Most 
often, human infections occur after breathing in fun-
gal spores from the environment (16), but a very small 
fraction of cases have demonstrated sexual transmis-
sion from patient to patient (17,18).

B. dermatitidis is the most heavily studied species 
of Blastomyces (4,5,19–21) and is considered endemic to 
North America. Some reports have suggested the range 
of B. dermatitidis might extend outside North America 
(22,22–25), but the actual range of the species is debat-
ed (23,26). Reports of blastomycosis in Asia have been 
considered either of poor-quality diagnosis or imported 
(25,26). In addition, the identity of the causative agent 
of blastomycosis in those locales remains largely un-
known. PCR-based assays suggest some of the isolates 
recovered from patients in India could be B. dermatitidis 
(27), but those reports predate the acknowledgment of 
the existence of multiple species of Blastomyces.

In this article, we report a cluster of cases of blas-
tomycosis from India. By using genomewide sequenc-
ing and phylogenetic reconstruction, we determined 
the etiologic agent of blastomycosis in the 3 cases is B. 
dermatitidis. The B. dermatitidis isolates form a differ-
entiated lineage from the isolates in North America. 
The 3 cases reported in this article have no patient his-
tory of travel outside of India, which suggest either 
secondary infections from a traveler (unlikely given 
the known mode of transmission of Blastomyces) or lo-
cally acquired infections.

Methods

Blastomyces-Like Isolates from India

Isolate Collection and Morphology
We obtained isolates from 3 patients who had chronic 
respiratory disease during 2006–2010 and were re-
ferred to the Medical Mycology laboratory, Vallabh-
bhai Patel Chest Institute, at the University of Delhi 
(Delhi, India) for identification of mycotic etiology. 
The 3 patients’ infections were unresponsive to an-
titubercular therapy. A detailed assessment of the 
patients’ travel history was taken; none reported any 
travel outside of India. No follow-up record is avail-
able for the patients.
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Blastomyces spp. fungi, the causal agent of blastomyco-
sis, are common in North America but do occur in other 
areas of the world. The most prevalent pathogen in the 
genus is B. dermatitidis. Most B. dermatitidis isolates 
originate from North America, but there are sporadic 
reports of B. dermatitidis recovery from Africa and Asia. 
High-quality reports that incorporate genetic information 
about the fungus outside North America have been rare. 
Genome sequencing of 3 fungal isolates from patients in 
India with chronic respiratory diseases revealed that the 
isolates belong to a genetically differentiated lineage of 
B. dermatitidis. Because the patients had no history of 
traveling outside of Asia, blastomycosis was most likely 
autochthonously acquired, which suggests a local popu-
lation of B. dermatitidis. Our results suggest the endemic 
range of B. dermatitidis is larger than previously thought, 
calling for a reassessment of the geographic range of 
different agents of endemic mycoses.
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We processed the samples by using standard 
protocols; they were anonymized before they were 
received. The isolates were cultured from lung as-
pirate, lymph node biopsy, and discharging sinus 
of the sternum (Appendix Table 1, https://wwwnc.

cdc.gov/EID/article/30/12/24-0830-App1.pdf). We 
subcultured the isolates on Sabouraud dextrose agar 
(SDA) at 25°C to induce mycelial growth. To assess 
whether the isolates showed transition to a yeast 
form when exposed to 37°C, we inoculated conidia on  
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Figure 1. Autochthonous 
Blastomyces dermatitidis biopsy 
and culture findings from a 
patient in India. Microscopic 
characteristics are consistent 
with Blastomyces dermatitidis. 
A) Gomori’s methenamine 
silver–stained section of a 
subcutaneous nodule biopsy 
obtained from sternum region 
showing a large, thick-walled 
broad-based budding yeast 
cell (white arrows) typical of 
Blastomyces. B) Lactophenol 
cotton blue mount of the 6-day-
old yeast form on pea seed agar at 37°C, showing numerous large thick-walled and broad-based budding yeast cells (white 
arrow). Original magnification is ×100.

Figure 2. Genetic differentiation between 3 Blastomyces dermatitidis from India and other dimorphic fungi. A) PC analyses showing the 
3 isolates from India (light blue) clustering with B. dermatitidis (dark blue) in PC 1 and PC2. The broken stick model (inset) demonstrates 
the first 3 PCs are significant. B) PC analyses showing the 3 isolates from India (light blue) clustering with B. dermatitidis (dark blue) 
in PC 32 and PC 3. C) Rooted phylogram for autochthonous B. dermatitidis isolates from India and the genetic relationships with other 
Blastomyces fungi. A maximum-likelihood tree derived from genomewide concatenated markers using the B. dermatitidis reference 
genome suggests a close phylogenetic relationship between B. dermatitidis and the 3 isolates from India. The star shows the node 
leading to the B. dermatitidis lineage from India. Scale bar represents the number of substitutions per site. PC, principal component.
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pea seed agar and incubated the isolates for 7 days. 
We microscopically examined the isolates after 
mounting them with lactophenol cotton blue.

Genome Sequencing 
Next, we used the cultures to extract DNA from each 
isolate as previously described (28,29). We pooled the 
resulting genomic libraries sequenced in a single S4 
flow cell (2 × 150 bp read length) by using the Nova-
Seq 6000 (Illumina, https://www.illumina.com). The 
target sequencing depth was 40 (Appendix Table 2). 
This sequencing process was done to obtain whole 
genome sequences of each isolate, which enabled us 
to differentiate the isolates from India in comparison 
with isolates from North America. We have described 
all variant calling protocols, phylogenetic, and popu-
lation genetic approaches in detail in the appendix 
(Appendix). We deposited all analytical code related 
to this study into GitHub (https://github.com/gjo-
fre/BlastomycesIndia).

Results
A histological section of 1 of the samples (subcuta-
neous, nodule sternum) revealed the presence of a 
large thick-walled broad-based budding yeast with 
a double refractile wall (Figure 1, panel A). This cell 
yeast morphology is typical of Blastomyces. The mac-
roscopic mycelial colony morphologies were also 
consistent with that of Blastomyces. When grown on 
SDA at 25°C, all 3 isolates grew white downy colo-
nies. We conducted microscopic examination of lacto-
phenol cotton blue mounts from SDA slide cultures of 
each strain that revealed thin septate hyphae, bearing 
spherical to pyriform smooth-walled microconidia. 
Subcultured colonies on pea seed agar incubated at 
37°C showed conversion from a mold to a yeast form. 

Finally, microscopic yeast morphology in culture was 
also consistent with that of Blastomyces. Similar to the 
yeast cells observed in the biopsy (Figure 1, panel A), 
microscopic examination of the growth of yeast re-
vealed numerous thick-walled and broad-based bud-
ding yeast cells (Figure 1, panel B), which are typical 
of the genus (30).

Next, we obtained whole genome sequences for 
the 3 putative isolates of Blastomyces (mean coverage 
20.47) (Appendix Table 1). A principal component 
analysis that included 2 genera from the dimorphic 
fungi strongly suggested the 3 isolates from India 
belonged to Blastomyces (Figure 2, panel A). Phylo-
genetic analyses confirmed that the 3 Blastomyces iso-
lates from India are closely related to other isolates of 
B. dermatitidis and form a monophyletic group. This 
group is sister to the North America samples of B. der-
matitidis. We recovered this topology regardless of the 
approach to generate the phylogenetic tree (Appendix 
Figure 1). In all cases, the branch is well supported 
(ultrafast bootstrap on 1,000 replicates = 100%). As-
suming a mutation rate similar to that of other Asco-
mycetes (31,32), we found that the origin of the India 
clade of B. dermatitidis is not recent (divergence point 
estimate ≈0.8 million years, SE 0.12 million years) and 
might precede the settlement of modern humans in 
the Indian subcontinent (33,34).

Finally, we tested whether the monophyletic 
group of Blastomyces isolates from India were differ-
entiated from the other isolates of B. dermatitidis. The 
India group showed the lowest level of diversity of 
any Blastomyces species, lower than that of the North 
American clade of B. dermatitidis and B. gilchristii (Ta-
ble 2). The diversity values are similar in scale to the 
amount of variability in other fungal species (35). The 
extent of divergence between clades is much higher 
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Table 1. Approximative 2-sample Fisher-Pitman permutation tests comparing π and DXY values between different lineages of 
Blastomyces dermatitidis from India and North America* 
Clade 1 Clade 2 π Clade 1 π Clade 2 DXY Z-score p value 
India B. dermatitidis 0.0003 0.0037 0.0098 21.6158 <0.0001 
India B. gilchristii 0.0003 0.002 0.0111 2.9833 0.0046 
India B. emzantsi 0.0003 0.0003 0.1920 7.3485 <0.0001 
India B. parvus 0.0003 0.2167 0.1908 2.1673 0.0250 
India B. percursus 0.0003 0.0056 0.1916 11.6084 <0.001 
B. dermatitidis B. gilchristii 0.0037 0.0022 0.0127 21.7077 <0.001 
B. dermatitidis B. emzantsi 0.0037 0.0003 0.1935 29.3221 <0.001 
B. dermatitidis B. parvus 0.0037 0.2167 0.1926 24.4538 <0.001 
B. dermatitidis B. percursus 0.0037 0.0056 0.1935 33.565 <0.001 
*The pairwise comparison between intraclade variation and the pairwise differentiation suggests divergence between the India clade and the North 
America clade of B. dermatitidis. The nonsignificant value between India and B. parvus is an artifact of the paraphyletic nature of B. parvus, which has an 
extremely high π value (Figure). DXY, extent of divergence between clades 

 

 
Table 2. Test results on the basis of Patterson’s D statistic showing extensive introgression between the Indian lineage of 
Blastomyces dermatitidis from India and other Blastomyces species* 
P1 P2 P3 D-statistic Fd F4-ratio Z-score p value 
India B. dermatitidis B. gilchristii 0.0422 0.0515 0.1011 7.1146 5.61 × 10−13 

*Additional D-statistics values are available in the Appendix Table (https://wwwnc.cdc.gov/EID/article/30/12/24-0830-App1.pdf). 
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than π, a proxy of intraclade variability, for both the 
B. dermatitidis and B. gilchristii and for the B. dermatitis 
from India versus the rest of B. dermatitidis compari-
sons, suggesting genetic differentiation between the 
lineage from India and the other lineages of Blasto-
myces (Table 1) (36,37). Nonetheless, divergent sta-
tistics show there is a substantial level of admixture 
between B. dermatitidis from North America and In-
dia (Table 2; Appendix Table 3). Those results suggest 
that, despite the monophyly of this India Blastomyces 
group, the triad of isolates from India still exchanges 
genetic material with the North America lineage of B. 
dermatitidis.

Discussion
In this article, we report a small cluster of cases of 
blastomycosis in patients from India with no travel 
history outside the country. By using genomewide 
sequencing, we determined that the 3 isolates are 
B. dermatitidis. To date, most cases of B. dermatiti-
dis–caused blastomycosis outside of North America 
have had travel history to that continent (25). Be-
cause of the lack of evidence of person-to-person 
transmission in blastomycosis, the most likely ex-
planation is that those cases were acquired from 
the environment. This hypothesis is consistent with 
environmental collections of B. dermatitidis from bat 
specimens in India (38,39).

Previous efforts have reported the occurrence 
of clinical cases of blastomycosis in India, and in all 
cases, the fungus was assumed to be B. dermatitidis; 
however, those reports preceded the description of 
other Blastomyces species and thus should be revis-
ited. The first report of Blastomyces in a patient from 
India (40,41) revealed that 3 of 4 suspected cases had 
a positive immunodiffusion response against anti–B. 
dermatitidis serum precipitins. The efficacy of immu-
nodiffusion to differentiate among Blastomyces spe-
cies is unknown. Because the first report of Blastomy-
ces in a patient from India predates DNA sequencing 
(40,41), it is unclear whether the samples included 
isolates from Blastomyces species other than B. der-
matitidis. Previous reports from India have docu-
mented isolation of B. dermatitidis from insectivorous 
bats (38,39,41–43), and dogs (44), suggesting that the 
disease has an endemic niche in India. A second ef-
fort to characterize the global diversity of Blastomy-
ces used restriction fragment-length polymorphisms 
to typify 52 isolates, including 3 isolates from India 
(45). That survey found 2 isolates from India (1 from 
a patient and 1 from a bat) were genetically similar 
to each other but were dissimilar from all other iso-
lates included (45). Our phylogenetic reconstruction 

reveals a similar result in that the isolates from India 
reported in this article form a distinct genetic group 
within B. dermatitidis. 

India has reported cases of blastomycosis import-
ed from the United States (22,41). In those instances, 
the fungus was confirmed to be B. dermatitidis by 
DNA sequencing of 2 loci. Our phylogenetic analyses 
suggest that the lineage of B. dermatitidis we sampled 
in India diverged long ago from the North America 
lineage. Our results indicate that systematic collec-
tions of environmental and patient samples of Blas-
tomyces, along with the use of genomics and phyloge-
netics, are needed to elucidate the natural occurrence 
and epidemiology of the etiologic agents of blastomy-
cosis. Clinicians should be aware of the possibility of 
autochthonous blastomycosis in India, particularly 
among patients with chronic respiratory diseases.
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Sporotrichosis is a chronic infection caused by Spo-
rothrix spp., dimorphic fungi that exist in a hyphal 

form at low temperatures or as budding yeast at high 
temperatures. This pathogen is found in soil, plants, 
and organic matter and gives rise to an anthropozoo-
notic disease primarily affecting the skin and subcu-
taneous tissues after traumatic inoculation by con-
taminated materials (1–3). Sporothrix spp. have been 
previously classified under the S. schenckii complex, 
which comprise S. schenckii sensu stricto, S. brasilien-
sis, S. globosa, S. luriei, S. pallida, S. mexicana, and S. 
chilensis. The classification system has been updated 
to include a clinical clade consisting of S. schenckii,  

S. globosa, S. brasiliensis, and S. luriei. Species from the 
environmental clade, including S. pallida, S. mexicana, 
and S. chilensis, rarely cause human infection (4).

Although sporotrichosis has a global distribution, 
clinical and epidemiologic features vary. It is endemic 
in regions that have tropical and subtropical climates 
and maintain high humidity and 25°C–28°C tempera-
tures (2,5,6). Several reports have cited case series or 
outbreak instances among occupational groups prone 
to minor soil- and plant-inflicted injuries, such as flo-
rists, miners, foresters, and gardeners (7–12). Further-
more, since the 1980s, owning cats has emerged as a 
risk factor for zoonotic transmission of sporotrichosis 
(13,14). Human sporotrichosis outbreaks have been 
linked to scratches or bites from infected cats. Domes-
tic cats, because of their pathogen-rich lesions and in-
timate interactions with humans, serve as Sporothrix 
spp. vectors (15–20). 

The disease has an incubation period rang-
ing from a few days to several months (21) and can 
manifest in cutaneous, pulmonary, and disseminated 
forms. Cutaneous manifestation is the most com-
mon, typically occurring as erythematous papules 
or pustules that form ulcerated nodules involving 
local lymphatic channels, which cause lymphangitis 
and lymphadenopathy (2,22). Sporotrichosis can also 
be categorized into fixed cutaneous, lymphocutane-
ous, and disseminated cutaneous forms. Although 
the fixed and lymphocutaneous forms are commonly 
observed, disseminated cutaneous sporotrichosis 
is rarely reported except in immunosuppressed pa-
tients (23). Fungi isolation is the standard for diagno-
sis; the first-line treatment is itraconazole (24). For an-
tifungal susceptibility testing of Sporothrix spp., broth 
microdilution, as recommended by the Clinical and  
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We analyzed clinical manifestations, antifungal suscepti-
bility, and treatment outcomes of cutaneous sporotrichosis 
in Thailand during 2018–2022. The study included 49 pa-
tients whose mean age was 58.7 (SD 16.9) years; 65.3% 
were female and 34.7% male. A history of cat exposure 
was reported in 32 (65.3%) patients who had a signifi-
cantly higher prevalence of upper extremity lesions than 
did those without cat contact (90.6% vs. 41.7%; adjusted 
odds ratio 18.9 [95% CI 3.2–92.9]). Among patients >60 
years of age, lesions were more likely to be nonpustular 
than for patients <60 years of age (82.1% vs. 52.4%; p 
= 0.033). All 9 isolates tested for antifungal drug suscep-
tibility exhibited an itraconazole MIC of <1 µg/mL. Oral 
itraconazole monotherapy was effective; the median time-
to-cure was 180 days (interquartile range 141–240 days). 
Physicians should heighten their awareness of potential 
sporotrichosis causes, particularly when a history of ani-
mal contact exists.
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Laboratory Standards Institute (https://clsi.org/
standards/products/microbiology/documents/
m38), is the primary protocol used to determine in vi-
tro MICs for drugs used in sporotrichosis treatment. 
Itraconazole is the most effective drug for treating 
sporotrichosis. A cutoff point of 1 µg/mL is used ac-
cording to a previous study correlating the itracon-
azole MIC with clinical outcomes (25). Terbinafine 
has demonstrated the lowest geometric mean MIC, 
followed by ketoconazole (26). No associations have 
been found between higher amphotericin B or itra-
conazole MIC values and unfavorable outcomes (25).

Sporotrichosis is a relatively rare disease in Thai-
land. However, since 2018, a substantial increase in 
the number of sporotrichosis patients has been ob-
served at the outpatient dermatology clinic at Siriraj 
Hospital in Bangkok, Thailand. This surge parallels 
the growing evidence of feline sporotrichosis ob-
served in Thailand since 2018 (27). We investigated 
the clinical manifestations and treatment outcomes 
for a recent emerging outbreak of cutaneous sporotri-
chosis in Thailand. 

Methods
We conducted a retrospective study of patients who 
had a cutaneous sporotrichosis diagnosis at the der-
matology clinic of Siriraj Hospital during January 1, 
2018–August 27, 2022. The Siriraj Hospital Institutional 
Review Board authorized the study protocol (approval 
nos. Si 979/2020 and Si 671/2021). We enrolled pa-
tients in the study if the diagnosis was confirmed by 
positive isolation of S. schenckii complex in culture. We 
extracted patient sex, age, duration of symptoms, un-
derlying medical conditions, occupation, exposure his-
tory (animal contact, injury history, and contamination 
with soil), clinical manifestations, histopathology, lab-
oratory culture, susceptibility testing of the causative 
fungus, treatment options, and treatment outcomes 
from medical records. We considered patients to be 
immunocompromised if they exhibited specific condi-
tions that can cause host defense defects, such as cir-
rhosis, diabetes mellitus, or recent chemotherapy (28).

Hospital staff collected specimens for histopatho-
logic examination and laboratory culture; specimens 
were collected from tissue biopsies or pus from cu-
taneous lesions. Fungi were identified by phenotypic 
characteristics, including colony morphology, conid-
ial arrangement, and physiologic traits (carbohydrate 
assimilation of dextrose, sucrose, and raffinose), as 
well as temperature tolerance at 37°C and 40°C. Anti-
fungal susceptibility testing was undertaken in some 
cases on the basis of convenience selection by using 
the Clinical and Laboratory Standards Institute broth 

dilution method, as noted . Testing was performed 
for 5-flucytosine, amphotericin B, anidulafungin, ca-
spofungin, micafungin, fluconazole, itraconazole, 
posaconazole, and voriconazole.

We defined an improved lesion as a lesion that 
had become smaller or drier without cutaneous ex-
tension and a cure as a complete healing of lesions 
with or without scarring or hyperpigmentation. We 
conducted telephone interviews to assess patients 
who had incomplete data because of loss to follow-up 
during the treatment course. 

Statistical Analysis
We used descriptive statistics for demographic data, 
clinical manifestations, histopathologic examina-
tions, laboratory findings, antifungal susceptibility, 
treatments, and treatment outcomes. We calculated 
means and SDs for normally distributed continuous 
data, medians and interquartile ranges (IQRs) for 
non–normally distributed continuous data, and num-
bers and percentages for categorical data. We used 
χ2 and Fisher exact tests to compare clinical charac-
teristics between patients who had or did not have 
exposure to cats. We used a binary logistic regression 
model and forward stepwise selection method to es-
timate the odds ratio (OR) of a binary response. We 
constructed a Cox proportional hazards model to de-
termine the hazard ratio for each factor and to mea-
sure time-to-improve and time-to-cure. We adjusted 
for patient sex and age in the multivariable analysis 
of both binary logistic regression and Cox propor-
tional hazards models. In addition, we calculated the 
OR, hazard ratio, and 95% CI for each pertinent vari-
able. We analyzed data by using PASW Statistics 18.0 
(SPSS, https://www.sbas.com.hk). A p value of <0.05 
indicated statistical significance.

Results
We included 49 patients who had cutaneous sporotri-
chosis during 2018–2022 and summarized their clini-
cal characteristics (Table 1). We observed a marked 
increase in cases each year during this period, escalat-
ing from 1 case to 3 cases, then to 6 cases, 14 cases, and 
finally 25 cases (Figure 1). The mean age of patients 
was 58.7 (SD 16.9) years; 32 (65.3%) were female and 
17 (34.7%) male. Only 9 patients were immunocom-
promised, having diabetes mellitus or sigmoid colon 
cancer with recent chemotherapy. The median du-
ration from lesion onset to diagnosis was 30 (range 
7–180) days. Before sporotrichosis diagnosis, 15 
(30.6%) patients had undergone treatment regimens 
for nontuberculous mycobacterial infections but had 
no observed improvement.
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Thirty-five (71.4%) patients reported a history of 
animal exposure; 32 had been exposed to cats and 3 
to insects. Of the 3 patients with insect bites, 2 had 
bites from mosquitoes and 1 had an unidentified in-

sect bite. For all 3 patients, lesions developed later on 
the lower extremities at the sites of those insect bites. 
Among the patients exposed to cats, 23 had direct 
contact, and 22 (95.7%) of those 23 reported scratches 
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Table 1. Patient demographics in study of clinical manifestations, antifungal drug susceptibility, and treatment outcomes for emerging 
zoonotic cutaneous sporotrichosis, Thailand* 
Demographic data Sporotrichosis cases, n = 49 
Patient sex  
 F 32 (65.3) 
 M 17 (34.7) 
Mean age, y (SD) 58.7 (16.9) 
Median symptom duration, d (IQR) 30 (21–60) 
Immune status 
 Immunocompetent host 40 (81.6) 
 Immunocompromised host 9 (18.4) 
  Diabetes mellitus 8/9 (88.9) 
  Sigmoid carcinoma and recent chemotherapy 1/9 (11.1) 
Occupation 
 Retired/unemployed 15 (30.6) 
 Officer 10 (20.4) 
 Merchant/business owner 8 (16.3) 
 Veterinarian/veterinary assistants 4 (8.2) 
 Student 4 (8.2) 
 Housekeeper/cleaner 4 (8.2) 
 Other† 4 (8.2) 
Exposure history 
 Zoonosis 35 (71.4) 
 Cats 32/35 (91.4) 
 Insect bite 3/35 (8.6) 
 Wound contact with soil 1 (2.0) 
 Unknown 13 (26.5) 
 Family history of cutaneous sporotrichosis 5 (10.2) 
Clinical symptoms 
 Painless 24 (49.0) 
 Painful 19 (38.8) 
 Itching 6 (12.2) 
Lesions 
 Median no. lesions (IQR) 2.0 (1.0–3.0) 
 Single 20 (40.8) 
 Multiple 29 (59.2) 
  Unilateral 25/29 (86.2) 
   Bilateral 4/29 (13.8) 
Morphology 
 Nonpurulent, nonulcerative papule, plaque, or nodule 34 (69.4) 
 Purulent, ulcerative pustule, ulcer, abscess 15 (30.6) 
Arrangement 
 Satellite nodules around the ulcer rim 27 (55.1) 
 Lymphocutaneous pattern 22 (44.9) 
Lesion site 
 Head and neck 3 (6.1) 
 Trunk 1 (2.0) 
 Upper extremities 36 (73.5) 
 Lower extremities 11 (22.4) 
 Lymphadenopathy, n = 44 6/44 (13.6) 
Histopathology, n = 44 
 Mixed cell, suppurative granuloma 36/44 (81.8) 
 Nonspecific granulomatous inflammation 3/44 (6.8) 
 Evidence of fungus observed 0/44 (0.0) 
Outcome 
 Completely cured 41 (83.7) 
 Lost to follow-up 8 (16.3) 
Treatment duration 
 Median duration until improved, d (IQR) 46 (30–90) 
 Mean duration until cured, d (IQR), n = 41 180 (141–240) 
*Values are no. patients/total no. patients (%) except as indicated. IQR, interquartile range. 
†Other occupations included teacher, monk, and boat driver. 
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or bites (Table 2). Most (27/32) patients exposed to 
cats had contact with their own cats, and all let their 
cats roam outdoors. In addition, 21 (65%) patients 
had been in direct contact with cats that had sporo-
trichosis diagnosed by a veterinarian. Although 15 
(30.6%) patients were retired or unemployed, 4 (8.2%) 
patients were employed in veterinary professions; 2 
were veterinarians and 2 veterinary assistants. All 4 
of those patients were scratched or bitten by cats that 
had sporotrichosis. Only 2/49 (4.1%) patients had a 
history of gardening, and none reported exposure to 
rose thorns. One patient reported falling from a bi-
cycle onto soil causing an abrasion wound on his left 
leg, which later developed into lymphocutaneous le-
sions. Sporotrichosis developed in 13/49 (26.5%) pa-
tients who had no recognized risk factors.

No pain was experienced in 49.0% of patients. 
Multiple lesions were observed in 59.2% of cases 
manifesting a lymphocutaneous pattern (44.9%; Fig-
ure 2, panel A). Fifteen (30.6%) patients had purulent  

discharge and ulceration. Single lesions, which mostly  
had satellite nodules around the ulcer rim, were 
found in 40.8% of patients (Figure 2, panel B). Three 
(6.1%) patients had solitary or multiple verrucous 
plaques (Figure 2, panel C). Most (73.5%) lesions were 
located on the upper extremities, and only 13.6% of 
patients manifested lymphadenopathy. Patients >60 
years of age also had significantly more nonpustu-
lar lesions than younger patients (23/28 [82.1%] vs. 
11/21 [52.4%]; p = 0.033).

Patients with a history of cat contact exhibited 
higher levels of immunocompetence (90.6% vs. 
64.7%; adjusted OR 5.2 [95% CI 1.1–24.8]), and le-
sions were more frequently located on the upper 
extremities (90.6% vs. 41.7%; adjusted OR 18.9 [95% 
CI 3.2–92.9]) than in those who had no cat exposure 
(Table 3). The difference in lesion frequency was also 
statistically significant in multivariate analysis. In 
addition, lesions tended to be multiple and arranged 
in a lymphocutaneous pattern in patients who had 
cat contact.

Histopathologic analysis was conducted for 44 
of 49 patients and revealed mixed cell or suppurative 
granuloma in 81.8% of lesions and nonspecific granu-
lomatous inflammation in 6.8% of lesions. Periodic 
acid Schiff and Gomori methenamine silver stains 
were performed in all cases. No evidence of fungi 
was detected. Only 1 patient did not undergo a skin 
biopsy; their sporotrichosis diagnosis was confirmed 
through a positive pus culture result. Antifungal sus-
ceptibility testing for 9 patients was reported, and all 
9 isolates exhibited an itraconazole MIC of <1 µg/mL 
(Table 4).

Of the 49 patients, 41 received itraconazole and 
5 terbinafine as first-line treatment. The remaining 
3 patients were lost to follow-up before beginning  
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Figure 1. Numbers of 
sporotrichosis cases during 
2018–2022 in study of clinical 
manifestations, antifungal drug 
susceptibility, and treatment 
outcomes for emerging zoonotic 
cutaneous sporotrichosis, 
Thailand. Line indicates the total 
number of cases each year. 
Numbers above each bar indicate 
the number of patients exposed or 
not exposed to cats.

 
Table 2. Patient exposure to cats in study of clinical manifestations, 
antifungal drug susceptibility, and treatment outcomes for emerging 
zoonotic cutaneous sporotrichosis, Thailand* 

Patient exposures to cats 
No. sporotrichosis 

cases/total (%) 
Direct contact 23/32 (71.9) 
  Being scratched or bitten 22/23 (95.7) 
  Feeding 16/23 (69.6) 
  Attending to cat wound 4/23 (17.4) 
Indirect contact† 9/32 (28.1) 
Types of cat socialization 

Owned, outdoor cat‡ 27/32 (84.4) 
Stray cat 5/32 (15.6) 

Exposed to cat with sporotrichosis 
diagnosis 

21/32 (65.6) 

*Patients could have >1 contact history. 
†Patients reported stray cats in the vicinity of their homes but indicated no 
direct contact. 
‡Cats that have homes but can go outside. 
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treatment. Treatment outcomes could only be ob-
served in 41 patients; the remaining 8 were lost to 
follow-up. All itraconazole-treated patients received 
an initial dose of 200 mg/day. After ≈2 months of 
treatment, the itraconazole dose was increased to 400 
mg/day in 11 (26.8%) patients because of worsening 
lesions. All 11 patients entered remission within a  

median of 127 (IQR 60–203) days after the dose in-
crease. Antifungal susceptibility testing had been per-
formed for 2 of those 11 patients (patients 2 and 7; Ta-
ble 4), 1 of whom failed to improve after 4 months of 
increased itraconazole dose and was, therefore, treat-
ed by excision, followed by another 7 weeks of itracon-
azole and remission. We did not observe a significant  
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Figure 2. Clinical disease manifestations in study of antifungal drug susceptibility and treatment outcomes for emerging zoonotic 
cutaneous sporotrichosis, Thailand. A) Lymphocutaneous pattern on a patient’s left forearm; B) satellite nodules encircling ulcer rim on a 
patient’s left cheek; C) verrucous plaque on a patient’s left forearm.

 
Table 3. Clinical manifestation comparisons between patients with and without cat exposure in study of clinical manifestations, 
antifungal drug susceptibility, and treatment outcomes for emerging zoonotic cutaneous sporotrichosis, Thailand* 

Demographic data 
Cat exposure,  

n = 32 
No cat exposure,  

n = 17 

Univariate analysis  Multivariate analysis† 
Crude OR  
(95% CI) p value 

Adjusted OR‡ 
(95% CI) p value 

Patient sex 
  M 9 (28.1) 8 (47.1) 2.3 (0.7–7.7) 0.189  NA  
  F 23 (71.9) 9 (52.9) Referent   
Mean age, y (SD) 55.0 (±16.4) 65.5 (±16.1) 0.9 (0.9–1.0) 0.084  1.0 (0.9–1.0) 0.095 
Median symptom duration, d 
(IQR) 

30.0 (21.0–83.0) 30.0 (22.0–60.0) 1.0 (0.9–1.0) 0.916  NA  

Immunologic status 
  Immunocompromised 3 (9.4) 6 (35.3) 5.3 (1.1–24.8) 0.036  5.2 (1.1–24.8) 0.036 
  Immunocompetent 29 (90.6) 11 (64.7) Referent  Referent 
  Sporotrichosis in family 
 member, n = 47 

5/32 (15.6) 0/15 (0.0) NA 0.162  NA  

Lesions 
  Single 9 (28.1) 11 (64.7) Referent 0.016  Referent 0.100 
  Multiple 23 (71.9) 6 (35.3) 4.7 (1.3–16.5)  6.1 (0.9–24.4) 
Lesions site 

  Head and neck 0 (0) 3 (17.6) NA 0.073  NA  
  Trunk 0 (0.0) 1 (5.9) NA 0.347  NA  
  Upper extremities 29 (90.6) 7 (41.2) 13.8 (3.0–63.9) 0.001  18.9 (3.2–92.9) 0.001 
  Lower extremities 5 (15.6) 6 (35.3) 0.3 (0.1–1.4) 0.125  NA  
Morphology 

  Nonpustular 23 (71.9) 11 (64.7) Referent 0.605  NA  
  Pustular 9 (28.1) 6 (35.3) 0.7 (0.2–2.5)   
Arrangement 

  Lymphocutaneous pattern 18 (56.3) 4 (23.5) 4.2 (1.1–15.7) 0.034  3.7 (0.8–16.7) 0.093 
  Lymphadenopathy, n = 44 3/28 (10.7) 3/16 (18.8) 0.5 (0.1–3.0) 0.460    
Median treatment duration, d (IQR) 

  Until improvement 46.0  
(30.0–107.0) 

53.0  
(30.0–90.0) 

1.0 (0.9–1.0) 0.625  NA  

  Until cured 183.0  
(135.0–246.0) 

165.0  
(136.0–206.0) 

1.0 (0.9–1.0) 0.495  NA  

*Values are no. patients/total no. patients (%) except as indicated. Bolded numbers are significant p values <0.05. IQR, interquartile range; NA, not 
applicable; OR, odds ratio. 
Multivariate analysis was conducted by using multiple binary logistic regression. 
‡Adjusted for patient sex and age. 
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difference in itraconazole MICs be-
tween patients who had  
treatment failure and those who had successful treat-
ment at the dose of 200 mg/day (median MIC 1.0 
[IQR 0.25–1.0] µg/mL vs. 0.5 [IQR 0.25–0.625] µg/mL; 
p = 0.414). No patients reported serious side effects 
from itraconazole.

The median time-to-improvement was ≈46 (IQR 
30–90) days, and the median time-to-cure was 180 
(IQR 141–240) days. According to the Cox propor-
tional hazards model, no variable was significantly 
associated with improvement or cure rates (Table 
5). By 6 months after treatment, remission had been 

achieved in 50% of patients, and by 8 months, ≈75% of 
patients had entered remission (Figure 3).

Discussion
Four human cases of sporotrichosis have previously 
been reported in Thailand (29–31). This study docu-
ments a high number of patients with sporotrichosis 
reported in the country during 2018–2022. The histor-
ically low reported incidence might have been from 
underreporting or underdiagnosis, possibly because 
of limited laboratory capabilities in Thailand (29). 

Sporotrichosis is endemic in various regions 
worldwide (32), including Latin America, South  
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Table 4. Antifungal susceptibility test results for 9 patients in study of clinical manifestations, antifungal drug susceptibility, and 
treatment outcomes for emerging zoonotic cutaneous sporotrichosis, Thailand* 

Antifungal drug 
MIC, g/mL 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9 
5-Flucytosine 0.5 32 1 32 2 2 2 2 2 
Amphotericin B 2 2 4 1 4 4 4 2 2 
Anidulafungin 4 >8 >8 1 >8 0.5 1 >8 0.5 
Caspofungin >8 >8 >8 >8 >8 4 >8 >8 1 
Fluconazole >256 256 32 256 256 256 >256 256 >256 
Itraconazole 1 0.25 0.5 0.5 0.25 1 1 0.5 0.25 
Micafungin >8 >8 >8 >8 >8 >8 >8 >8 >8 
Posaconazole 0.5 0.5 0.5 1 0.25 0.25 0.25 0.25 0.25 
Voriconazole 0.12 0.25 0.06 1 0.03 0.06 0.5 0.25 0.06 
*Sporothrix schenckii complex fungi isolated from patient specimens were tested for susceptibility to antifungal drugs. 

 

 
Table 5. Comparison of hazard ratios for time-to-improvement and time-to-cure among patients in study of clinical manifestations, 
antifungal drug susceptibility, and treatment outcomes for emerging zoonotic cutaneous sporotrichosis, Thailand* 

Variables 

Time-to-improvement†  Time-to-cure 
Univariate analysis Univariate analysis  Multivariate analysis 

Crude HR (95% CI) p value 
Crude HR  
(95% CI) p value 

Adjusted HR‡ 
(95% CI) p value 

Patient sex 
 M Referent 0.452  Referent 0.102  Referent 0.620 
 F 1.3 (0.7–2.5)  1.8 (0.9–3.7)  1.9 (0.9–4.1) 
Patient age at diagnosis, y 
 <60 Referent 0.587  Referent 0.176  Referent 0.109 
 >60 1.2 (0.7–2.1)  1.5 (0.8–2.9)  1.7 (0.9–3.1) 
Immunologic status 
 Immunocompromised 1.5 (0.7–3.4) 0.299  0.8 (0.4–2.0) 0.686  NA  
 Immunocompetent Referent  Referent  NA  
Cat exposure 
 Yes 0.9 (0.5–1.7) 0.648  0.7 (0.4–1.4) 0.349  NA  
 No Referent  Referent  NA  
Lesions 
 Single Referent 0.253  Referent 0.761  NA  
 Multiple 0.7 (0.4–1.3)  1.1 (0.6–2.1)  NA  
Morphology 
 Nonpustular Referent 0.445  Referent 0.448  NA  
 Pustular 0.8 (0.4–1.5)  1.3 (0.7–2.5)  NA  
Arrangement 
 Lymphocutaneous pattern 0.9 (0.5–1.8) 0.773  1.2 (0.6–2.3) 0.559  NA  
 Lymphadenopathy 0.9 (0.6–2.4) 0.895  2.6 (0.9–7.1) 0.086  2.7 (1.0–7.5) 0.106 
Itraconazole susceptibility§ 
 MIC <1 g/mL Referent 0.735  Referent 0.998  NA  
 MIC = 1 g/mL 1.3 (0.3–5.9)  1.1 (0.2–4.3)  NA  
*HRs were calculated by using the Cox proportional hazard model. HR, hazard ratio; NA, not applicable. 
†Multivariate analysis was not performed for time-to-improvement variables. 
‡Adjusted for patient age and sex. 
§Itraconazole susceptibility tests were performed for specimens from 9 patients. A cutoff point of 1 g/mL was used according to a previous study relating 
the itraconazole MIC to clinical outcomes (26). 
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Africa, Australia, and several countries in Asia, such 
as India, China, Japan, and Malaysia (33). The largest 
known zoonotic outbreak since the 20th Century was 
reported in Brazil (32). In Thailand, sporotrichosis 
cases have rarely been documented before 2018; our 
hospital typically encountered an average of only 1 
case per year, initially linked to a case series reported 
in another hospital (29). However, since 2018, spo-
rotrichosis has been increasingly reported in stray 
cats in Thailand (34), accompanied by a correspond-
ing rise in human disease diagnosed at our hospital. 
Laboratory detection methods have remained consis-
tent; conventional fungal detection techniques have 
been used routinely at our facility because of their 
cost-effectiveness for clinical services, whereas mo-
lecular techniques are primarily reserved for research 
purposes. Therefore, the increase in case numbers is 
more likely attributable to a true outbreak. 

More women were enrolled in this study, ≈2 times 
more women than men. This ratio aligns with most 
other sporotrichosis outbreak reports, which have in-
dicated similar percentages of women in study popu-
lations, ranging from 53% to 72% (35–38). The most 
commonly reported mean or median age has been 
40–50 years (35–38), which is younger than that found 
in this study. Most patients were immunocompetent 
hosts, suggesting that immune status is not a deter-
mining factor for susceptibility to sporotrichosis.

A history of direct contact with cats that had cur-
rent sporotrichosis diagnoses was reported by 21 
(42.8%) of the 49 patients, suggesting that zoonotic 
transmission from cats was likely for those particular 
cases. Cats are the principal transmission vector lead-
ing to sporotrichosis outbreaks in many countries,  

particularly in South America and some countries 
in Asia (16,33,39). Claws, skin lesions, nasal and 
oral cavities, and feces of infected cats contain a  
considerably higher number of fungi than environ-
mental sources, suggesting that Sporothrix spp. trans-
mission more likely occurs from infected cats than 
from environmental sources (40). The rising incidence 
of the disease in humans aligns with the previously 
reported outbreak of feline sporotrichosis in Thailand 
(27). Although insects are known to be carriers of Spo-
rothrix spp. fungi (41), a history of insect bites in pa-
tients with sporotrichosis has rarely been reported. In 
this study, 3 patients had lesions located in the area of 
previous insect bites. Sapronosis is another commonly 
cited primary mode of transmission in sporotrichosis 
outbreak studies (35). However, only 1 patient in this 
study reported possible sapronotic transmission from 
contact with contaminated soil after a bicycle fall.

The upper extremities have been ranked first and 
lower extremities ranked second as the most common 
sites for Sporothrix lesions (29,35,36). Moreover, le-
sions in the upper extremities are more likely to be 
reported in patients exposed to cats. Most sporotri-
chosis manifestations were lymphocutaneous or fixed 
cutaneous forms and occurred in similar proportions, 
aligning with our results. Disseminated sporotricho-
sis has rarely been reported globally (29,38,37) and 
has not been reported in Thailand (29).

Patients >60 years of age tended to have nonpus-
tular lesions more frequently than did younger per-
sons. This age-related pattern could be caused by im-
munosenescence, which is characterized by alterations 
in innate and adaptive immunity (42,43). As a person 
ages, their immunologic functions gradually decline, 
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Figure 3. Proportion of patients 
in remission over time in study 
of clinical manifestations, 
antifungal drug susceptibility, 
and treatment outcomes for 
emerging zoonotic cutaneous 
sporotrichosis, Thailand. 
Kaplan–Meier survival analysis 
was used to determine 
the duration of cutaneous 
sporotrichosis in patients.
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contributing to poor responses and diminished levels 
of inflammation after new infections (42,43).

Different Sporothrix species are predominant in 
various regions worldwide. S. schenckii is the primary 
species causing sporotrichosis in Australia, America, 
and South Africa, whereas S. globosa is the etiologic 
agent in most patients in China (4,24). S. brasiliensis is 
the main organism causing feline and human sporo-
trichosis in Brazil (4,44). Feline sporotrichosis caused 
by S. schenckii s.s. has been reported in southern Thai-
land, which suggests species transmission to humans 
(27). In Thailand, further studies and molecular iden-
tification of species causing human sporotrichosis are 
needed to explain the epidemiology and association 
with feline sporotrichosis. This study only reported 
the S. schenckii complex by using fungal culture and 
colony morphologic identification during routine lab-
oratory investigations in clinical practice. 

No evidence of fungal forms was seen in our cas-
es during histopathologic examination; the absence 
of fungi in histopathologic sections remains unclear. 
However, on the basis of previous research, several 
factors might influence pathogen load in tissue biop-
sies. One factor is the onset or duration of the disease 
before the biopsy is obtained. A study of liver granu-
loma formation after Histoplasma sp. infection reported 
the highest fungal load in tissue at 7 days postinfection; 
substantial infection control was observed by 50 days 
(45). That finding suggests that early biopsy within the 
first week of symptoms might increase the likelihood 
of detecting the pathogen. Conversely, over time, gran-
ulomas might undergo structural changes that reduce 
their capacity to contain the infection (46). Another fac-
tor is the virulence of the pathogen; some fungi possess 
virulence factors that enable them to overcome host 
defenses (47). For example, S. brasiliensis has structural 
features that potentially inhibit and evade phagocy-
tosis, contributing to its higher virulence than that for 
S. schenckii (48). Those factors might explain why our 
findings align with a study in Malaysia that reported 
low evidence of fungal organisms in tissues, rather 
than with higher detection rates observed in Brazil 
(38,39). Further studies involving larger populations 
are needed to explore those hypotheses.

Numerous treatments for cutaneous sporotricho-
sis are available. For example, oral antifungal agents, 
a saturated oral solution of potassium iodide, and ex-
cision can be used as standalone or combination thera-
pies. However, oral itraconazole remains the treatment 
of choice, and the length of treatment is dependent 
upon lesion recovery (4,24,36). Despite the lack of 
a defined cutoff value for antifungal susceptibility  
among Sporothrix spp., our study found that all 9 

isolates subjected to susceptibility testing exhibited  
an itraconazole MIC of <1 µg/mL. However, no sig-
nificant difference was observed for itraconazole 
MICs between patients with and without treatment 
failure at a dose of 200 mg/day. Time-to-event analy-
sis also showed no significant difference in time-to-
improvement or time-to-cure between patients with 
a 1 µg/mL MIC and <1 µg/mL MIC, consistent with 
the study from Brazil (25). This study’s median dura-
tion until cure was 180 days, aligning with the find-
ings from a 19-case review in Southeast Asia (29) and 
other studies (49,50). This study did not identify any 
clinical factors that influenced the duration until cure.

In conclusion, cutaneous sporotrichosis is a rare 
disease in Thailand. However, the number of cases 
has escalated dramatically since 2018, and ≈65% 
of patients have reported a history of cat exposure. 
Consequently, taking a thorough risk-factor history, 
especially regarding cat exposure, is crucial for guid-
ing early clinical suspicion of disease and diagnosis. 
The standard for diagnosis is fungus isolation; the S. 
schenckii complex is suspected to be the primary spo-
rotrichosis-causing species in Thailand. Itraconazole 
is the first-line treatment, and resistance to this drug 
has not been reported. Physicians and veterinary per-
sonnel should heighten their awareness of the sporo-
trichosis outbreak in Thailand to enable more effec-
tive disease control. In addition, early recognition of 
suspected sporotrichosis cases in cats, appropriate 
antifungal treatment, and education on how persons 
can avoid zoonotic transmission and manage owned 
or infected cats are all recommended to potentially 
minimize zoonotic transmission of sporotrichosis.
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Japanese encephalitis (JE) is a leading cause of viral 
encephalitis, particularly in endemic regions of the 

world; Asia bears a disproportionately high burden 
(1,2). JE virus is a mosquitoborne flavivirus that leads 
to acute encephalitis syndrome in an estimated 67,900 
new clinical cases annually, mostly among children 

and young adults (1). JE virus kills ≈30% of those in-
fected (1,3). Among survivors, ≈70% have long-term 
sequelae with possible motor, cognitive, and lan-
guage impairments, as well as convulsions, behav-
ioral problems, and mental disorders (1,3). No treat-
ment for JE exists, but the disease can be effectively 
prevented with vaccines.

Since the first JE vaccine was developed in the 
1930s, ≈15 additional vaccines with different tech-
nology platforms, presentations, and formulations 
have been added. Among them, the single-dose live 
attenuated SA14-14-2 JE vaccine (CD-JEV) has been 
the most widely used in JE-endemic countries; CD-
JEV is affordable, effective, and safe (4,5). Over the 
past 3 decades, ≈350,000 children have been vacci-
nated with CD-JEV in 14 clinical safety trials, and 
400 million doses have been administered (6). The 
seroprotection rates of CD-JEV in children vary 
from 80.2% to 99.1% in clinical trials (7–9). Vac-
cine effectiveness in endemic settings ranges from 
80% to 99.3% at 6–15 months to 71% at 6 years after  
vaccination (10–14). 

In Bangladesh, the first JE outbreak was in 1977, 
but systematic assessment of disease occurrence was 
not conducted until hospital-based surveillance pro-
grams were implemented in 2003–2005 and 2007–2016 
(15–17). Bangladesh has an annual incidence of 2.5 JE 
cases/100,000 persons <15 years of age, lower than in 
China (12.7), Korea (12.6), and Cambodia (10.6) (1). 
However, a recent cost-of-illness study in Bangladesh 
found that, despite the low incidence, JE remains a 
devastating disease because of its substantial eco-
nomic burden (US$929/acute episode) and detrimen-
tal toll on the physical and psychosocial health of pa-
tients and their families (18). 
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Japanese encephalitis (JE) is preventable using the af-
fordable, effective, and safe live attenuated SA 14-14-2 
JE vaccine (CD-JEV). We used a Markov model to evalu-
ate the cost-effectiveness of 1 dose of CD-JEV compared 
with no vaccination in 3 vaccination strategies in Bangla-
desh: subnational campaign and routine immunization, 
subnational campaign and national routine immunization, 
and national routine immunization alone. For input pa-
rameters, we gathered information from a cost-of-illness 
study, medical literature, government documents, and 
expert opinions. The base-case analysis estimated that a 
subnational campaign for children <15 years of age and 
routine immunization over 20 birth cohorts in Rajshahi, 
Rangpur, and Chattogram yielded (in 2021 US dollars) 
a cost of $82.2 million, $981/disability-adjusted life years 
averted, $9,964/case averted, and $49,819/death avert-
ed (societal perspective). We projected CD-JEV vaccina-
tion would be cost-effective across cost perspectives and 
vaccination strategies in Bangladesh, yielding an incre-
mental cost-effectiveness ratio of approximately one third 
of per capita national gross domestic product. 
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Over the past several decades, Bangladesh has 
made substantial progress in controlling vaccine-pre-
ventable diseases with high routine immunization 
coverage and introduction of new vaccines such as 
Hemophilus influenzae type B, rubella, pneumococcal 
conjugate vaccine, and inactivated polio vaccine (19). 
JE vaccine, however, has yet to be introduced into 
Bangladesh. In a multicriteria decision analysis by 
the World Health Organization (WHO), JE vaccine 
was ranked among the most highly recommended 
for introduction into Bangladesh (20), and several ef-
forts have been made, including through advocacy 
workshops with decision-makers, to prioritize JE 
vaccine introduction in Bangladesh (21–25). A mass 
vaccination campaign including JE vaccine in the 
routine immunization program could have a pro-
found effect on health outcomes. However, JE vac-
cine introduction may also create budget challenges 
for the government. Cost-effectiveness of and cost 
savings from JE vaccination has been demonstrated 
in many countries (26–31), but no such data exists for 
Bangladesh. We conducted this analysis to assess the 
effect and cost-effectiveness of CD-JEV vaccination 
compared with no vaccination among children in 
Bangladesh. We evaluated various vaccination strat-
egies to inform the strategic decision-making of the 
government and international partners as they con-
sider JE vaccine introduction and budgetary resourc-
es in the country. We obtained informed consent 
from the participants of this study. We conducted the 
study according to the guidelines of the institutional 
review board of icddr,b (Dhaka, Bangladesh), which 
approved the study protocol. 

Materials and Methods

Modeled Vaccination Strategies and Target Population
We met with policy makers, Expanded Program on 
Immunization (EPI) officers, international partners, 
and JE experts to identify vaccination strategies of in-
terest. From this meeting, we identified 3 vaccination 
strategies to model. Strategy 1 (S1) is a subnational 
1-time immunization campaign for children <15 
years of age and subnational routine immunization 
for 9-month-old children. The subnational approach 
focused on 3 divisions with a high number of JE cases: 
Rangpur, Rajshahi, and Chattogram. Strategy 2 (S2) 
is a subnational 1-time immunization campaign and 
national routine immunization. Strategy 3 (S3) is na-
tional routine immunization only.

To have adequate time to observe immunization 
effectiveness on the population and explore changes 
in costs of the vaccination program, for each analysis 

strategy, we examined 10- and 20-year time horizons 
corresponding to consecutive 10 and 20 annual birth 
cohorts receiving vaccination. We adopted both gov-
ernmental and societal cost perspectives. The societal 
cost perspective includes costs to the government, pa-
tients, and households to provide a complete picture 
of cost-effectiveness for healthcare payers in Bangla-
desh. The base case was the S1 strategy from a societal 
perspective for a 20-year time horizon. 

The target population for a JE vaccination cam-
paign is children <15 years of age. On the basis of 
expert opinion, we assumed an average 5 years of 
age for children vaccinated during a JE campaign 
and a vaccination coverage rate of 88.6% on the basis 
of measles and rubella vaccine coverage rates in the 
EPI Coverage Evaluation Survey (32). The popula-
tion for routine immunization is 9-month-old infants 
across 10 or 20 cohorts with an average annual birth 
rate of 1.81% as reported by the Bangladesh Bureau 
of Statistics. We sourced population sizes by divi-
sions and age groups from Bangladesh 2022 census 
data. We used Bangladesh Bureau of Statistics life 
tables for background mortality rates in each age 
group to calculate non-JE deaths across participant 
life-cycles (33,34). 

For the campaign strategy, we summed outputs 
from the population of children 0–14 years of age. For 
the routine immunization strategy, we aggregated 
outputs of vaccinating 10 or 20 birth cohorts on the 
basis of current birth rates. We divided incremental 
costs for the vaccination compared with no-vaccina-
tion groups by incremental disability-adjusted life 
years (DALYs) to obtain the incremental cost-effec-
tiveness ratio (ICER). We compared ICERs from dif-
ferent scenarios and presented findings as percentag-
es of Bangladesh gross domestic product (GDP) per 
capita to evaluate the cost-effectiveness of CD-JEV in 
different vaccination strategies. 

Model Framework
For the analysis, we used a previously developed cost-
effectiveness model and input parameters gathered 
from global, regional, and Bangladesh national litera-
ture; published and unpublished government docu-
ments; and expert opinions from in-country public 
health leaders, immunization programs officers, and 
JE experts. We used the Microsoft Excel-based model 
(https://www.microsoft.com) that PATH developed 
and used in JE cost-effectiveness analyses for Indo-
nesia and the Philippines (26,30). PATH developed 
a Markov model simulating costs and outcomes for 
children from time of vaccination or no vaccination 
until death or until reaching the time horizon of 100 
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years of age. Each child entered the model at a state 
of no JE and could remain in that state until death or 
transition to JE states, which included asymptomatic 
or acute JE (Figure 1). The probability of transition to 
acute JE was incidence in the no-vaccination group 
(comparator) and incidence multiplied by vaccine in-
effectiveness rate in the vaccinated group (Table 1). 
Asymptomatic JE case-patients remained in this state, 
without any JE-associated costs or DALYs, until death. 
We assumed patients to have lifelong immunity be-
cause they did not transition to acute JE and could 
not return to the no-JE state. Acute JE case-patients 
accrued costs of care and quality of life decrements 
associated with an acute JE episode, then progressed 
to a postacute JE state with no, mild, moderate, or se-
vere sequelae (on the basis of JE-associated chronic 
condition rates) or to death (on the basis of mortality 
rates) (Table 1). Case-patients in the postacute JE state 
remain in that state, with or without sequelae, until 
death. We modeled 1-year cycles as the time of transi-
tion between health states and distributed costs for 

sequelae care and DALYs by sequelae presence and 
severity (Table 1). 

Among those progressing to JE, we assumed vac-
cination affected the probability of transition from the 
no-JE state to acute or asymptomatic JE but not dura-
tion or severity of JE and sequelae. We assumed no 
serious adverse event associated with JE vaccination 
but incorporated per-person costs associated with 
minor adverse events (Table 2). Main outputs includ-
ed the number of JE cases averted, deaths averted, 
DALYs averted, costs of the vaccination program, 
total healthcare costs, and ICERs, calculated by divid-
ing incremental costs by incremental DALY averted. 
We discounted costs and health outcomes by 3%/
year using the common discount rate for lower-mid-
dle income countries and adjusted all monetary units 
amounts to 2021 US dollars (US $) (35). 

Sensitivity Analyses
To consider the uncertainty of model parameters, we 
conducted 1-way and probabilistic sensitivity analyses. 
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Figure 1. Markov model simulating costs and outcomes in cost-effectiveness analysis of JE vaccination for children <15 years of age, 
Bangladesh. All persons enter the model with no JE. Acute JE implies symptomatic JE and is a tunnel state, meaning any person 
in that state stays there for exactly 1 cycle. Those who had acute JE do have a higher mortality rate but must accrue the costs and 
disability-adjusted life years (DALYs) of the acute event before transitioning to death. Asymptomatic JE is not associated with higher 
mortality, costs, or DALYs; rather it eliminates any transition to acute JE. Costs and DALYs for acute and postacute JE are distributed by 
sequelae presence and severity. Vaccination changes the probability of transitioning from no JE to acute or asymptomatic JE. No other 
probabilities are changed by presence or absence of vaccination. Each state is associated with an annual cost and disability weight 
where applicable. This figure was remade from the Markov model in the study conducted in Philippines by the same research group 
from PATH (31). JE, Japanese encephalitis virus.
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In the 1-way sensitivity analysis, we varied each model 
parameter across a range of 95% CIs, or ±20% mean 
value, to observe how variation of each model input 
(e.g., sequelae incidence or vaccine efficacy) changed 
the ICER. To allow for exploring a wide range of JE in-
cidence, we used 1.75–5.89 cases/100,000 persons <15 
years of age on the basis of modeling estimates across 
divisions in Bangladesh (36). Using those variables, we 
defined key drivers of model outcomes as the param-
eters that had the largest effect on ICER. 

In the probabilistic sensitivity analysis, we ex-
plored the effect on model outcomes when jointly 
varying all model parameters over 10,000 Monte 
Carlo simulations. In each simulation, we randomly 
selected a value in every parameter’s distribution 
and used randomly selected values of all param-
eters to calculate model outputs. After conducting 
10,000 simulations, we obtained the distribution of 
the mean and 95% CIs of model output values. We 
used a normal distribution for population size, age, 
duration of the acute JE event, and asymptomatic JE; 
γ distribution for costs; and β distribution for disabil-
ity weights and percentages. We plotted results on a 
cost-effectiveness acceptability curve and evaluated 
them against willingness-to-pay thresholds to evalu-
ate the likelihood that projected ICERs would be con-
sidered cost-effective in Bangladesh where no formal 
cost-effectiveness threshold has been established. 

Model Outcomes and Costs

Health Outcomes 
The health outcomes we calculated were JE cases, 
deaths, expected life-years, and DALYs associated 
with acute JE episodes and different levels of sequelae. 
We calculated the number of JE cases based on JE inci-
dence in children <15 years of age (2.5 cases/100,000 
children) in low-incidence JE-endemic areas without 
a vaccination program, including Bangladesh (1). 
The vaccination group had fewer cases than the no- 
vaccination group because of the protective effect 
from CD-JEV calculated in the base case using a vac-
cine efficacy of 86.3% sourced from a clinical trial in 
Bangladesh (9). For sensitivity analysis, we used a 
69%–98% efficacy range, the 95% CI for the pooled 
efficacy estimate from a systematic review of clini-
cal trials (12). The mortality rate among symptom-
atic acute JE cases was 20% (S. Sultana, unpub. data, 
email, 2023 Oct 03). Among survivors, 58% had se-
quelae, among which 16% were mild, 37% moderate, 
and 47% severe, according to an unpublished esti-
mation of 10 years of JE surveillance from the Insti-
tute of Epidemiology Diseases Control and Research 
(IEDCR) and a JE cost-of-illness study in Bangladesh 
(18,37). For DALYs associated with acute JE, we used 
disability weights for severe infectious disease acute 
episodes and for sequelae, and motor and cognitive  
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Table 1. Summary of model parameters for Japanese encephalitis vaccination and epidemiology in Bangladesh, 2023* 
Parameter Base case estimate Range Source 
Average age of vaccinated child in campaign, y 5  4–6  In-country expert opinion 
Acute/symptomatic JE incidence, per 100,000 population 2.5 1.75–5.89 (1,36) 
Asymptomatic-to-acute JE, ratio 300:1 25–1000:1 (39) 
Case fatality/acute JE, % 20 10–30 (Institute of Epidemiology, unpub. 

data, email, 2023 Oct 03) 
Duration of acute JE event 2.8 wks 2.2–3.3 wks (46) 
Sequelae incidence, % 58 46–70 (Institute of Epidemiology, unpub. 

data, email, 2023 Oct 03) 
Sequelae severity, %    
 Mild 16 13–19 (18) 
 Moderate 37 29–44 (18) 
 Severe 47 38–57 (18) 
Probability of treatment by sequelae severity, %    
 Mild 84 67–100 (18) 
 Moderate 89 72–100 (18) 
 Severe 96 77–100 (18) 
Vaccine efficacy, % 86.3 69–98 (9,12) 
Vaccine coverage, % 88.6 70.9–100 (32) 
Discount rate for costs and health outcomes 3 NA Assumption 
Disability weight for acute JE, per event 0.133 0.088–0.190 Infectious disease acute episode–

severe (38)  
Disability weights for long-term sequelae, annual   
 Mild 0.031 0.018–0.050 Motor/cognitive impairments–mild 

(38)  
 Moderate 0.203 0.134–0.290 Motor/cognitive impairments–

moderate (38)  
 Severe 0.542 0.374–0.702 Motor/cognitive impairments–

severe (38)  
*JE, Japanese encephalitis; NA, not applicable.  
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impairments at mild, moderate, and severe levels 
from the literature (38). Those disability weights 
were used by WHO for the Global Burden of Disease 
study 2016, 2019, and 2021 editions and are the DALY 
weight descriptions that best match the symptoms of 
JE. For asymptomatic JE cases, which accrued no cost 
or disability weight, we used 300:1 for the rate of as-
ymptomatic to symptomatic JE cases, as reported in 
the literature (39). 

Costs of Vaccination and Healthcare
We sourced costs of acute JE episodes and sequelae 
care from a JE cost-of-illness study that analyzed 10-
year data from Bangladesh (18). We explored costs 
from governmental and societal perspectives. The 
governmental perspective considers direct medical 
costs (including for medicines, diagnostic tests, pro-
cedures, services, and facility fees) paid by the health-
care system to provide care for acute JE patients and 
those with sequelae. The societal perspective consid-
ers direct medical costs paid by the healthcare system 
and costs for the households including out-of-pocket 
medical costs, nonmedical costs (e.g., transportation, 
meals, and accommodations), and indirect costs for 
patients and caregivers, including income lost while 
caring for ill friends or family members (18). 

Expenses for the vaccination program were cost 
of the vaccine, including vaccine delivery during 
campaigns and routine immunization, supplies, and 
adverse events (Table 2). We used an assumed cost/
CD-JEV dose in Bangladesh of US $0.44 on the basis 

of a reported 2023 price for Gavi-eligible countries 
(37). Supplies included unit costs of US $0.042/sy-
ringe and US $0.0056/syringe safety box (Najibullah 
S, unpub. data, internal report, 2023 Sep 16). Accord-
ing to WHO information, adverse events for CD-JEV 
vaccine include injection site reaction, fever, vomit-
ing, abnormal crying, drowsiness, appetite loss, and 
irritability (40). There was no report on hypersensitiv-
ity reactions. We included an EPI-estimated adverse 
event cost of US $0.0081/dose for JE vaccine in the 
vaccination cost/dose (Government of Bangladesh, 
unpub. data, internal report, 2024 Aug 12). We esti-
mated CD-JEV delivery costs in Bangladesh as US 
$1.71/dose for routine immunization (40) and US 
$1.10/dose during a vaccination campaign (41). We 
used rates of 10% for wastage and buffer and 5% for 
annual increases in vaccine cost based on expert opin-
ion from the meeting with experts (policy makers, EPI 
officers, international partners, and JE experts). 

Results 
For base analysis S1 (subnational campaign and sub-
national routine immunization in Rangpur, Rajshahi, 
and Chattogram divisions), we estimated that the dis-
counted vaccine program costs borne by the govern-
ment would be US $82.2 million for 20 years but would 
save households and the government of Bangladesh 
US $75.1 million in healthcare costs. We calculated the 
S1 vaccination strategy would prevent 7,544 JE cases 
and 1,509 deaths (Table 3) and yield ICERs of US $94/
DALY averted, $958/case averted, and $4,790/death 
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Table 2. Summary of model parameters for costs of Japanese encephalitis vaccine delivery and Japanese encephalitis treatment,  
Bangladesh, 2023* 

Parameter 
Base case 
estimate  Range Source 

Japanese encephalitis treatment costs, US $    
 Japanese encephalitis-related hospitalization costs per event    
  Direct medical cost to health system 106 77–135 (18) 
  Medical and non-medical cost to household 487 415–559 (18) 
  Indirect cost to household 351 254–448 (18) 
 Annual sequelae costs to health system    
  Mild 6 0–14 (18) 
  Moderate 84 0–201 (18) 
  Severe 83 15–150 (18) 
 Annual sequelae costs to household    
  Mild 213 71–355 (18) 
  Moderate 705 458–952 (18) 
  Severe 846 552–1,140 (18) 
Vaccine-related costs    
 Vaccine, adverse events, and supplies cost to government, per dose, 
 US $ 

0.50 0.40–0.59 (37; S. Najibullah, unpub. data, 
internal report, 2023 Sep 16) 

 Annual increase in vaccine cost, % 5 4–6 Assumption 
 Vaccine delivery cost per dose for routine immunization, US $ 1.71 1.37–2.05  (S. Najibullah, unpub. data, 

internal report, 2023 Sep 16) 
 Vaccine delivery cost per dose for campaign-based delivery, US $ 1.10 0.88–1.32 (41) 
 Wastage, % 10 8–12 In-country expert opinion 
 Buffer, % 10 8–12 In-country expert opinion 
*Costs are given in 2001 US dollars (US $). 
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averted from the societal perspective and $981/DALY 
averted, $9,964/case averted, and $49,819/death 
averted from the governmental perspective (Table 4). 
The costs/DALY averted correspond to 3.5%–36.6% 
of Bangladesh 2021 GDP per capita. Estimating results 
from S1 with a shorter time horizon, 1-time campaign, 
and 10 years of routine immunization led to lower 
costs but fewer health outcomes averted because fewer 
children (≈12 million) would be vaccinated (Tables 3, 
4). The cost/DALY averted varied within 0.8%–33.3% 
of Bangladesh GDP per capita, depending on societal 
or governmental perspective. 

For S2, with CD-JEV included as part of the rou-
tine immunization program implemented nation-
wide instead of only subnationally in 3 divisions with 
high endemicity, as was the plan in S1, vaccine pro-
gram costs increased to US $154 million over 20 years. 
However, S2 would save society US $134.8 million in 

downstream healthcare and household costs from 
13,176 JE cases and 2,635 deaths averted. S2 strategy 
had ICERs of US $143/DALY averted, $1,458/case 
averted, and $7,290/death averted from a societal 
perspective and $1,053/DALY averted, $10,720/case 
averted, and $53,601/death averted from a govern-
mental perspective (Table 4). With a higher overall 
ICER than S1, the S2 vaccination strategy was less 
cost-effective.

S3 (standalone national routine immunization) 
resulted in fewer vaccinated children than in S1, the 
base case scenario, over a 10-year period but more 
children over a 20-year period (Table 3). The S3 strate-
gy had higher program costs than S1, regardless of the 
time horizon. It also had the highest ICER among the 
3 vaccination strategies, with US $208/DALY averted, 
$2,128/case averted, and $10,640/death averted from 
a societal perspective and $1,149/DALY averted, 
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Table 3. Discounted incremental outcomes and program costs of different Japanese encephalitis vaccination strategies as compared 
with no vaccination from the governmental payer and societal perspectives in Bangladesh 

Discounted incremental 
outcomes  

Routine immunization 
birth cohorts 

Strategy 1, subnational 
campaign + subnational 

routine* 

Strategy 2, subnational 
campaign + national 

routine† 
Strategy 3, national 

routine‡ 
Cases averted 10 5,733 8,962 5,663 

20 7,544 13,176 9,876 
DALYs averted 10 58,130 91,104 57,829 

20 76,624 134,134 100,859 
Deaths averted 10 1,147 1,792 1,133 

20 1,509 2,635 1,975 
Total vaccinated 10 30,337,406 45,866,646 27,234,783 

20 42,042,950 73,101,429 54,469,566 
Discounted vaccine 
program costs, $§ 

10 57.1M 95.5M 67.3M 
20 82.2M 154.0M 125.8M 

*Subnational 1-time immunization campaign for children <15 years of age and subnational routine immunization for 9-month-old children. The subnational 
approach focuses on 3 divisions with a high number of JE cases: Rangpur, Rajshahi, and Chattogram. 
†Subnational 1-time immunization campaign and national routine immunization. 
‡S3, national routine immunization only. 
§US dollars. 

 

 
Table 4. Discounted incremental costs of different Japanese encephalitis vaccination strategies as compared with no vaccination from 
the governmental payer and societal perspectives in Bangladesh* 

Discounted incremental 
outcomes  

Routine 
immunization 
birth cohorts 

Strategy 1, subnational 
campaign + subnational 

routine† 
 

Strategy 2, subnational 
campaign + national 

routine‡ 
 

Strategy 3, national 
routine§ 

Govt Soc Govt Soc Govt Soc 
Discounted healthcare costs 
averted through vaccination 

10 5.3M 55.8M  8.5M 90.1M  5.7M 60.1M 
20 7.1M 75.1M  12.7M 134.8M  9.9M 104.8M 

Deterministic ICER: cost per 
DALY averted 

10 892 23  955 60  1,066 126 
20 981 94  1,053 143  1,149 208 

Deterministic ICER: cost per 
case averted 

10 9,046 230  9,710 609  10,888 1,283 
20 9,964 958  10,720 1,458  11,733 2,128 

Deterministic ICER: cost per 
death averted 

10 45,230 1,148  48,549 3,045  54,441 6,413 
20 49,819 4,790  53,601 7,290  58,667 10,640 

Probabilistic ICER: cost per 
DALY averted, mean (95% 
CI) 

10 991 (358–
2,272) 

173 (–632 
to 1,719) 

 1,351 (453–
3,469) 

196 (–501 
to 2,614) 

 1,374 (439–
3,557) 

445 (–644 
to 2,430) 

20 1,198 (444 
to 2,807) 

307 (–538 
to 1,971) 

 1,249 (352 
to 2,684) 

377 (–593 
to 2,520) 

 1,394 (559 
to 2,834) 

560 (–475 
to 2,879) 

*Values are in US dollars. DALY, disability-adjusted life year; ICER, incremental cost-effectiveness ratio; govt, governmental costs; soc, societal costs. 
†Subnational 1-time immunization campaign for children <15 years of age and subnational routine immunization for 9-month-old children. The subnational 
approach focuses on 3 divisions with a high number of JE cases: Rangpur, Rajshahi, and Chattogram. 
‡Subnational 1-time immunization campaign and national routine immunization. 
§National routine immunization only. 
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 $11,733/case averted, and $58,667/death averted 
from a governmental perspective (Table 4). Thus, S3 
was the least cost-effective among the 3 vaccination 
strategies (Appendix Table, https://wwwnc.cdc.
gov/EID/article/30/12/23-1657-App1.pdf). 

One-way sensitivity analysis results (shown as 
tornado plots) identified the parameters most influ-
encing cost/DALY averted (Figures 2, 3). The stron-
gest cost drivers from the societal perspective were 
symptomatic JE incidence, vaccine efficacy, sequelae 
incidence, and sequelae costs. From the governmen-
tal perspective, the strongest cost drivers were case-
fatality rate, symptomatic JE incidence, vaccine ef-
ficacy, and sequelae incidence. When these key cost 
drivers were adjusted higher or lower, ICERs varied 
from negative (cost saving) values to the highest value 
of US $1,420/DALY for S1, $1,521/DALY for S2, and 
$1,655/DALY for S3 from the governmental perspec-
tive; social perspectives produce lower ICERs. Maxi-
mum ICERs corresponded to 53% of the Bangladesh 
GDP per capita for S1, 57% for S2, and 62% for S3. 

When we varied all parameters in their distribu-
tion for the probabilistic sensitivity analysis, our re-
sults were robust. Probabilistic ICERs were close to 
deterministic ICERs (Table 4). We performed 10,000 
simulations to calculate incremental costs and DALYs 
averted in which we randomly selected all model pa-

rameters from their distribution (Figure 4). In many 
simulations, the subnational campaign (S1) and na-
tional routine immunization (S2) were cost-saving 
from the societal perspective through 20 birth co-
horts. When we compared ICER results with poten-
tial willingness-to-pay thresholds in Bangladesh, we 
projected that the S1 vaccination strategy of subna-
tional campaign plus subnational routine immuni-
zation from the societal perspective over 20 birth 
cohorts would be considered cost-effective in 99% of 
simulations at a willingness-to-pay threshold of US 
$2,400/DALY averted, which is <1 times GDP per 
capita (Figure 5). 

Discussion
Our findings show that introducing CD-JEV vacci-
nation could avert JE cases and deaths and improve 
the quality of life for the at-risk population in Ban-
gladesh. In addition, we show that vaccine program 
costs are offset by large cost savings from healthcare 
services and costs to families. CD-JEV appears to be 
cost-effective because ICERs were approximately one 
third GDP per capita, regardless of vaccination strat-
egy or cost perspective. 

Our projection was robust in deterministic and 
probabilistic analyses in which we varied model pa-
rameters to account for uncertainties. We applied a 
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Figure 2. Societal perspective for 1-way sensitivity analysis of key cost drivers for cost per DALY averted with strategy 1 in cost-
effectiveness analysis of JE vaccination for children <15 years of age, Bangladesh. Strategy 1 consisted of a subnational 1-time 
immunization campaign for children <15 years of age and subnational routine immunization for 9-month-old children over 20 birth 
cohorts. The subnational approach focuses on 3 divisions with a high number of JE cases: Rangpur, Rajshahi, and Chattogram. Values 
are US dollars. JE, Japanese encephalitis virus.

https://wwwnc.cdc.gov/EID/article/30/12/23-1657-App1.pdf
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relatively conservative estimate of vaccine efficacy 
(86.3%), one of the key drivers of cost/DALY avert-
ed. Estimates in the literature report a higher vaccine 
efficacy of 93% based on pooled odds ratios from 5 
case–control studies evaluating the effectiveness of a 
live attenuated SA14-14-2 JE vaccine (10). We evalu-
ated the potential impact of higher vaccine efficacy 
(up to 98%) through sensitivity analysis with ICER 
results ranging from cost saving to US $1,260/DALY 
averted. Varying input parameters across their uncer-
tainty ranges still showed robust evidence of cost-ef-
fectiveness with the maximum ICERs corresponding 
to 52%–62% GDP per capita. Without an established 

cost-effectiveness threshold in Bangladesh, CD-JEV 
vaccination is projected to be 99% cost-effective at a 
willingness-to-pay level of <US $2,676 or 1 GDP per 
capita and is projected to be 100% cost-effective at 1–3 
times GDP per capita willingness-to-pay. 

The large difference between governmental- and 
societal-perspective ICERs (US $892–$981 vs. $23–$94/
DALY averted) in our analysis reflects that the cost of 
JE illness in Bangladesh is borne largely by patients and 
their families (18). Our findings on the cost-effectiveness 
of CD-JEV immunization is similar to other studies 
(26,29–31,42). However, the burden of disease borne 
by families, reflected by differences in governmental 
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Figure 4. Societal perspective 
for probabilistic results of key 
cost drivers for cost per DALY 
averted with strategy 1 in cost-
effectiveness analysis of JE 
vaccination for children <15 years 
of age, Bangladesh. Strategy 
1 consisted of a subnational 
1-time immunization campaign 
for children <15 years of age and 
subnational routine immunization 
for 9-month-old children over 20 
birth cohorts. The subnational 
approach focuses on 3 divisions 
with a high number of JE 
cases: Rangpur, Rajshahi, 
and Chattogram. Values are 
US dollars. JE, Japanese 
encephalitis virus.

Figure 3. Governmental perspective for 1-way sensitivity analysis of key cost drivers for cost per DALY averted with strategy 1 in 
cost-effectiveness analysis of JE vaccination for children <15 years of age, Bangladesh. Strategy 1 consisted of a subnational 1-time 
immunization campaign for children <15 years of age and subnational routine immunization for 9-month-old children over 20 birth 
cohorts. The subnational approach focuses on 3 divisions with a high number of JE cases: Rangpur, Rajshahi, and Chattogram. Values 
are US dollars. JE, Japanese encephalitis virus.
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and societal ICERs, is more substantial in Bangladesh, 
where governmental:societal ICER ratio is >10:1, than in 
Indonesia, where the ratio is ≈2:1 (27), or the Philippines, 
where the ratio varies from 4:1 to 9:1 (30). 

A limitation of our study was lack of epidemiolog-
ic evidence for JE incidence in Bangladesh. We used 
the symptomatic JE incidence of 2.5 cases/100,000 
persons <15 years of age sourced from a systematic 
review of studies from many countries, including 
Bangladesh (31). However, the data are from 2011 
and might not reflect the most current JE status in the 
country. In the sensitivity analysis, we used a differ-
ent source of incidence, taken from a modeling study 
in 2014 based on a range of incidence across divisions 
in Bangladesh (1.75–5.89/100,000 persons <15 years 
of age) (36). Our analysis might have underestimated 
the true number of JE cases, because numerous en-
cephalitis patients never participated in the hospital-
based surveillance program because of long distance 
(43), limited access to healthcare services in rural Ban-
gladesh (44), or unwillingness to receive care from 
hospitals (45). Furthermore, we depended on expert 
guidance for our vaccine coverage rate in the absence 
of available evidence. Nevertheless, in a country like 
Bangladesh, where there is scant evidence available 
on incidence, outcomes, and costs associated with JE, 
our study can contribute to introducing and expand-
ing the JE vaccine program. 

Our study provided evidence of CD-JEV cost-
effectiveness for different vaccination strategies and 
supports value-based decision-making for JE vaccine 
introduction in Bangladesh. We project that subnation-
al or national routine immunization, combined with a 

one-time subnational introductory campaign, would be 
more cost-effective than national routine immunization 
alone. That projection aligns with the WHO position 
that the most effective JE vaccine introduction strategy 
is a one-time campaign followed by adding JE vaccina-
tion to routine immunization practices (4). Both S1 and 
S2 vaccination strategies were cost-effective with maxi-
mum ICERs at the WTP level of ≈50% of GDP per capi-
ta. A 10-year vaccination program using the S2 strategy 
could, at a cost of an additional US $38 million, immu-
nize >15 million more children than the S1 strategy.

Our study adds more evidence on the cost-ef-
fectiveness of CD-JEV in general and provides cost-
effectiveness data on the various vaccination strate-
gies. These findings have strong policy implications 
in Bangladesh, where policymakers are considering 
JE-vaccine introduction, and will help determine 
resource availability and introduction strategies to 
maximize public health impact from and cost-effec-
tiveness of CD-JEV. 
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Visceral leishmaniasis (VL), caused by Leish-
mania donovani, is transmitted by Phlebotomus 

argentipes on the Indian subcontinent. Depend-
ing on the geographic region of India, 2 different 
epidemiologic cycles sustain VL: a zoonotic cycle 
(Leishmania infantum), in which dogs are the pri-
mary reservoir, and an anthroponotic cycle (L. 
donovani). Active case detection and indoor re-
sidual spraying programs have reduced phleboto-
mine sand fly populations and have been linked 
to substantial declines in VL incidence across 

India (1). Although indoor residual spraying  
campaigns have made considerable progress in re-
ducing VL in India, Nepal, and Bangladesh, and 
elimination was validated in Nepal and Bangla-
desh in 2020, India remains endemic and has per-
sistent areas of infection in Uttar Pradesh and Bihar 
districts. The World Health Organization is formu-
lating 2030 targets to identify knowledge gaps and 
sustain elimination of the disease, simulating inter-
ventional impact—including early outbreak identi-
fication—to impede or avoid VL spread (2,3). Both 
elimination goals and maintenance of validated 
elimination would be at risk if nonhuman sources 
of infection were found. Current elimination strate-
gies in India do not target nonhuman sources of VL.

We theorized that indoor residual spraying 
might have altered P. argentipes behavior from en-
dophilic to exophilic patterns. In fact, some reports 
have shown P. argentipes to feed indiscriminately on 
multiple mammalian hosts, particularly cattle and 
dogs (4,5). However, cattle, goats, and buffalo were 
not hosts for L. donovani (6). Although the role of dogs 
in L. donovani transmission remains unclear, canine 
reservoirs are well accepted as a major source of zoo-
notic transmission to maintain periurban and rural 
L. infantum infection (7). On the Indian subcontinent, 
health officials reconsidered nonhuman transmission 
of Leishmania spp. parasites after detection of Leish-
mania antibodies and Leishmania-specific DNA was 
demonstrated from livestock (8,9). L. donovani DNA 
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Visceral leishmaniasis derived from Leishmania don-
ovani is transmitted by sand flies (Phlebotomus argen-
tipes) throughout the Indian subcontinent. Although 
considered anthroponotic, L. donovani infects other 
mammals susceptible to sand fly bites, including dogs. 
Aggressive strategies to reduce sand fly populations in 
India have led to flies seeking nonhuman hosts, so un-
derstanding the role of dogs in L. donovani transmission 
has become critical. Our study investigated L. donovani 
infection in dogs and the potential for such infections to 
be transmitted back to sand flies. We performed xeno-
diagnosis by using P. argentipes on dogs (n = 73) with 
quantitative PCR–detectible parasitemia in both endemic 
and outbreak villages. We found that 12% (9/73) of dogs 
were infectious to sand flies during winter and rainy sea-
sons. Patients with visceral leishmaniasis remain prima-
ry sources of L. donovani transmission, but our findings 
suggest a possible link between canine infection and hu-
man exposure.

http://www.cdc.gov/eid
http://doi.org/10.3201/eid3012.240649


Dogs as Reservoirs for Leishmania donovani, India

was detected in the blood of village dogs, goats, and 
cows from India and Bangladesh, suggesting L. don-
ovani infection (8–11). We investigated the potential 
role of dogs in the ecology of L. donovani on the In-
dian subcontinent, particularly whether dogs were 
capable hosts for transmission of L. donovani parasites 
to P. argentipes sand flies.

Materials and Methods

Selection of Study Area and Epidemiologic Database
This study included 15 villages in the Muzaffarpur 
district (26.07°N, 85.45°E) of the state of Bihar, In-
dia, with endemic VL (12). Sampled villages had 
active Leishmania transmission during 2017–2022. 
Temperatures in Muzaffarpur range from 14°C 
during December–January to 32°C during April–

May, and the average annual precipitation is ≈1,300 
mm during the monsoon season during late June–
September. We selected villages with active trans-
mission based on VL history determined by the 
Health and Demographic Surveillance System (13) 
and Kala-azar Management Information System 
(14) (Figure 1).

Sampling Procedures
We found that in endemic villages, dogs roamed near 
households without shelter, exposing them to harsh 
weather, and dogs often were malnourished. We sur-
veilled the canine population and captured 10% of 
dogs across seasons. We captured mixed-breed male 
and female dogs, typically 1–4 years of age, based 
on physical appearance of illness and requested re-
cruiters to seek out “sick” dogs for the study. We  
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Figure 1. Locations of study villages and 5-year incidence of VL in a study of dogs as reservoirs for Leishmania donovani, Bihar, India, 
2018–2022. A) Map of India showing Bihar; B) Bihar detail showing Muzaffarpur district study area; C) detail of sampling locations and 
VL cases, Muzaffarpur district. Geographic information system locations of study sampling sites calculated from a latitude-longitude 
application. Map produced using QGIS software version 3.30.3 (https://qgis.org) with open-access shapefile (https://onlinemaps.
surveyofindia.gov.in). KAMRC, Kala-Azar Medical Research Center.
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anesthetized dogs intravenously with Dexdomitor 
(Zoetis Inc., https://www.zoetisus.com) and reversed  
anesthetic effects with Antesedan (Zoetis Inc.), ac-
cording to estimated bodyweight. We obtained 
physical exams and history, when available. We as-
sessed disease state based on physical signs of canine 
leishmaniosis (CanL), including lymphadenopathy, 
anemia, dermatitis, and rough hair coat (15), and 
scored each dog on a 5-scale basis (i.e., number of 
clinical signs). We administered rabies vaccine to all 
dogs sampled. We collected blood samples in ethyl-
enediaminetetraacetic acid vials and m-tube vials, 
transported samples on ice packs, and then aliquoted 
and stored samples at −20°C for serologic and mo-
lecular assays (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/30/12/24-0649-App1.pdf). We 
performed xenodiagnosis by using laboratory-reared 
P. argentipes sand flies on 73 dogs from 15 villages in 
the Muzaffarpur district.

Preparation of Sand Flies for Xenodiagnosis
We used P. argentipes sand flies from a closed, certi-
fied, pathogen-free colony for xenodiagnoses, as pre-
viously described (16,17). We loaded 30–35 mature (3- 
to 5-days-old), 12-hours-starved P. argentipes female 
flies plus 10 males into feeding cups.

Xenodiagnosis on Dogs
We assessed infectiousness of dogs in endemic vil-
lages by direct feeding of P. argentipes on the ani-
mals (xenodiagnosis) (6,7). We placed feeding cups 
on the ears and inguinal areas of sedated dogs for 
30 minutes. We performed xenodiagnosis under lo-
cal environmental conditions. We transferred blood-
engorged females to 1-pint cups and kept them in an 
environmental chamber at 27°C and 80% humidity 
for 48 hours with access to a 30% sugar solution. We 
stored flies in 70% ethanol for processing.

DNA Extraction from Whole Blood and  
Blood-Fed Sand Flies
We extracted DNA from whole blood by using 
QIAamp DNA Blood Mini Kit (QIAGEN, http://
www.qiagen.com), according to manufacturer’s 
instructions. We extracted DNA from individual 
blood-fed sand flies by using Gentra Puregene Tis-
sue DNA Extraction Kit (QIAGEN), optimized for 
individual sand flies (7) and endemic site (6). We 
assessed DNA quality by using Nanodrop Spectro-
photometer (Thermo Scientific, https://www.ther-
mofisher.com). We used DNA samples with 260/280 
ratio 1.8–2.0 and 260/230 ratio >1.5 for real-time 
quantitative PCR (qPCR).

qPCR
We performed quantification of parasites in whole 
blood and blood-fed flies by qPCR. We ran TaqMan-
based qPCR on each DNA sample in duplicate on 
an Applied Biosystems 7500 Real-Time PCR system 
(Thermo Fisher Scientific) to amplify an L. donovani 
kinetoplast minicircle kDNA4 target with forward 
primer (4GGGTGCAGAAATCCCGTTCA), reverse 
primer (4 CCCGGCCCTATTTTACACCA), and probe 
(ACCCCCAGTTTCCCGCCCCG) (6,17). We used  
nuclease-free water (Thermo Fisher Scientific) and 
blood DNA from nonendemic healthy control dogs 
and DNA from pooled uninfected laboratory-reared 
P. argentipes as negative controls. We calculated quan-
tification of parasite equivalents in test samples by 
using a standard curve generated from DNA from 
healthy human blood and uninfected sand flies spiked 
with a serial dilution of cultured Leishmania spp. par-
asites run in parallel to each set of test samples, as 
previously described (18). We considered PCR cycle 
threshold cutoff to be >35 for negative for blood and 
tissue. For sand flies, we considered a stringent cycle 
threshold >30 to be xenodiagnosis negative (6,7).

Recombinant K39 Antigen ELISA
To measure antibodies in dog serum against recom-
binant K-39 (rK39) antigen, we coated 25 ng/well of 
rK39 antigen to 96-well, flat-bottom microtiter plates 
in coating buffer (0.1 mol carbonate-bicarbonate buf-
fer, pH 9.6) and incubated samples overnight at 
4°C. We blocked the plates with blocking buffer (1% 
bovine serum albumin in 0.05 mol phosphate buf-
fer) at 25°C for 2 hours. We then added 100 μL of se-
rum samples (1:200 dilution) to the plates and in-
cubated plates at 25°C for 30 minutes. We assayed 
each sample in duplicate. We washed the plates with  
phosphate-buffered saline (pH 7.4) containing 0.1% 
Tween 20 (Sigma-Aldrich, https://www.sigmaaldrich.
com). We used rabbit anti-dog IgG peroxidase conju-
gated secondary antibody (1:4,000 dilution, Sigma-Al-
drich) with o-phenylenediamine dihydrochloride for 
15 minutes and measured optical density at 490 nm (7). 
We used serum from infected dogs with CanL as assay-
positive controls (C.A. Petersen, unpub. data).

Statistical Analyses
We determined cutoff values for positive serology 
by adding 2 standard deviations to the mean optical 
density of canine-negative control sera (C.A. Peters-
en, unpub. data). We determined Leishmania spp. ex-
posure prevalence based on rK39 ELISA. We assessed 
normality of data by using the D’Agostino-Pearson 
test. For comparisons between subjects or groups, 
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we performed Mann-Whitney test or Fisher exact 
test. When appropriate, we used Kruskal-Wallis with 
Dunn’s posttest for multiple comparisons.

Results
In L. infantum–endemic areas with vector transmis-
sion, 67%–80% of dogs had Leishmania antibodies or 
were positive for Leishmania DNA by qPCR, but char-
acteristic of the ratio of asymptomatic to symptomatic 
disease, some dogs that had no outward clinical signs 
of CanL were infectious to sand flies (19). As we re-
ported in a prior study, domestic cattle, goats, buffa-
lo, and rodents were exposed to L. donovani parasites 
as evidenced by seropositivity on rK39 ELISA but 
did not show evidence of clinical infection and were 
not infectious to sand flies (6). To establish whether 
dogs had active infection or disease after exposure 
to L. donovani, we used physical and clinicopatho-
logic examination, reinforced by diagnostic param-
eters, to evaluate dogs for their clinical status in an  
L. donovani–endemic area in Bihar, India. We ana-
lyzed parasitemia by qPCR and Leishmania serology 
by using blood from village dogs. We included 73 
dogs in this study (Table). 

Despite asking for “sick dogs,” we classified 60% 
(44/73) of the dogs as subclinical and the other 40% 
(29/73) as clinical (i.e., >2 physical signs of CanL). 
Among subclinical dogs, 9% (4/44) were Leishmania-
positive by blood qPCR (Figure 2, panel A). We de-
termined that 21% (6/29) of clinically affected dogs 
had detectable parasitemia (Figure 2, panel B) (Fisher 
exact test p = 0.18). Thirty percent (13/44) of subclini-
cal dogs had Leishmania antibodies via rK39 ELISA 
(Figure 2, panel C), and 76% (22/29) of dogs with 
clinical signs consistent with CanL were seropositive 
for Leishmania antibodies (Figure 2, panel D) (Fisher 
exact test p = 0.0001). Only 5% (2/44) of subclinical 
dogs were qPCR and ELISA positive (Figure 2, panel 
E); 14% (4/29) of clinical dogs were positive by both 
qPCR and rK39 ELISA (Figure 2, panel F) (Fisher ex-
act test p = 0.21). Dogs from VL-endemic villages in 

Bihar with clinical signs consistent with CanL were 
>2 times more likely to have been exposed to Leish-
mania parasites as demonstrated by rK39 ELISA and 
3 times more likely to have either been exposed or 
demonstrated parasitemia with L. donovani than other 
dogs from the same villages.

Temperature and rainfall (humidity) can play a 
crucial role in vector emergence and survival, directly 
affecting transmission of Leishmania spp. (15). Bihar 
has 3 distinct seasons with different temperatures and 
humidity. Research has documented seasonal differ-
ences in human VL incidence, and most transmission 
occurs in the rainy season (20). To better understand 
the timing of L. donovani parasite transmission to and 
from dogs, we assessed both parasitemia level and 
rK39 antibody production in dogs across seasons: 
summer (n = 16), rainy (n = 47), and winter (n = 10) (Ta-
ble). We found qPCR-confirmed L. donovani–positive  
dogs during only the rainy season. The difference be-
tween the rainy season and winter was not statisti-
cally significant (Fisher exact test p = 0.18), but the 
difference between the rainy season and summer was 
significant (Fisher exact test p = 0.05) (Figure 3). By 
comparison, we found no seasonal pattern for Leish-
mania rK39 antibody levels in endemic-village dogs.

L. infantum–infected dogs transmit parasites from 
skin to naive sand flies, and some evidence shows that 
clinically apparent dogs with anemia can be infec-
tious (7,19,21). Popular understanding of L. donovani 
qualifies the species as anthroponotic and no previ-
ous evidence indicates dogs as a parasite source to P. 
argentipes sand flies. In performing xenodiagnosis on 
73 dogs across villages endemic for VL (Figure 1), we 
found positive results from dogs with clinical signs 
consistent with leishmaniosis. Dogs with clinically 
observed signs of disease (CanL) provided a signifi-
cantly higher average number of Leishmania-positive 
sand flies per dog than from dogs with <2 clinical 
signs of disease (p = 0.02) (Figure 4, panel A,B). A 
significantly higher percentage of sand flies fed on 
dogs with clinical signs consistent with CanL took up 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 12, December 2024 2607

 
Table. Canine diagnostic test outcomes and sand fly qPCR positivity after xenodiagnosis in a study of dogs as reservoirs for 
Leishmania donovani, Bihar, India, 2018–2022* 

Clinical signs 
Diagnostic test 

results 
No. CanL-positive dogs/no. dogs  No. qPCR-positive fed sand flies/no. dogs 
Summer Rainy Winter  Summer Rainy Winter 

Total no. (%), n = 73 NA 16 (22) 47 (64) 10 (14)  16 (22) 47 (64) 10 (14) 
No CanL clinical signs, n = 44 qPCR–, ELISA– 7/9 17/30 5/5  0 5/2 1/1 

qPCR+, ELISA– 0 2/30 0  0 0 0 
qPCR–, ELISA+ 2/9 9/30 0  0 0 0 
qPCR+, ELISA+ 0 2/30 0  0 0 0 

CanL clinical signs, n = 29 qPCR–, ELISA– 2/7 0 3/5  0 0 9/2 
qPCR+, ELISA– 0 2/17 0  0 0 0 
qPCR–, ELISA+ 5/7 11/17 2/5  0 9/2 8/2 
qPCR+, ELISA+ 0 4/17 0  0 0 0 

*CanL, canine leishmaniosis; NA, not applicable; qPCR, quantitative PCR; +, positive; –, negative. 
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parasites (mean ≈3% of all fed sand flies) compared 
with those fed on subclinical dogs (mean ≈0.3% of fed 
sand flies, p = 0.02) (Figure 4, panel B,C). The aver-
age parasite burden among flies containing a blood-
meal after feeding on dogs with clinical signs of CanL 
was significantly higher than the comparative aver-
age burden of parasites from blood-fed flies after xe-
nodiagnosis on dogs without physical abnormalities  

(p = 0.03) (Figure 4, panel D). That finding is within 
the range of findings from patients with VL in previ-
ous studies (22,23).

We found that dogs showing signs of CanL had 
a higher rate of seroreactivity to Leishmania rK39 an-
tigen, indicating previous exposure to the parasite. 
Dogs with signs of disease were better able to trans-
mit parasites to sand flies. Pathogenesis of CanL and 
VL is widely believed to be secondary to antigen 
or antibody complexes and can be correlated with 
Leishmania antibody serologic levels (24). On the ba-
sis of this assumed correlation, we evaluated wheth-
er transmission from Bihar village dogs to sand flies 
would correlate with the presence of positive rK39 
ELISA. We found that seropositive and seronegative 
dogs were similarly infectious to sand flies (Appen-
dix Figure 2, panel A). We observed no significant 
difference in parasite uptake, percent positivity of 
sand flies, or average parasite burden within sand 
flies fed on rK39-seropositive versus rK39-seroneg-
ative dogs, indicating that parasite exposure (i.e., 
rK39 seropositivity) did not predict infectiousness 
to sand flies.

Sand flies emerge during the rainy season, after 
the dry, hot summer, hungry and looking for blood 
meals (20). We found that dogs had higher parasit-
emia during the rainy season. Therefore, we wanted 
to test whether canine infectiousness was influenced 
by season. Sand flies that fed on dogs during rainy 
and winter seasons were positive for L. donovani 
kDNA as confirmed by qPCR (Figure 5). No dogs 
were infectious to sand flies via xenodiagnosis during 
summer (Figure 5, panel A). The percentage of sand 
flies positive for Leishmania DNA was highest during 
winter (Figure 5, panel B). Per dog, the average para-
site burden in fed sand flies was higher in winter than 
in the rainy season (Figure 5, panel D). We noted that 
50% (5/10) of parasite-positive sand flies were fed 
during winter, a rate higher than that for sand flies 
fed on dogs in the rainy season, 13% (4/30). Across 
both the rainy and winter seasons, 46% (6/13) of dogs 
with clinical signs were infectious to sand flies and 
only 11% (3/37) of subclinical dogs were infectious 
to sand flies (Figure 5, panel E). Our data revealed 
that canine infectiousness was associated with clini-
cal disease, regardless of clinical classification or how 
infection was detected.

Discussion
We investigated canine exposure to L. donovani para-
sites in Bihar, India, and performed xenodiagnosis to 
explore the role of dogs in transmitting parasites to 
sand flies. Published literature regarding L. donovani 
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Figure 2. Seropositivity among endemic dogs with clinical signs 
consistent with CanL from the Muzaffarpur district in a study of 
dogs as reservoirs for Leishmania donovani, Bihar, India, 2018–
2022. A,C,E) Results from subclinical (healthy) dogs; B,D,F) 
results from dogs with >2 clinical signs of CanL. Percentage of 
positive (black) versus negative (white) results by kinetoplastid-
targeted qPCR or by rK39 ELISA are shown. E,F) Percentage 
of dogs with single-positive or double-positive diagnostic status 
among subclinical dogs (E) and clinical dogs (F). Statistical 
significance between subclinical and clinical groups measured by 
Fisher exact test. CanL, canine leishmaniosis; qPCR, quantitative 
PCR; +, positive; −, negative.

http://www.cdc.gov/eid


Dogs as Reservoirs for Leishmania donovani, India

parasites suggests that the species is strictly anthro-
ponotic on the Indian subcontinent, but studies have 
reported seropositivity in nonhuman mammals (6). 
Leishmania spp. are a parasite of sand flies, which 
serve as vessels where parasite meiosis occurs (25). 
Sand fly blood meal analyses in Bihar and elsewhere 
revealed that 10%–25% of sand flies took blood from 
dogs (5). Although controversial, the fact that dogs 
can be infected by and be a source of L. donovani para-
sites may not be surprising based on the ecology of L. 
donovani–complex parasites globally.

In our study, prevalence of L. donovani parasite 
exposure was high (45%, 35/73) in endemic dogs, 
consistent with other serologic studies of dogs (9,11). 
Sand fly abundance is highly influenced by seasonal-
ity. Previous studies showed that sand flies emerge 
and are most abundant during the rainy season (20), 
and that the highest proportion of gravid females and 
highest parasitic loads were found in summer (20,26). 
We found the highest canine seropositivity in sum-
mer, perhaps due to significantly more parasitized 
sand flies and gravid females feeding in preparation 
of egg laying.

Quantitative serology is a sensitive tool for CanL 
surveillance and positive serology has previously 
been correlated with presence of clinical signs (27). 
We found that 76% (22/29) of dogs with signs con-
sistent with CanL were seropositive for L. donovani 
antibodies. Our analyses revealed that 55% (5/9) of 
seronegative dogs were infectious to P. argentipes 
sand flies, a finding consistent with previous study 

results showing that 27.4% of seronegative dogs had 
L. infantum infection (28). We did not observe a cor-
relation between the serostatus of dogs and their rela-
tive infectiousness to P. argentipes sand flies. Dogs 
with subclinical infections typically remain healthy 
for many years due to effective cell-mediated immu-
nity (7). We performed molecular diagnostic tests to 
detect Leishmania DNA in dog blood. We detected 
low parasitemia from dogs during the rainy season. 
Conversely, we could not detect Leishmania DNA in 
dog blood from summer or winter. L. infantum DNA 
has been shown to rise over time in dogs, depending 
on disease presentation, bone marrow parasite load, 
and renal disease severity, often impacted by other 
comorbid diseases (7,21). Only after parasite burden 
increases in the bone marrow or dogs have advanced 
renal disease do they become consistently parasit-
emic. (7,21) Previous studies have revealed that after 
peak Leishmania parasite transmission season, be-
cause of the presence of many infectious sand flies, 
parasite DNA could be present in domestic mammals 
in proximity to humans (6).

Detection of PCR positivity does not dictate 
that dogs are critical for the life cycle of L. donovani 
parasites in India. Sand flies are telmophages that 
feed after skin laceration, so dermal parasite bur-
den might be an important factor. Xenodiagnosis 
studies on patients with post-kala-azar dermal 
leishmaniasis (PKDL, a dermal leishmaniasis that 
manifests after VL as macular, papular, or nodu-
lar rash that usually appears on face, upper arms, 
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Figure 3. Plot of dogs with 
detectable parasitemia during 
the rainy season from villages 
in the Muzaffarpur district in a 
study of dogs as reservoirs for 
Leishmania donovani, Bihar, 
India, 2018–2022. Lower level 
of whiskers indicate mean, 
upper level indicates standard 
deviation. A) Parasitemia 
measured by quantitative PCR 
of whole blood DNA. Statistical 
significance between different 
seasons (shown above diamond 
bars) measured by Fisher exact 
test. B) Leishmania rK39 ELISA 
absorbance ratio detected 
from canine serum. Dotted line 
indicates OD cutoff. Kruskal-
Wallis with Dunn’s posttest was 
performed, but no statistically 
significant differences were 
found for B. OD, optical density. 
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and trunk [2]) revealed that parasitemia was very 
low, and no significant correlation was observed 
between dermal parasitic load and parasitemia. 
(17) Despite low parasitemia, 88% (23/26) of pa-
tients with PKDL transmitted parasites to at least 1 
sand fly (17). Parasitemia, therefore, is not always 
the best predictor of a host’s outward transmis-
sion (29). Research has demonstrated L. infantum 
parasites to be especially dermotrophic, and skin-
parasite burden is highly correlated with parasite 
transmission to sand flies (19). 

In our study, the proportion of dogs that trans-
mitted L. donovani parasites to at least 1 sand fly 
was 12% (9/73), much lower than transmitted by 
dogs with active CanL due to L. infantum (58%, 
15/26) (30). Our 12% finding is also lower than 

results from more recent xenodiagnosis studies in 
patients with nodular (67%, 18/27) and macular 
(35%, 9/27) PKDL and in patients with VL (67%, 
10/15) in Bangladesh (22). In contrast, none of the 
184 asymptomatic enrolled participants in a study 
population in Bihar, India were infectious to sand 
flies (17). Our data revealed sand flies were posi-
tive for kDNA qPCR after being fed on subclinical 
dogs (n = 3), but with a low resultant sand fly para-
site load. Despite that finding, we theorize that low 
infectiousness of multiple village dogs could affect 
L. donovani parasite transmission and potentially be 
an outbreak source, particularly if canine parasito-
logic status remains stable and the number of indi-
vidual infected dogs accumulates over time.

Our xenodiagnosis investigation showed that 
most fed sand flies acquired <100 parasites. Another 
study showed that a subsequent blood meal great-
ly augmented sand fly infectiousness (31), observ-
ing that sand flies acquired a larger burden (>100) 
of Leishmania amastigotes from a second feeding. In 
our experiments, we assessed only the presence of L. 
donovani parasites during the early stages of devel-
opment in the vector 48 hours after 1 experimental 
blood meal. A relatively small number of parasites 
acquired by sand flies after feeding on infected dogs 
might be able to survive and replicate in the gut of 
the vector after a second blood meal. The Leishma-
nia life cycle within the sand fly takes ≈8–10 days to 
reach stationary phase growth. Extending the post-
xenodiagnosis time for parasite replication to the 
metacyclic stage would verify whether parasites can 
then be transmitted to humans. Such verification 
requires additional studies to understand outgoing 
sand fly infectiousness and the effect of >1 blood 
meal on infectious dogs.

Xenodiagnosis on livestock and rodents in en-
demic villages of Bihar indicated that those animals 
were exposed to Leishmania parasites but had a lim-
ited or no role in the spread of infection (6). Pres-
ence of rK39 antibodies with supporting Leishmania 
DNA–specific PCR from blood and blood-fed sand 
flies suggests that even though multiple domestic 
animal species are exposed to L. donovani after infec-
tious sand fly bites, only dogs, known to be notewor-
thy reservoir species for other L. donovani complex 
spp., were infectious to sand flies. Our data suggest 
that, unlike livestock or rodents, dogs are infectious 
to sand flies and present a risk for outbreak infec-
tions in areas where human disease elimination has 
been established in India. Dogs have been implicated 
as a bridge between the sylvatic cycle of Leishmania 
to persons. A study of the emergence of L. infantum–
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Figure 4. Plot of parasite load in sand flies in a study of dogs as 
reservoirs for Leishmania donovani, Bihar, India, 2018–2022. 
Plots show higher transmission and parasite load in sand flies 
fed on dogs with signs consistent with CanL in the Muzaffarpur 
district. A) Number of parasite DNA–positive sand flies obtained 
from each dog undergoing xenodiagnosis by qPCR. B) Parasite 
load calculated within individual L. donovani qPCR-positive 
sand flies. C) Percent positive sand flies out of total number of 
sand flies fed per dog. D) Average parasite burden of blood-fed 
sand flies per canine subject. Data for healthy, subclinical dogs 
depicted with white dots. Data for dogs with CanL clinical signs 
depicted with black dots. Lower lever of whiskers indicate mean, 
upper level indicates standard deviation. Statistical results by 
Mann-Whitney test shown above diamond bars. CanL, canine 
leishmaniosis; CL, CanL clinical signs; SC, subclinical (i.e., 
healthy) dogs; SF, sand fly.
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based CanL in Israel indicated a high prevalence of 
infected dogs, in the presence of a competent vector 
species, which led to the onset of parasite transmis-
sion to humans in the area (1). 

In conclusion, identifying and establishing the 
role of dogs in the ecology of L. donovani by in-
vestigating the extent to which they contribute to 

disease transmission is critical. Increased under-
standing of a causal link between infected dogs and 
humans—or vice versa (reverse zoonoses)—can be 
garnered through additional epidemiologic studies. 
Research has shown effective prevention of para-
site transmission from dogs to sand flies through 
application of topical insecticides or insecticide- 
impregnated collars (32). Outbreak villages serve 
as ideal settings for natural experiments to assess 
topical insecticide interventions focused on pre-
venting transmission from infected dogs and sus-
taining the elimination efforts in India and wher-
ever L. donovani is endemic. Health officials should 
consider topical or oral insecticidal interventions 
that prevent sand fly feeding on dogs in epidemic 
villages to maintain elimination.
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Figure 5. Results of xenodiagnoses in a study of dogs as reservoirs 
for Leishmania donovani, Bihar, India, 2018–2022. Plots show dogs 
infect more sand flies in winter and transmit more parasites per 
sand fly during the rainy season. A) Number of positive sand flies; 
B) parasite load in xenodiagnosis-positive sand flies; C) percent 
positive sand flies fed on dogs; D) average parasite burden of fed 
sand flies; E) evaluation of infectiousness of dogs to sand flies 
by clinical classification and seasonal variation. Lower lever of 
whiskers indicate mean, upper level indicates standard deviation. 
Kruskal-Wallis test with Dunn’s post-test used to calculate statistical 
significance between groups (shown above diamond bars). CanL, 
canine leishmaniosis; CL, CanL clinical signs; SC, subclinical (i.e., 
healthy) dogs; SF, sand fly.
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Mpox, caused by monkeypox virus (MPXV), is 
a zoonotic infectious disease endemic to the 

Democratic Republic of the Congo (DRC) (1–3). In 
2022, rapid worldwide spread of MPXV clade IIb re-
sulted in >91,000 confirmed infections and prompt-
ed the World Health Organization to declare a pub-
lic health emergency of international concern (4). 
In DRC, incident cases quadrupled from 2021 to 
2023; during January 2023–July 2024, >28,000 sus-
pected cases were reported, and new introductions 
were recorded in neighboring Burundi, Rwanda, 
Kenya, and Uganda (5). In August 2024, a travel-
associated clade Ib case was reported in Sweden 
(6). In response to the expanding burden of mpox 
in 2024, the Africa Centres for Disease Control and 
Prevention declared a public health emergency of 
continental security (7) and the World Health Or-
ganization declared a public health emergency of 
international concern (4).

Despite deployment of a modified vaccinia  
Ankara-Bavarian Nordic vaccine (https://www.
bavarian-nordic.com) to many high- and middle- 

income countries, access mpox vaccine is not cur-
rently available for the general population in Africa. 
One vaccination model suggests that vaccination of 
80% of children <15 years of age in DRC would re-
sult in robust reductions in illness, death, and MPXV 
circulation (8). We conducted a survey to determine 
population attitudes towards and willingness to re-
ceive mpox vaccination in DRC.

The Study
For our cross-sectional analysis, we used data 
from a larger longitudinal telephone survey on  
COVID-19–related topics and vaccine hesitancy that 
began in 2022. The survey included participants 
from all 26 provinces in DRC and primarily target-
ed healthcare workers (HCWs). Participants were 
selected from historical telephone survey records of 
>10,000 persons. During December 2023–February  
2024, trained interviewers contacted 5,226 adult 
participants and administered surveys in Swahi-
li, French, Lingala, Kikongo, or Tshiluba. Survey 
questions addressed behavioral and social drivers 
of vaccination and attitudes toward introduction of 
new vaccines, including for mpox. Mpox vaccine 
acceptance was measured by asking participants 
about their interest in inclusion of an mpox vac-
cine in the national vaccination schedule. Response 
choices were yes, for adults, children, or both; no; 
and I do not know this disease (Appendix Table 1, 
https://wwwnc.cdc.gov/EID/article/30/12/24-
1226-App1.xlsx). We collapsed all yes responses for 
analysis. We assessed attitudes, vaccine acceptance 
by province, and sociodemographic characteristics 
via 5- or 3-level Likert scale questions and used a χ2 
test for significance (α = 0.05). 

Among respondents, 79.2% were male, 20.8% 
were female, and most (12.6%) were from Kwilu 
Province. Participant representation from urban or 
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We report general acceptance (61.0%) of an mpox vac-
cine in the Democratic Republic of the Congo among 
5,226 survey respondents. Healthcare workers and re-
spondents in historic mpox-endemic regions had higher 
acceptance rates. These data highlight the need for in-
creased community engagement and sensitization be-
fore widespread deployment of mpox vaccines.
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rural settings was roughly equivalent. Most (41.2%) 
respondents reported some college or university edu-
cation, and 55.5% identified as HCWs (Table).

Participants generally disagreed with the state-
ment that new vaccines carry more risks than old-
er vaccines. However, in 4 provinces, Sud Kivu, 
Nord Ubangi, Nord Kivu, and Lualaba, >50% of 
respondents agreed with or felt that greater risks 
exist with newer vaccines. Respondents generally 
agreed with the statement that information re-
ceived from the vaccination program was reliable 
and trustworthy. In Sankuru Province, 29.5% of re-
spondents felt neutral about the reliability of vac-
cine program information; the highest percentage 
of vaccine information distrust and disagreement 
with the statement were in Haut Katanga (7.6%) 
and Lomami (6.8%) Provinces (Figure 1; Appendix 
Table 2).

Nationally, 61.0% (95% CI 59.6%–62.4%) of re-
spondents expressed acceptance of an mpox vacci-
nation, 21.7% had no interest, and 17.3% reported no 
knowledge of mpox. At the province level, >80% of 
respondents from Kwango, Tshuapa, Nord Ubangi, 
Tanganyika, and Maniema reported vaccine ac-
ceptance. Sankuru had the lowest acceptance rates 
(19.9%; 95% CI 14.3%–26.6%) and highest percentage 
(57.4%; 95% CI 49.7%–64.8%) of participants reporting 
no mpox knowledge. In general, rates of mpox vac-
cine acceptance and mpox disease knowledge were 
not influenced by the history of mpox cases within 
the province (Figure 2).

Interest in an mpox vaccine varied signifi-
cantly by province (p<0.0001). When stratified by 
educational attainment, respondents with a high 
school diploma had much lower (49.8%; 95% CI 
47.3%–52.3%) acceptance of the mpox vaccine than 
other groups. Among reported occupations, HCWs 
had the highest acceptance rates (69.4%; 95% CI 
67.6%–71.1%). Respondents from rural locations in-
dicated greater mpox vaccine acceptance than their 
urban counterparts (64.4% vs. 57.7%; p<0.0001). 
Among 4,396 respondents who reported receiving 
a COVID-19 vaccine, 63.2% indicated mpox vaccine 
acceptance. In addition, persons without chronic 
conditions reported higher rates of mpox vaccine 
acceptance than persons with chronic conditions 
(62.2% vs. 51.0%) (Figure 3).

Conclusions
Given the ongoing mpox clade Ia and clade Ib out-
breaks in the DRC and identification of cases in ad-
jacent countries in Central Africa, introduction of a 
vaccine is increasingly needed. However, a paucity 

of information has been available regarding mpox 
knowledge and vaccine acceptance across DRC. We 
observed greater interest in mpox vaccine deploy-
ment among respondents from rural than urban 
locations. That finding could be explained by the 
historic mpox burden in DRC, where mpox cases 
 
Table. Characteristics of participants in a telephone phone 
survey about mpox vaccine acceptance conducted during 
December 2023–February 2024, Democratic Republic of the 
Congo* 
Characteristics Value, n = 5,226 
Median age (IQR) 42 (26–58) 
Sex 

 

 M 4,138 (79.2) 
 F 1,088 (20.8) 
Education level 

 

 Less than high school 359 (6.9) 
 Graduated high school 1,589 (30.4) 
 Some college 2,158 (41.3) 
 Bachelor or advanced degree 1,120 (21.4) 
Province 

 

 Maindombe 134 (2.6) 
 Kwango 183 (3.5) 
 Kwilu 657 (12.6) 
 Kongo Central 312 (6.0) 
 Equateur 162 (3.1) 
 Mongala 238 (4.6) 
 Tshuapa 63 (1.2) 
 Nord Ubangi 113 (2.2) 
 Sud Ubangi 91 (1.7) 
 Kasai Oriental 597 (11.4) 
 Sankuru 176 (3.4) 
 Lomami 192 (3.7) 
 Kasai 118 (2.3) 
 Kasai Central 87 (1.7) 
 Haut Katanga 331 (6.3) 
 Tanganyika 151 (2.9) 
 Haut Lomami 50 (1.0) 
 Lualaba 168 (3.2) 
 Kinshasa 251 (4.8) 
 Maniema 98 (1.9) 
 North Kivu 140 (2.7) 
 Bas Uele 246 (4.7) 
 Haut Uele 137 (2.6) 
 Ituri 239 (4.6) 
 Tshopo 144 (2.8) 
 Sud Kivu 148 (2.8) 
Geographic area 

 

 Urban 2,659 (50.9) 
 Rural 2,567 (49.1) 
Occupation 

 

 Healthcare worker 2,899 (55.5) 
 Religious leader 89 (1.7) 
 Community or essential services leader 768 (14.7) 
 Public service sector or educator 670 (12.8) 
 Other worker 513 (9.8) 
 Not working 287 (5.5) 
Health conditions 

 

 Chronic lung disease 32 (0.6) 
 Diabetes 209 (4.0) 
 Cardiovascular disease 254 (4.9) 
 Chronic renal disease 12 (0.2) 
 Chronic liver disease 9 (0.2) 
 Immunocompromised 10 (0.2) 
 No conditions 4,700 (89.9) 
*Values are no. (%) except as indicated. IQR, interquartile range. 
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primarily were among children in rural regions. 
Currently, reported mpox cases are rising in urban 
centers, further challenging response and vaccine 
planning efforts.

Assessing mpox vaccine trust and acceptance 
across provinces that have and have not experienced 
mpox cases and across demographic variables did not 
yield clear or neatly described trends. Instead, we ob-
served several outliers that may reflect the diversity of 
DRC. For example, differing vaccine acceptance rates 
between persons with and without chronic health 
conditions may indicate underlying health anxiet-
ies among persons with persistent health problems;  

further investigation is needed to clarify that relation-
ship. In addition, Sankuru Province was consistently 
a vaccine-hesitant outlier in this survey. Sankuru had 
the lowest percentage of respondents who trust in-
formation received from national vaccine programs 
and the lowest mpox vaccine acceptance, primarily 
because 57.4% of respondents stated no knowledge of 
mpox. In DRC, most mpox-endemic provinces consist 
of rainforest or forest-savanna mosaic geographies; 
the southeast provinces are primarily savanna and 
grassland and have no history of reported mpox cases. 
However, in June 2024, Lualaba Province in the south-
east reported its first mpox case. Of note, that province 

Figure 1. General mpox vaccine attitudes and perceptions from a telephone phone survey about mpox vaccine acceptance conducted 
during December 2023–February 2024, by province, Democratic Republic of the Congo. A) Reported responses to the statement: new 
vaccines carry more risks than older vaccines; B) reported responses to the statement: information I receive about vaccines from the 
vaccine program is reliable and trustworthy. Provinces are listed by whether they had confirmed, suspected, or no mpox cases detected. 
The 3-level responses were collapsed from a 5-point Likert scale.

http://www.cdc.gov/eid
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had the highest percentage of respondents believing 
that new vaccines have greater risks than older vac-
cines, although overall trust in national vaccine pro-
grams was high.

Although our results report an overall trend of 
vaccine trust and acceptance nationwide, they also 
indicate the need for a multifaceted approach to vac-
cine education and rollout. Strategies should be tai-
lored to historically endemic regions and areas with 
lower vaccine acceptance, such as Sankuru or Kasai  

Central, and consider how personal experiences and 
cultural considerations intersect with mpox outbreaks.  
Of note, Haut Lomami Province has been the setting 
of long-standing routine immunization revitaliza-
tion efforts (9,10), and 100% of respondents from 
that province reported that they feel information 
from the national vaccine program is reliable. That 
highly positive response is perhaps reflective of the 
many years of vaccine campaigns and education ef-
forts in the region.

Figure 2. Geography of overall mpox vaccine acceptance 
perceptions from a telephone phone survey about mpox vaccine 
acceptance conducted during December 2023–February 2024, 
by province, Democratic Republic of the Congo. A) Reported 
acceptance collapsed from the following 3 responses: Yes, for 
all populations; Yes, for children only; and Yes, for adults only. B) 
Reported nonacceptance by the response to: No, not interested. 
C) Reported lack of knowledge of mpox disease. All cartographic 
figures generated by using QGIS version 3.36.3 (https://qgis.
org). Percentages are reported by province. Red outlines indicate 
provinces with histories of mpox cases.

http://www.cdc.gov/eid
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This survey was limited to persons with access 
to telephones; persons with a lower socioeconomic 
status, including those in largely rural regions, may 
have been inadvertently excluded. This study in-
cluded respondents from all provinces in DRC and 
targeted HCWs. Past studies in DRC have demon-
strated 54% acceptance toward outbreak-related vac-
cines, and HCWs continually express the highest ac-
ceptance among respondents (11). Because this study 
sought to enroll HCWs and community and religious 
leaders, we observed an overrepresentation of men 
because men primarily hold leadership roles in the 
country. Because HCWs and religious leaders serve 
as health recommenders for their communities, how-
ever, identifying and addressing vaccine acceptance 
among those groups is critical. 

In conclusion, our findings provide insights re-
garding mpox vaccine acceptance within DRC. Our 
data highlight the need for increased community en-
gagement and sensitization before widespread mpox 
vaccine deployment.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2024.08.15.24311971v2.
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etymologia revisited
Trichinella spiralis 
[tri·kuh·neh′·luh spr·a′·luhs]

Trichinella is derived from the Greek words trichos (hair) and ella (di-
minutive); spiralis means spiral. In 1835, Richard Owen (1804–1892) and 

James Paget (1814–1899) described a spiral worm (Trichina spiralis)–lined 
sandy diaphragm of a cadaver. In 1895, Alcide Raillet (1852–1930) renamed 
it as Trichinella spiralis because Trichina was attributed to an insect in 1830. 
In 1859, Rudolf Virchow (1821–1902) described the life cycle. The genus in-
cludes many distinct species, several genotypes, and encapsulated and non-
encapsulated clades based on the presence/absence of a collagen capsule.
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Australia is a sink for the diversity of avian influenza 
viruses, wherein viruses circulating in Eurasia and 

North America are occasionally introduced to the con-
tinent, followed by long-term, isolated circulation (1). 
Whereas a diversity of low pathogenicity avian influ-
enza (LPAI) viruses exist, Oceania is the only continent 
where the goose/Guangdong lineage of highly patho-
genic avian influenza (HPAI) A(H5N1) is absent (2). An 
HPAI incursion has never been detected in Oceania, al-
though several HPAI outbreaks have occurred in poul-
try, all following evolution of endemic Australian lineage  
LPAI H7 viruses from the wild bird reservoir (3). Be-
cause of the risk to poultry and wild birds in Australia, 
a key aim of the National Avian Influenza in Wild Birds 
(NAIWB) surveillance program is the detection and 
characterization of circulating H5 and H7 viruses (4).

The Study
In 2023, through both the NAIWB targeted surveil-
lance (4) and passive surveillance, we detected 17 
LPAI H5 viruses by quantitative PCR (qPCR) and re-
covered 8 genomes. The genomes comprised 7 com-
plete or near-complete genomes and 1 partial genome, 
which included hemagglutinin (HA), nucleoprotein, 
neuraminidase (NA), matrix, and nonstructural pro-
tein (NS) segments. We recovered viral HA fragments 
from 2 additional detections that identified lineage 
only (Table). We collected, screened, and sequenced 
samples as described in previous publications (1). We 
deposited the sequences into GenBank (GenBank ac-
cession nos. PP947529–52 and PP922943–79).

The HA segments of LPAI H5 viruses we se-
quenced were unrelated to LPAI H5 viruses previous-
ly characterized in Australia. The HA sequences had 
a PQRETR/GLF cleavage site, which contrasts with 
the PQKATR/GLF cleavage site found in all LPAI H5 
viruses reported in Australia since 2005 (1). The de-
tections we found all belonged to a single Eurasian-
lineage LPAI H5 that was detected in 4 Australia ju-
risdictions over a 7-month period. We detected the 
first occurrence of the LPAI H5 in April 2023 (Figure 
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Australia is a sink for low pathogenicity avian influenza 
viruses, with isolated circulation occurring on the conti-
nent. We report the incursion of a Eurasian low pathoge-
nicity avian influenza H5 virus into Australia. This report 
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the risk and current absence of highly pathogenic avian 
influenza A(H5N1).
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1) in Victoria from 3 hunter shot waterfowl: 1 Pacific 
black duck (Anas superciliosa), 1 gray teal (Anas graci-
lis), and 1 chestnut teal (Anas castanea). In June 2023, 
we detected another LPAI H5 occurrence in Victoria 
in a live-captured Pacific black duck and 2 LPAI H5 
occurrences in Queensland from wild waterbird fecal 
environmental samples. We detected another LPAI 
H5 occurrence in July 2023 from wild waterbird fe-
cal samples in South Australia. Finally, we detected 1 
LPAI H5 virus in a wild duck in October 2023 through 
passive surveillance in the Northern Territory.  

Samples collected from live birds were done in accor-
dance with Deakin University Animal Ethics (ethics 
approval no. B39-2019). Ethics approvals were not 
required for fecal environmental samples, samples 
collected from hunter-shot birds, or samples collected 
for disease investigations.

We conducted BLASTn analysis (https://blast.
ncbi.nlm.nih.gov) by using the National Center 
for Biotechnology Information nucleotide data-
base. We conducted phylogenetic analysis of the 
HA sequences and found the sequenced viruses 

 
Table. Genome constellations for each virus sequenced in the study of an incursion of novel Eurasian low pathogenicity avian 
influenza H5 virus, Australia, 2023* 
Virus designation Date PB2 PB1  PA HA NP NA M NS 
A/chestnut teal/Victoria/23-01686-0034/2023 
(H5N3) 

2023 Apr 26 Aus Aus (B) Aus H5–EUR-
novel 

Aus N3–Aus Aus (A) A–Aus 

A/Pacific black duck/Victoria/23-01686-
0039/2023 (H5N3) 

2023 Apr 26 Aus Aus (A) Aus H5–EUR-
novel 

Aus N3–Aus Aus (A) B–Aus 

A/gray teal/Victoria/23-01688-0045/2023 
(mixed)† 

2023 Apr 26 Aus Aus (A) Aus H5–EUR-
novel 

Aus N3–Aus/ 
N7–Aus 

Aus (A) B–Aus 

A/Pacific Black Duck/Victoria/17363/2023 
(H5N3) 

2023 Jun 22 Aus Aus (A) Aus H5–EUR-
novel 

Aus‡ N3–Aus Aus (A) A–Aus 

A/wild waterbird/Queensland/ P23–02457–
48/2023 (H5N3) 

2023 Jun 23 Aus Aus (C) Aus H5–EUR-
novel 

Aus N3–Aus Aus (B) A–Aus 

A/wild waterbird/Queensland/ P23–02457–
51/2023 (H5N3) 

2023 Jun 23 Aus Aus (C) Aus H5–EUR-
novel 

Aus N3–Aus Aus (B) A–Aus 

A/wild waterbird/South Australia/23–
80999145–13/2023 (H5N9) 

2023 Jul 31 Aus Aus (C) Aus H5–EUR-
novel 

Aus‡ N9–Aus Aus (A) B–Aus 

A/Radjah Shelduck/Northern Territory/ 
20231282–03/2023 (H5N1) 

2023 Oct 30 ND ND ND H5–EUR-
novel 

Aus‡ N1–Aus Aus (A) A–Aus 

*In cases where viruses fell into different Australian lineages we added an indicatory letter in parentheses to show the different lineages. In the case of 
NS, whether the virus fell into the A or B allele is indicated before the lineage name. (e.g., B–Aus for an Australian lineage in the B allele). Similarly, for 
the neuraminidase subtype information is incorporated (e.g., N1–Aus for an Australian lineage in the N1). Aus, established Australian clade; EUR-novel, 
novel incursion from Eurasian lineage; HA, hemagglutinin; M, matrix protein; ND, no sequence data available; NA, neuraminidase; NP, nucleoprotein; NS, 
nonstructural protein; PA, polymerase acidic; PB, polymerase basic. 
†A/gray teal/Victoria/23-01688-0045/2023 comprised H5 and H10, and N3 and N7. 
‡Cases where viruses fell into the same Australian lineage but were not sister to each other. 

 

Figure 1. Locations of Eurasian 
lineage low pathogenic avian 
influenza H5 virus detections 
in Australia, 2023. Information 
is provided about the location, 
sample type, and date of 
H5 detections. NT, Northern 
Territory; QLD, Queensland; SA, 
South Australia; VIC, Victoria.

Novel Eurasian Avian Influenza Virus, Australia
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were most closely related (<98%) to LPAI H5 vi-
ruses detected during 2019–2022 in Japan and 
South Korea (Figures 1, 2). Those countries con-
tribute most influenza genomes recovered from  
the East Asian–Australasian databases. Alignments 
and .xml files for all trees are available at https://
github.com/michellewille2/Eurasian-LPAI-H5- 
incursion-to-Australia. We investigated the potential 
temporal incursion window in Australia by using 
time-structured phylogenetic analysis, as outlined in 
previous publications (1). The most recent common 

ancestor of the 8 complete HA sequences was from 
April 2022 (95% highest posterior density [HPD] Sep-
tember 2021–October 2022), almost a year before the 
first detection, but with a large HPD (Figure 1). To 
examine H5 activity in the previous year, we queried 
all H5 detections for 2022 reported to the NAIWB 
surveillance program and found 12 LPAI H5 viruses 
were detected by qPCR in wild bird samples (New 
South Wales, n = 3; Tasmania, n = 1; Victoria, n = 5; 
Western Australia, n = 3) (5). Of the viruses sequenced,  
all HA sequences fell into the previously described 

Figure 2. Phylogenetic analysis 
of Eurasian lineage LPAI H5 virus 
detected in Australia, 2023. A) 
Maximum-likelihood phylogenetic 
tree of all H5 sequences from 
Asia, North America, and Oceania 
since 2010. Major clades have 
been highlighted. The arrow 
indicates the novel lineage 
detection in Australia. The tree has 
been rooted between the North 
American and Eurasian lineages. 
Scale bar indicates number of 
substitutions per site. B) Cropped 
time-structured phylogenetic tree. 
Dashed lines indicate the date 
of divergence from GenBank 
reference sequences, the most 
recent common ancestor of all 
Australian sequences, and the 
date of first detection. Node 
bars comprise the 95% highest 
posterior density. Scale bar is 
time in years. gs/GD, goose/
Guangdong lineage of highly 
pathogenic avian influenza 
A(H5N1); LPAI, low pathogenicity 
avian influenza.
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Australian LPAI H5 lineage that has been circulat-
ing since 2007, although it was likely present since 
the 1990s (1). Hence, cryptic circulation of the novel 
Eurasian lineage LPAI H5 in Australia may have oc-
curred in locations or in avian hosts that are not in-
cluded in NAIWB surveillance and therefore were 
not detected in 2022. Alternatively, incursion might 
have only occurred in early 2023, but rather than a 
single viral introduction, multiple viruses with close-
ly related HA sequences were separately introduced. 
Unfortunately, the scarcity of available HA reference 
sequences from 2022 and 2023 from Asia because of 
limitations in wild bird surveillance or sequence de-
position into GenBank hinders understanding of in-
troduction dynamics.

We investigated the reassortment patterns in the 
segments to gain additional insight. All other gene seg-
ments fall into viral lineages already present in Austra-
lia (Table; Appendix Figure, Tables 1, 2, http://wwwnc.
cdc.gov/EID/article/30/12/24-0919-App1.pdf). Ge-
nome constellations were partially conserved, and all 
viruses shared the same polymerase basic (PB) 1, poly-
merase acidic, nucleoprotein, and matrix segment lin-
eages, although within-clade segments were not always 
100% identical (Appendix Figure). We detected 3 differ-
ent PB1 lineages and 2 different NS lineages (both the 
A and B alleles). We obtained full genomes of 4 viruses 
from wild birds in Victoria, 3 from the same sampling 
event. Of the full genomes obtained, 2 had identical 
genome constellations, although A/gray teal/Victo-
ria/23-01688-0045/2023 was a mixed infection with H5, 
H10, N3 and N7 segments recovered. Co-sampled A/
chestnut Teal/Victoria/23–01686-0034/2023(H5N3) was  
different in both the PB1 and NS sequence com-
pared with the other 2 viruses. A/Pacific black duck/
Victoria/17363/2023(H5N3), which was detected 2 
months after the initial detections in Victoria, had a sim-
ilar genome constellation to the other sequences from 
Victoria, despite having an HA sequence sister to those 
from Queensland (detected June 2023), rather than those 
from Victoria. A/wild waterbird/South Australia/23–
80999145–13/2023(H5N9) had a different PB1 and 
NA sequence, and A/radjah shelduck/Northern 
Territory/20231282–03/2023(H5N1) also had a different 
NA subtype. The 2 genomes from Queensland shared 
the same PB1 sequence as A/wild waterbird/South 
Australia/23-80999145-13/2023(H5N9) but had unique 
M segments. A reasonable explanation for those results 
is a single introduction followed by a reassortment event 
incorporating 7 Australian-lineage segments. As the vi-
rus spread across Australia, additional reassortment 
events contributed to the genome constellation diversity 
(i.e., diversity in the PB1, NA, and NS segments).

Conclusions
There are 3 implications of this viral incursion. First, 
the delayed detection highlights limitations in the 
national targeted surveillance program that, in com-
bination with investigation of consequential wild 
bird illness and death events, is necessary to rapidly 
detect and respond to an incursion of goose/Guang-
dong HPAI H5N1 into Australia. Second, while the 
KATR cleavage site found in Australian-lineage vi-
ruses has not yet been associated with evolution of 
LPAI to HPAI, the RETR cleavage site in the novel 
Eurasian lineage incursion has been identified as 
a precursor to HPAI H5 viruses (6). This incursion 
may increase the risk for evolution of HPAI H5 in 
Australia. Finally, as part of the surveillance and di-
agnostic processes, H5 qPCRs are designed to rapid-
ly differentiate LPAI H5 of Australian lineage from 
Eurasian lineage LPAI and HPAI. The presence of 
a novel LPAI lineage requires a diagnostic update. 
Understanding viral incursions is a global concern, 
as demonstrated by the numerous incursions and in-
tercontinental spread of HPAI H5N1 clade 2.3.4.4b. 
Determining the patterns of viral incursion and 
spread and identifying the hosts involved is nec-
essary for effective disease risk management and 
communication that supports disease preparedness  
and response.
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Ehrlichia chaffeensis and E. ewingii are tickborne in-
tracellular bacteria that cause human ehrlichiosis 

(1). In the United States, ehrlichiosis occurs primar-
ily in south-central, southeastern, and mid-Atlantic 
states. In 2019, nearly half of E. chaffeensis ehrlichio-
sis cases occurred in 4 US states: Arkansas, Missouri, 
New York, and North Carolina (2). Heartland virus 
(HRTV), another tickborne pathogen, is an emerging 
zoonotic virus and has been reported in 14 states, in-
cluding North Carolina, since its initial discovery in 
2009 in Missouri. (3). We report a case of HRTV infec-
tion in a patient in North Carolina who was initially 
suspected of having ehrlichiosis. 

The Study
In March 2022, a North Carolina resident sought 
care at an emergency room and was subsequently 
admitted to the hospital because of a suspected case 
of ehrlichiosis. The patient sought care after experi-
encing 48 hours of fever, chills, shortness of breath, 
and diarrhea. Upon admission, the patient had acute 
leukopenia, thrombocytopenia, anemia, acute kidney 

injury, transaminitis, abdominal distension with sple-
nomegaly, and meningoencephalitis. Hospital staff 
discovered 2 ticks attached to the patient and identi-
fied them as lone star ticks (Amblyomma americanum). 
Identification by a North Carolina Division of Public 
Health (NCDPH) entomologist (A.M.B.) subsequent-
ly confirmed the ticks as male and nymphal lone star 
ticks; the ticks collected from the patient were not 
tested for pathogens. Although no history of travel 
was reported, the patient practiced multiple daily 
walks to the edge of their 5.6-acre property, located in 
rural North Carolina.

The patient was initially treated for tickborne 
pathogen infections and meningitis by using broad 
spectrum antimicrobial drugs, including doxycy-
cline, on day 2 after admission. On day 3, the patient 
required increased support because of progressive 
encephalopathy, hypotension, lactate elevation, and 
concerns of gastrointestinal bleeding, along with 
thrombocytopenia and was transferred to the medical 
intensive care unit. The patient experienced continued 
fevers and altered mental status. Results of differen-
tial testing for other infectious etiologies were nega-
tive (Table 1). Laboratory results indicated secondary 
hemophagocytic lymphohistiocytosis (Appendix Ta-
ble, https://wwwnc.cdc.gov/EID/article/30/12/24-
0646-App1.pdf), an increasingly recognized compli-
cation of rickettsial diseases (4,5). The patient was 
placed on anakinra on day 8 after hospital admission 
to address the hemophagocytic lymphohistiocytosis, 
and mental status slowly improved. Although the pa-
tient experienced mild improvement after treatment 
with anakinra and doxycycline, it was decided that 
the patient should transition to home hospice care af-
ter 18 days in the hospital. The patient recovered after 
4 weeks at home and was removed from hospice care.

Indirect fluorescence antibody testing of serum 
revealed the patient was positive for E. chaffeensis 
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IgG on day 4 after symptom onset, indicating a his-
tory of Ehrlichia infection (Table 1). Because of limited  
improvement after doxycycline administration and 

concerns about possible arbovirus infection, staff 
(T.G.F.) at NCDPH coordinated specimen collection 
with the local county health department to send a  

 
Table 1. Vectorborne disease testing in case study of Heartland virus infection in elderly patient initially suspected of having 
ehrlichiosis, North Carolina, USA* 
Test, specimen source Specimen collection date Result Reference values 
Vectorborne and zoonotic organisms 
 Ehrlichia chaffeensis IgG, serum 2022 Mar 29 1:512 titer <1:64 titer 
 Heartland virus real-time RT-PCR, serum 2022 Apr 5 Positive Negative 
 Bourbon virus real-time RT-PCR, serum 2022 Apr 5 Negative Negative 
 Bourbon PRNT, serum 2022 Apr 5 <1:10 titer, negative <1:10 titer 
 Heartland PRNT, serum 2022 Apr 5 <1:10 titer, negative <1:10 titer 
 Rickettsia rickettsii IgG, serum 2022 Apr 5 1:64 titer <1:128 titer 
 E. chaffeensis IgG, serum 2022 Apr 5 1:1,024 titer <1:64 titer 
 R. rickettsii IgG, serum 2022 May 11 1:64 titer <1:128 titer 
 E. chaffeensis IgG, serum 2022 May 11 1:512 titer <1:64 titer 
 E. chaffeensis PCR, serum 2022 Mar 29 Negative Negative 
 Eastern equine encephalitis virus IgM, serum 2022 Apr 2  Negative Negative 
Viruses 
 Hepatitis A virus IgG, serum 2022 Mar 28 Positive Negative 
 Hepatitis A virus IgM, serum 2022 Mar 28 Negative Negative 
 Hepatitis B surface antibody, serum 2022 Mar 28 Negative Negative 
 Hepatitis B core antibody, serum 2022 Mar 28 Negative Negative 
 Hepatitis C virus antibody, serum 2022 Mar 28 Negative Negative 
 Cytomegalovirus IgG, serum 2022 Mar 28 Positive Negative 
 Cytomegalovirus IgM, serum 2022 Mar 28 Negative Negative 
 Cytomegalovirus PCR, blood 2022 Apr 1 Negative Negative 
 Herpes simplex virus 1/2 PCR, serum 2022 Apr 2 Negative Negative 
 Herpes simplex virus 1 IgG, serum 2022 Apr 2 Positive Negative 
 Herpes simplex virus 2 IgG, serum 2022 Apr 2 Negative Negative 
 Epstein-Barr virus PCR, serum 2022 Mar 31 Negative Negative 
 HIV-1/2 antibody, serum 2022 Mar 29 Negative Negative 
 HIV-1 p24 antigen, serum 2022 Mar 29 Negative Negative 
 Sapovirus PCR, feces 2022 Mar 29 Negative Negative 
 Adenovirus F40/41 PCR, feces 2022 Mar 29 Negative Negative 
 Astrovirus PCR, feces 2022 Mar 29 Negative Negative 
 Norovirus PCR, feces 2022 Mar 29 Negative Negative 
 Rotavirus A PCR, feces 2022 Mar 29 Negative Negative 
 Respiratory syncytial virus PCR, nasopharyngeal swab 2022 Mar 27 Negative Negative 
 Influenza A/B PCR, nasopharyngeal swab 2022 Mar 27 Negative Negative 
 SARS-CoV-2 PCR, nasopharyngeal swab 2022 Mar 27 Negative Negative 
 Parvovirus IgM, serum 2022 Mar 29 Negative Negative 
Bacteria 
 Streptococcus pneumoniae antigen, urine 2022 Apr 2 Negative Negative 
 Legionella pneumophila antigen, urine 2022 Mar 31 Negative Negative 
 Coxiella burnetii PCR, serum 2022 Apr 2 Negative Negative 
 Campylobacter PCR, feces 2022 Mar 29 Negative Negative 
 Plesiomonas shigelloides PCR, feces 2022 Mar 29 Negative Negative 
 Salmonella PCR, feces 2022 Mar 29 Negative Negative 
 Vibrio cholerae PCR, feces 2022 Mar 29 Negative Negative 
 Vibrio PCR, feces 2022 Mar 29 Negative Negative 
 Yersinia enterocolitica PCR, feces 2022 Mar 29 Negative Negative 
 Enteroaggregative Escherichia coli PCR, feces 2022 Mar 29 Negative Negative 
 Enteropathogenic E. coli PCR, feces 2022 Mar 29 Negative Negative 
 Enterotoxigenic E. coli PCR, feces 2022 Mar 29 Negative Negative 
 Enteroinvasive E. coli PCR, feces 2022 Mar 29 Negative Negative 
 Shiga-toxin producing E. coli PCR, feces 2022 Mar 29 Negative Negative 
 Clostridioides difficile PCR, feces 2022 Mar 29 Negative Negative 
 Francisella tularensis, serum 2022 Apr 2 Negative Negative 
 Culture, blood 2022 Apr 5 No growth No growth 
Parasites 
 Cryptosporidium PCR, feces 2022 Mar 29 Negative Negative 
 Cryptosporidium cayetanensis PCR, feces 2022 Mar 29 Negative Negative 
 Entamoeba histolytica PCR, feces 2022 Mar 29 Negative Negative 
 Giardia lamblia PCR, feces 2022 Mar 29 Negative Negative 
 Parasite smear, feces 2022 Mar 31 Negative Negative 
 Toxoplasma IgM/IgG, serum 2022 Apr 2 Negative Negative 
*Bold text indicates positive acute test result. PRNT, plaque reduction neutralization test; RT-PCR, reverse transcription PCR. 
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serum sample to the Centers for Disease Control and 
Prevention (CDC) in Fort Collins, Colorado, USA, for 
testing. Quantitative reverse transcription PCR (RT-
PCR) was positive for HRTV RNA (6).

In conjunction with university partners, NCDPH 
conducted environmental sampling. In May and June 
2022, we conducted standard tick drags at the patient’s 
home. The habitat surrounding the home was primar-
ily deciduous, hardwood forest that had some under-
story growth and heavy leaf litter. We collected ticks 
by passing a 1-m2 cotton drag cloth over ground level 
vegetation. We checked the cloth every 10 m2 and col-
lected ticks for pathogen testing (7). We collected 608 
ticks in May and 656 ticks in June 2022 after 5 hours of 
total collection time (Table 2). We sent A. americanum 
tick specimens collected in May 2022 to CDC in Atlanta, 
Georgia, USA, and in Fort Collins to test for Bourbon 
virus (BRBV), HRTV, E. chaffeensis, and E. ewingii. We 
sent A. americanum ticks collected in June 2022 to CDC 
in Fort Collins for BRBV and HRTV testing. E. chaffeensis 
and E. ewingii DNA testing consisted of real-time PCR 
that amplified an 82-bp fragment of the 16S rRNA gene 
for both species and used 2 probes specific for either E. 
chaffeensis or E. ewingii detection (8). CDC tested ticks for 
HRTV and BRBV by using real-time RT-PCR primers 
and probes specific for each virus, as described previ-
ously (9,10). Pathogen testing of A. americanum ticks did 
not detect HRTV but did detect 2 E. ewingii–positive tick 
pools (1 pool = 25 nymphs; 1 pool = 5 adult ticks) out of 
a total of 43 pools (587 total ticks), indicating a minimum 
infection rate (MIR) of 0.34% (2 pools/587 ticks). In addi-
tion, BRBV was also detected in 1 tick pool (n = 25 ticks), 
indicating an MIR of 0.08% (1 pool/1,264 total ticks).

Conclusions
This patient had a substantially elevated antibody 
 titers against E. chaffeensis antigen at the time of 
symptom manifestation, suggesting a previous infec-
tion at some undetermined time; the lack of a rise in 

titer during hospitalization and the ineffectiveness of 
doxycycline argued against a current Ehrlichia infec-
tion. Therefore, other tickborne illnesses were consid-
ered for testing. The patient’s laboratory and clinical 
history were consistent with both HRTV and Ehrlichia 
spp. infections, but serologic and molecular testing 
are needed to distinguish between the 2 infections. 
The patient was negative for BRBV RNA by RT-PCR 
and negative for both HRTV and BRBV antibodies 
by using plaque reduction neutralization tests. How-
ever, additional testing for HRTV RNA revealed a 
positive RT-PCR result, indicating the patient had an 
active HRTV infection.

First identified in 2 farmers in Missouri, USA, in 
2009, HRTV has been identified in >60 patients across 
the United States (11–13), including 1 previous case in 
North Carolina. In North Carolina, co-infection with 
Ehrlichia spp. and HRTV is possible because those 
pathogens are naturally maintained in a common tick 
vector. Although no evidence of co-infection existed 
in this case, the patient was likely exposed to both 
pathogens on their property. The additional findings 
of BRBV and E. ewingii in the collected tick pools in-
dicate a further environmental risk for tickborne dis-
eases at that residential site.

The MIR for E. ewingii in the collected ticks from 
this study is not uncommon for this region; preva-
lence rates for Ehrlichia spp. have been documented 
across the mid-Atlantic region. E. chaffeensis was 
detected in 2.6% and E. ewingii in 0.8% of A. ameri-
canum ticks in Tennessee (14). Virginia reported 
infection rates of 0%–5.08% for E. chaffeensis and 
0%–8.20% for E. ewingii in A. americanum ticks (15). 
BRBV was identified in 1 pool of ticks collected in a 
North Carolina location where no BRBV in ticks has 
been previously reported. The presence of BRBV in 
A. americanum ticks indicates that citizens are at risk, 
albeit low, of contracting BRBV in North Carolina if 
bitten by lone star ticks.

 
Table 2. Entomologic surveillance at patient’s residence in case study of Heartland virus infection in elderly patient initially suspected 
of having ehrlichiosis, North Carolina, USA 
Surveillance data May 2022 June 2022 
Collection time 11 AM–2 PM 11 AM–1 PM 
Mean air temperature, F/C 69/21 87/31 
Area covered, m2 3,760 3,250 
No. ticks collected, by species 
 Amblyomma americanum, male 58 43 
 A. americanum, female 49 64 
 A. americanum, nymph 480 549 
 A. maculatum, nymph 1 0 
 Dermacentor variabilis, male 4 0 
 D. variabilis, female 2 0 
 Ixodes scapularis, male 9 0 
 I. scapularis, female 5 0 
Total no. ticks collected 608 656 
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Initial acute clinical features of ehrlichiosis and 
tickborne virus infections are similar. Therefore, 
healthcare providers should also consider testing pa-
tients for tickborne viruses if ehrlichiosis is suspected, 
especially when the infection is not responsive to dox-
ycycline treatment. Furthermore, persons at risk for 
tick bites should use tick exposure prevention meth-
ods, such as applying N,N-diethyl-meta-toluamide 
and other US Environmental Protection Agency– 
approved repellants; wearing permethrin-treated 
clothing, long pants, and long sleeves; and perform-
ing tick checks after spending time in wooded areas.
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The World Health Organization Global Leprosy 
Strategy targets the long-term goal of leprosy 

elimination through interruption of disease transmis-
sion (1). One factor that can impair that goal is environ-
mental or animal reservoirs that contribute to persis-
tence of the Mycobacterium leprae bacteria and potential 
spillover into the human population. The Strategy 
acknowledges that M. leprae zoonotic transmission ex-
ists but with a lower risk and highly localized in North 
America (1), possibly because of a lack of research on 
new and existing animal reservoirs in other locations.

M. leprae, the main causative agent of leprosy, has 
a broad range of animal hosts, including wild arma-
dillos (Dasypus spp.) in the Americas, red squirrels 

(Sciurus vulgaris) in the British Isles. and nonhuman 
primates in the Philippines and Africa (2). Armadil-
los are a family of medium-sized mammals, belong-
ing to the Xenarthrans, which also includes sloths and 
anteaters (3). At least 20 armadillo species have been 
recognized (3). The Cingulata order encompasses >9 
Dasypus species, including the nine-banded armadillo 
(D. novemcinctus), considered the main M. leprae res-
ervoir in the Americas (2).

Ecuador, located in northwestern South America, 
is a medium-income economy nation with ≈18 mil-
lion inhabitants (4). Officially, Ecuador eliminated 
leprosy as a public health threat, which means inci-
dence is <1 new case/10,000 inhabitants; only 41 new 
leprosy cases were registered in 2022 (5). Scientific lit-
erature on leprosy in Ecuador is scarce; nonetheless, 
the Ministry of Public Health suggests a higher dis-
ease incidence across the country (6). Armadillos are 
found throughout Ecuador and are valued as a pro-
tein source and a cultural item in many rural settings 
(7). In view of the uncertain epidemiologic landscape 
of leprosy in Ecuador and the occurrence of a possible 
animal reservoir in the country, we investigated M. 
leprae infection in armadillos in Ecuador.

The Study
We gathered tissue samples from 45 armadillos via lo-
cal hunters who use the mammal as a protein source 
for their families and communities. The Instituto Na-
cional de Biodiversidad (Quito, Ecuador) also donat-
ed 3 additional samples stored in 70% ethanol, for a 
total of 48 armadillos. We performed tissue collection 
according to a protocol approved by the Ministerio 
del Ambiente, Agua y Transición Ecológica, as part 
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We found Mycobacterium leprae, the most common 
etiologic agent of Hansen disease or leprosy, in tissues 
from 9 (18.75%) of 48 nine-banded armadillos (Dasypus 
novemcinctus) collected across continental Ecuador. 
Finding evidence of a wildlife reservoir is the first step 
to recognizing leprosy zoonotic transmission pathway in 
Ecuador or elsewhere.
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of the Genetic Resources Access Framework contract 
(contract no. MAATE-DBI-CM-2021-0172). We estab-
lished definitive armadillo species identification by 
morphological features, known geographic distribu-
tions, and molecular diagnosis (Appendix 1, https//
wwwnc.cdc.gov/EID/article/30/12/23-1143-App1.
pdf). We processed >2 tissues from 36 armadillos and 
only 1 tissue for the other 12; we examined each tissue 
>2 times (Appendix 1). We performed DNA extrac-
tion and pathogen identification via real-time quanti-
tative PCR (qPCR) using previously well-established 
primers and protocols (8,9) (Appendix 1). We consid-
ered a sample positive for M. leprae or M. lepromato-
sis only if 2 independent qPCR runs yielded a cycle 
threshold (Ct) <35 (9,10).

We processed a total of 84 armadillo tissue sam-
ples (Appendix 2, https//wwwnc.cdc.gov/EID/
article/30/12/23-1143-App2.xlsx), including 38 (45.24%) 
liver, 26 (30.95%) spleen, and 10 (11.9%) muscle samples 
(Table). We identified M. leprae DNA in 13 (15.48%) sam-
ples, mostly from liver (n = 8/38 [21.05%]) and spleen (n 
= 4/26 [15.38%]) (Table). For 3 armadillos with varying 

results between tissues, the liver was the source of posi-
tivity (Appendix 2). All 84 tissue samples were negative 
for M. lepromatosis according to our protocols.

The 48 individual armadillos belonged to 4 dif-
ferent species: 40 (83.33%) were D. novemcinctus, 
6 (12.5%) Dasypus spp. (not identified to species), 
1 (2.08%) D. pastasae, and 1 (2.08%) Cabassous cen-
tralis (Table; Figure). We detected M. leprae in 9 D. 
novemcinctus armadillos, for an overall prevalence 
of 18.75%. Ct values were 26.01–33.66 (Table, Fig-
ure; Appendix 2). Most (20.83%, 10/48) armadillos 
were collected in the Esmeraldas province along the 
coast, among which only 1 (10%) D. novemcinctus 
armadillo was M. leprae–positive (Figure, Table). 
We observed the highest prevalence (42.86%) of in-
fected armadillos in Santo Domingo de los Tsáchi-
las, in the northwest, where 3 of 7 animals were M. 
leprae–positive (Figure).

To characterize potential clusters of infected D. 
novemcinctus armadillos in Ecuador, we used the lo-
calities of the 9 M. leprae–positive armadillos to de-
velop a species distribution model based on 1-class 
support vector machine hypervolumes (11) and 20 
environmental predictors (Figure, panel C; Appen-
dix 1 Figure 1). The subtropical region of Ecuador, 
west of the Andes mountains, had the highest con-
centration of environments like those with M. lep-
rae–positive detections (Figure, panel D). Specifically, 
Esmeraldas, Los Ríos, Santo Domingo de los Tsáchi-
las, Santa Elena, northern Bolívar and Guayas, and 
southern Manabí are regions with environmental  
similarities to locales where infected D. novemcinctus 
armadillo were found (Figure).

Conclusions
The canon of leprosy transmission has been actively 
rewritten in the past 2 decades (2). Confirmation of 
zoonotic M. leprae transmission in the United States 
(7) prompted a series of studies to evaluate the spread 
of leprosy bacilli in the D. novemcinctus armadillo 
across its range in the Americas (Appendix 1 Figure 
2). Our research demonstrated that nine-banded ar-
madillos from the 3 continental regions of Ecuador 
host M. leprae with an 18.75% prevalence (Table; Fig-
ure). Detection of bacilli in wild armadillos is the first 
step in evaluating leprosy as a zoonotic pathogen in 
Ecuador. All 84 tissues examined were negative for 
M. lepromatosis, in agreement with previous results 
for other mammals in Europe and Mexico (12,13) and 
for armadillo specimens from across the Americas (8).

One limitation of our study was that our sampling 
scheme depended on local hunters who collect arma-
dillos; thus, systematic sampling representing specific  

 
Table. Characteristics of animals and samples tested in a study 
of Mycobacterium leprae in nine-banded armadillos (Dasypus 
novemcinctus), Ecuador* 

Categories No. (%) 
M. leprae–

positive, no. (%) 
Tissue samples 

 
 

 Liver 38 (45.24) 8 (21.05) 
 Spleen 26 (30.95) 4 (15.38) 
 Muscle 10 (11.90) 1 (10) 
 Heart 3 (3.57) 0 (0) 
 Kidney 3 (3.57) 0 (0) 
 Lung 3 (3.57) 0 (0) 
 Ear 1 (1.19) 0 (0) 
 Total 84 (100) 13 (15.48) 
Armadillo species 

 
 

 Dasypus novemcinctus 40 (83.33) 9 (22.50) 
 Dasypus spp. 6 (12.5) 0 (0) 
 D. pastasae 1 (2.08) 0 (0) 
 Cabassous centralis 1 (2.08) 0 (0) 
 Total 48 (100) 9 (18.75) 
Provinces 

 
 

 Esmeraldas 10 (20.83) 1 (10) 
 Sucumbíos 9 (18.75) 1 (11.11) 
 Guayas 7 (14.58) 0 (0) 
   Santo Domingo de los    
   Tsáchilas 

7 (14.58) 3 (42.86) 

 Morona Santiago 4 (8.3) 0 (0) 
 Pastaza 3 (6.25) 1 (33.33) 
 Imbabura 2 (4.17) 1 (50) 
 Manabí 2 (4.17) 1 (50) 
 Cañar 1 (2.08) 1 (100) 
 Cotopaxi 1 (2.08) 0 (0) 
 Los Ríos 1 (2.08) 0 (0) 
 No information 1 (2.08) 0 (0) 
 Total 48 (100) 9 (18.75) 
*A total of 84 tissue samples corresponding to 48 individual armadillos 
from 4 species were tested for Mycobacterium leprae. Percentage of M. 
leprae positives is calculated with the total sampling of each row. No 
samples were positive for M. lepromatosis. 
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ecologic regions was unfeasible. Moreover, sampling 
scope was initially limited to tissues in ethanol, prevent-
ing serology and histopathology investigations. Nev-
ertheless, we were able to collect tissues from across 
the country and observed consistency in the molecular 
detection of M. leprae with multiple rounds of qPCR in 
DNA extracted from various tissues from the same ar-
madillo (Table; Appendix 2). Of note, a Ct value <35 in 
2 independent qPCR rounds per tissue as criteria for M. 
leprae positivity is conservative, yet informative of the 
pathogen in nine-banded armadillos in the country.

Ecuador hosts at least 5 armadillo species: Ca-
bassous centralis, C. unicinctus, Priodontes maximus, 
D. pastasae, and D. novemcintus (14). D. novemcintus 
was the most common (83.33%) armadillo species 
in our sampling and the only M. leprae–positive spe-
cies (Table). We identified 3 other armadillo species, 
but all were M. leprae–negative (Figure, Table). Apart 
from D. novemcinctus, armadillo species in which M. 
leprae has been identified beyond Ecuador include 
Euphractus sexcinctus, Dasypus spp. nov., and D. sa-
banicola. Moreover, D. septemcinctus armadillos have 
been shown to be susceptible to M. leprae laboratory 
infections (15).

Species distribution models have seldom been 
used to characterize leprosy geographic range. Giv-
en the epidemiologic tenets of M. leprae, including 
long incubation period and human-to-human trans-
mission, data for those models is difficult to obtain. 
Moreover, information on M. leprae prevalence in ar-
madillos is either overrepresented as in the southern 
United States, or scant and dispersed as in the rest of 
the Americas (2) (Appendix 1 Figure 4). Thus, by le-
veraging our M. leprae–positive armadillo detections 
across the landscape of Ecuador, our model depicted 
clusters of environmental similarity. Considering the 
inherent challenges to collecting and studying arma-
dillos (3), our model could be used to optimize future 
expedition sampling. 

In conclusion, presence of a nonhuman M. lep-
rae host carrier, the nine-banded armadillo, is likely 
to contribute directly or indirectly to the human lep-
rosy incidence in Ecuador and other countries and 
will likely impair long-term goals of disease elimina-
tion. However, the detection of M. leprae in armadil-
los from Ecuador should exemplify how continued 
sampling and surveillance in wildlife can avert future 
zoonotic infections.

Figure. Locations of and 
geographic range Mycobacterium 
leprae detections in a study of M. 
leprae in nine-banded armadillos 
(Dasypus novemcinctus), 
Ecuador. A) Locations of 
armadillo collections and 
species identified. B) Locations 
from which M. leprae–positive 
armadillos samples collected. 
In southern Santo Domingo 
de los Tsáchilas, >1 armadillo 
was collected (Appendix 2, 
https://wwwnc.cdc.gov/EID/
articles/30/12/23-1143-App2.
xlsx). No samples were positive 
for M. lepromatosis. C, D) Vector 
machine hypervolume and its 
projected geography. C) One-
class support vector machine 
hypervolume with enclosed 
regions of environmental 
similarity to areas with M. leprae 
detections (red points); D) map 
with projected geography for M. 
leprae detections. Latitude and 
longitude are shown at edges. 
Mapping developed with the 
information available in Appendix 
2. PC, principal component (see 
Appendix 1, https://wwwnc.cdc.
gov/EID/articles/30/12/23-1143-
App1.pdf).
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Blastomycosis, caused by the dimorphic fungus 
Blastomyces, is a potentially severe disease of 

humans and animals. Blastomyces favors moist and 
organically rich soil, and soil disruption can lead 
to aerosolization and inhalation of infectious Blas-
tomyces conidia (1,2). Most blastomycosis cases in 
the United States are sporadic and occur in the mid-
western, south-central, and southeastern states. In-
frequently, clusters of blastomycosis are reported 
because of common occupational and recreational 
activities near waterways (3).

In January 2022, St. Croix County Public Health, 
the Wisconsin Department of Health Services, and 
the Centers for Disease Control and Prevention 
(CDC) were notified of a cluster of human and ca-
nine blastomycosis cases near the Willow River in St. 
Croix County, Wisconsin (4). A clinical veterinarian 
reported 4 canine cases living within a radius of a 

few miles; 2 cases among persons living in the same 
area were reported to public health. The multiagen-
cy team investigated this cluster to identify risk fac-
tors for blastomycosis and to encourage persons in  
blastomycosis-endemic areas with consistent symp-
toms to seek healthcare.

The population at risk was defined as persons liv-
ing within a 1.5-mile diameter of where the human 
and canine cases occurred. Members of the investiga-
tion team administered questionnaires to consenting 
households (Appendix 1, https://wwwnc.cdc.gov/
EID/article/30/12/24-0390-App1.pdf), and collected 
information on exposures, symptoms, and risk fac-
tors for blastomycosis occurring during September 
2021–March 2022.

Respondents were eligible to participate in sero-
logic testing; pet owners were offered serologic test-
ing for their dogs. We collected 5–10 mL of venous 
blood; serum samples were sent to MiraVista Diag-
nostics (Indianapolis, IN, USA) for Blastomyces spp. 
IgG testing by enzyme immunoassays (EIA) for hu-
man and canine serum samples and by immunodiffu-
sion assay for human serum samples (5). This activity 
was reviewed by CDC and was conducted consistent 
with applicable federal law and CDC policy.

We defined human cases of blastomycosis among 
neighborhood residents who had illness onset dur-
ing September 2021–March 2022. Included residents 
met clinical case criteria according to the Council of 
State and Territorial Epidemiologists case definition 
and met either confirmatory laboratory criteria or 
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We investigated a blastomycosis cluster among humans 
and canines in a neighborhood in Wisconsin, United 
States. We conducted interviews and collected serum 
specimens for Blastomyces antibody testing by enzyme 
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tified, evidence supports potential exposures from the 
riverbank, riverside trails or yards, or construction dust.
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presumptive laboratory criteria, including a positive 
Blastomyces antigen test or a detection of serum an-
tibody through immunodiffusion or EIA (6). Canine 
cases were dogs that exhibited clinical signs and ei-
ther had received a diagnosis of blastomycosis from 
a veterinarian during September 2021–March 2022 or 
had detectable Blastomyces spp. antibodies.

We described the demographics, recreational 
exposure history, symptoms, and any symptom-
related healthcare visits of persons by clinical case 
status. We compared recreational exposures be-
tween those with antibodies detected (positive or 
intermediate results) with exposures of those with-
out antibodies detected. Prevalence ratios (PRs) 
and 95% CIs were calculated using robust Poisson 
models. All analyses were completed using R ver-
sion 4.1.3 (The R Project for Statistical Computing, 
https://www.r-project.org).

We interviewed members of 60 households, 
46 (77%) of whom participated in serologic testing 
(Figure). The median length of time lived in the 
neighborhood at time of interview was 4.9 years 
(range 1 month–56.5 years) (Table 1). The medi-
an distance to the in-neighborhood river was 342 
(range 1.7–791.0) meters.

During our investigation, 3 previously unreport-
ed human cases and 2 additional canine cases of blas-
tomycosis were identified clinically after public health 

notification to local veterinarians, clinicians, and  
residents. A total of 5 human and 6 canine cases were 
included in this investigation (Appendix 2 Tables 1, 
2, https://wwwnc.cdc.gov/EID/article/30/12/24-
0390-App2.pdf).

The median age among human case-patients 
was 54 years, and most (60%, n = 3) had >1 comor-
bidity. All persons reported cough, fever, and fa-
tigue associated with their illness. The initial 2 re-
ported patients were hospitalized, and 1 died (4) 
(Appendix 2 Table 1). Isolates from the 2 initial cas-
es were sent to the CDC Mycotic Diseases Branch 
laboratory for species identification, which deter-
mined the species to be Blastomyces gilchristii. In the 
canine cases, 5 of 6 (83%) were in sporting breeds; 
less than half of participating dogs were sporting 
breeds (n = 26, 42%). All dogs with a blastomyco-
sis diagnosis were lethargic and anorexic; most had 
difficulty breathing (83%, n = 5) and cough and fe-
ver (67%, n = 4) (Appendix 2 Table 2). Human and 
canine case exposures varied.

We performed serologic testing on 89 (61%) of 
147 human participants and 51 (79%) of 65 dogs (by 
EIA for dogs and immunodiffusion for humans). 
A total of 87 persons consented to further testing; 
their serum samples were later tested by a newly 
approved EIA. Among persons tested for antibod-
ies, 1 person had detectable Blastomyces antibod-

Figure. Flowchart of enrollment 
of households into investigation 
of human and canine 
blastomycosis cases associated 
with riverside neighborhood, 
Wisconsin, USA, December 
2021–March 2022. Enrolled 
refers to a household in which 
>1 family member participated in 
the interview.
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ies detected by immunodiffusion (also detected by 
EIA), and 44 (51%) persons had IgG detected by EIA 
(Table 2). Demographics and recreational exposures 
did not vary by antibody status, but male partici-
pants had 1.5 (95% CI 1.0–2.3) times the prevalence 
of antibodies than did female participants. Persons 
who reported a recreational activity involving the 
in-neighborhood river had 1.5 (95% CI 0.9–2.4) times 
greater prevalence of detectable antibodies, but was 
not statistically significant.

Among the 51 dogs tested, 8 (16%) had detectable 
antibodies, of which 6 (75%) had a clinical diagnosis. 
Higher number of years lived in the neighborhood 
was associated with decreased antibody prevalence 
(PR 0.32; 95% CI 0.1–0.9). Dogs that walked on the 
trails (PR 10.0; 95% CI 1.3–75.4), specifically those 
that walked off-leash (PR 6.8; 95% CI 2.0–23.9) had a 

higher prevalence of antibodies compared with dogs 
who did not (Table 3). Dogs who lived farther from 
the river had lower prevalence of antibodies (PR 
0.98; 95% CI 0.97–0.99).

We investigated a Wisconsin cluster of blasto-
mycosis in which 5 human cases, resulting in 2 hos-
pitalizations and 1 death, and 6 canine cases were 
identified. Using a multidisciplinary One Health ap-
proach to trigger notification and investigation of this 
cluster expanded both the investigative team and the 
outreach and effects among residents, pet owners, 
veterinarians, construction workers, and healthcare 
providers. The elevated awareness likely led to ad-
ditional residents and dogs identified with blastomy-
cosis illness and exposures.

The serological survey revealed nearly half of 
residents had Blastomyces antibodies detected by 

 
Table 1. Characteristics of 60 enrolled households during investigation of human and canine blastomycosis cases associated with 
riverside neighborhood, Wisconsin, USA, December 2021–March 2022* 
Characteristic Values 
No. humans in household 2 (1–7) [2.0–3.0] 
No. humans tested for antibodies in household 2 (0–4) [0.8–2.0] 
No. humans with antibodies detected in household† 1 (0–3) [0–1.0] 
No. dogs in household 1 (0–4) [0–1.3] 
No. dogs tested for antibodies in household‡ 1 (0–4) [0–1.0] 
No. dogs with antibodies detected in household 0 (0–2) [0] 
Length of time living in neighborhood 4.9 y (1 mo–56.5 y) [3.2 y–15.5 y] 
Distance of house from construction, m 144 (0–814.8) [92.7–219.4] 
Distance of house from river, m 341.7 (1.7–791.0) [231.1–463.2] 
No. (%) households in neighborhood   
 Neighborhood 1 20 (33.3) 
 Neighborhood 2 29 (48.3) 
 Neighborhood 3 11 (18.3) 
No. (%) households with a clinically diagnosed case  
 Human case 5 (8.3) 
 Canine case 6 (10.0) 
 Both human and canine cases 0 (0.0) 
No. (%) households with any antibodies detected, n = 46 34 (73.9) 
 Humans with detected antibodies† 31 (67.4) 
 Canines with detected antibodies 7 (15.2) 
 Both humans and canines with detected antibodies‡ 4 (6.7) 
No. (%) household members (human or canine) with antibodies detected, n = 46  
 0 12 (26.1) 
 1 22 (47.8) 
 2 7 (15.2) 
 3 4 (8.7) 
 4 1 (2.2) 
No. (%) households with a clinically diagnosed case, n = 11  
 Neighborhood 1, n = 20 2 (10.0) 
 Neighborhood 2, n = 29 8 (27.6) 
 Neighborhood 3, n = 11 1 (9.1) 
No. (%) households that participated in the serosurvey, n = 46  
 Neighborhood 1, n = 20 15 (75.0) 
 Neighborhood 2, n = 29 24 (82.8) 
 Neighborhood 3, n = 11 7 (63.6) 
No. (%) households with antibodies detected, n = 46   
 Neighborhood 1, n = 15 11 (73.3) 
 Neighborhood 2, n = 24 18 (75.0) 
 Neighborhood 3, n = 7 5 (71.4) 
*Values are median (range) [IQR] except as indicated. IQR, interquartile range. 
†For humans, antibodies were considered detected in those returning a positive or intermediate result. 
‡Antibody testing was completed by MiraVista Diagnostics for Blastomyces human and canine enzyme immunoassay.  
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EIA. Although this result suggests widespread ex-
posure, the length of time that Blastomyces antibodies  
remain detectable in the blood and the baseline an-
tibody prevalence in the community are unknown 
(5,7). Although low sensitivity of immunodiffusion 
limits its use for detecting antibodies (8), this study 
used an EIA targeting the BAD-1 antigen with in-
creased sensitivity.

Although we were unable to identify a defini-
tive exposure as the likely cause of this cluster, sev-
eral sites such as the riverbank, riverside trails or 
yards, or construction dust, could have plausibly 
been sources of Blastomyces spores. Although not 
statistically significant, antibody prevalence was in-
creased in persons who reported participating in  
activities along the river, as did dogs who walked on 

in-neighborhood trails (Appendix 2, Table 3, Figure). 
Extensive neighborhood construction and excavation 
during the exposure period might have increased risk 
for exposure because most recent home construction 
occurred close to the river. Construction and exca-
vation have been implicated in previous clusters of  
blastomycosis (9–11).

Conclusion
Prevention of blastomycosis is challenging. Recom-
mendations for persons in blastomycosis-endemic 
areas include avoiding activities that disrupt dirt 
and leaf litter and wearing a well-fitted, high-
quality facemask during those activities. Immuno-
compromised persons are at higher risk for severe 
blastomycosis and should avoid those activities. 

 
Table 2. Characteristics by antibody detection among humans during investigation of human and canine blastomycosis cases 
associated with riverside neighborhood, Wisconsin, USA, December 2021–March 2022* 

Characteristic Total, N = 87 
Antibodies 

detected, n = 44 
Antibodies not 

detected, n = 43 Prevalence ratio (95% CI)  p value 
Median time lived in neighborhood, 
y (IQR) 

5.0 (3.1–13.5) 5.0 (3.5–14.0) 5.2 (2.8–13.5) 1.00 (0.99–1.00) 0.98 

Median distance from construction, 
m (IQR)† 

138 (92–191) 136 (102–213) 139 (92–179) 1.00 (0.99–1.00) 0.98 

Median distance from river, m (IQR) 338 (247–483) 313 (193–437) 350 (286–513) 0.99 (0.99–1.00)  0.08 
Neighborhood of residence      
 Neighborhood 1 31 (35.6) 16 (36.4) 15 (34.9) 1.1 (0.7–1.7) 0.81 
 Neighborhood 2 43 (49.4) 21 (47.7) 22 (51.2) Referent  
 Neighborhood 3 13 (14.9) 7 (15.9) 6 (14.0) 1.1 (0.6–2.0) 0.74 
Age group, y      
 <18 7 (8.0) 5 (11.4) 2 (4.7) 1.4 (0.7–2.8) 0.30 
 18–64 64 (73.6) 31 (70.5) 33 (76.7) 1.0 (0.6–1.7) 0.91 
 >64 16 (18.4) 8 (18.2) 8 (18.6) Referent  
Sex      
 M 38 (43.7) 24 (54.5) 14 (32.6) 1.5 (1.0–2.3) 0.04 
 F 49 (56.3) 20 (45.5) 29 (67.4) Referent  
Race/ethnicity      
 White, non-Hispanic 84 (96.6) 42 (95.5) 42 (97.7) 0.8 (0.3–1.7) 0.50 
 Other 3 (3.4) 2 (4.5) 1 (2.3) Referent  
Immunosuppressive chronic conditions‡     
 Any 20 (23.0) 8 (18.2) 12 (27.9) 0.7 (0.4–1.3) 0.32 
 Diabetes 3 (3.4) 0 (0.0) 3 (7.0) NA  
 Asthma 5 (5.7) 2 (4.5) 3 (7.0) 0.8 (0.3–2.3) 0.66 
 Other 12 (13.8) 6 (13.6) 6 (14.0) 1.0 (0.5–1.8) 0.97 
Smoking history      
 Current 3 (3.4) 2 (3.4) 1 (2.3) Referent  
 Former 16 (18.4) 8 (18.2) 8 (18.6) 0.8 (0.3–1.9) 0.55 
 Never 68 (78.2) 34 (77.3) 34 (79.1) 0.8 (0.3–1.7) 0.50 
Any recreational activity§ 74 (85.1) 37 (84.1) 37 (86.0) 0.9 (0.5–1.6) 0.79 
Any recreational activity in 
neighborhood 

44 (50.6) 20 (45.5) 24 (55.8) 0.8 (0.5–1.2) 0.34 

Any recreational activity in river 10 (11.5) 7 (15.9) 3 (7.0) 1.5 (0.9–2.4) 0.10 
Any soil-disturbing activity¶ 81 (93.1) 42 (95.5) 39 (90.7) 1.6 (0.5–4.9) 0.45 
Any soil-disturbing activity in 
neighborhood 

76 (87.4) 38 (87.4) 38 (88.4) 0.9 (0.5–1.6) 0.77 

Used walking trails 43 (49.4) 21 (47.7) 22 (51.2) 0.9 (0.6–1.4) 0.75 
*Values are no. (%) except as indicated. Antibody testing was completed by MiraVista Diagnostics for Blastomyces human and canine enzyme 
immunoassay. IQR, interquartile range; NA, not applicable because model does not provide meaningful value.  
†Distance to construction is measured as the distance in meters from the house to the nearest lot with a construction permit in 2021. 
‡Chronic and immunosuppressive conditions consisted of chronic obstructive pulmonary disease, diabetes, cancer, arthritis, organ transplant, long-term 
steroid treatment, asthma, and asplenia. 
§Recreational activities consisted of hunting, fishing, visiting a cabin, camping, hiking, biking, using an ATV, going to a park, and kayaking 
¶Soil disturbing activities consisted of chopping wood, excavation, gardening, mulching, exposure through one’s occupation, exposure to construction, 
lawn care, and composting. 
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Risk for blastomycosis cannot be eliminated, and 
symptoms of blastomycosis can be indistinguish-
able from other illnesses. Increasing disease aware-
ness is critical to improve early identification and 
treatment of patients.
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Table 3. Characteristics by antibody detection among canines in investigation of human and canine blastomycosis cases associated 
with riverside neighborhood, Wisconsin, USA, December 2021–March 2022* 

Characteristic Total, N = 51 
Antibodies 

detected, N = 8 
Antibodies not 

detected, N = 43 
Prevalence ratio (95% 

CI)  p value 
Median time lived in the 
neighborhood, y (IQR) 

3.5 (2.0–5.6) 3.0 (1.8–3.2) 4.0 (2.0–5.6) 0.32 (0.1–0.9) 0.03 

Median distance lived from 
construction, m (IQR)† 

150 (92–214) 170 (121–183) 139 (92–257) 0.99 (0.98–1.00) 0.13 

Median distance lived from river, m 
(IQR) 

349 (271–555) 293 (256–341) 364 (286–578) 0.98 (0.97–0.99) 0.02 

Neighborhood of residence      
 Neighborhood 1 24 (47.1) 2 (25.0) 22 (51.2) 0.3 (0.1–1.2) 0.08 
 Neighborhood 2 19 (37.3) 6 (75.0) 13 (30.2) Referent  
 Neighborhood 3 8 (15.7) 0 (0.0) 8 (18.6) 0.0 (0.0–0.0) <0.0001 
Age group, y‡      
 <2 12 (24.5) 3 (37.5) 9 (22.0) 1.5 (0.4–6.2) 0.58 
 2–8 19 (38.8) 2 (25.0) 17 (41.5) 0.6 (0.1–3.4) 0.59 
 >8 y 18 (36.7) 3 (37.5) 15 (36.6) Referent  
Sex      
 M neutered 23 (45.1) 3 (37.5) 20 (46.5) 0.7 (0.2–2.4) 0.52 
 M intact 3 (5.9) 0 (0.0) 3 (7.0) 0.0 (0.0–0.0) <0.001 
 F spayed 25 (49.0) 5 (62.5) 20 (46.5) Referent  
 F intact 0 (0.0) 0 (0.0) 0 (0.0) NA  
Breed§      
 Sporting breed pedigree¶ 21 (32.0) 6 (75.0) 15 (35.7) 4.1 (0.9–18.5) 0.06 
 Other 29 (58.0) 2 (25.0) 27(64.3) Referent  
Weight, pounds    1.2 (0.7–2.0) 0.44 
 Small (<25) 8 (15.7) 0 (0.0) 8 (18.6)   
 Medium (25–49) 14 (27.5) 3 (37.5) 11 (25.6)   
 Large (>50) 29 (56.9) 5 (62.5) 24 (55.8)   
Any recreational activity#      
 Yes 32 (62.7) 4 (50.0) 28 (65.1) 0.6 (0.2–2.1) 0.41 
 No 19 (37.3) 4 (50.0) 15 (34.9)   
Any recreation in neighborhood      
 Yes 13 (25.5) 3 (37.5) 10 (23.3) 1.8 (0.5–6.3) 0.39 
 No 38 (74.5) 5 (62.5) 33 (76.7)   
Any soil-disturbing activity**      
 Yes 46 (90.2) 4 (50.0) 42 (97.7) 0.1 (0.0–0.3) <0.001 
 No 5 (9.8) 4 (50.0) 1 (2.3)   
Any soil-disturbing activity in 
neighborhood 

     

 Yes 40 (78.4) 4 (50.0) 36 (83.7) 0.3 (0.1–0.9) 0.04 
 No 11 (21.6) 4 (50.0) 7 (16.3)   
Used trails 21 (41.2) 7 (87.5) 14 (32.6) 10.0 (1.3–75.4) 0.03 
Off-leash on trail 10 (19.6) 5 (62.5) 5 (11.6) 6.8 (2.0–23.9) 0.003 
Off-leash out of yard†† 20 (39.2) 6 (75.0) 14 (32.6) 1.1 (0.9–1.4) 0.50 
Recreation in river 10 (19.6) 2 (25.0) 8 (18.6) 1.4 (0.3–5.8) 0.67 
Frequent digger 24 (47.1) 5 (62.5) 19 (44.2) 1.9 (0.5–7.0) 0.35 
*Values are no. (%) except as indicated. Antibody testing was completed by MiraVista Diagnostics for Blastomyces human and canine enzyme 
immunoassay (EIA). NA, not applicable because model does not provide meaningful value. 
†Distance to construction is measured as the distance in meters from the house to the nearest lot with a construction permit in 2021. 
‡Information on age was missing for 2 dogs. 
§Breed information was missing for 1 dog. 
¶Sporting breed category includes mixed-breed dogs. 
#Recreational activities consisted of hunting, fishing, visiting a cabin, camping, hiking, visiting parks, visiting a dog park, and kayaking. 
**Soil-disturbing activities consisted of exposure to lawn care, excavation, or gardening. 
††Information about time spent off-leash out of the yard was missing for 1 dog. 
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Members of the Filoviridae family are negative-
sense, nonsegmented, single-stranded RNA 

viruses with the potential to cause hemorrhagic dis-
ease in humans and nonhuman primates. Lloviu vi-
rus (LLOV) is an emerging filovirus that is currently 
the only virus within the Cuevavirus genus (1). LLOV 
was first identified in Schreiber’s bats (Miniopterus 
schreibersii) in 2002 in Cueva del Lloviu, Spain (2), 
but no other reports were published until 2016, when 
it was identified in Schreiber’s bats in Hungary (3). 
LLOV has also been identified in Bosnia-Herzegovina 
and Italy (4,5). The first infectious LLOV isolate was 
obtained in 2022 (6). The human pathogenic poten-
tial is currently unknown, although LLOV can infect 
human cells, which suggests a potential for zoonotic 
spillover (6). No animal disease models have been es-
tablished to assess LLOV pathogenicity and to better 
understand this novel filovirus.

Because the ferret model has recently been used to 
assess wild-type filovirus pathogenesis (7), we chose 
domestic ferrets to investigate the pathogenic poten-
tial of LLOV. Mucosal inoculation was of interest be-
cause LLOV RNA has been detected in lung samples 
of infected Schreiber’s bats (6). Intranasal (IN), intra-
muscular (IM), and aerosol inoculations were evalu-
ated to compare different LLOV exposure routes. 

The Study
We used 18 domestic ferrets (Mustela putorius furo) 
that were 19 weeks old and 0.52–0.97 kg in weight. On 
0 days postinfection (dpi), we inoculated the ferrets 
by either IM (0.4 mL/ferret; 4 female and 2 male), IN 
(0.3 mL/ferret; 2 female and 4 male), or aerosol (4 fe-
male and 2 male) routes of exposure with 1,000 focus-
forming units (FFU) of wild-type LLOV (GenBank 
accession no. OQ630505), as previously described (8). 
We conducted examinations and sample collections 
on 0, 2, 4, 6, 8, 10, 14, and 21 dpi. At 21 dpi, we hu-
manely euthanized 6 of 18 surviving ferrets (n = 2/
exposure group) and repurposed the remaining 12 
ferrets to a different study. We conducted analysis by 
using GraphPad Prism software v. 9.3.1 (GraphPad, 
https://www.graphpad.com).

We conducted all infectious work with LLOV 
following standard operating procedures approved 
by the Rocky Mountain Laboratories (RML) Insti-
tutional Biosafety Committee in the maximum con-
tainment laboratory at RML, National Institute of 
Allergy and Infectious Diseases, National Institutes 
of Health. We conducted animal work in accordance 
with recommendations described in the Guide for 
the Care and Use of Laboratory Animals of the 
National Institutes of Health, the Office of Animal 
Welfare, and the United States Department of Ag-
riculture. Animal work was approved by the RML 
Animal Care and Use Committee. Procedures were 
conducted in animals anesthetized by trained per-
sonnel under the supervision of veterinary staff. Fer-
rets were monitored >1 time/day for clinical signs 
of disease, including appearance, level of activity, 
body temperature, and bodyweight determination. 
Endpoint criteria were used as specified by RML 
Animal Care and Use Committee approved clinical 
score parameters.

We achieved the LLOV target dose for each 
route of exposure as indicated by LLOV inoculum 
RNA (Appendix Figure 1, panel A, https://wwwnc.
cdc.gov/EID/article/30/12/24-0818-App1.pdf). We 
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determined RNA levels by using a LLOV-specific 
primer-probe set with extractions and real-time re-
verse transcription PCR methods as previously de-
scribed (8). All ferrets survived LLOV inoculation 
(Figure 1, panel A) with no signs of disease regard-
less of exposure route throughout the study (Figure 
1, panel B). Slight fluctuations of temperature levels 
were detected by transponders that we inserted on 0 
dpi (Figure 1, panel C). We detected sporadic LLOV 
RNA at low levels in the blood, swab, urine, or tis-
sue samples collected throughout the study (Ap-
pendix Figure 1, panels B–F). We detected limited 
titers of LLOV glycoprotein (GP)-specific IgG on 21  
dpi in the aerosol-exposed group (8) but only negli-
gible amounts in the IM- and IN-exposed ferrets (Fig-
ure 1, panel D).

We next investigated the hematology and serum 
biochemistry of LLOV-exposed ferrets, as previously 
described (9). Platelet and lymphocyte (Appendix Fig-
ure 2, panels A, B) cell counts remained at normal lev-
els throughout the study regardless of exposure route. 

Similarly, liver and kidney (Appendix Figure 2, panels 
C–F) enzyme levels remained normal throughout the 
study regardless of exposure route, which indicated no 
clinically relevant organ damage. Those findings were 
confirmed by histopathologic analysis with hematoxy-
lin and eosin staining, as previously described (9). No 
inflammation or classic filovirus lesions were observed 
on 21 dpi for any exposure route in the lung, liver, or 
spleen tissues of the 6 ferrets assessed (Figure 2).

There are no established animal disease models 
to assess LLOV pathogenicity because it is a novel 
filovirus. Immunodeficient mice, especially type 
I interferon receptor knockout (IFNAR−/−) mice, 
have been shown to be susceptible to wildtype 
filovirus infection (10), but a recent study showed 
that disease did not develop in IFNAR−/− mice af-
ter LLOV inoculation regardless of dose and route 
of exposure (8). Domestic ferrets have previously 
been shown to be susceptible to filovirus infection, 
and disease developed after IM or IN inoculation 
with Ebola virus, Bundibugyo virus, Sudan virus, 

Figure 1. Clinical findings after experimental LLOV exposure in ferrets. Ferrets were inoculated through IM, IN, or aerosol (n = 6/
group) routes with 1,000 focus-forming units of LLOV. A) Survival curve. B) Bodyweight percentage; dotted line is normalized to day 
of infection; error bars indicate standard error of the mean. C) Transponder temperature beginning at 1 day postinfection; error bars 
indicate standard error of the mean. D) LLOV glycoprotein-specific IgG titers in serum measured by ELISA. Dotted line indicates the limit 
of detection; error bars indicate standard error of the mean. IM, intramuscular; IN, intranasal; LLOV, Lloviu virus.

http://www.cdc.gov/eid


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No.12, December 2024 2641

Lack of Lloviu Virus Disease in Ferret Model

or Reston virus (7). Therefore, we assessed LLOV 
inoculation either by IM, IN, or aerosol routes of 
exposure in the ferret model.

Our results show the LLOV-exposed ferrets did 
not develop any signs of disease and survived after 
exposure, regardless of route, and miniscule amounts 
of LLOV RNA were detected. Animals maintained 
normal levels of clinical and hematology parameters 
throughout the study, and histopathologic assess-
ments indicated no lesions or inflammation. The aero-
sol group demonstrated the most evidence of LLOV 
replication and as a result recorded the highest LLOV 
GP-specific IgG titers. This route of infection was 
specifically included to deposit the virus directly in 
the lungs because LLOV was isolated from bat lung 
samples (6). Of note, those results mimic previously 
published results in the ferret model for IM, IN, or 

intraperitoneal inoculation of Marburg virus (MARV) 
and IM or IN inoculation of Ravn virus (11,12). The 
differences between filovirus infectivity in ferrets 
could be related to innate immune evasion in this 
model. A previous LLOV in vitro study investigated 
the effect of plasmid-expressed viral proteins (VP) 
VP24, VP35, and VP40 as innate immune antagonists 
and found LLOV VP24 and VP35 inhibited interferon 
responses whereas VP40 did not; although testing 
was performed in human and bat cells (Epomops buet-
tikoferi) and not ferret cells (13). That result is of in-
terest because LLOV VP40 is similar to MARV VP40 
(2); however, MARV VP40 is an interferon antagonist 
in a species-specific manner (14). Further research is 
needed to assess potential species-specific differences 
with filovirus infections and their invasion of the in-
nate immune response.

Figure 2. Histopathologic findings after experimental LLOV exposure in ferrets. Ferret tissues showed no abnormalities after LLOV 
exposure at 21 days postinfection. A–C) Lung tissue; D–F) liver tissue; G–I) spleen tissue. Hematoxylin and eosin staining; original 
magnification × 200. Ferrets were inoculated through IM, IN, or aerosol (n = 6/group) routes with 1,000 focus-forming units of LLOV. IM, 
intramuscular; IN, intranasal; LLOV, Lloviu virus.
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Conclusions
In this study, all LLOV-exposed ferrets showed no 
signs of disease, and survival was 100% regardless of 
exposure route. Our results indicate a limited value 
for investigation of LLOV pathogenicity and disease 
development in this model. Our data potentially indi-
cates that LLOV may be less infectious or pathogenic 
than other previously characterized filoviruses. Those 
viruses include MARV and Ravn virus, which cause 
disease in IFNAR−/− mice but not in ferrets, and Ebola 
virus, Sudan virus, Reston virus, and Bundibugyo vi-
rus, which cause lethal disease in ferrets. This result 
may be because the LLOV isolate used is closely re-
lated to the isolate from Hungary. However, LLOV 
could be less capable of infecting certain animal spe-
cies, or LLOV infection might occur by specific ex-
posure routes only, in this case by aerosol exposure. 
Further studies might reveal if LLOV is pathogenic in 
any animal species other than bats and determine if 
the virus poses a zoonotic threat. 
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Researchers first isolated Umatilla virus (UMAV) 
from wild birds in the United States in the 1960s, 

also identifying the virus in several species of Culex 
mosquitoes in Australia, Japan, China, and the Unit-
ed States (1–5). The low pathogenicity of UMAV has 
contributed to the incidental detection of the virus 
in wild birds. In Germany, investigators identified 
3 UMAV strains (ED-I-93/19, ED-I-87/19, and ED-I-
205/19) in wild bird species in 2022 (6). 

UMAV is a mosquitoborne arbovirus (genus Or-
bivirus, family Sedoreoviridae) with a 10-segment, 
double-stranded RNA genome and 7 structural pro-
teins forming the inner and outer core. The structural 
RNA-dependent RNA polymerase viral protein (VP) 1 
and inner-core protein VP3 are the most conserved pro-
teins among orbiviruses. In contrast, the outer-capsid 
protein VP2 and, to a lesser extent, VP5 are more vari-
able among orbivirus species and distinguish virus se-
rotypes (7–9). The UMAV life cycle is sustained between 
UMAV-competent Culicinae mosquitoes and wild birds, 
the primary virus hosts. Limited studies on the UMAV 
sylvatic life cycle in wild birds and the respective vector 
species has created a paucity of knowledge regarding 
the diversity of susceptible hosts, the pathogenicity of 
the virus, and the genetic diversity of circulating strains.

The Study
A Cape penguin (Spheniscus demersus) died without 
overt clinical signs in August 2019 at Hannover Ad-
venture Zoo, Hannover, Germany. Histopathologic 
examination revealed mild-to-moderate, periportal, 
lymphocytic hepatitis with hepatocellular necrosis 
(Figure, panel A) indicative of a viral infection. Rou-
tine immunohistochemical tests for influenza virus 
yielded negative results (data not shown). Virus iso-
lation from homogenized liver tissue in a chicken 
liver–derived (leghorn male hepatocellular [LMH]) 
cell line showed a cytopathic effect at 3 days postin-
oculation (Appendix 1 Figure 1, https://wwwnc.cdc.
gov/EID/article/30/12/24-0498-App1.pdf). We ex-
tracted RNA from clarified supernatant of inoculated 
LMH cells and conducted next-generation sequenc-
ing according to methods previously described (10). 
We conducted bioinformatic analyses of raw next- 
generation sequence reads by using the CZ-ID bioin-
formatic pipeline (11), which showed 304,052 reads 
aligning to orbiviruses, with UMAV demonstrating the 
highest percent homology. We then performed nucle-
otide sequence analyses on the isolated UMAV strain 
(Umatilla virus isolate DE/Penguin/2019) and found 
it to be homologous (94%–99% identical) to ED-87-19, 
ED-93-19, and ED-205-19 (6) in all genome regions 
except for segment 3, where a nucleotide sequence 
identity ≤72% was observed with other UMAV strains 
from Germany (GenBank accession nos. PP669535–44) 
(Appendix 2 Table 1, https://wwwnc.cdc.gov/EID/
article/30/12/24-0498-App2.xlsx). The sequence vari-
ation of the outer capsid protein has been previously 
observed for UMAV in Germany (6), and we could not 
rule out that it might result from a reassortment with 
other circulating but not yet sequenced UMAVs. 

Amino acid sequences generated from each 
UMAV genomic segment showed alignment with 
multiple orbiviruses (Appendix 2 Table 2). We con-
structed maximum-likelihood consensus trees with 
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Analysis of liver tissue from a Cape penguin that died 
with hepatitis at a zoo in Germany revealed Umatilla vi-
rus. Testing uncovered Umatilla virus RNA in samples 
from 2 other deceased Cape penguins at the zoo. Our 
results expand knowledge of the prevalence of this virus 
in bird species across Germany.
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1,000 bootstraps in accordance with the best-fit mod-
el calculated by using MEGA 11 software (12). Phy-
logenetic trees based upon amino acid sequences of 
UMAV proteins exhibited analogous topology (Ap-
pendix 1 Figure 2). We used the nucleotide sequence 
of UMAV segment 2 to design a quantitative reverse 
transcription PCR (qRT-PCR) and a fluorescence in 
situ hybridization (FISH) probe to evaluate UMAV 

tissue tropism. We detected UMAV RNA in hemato-
poietic cells, most likely macrophages, within hepatic 
sinusoids and in hepatocytes (Figure, panel B). We 
detected no marked histopathologic changes in the 
spleen (Figure, panel C), but macrophage-like cells in 
the follicle centers tested positive for UMAV by FISH 
(Figure, panel D). Enterocytes of the small intestine dis-
played mild multifocal necrosis (Figure, panel E) and 
were positive for UMAV by FISH (Figure, panel F); 
other organs were negative by nucleic acid detection  
methods. We noted high quantification cycle values 
(30–33.2) in lung, small and large intestine, and brain, 
and spleen, kidney, and liver showed the lowest 
UMAV quantification cycle values (25.5–27.2) (Table 
1). In contrast to the qRT-PCR results, kidneys tested 
negative by FISH. Those apparently conflicting data 
are consistent with the lower sensitivity of FISH for 
formalin-fixed, paraffin-embedded (FFPE) tissues (13). 

Figure. Histopathologic findings 
and fluorescence in situ 
hybridization (FISH) results in a 
deceased zoo-dwelling, Umatilla 
virus (UMAV)–infected penguin, 
Germany, 2019. A) Hematoxylin 
and eosin (H&E) stain of liver 
tissue shows mild, multifocal, 
randomly distributed, coagulative 
necrosis of hepatocytes (arrows) 
and mild-to-moderate, periportal, 
lymphocytic hepatitis (asterisk). 
B) FISH of liver tissue shows 
intracytoplasmically UMAV RNA-
positive hepatocytes. C) H&E 
stain of spleen tissue shows 
no significant histopathologic 
alterations. D) FISH of spleen 
tissue shows multifocal cells 
within follicle centers, most 
likely macrophages, tested 
cytoplasmatically positive for 
UMAV RNA. E) H&E stain of 
small intestine tissue shows mild, 
multifocal necrosis of epithelial 
cells of the small intestine. () 
FISH of small intestine tissue 
shows positive UMAV RNA 
signal within enterocytes. Inset: 
Multifocal, granular red signal 
within cytoplasm of enterocytes. 
Scale bars indicate 50 µm.

 
Table 1. Comparison of qRT-PCR and FISH results for a UMAV-
infected zoo-dwelling penguin, Germany, 2019* 
Sample name and source qRT-PCR, Cq FISH 
S849/19 liver 27.24 Positive 
S849/19 kidney 26.37 Negative 
S849/19 lung 30.37 Negative 
S849/19 duodenum 30.04 Positive 
S849/19 brain 33.22 Negative 
S849/19 colon 32.69 Negative 
S849/19 spleen 25.71 Positive 
*Cq, quantification cycle; FISH, fluorescence in situ hybridization; qRT-
PCR, quantitative reverse transcription PCR; UMAV, Umatilla virus. 
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We investigated whether additional UMAV infec-
tions had occurred in other penguins from the same zoo 
in Germany by performing FISH on FFPE liver samples 
from 15 penguins that died without overt clinical signs 
during 2005–2021. Histologically, 9 of those penguins 
displayed hepatitis. UMAV RNA was detected by 
FISH in 2 Cape penguins, 1 dying in 2005 and 1 in 2011 
(Appendix 1 Figure 3). However, we could not confirm 
those data by qRT-qPCR performed on RNA extracted 
from the same FFPE material, possibly because of poor 
RNA quality and fragmentation (14). We also screened 
for UMAV neutralizing antibodies in 7 serum samples 
from penguins and in IgY extracted from egg yolks 
from 9 penguins and 1 red cardinal (Cardinalis cardina-
lis) from the same zoo. We mixed serial serum sample 
dilutions (1:10) and IgY sample dilutions (1:20–80) and 
added 600 TCID50 (50% tissue culture infectious dose) 
per well of isolated UMAV, before applying the solu-
tion onto LMH cells. Positive results relied on 100% vi-
rus neutralization, determined by immunofluorescence 
staining of intracellular UMAV double-stranded RNA 
(dsRNA) by using mouse monoclonal antibody J2 (15). 
The analysis revealed no UMAV antibodies in the sam-
ples. We applied the same analysis to 94 serum samples 
collected from wild pheasants captured in northwest-
ern Germany during 2011–2017. We noted an overall 
seroprevalence of ≤37%, the highest in 2011 (Table 2).

Conclusion
We isolated and molecularly characterized UMAV 
from the liver of a deceased Cape penguin in a zoo 
in Germany. This penguin had lymphocytic hepatitis 
and UMAV RNA in hepatocytes. qRT-PCR revealed 
a systemic infection with high viral loads in spleen 
and kidney. Phylogenetic analyses indicated that the 
UMAV strain involved is closely related to UMAVs 
isolated from wild birds in Germany. The virus caused 
systemic infection consistent with published findings 
(6). Two other penguins with hepatitis that died in the 
same zoo, 1 in 2005 and 1 in 2011, tested positive for 
UMAV by FISH. The use of dsRNA antibodies as an 
alternative virus detection method should be inter-
preted with caution because, as revealed in this inves-
tigation, different cell types tested UMAV-positive as 
determined by dsRNA in liver tissue compared with 
positive cell types detected by FISH. 

Serologic analysis showed evidence of UMAV trans-
mission among free-living pheasants in northwestern 
Germany in 2011–2017. UMAV infections among wild 
birds increases the likelihood of virus transmission to ad-
ditional susceptible hosts. We theorized that the carrier 
mosquitoes transmitted the virus from free-living wild 
birds to the penguins in the affected zoo.

This case study of penguins in Germany expands 
the collective knowledge regarding the susceptible 
host range for UMAV, as well as aspects of the patho-
genesis and the epidemiology of UMAV infections 
in birds with the specific clade of virus previously 
identified in Germany. Our seroprevalence data in-
dicate the need for further investigation into the sus-
ceptibility of domesticated birds, such as poultry, to 
UMAV infection. Controlled, in vivo infection studies 
of UMAV in domestic and wild bird species would 
be useful in better defining the virulence of this virus. 
Coupled with reported serologic evidence of UMAV 
infection in goats, horses, and donkeys in Australia 
(2), our findings suggest the need for more in-depth 
exploration into the potential for UMAV infection in 
mammal species, including humans. 
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Highly pathogenic (HP) influenza A virus 
(IAV), subtype H5N1, clade 2.3.4.4b was de-

tected in North America in November 2021; many 
infections and mass deaths were subsequently re-
ported in wild birds from North America to Ant-
arctica (1–3). The IAV immunologic status in water-
fowl before the HP H5N1 introduction are largely 
unknown; however, infections with endemic low 
pathogenicity (LP) IAV occur in ducks every year 
and peak during fall migration (4,5). Prevalence 
of IAV antibodies in waterfowl also increases dur-
ing migration; reported estimates in mallard ducks 
(Anas platyrhynchos) were 51%–75% for hatch year 
and 86%–93% for A. platyrhynchos sampled in Sep-
tember after hatch year (6). In contrast, prevalence 
of infection and antibodies to specific IAV hemag-
glutinin (HA) and neuraminidase (NA) subtypes, 
such as H5 and N1, can vary annually and often 
are low (4,6). How immunity from previous LP IAV 

exposure, especially with LP H5 and N1 IAV sub-
types, affects duck susceptibility to HP H5N1 infec-
tion, illness, and death, or transmission and main-
tenance of new IAV in the system, have not been 
adequately explored. Data from field studies and 
experimental infections of waterfowl supported the 
need for further study and demonstrated that pre-
vious infections with LP IAV can reduce infection, 
death, and viral shedding during subsequent infec-
tions with both LP and HP IAV and increase the 
infective dose required for infection (7–9). Those 
effects are more pronounced with genetically simi-
lar or matched HA subtypes and repeated LP IAV 
infections (10,11). NA is associated with suscepti-
bility of mice and humans to IAV infection (12), but 
less is known about potential protective effects of 
immunity to NA in ducks. We sampled ducks to 
investigate IAV immunity in waterfowl before and 
after HP H5N1  was detected in Tennessee, USA.

The Study
We tested cloacal and oropharyngeal swab samples 
from ducks sampled in western Tennessee, United 
States, during November 7, 2021–January 31, 2022 
for IAV infection before and after detection of HP 
H5N1 at the study site on January 24, 2022. A telem-
etry study conducted on a subsample of those birds 
showed no effect of HP H5N1 infection on survival or 
movement of mallard ducks (13). We collected serum 
samples (not included in the telemetry study) that en-
abled us to estimate prevalence of antibodies to IAV 
nucleoprotein (NP), to IAV HA subtype H5, and to 
NA subtype N1 before identification of HP H5N1 in-
troduction into the population; document short-term 
antibody responses in the population after HP H5N1 
introduction; examine antibody levels in individual 
ducks infected with HP H5N1; and address the need 
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Testing of ducks in Tennessee, United States, before in-
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demonstrated a high prevalence of antibodies to influ-
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(25%) or H5 and N1 (13%) subtypes. Antibody preva-
lence increased after H5N1 introduction.
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to consider population immunity when evaluating 
effects of HP H5N1 infection on wild avian species. 
Duck capture and handling procedures in this study 
were conducted in accordance with Tennessee Tech-
nological University’s Institutional Animal Care and 
Use Committee (IACUC protocol no. 19-20-002) and 
authorized under Federal Banding Permit nos. 05796 
and 24239.

We tested combined cloacal and oropharyngeal 
swab samples for IAV, including H5 clade 2.3.4.4b, 
by virus isolation in embryonating chicken eggs and 
by real-time reverse transcription PCR, as previously 
described (13). We submitted all H5 nonnegative iso-
lates to the US Department of Agriculture National 
Veterinary Services Laboratory (Ames, Iowa) for con-
firmation of subtype and pathogenicity. Duck species 
tested included mallard (n = 236), northern pintail (A. 
acuta, n = 19), gadwall (Mareca strepera, n = 4), and 
American wigeon (M. americana, n = 3). We did not 
detect HP H5N1 or LP IAV in any samples collected 
before January 24, 2022 (n = 220). During January 
24–31, 2022, the laboratory detected and confirmed 
HP H5N1 in samples collected from 12/38 (32%) mal-
lards, 3/4 (75%) gadwalls, and 2/2 (100%) American 
wigeon. Phylogenetic analyses of sequences from a 
subset of isolated IAV indicated that sequences be-
longed to genotype A1 of clade 2.3.4.4b viruses, the 
same genotype as the virus clade first detected in 
North America in Canada (3).

We tested serum samples for antibodies to IAV 
NP using a commercial bELISA (IDEXX AI MultiS-
Screen AB test; IDEXX Laboratories, https://www.
idexx.com). We further tested samples testing posi-
tive (sample to negative absorbance ratio <0.7) for 

antibodies against H5 and N1 by using hemagglu-
tination inhibition (HI), virus neutralization (VN), 
and enzyme linked lectin assay (ELLA), as described 
previously (6,14). We further tested only a subset 
of samples from the pre–H5N1 detection period. 
We used 2 attenuated viruses produced by reverse 
genetics as antigens for HI and VN: reverse genet-
ics BWT, containing HA and NA from the LP A/
Blue-winged teal/AI12–4150/Texas/2012 (H5N2), 
and reverse genetics AST IDCDC-RG71A (H5N8), 
containing a modified HA and NA from HP 2.3.4.4b 
A/Astrakhan/3212/2020 (H5N8); remaining gene 
segments from both viruses were from A/Puerto 
Rico/8/34. For ELLA, we used A/ruddy turnstone/
New Jersey/AI13–2948/2013 (H10N1) as an antigen. 
We considered samples that tested positive for ei-
ther antigen at a titer of 32 for HI or 20 for VN posi-
tive for H5 antibodies. For ELLA we considered a 
titer of 80 positive.

IAV NP antibodies were prevalent (79%) in 
ducks at the study site before introduction of HP 
H5N1 virus; antibody prevalence increased to 100% 
after H5N1 was detected (Table 1). Antibody preva-
lence for H5, based on reactivity to reverse genetics 
BWT or reverse genetics AST, however, was low be-
fore HP H5N1 introduction, as determined by both 
HI (8%) and VN (25%). By the postdetection sample 
period, January 30–31, 2022, antibody prevalence in-
creased, as determined by HI (27%) and VN (53%) 
(Table 1). Antibody prevalence to N1 subtype also 
increased from 40% before HP H5N1 detection to 
86% after detection (Table 1). We observed an in-
crease in the percentage of ducks testing seroposi-
tive for H5 after HP H5N1 detection by both HI and 

 
Table 1. Antibodies detected in wintering ducks in study of influenza A virus antibodies in ducks and introduction of highly pathogenic 
influenza A(H5N1) virus, Tennessee, USA* 

Time sampled Total  HI H5† VN H5† ELLA N1‡ 
Antibodies to H5 and N1§ 

Total Prevalence, %¶  
Pre–H5N1 detection, Nov 7, 2021–Jan 5, 2022      
 Total 0/218 (0) 6/63 (10) 21/65 (32) 33/65 (51) 11/65 (17) 13 
 bELISA-positive 173/218 (79)      
  % Testing positive  8 25 40   
H5N1 detection, Jan 24–25, 2022       
 Total 14/29 (48) 1/26 (4) 3/26 (12) 15/24 (63) 3/24 (13) 12 
 bELISA-positive 26/29 (90)      
  % Testing positive  4 10 57   
Post–H5N1 detection, Jan 30–31, 2022       
 Total 3/15 (20) 4/15 (27) 8/15 (53) 11/13 (85) 8/13 (62) 62 
 bELISA-positive 15/15 (100)      
  % Testing positive  27 53 85   
*Values are no. positive/no. tested (%) except as indicated. For HI, VN, and ELLA, testing was limited to bELISA-positive serum. bELISA, blocking 
enzyme-linked immunosorbent assay; ELLA, enzyme-linked lectin assay; HI, hemagglutination inhibition; VN, virus neutralization. 
†Tests completed with 2 antigens: reverse genetics BWT antigen, HA and NA from A/Blue-winged teal/AI12–4150/Texas/2012 (H5N2) on PR8 backbone; 
and reverse genetics AST antigen, IDCDC-RG71A (H5N8) with modified HA and NA from A/Astrakhan/3212/2020 (H5N8) on PR8 backbone. 
‡Test used A/ruddy turnstone/New Jersey/AI13–2948/2013(H10N1) as antigen. 
§Ducks tested positive for antibodies against H5 and N1 as determined by HI, VN, or both, and ELLA. 
¶Apparent prevalence in sampled population, adjusted for bELISA results. 
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VN (Table 2). For H5N1-infected ducks, 15/17 (88%) 
tested seropositive for NP, 1 (6%) tested seroposi-
tive for H5 by HI, 2 (12%) were seropositive for H5 
by VN, and 12/16 (75%) tested seropositive for N1. 
Some of those antibody-positive results, especially 
in postdetection sampling, could have resulted from 
seroconversion, but still reflect a very low preva-
lence of antibodies to H5 at time of infection.

Conclusions
Although antibody prevalence to NP was high in 
ducks before HP H5N1 virus introduction at the 
site, likely reflecting previous infections with LP 
IAV, the prevalence of antibodies to H5 and N1 
subtypes was low; few (11 [17%]) ducks tested se-
ropositive for both (Table 1). The lack of immunity 
to H5 and N1 possibly enabled the successful intro-
duction of HP H5N1 into this population and into 
North America. That pattern was also apparent in 
individual ducks that were infected with HP H5N1 
at the time we collected serum samples. We de-
tected an increase in antibody prevalence with all 
serologic tests after HP H5N1 introduction; 62% of 
birds sampled in the postdetection sample period 
tested seropositive for both H5 and N1. Whether 
the developing immunity affected subsequent HP 
H5N1 transmission as birds migrated from this site 
is unknown, but many (38%) departing birds ap-
parently remained unexposed. The population was 
not immunologically naive to IAV at the time of HP 
H5N1 introduction and could have been partially 
protected from clinical effects caused by existing 
heterosubtypic immunity; however, that did not 
prevent infection or rapid transmission through the 
population. After HP H5N1 introduction, substan-
tial immunity to H5 and N1 was present. Future 
studies should address whether existing hetero-
subtypic or developing homosubtypic immunity 
affected survival or migration of this duck popula-
tion; such studies could apply to other wild bird 
species that may be more vulnerable than ducks 

to HP H5N1. Monitoring IAV in wild migratory 
populations can inform influenza spillover risks to 
domestic animals and humans.
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H5N1 detection, Jan 24–25, 2022 1/26 (4) 0/26 (0)  3/24 (13) 1/26 (4) 
Post–H5N1 detection, Jan 30–31, 2022  4/15 (27) 3/15 (20)  7/12 (58) 3/12 (25) 
*Values are no. positive/no. tested (%). As determined by hemagglutination inhibition and virus neutralization using 2 H5 antigens of North American low 
pathogenicity IAV (reverse genetics BWT) and goose/Guangdong clade 2.3.4.4b H5 lineage of highly pathogenic IAV (reverse genetics AST). AST, 
IDCDC-RG71A (H5N8) with modified HA and NA from A/Astrakhan/3212/2020 (H5N8) on PR8 backbone; BWT, HA and NA from A/Blue-winged 
teal/AI12–4150/Texas/2012 (H5N2) on PR8 backbone; HA, hemagglutinin; HI, hemagglutination inhibition; IAV, influenza A virus; NA, neuraminidase; rg, 
reverse genetics; VN, virus neutralization. 
†Both tests completed with 2 antigens. Reverse genetics BWT antigen: HA and NA from A/Blue-winged teal/AI12–4150/Texas/2012 (H5N2) on PR8 
backbone; and reverse genetics AST antigen: IDCDC-RG71A (H5N8). Modified HA and NA from A/Astrakhan/3212/2020 (H5N8) on PR8 backbone. 
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Since October 2021, outbreaks of highly pathogenic 
avian influenza (HPAI) A(H5N1) virus belonging to A/
Goose/Guangdong/1/1996 lineage H5 clade 2.3.4.4b 
have been reported throughout Europe. Transatlantic 
spread of HPAI H5N1 virus with genetic similarity to 
Eurasian lineages was detected in the United States in 
December 2021 and has spread throughout the conti-
nental United States in wild birds and domestic poultry. 
Cases of HPAI virus Eurasian lineage H5 clade 2.3.4.4b 
were detected in wild terrestrial mammals in the Unit-
ed States during the spring and summer of 2022. 
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Ehrlichia canis (order Rickettsiales, family Anaplas-
mataceae) is the causative agent of canine mono-

cytic ehrlichiosis and may be incidentally transmitted 
by brown dog ticks (Rhipicephalus sanguineus sensu 
lato) to a plethora of mammalian hosts, including 
cats and humans (1). In humans, asymptomatic or 
paucisymptomatic infections have been occasionally 
reported from the United States (2,3), Venezuela (4,5), 
and Costa Rica (6). Despite the risk being relatively 
uncommon, persons living or visiting environments 
where ticks and E. canis are prevalent in dogs may 
potentially be at risk for infection (7). We report a case 
of human ehrlichiosis caused by E. canis in a patient 
from Italy, indicating the risk for unconventional tick-
borne infection in humans participating in outdoor 
activities in rural areas in Italy.

The Study
In August 2023, a 42-year-old male patient was re-
ferred to the Experimental Zooprophylactic Institute of 
Southern Italy with a tick attached to his neck. The pa-
tient had noticed the tick 48 hours after a hike in a rural 

area of Salerno Province, Campania region, southern 
Italy. After obtaining the patient’s signed informed 
consent, we removed the tick with fine-tipped twee-
zers, checked the patient’s skin for other ticks, and col-
lected a 7-mL blood sample from his cephalic vein. We 
used a 2-mL aliquot placed in a Vacutainer (https://
www.bd.com) K3-EDTA tube for complete blood 
count on a CELL-DYN 3700 Hematology Analyzer 
(Abbott, https://www.abbott.com). We added the 
remaining 5 mL to a Vacutainer clot activator serum 
tube for biochemical analysis on a SAT 450 Random 
Access Analyzer (KPM Analytics, https://www.kpm-
analytics.com) after centrifugation for 15 min at 1,500 
g at room temperature. We classified the tick with re-
gard to developmental stage (larva, nymph, or adult), 
sex (male or female), and feeding status (engorged or 
not engorged) by using a Leica MS5 stereomicroscope 
(https://www.leica-microsystems.com). Then we tax-
onomically identified the tick by using morphological 
keys. In addition, we looked for pathogenic microor-
ganisms by performing Romanowsky staining using 
Diff Stain Quick Kit (ProEko, https://www.proekosrl.
com) on smears of the gut, hemolymph, and salivary 
glands of the tick and peripheral blood of the patient.

We extracted DNA from the tick and the pa-
tient’s blood by using QIAamp DNA Blood and Tis-
sue kit (QIAGEN, https://www.qiagen.com) and 
molecularly tested it for tickborne pathogens (8,9) 
(Table 1). The tick was also molecularly identified 
at species level by the amplification of a 248-bp par-
tial fragment of the 16S rRNA gene, with forward 
(5′-CTGCTCAATGATTTTTTAAATTGCTGT-3′) 
and reverse (5′-TTACGCTGTTATCCCTAGAG-3′) 
primers, by using the following thermocycling con-
ditions: 95°C for 10 minutes of initial denaturation 
followed by 35 cycles of 94°C for 45 seconds, 58°C 
for 60 seconds, 72°C for 60 seconds, and 72°C for 
7 minutes of final extension. We ran all PCRs in a 
final volume of 50 µL including 5 µL of 10× PCR 
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buffer II, 6 µL of 25 mmol MgCl2, 5 µL of 1.25 mmol 
of dNTPs, 0.5 µL of 100 pmol/µL of each primer, 
and 1.25 U of AmpliTaq Gold (Applied Biosystems, 
https://www.thermofisher.com). We sequenced 
the purified amplicons in both directions by us-
ing a BigDye Terminator v3.1 Cycle Sequencing 
Kit in a 3130 Genetic Analyzer (Applied Biosys-
tems), then used Geneious version 9.0 (https://
www.geneious.com) for editing and analysis. We 
compared the resulting sequences with those avail-
able in the GenBank database by using Nucleotide 
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 
and performed the phylogenetic analysis by us-
ing the maximum-likelihood method based on the  

general time reversible model with gamma distribu-
tion to assess evolutionary differences among sites 
(+G) selected by best-fit model (10) with MEGA 
X software (11). Our study was approved by the 
Experimental Zooprophylactic Institute of South-
ern Italy within the framework of a memorandum 
of agreement (authorization no. IZSM-DIMBA/ 
23) with the Interdisciplinary Department of Medi-
cine, University of Bari Aldo Moro, according to 
national regulations.

We identified the tick removed from the pa-
tient as an engorged female Haemaphysalis punctata 
(GenBank accession no. PP419005). According to 
PCR testing, the tick and the patient’s blood scored  

 
Table 1. Targeted pathogens and related PCR protocols used in study of Ehrlichia canis in human and tick, Italy, 2023 

Pathogen Target gene 
Primer 
name Primer sequence, 5′→3′ 

Amplicon 
length, bp Reference 

Anaplasma, Ehrlichia, 
Candidatus Neoehrlichia spp. 

16S rRNA EHR16-SD 
EHR16-SR 

GGTACCYACAGAAGAAGTCC 
TAGCACTCATCGTTTACAGC 

345 (8) 

Ehrlichia canis groEL Ehr-groel-F 
Ehr-groel-R 

GTTGAAAARACTGATGGTATGCA 
ACACGRTCTTTACGYTCYTTAAC 

590 (9) 

Babesia, Theileria spp. 18S rRNA RLB-F 
RLB-R 

GAGGTAGTGACAAGAAATAACAATA 
TCTTCGATCCCCTAACTTTC 

460–520 (8) 

Borrelia burgdorferi sensu lato 
complex 

Flagellin FLA1 
FLA2 

AGAGCAACTTACAGACGAAATTAAT 
CAAGTCTATTTTGGAAAGCACCTAA 

482 (8) 

Coxiella burnetii IS1111a Trans-1 
Trans-2 

TATGTATCCACCGTAGCCAGT 
CCCAACAACACCTCCTTATTC 

687 (8) 

Rickettsia spp. gltA CS-78F 
CS-323R 

GCAAGTATCGGTGAGGATGTAAT 
GCTTCCTTAAAATTCAATAAATCAGGAT 

401 (8) 

 

Figure. Maximum-likelihood 
phylogenetic tree of Ehrlichia 
canis 16S rRNA sequences 
detected in a patient’s blood and 
in a Haemaphysalis punctata 
tick removed from the patient in 
Italy, 2023. Boldface indicates 
sequences amplified in the study 
area. The tree was inferred 
including 12 partial sequences 
(281 bp) under the maximum-
likelihood method based on the 
general time reversible model 
(10) and a discrete gamma 
distribution was used to model 
evolutionary rate differences 
among sites (5 categories) 
(+G, parameter = 0.3727). The 
percentage of trees in which the 
associated taxa clustered together 
is shown next to the branches. 
A consensus sequence of 
Rickettsia raoultii (MT509815) in a 
human from Russia was used as 
outgroup. The tree with the highest 
log likelihood (−559.69) is shown, 
obtained from 1,000 bootstrap 
replications with MEGA X 
software (11). Scale bar indicates 
nucleotide substitutions per site.
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positive for a fragment of the E. canis 16S rRNA gene. 
The sequences we obtained (GenBank accession nos. 
OR518413 and OR506261) were identical to each other 
(100% query cover) and to those of E. canis obtained 
from a red fox (Vulpes vulpes) in the same study area, 
humans from United States and Venezuela, and dogs 
from Mediterranean Basin countries (Italy, Greece, 
Israel, Egypt, and Turkey) (Figure). We confirmed 
the molecular identification of E. canis from the tick 
and the patient’s blood by amplifying the groEL gene. 
The sequences obtained were identical to each other 
(GenBank accession no. PP839296). Other pathogens 
were not detected by PCR or cytologic examination 
of stained smears. No major clinicopathologic abnor-
malities were detected in the patient, except severely 
increased alanine aminotransferase and mildly de-
creased total leukocyte count and aspartate amino-
transferase (Table 2). Three days after the first visit, 
the patient complained of mild symptoms (i.e., fever 
of 38°C, headache, muscle pain, and malaise) which 
spontaneously healed within a week, without antimi-
crobial drug treatment.

Conclusions
Data suggest that E. canis may infect persons bitten 
by H. punctata ticks in Europe, which may represent 
a potential risk for persons participating in outdoor 
activities (e.g., hiking), where those ticks are com-
monly found on vegetation from spring to autumn 
in southern Italy (12). The finding of E. canis DNA in 
the tick removed from the E. canis–positive patient 
indicates the potential involvement of H. punctata 
ticks in transmission of the pathogen. Although no 
experimental evidence of the competence of this tick 
species for transmitting E. canis is available, circum-
stantial evidence suggests its participation as a vec-
tor. For instance, in southern Italy, H. punctata ticks 
parasitize humans (7) and harbor E. canis DNA (13).

The similarity of E. canis sequences from the 
tick and patient with those of foxes from the same 
study area (GenBank accession no. MW296116) 
suggests circulation of the same E. canis geno-
type among dogs, humans, and wildlife. A previ-
ous analysis of the E. canis TRP36 gene sequences 
from different countries revealed the occurrence 
of the US genogroup in foxes from southern Ita-
ly (14). The US genogroup is the most common 
genotype found in dogs and ticks in Eurasia (14).  
The role of foxes as wild reservoirs of E. canis needs 
to be interpreted with caution, especially consid-
ering that dogs are the principal reservoirs of this 
bacterium. The absence of E. canis inclusions in 
the stained smears from the tick and the patient  

was somewhat expected considering the low  
sensitivity of the method, even for detecting mor-
ulae of other ehrlichial species that are more fre-
quently found in human patients (15). The pa-
tient’s clinicopathological abnormalities (i.e., 
decreased leukocytes and aspartate transaminase 
and increased alanine transaminase) and clinical 
signs and symptoms (i.e., fever of 38°C, headache, 
muscle pain, and malaise) are in accordance with 
previous data (2,5). Future molecular surveys as-
sessing the circulation of E. canis in persons, dogs, 
and wildlife exposed to ticks should ultimately in-
crease awareness about this zoonosis and be used 
to establish proper strategies to mitigate the risk  
for transmission.
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Table 2. Complete blood count and serum chemistry for patient 
positive for Ehrlichia canis infection, Italy, 2023* 

Parameter Value (reference range) 
Hemoglobin, g/dL 15.0 (13.5–18.0) 
Platelets, 103/L 247.0 (150.0–400.0) 
Mean platelet volume, fL 7.8 (6.0–11.5) 
Leukocytes, 103/L  3.7 (4.0–10.0) 
Erythrocytes, 106 L 4.9 (4.5–5.9) 
Hematocrit, % 46.8 (41.0–53.0) 
Mean corpuscular volume, fL 94.6 (80.0–100.0) 
Mean corpuscular hemoglobin, 
pg/dL 

30.3 (26.0–34.0) 

Mean corpuscular hemoglobin 
concentration, g/dL 

32.0 (31.0–37.0) 

Red cell distribution width, % 13.7 (11.5–14.5) 
Hemoglobin distribution width, % 2.6 (2.0–3.2) 
Neutrophils, % 43.1 (40.0–74.0) 
Lymphocytes, % 48.0 (19.0–48.0) 
Monocytes, % 5.7 (3.4–9.0) 
Eosinophils, % 1.2 (0–8.0) 
Basophils, % 1.0 (0–1.5) 
Urea, mg/dL 33.0 (20.0–50.0) 
Creatinine, mg/dL 1.2 (0.7–1.3) 
Cholesterol, mg/dL 198.0 (<200) 
High-density lipoprotein-
cholesterol, mg/dL 

70.0 (40.0–150.0) 

Triglycerides, mg/dL 86.0 (<150) 
Aspartate aminotransferase, UI/L 36.0 (<34) 
Alanine aminotransferase, UI/L 122.0 (10.0–49.0) 
*Boldface indicates out of reference range. fL,femtoliter. 
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Parvoviruses (genus Protoparvovirus, family Parvo-
viridae) are small, nonenveloped, single-stranded 

DNA viruses ≈4.5–5.5-kb long. Their linear DNA ge-
nome contains 2 major open reading frames encod-
ing for 2 nonstructural proteins (1 and 2) and 2 capsid 
proteins (VP1 and VP2). Feline panleukopenia virus 
(FPV) and the closely related canine parvovirus (CPV 
or CPV-2), included in the species Protoparvovirus  
carnivoran 1, are highly contagious pathogens that 
cause acute and often fatal diseases in domestic and 
wild felids and canids (1).

FPV and CPV are closely related genetically and 
antigenically but differ in their host range and patho-
genicity. The biological differences are determined by 
a few amino acid mutations in the VP2 capsid protein 
that modulate the ability to bind to cellular transfer-
rin receptor type 1 (2). Parvoviruses have long been 
considered to be species specific; however, FPV and 
CPV-2 variants (i.e., 2a, 2b, and 2c) have been report-
ed in a wide variety of wild carnivores. Of note, some 
species (e.g., cats, foxes, badgers, and giant pandas) 

may be infected by both FPV and CPV strains (3). We 
conducted a molecular investigation for Protoparvovi-
rus carnivoran 1 viruses in wildlife in Italy.

The Study
During January 2022–May 2023, we collected tissue 
samples by convenience sampling from 89 animals: 
44 wolves (Canis lupus), 26 red foxes (Vulpes vulpes), 
15 European badgers (Meles meles), 2 stone martes 
(Martes foina), 1 Marsican brown bear (Ursus arctos 
marsicanus), and 1 crested porcupine (Hystrix cristata). 
All animals were found already dead in the regions 
of Abruzzo and Molise, Italy, and sample collection 
was conducted during routine necropsy procedures 
at Istituto Zooprofilattico Sperimentale of Abruzzo 
and Molise ‘Giuseppe Caporale.’ All tissues were 
temporarily stored at −20°C before being transported 
by cold chain to the Infectious Diseases Unit of the 
Department of Veterinary Medicine, University of 
Bari, Bari, Italy.

We homogenized the tissues (10% wt/vol) in 
Dulbecco’s modified Eagle medium and extracted vi-
ral DNA from the supernatant of the homogenates of 
all samples by using the IndiSpin Pathogen Kit (Indi-
cal Bioscience GmbH, https://www.indical.com), ac-
cording to the manufacturer’s instructions. We used 
quantitative PCR (qPCR) to screen DNA extracts for 
the presence of CPV/FPV DNA (4) and further char-
acterized positive samples by qPCR based on minor 
groove binder able to differentiate CPV types 2a/2b 
and 2b/2c and CPV/FPV, as described previously (4).

Overall, 52 (58.4%) of 89 samples tested positive 
in the qPCR screening for CPV/FPV DNA (Table 1) 
with a geometric mean value of 8.91 × 103 copies of 
parvovirus DNA/10 µL of template (range 8.48 × 100 
to 5.71 × 106 DNA copies/10 µL of template), includ-
ing the samples from the Marsican brown bear and 
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the crested porcupine. We characterized the bear and 
porcupine viruses as FPV by using the minor groove 
binder qPCR with viral loads of 8.40 × 105 (bear) and 
4.43 ×105 (porcupine) DNA copies/10 µL of template.

To acquire the complete viral genome sequence 
of the FPV strains from the 2 animals, we designed 2 
multiplex PCR protocols amplifying 15 PCR-tiling am-
plicons of 388–511 bp (Table 2), following an ARTIC-
like strategy (5). We designed primer pairs based on 
the consensus sequence of Protoparvovirus carnivoran1 
genomes recovered from GenBank. We performed 
PCR by using TaKaRa La Taq polymerase (Takara Bio 
Europe, https://www.takarabio.com). We used 500 
ng of equimolar pooled PCR products for each FPV- 
positive sample as the input to the libraries prepared 

by using Ligation Sequencing Kit (SQK-LSK110; Ox-
ford Nanopore Technologies, https://nanoporetech.
com), according to the manufacturer’s guidelines. 
We sequenced the libraries independently by using 
flongle flowcell FLO-FLG001, R9.4.1, adapted in a 
MinION Mk1C platform (Oxford Nanopore Tech-
nologies) for 24 hours each. We subjected FastQ Min-
ION files to quality control, trimming, and reference 
assembly by using Minimap2 plugin implemented in 
Geneious Prime software v.2021.2.2 (Biomatters Ltd., 
https://www.geneious.com).

We generated the complete coding regions of the 
genomes for FPV strains ITA/2023/bear/74 (sub-
mitted to GenBank under accession no. OR602717) 
and ITA/2023/hystrix/213 (submitted to GenBank 

 
Table 1. Results of testing for Protoparvovirus carnivoran 1 viruses in wild animals, Abruzzo and Molise regions, Italy, January 2022–
May 2023* 

Animal species 
No. animals 

tested 
No. animals positive Total no. (%) samples positive, 

tissue type FPV CPV-2a CPV-2b CPV-2c 
Wolf (Canis lupus) 44 7 4 11 8 30 (68.2), I = 27, S = 3 
Red fox (Vulpes vulpes) 26 3 7 0 2 12 (46.2), I = 12 
European badger (Meles meles) 15 5 0 2 0 7 (46.7), I = 6, MLN = 1 
Stone martens (Martes foina) 2 1 0 0 0 1 (50), I = 1 
Marsican brown bear (Ursus arctos 
marsicanus) 

1 1 0 0 0 1 (100), I = 1 

Crested porcupine (Hystrix cristata) 1 1 0 0 0 1 (100), MLN = 1 
Total  89 18 11 13 10 52 (58.4), I = 47, S = 3, MLN = 2 
*CPV, canine parvovirus; FPV, feline panleukopenia virus; I, intestine; MLN, mesenteric lymph node; S, spleen. 

 

 
Table 2. Oligonucleotides used for the multiplex PCR protocols based on ARTIC-like strategy used in study of feline panleukopenia 
virus in wild animals, Abruzzo and Molise, Italy, January 2022–May 2023* 
Primer Sequence, 5′ → 3′ Amplicon size, bp 
CPV1_left AATGATAGGCGGTTTGTGTGTTT 396 
CPV1_right CAACTTCCGATTCCCAGTCCAT 396 
CPV2_left CCAATTCAAAATGAAGAGCTAACATCTT 410 
CPV2_right GTCACCCATTCACTATCTTCTGCA 410 
CPV3_left TGGAGTAGATGGTTGGTGACTCT 416 
CPV3_right ACCAAGTCCCGCAAAGTACATT 416 
CPV4_left AGCACACTTTACACTGAACAAATGA 401 
CPV4_right GCTATAGCGTGACAAACTTTAATCCA 401 
CPV5_left AGCAAGAACAAAAACAGCATTTGAA 402 
CPV5_right TGATCAATTCTAATTGTTTGTCCAGAACA 402 
CPV6_left AAAAATTTAATTTGGATTGAAGAAGCTGGT 407 
CPV6_right CCTTCTTGTATTTTAGGCTCCGC 407 
CPV7_left TGAATCAACCATGGCTAACTATACACA 393 
CPV7_right GGAGGTGCCATCGTACCTTAATC 393 
CPV8_left TGGTCCGAAATAGAGGCAGACC 393 
CPV8_right CCCCCAATCTTTAGCGTCCTTA 393 
CPV9_left GCTGCTTATCTTCGCTCTGGTA 412 
CPV9_right AAATCCCCACACCCCCAGAA 412 
CPV10_left GCACCAATGAGTGATGGAGCA 410 
CPV10_right TCACTCATAGTATTAACAATTAGTTGCCA 410 
CPV11_left TGCACAAATTGTAACACCTTGGT 388 
CPV11_right ATTTGTTGGTGTGCCACTAGTTC 388 
CPV12_left ACCAACCATACCAACTCCATGG 411 
CPV12_right TAACCAACCTCAGCTGGTCTCA 411 
CPV13_left GGAGTTCAACAAGATAAAAGACGTGG 396 
CPV13_right ACCTCCAATTGGATCTGTTGGT 396 
CPV14_left TCCAGAAGGAGATTGGATTCAAAATATT 411 
CPV14_right TTCCAAGTATGAGAGGCTCTTAGTT 411 
CPV15_left TTGATACTGACTTAAAACCAAGACTTCA 511 
CPV15_right ACAGTTATTGTATACCATATAACAAACCTTCT 511 
*ARTIC-like strategy as shown in (5). CPV, canine parvovirus. 
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Figure. Neighbor-joining capsid protein 
2 (VP2)–based phylogenetic tree of 
Protoparvovirus carnivoran 1 from study 
of feline panleukopenia virus (FPV) in 
wild animals, Abruzzo and Molise, Italy, 
January 2022–May 2023. The tree 
was elaborated by using a 584-aa long 
alignment of the VP2 sequences of the 
FPV strains generated in the study and 
the cognate sequences of Protoparvovirus 
carnivoran 1 strains retrieved from 
GenBank. The tree was constructed by 
using MEGA X version 10.0.5 software 
(https://www.megasoftware.net) and the 
maximum-likelihood method, the Jones-
Taylor-Thornton substitution model, and 
bootstrapping up to 1,000 replicates. 
Bootstrap values >70% are shown. 
Black bullets indicate FPV strains from a 
Marsican brown bear (ΙΤΑ/2023/bear/74 
(GenBank accession no. OR602717) and 
a crested porcupine ITA/2023/hystrix/213 
(accession no. OR602718). The black 
triangles indicate FPV strains from 
other wildlife animals in the same study: 
ITA/2023/badger/54552 (accession no. 
PQ246100), ΙΤΑ/2023/wolf/7197 (accession 
no. PQ246101), and ΙΤΑ/2023/wolf/54377 
(accession no. PQ246102). MEV 
(accession no. KP008112) was used as 
an outgroup. Scale bar indicates number 
of amino acid substitutions per site. CPV, 
canine parovirus; MEV, mink enteritis virus; 
FPV, feline panleukopenia virus.
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under accession no. OR602718). Sequence alignment 
of the complete VP2 genomic region revealed 2 aa 
mutations, 103-Val to Ala in both capsid sequences 
and 232-Val to Ile in the porcupine capsid, which are 
2 key residues defining the biological properties and 
host range of CPV and FPV (2). VP2 residues 103- and 
232- are Val in reference FPV strains, and they are re-
placed by Ala and Ile in CPV-2 strains. Phylogenetic 
analysis of the complete amino acid sequence of the 
VP2 gene indicated that the 2 FPV strains ITA/2023/
bear/74 and ITA/2023/hystrix/213 were segregat-
ed together but separately from other FPV and CPV 
strains. Of note, sequencing of the FPV strains de-
tected in other species (wolf and badger) evidenced 
circulation of >3 different FPV subclades/strains in 
the sampled animals (Figure). Also, based on our 
results and the geographic areas where the samples 
were collected, we can hypothesize that there could 
be an epidemiologic connection via either direct/
indirect contact between porcupines and bears or 
other cohabiting wild animal species.

Immunofluorescence analysis of the mesenteric 
lymph node tissues of the crested porcupine detect-
ed parvovirus antigens (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/30/12/24-0505-App1.
pdf). However, immunofluorescence analysis con-
ducted on the bear samples did not allow correct in-
terpretation because of advanced postmortem degra-
dation of the intestinal tissue.

Conclusions
Serologic studies performed for several bear spe-
cies (members of the family Ursidae) have shown 
evidence of exposure to FPV/CPV (6–8). Two se-
rologic studies involving Marsican brown bears re-
ported seroprevalences as high as 40% (7) and 100% 
(8) for FPV/CPV, although those tests do not dif-
ferentiate between CPV-2 and FPV. The possibility 
that FPV and CPV can infect bears has also been 
confirmed by detection and molecular characteriza-
tion of FPV and CPV-2a from giant pandas in China 
(9,10). In both of those instances, the VP2-coding 
region presented unusual amino acid mutations 
(i.e., 299-Gly to Glu in the FPV virus and 370-Arg 
to Gln in the CPV-2a strain). Whether those unique 
amino acid variations affected the host range of the 
parvovirus strains remains unknown.

A case report from 1984 in Canada described a 
suspected parvovirus infection in porcupines that ex-
hibited clinical signs suggestive of parvoviral infec-
tion (11). However, electron microscopy, serologic 
tests, and virologic investigations did not confirm  
the etiology.

Recently, several new parvoviruses (e.g., boca-
parvoviruses and bufaviruses) have been discovered 
in domestic and wild animals (12). CPV and FPV seem 
to be endemic to wildlife populations and have shown 
continuous evolution over the years; CPV/FPV-like 
strains have emerged with a broadened host range 
(3,13). Domestic pets are regarded as a source of FPV 
and CPV strains for wildlife carnivores through spill-
over infections (3,14). However, wildlife hosts may 
also serve as virus reservoirs and sources of infection 
for the domestic animal population in a perpetual cy-
cle involving 2-way transmission among susceptible 
hosts. In our study, prevalence of CPV and FPV virus 
in wildlife was higher than expected (3,15). Genome 
sequencing of FPV strains detected from nonconven-
tional FPV/CPV hosts, the Marsican brown bear and 
the crested porcupine, revealed amino acid mutations 
in key residues controlling host range and receptor 
affinity. Our detection of FPV strains in a Marsican 
brown bear and in a crested porcupine in Italy ex-
tends the known host range of this virus.
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Crimean-Congo hemorrhagic fever (CCHF) is a tickborne  
infection that mainly occurs after the bite of an infected tick 

or exposure to blood or tissues from infected animals; human-
to-human transmission, particularly in healthcare settings, has 
also been reported. It can cause a range of illness outcomes, 
from asymptomatic infection to fatal viral hemorrhagic fever, 
and is present in over 30 countries. Given its wide geographic 
distribution, potential to spread to new regions, propensity 

for genetic variability, and potential for severe and fatal illness, 
CCHFV poses a continued public health threat.
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Lobomycosis, also known as lacaziosis, is a rare 
chronic fungal infection primarily involving the 

skin and subcutaneous tissues caused by the dimor-
phic Onygenales fungus Paracoccidioides loboi (also 
known as Lacazia loboi). It is endemic to Central and 
South America, particularly within the Amazon rain-
forest, although its precise geographic boundaries 
remain poorly delineated and appear to be expand-
ing (1). The first documented case of lobomycosis in 
Bolivia was reported in 1982 (2). Since then, 2 addi-
tional cases have been reported, distributed across 
the department of Pando in Bolivia in close proximity 
to Brazil (3).

Despite an increasing number of case reports, 
gaps persist in understanding the eco-epidemiologic 
and biogeographic aspects of lobomycosis, especially 
across the vast regions of the Andes. We report a pa-
tient from Cobija, located in the Pando Department of 
Bolivia, who had lobomycosis caused by P. loboi. We 
also describe the epidemiology and phylogeography 
of lobomycosis and the need for continued research 
to determine the geographic reach of this fungal in-
fection across regions of the Andes in South America.

The Study
A 71-year-old man, originally from Cobija in north-
ern Bolivia, sought care at Centro Nacional de En-
fermedades Tropicales (CENETROP) in Santa Cruz, 
Bolivia, in December 2022. He reported longstanding 
cutaneous lesions on his left ear, associated with pru-
ritus and a chronic, insidious headache. He recalled 
that the lesions began when he was 11 years of age 
after he was bitten by a mosquito while playing in 
the Arroyo Virtudes river in his hometown in Pando 
Department, Bolivia. The lesions slowly progressed 
from single nodules to a confluent, enlarged nodu-
lar plaque. Despite multiple consultations with lo-
cal shamans and healthcare providers, including 2 
instances of surgical removal by otolaryngologists 
for presumed pinna perichondritis, a precise etio-
logic diagnosis remained elusive, and the patient re-
mained untreated for 60 years with invariable recur-
rence of lesions.

Physical examination revealed that the entire left 
ear was replaced by keloid-like confluent nodular le-
sions, which appeared infiltrated and hyperpigment-
ed with overriding telangiectasias (Figure 1, panel 
A). Patchy squamous crusted and eroded areas were 
noted on the helix and lobule. No noticeable lymph-
adenopathy existed, and the rest of the physical ex-
amination was unremarkable. Differential diagnoses 
included diffuse cutaneous leishmaniasis, leprosy, 
sporotrichosis, chromoblastomycosis, dermatofibro-
sarcoma protuberans, dermatofibroma, sarcomas, 
and cutaneous tuberculosis. We performed a biopsy, 
and histopathologic examination revealed abundant 
lemon-shaped, refractile, yeast-like cells that were 
single and in chains within a background of granu-
lomatous inflammation, consistent with P. loboi infec-
tion (Figure 1, panels B, C).

We extracted DNA from the formalin-fixed  
paraffin-embedded biopsy tissue sample. We used 
PCR and Oxford nanopore sequencing (Oxford 
Nanopore Technologies, https://nanoporetech.com) 
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to detect and identify ITS1, ITS2, ADP-rf, and GP43 
genes (4). We compared the sequences to a reference 
sequence dataset of various Paracoccidioides spp. from 
GenBank. We reconstructed a phylogenetic tree by 
using the maximum-likelihood method and IQ-TREE 
2 (http://www.iqtree.org) and assessed node sup-
port by using bootstrap (1,000 replicates), abayes, and 
SH-aLRT methods in IQ-TREE (Figure 2). We selected 
substitution models according to the Bayesian infor-
mation criterion. We deposited DNA sequences in 
the European Nucleotide Archive (https://www.ebi.
ac.uk/ena; project no. PRJEB77911; submission no. 
ERA30711349).

The patient underwent treatment with itracon-
azole (200 mg/d for 3 months). After the first month 
of treatment, he experienced symptomatic improve-
ment of the headache and resolution of ear pruritus, 
although the ear lobe deformation persisted. After 
3 months of treatment, the patient chose to stop the 
medication because of intolerable gastric side effects 
and opted for surgical resection.

Lobomycosis is endemic in many Latin America 
countries; most cases have been reported from Bra-
zil (5). However, the disease has also been reported 
across Andes regions in Venezuela, Colombia, Ecua-
dor, Peru, and Bolivia (3). Limited knowledge exists 
about endemicity and ecologic factors driving dis-
ease occurrence in the Andes regions. Lobomycosis 
was first reported in Bolivia in 1982 in a 58-year-old 
farmer who had skin nodules on his earlobe, face, and 
extremities, and a diagnosis of lobomycosis was con-
firmed by direct smear and histological examination 
of lesions. That patient was treated with a combination  

of pharmacological agents, including amphotericin, 
flucytosine, and ketoconazole, along with surgical 
treatment, and invariable recurrence was observed 
(2). Since 1982, only 2 more cases of lobomycosis have 
been reported from Bolivia in the literature (3); those 
cases occurred in the department of Pando near the 
Amazon Region of Brazil.

Paracoccidioides spp., similar to many dimorphic 
fungi, usually exhibit geographic restrictions linked 
to specific environmental conditions (6). Although 
soil and vegetation are believed to be the primary 
habitats of P. loboi, human infections have also been 
associated with proximity to water, suggesting that P. 
loboi might be a hydrophilic microorganism (1). P. ceti 
is known to infect dolphins (7), P. braziliensis infec-
tions have been reported in fish (8), and the recently 
described Emydomyces testavorans has been reported 
to cause shell lesions in fresh water chelonians (9). P. 
loboi and other fungi in the order Onygenales exhibit 
ecologic traits that have shaped their evolutionary, 
ecologic, and pathogenic characteristics, enabling 
them to thrive in complex habitats (10). Thus, con-
ditions such as wet soil and high acidity, which are 
commonly found in the tropical Andes regions bor-
dering the Amazon rainforest, appear to be suitable 
niches for P. loboi.

Because of the high biodiversity of the Andes and 
the association of P. loboi fungus with aquatic and syl-
vatic environments (1), cases of lobomycosis might 
be substantially underreported in countries with An-
des mountain regions, particularly those sharing ter-
ritories overlapping the Amazon and regions of the 
broader Andes-Amazon basin. By 2022, a total of 907 

Figure 1. Clinical manifestations of lesions in patient with lobomycosis in Amazon Region, Bolivia, 2022. A) Multiple hyperpigmented, 
confluent keloid-like nodular lesions with overriding telangiectasias and patchy crusted and eroded squamous areas were noted on the 
helix and lobule of the left ear. B, C) Histologic examination of lesion specimens showed oval-to-round shaped cells that had connecting 
tubular projections organized in a string-of-pearls pattern, in pairs and individually. B) Fontana-Masson stain; original magnification 
×1,000. C) Gömöri methenamine silver stain; original magnification ×400.
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cases of lobomycosis had been reported worldwide 
(5). In the Andes regions, the total number of lobo-
mycosis cases was 94, and a clear geographic trend 
toward occurrence eastward at the Andes-Amazon 
piedmont was observed for 84 of those cases. In con-
trast, the western regions accounted for only ≈10 
cases (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/30/12/24-1089-App1.pdf). Of the to-
tal number of cases reported worldwide, 496 (55%) 
cases have been reported from Acre State in Brazil  

(Appendix Table 2) (5). Together with the depart-
ments of Madre de Dios (Peru) (11) and Pando (Boliv-
ia) (2), where this case occurred, those 3 regions form 
a tri-border area harboring most lobomycosis cases in 
each country, making it a disease-endemic hotspot. 
Moreover, the stream where the patient recalled be-
ing exposed to the infection as a child is a tributary 
of the Acre River, the main waterway within this 
tri-border area. The patient recalled a mosquito bite 
during his childhood, which raises the longstanding  

Figure 2. Phylogenetic analysis of genes from different 
Paracoccidioides spp. in study of lobomycosis in Amazon 
Region, Bolivia, 2022. Phylogenetic trees were inferred by using 
the maximum-likelihood method for ADP-rf (A), GP43 (B), and 
ITS1/ITS2 (C) genes. Sequences obtained from GenBank were 
compared with sequences from the patient sample (sequences 
deposited in European Nucleotide Archive [https://www.ebi.ac.uk/
ena] under Bioproject no. PRJEB77911). Scale bars indicate 
nucleotide substitutions per site.
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question about the potential transmission of this fun-
gus through aquatic fauna, such as copepods, snails, 
or other aquatic insects (12). This topic warrants fur-
ther research to decipher potentially unknown trans-
mission mechanisms.

Conclusions
Lobomycosis cases have been reported in countries 
such as Colombia that are northwest of the Andes 
Mountain range (13), suggesting that geographic 
ranges of endemicity in the tropical Andes and Ama-
zon might be expanding. Expansion might be oc-
curring in other biogeographic regions northward 
into Central America through the moist tropical and 
deciduous forests of the Chocó-Darien region into 
Panama, where 1 case was reported in 2022 (14). Un-
derstanding ecologic niches and environmental vari-
ability is crucial for preventing transmission of infec-
tions caused by P. loboi. Ongoing climatic changes 
might also exert environmental pressures that lead to 
P. loboi emergence or spillover beyond known areas of 
disease endemicity. Continued surveillance and cor-
rect identification of lobomycosis cases in the Andes 
region and other parts of South and Central America 
are crucial to prevent the spread of this disease.
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California serogroup viruses (CSVs), including 
snowshoe hare virus and Jamestown Canyon 

virus (JCV), are mosquitoborne orthobunyaviruses 
present throughout northern North America (1). In-
fection typically causes influenza-like symptoms and 
rarely encephalitis, most commonly in children with 
snowshoe hare virus and adults with JCV infection 
(2). High CSV exposure has been documented in hu-
mans (27% of Alaska residents) and animals (64% of 
caribou with antibodies to JCV) in the Nearctic (3,4). 
Our serologic evidence suggests that caribou may be 
natural wildlife hosts for JCV, as has been suggested 
for white-tailed deer in temperate regions (5). Caribou 
and reindeer (Rangifer tarandus) play an essential role 
in northern ecosystems, are declining substantially 
in many regions, and are culturally significant to In-
digenous populations (6). We conducted this study 
to gain more knowledge about the role of caribou in 
JCV disease ecology. Animal experimentation was 
approved by the University of Alaska Fairbanks In-
stitutional Animal Care and Use Committee (IACUC 

1552224, 1654054, and 1654058) and the University 
of Saskatchewan Animal Care Committee (20210075 
and 20210076).

The Study
In May and December 2020, we screened 30 reindeer 
from the Large Animal Research Station (Univer-
sity of Alaska Fairbanks; UAF) for CSV antibodies 
by using cELISA (4,7) (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/30/12/24-0757-App1.
pdf). After a summer of insect activity, seropreva-
lence remained the same among the adults (91%; n 
= 10/11), but 84% (n = 16/19) of young animals had 
seroconverted. We housed a control group (1 infected 
and 1 naive female) in a separate pen from experi-
mentally exposed naive reindeer (2 females, 1 male) 
and a superinfected group (2 females, 1 male) (Figure 
1). Exposed animals received 106 PFU of JCV in 1 mL 
of sterile phosphate buffered saline (PBS), pH 7.2, ad-
ministered subcutaneously in the right shoulder. The 
control group received 1 mL PBS without virus, ad-
ministered identically.

We disinfected handling facilities daily with a 
10% bleach solution and collected rectal tempera-
tures, weights, and jugular blood samples daily. We 
manually differentiated and quantified leukocytes 
on EDTA blood smears stained with EASY III (Azer 
Scientific, https://www.azerscientific.com). We 
anesthetized animals with intramuscular ketamine 
(7–10 mg/kg) and xylazine (0.6 mg/kg) before we 
euthanized them with intravenous pentobarbital 
(60–80 mg/kg) (Euthasol; Virbac, https://us.virbac.
com) (Figure 1). During necropsy, we collected ce-
rebral spinal fluid in red top BD Vacutainer tubes 
(https://www.bd.com) and placed oral, nasal, and 
conjunctival swab samples in tubes containing 1.0 
mL sterile PBS, stored at −80°C until shipping. We 
subdivided tissues (liver, kidney, spleen, lung, go-
nad, brain, spinal cord, quadriceps, heart, muscle 
under the injection site, tonsils, parotid lymph 
nodes, retropharyngeal and mesenteric lymph 
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nodes) and stored them frozen (−20°C) and fixed 
in 10% neutral buffered formalin. We also collected 
heart blood, chest fluid, abdominal fluid, urine, and 
feces if present. We disinfected instruments between 
each animal. We transferred all samples to the Zoo-
notic Parasite Research Unit (Western College of 

Veterinary Medicine, Saskatoon, SK, Canada) and 
stored at −20°C until testing.

We extracted RNA from tissues and fluids by us-
ing the RNeasy Mini Kit (QIAGEN, https://www.
qiagen.com) and performed reverse transcription 
PCR with JCV primers and probe (4). We considered 

Figure 1. Study design for experimental infection of reindeer with JCV. JCV, Jamestown Canyon virus; PBS, phosphate-buffered saline.

Figure 2. Average antibody 
response for naive and 
superinfected groups of reindeer 
experimentally infected with 
Jamestown Canyon virus. The 
titer of the naive control animal is 
provided for comparison. SD (error 
bars) are included when groups 
contained >1 animal. The dashed 
blue line indicates the positive 
cutoff value of the competitive 
ELISA (30% inhibition).
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samples at <30 quantification cycles (Cq) to be posi-
tive. Positive controls were gBlocks gene fragments 
(Integrated DNA Technologies, https://www.idtd-
na.com) created from the small (S) segment of JCV 
(GenBank accession no. MN135989.1).

Tissues were trimmed, embedded in paraffin, 
cut, and stained with hematoxylin and eosin after 
30 days in formalin at Prairie Diagnostic Services 
Inc. (Saskatoon). Slides were read by a blinded, 
board-certified, veterinary pathologist. Paraffin-
embedded sections of brain (cerebrum, cerebellum, 
and obex), cranial lymph node, tonsil, and a gas-
trointestinal section with myenteric plexus were 
sent to Brigham and Women’s Hospital and Har-
vard Medical School (Boston, MA, USA) for in situ 
hybridization (ISH) and immunohistochemistry 
(Appendix Table 1). RNA ISH was performed on a 
Leica BOND-III system (Leica Biosystems, https://
www.leicabiosystems.com) with RNAScope probes 

V-JCV-LMS-O1 (1187658-C1) (Advanced Cell Di-
agnostics, https://www.acdbio.com) according 
to manufacturer protocols and 14 ZZ probes tar-
geting JCV isolate 11497-03; segments tested were 
52–814 bp of the S segment (GenBank accession 
no. EF681845.1), 2–462 bp of the medium (M) seg-
ment (accession no. EF687121.1), and 227–337 bp of 
the large (L) segment (accession no. EF687059.1). 
We performed immunohistochemistry by using 
the Leica-BOND-III system with rabbit polyclonal 
GFAP antibody (1:3,000 dilution; abcam, https://
www.abcam.com) and rabbit polyclonal IBA1 an-
tibody (1:100 dilution; FUJIFILM Wako Chemicals 
Corp., https://www.fujifilm.com). Slides were 
reviewed by a blinded, board-certified, medical  
neuropathologist.

Throughout the experiment, we observed no 
changes in behavior or body temperature of the rein-
deer (Appendix Table 2). The naive exposed group 

Figure 3. Histopathology of samples from reindeer experimentally infected with JCV. Representative brain sections from naive control 
(RD985), naive infected (RD977), and superinfected (RD978) animals shows H&E-stained sections of cerebral cortex and subcortical 
white matter with minimal diagnostic abnormalities, negative JCV RNA ISH staining, scattered IBA1-positive microglia/macrophages, 
and mild-to-moderate astrocytosis highlighted by GFAP immunohistochemistry. JCV ISH naive control inset panel demonstrates positive 
cytoplasmic staining in a cortical neuron from a positive control case of fatal JCV encephalitis in a human. All images taken with 20× 
objective with exception of the JCV ISH inset, taken with 60× objective. GFAP, glial fibrillary acidic protein; H&E, hematoxylin and eosin; 
IBA, allograft inflammatory factor 1; ISH, in situ hybridization; JCV, Jamestown Canyon virus.
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seroconverted on postinfection day 5, and antibody 
titers for all exposed reindeer peaked at postinfection 
day 7 (Figure 2). Lymphocytes were consistently el-
evated for reindeer in the naive and superinfected ex-
posed groups but not in the control group. Viral RNA 
was detected in blood on days 1 (Cq = 13.80; naive 
animal) and 5 (Cq = 10.08; superinfected animal). 
Viral RNA was detected in chest fluid (Cq = 11.47), 
urine (Cq = 20.26), spleen (Cq = 22.04), parotid lymph 
node (Cq = 16.26), obex (Cq = 28.03), and uterus 
(Cq = 11.66) from exposed but not control animals 
(Appendix Table 1).

Histopathology revealed subtle, nonspecific neu-
ronal changes in the brains of all animals except the 
naive control. Mild congestion and lymphoplasma-
cytic inflammation were detected in kidneys (n = 8), 
urinary bladder (n = 1, naive control), liver (n = 4, in-
cluding previously infected control), and conjunctiva 
(n = 1, previously infected control). In situ hybridiza-
tion did not reveal viral RNA within lesions. Immu-
nohistochemistry for GFAP (glial fibrillary acidic pro-
tein) showed mild to moderate astrogliosis and for 
IBA1 (allograft inflammatory factor 1) showed mild 
microgliosis in brain sections (Figure 3).

Conclusions
We demonstrate JCV experimental infection in rein-
deer with no clinical signs of illness and minimal, 
nonspecific histological changes, similar to what has 
been reported for other animal arbovirus infections 
(8). Our results are consistent with those of a previous 
experiment in which white-tailed deer were infected 
with JCV and were viremic for 2–4 days but showed 
no clinical illness (9). We detected RNA in blood in 
the chest cavity of 1 animal at postinfection day 11, 
suggesting that that reindeer may be viremic for lon-
ger. The high rate of seroconversion in the naturally 
exposed herd of 30 reindeer suggests that reindeer 
and caribou may play a role in the ecology of CSVs 
in northern ecosystems, especially given that most 
young animals seroconverted within a single sum-
mer (11%–84%). Further studies focusing on isolation 
of live virus from experimentally infected animals in 
addition to vector competence would provide more 
information about the potential for reindeer to be 
maintenance hosts of the virus (10).

In humans, neuroinvasive disease is a strong com-
ponent of JCV disease (11). We note that genetic mate-
rial was found in the obex of 1 reindeer, suggesting 
potential infection, but ISH and immunohistochem-
istry results did not demonstrate neuronal invasion, 
despite a potential glial response. Although JCV was 
detected in the uterus, the implications for potential 

vertical spread or other effects are unknown. Single-
stranded RNA viruses are not stable in the environ-
ment, and multiple freeze–thaw events probably af-
fected genetic detection of virus in our study (12).

Our detection of JCV in blood and tissues of ex-
perimentally exposed reindeer, together with high 
seroprevalence in free-ranging animals in North 
America, suggests that Rangifer spp. caribou and 
reindeer could play a role in disease ecology of JCV 
in Arctic and sub-Arctic North America (4). 
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etymologia revisited
Neospora caninum 
[ne-os′ pə-rə ca-nin′ um]

From the neo- (Latin, “new”) + spora (Greek, “seed”)and canis 
(Latin, “dog”), Neospora caninum is a sporozoan parasite that was 
first described in 1984. It is a major pathogen of cattle and dogs 
but can also infect horses, goats, sheep, and deer. Antibodies to 
N. caninum have been found in humans, predominantly in those 
with HIV infection, although the role of this parasite in causing or 
exacerbating illness is unclear.
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Swine influenza A viruses (IAVs) contribute to 
risk for pandemic emergence in humans. Emerg-

ing livestock systems in low- and middle-income 
countries (LMICs) have been proposed as hotspots 
for novel viruses because of the proximity between 
avian, swine, and human host populations, high 
densities of smallholder and multispecies farming 
systems with poor biosecurity, and rapid growth in 
livestock industries (1–3). However, systematic sur-
veillance of swine IAVs in those settings is nearly 
nonexistent, limiting our understanding of IAV epi-
demiology and evolution. We conducted slaughter-
house sampling of pigs over a 2-year period in Cam-
bodia to compare IAV circulation in smallholder 
versus commercial farms and identify risk factors 

associated with active IAV infection at slaughter-
houses. By performing IAV surveillance in slaugh-
terhouses, we assessed the role of transmission dur-
ing transport and at slaughterhouses and examined 
implications for epidemiologic inference of IAV risk 
along pig value chains, the series of interconnected 
activities encompassing the production, distribu-
tion, and processing of pigs.  

The Study
We selected 18 slaughterhouses in 4 provinces in Cam-
bodia to encompass pigs from smallholder (<100 pigs) 
and commercial farms (>100 pigs), after conducting a 
rapid assessment survey among 52 slaughterhouses to 
characterize their operations (Appendix; https://ww-
wnc.cdc.gov/EID/article/30/12/24-0695-App1.pdf). 
We sampled pigs monthly at each slaughterhouse 
during March 2020–July 2022 (4). We based sample 
sizes for each batch (i.e., pigs from the same source 
sampled on the same day at a given slaughterhouse) 
on 95% probability of detecting >1 positive animal if 
prevalence within an infected batch was >20% (5). We 
extracted RNA from nasal swab samples and screened 
for active IAV shedding using real-time RT-PCR tar-
geting the IAV M gene (6). We screened blood serum 
samples for IAV nucleoprotein antibodies using ID 
Screen Influenza A Multi-species ELISA (Innovative 
Diagnostics, https://www.innovative-diagnostics.
com). We collected data on pig breed, age, type, and 
origin during each sampling visit. 

Our study was approved by ethics committees 
at the London School of Hygiene and Tropical Medi-
cine Institutional Review Board (approval no. 16635) 
and the Animal Welfare and Ethical Research Board 
(reference no. 2019-12), National Ethics Committee 
for Health Research in Cambodia (reference no. 105), 
Human Research Protection Office (reference no. 
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We analyzed >4,000 pig samples from slaughterhouses 
in Cambodia and found higher influenza A seropreva-
lence (40.0%) and prevalence (1.5%) among pigs from 
commercial farms than smallholder farms (seropreva-
lence 8.9%; prevalence 0.6%). Multivariable analyses 
revealed evidence of transmission after leaving farms. 
Findings have implications for influenza risk and surveil-
lance in emerging livestock systems. 
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A-21055), and Animal Care and Use Review Office 
of the US Army Medical Research and Development 
Command Office of Research Protections.

To account for chronological and other direc-
tional relationships between variables, we developed 
a directed acyclic graph assuming IAV antibodies 
are detectable >7 days after exposure (7). ELISA- 
determined serostatus likely represented IAV expo-
sure on farms because pigs stayed at slaughterhouses 
only <6 days in this study; virus shedding by pigs 
starts as early as 1 day after IAV infection and can last 
>5 days (7). Thus, positive PCR results (i.e., positive 
infection status) might indicate IAV exposure on the 
farm shortly before departure to a slaughterhouse, 
during transport, or at the slaughterhouse. 

We developed Bayesian hierarchical logistic re-
gression models to estimate the direct effect of each 
exposure, adjusted for confounding and batch-clus-
tering effects. We used batch size and duration of stay 
at a slaughterhouse as continuous variables using 
fractional polynomial and generalized additive mod-
els and categorical variables. We selected functional 
forms with the largest Bayes factors. We estimated 
posterior adjusted odds ratios (aOR) using Stan ver-
sion 2.26.1 (8). We explored spatial trends in serop-
revalence based on location of batch origin. We con-
ducted a sensitivity analysis to quantify the potential 
effects of imperfect diagnostic tests (Appendix). 

We sampled 616 batches from 18 slaughterhouses, 
which provided 4,089 swab and 4,069 serum samples; 
340 (55.2%) batches were from commercial and 204 
(33.1%) were from smallholder farms in Cambodia, 
59 (9.6%) batches were imported from Thailand, and 
13 batches were of unknown origin. Estimated trans-
port durations within Cambodia were 0.1–10.1 hours. 
At slaughterhouses, pigs were penned in groups of 
3–30 and kept an average of 3–36 hours before slaugh-
ter, depending on the slaughterhouse. Most slaugh-
terhouses reported that pigs were kept 1–6 days. Pens 
were cleaned daily in 15 slaughterhouses, weekly in 
2, and monthly in 1. At least 1 pig tested positive for 
active infection in 37 (6.0%) batches and for serocon-
version in 355 (59.1%) batches (Table).  

Seroprevalence among commercial farm pigs 
was 40.0%, considerably higher than among pigs 
from smallholders (8.9%). In multivariable analy-
ses, pigs from smallholders were  less likely to test 
seropositive (aOR 0.07; 95% credible interval [CrI] 
0.04–0.11) than pigs from commercial farms. Infec-
tion prevalence was also lower among smallholder 
(0.6%) than commercial farm pigs (1.5%), although 
that association was not statistically significant after 
adjusting for confounders (Figure 1). Odds of active 
infection were lower among seropositive pigs (aOR 
0.39; 95% CrI 0.18–0.83) and among sows. Several 
associations provided evidence of transmission at  

 
Table. Batch- and slaughterhouse-level results from pig sampling, stratified by slaughterhouse province in a study of transmission of 
swine influenza A viruses along pig value chains, Cambodia, 2020–2022* 

Characteristics Overall 
Slaughtherhouse province 

Kampong Speu Kandal Takeo Phnom Penh 
Slaughterhouses 18 5 6 4 3 
Batches 616 200 136 175 105 
From commercial farms 397 (64.4) 137 (68.5) 97 (71.3) 94 (53.7) 71 (67.6) 
PCR-positive 37 (6.0) 1 (0.5) 15 (11.0) 12 (6.9) 9 (8.6) 
ELISA-positive 355 (59.1) 127 (63.5) 75 (55.1) 95 (54.3) 58 (55.2) 
Batch size, median (range) 6 (1–120) 5 (1–110) 5 (1–32) 6 (1–31) 20 (2–120) 
Samples per batch, median (range) 6 (1–16) 5 (1–16) 5 (1–15) 6 (1–13) 12 (2–16) 
Within-batch prevalence, median (range)† 20 (6.7–100) 50 33.3 (6.7–100) 14.3 (10–66.7) 12.5 (7.1–55.6) 
Within-batch seroprevalence, median (range)‡ 50 (6.7–100) 50 (6.7–100) 58.3 (9.1–100) 50 (10–100) 50 (6.7–100) 
Male percentage per batch, median (range) 50 (0–100) 42.9 (0–100) 50 (0–100) 50 (20–100) 50 (0–100) 
Finisher percentage per batch, median (range) 100 (0–100) 100 (0–100) 100 (100–100) 100 (0–100) 100 (100–100) 
Batches by cleaning frequency of slaughterhouse     
 Daily  536 (87.0) 176 (88) 111 (84.1) 175 (100) 74 (70.5) 
 Weekly  45 (7.3) 24 (12) 21 (15.4) 0 0 
 Monthly  31 (5.0) 0 0 0 31 (29.5) 
Transport duration, h, median (range) 0.8 (0.1–10.1) 0.5 (0.2–7.9) 1.5 (0.5–9.9) 0.3 (0.1–10.0) 2.1 (0.9–10.1) 
Duration at slaughterhouse, h, median (range) 12 (2–144) 10 (2–48) 12 (5–48) 12 (5–144) 8 (5–20) 
Batches by location of originating farm  

     

 Kampong Speu Province 329 (53.4) 177 (88.5) 69 (52.3%) 39 (22.3) 44 (41.9) 
 Takeo Province 133 (21.6) 2 (1.0) 0 (0) 125 (71.4) 6 (5.7) 
 Kampong Chhnang Province 42 (6.8) 14 (7.0) 0 (0) 0 (0) 28 (26.7) 
 Cambodia, other province 53 (8.6) 6 (3.0) 36 (27.3) 3 (1.7) 4 (3.8) 
 Imported from Thailand 59 (9.6) 1 (0.5) 27 (20.5) 8 (4.6) 23 (21.9) 
*Values are no. (%) except as indicated.  
†PCR confirmed. Within-batch prevalence and seroprevalence were calculated among positive batches (i.e., with >1 positive pig). Range is not provided 
for Kampong Speu for within-batch prevalence because only a single batch tested PCR-positive.  
‡ELISA confirmed.  
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slaughterhouses; specifically, active infection was 
substantially lower among pigs sampled at slaugh-
terhouses that cleaned pens daily compared with 
slaughterhouses that cleaned weekly, and increased 
with duration at the slaughterhouse. We also noted 
a positive trend between a longer stay at slaughter-
houses and seroprevalence (Figure 2 panel A), pos-
sibly reflecting risk for exposure shortly before or 
during transport to the slaughterhouse. The presence 
of poultry at slaughterhouses did not affect active 

infection status. Associations were not substantially 
affected by potential underdetection of infection in a 
sensitivity analysis (Appendix Table 4). For commer-
cial but not smallholder farms, seroprevalence aver-
aged across batches varied among districts (Figure 3).  

Conclusions 
Our findings demonstrate higher IAV circulation 
among pigs from commercial than from smallhold-
er farms, adding information to limited studies on 

Figure 1. Multivariable analyses in a study of transmission of swine influenza A viruses along pig value chains, Cambodia, 2020–2022. We 
analyzed exposure variables for associations with ELISA-confirmed influenza A serostatus (red) and PCR-confirmed active infection (blue) at 
the individual-pig level. Boxes indicate mean, horizontal bars attached to boxes indicate 95% CrI, vertical dotted lines indicate aOR = 1. We 
estimated posterior aORs and 95% CrI, shown on a log scale, using Bayesian hierarchical regression models derived from a directed acyclic 
graph. *Model numbers indicated in aOR columns correspond to models described in Appendix Table 1. 95% CrI, 95% credible interval; aOR, 
adjusted odds ratios; SH, slaughterhouse.
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swine IAV epidemiology in LMICs. The seropreva-
lence at commercial farms in Cambodia was compa-
rable to that in high-income countries (9). The large 
variation in seroprevalence among batches from 
commercial farms, even farms owned by the same 
company, might reflect spatiotemporal variation in 
transmission, but warrants further investigation of 
the contribution of farm management practices. Liter-
ature provides evidence of IAV persistence and evo-
lution through successive reassortments on commer-
cial farms (10). Our findings highlight how increased 
livestock population and density in LMICs might 

increase risk for novel IAV emergence and amplifica-
tion. As reported elsewhere, phylogenetic inferences 
from our samples from Cambodia identified 9 distinct 
swine IAV lineages, with human H1N1/pdm09 virus 
lineages predominating (4). The novel European avi-
an-like H1N2 reassortant variant, possessing G4-like 
H1 sequences, was also present in 2 batches. Those 
batches, which we sampled within 24 hours of ship-
ment, originated from different commercial farms at 
different timepoints, indicating the potential spread 
of this novel swine IAV variant among commercial 
farms in Cambodia.

Figure 2. The adjusted probability of testing positive in a study of transmission of swine influenza A viruses along pig value chains, 
Cambodia, 2020–2022. A) Probability of ELISA-positive; B) probability of PCR-positive. Adjustments are a function of the duration at 
slaughterhouses, but other variables are kept at baseline. Solid lines indicate predicted means; dark shading indicates 50% CrI and light 
shading, 95% CrI.  

Figure 3. Spatial distributions of adjusted seroprevalence in a study of transmission of swine influenza A viruses along pig value chains, 
Cambodia, 2020–2022. Distribution by district of origin among commercial farms (A) and small-scale farms (B). Average seroprevalence 
was estimated for districts that had >2 batches of pigs from the same source sampled on the same day at a given slaughterhouse.
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Although little is known about IAV transmission 
during transport and at slaughterhouses (11), our 
results indicate traders and slaughterhouse workers 
might be at heightened risk for swine IAV exposure. 
We are currently developing novel microbead-based 
serologic assays to distinguish antibodies to different 
IAV subtypes among pigs and humans, which will 
augment our understanding of IAV dynamics within 
and between different farm types and host species. In 
addition, reduced time from farm to slaughterhouse, 
less stressful pig handling, and improved slaugh-
terhouse hygiene may ameliorate both enzootic and 
zoonotic transmission risks during the final stages of 
the pig value chain. 

In summary, our analyses indicate that active 
infections among pigs sampled at slaughterhous-
es might reflect exposure immediately before or 
during transport to or at slaughterhouses. Thus, 
slaughterhouse surveillance data should be inter-
preted with caution when inferring risk from farm 
types or geographic origin, even when data on 
pig origin are available. In LMICs, surveillance at 
slaughterhouses rather than farms may be the only 
sustainable option (12). That surveillance should 
be coupled with monitoring of the status of pig 
value chains, which can change rapidly because of 
pig sector growth and outbreaks of diseases, such 
as African swine fever. Those findings contain im-
plications for influenza risk and surveillance in 
emerging livestock systems. 

The project or effort depicted was financially sponsored  
by the United States Department of Defense, Defense 
Threat Reduction Agency (PigFluCam+ project no.  
HDTRA11810051). The content of the information does 
not necessarily reflect the position or the policy of the 
federal government, and no official endorsement should 
be inferred. 
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Yezo virus (YEZV), in the order Bunyavirales, 
family Nairoviridae, genus Orthonairovirus, pos-

sesses a negative-sense single-stranded RNA genome 
comprising 3 segments: large (L), medium (M), and 
small (S) (1). Each segment contains a single open 
reading frame encoding the RNA-dependent RNA 
polymerase (L segment), glycoprotein precursor (M 
segment), and nucleoprotein (S segment) (1). YEZV 
infection is an emerging infectious disease, detected 
in Hokkaido, Japan, in 2019 among patients who had 
febrile illness after a tick bite (1); >9 patients infected 
with YEZV have been reported in Hokkaido (1–3). 
Among those patients, fever, myalgia, thrombocyto-
penia, leukopenia, and increasing liver enzymes were 
commonly reported after a tick bite (1–3). One patient 
who had a YEZV infection after a tick bite has also 
reported in Inner Mongolia in northeastern China (4).

Migratory birds carry ticks harboring various 
pathogens, such as Crimean-Congo hemorrhagic  

fever virus, belonging to the family Nairoviridae (5–7). 
Phylogenetic analysis of tickborne severe fever with 
thrombocytopenia syndrome virus indicated that 
this virus might be carried by ticks found on migra-
tory birds that fly between China, South Korea, and 
Japan (8,9). Increasing evidence suggests that migra-
tory birds play a critical role in spreading tickborne 
pathogens. In archipelagos, such as Japan, under-
standing transmission of pathogens by migratory 
birds is critical; however, information on tickborne 
pathogens carried by migratory birds is lacking. We 
investigated the prevalence of YEZV in ticks found 
on migratory birds in Japan to determine virus trans-
mission pathways.

The Study
We conducted this research under approval by the 
animal research review board of Yamashina Institute 
for Ornithology, Chiba, Japan (approval nos. 2020-004 
and 2021-002). We collected ticks infesting birds that 
mostly fly from Sakhalin and the Kuril Islands to Hok-
kaido, Japan. We collected the ticks during October 
2–12, 2020, and October 2–13, 2021, in Lake Kutcharo, 
Hamatonbetsu Town, and Lake Furen, Nemuro City, 
Japan (Figure 1). We analyzed YEZV genes in the 
ticks to clarify virus spread. Because migratory birds 
at these locations in autumn are considered to have 
just arrived from Sakhalin (Sakhalin route) and the 
Kuril Islands (Kuril Islands route) (Figure 1), it is like-
ly that the ticks crossed the sea attached to the birds. 

We collected 2,534 ticks from 15 species of birds 
in October 2020 and 2021 (Appendix Tables 1, 2; 
https://wwwnc.cdc.gov/EID/article/30/12/24-
0539-App1.pdf). All ticks were morphologically iden-
tified and pooled according to their species, life stage, 
and host species. Each pool consisted of <10 larval or 
5 nymphal ticks (Appendix).
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We examined 2,323 Ixodes persulcatus ticks (1,727 
larvae and 596 nymphs), 203 I. pavlovskyi ticks (169 
larvae and 34 nymphs), 1 I. turdus tick (nymph), 3 
Haemaphysalis megaspinosa ticks (larvae), and 4 H. con-
cinna ticks (3 larvae and 1 nymph) by using quantita-
tive reverse transcription PCR (Appendix). Of those, 
8 pools of I. persulcatus ticks were positive for YEZV 
RNA; no pools for the other tick species were YEZV 
positive (overall minimum infection rate 0.3%) (Table 
1). Seven of 8 positive pools showed low cycle thresh-
old (Ct) values of 22.08–30.08; 1 pool had a high Ct 
value of 39.19. Seven pools with low Ct values were 
used for further analysis. Ticks in all positive pools 
were I. persulcatus collected from black-faced buntings 
(Emberiza spodocephala) (Table 2). Five pools were col-
lected in Lake Furen, Nemuro City, Hokkaido, and 
the other pools were collected in Lake Kutcharo, Ha-
matonbetsu Town, Hokkaido. Results indicated that 
ticks with YEZV were transferred by migratory birds 
along both the Sakhalin and Kuril Islands routes.

In I. persulcatus ticks, the minimum infection rate 
of YEZV was 0.2% in larvae and 0.8% in nymphs 
(Table 1). YEZV has been reported in 3 adult tick 
species, H. megaspinosa, I. ovatus, and I. persulcatus, 
found on vegetation in Hokkaido (1). In addition, 4 
YEZV–positive pools consisted of only unfed ticks  

(Appendix Table 3), indicating that I. persulcatus 
might transmit Yezo virus.

We sequenced 7 complete genomes of YEZV: 
YEZV/tick/BT-1821/Japan/2020, YEZV/tick/BT-
1826/Japan/2020, YEZV/tick/BT-1844/Japan/2020, 
YEZV/tick/BT-1864/Japan/2020, YEZV/tick/BT-
1968/Japan/2020, YEZV/tick/BT-2135/Japan/2021, 
and YEZV/tick/BT-2155/Japan/2021 (Appendix) 
and deposited those sequences into the DNA Data 
Bank of Japan (https://www.ddbj.nig.ac.jp) (Table 
2). For 1 pool that had a high Ct value, YEZV/tick/
BT-1822/Japan/2020, we could not determine the 
complete genome sequence; however, we amplified 
a short fragment of the S segment by nested reverse 
transcription PCR and deposited that sequence in the 
DNA Data Bank of Japan (Table 2).

We analyzed the nucleotide and amino acid se-
quences of the RNA-dependent RNA polymerase, 
glycoprotein precursor, and nucleoprotein among 
YEZV strains and compared those sequences to Su-
lina virus IxriSL16–01 sequences (10) (Appendix Ta-
bles 4–6). Sequence identity between YEZV strains 
was 93.0%–100.0% at the nucleotide level and 99.2%–
100.0% at the amino acid level.

We also performed phylogenetic analysis of 
YEZV strains by using the nucleotide sequences of the 

Figure 1. Migratory bird flyways and 
distribution of Ixodes persulcatus 
ticks in study of transboundary 
movement of Yezo virus via ticks 
on birds, Japan, 2020–2021. 
Distribution of I. persulcatus ticks 
(red rhombus), prefectures of 
Japan where black-faced buntings 
(Emberiza spodocephala) banded 
in Hokkaido were recaptured 
(light blue), and flyway of E. 
spodocephala passing through 
Hokkaido during autumn (orange 
dotted line). Distribution outside 
Japan is indicated at the country 
level. Black circle shows Lake 
Furen, Nemuro City, Hokkaido; 
white circle shows Lake Kutcharo, 
Hamatonbetsu Town, Hokkaido.
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open reading frames of the L, M, and S segments (Fig-
ure 2). All tick-derived strains detected in this study 
belonged to the same cluster as the strains obtained 
from patients in Hokkaido, YEZV/human/HH003-
2020/Japan/2020 and YEZV/human/HH008-2017/
Japan/2017 (1). In addition, our tick-derived strain, 
YEZV/tick/BT-2135/Japan/2021, and the tick- 
derived strain from Heilongjiang, China, YEZV/tick/
T-HLJ02/People’s Republic of China/2021, were re-
assortment strains; both were generated through 
reassortment with the strains found in patients in 
Hokkaido, Japan. We also confirmed the events of 

genetic reassortment by using a recombination de-
tection program (A. Nishino and K. Maeda, unpub. 
data), which suggested that YEZV might be trans-
ferred between China and Hokkaido, Japan.

Conclusions
We successfully detected YEZV in I. persulcatus ticks 
from migratory birds (E. spodocephala buntings) flying to 
Hokkaido, Japan, from Sakhalin and the Kuril Islands 
(5,11). The distribution of I. persulcatus ticks partially 
overlapped with the flyway of E. spodocephala buntings 
passing through Hokkaido in autumn (12–15). Together 

Figure 2. Phylogenetic analysis of Yezo virus strains in study of transboundary movement of Yezo virus via ticks on migratory birds, 
Japan, 2020–2021. Trees were constructed by using the maximum-likelihood method in MEGA X (https://www.megasoftware.net) and 
1,000 bootstrap replicates for nucleotide sequences. A) Large segment; B) medium segment; C) small segment. Black circles indicate 
sequences from this study. The number at each branch indicates the bootstrap value. GenBank accession numbers for nucleotide 
sequences are shown in parentheses. Sulina virus IxriSL16-01 was used as the outgroup to determine the root of Yezo virus trees but is 
not shown. Scale bars indicate nucleotide substitutions per site.

 
Table 1. Virus prevalence in tick species collected in an investigation of transboundary movement of Yezo virus via ticks on migratory 
birds, Japan, 2020–2021 
Species No. ticks examined No. pools examined No. positive pools Minimum infection rate, % 
Ixodes persulcatus 
 Larva 1,727 193 3 0.2 
 Nymph 596 137 5 0.8 
I. pavlovskyi 
 Larva 169 30 0 0 
 Nymph 34 19 0 0 
I. turdus 
 Larva 0 0 0 0 
 Nymph 1 1 0 0 
Haemaphysalis megaspinosa 
 Larva 3 2 0 0 
 Nymph 0 0 0 0 
H. concinna 
 Larva 3 2 0 0 
 Nymph 1 1 0 0 
Total 2,534 385 8 0.3 
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with the possible genetic reassortment event between 
YEZV strains from Japan and China, this finding indi-
cated that YEZV might be carried by migratory birds 
from other countries to Japan and from Hokkaido to 
other prefectures in Japan. To elucidate the distribution 
area and transmission routes of YEZV, further surveil-
lance of YEZV infection should be conducted in ticks, 
birds, and wild and domestic animals.
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In early 2023, a substantial increase in chikungu-
nya disease cases in South America prompted an 

alert from the Pan American Health Organization 
(1). Although most chikungunya virus (CHIKV) 
transmission has occurred in Paraguay and Brazil, 
the proximity of nearby regions, including the Ca-
ribbean, with histories of intense arboviral trans-
mission raises the prospect of epidemic spread. 
The Caribbean is an ecologically receptive setting 
for CHIKV and was heavily impacted by a 2014 
epidemic (2). The epidemic was particularly severe 
in the Dominican Republic, where >539,000 cases 
and more deaths per capita than any other coun-
try in the Americas were reported (3,4). Given that 
vulnerability, we conducted a study to assess the 
risks for future CHIKV outbreaks in the Dominican 

Republic by evaluating post-2014 CHIKV transmis-
sion, estimating current population-level immune 
protection, and modeling future epidemic risks. 
Our research aims to inform public health interven-
tions and preparedness strategies in anticipation of 
potential regional CHIKV resurgence.

Data and specimens were collected as part of a US 
Centers for Disease Control and Prevention–funded  
acute febrile illness (AFI) research program. The stud-
ies were approved by the Dominican Republic Na-
tional Council of Bioethics in Health (#013-2019); the 
institutional review board of Pedro Henríquez Ureña 
National University (Santo Domingo, Dominican 
Republic), and the Massachusetts General Brigham 
Human Research Committee (Boston, MA, USA) 
(#2019P000094). 

The Study
To understand local CHIKV epidemiology and trans-
mission after the 2014 outbreak, we first performed 
reverse transcription PCR (RT-PCR) on acute-phase 
serum samples from patients enrolled as part of a pro-
spective AFI surveillance program at Dr. Toribio Ben-
osme Hospital in Espaillat Province in northwestern 
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The 2014 chikungunya outbreak in the Dominican Re-
public resulted in intense local transmission, with high 
postoutbreak seroprevalence. The resulting population 
immunity will likely minimize risk for another large out-
break through 2035, but changes in population behavior 
or environmental conditions or emergence of different 
virus strains could lead to increased transmission. 
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Dominican Republic and Dr. Antonio Musa Hospital 
in San Pedro de Macorís Province in southeastern Do-
minican Republic, using study processes described 
elsewhere (5). We invited patients ≥2 years of age with 
measured (≥38°C) or reported undifferentiated fever 
to participate. All adult participants and parents or 
legal guardians of child participants provided written 
consent; children 7–17 years of age provided assent. 
During November 2019–June 2023, we enrolled and 
tested 2,792 persons for a range of pathogens, includ-
ing CHIKV, by RT-PCR (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/30/12/24-0824-App1.
pdf). We detected no cases of acute CHIKV infection, 
which aligns with national reported surveillance data 
that suggest minimal post-2014 transmission (Appen-
dix Figure 1). 

Next, to estimate population-level chikungunya 
seroprevalence, we conducted serologic screening 
among asymptomatic persons enrolled in a cross- 
sectional household cluster survey during July– 
October 2021 that included San Pedro de Macoris 
and Espaillat Provinces, which aligned with locations 
from the AFI surveillance program. The 3-stage cross-
sectional sampling strategy, which enrolled house-
hold members ≥5 years of age, has been described 
elsewhere (6). We screened 201 serum samples using 
plaque reduction neutralization tests (PRNT) and 196 
using ELISA IgG tests (Appendix). Of 397 persons 
enrolled from the 2 provinces, 319 (80.4%) were se-
ropositive (Table). After adjusting for sex, age, and 
urban/rural setting, the estimated population sero-

prevalence across all age groups was 69.6% (95% CI 
64.5%–74.8%) in 2021. That estimate based on nation-
al surveillance data assumed that persons born after 
2014 were seronegative (Appendix Figure 1). To fur-
ther assess that assumption, and because few partici-
pants enrolled in the serologic survey were born after 
the 2014 outbreak, we conducted serologic screening 
on serum samples from children enrolled through the 
prospective AFI surveillance platform (5). That test-
ing enabled us to assess seropositivity derived from 
infection after the 2014 outbreak. Date of birth rela-
tive to the 2014 outbreak strongly predicted serosta-
tus. Of 275 children screened using PRNT, 110 were 
born during 2009–2013 (60 [55%] seropositive), 14 in 
2014 (1 [7%] seropositive), and 151 after 2014 (1 [0.7%] 
seropositive) (Table; Figure 1). 

We then used our seroprevalence estimates to 
model population-level immune protection from 
2012 through 2045 using methods reported else-
where (7). We considered that infection generates 
lifelong immune protection and adjusted population 
immune protection over time to account for new 
births adding susceptible persons to the population 
and deaths reducing the pool of immune persons 
(Figure 2). Given minimal post-2014 transmission, 
we assumed no additional population immunity was 
generated after 2014. Based on our seroprevalence 
values, we calculated a basic reproduction number 
(R0) of 2.0 (95% CI 1.84–2.33). We calculated the ef-
fective reproduction number (Reff) over time using 
the R0 and population immune protection (Figure 

Figure 1. Chikungunya 
seroprevalence by year of birth 
in study of chikungunya outbreak 
risks after the 2014 outbreak, 
Dominican Republic. Blue 
band represents the 95% CI for 
pooled seroprevalence, which 
combined data from acute febrile 
illness and serosurvey cohorts. 
Estimates were obtained using 
kernel-weighted local polynomial 
smoothing weighted by the size 
of each birth cohort. AFI, acute 
febrile illness. 

http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/30/12/24-0824-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/12/24-0824-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/12/24-0824-App1.pdf
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2, panel A). Our findings suggest that the Reff will 
remain <1.0 through 2035, indicating that, although 
clusters of CHIKV infection may occur, widespread 
and intense community transmission is unlikely. Fi-
nally, for comparison, we performed similar analy-
ses for other Caribbean settings, including Jamaica 
and Puerto Rico, that have reported on CHIKV sero-
prevalence since the 2014 outbreak. Those analyses 
suggest that although postoutbreak seroprevalence 
and R0 values differ between settings (Appendix Ta-
ble 2), the risk of widespread regional transmission 
will remain low through 2035 (Appendix, Appendix 
Figure 2, panels A, B). 

Conclusion 
We found serologic evidence of intense CHIKV trans-
mission in study sites in northwestern and southeast-
ern Dominican Republic during the 2014 outbreak 
but little subsequent transmission. Those findings 
were corroborated across a range of sources, includ-
ing national surveillance, sentinel AFI surveillance, 
and a cross-sectional serologic survey. Our postout-
break seroprevalence estimates provide key public 
health data for the Dominican Republic; the estimate 
(69.6%) was slightly lower than estimates from Ja-
maica (83.6%) and Haiti (78.7%) but higher than in 
other countries in the region (8–11). However, when  

 
Table. Population characteristics and prevalence information from study of future risks for chikungunya outbreaks in the Dominican 
Republic* 

Category 

Household serologic survey† 

 

Acute febrile infection illness‡ 
All study 

participants,  
n = 397 

CHIKV 
seropositive,  

n = 319 

CHIKV 
seronegative,  

n = 78  

All study 
participants,  

n = 275 

CHIKV 
seropositive,  

|n = 62 

CHIKV 
seronegative, 

n = 213 
Province        
 San Pedro de Macorís 311 260 (84) 51 (16)  131 34 (26) 97 (74) 
 Espaillat 86 59 (69) 27 (31)  135 25 (19) 110 (81) 
 Other 0 0 0  9 3 (33) 6 (67) 
Year of birth        
 Before 2014 392 319 (81) 73 (19)  110 60 (55) 50 (45) 
 2014 3 0 3 (100)  14 1 (7) 13 (93) 
 After 2014 2 0 2 (100)  151 1 (1) 150 (99) 
Median age, y (IQR) 32 (17.4–55.5) 31.9 (18–55.5) 32.7 (13–56.3)  6.7 (4.0–10.0) 10.7 (9.5–11.4) 5.3 (3.7–7.5) 
Age group, y        
 1–5 0 0 0  118 1 (1) 117 (99) 
 6–10 43 28 (65) 15 (35)  114 37 (32) 77 (68) 
 11–20 95 81 (85) 14 (15)  43 24 (56) 19 (44) 
 21–40 99 81 (82) 18 (18)  0 0 0 
 41–60 87 68 (78) 19 (22)  0 0 0 
 ≥61 73 61 (84) 12 (16)  0 0 0 
Sex        
 F 250 206 (82) 44 (18)  131 37 (28) 94 (72) 
 M 147 113 (77) 34 (23)  144 25 (17) 119 (83) 
Place of birth        
 Dominican Republic 384 309 (80) 75 (20)  270 61 (23) 209 (77) 
 Other 13 10 (77) 3 (23)  5 1 (20) 4 (80) 
Educational attainment        
 No formal education 23 17 (74) 6 (26)  153 12 (8) 141 (92) 
 Primary 112 95 (85) 17 (15)  119 49 (41) 70 (59) 
 Secondary 123 104 (85) 19 (15)  2 1 (50) 1 (50) 
 Technical 13 11 (85) 2 (15)  0 0 0 
 University 37 26 (70) 11 (30)  0 0 0 
 Missing or not available 89 66 (74) 23 (26)  1 0 1 (100) 
Occupation        
 Active worker 91 67 (74) 24 (26)  1 1 (100) 0 
 Houseperson 82 72 (88) 10 (12)  0 0 0 
 Student 130 102 (78) 28 (22)  161 58 (36) 103 (64) 
 Retired 12 10 (83) 2 (17)  0 0 0 
 Unemployed 79 67 (85) 12 (15)  3 0 3 (100) 
 Preschool 0 0 0  110 3 (3) 107 (97) 
 Other 3 2 (67) 2 (67)  0 0 0 
Self-reported prior infection      
 Chikungunya 108 97 (90) 11 (10)  NA NA NA 
 Dengue 14 14 (100) 0  NA NA NA 
 Zika 3 3 (100) 0  NA NA NA 
*Values are no. (%) except as inidicated. CHIKV, chikungunya virus; NA, not applicable. 
†Serologic status was assessed for household serologic survey participants using chikungunya plaque reduction neutralization test (n = 202) and ELISA 
to detect CHIKV IgG (n = 195). 
‡Serologic status for all acute febrile illness surveillance participants was assessed using chikungunya plaque reduction neutralization test. 
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differences in the timing of the serological surveys in 
relation to the 2014 outbreak are considered, and in-
terval decreases in seroprevalence accounted for, post-
2014 outbreak seroprevalence estimates across the 3 
countries were broadly similar, and all were >80%. 

We concluded that the 2014 outbreak generated 
high levels of population immune protection. How-
ever, in the absence of meaningful ongoing transmis-
sion, population protection will decrease. Because 
new births add susceptible persons to the popula-
tion and deaths reduce the pool of immune persons, 
the ratio of susceptible to immune persons increases 
over time. As this ratio increases, so does the risk for 
a sustained outbreak. Awareness of when population 
immune protection falls below a threshold that could 
allow widespread transmission is critical for public 
health forecasting and response, both in the Domini-
can Republic and in settings with similar immuno-
logic and epidemiologic profiles. 

Our analyses suggest that population immune 
protection derived from the 2014 outbreak is likely to 
minimize the risk for another large outbreak through 
at least 2035 (Figure 2, panel A) if other factors remain 
unchanged. However, changes in population behav-
ior or environmental conditions, or emergence of new 
strains, could lead to increased transmission, as docu-
mented in the 2022–2023 outbreak in Paraguay, when 
transmission expanded to multiple previously unaf-
fected regions (12). 

Limitations included lack of generalizability of 
the data sources. We largely addressed this limitation 

by using multiple data sources to confirm key find-
ings, with the exception of population seroprevalence 
estimates, for which we relied on a single source. The 
number of study participants was limited, and data 
were restricted to 2 provinces; therefore, our point 
estimates might not be representative of national se-
roprevalence. In addition, the specificity of CHIKV 
immunoassays may be affected by other circulating 
alphaviruses (13), although substantially lower sero-
prevalence among those born after 2014 suggests that 
effect was unlikely. 

In conclusion, chikungunya immune protection 
generated during the 2014 outbreak in the Domini-
can Republic will likely minimize the risk for wide-
spread and intense transmission in the next decade, 
similar to findings from Jamaica and Puerto Rico. 
However, changes in behaviors, environmental con-
ditions, or emergence of new strains could affect 
those predictions. Therefore, public health authori-
ties should closely monitor chikungunya activity 
and develop preparedness plans to mitigate effects 
of future outbreaks. 
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Figure 2. Projected chikungunya population immunity and Reff in study of chikungunya outbreak risks after the 2014 outbreak, Dominican 
Republic. A) Estimated population immunity from 2012 through 2045 using a simulated population parameterized to the current population 
seroprevalence (red dot). Solid line represent point estimates and shading 95% CIs. Changes in population immunity over time reflect the 
introduction of new susceptible persons through births and decrease in immune persons through deaths. B) Projected changes in effective 
reproductive number over time calculated from the basic reproduction number R0 and population immunity. Solid line represents change in 
Reff and shading 95% CIs, based on the simulated proportion of the immune population. The solid red horizontal line at Reff = 1 represents 
the threshold for sustained transmission; values above this line indicate Reff >1, suggesting potential for ongoing transmission, wheras 
values below this line indicate Reff <1, suggesting a decline in transmission. Reff, effective reproduction number.
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Oropouche virus (OROV) is an emerging zoonotic 
arbovirus that belongs to the Simbu serogroup 

of the genus Orthobunyavirus, family Peribunya-
viridae. Natural hosts include nonhuman primates, 
some wild bird species, and pale-throated sloths (1). 
OROV is primarily transmitted by biting midges 
(e.g., Culicoides paraensis) and Culex quinquefasciatus 
mosquitoes. Clinical appearance of symptomatic 
Oropouche fever is similar to that of influenza-like 
illness (1). Self-limiting meningitis or meningo- 
encephalitis can occur (1). 

OROV has been endemic to the Amazon Re-
gion (1). Through September 6, 2024, a total of 9,852 
confirmed Oropouche cases had been reported in 
Brazil, Bolivia, Colombia, Cuba, Peru, and the Do-
minican Republic (2). Travel-associated cases have 
been identified in Europe and the United States (3,4). 
In Brazil, identification of adverse pregnancy out-
comes associated with OROV infection led to ongo-
ing investigations of possible vertical transmission 
of the virus (2). In the 1980s, spontaneous abortions 
in pregnant women with OROV antibodies already 
suggested that OROV infection might be harmful 
during pregnancy (5).

On August 2, 2024, a 42-year-old man from It-
aly was evaluated for an acute febrile illness at the 
IRCCS Sacro Cuore Don Calabria Hospital, Negrar di 

Valpolicella, Italy. He had visited Cuba during July 
19–29, 2024. The day before returning home, he ex-
perienced high fever (39.0°C), headache, and general 
malaise (Figure 1). After 2 days, his fever subsided, 
but it recurred on day 4 after symptom onset. Neuro-
logic examination was unremarkable; no meningeal 
irritation was noted. The patient did not have a rash 
or lymphadenopathy and did not report testicular 
discomfort. Laboratory evaluation showed a leuko-
cyte count within reference limits and no thrombo-
cytopenia. Blood culture results were negative, and 
specific real-time reverse transcription PCR (RT-PCR) 
of whole blood and serum were negative for dengue, 
chikungunya, and Zika viruses (Appendix, https://
wwwnc.cdc.gov/EID/article/30/12/24-1470-App1.
pdf). We diagnosed Oropouche fever by using 2 
OROV-specific RT-PCRs that both target the small (S) 
genomic segment (6,7), which was positive in serum, 
whole blood, and urine samples collected on day 4 
after symptom onset. The patient recovered and was 
free of symptoms on day 10.

RT-PCR remained positive in whole blood and 
urine samples obtained on days 10, 16 and 32 after 
symptom onset. Serum was positive for OROV RNA 
(cycle threshold [Ct] 37.7) on day 10 but not day 16 
(Ct >45). We detected OROV RNA in fresh, unfrac-
tionated semen samples on days 16 ([Ct 25.4], 32 [Ct 
28.9], and 58 [Ct 34.1]). Viral RNA levels were higher 
in semen than in urine or whole blood (Figure 1). On 
day 58, OROV was still detectable in whole blood and 
in semen but not in urine.

On day 16 after symptom onset, we obtained 
infectious OROV from semen in cell culture under 
Biosafety Level 3 conditions (Appendix). Virus rep-
lication was confirmed by the appearance of clear 
cytopathic effects (CPE) after 5 days (Figure 2) and 
increased OROV-RNA levels in spent cell growth me-
dium (Ct values decreased from 25.4 to 14.0). We har-
vested the virus and performed subsequent passages. 
On day 32, we still detected shedding of OROV RNA 
at higher levels in semen (Ct 28.9) than in urine (Ct 
32.5) and whole blood (Ct 37.1) but could no longer 
demonstrate replication competence.

Virus persistence and shedding in semen has 
been documented for 40 viruses from various virus 
families and have been most thoroughly studied for 
Zika and Ebola viruses (8,9). Viruses in the family 
Phenuiviridae, order Bunyavirales, have also been 
detected in human semen: Rift Valley fever virus (day 
117 after symptom onset), Toscana virus (day 59), and 
severe fever with thrombocytopenia syndrome virus 
(day 30) (8,9). Orchitis and reduced fertility have been 
observed in association with Toscana virus infection. 
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A febrile man in Italy who had traveled to Cuba in July 
2024 was diagnosed with Oropouche fever. Reverse 
transcription PCR detected prolonged shedding of Oro-
pouche virus RNA in whole blood, serum, urine, and 
semen. Sixteen days after symptom onset, replication-
competent virus was detected in semen, suggesting 
risk for sexual transmission.
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Infectious Schmallenberg virus has been isolated from 
bovine semen up to 3 months after infection (10), and 
infection in a pregnant animal can lead to severe con-
genital infections in the fetus.

Detectable OROV RNA in semen could result 
from replication in the male genital tract but also 
from passive diffusion of OROV. In the patient we 
report, blood could not be excluded as a cause for a 
positive RT-PCR in semen, but cross-contamination 
from urine seems unlikely because OROV RNA shed-
ding persisted longer in semen than in urine.

We report prolonged shedding of Oropouche vi-
rus RNA in whole blood, serum, urine and semen and 
detection of replication-competent virus in 1 patient 
but caution against overinterpretation of our find-
ings. Because we did not separate seminal fractions, 
we cannot establish an association with the cellular 
fraction or spermatozoa. Failure to isolate RT-PCR– 
detectable OROV from semen does not exclude the 
possibility of prolonged shedding of infectious virus.

Our findings raise concerns over the poten-
tial for person-to-person transmission of OROV via  

Figure 1. Clinical events and laboratory findings associated with OROV infection in a 42-year-old man from Italy who visited Cuba 
during July 19–29, 2024. Shown is clinical timeline of patient’s OROV infection, with key days indicating the onset of symptoms and the 
results of both endpoint and real-time RT-PCR tests of whole blood, serum, urine, and semen samples. ALT, alanine aminotransferase; 
AST, aspartate aminotransferase; CHIKV, chikungunya virus; Ct, cycle threshold; DENV, dengue virus; eGFR, estimated glomerular 
filtration rate; NT, not tested; neg, negative; OROV, Oropouche virus; pos, positive; RT-PCR, reverse transcription PCR; ZIKV, Zika virus.

Figure 2. Cytopathic effect associated with Oropouche virus infection in a 42-year-old man from Italy who visited Cuba during July 
19–29, 2024, observed by using light microscopy on Vero E6 cells monolayer after 5 days of incubation. A) Semen sample from 
patient (Appendix, https://wwwnc.cdc.gov/EID/article/30/12/24-1470-App1.pdf). B) Semen sample from uninfected control. Original 
magnification ×10.
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sexual encounters and may have implications for 
sperm banking and assisted reproductive technolo-
gies. Pending further evidence (e.g., longitudinal 
studies to establish the frequency and kinetics of in-
fectious OROV shedding in semen to assess its clini-
cal relevance), we recommend use of barrier protec-
tion when engaging in sexual intercourse if OROV is 
confirmed or suspected.
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Bacillus anthracis, the etiologic agent of anthrax, 
is a gram-positive bacterium that can cause life-

threatening disease among wild and domestic mam-
mals, including humans (1). B. anthracis can form 
spores, enabling long-term survival under adverse 
conditions. Isolation of B. anthracis from soil stored up 
to 60 years has been reported previously (2). Because 
of its pathogenic features, B. anthracis is considered 
one of the most serious and threatening agents for 
conducting biowarfare or bioterrorism (3,4). 

In our previous study, 3 of 24 soil samples collect-
ed from a World War II (WWII) site in northeastern 
China (Appendix Figure 1; https://wwwnc.cdc.gov/
EID/article/30/12/23-1520-App1.pdf) tested positive 
for B. anthracis using RPA/CRISPR-Cas12a, real-time 
PCR, and metagenomic analysis (5). Of note, those 
positive samples were obtained from the site of Unit 
731 (45°36′55.940″N, 126°38′33.738″E), a former bacte-
ria laboratory run by the army of Japan (5). We col-
lected an additional 24 samples from 12 collection sites 
located within radii of 0.5 km, 3 km, and 5 km from 
the remains of the WWII laboratory (Appendix Figure 
2). However, we detected no trace of B. anthracis in the 
newly collected samples, implying that the positive 
samples we previously found likely did not originate 
from a local natural source. 

Using polymyxin B-lysozyme-EDTA-thallous ac-
etate agar and API 50CHB-API 50CH biochemical re-
agents (BioMérieux, https://www.biomerieux.com), 
we successfully isolated and identified a B. anthracis 
strain (named BA20200413YY) from one of the soil 
samples. Morphologic, hemolytic, and biochemical 

analyses revealed classic B. anthracis phenotypes: gray, 
opaque, medium-sized, irregular-shaped colonies with 
a ground glass surface and no surrounding hemolytic 
rings (Figure, panel A). In addition, Gram staining re-
vealed a bamboo-like arrangement of bacilli (Figure, 
panel B). We sequenced the whole genome of strain 
BA20200413YY using MiSeq (Illumina, https://www.
illumina.com) and Sequel I (PacBio, https://www.pacb.
com) platforms. We assembled reads into a complete  

1These first authors contributed equally to this article. 

Records suggest Bacillus anthracis was used in biowar-
fare during World War II, but evidence remains limited. 
We isolated B. anthracis from soil at the remains of a 
World War II–era laboratory in China. Phenotypic and 
genomic analyses confirmed the finding, highlighting the 
value of microbial forensics in biothreat investigation. 

Figure. Preserved isolate from a bacteriologic and genomic 
investigation of Bacillus anthracis from World War II site, China. 
A) Morphological analysis of B. anthracis isolated on Columbia 
blood agar plate showing classic B. anthracis features: gray, 
opaque, medium sized, irregular-shaped colonies with a ground 
glass surface and no surrounding hemolytic rings. B) Gram 
staining showing B. anthracis bamboo-like arrangement. Scale 
bar represents 30 µm. Isolate data are available in GenBank 
(accession no. CP135587–89).
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genome totaling 5.5 Mbp, including the chromosome 
(5,228,177 bp) and 2 plasmids, pXO1 (181,765 bp) and 
pXO2 (94,821 bp). Functional genetic analysis revealed 
that BA20200413YY carries the 5 natural resistance genes 
of B. anthracis, which confer resistance to fosfomycin, 
β-lactamase, streptothricin, and macrolide, as well as 33 
virulence genes associated with anthrax toxin and other 
exotoxins, exoenzymes, capsular synthesis, type VII se-
cretion systems, and adherence (Appendix Table 1). 

To infer the evolutionary association between 
BA20200413YY and other known B. anthracis strains, 
we rebuilt the phylogeny between BA20200413YY 
and 1,552 publicly available B. anthracis genomes from 
GenBank (https://www.ncbi.nlm.nih.gov/genbank) 
and Sequence Reads Archive (https://www.ncbi.nlm.
nih.gov/sra) databases, based on 11,967 core genome 
single nucleotide polymorphisms (SNPs). Our results 
revealed that BA20200413YY belongs to subcluster 5.2 
described elsewhere (6), corresponding to the classic 
categorization of subbranch A.Br.081 of the A.Br.002 
lineage (7) (Appendix Figure 3, panel A). Further anal-
ysis of subcluster 5.2 strains revealed a close clustering 
of BA20200413YY with 9 other strains, forming a sub-
lineage characterized by 5 lineage-specific SNPs (Ap-
pendix Table 2; Appendix Figure 3, panel B). Given 
the large observed genetic difference (≈35–78 SNPs) 
between BA20200413YY and the limited number of its 
close relatives (Appendix Figure 3, panel B), precisely 
tracing its origin was challenging. We identified 20 
unique SNPs and 6 unique indels in the chromosome 
of BA20200413YY (Appendix Table 2). We confirmed 
those identifications by metagenomic sequencing of 
DNA extracted from the anthrax-positive soil samples 
from which we also isolated strain BA20200413YY. 
We observed no notable genomic gains or losses in ei-
ther the chromosome or 2 plasmids of BA20200413YY 
when compared with the 9 closely related strains. 

The Fell report (8) described human experiments 
conducted at Unit 731 involving anthrax, plague, 
typhoid, paratyphoid A and B, shigellosis, cholera, 
and melioidosis using direct oral infection, infection 
by injection, or exposure to environmental patho-
gens. Moreover, the human experimental anatomy 
reports of anthrax (9) and glanders (10), decoded by 
the United States, contain information about the B. 
anthracis and B. mallei experiments completed at Unit 
731. In this study, we isolated a strain of B. anthracis 
from soil samples collected at the former site of the 
bacteria laboratory of Unit 731 in Heilongjiang Prov-
ince, China. Of note, all other samples collected from 
surrounding sites in the same region tested negative 
for B. anthracis. By analyzing the distribution of the 
positive samples, qualities of the isolated strain, and 

historical documents, we established a chain of evi-
dence supporting the hypothesis that B. anthracis was 
misused in inhumane medical experiments and likely 
for developing biologic weapons during WWII. 

In conclusion, our study offers a model approach 
for investigating sites of historical biologic agent re-
search related to biowarfare activities during WWII. 
Our findings highlight the role of microbial forensics 
in tracing biologic warfare and providing insights 
into biothreats. In addition, our results indicate that 
the environmental remains of hardy biologic agents 
pose a long-term biosecurity risk at similar WWII 
sites potentially contaminated with highly patho-
genic biothreat agents, posing potential threats to 
the surrounding natural environment, and nearby 
humans and animals if the site is not well protected. 

The complete genome assembly of BA20200413YY and its 
corresponding raw reads, which include both the whole  
genome sequencing data of the cultured strain and 
metagenomic sequencing data of its positive soil sample, 
have been deposited at NCBI under the BioProject 
PRJNA992925.
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Carbapenem antimicrobial drugs are reserved for 
highly resistant gram-negative bacterial infections. 

Carbapenemase enzymes, which hydrolyze and inacti-
vate carbapenems, are commonly encoded on mobile 
genetic elements that can spread among bacterial gen-
era and species and amplify resistance. Therefore, car-
bapenemase-producing organisms (CPOs) are a major 
public health concern (1). Although less commonly 
documented compared with humans, CPOs have been 
identified in companion animals and suspected trans-
mission reported between humans and animals (2–4).

In March and June 2023, New Jersey Department 
of Health (NJDOH) was notified of carbapenemase-
producing Pseudomonas aeruginosa (CP-PsA) isolated 
from 2 separately owned pet dogs treated at the same 
New Jersey, USA, small animal specialty veterinary 
hospital. The isolates were closely genetically related 
to the multistate cluster of Verona integron-mediated 
metallo-β-lactamase (VIM)–producing and Guiana-
extended spectrum-β-lactamase (GES)–producing 
carbapenem-resistant P. aeruginosa (VIM-GES-CRPA) 
isolated from multiple human clinical cultures and 
associated with contaminated over-the-counter artifi-
cial tears products (5,6). The combination of VIM-80 
and GES-9 in a single organism had not been identi-
fied in the United States before that outbreak. By May 
2023, that outbreak was associated with 81 human 
cases and 4 deaths in 18 states; no other animal cases 
were reported.

NJDOH interviewed the dog owners, reviewed 
veterinary medical and hospital purchase records, and 
conducted an onsite infection prevention and control 
(IPC) assessment 1 month after the second case identi-
fication. The investigation was reviewed by Centers for 
Disease Control and Prevention (CDC) and conducted 
consistent with federal law and CDC policy. 

The first canine case was identified in March 2023 
in a spayed female Labrador retriever 7 years of age 
that had a 3-month history of cough. VIM-GES-CRPA 
was isolated from a bronchoalveolar lavage speci-
men. The second canine case was identified in June 
2023 in a neutered male cocker spaniel 6 years of age 
with a chronic history of otitis externa and keratocon-
junctivitis sicca; VIM-GES-CP-PsA was isolated from 

We report 2 canine cases of carbapenemase-producing 
Pseudomonas aeruginosa within a United States veteri-
nary hospital associated with a human outbreak linked 
to over-the-counter artificial tears. We investigated vet-
erinary hospital transmission. Veterinary antimicrobial 
resistance surveillance and infection prevention and con-
trol enhancements are needed to reduce transmission of 
carbapenemase-producing organisms.

https://doi.org/10.1001/jama.281.18.1735
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the external ear canal along with methicillin-resistant 
Staphylococcus pseudintermedius. Clinical specimens 
were submitted to the clinical microbiology laborato-
ry of the PennVet Diagnostic Laboratory, University 
of Pennsylvania (Philadelphia, PA, USA), for culture 
and antimicrobial susceptibility testing (AST).

AST was performed using AST-GN98 cards on 
Vitek 2 (bioMérieux, https://www.biomerieux.com), 
according to manufacturer instructions. Isolates test-
ed were resistant to aminoglycosides amikacin and 
gentamicin, fluoroquinolones enrofloxacin and mar-
bofloxacin, and ceftazidime. Isolate 13494-23 was re-
sistant to imipenem. Although isolate 30793-23 was 
susceptible (MIC 2 μg/mL), ceftazidime resistance 
still prompted PCR by Carba-R (Cepheid, https://
www.cepheid.com) for carbapenemase genes. Phe-
notypically susceptible isolates producing carbapene-
mases are a well-described phenomenon and prompt 
further investigation (7). Short-read whole-genome 
sequencing was performed using Nextera Library 
Prep chemistry and HiSeq 2500 (Illumina, https://
www.illumina.com) platform and uploaded to Na-
tional Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov) prokaryotic genomic annota-
tion pipeline for deposit in the pathogen detection da-
tabase (8). The isolates were 2 and 5 single-nucleotide 
polymorphism differences from the closest related 
human isolate (Table).

Neither dog owners nor household members re-
ported outbreak-associated ophthalmic product ex-
posures since March 2022, but the second dog had 
received different over-the-counter artificial tears. 
The veterinary hospital did not stock the outbreak-
associated products. Both dogs had received recent 
antimicrobial drug treatment. The first dog lived with 
3 other dogs; the second dog was the only household 
pet. No dogs, owners, or household members had 
travel history (domestic or international) or health-
care setting exposures. Epidemiologic links between 
the 2 canine cases included treatment in the veteri-
nary facility’s surgical preparation and recovery ar-
eas for both dogs and ophthalmology department 
visits by either the affected dog or another animal in 
the same household. The NJDOH onsite visit identi-
fied IPC gaps in hand hygiene, personal protective 
equipment use, and equipment and environmental  

cleaning and disinfection. Surgical scrub and instru-
ment sink drains, shared equipment, and ophthalmic 
product cultures did not grow the outbreak strain. 
NJDOH provided IPC resources and recommenda-
tions to the facility and owners.

CPO identification in dogs linked to a human 
outbreak but with an unknown transmission route 
necessitates consideration of the role of companion 
animals and veterinary hospitals in transmitting and 
acting as reservoirs for CPOs and underscores the 
need for veterinary public health action. To clarify 
veterinary-associated CPO transmission and enhance 
CPO identification, veterinarians should request di-
agnostic laboratories perform carbapenem suscepti-
bility testing for gram-negative bacteria resistant to 
third-generation cephalosporins (e.g., ceftazidime), 
if clinical history suggests CPO infection risk, and, 
upon carbapenem-resistant organism identification, 
request resistance mechanism confirmation. CPO 
infection risk can include recent antimicrobial use, 
international travel, hospitalization, raw food diet, 
close contact with humans or animals carrying CPOs, 
or exposure to contaminated products (9,10). Veteri-
narians and pet owners are encouraged to maintain 
awareness of outbreaks in persons associated with 
products used in multiple species, such as through 
Food and Drug Administration medical product re-
call notifications. 

In conclusion, identifying CPOs in companion 
animals associated with a human outbreak serves as 
an urgent call to veterinarians to identify and pre-
vent CPO transmission. Veterinarians should request 
carbapenem susceptibility testing when appropri-
ate, veterinarians and pet owners should maintain 
awareness of CPO outbreaks, and veterinary hospi-
tals should establish and implement IPC protocols. 
By following those recommendations, veterinarians 
can identify and prevent CPO transmission to protect 
animal and human health.
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Table. Clinical characteristics and genetic relatedness of Pseudomonas aeruginosa infections in canines during outbreak in humans 
linked to artificial tears* 

Case no. 
Sample collection 

month, 2023 Isolate location Isolate no. BioSample ID† 
SNP difference from 

human outbreak strain 
Dog 1 March Bronchial alveolar lavage 13494-23 SAMN33902373 2 
Dog 2 June External ear canal 30793-23 SAMN35751022 5 
*ID, identification; SNP, single nucleotide polymorphism. 
†National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov). 
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Chronic wasting disease (CWD) is a highly con-
tagious prion disease affecting members of the 

Cervidae family. CWD is widely spread across North 
America, where it endangers the survival of free-
ranging cervid populations. In Europe, CWD was re-
ported in a reindeer (Rangifer tarandus tarandus) from 
Norway in 2016 (1). Since 2016, several cases have 
been reported in Norway, Sweden, and Finland in 
multiple species, including reindeer, red deer (Cervus 
elaphus), and moose (Alces alces) (2).

Whereas CWD strains circulating in North Amer-
ica exhibit some uniformity (3), the cases found in 
Europe are more variable. Transmission into rodent 
models has revealed multiple CWD strains that are 
apparently different than strains in North America, 
and moose cases in Norway have demonstrated bio-
chemical patterns distinct from previous cases in Eu-
rope (4). We characterized the interspecies transmis-
sion potential of 1 moose CWD isolate from Norway 
(Norwegian Veterinary Institute identification no. 
16–60-P153) (4) by intracerebral injection of mouse 
models expressing the normal prion protein (PrPC) 
sequences from several species (Figure, panel A).

Chronic wasting disease (CWD) is an emerging dis-
ease in Europe. We report an increase in interspecies 
transmission capacity and zoonotic potential of a moose 
CWD isolate from Europe after passage in an ovine prion 
protein–expressing host. Those results indicated some 
CWD prions could acquire enhanced zoonotic properties 
following adaptation in an intermediate species.

https://doi.org/10.1111/vde.12534
https://doi.org/10.3201/eid2406.180335
https://doi.org/10.1093/jac/dku133
https://doi.org/10.1093/cid/ciae052
https://doi.org/10.1093/cid/ciae052
https://doi.org/10.1093/jac/dks088
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.1111/jvim.16038
https://doi.org/10.1093/jac/dkz462
https://doi.org/10.1093/jac/dkz462
https://doi.org/10.3201/eid3012.240536


2692 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No.12, December 2024

RESEARCH LETTERS

We anesthetized and inoculated 6-to-10-week-
old mice with 2 mg of equivalent tissue (20 µL of 
10% brain homogenate) in the right parietal lobe. 
We monitored the inoculated animals daily and 
humanely euthanized animals at the onset of clini-
cal signs or after the preestablished endpoint of 700 
days postinfection (dpi). We conducted a systematic 
proteinase K–resistant prion protein (PrPres) detec-
tion by using Western blot.

Inoculation of the original CWD isolate did not 
cause the propagation of detectable prions in Tg340 
mice expressing methionine (TgMet) or Tg361 mice 
expressing valine (TgVal) at position 129 of human 
PrPC. We did not observe PrPres in brain tissue or 
disease occurrence in bovine PrPC-expressing mice 
(BoTg110) after intracerebral inoculation of the CWD 
isolate (Table; Figure, panel B).

We inoculated the CWD isolate in Tg338 mice, 
which overexpress ovine PrP ≈8 times. At 612 and 
717 dpi (Table), 2 of 12 animals showed clinical 

signs of prion disease, and we detected PrPres accu-
mulation in their brain tissue (Figure, panel B). Of 
note, the 2 animals showed different PrPres banding 
patterns, with the nonglycosylated band migrat-
ing to 19 kDa in the first mouse and to 21 kDa in 
the second. Both PrPres-containing brains transmit-
ted disease with 100% efficacy to second-passage 
Tg338 mice, which contained 21-kDa PrPres in their 
brains (Figure, panel B). A third passage resulted in 
the incubation period shortening (95 ± 5 dpi). Our 
observations are consistent with a progressive ad-
aptation of the moose CWD prion to the ovine-PrPC 
expressing model and suggest moose CWD prions 
in Europe may have an intrinsic capability to prop-
agate in ovine species with the VRQ genotype.

We next determined whether adaptation of 
this moose CWD agent to Tg338 altered its capac-
ity to cross species barriers. For that purpose, we 
inoculated Tg338-adapted moose CWD prions 
(passaged twice in Tg338) to the same panel of PrPC-

Figure. Western blot analysis 
in a study of zoonotic potential 
of chronic wasting disease 
after adaptation in intermediate 
species. Results show PK-
resistant PrP (PrPres) banding 
patterns of a moose CWD 
isolate from Europe after 
transmission to transgenic PrP 
models. A) Original 16–60-
P153 CWD isolate compared 
with reference Dawson and 
sheep-passaged BSE. B) 
Transmission of the original 
moose CWD isolate to mice 
ovine PrPC genotype VRQ 
(Tg338), resulting in positive 
transmission with either 19 or 
21 kDa PrPres on first passage 
and 21 kDa PrPres on second 
passage; PrP Sha31 antibodies 
(right panel) and PrP 12B2 
antibodies (left panel). C) 
Transmission of Tg338-adapted 
(second passage) moose CWD 
isolate to Tg338, BoTg110, 
TgMet, or TgVal. D) Comparison 
of PrPres banding patterns in 
TgMet and TgVal inoculated 
with the Tg338-adapted moose 
CWD isolate or with M1CJD and 
V2CJD reference sCJD strains. 
Immunodetection was performed by using either the Sha31 antibody to detect the amino acid sequence YEDRYYRE (145–152), or 
the 12B2 antibody to detect the amino acid sequence WGQGG (89–93). Dawson (a reference 21-kDa scrapie strain) is included on 
all panels except D for molecular weight reference. 1P, 1st passage; 2P, 2nd passage; BoTg110, bovine PrPC-expressing mice; BSE, 
bovine spongiform encephalopathy; CJD, Creutzfeldt-Jakob disease; CWD, chronic wasting disease; PK, proteinase K; PrP, prion 
protein; PrPC, normal prion protein; PrPres, PK-resistant prion protein. TgMet, Tg340 mice expressing methionine; TgVal, Tg361 mice 
expressing valine.
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expressing mice models. Inoculation of the Tg338-
adapted isolate to BoTg110 resulted in 100% disease 
transmission that showed a banding pattern and  
intermediate molecular weight from 19–21 kDa (Fig-
ure, panel C; Appendix Figure, https://wwwnc.cdc.
gov/EID/article/30/12/24-0536-App1.pdf) and an in-
cubation period of 431 ± 32 dpi (Table), which suggest-
ed the lack of a major transmission barrier. In addition, 
1 of 8 inoculated TgMet mice showed clinical signs at 
561 dpi (Table). PrPres in the brain of that mouse was 
revealed by a mixed 19 + 21–kDa banding pattern (Fig-
ure, panel C). A second passage in TgMet is underway.

Inoculation of TgVal resulted in efficient trans-
mission (5/6 animals); the mean incubation period 
was 483 ± 35 dpi (Table) and accumulation was 21– 
kDa PrPres (Figure, panel C). On second passage, 
transmission was 100% and we observed a shorter 
incubation period (311 ± 12 dpi).

The incubation periods and PrPres biochemical 
profiles of the CWD prions that propagated in the 
TgMet and TgVal mice greatly differed from those 
observed in mice inoculated with the most prevalent 
human prion strains or with classic bovine spongi-
form encephalopathy (BSE), sheep-adapted BSE, or 
Tg338-adapted c-BSE (Table; Figure, panel D). Those 
results might suggest this CWD-derived prion strain 
differs from other strains documented in those mod-
els. Further investigation is necessary.

The evolution of moose CWD zoonotic poten-
tial after its passage in an ovine PrPC-expressing 
host is reminiscent of the well-documented altered 
capacities of the c-BSE agent to cross the human 
species barrier after adaptation in sheep and goats 
(9). The codon 129-dependent response to infec-
tion of humanized mice with Tg338-adapted CWD 
is also compatible with studies demonstrating  

 
Table. Transmission of a moose CWD isolate in a study of zoonotic potential of chronic wasting disease after adaptation in 
intermediate species* 

Model 
characteristics 

TgMet  TgVal  Tg338  BoTg110 

No./ 
no.† 

Mean dpi 
(SD)  

PrPres 
band 
type  

No./ 
no.† 

Mean 
dpi (SD)  

PrPres 
band 
type  

No./ 
no.† 

Mean dpi 
(SD)  

PrPres 
band 
type  

No./ 
no.† 

Mean dpi 
(SD)  

PrPres 
band 
type 

Prion strains  
M1CJD (sCJD MM1) 
 1st passage 6/6 219 (17) 21 kDa  6/6 327 (19)‡ 21 kDa  ND    ND   
 2nd passage 6/6 239 (8)‡ 21 kDa  6/6 286 (16)‡ 21 kDa  ND    ND   
V2CJD (sCJD VV2) 
 1st passage 6/6 618 (81)‡ 21 kDa  6/6 168 (12)‡ 19 kDa  ND    ND   
 2nd passage 6/6 509 (41)‡ 21 kDa  6/6 169 (12)‡ 19 kDa  ND    ND   
Classical BSE 
 1st passage 1/12 739‡ BSE§  0/12 >750‡ NA  6/6 >750¶ BSE§  6/6 295 (12)# BSE§ 
 2nd passage 9/12 613 (43)‡ BSE§  0/12 >750‡ NA  6/6 682 (52)¶ BSE§  6/6 265 (35)# BSE§ 
Sheep-adapted BSE 
 1st passage 6/6 690 (83)# BSE§  ND  

 
 6/6 >750¶ BSE§  6/6 254 (19)¶ BSE§ 

 2nd passage 5/5 564 (39)# BSE§  ND  
 

 6/6 653 (32)¶ BSE§  6/6 234 (12)¶ BSE§ 
Tg338-adapted BSE 
 1st passage 6/6 596 (92) BSE§  0/6 >700 BSE§  5/5 224 (37) BSE§  6/6 222 (22) BSE§ 
 2nd passage 

   
 ND 

  
 ND 

  
 ND 

  

Moose CWD (16–60-P153) 
 1st passage 0/12 >700 NA  0/1

2 
>700 NA  2/12 612, 717 19 

kDa, 
21 kDa 

 0/12 >700 NA 

 2nd passage 0/6 >700 NA  ND  
 

 5/5 167 (4)** 21 kDa  ND   
ND    ND    6/6 244 (33)†† 21 kDa  ND   

Tg338-adapted moose CWD‡‡ 
 1st passage 1/8 561 19+21 

kDa 
 5/6 483 (35) 21 kDa  7/7 95 (5) 21 kDa  5/5 431 (32) 20 kDa 

 2nd passage ND  
 

 4/4 311 (12) 21 kDa  ND    ND  
 

*Results show moose isolate (16–60-P153) from Norway and reference prion strains (human sCJD strains M1CJD and V2CJD, cattle strain c-BSE) in 
transgenic mouse models expressing human PrPC 129M (TgMet) and 129V (TgVal), ovine VRQ PrPC (Tg338) and bovine PrPC (BoTg110). BSE, bovine 
spongiform encephalopathy; dpi, days post-inoculation; NA, not available; ND, not done; PrP, prion protein; PrPres, PK-resistant prion protein; VRQ, 
valine136-arginine154-glutamine171 ovine PrPC variant. 
†No. affected mice/total no. inoculated. 
‡Transmissions reported in (5) 
§Transmissions reported in (6) 
¶Transmissions reported in (7) 
#Transmissions reported in (8) 
**Transmission was performed from the brain of the first-passage mouse that showed a 19 kDa banding pattern.  
††Transmission was performed from the brain of the first-passage mouse that showed a 21 kDa banding pattern.  
‡‡The Tg338-adapted isolate corresponds to the brain of a second-passage Tg338 mouse that was culled at 170 dpi after infection with first-passage 19K 
brain.  
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the role of this polymorphism in susceptibility  
to prions (10).

In summary, our results demonstrate the po-
tential capacity of some CWD agents to transmit to 
sheep or other farmed animals. Our results highlight 
the need to experimentally assess and monitor this 
transmission risk under natural exposure condi-
tions. In addition, the dramatic changes of the zoo-
notic capacity of the CWD isolate we documented 
from Europe clearly demonstrate the risk adapta-
tion and propagation of cervid prions into farmed 
animals represents. Although additional studies are 
needed to characterize these emerging agents, our 
findings have major potential implications for ani-
mal and public health.

Experiments were performed in compliance with institu-
tional, national, and European guidelines and approved 
by the local Ecole Nationale Vétérinaire de Toulouse 
ethics committee.
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The COVID-19 pandemic showcased the power 
of wastewater-based surveillance (WBS) to infer 

viral loads in communities (1). Health officials have 
also used WBS to track antimicrobial resistance (2,3), 
and some researchers have made associations be-
tween bacterial pathogens (e.g., Salmonella enterica) 
from domestic wastewater and those from clinical 
sources (4–7). The extent to which routine surveil-
lance for bacterial pathogens would benefit public 
health is unclear. To evaluate possible benefits, we 
screened samples from 2 wastewater facilities for S. 
enterica during June 2022, concurrent with a study 
investigating SARS-CoV-2 in wastewater (8). Our 
study also included a broader investigation into 
whether we could isolate S. enterica that matched 
human isolates from ongoing outbreaks.

We collected composite wastewater samples 
twice a week during June 2022 from 2 wastewater 
(sewage) treatment facilities in central Pennsylvania, 
designated WWTP-1 and WWTP-2 (Table). We se-
lected the 2 facilities based on their convenience and 
suitability: both were within a 1-hour driving radius 
from our laboratory and water treatment in both fa-
cilities focused solely on domestic sewage. WWTP-
1 received wastewater from a population of ≈3,600 
persons, and WWTP-2 received wastewater from a 
population of ≈13,600 persons. We adapted proto-
cols from the US Food and Drug Administration’s  

Bacteriological Analytical Manual (https://www.fda.
gov/food/laboratory-methods-food/bacteriological-
analytical-manual-bam) to identify S. enterica isolates. 
In brief, we centrifuged 120 mL of wastewater at 5,000 
g for 20 minutes at 4°C to precipitate solids. We then 
passed the supernatant through a 0.45-µm filter, and 
the filter was added to the pellet along with 40 mL of 
buffered peptone water supplemented with 20 mg/L 
of novobiocin. After a 24-hour recovery at 35°C, we 
subcultured the samples into selective media (tetrathi-
onate and Rappaport-Vassiliadis broths) and incubat-
ed them at 42°C for 24 hours. We plated 10-µL aliquots 
of each enrichment culture on xylose lysine deoxycho-
late and Hektoen enteric agars and monitored them for 
growth and colonies characteristic of Salmonella sp. We 
restreaked putative S. enterica colonies to purify them 
and confirmed identity by PCR targeting invA. We 
constructed libraries by using the Nextera XT DNA Li-
brary Preparation Kit (Illumina, https://www.illumi-
na.com) and used the MiSeq Reagent Kit v3 (Illumina) 
to perform sequencing at 500 (2 × 250) cycles. 

We uploaded short sequence reads to the National 
Center for Biotechnology Information Pathogen Detec-
tion site (https://www.ncbi.nlm.nih.gov/pathogens) 
for genomic comparison to human clinical isolates and 
to identify molecular serovars. We deposited all se-
quencing data in the National Center for Biotechnology 
Information’s Sequence Read Archive (https://www.
ncbi.nlm.nih.gov/sra) under BioProject PRJNA357723. 
We constructed an annotated phylogenetic tree by im-
porting the Newick data from the National Center for 
Biotechnology Information’s Pathogen Detection data-
base into the Interactive Tree of Life (https://itol.embl.
de). We verified clusters on the Centers for Disease 
Control and Prevention’s System for Enteric Disease 
Response, Investigation, and Coordination (SEDRIC; 
https://www.cdc.gov/foodborne-outbreaks/php/
foodsafety/tools/index.html).

During June 13–29, 2022, we isolated 42 Salmo-
nella strains from wastewater samples. We conducted 
this Salmonella study alongside SARS-CoV-2 emer-
gency response efforts, while new protocols were be-
ing validated, which affected its timing and duration.  

We isolated Salmonella enterica serovar Senftenberg 
in raw wastewater from 2 Pennsylvania wastewater 
treatment facilities during June 2022. Whole-genome 
sequencing revealed 4 isolates separated by <4 single 
nucleotide polymorphisms from S. enterica Senftenberg 
in a cluster from the 2022 nationwide outbreak linked to 
contaminated peanut butter.

 
Table. Data for Salmonella sp. linked to multistate outbreak 
isolated from wastewater treatment facilities, United States, 2022* 

Isolate no. 
Isolation date, 

2022 Location 
Biosample accession 

no. 
PSU-5375 June 15 WWTP-1 SAMN33902330 
PSU-5376 June 15 WWTP-1 SAMN33902331 
PSU-5387 June 22 WWTP-1 SAMN33902342 
PSU-5398 June 16 WWTP-2 SAMN34154796 
*WWTP-1, wastewater treatment plant 1; WWTP-2, wastewater treatment 
plant 2. Accession nos. from National Center for Biotechnology 
Information’s Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra). 
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Whole-genome sequencing rendered isolates that we 
aligned to various serovars; Panama was the most prev-
alent (16 [38.1%]), followed by Senftenberg (9 [21.4%]) 
and Baildon (8 [19.0%]). Other serovars included Ag-
ona (3 [7.1%]), Oranienburg (3 [7.1%]), Montevideo (2 
[4.8%]), and Kintambo (1 [2.4%]). We noted 4 serovar 
Senftenberg isolates were separated by 0–4 single  

nucleotide polymorphisms from a cluster of 40 clinical 
isolates uploaded to the Pathogen Detection database 
during March 2022–May 2023 (Table, Figure). Using 
SEDRIC, we verified that 21 (52.5%) of the clinical iso-
lates matched a 2022 multistate foodborne outbreak 
of salmonellosis (designated cluster 2205MLJMP-1 in 
SEDRIC) that was sourced to contaminated peanut 

Figure. Isolates of Salmonella sp. linked to multistate outbreak isolated from wastewater treatment facilities, United States, 2022. We 
detected S. enterica serovar Senftenberg from 2 Pennsylvania wastewater facilities genetically linked to those associated with a 2022 
multistate outbreak. SNP-based tree constructed using Newick data generated by the National Center for Biotechnology Information’s 
Pathogen Detection database (https://www.ncbi.nlm.nih.gov/pathogens), showing the relationship between 4 S. enterica Senftenberg 
isolates reported in this study (bold) and whole-genome sequence previously isolated from human cases within the same cluster. Note 
that dates indicate when data were uploaded to the pathogen detection database and are not necessarily the date of isolation. Scale bar 
indicates nucleotide substitutions per site.SNP, single-nucleotide polymorphism.
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butter. Patients lived in 17 different states (https://
www.cdc.gov/salmonella/senftenberg-05-22/map.
html). Although Pennsylvania was not initially in-
cluded, health officials eventually identified 3 addi-
tional Senftenberg isolates matching 2205MLJMP-1 
in SEDRIC. Those isolates were from 3 Pennsylvania 
patients (PNUSAS320949, PNUSAS280385, PNU-
SAS280378 [Figure]), and researchers detected them 
after the outbreak investigation concluded on May 9, 
2022. Researchers also connected 8 Baildon isolates to a 
previously documented outbreak of salmonellosis that 
occurred primarily in Pennsylvania (9).

In conclusion, we isolated S. enterica Senftenberg 
from 2 rural wastewater treatment facilities in Penn-
sylvania and found the isolates to be genomic match-
es to strains associated with a multistate salmonello-
sis outbreak. No human cases of salmonellosis were 
reported in Pennsylvania at the time of that outbreak, 
possibly because of underreporting of nontyphoidal 
Salmonella (10). Our results highlight Salmonella strains 
reported to public health authorities that were not ini-
tially recognized as part of a multistate outbreak. We 
were only able to uncover this connection by compar-
ing the genetic relatedness of Salmonella Senftenberg 
isolates from clinical and wastewater sources. The re-
sults of our study underscore the value of wastewater 
testing and targeted sewerage monitoring, not only in 
facilitating outbreak investigations but also in iden-
tifying additional cases, even after an outbreak has 
been declared closed. Our findings also highlight the 
need for further research into how targeted sewage 
monitoring can inform outbreak duration, prevention 
efforts, and regulatory oversight related to foodborne 
illnesses.
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In contrast to most human parasitic infections, 
which occur mainly in tropical and subtropical 

regions that have lower standards of hygiene and 
less economic development, diphyllobothriasis 
(also known as dibothriocephalosis) is more com-
mon in temperate and cold latitudes. The disease, 
which is caused by the human broad tapeworm 
(Dibothriocephalus latus), is particularly prevalent in 
the Northern Hemisphere. The source of infection 
is the consumption of popular sport fish, such as 
pike and perch (1–4).

There are 4 main foci of diphyllobothriasis in 
Europe: Fennoscandia; Baltic region; the Alpine 
lakes; the Danube region; and certain areas in Russia 
(Figure). The number of cases decreased drastically 
after World War II (4). Today, only small foci 
remain, mainly in the Alpine lakes of northern Italy, 
Switzerland, and France, where diphyllobothriasis 
continues to circulate (4,5).

With the exception of a few imported cases, no 
cases of human diphyllobothriasis or of fish infected 
with parasite larvae have been reported in Central 
Europe (Czech Republic and neighboring countries 
such as Austria, Hungary, and eastern Germany), 
although the fish parasites have been intensively 
studied for over a century (4,6,7). In 2024, however, 
an autochthonous case of diphyllobothriasis caused 
by D. latus was documented in the Czech Republic.

A 37-year-old man, who had not traveled to 
known diphyllobothriasis-endemic areas and had 
not previously consumed raw or undercooked 
fish or fish products, obtained a pike (Esox lucius) 

caught in October 2023 near Horní Planá, the 
largest settlement on the Lipno reservoir (48.7 km2) 
in South Bohemia, Czech Republic (Figure). He 
consumed ≈1 teaspoon of raw salted roe (caviar) 
from the pike, which is the most common source of 
diphyllobothriasis in many parts of Russia (8). Two 
months later, he experienced occasional abdominal 
bloating. After another 2 months, he expelled a 
piece of tapeworm with dozens of proglottids. A 
coprologic examination confirmed the presence 
of the typical diphyllobothriid eggs. Treatment 
with mebendazole (Vermox, 6 tablets) (Johnson & 
Johnson, https://www.jnj.com) was unsuccessful, 
but the tapeworm was later completely expelled 
after a single dose of praziquantel (Biltricide) 
(Bayer, https://www.bayer.com). Sequencing of 
the complete mitochondrial cytochrome c oxidase 
subunit I gene (cox1) from the eggs (GenBank 
accession no. PQ270068) confirmed the species 
identity as D. latus. Because the patient could not 
have been infected elsewhere and his symptoms 
appeared after eating the pike roe, considering 
his infection as an autochthonous case of 
diphyllobothriasis is reasonable. Furthermore, 
raw products from fish that serve as second 
intermediate hosts for the human broad tapeworm 
(i.e., pike, perch, or ruffe) are not imported into the  
Czech Republic.

The Lipno Reservoir is a popular year-round 
tourist destination in the Czech Republic, attracting 
hundreds of thousands of visitors every year, 
including many local and foreign anglers. The 
fish parasites in that reservoir were intensively 
studied in the 1960s after the construction and 
filling of the reservoir (9). However, D. latus 
has never been found in Central Europe, apart 
from a single case in the 1960s in an angler from 
southwestern Slovakia who consumed raw perch 
from the Danube (4,6,10) (Figure). A presumably 
autochthonous, unpublished but molecularly 
identified (cox1; GenBank accession no. PQ270069) 
case from 2014 involved a 43-year-old angler 
from the Czech Republic who had consumed pike 
from northeastern and southern Bohemia, Czech 
Republic (as in this case) and had not traveled to 
diphyllobothriasis-endemic areas.

Given the intensive study of the reservoir 
and the popularity of the area, the parasite going 
undetected for decades seems unlikely. The 
reservoir has also never been stocked with fish 
imported from abroad, such as pike, perch, or ruffe, 
so it is unlikely that the tapeworm was imported 
from diphyllobothriasis-endemic areas through 1These authors contributed equally to this article.

Diphyllobothriasis is a human parasitic infection that is 
widespread in the Northern Hemisphere. Popular sport 
fish such as pike and perch are the source of human 
infection. We document the autochthonous origin of 
diphyllobothriasis in a popular tourist destination in 
Central Europe, which likely marks recent colonization 
of the parasite.
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fish. During the examination of 108 potential 
second intermediate hosts (10 pike [including the 
pike whose eggs caused the human infection], 
53 perch, and 54 ruffe) from the Lipno Reservoir 
in May and August 2024, no plerocercoids of D. 
latus have been found. However, the prevalence 
of the fish infection might be low even in other 
known foci of diphyllobothriasis (5). Therefore, 
a plausible explanation for the possibly 
autochthonous occurrence of D. latus in Central 
Europe is a recent appearance of the parasite in this 
ecosystem, probably introduced by tourists from a 
diphyllobothriasis-endemic area, such as the lake 
regions of northwestern Russia (8).

Acknowledgments
We thank the editor and a reviewer for their helpful 
suggestions.

This study was supported by the Ministry of Education, 
Youth and Sports (project LUASK 22045).

About the Author
Dr. Scholz is a senior researcher at the Institute of 
Parasitology, Biology Centre of the Czech Academy 
of Sciences in České Budějovice, Czech Republic. He 
deals with fish parasites and the systematics, diversity, 
phylogeny, and life cycles of helminths, especially 
tapeworms (Cestoda) and trematodes (Digenea). 

Figure. Map of the distribution 
of Dibothriocephalus latus 
in Europe according to 
Králová-Hromadová et al. 
(4) and Kuecha et al. (8). 
Diphyllobothriasis-endemic 
areas in Europe are identified by 
different colors: white indicates 
Fennoscandia, yellow indicates 
Baltic region, purple indicates 
Alpine lake region, and turquoise 
indicates Danube region. Red 
arrow indicates the newly 
reported case from the  
Czech Republic.
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To the Editor: Recent cases of feline sporotri-
chosis with zoonotic human infection have been 
highlighted in Kansas, USA (1). We describe a chal-
lenging feline sporotrichosis case in Oklahoma, 
USA, that emphasizes the critical need for early 
diagnostic strategies to mitigate the risk of fur-
ther zoonotic transmission. Of note, the cat also 
scratched the veterinarian and owner and severe 
skin lesions subsequently developed on both of 
them; lesions resolved within 2 weeks (M. Carver, 
unpub. data, telephone report).

A 4-year-old domestic short-haired cat was taken 
for veterinary care with a raised, nodular, ulcerated 
mass on its right front foot. The mass was unrespon-

sive to antibacterial treatment and progressively 
necrosed; the leg was subsequently amputated. A 
similar lesion developed on the left front foot. Skin 
biopsy samples from the cat’s left front foot were 
submitted for analysis. Histopathology revealed 
dermal infiltrates of neutrophils and macrophages 
with edema, fibrin, and karyorrhectic debris. We ob-
served numerous intrahistiocytic and extracellular 
round to oval, faint basophilic 4 to 10-µm diameter 
yeasts surrounded by a clear halo (Figure 1, panel A, 
black arrowhead). Gram and Grocott methenamine 
silver stains showed yeasts with occasional cigar-
shaped morphology (Figure 1, panel B, magenta ar-
row). We identified the fungal culture colonies as 
Sporothrix schenckii by using matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) 
mass spectrometry. We cultured and identified a 
large number of secondary bacterial contaminants 
from the lesions. 

Sporotrichosis caused by dimorphic fungus of 
the genus Sporothrix presents potential diagnostic 
challenges because it can manifest in various clinical 
forms in human patients (2). The differential diagno-
ses for sporotrichosis in cats, because of overlapping 
clinical features, include feline leprosy, bartonello-
sis, atypical mycobacterial infections, Staphylococcus 
spp. pyoderma, dermatophytosis (ringworm), cu-
taneous lymphoma, deep mycoses (cryptococcosis, 
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histoplasmosis, blastomycosis), and hypersensitiv-
ity reactions. Selecting appropriate diagnostic tests 
is crucial for accurately diagnosing sporotrichosis. 
Those multiple differential diagnoses emphasize 
the importance of incorporating histopathology, fol-
lowed by fungal culture or PCR, for accurate diagno-
sis. To obtain reliable samples, deep punch or wedge 
biopsy specimens from intact nondraining lesions 
are recommended. Considering the zoonotic poten-
tial of Sporothrix schenckii infections (1,3–5), taking 
a One Health approach incorporating collaboration 
between veterinary and human healthcare sectors 
is essential for effective diagnosis and treatment of 
sporotrichosis cases. 
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Figure. Skin lesions of 
sporotrichosis in a cat, 
Oklahoma, USA. A) Suppurative 
dermatitis with numerous 4 to 
10-µm diameter intralesional 
yeasts (black arrowhead). 
Hematoxylin and eosin stain; 
scale bar indicates 50 µm. 
B) Occasional cigar-shaped 
morphology of Sporothrix 
schenckii (magenta arrow). 
Grocott methenamine silver 
stain; scale bar indicates 20 µm.
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Bartonella quintana is a pathogenic bacterium car-
ried and transmitted to humans by the body louse, 

Pediculus humanus humanus. Clinical manifestations 
of disease are relapsing fever, bacillary angiomatosis, 
chronic bacteremia, and endocarditis (1). B. quintana in-
fections are not nationally notifiable and little is known 
regarding their incidence and geographic distribution. 
Barriers to healthcare access in affected human popu-
lations and inherent diagnostic challenges might both 
contribute to underdiagnosis of cases (2). However, 
recent cases have been reported among persons expe-
riencing homelessness (PEH) in New York, New York, 
and Denver, Colorado, USA (1,3). 

The Infectious Diseases Society of America’s 
Emerging Infections Network (EIN) is a healthcare 
provider–based sentinel network that has >2,800 in-
fectious disease specialists throughout North Amer-
ica (4). We evaluated provider-diagnosed B. quintana 
infections reported by EIN members to identify op-
portunities for improving disease awareness and pa-
tient diagnosis.

We sent a 6-question survey to EIN members 
to collect data regarding B. quintana cases, affected 
populations, and diagnostic challenges (Appendix, 
https://wwwnc.cdc.gov/EID/article/30/12/24-
0655-App1.pdf). We distributed the questionnaire 
through an electronic mailing list on January 18, 2024, 

and sent reminder emails on January 25 and Febru-
ary 7. A total of 240 members from 41 US states and 
the District of Columbia responded; 61 (25%) respon-
dents from 24 states and the District of Columbia stat-
ed that they had seen >1 case of B. quintana infection 
within the previous 10 years (Table), and 47 (20%) 
noted that cases occurred primarily in PEH commu-
nities. Other, nonmutually exclusive affected popula-
tions included persons with substance use disorders, 
mental health disorders, HIV infection, and refugee 
or rural indigenous populations. The most frequently 
reported obstacles to earlier diagnosis of B. quintana 
infection were the lack of clinical suspicion (88%), 
knowledge about diagnostic tests (73%), and access 
to B. quintana-specific diagnostic tests (51%). Other 
challenges included long laboratory turnaround 
times and inconsistent access to healthcare among af-
fected populations. Free-text responses indicated the 
value of general clinical knowledge about B. quintana 
infection. For example, one respondent commented, 
“I have a strong clinical suspicion that there is an as-
sociation with other endovascular infections that we 
sometimes miss clinically. For example, a hemorrhag-
ic stroke in someone with a history of homelessness 
should raise suspicion of this infection. Additionally, 
any mycotic aneurysm, particularly of the thoracic or 
abdominal aorta, should raise suspicion for B. quin-
tana infection.”

We believe that EIN members are seeing B. quin-
tana cases in diverse geographic locations across the 
United States, including in the Southeast (Figure), 
where B. quintana has not been described in the litera-
ture (2,5). We also believe that those findings highlight 
the importance of increasing clinician awareness of 
possible B. quintana infections among patients at risk 
for body louse infestation across the United States.

Diagnosis of a B. quintana infection is challenging 
because of serologic cross-reactivity with other Barton-
ella spp. and the specific conditions required for a bacte-
rial culture. Several studies suggest that laboratory con-
firmation could be improved by using molecular testing 
for detection instead of serologic and culture methods 
(6,7). Intentional collaboration between healthcare pro-
viders and clinical microbiology laboratories could 
result in earlier diagnosis and improved treatment 
outcomes, especially the use of reflexive B. quintana mo-
lecular diagnostic assays for PEH seeking care for fever 
of unknown etiology in emergency departments (2).

PEH are disproportionately affected by B. quin-
tana infections, although several other communities 
are impacted in the United States (1–3). Co-existing 
medical conditions (e.g., behavioral health condi-
tions) and socioeconomic barriers beyond housing 
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In a US survey of infectious disease specialists, 61 respon-
dents reported seeing >1 Bartonella quintana infection 
during 2014–2024. Diagnostic challenges included limited 
healthcare provider awareness, inadequate testing, and 
inconsistent healthcare access among affected popula-
tions. Early recognition of B. quintana infections is needed 
to improve outcomes among affected populations.
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instability, such as lack of medical insurance, can 
further complicate clinical management (1). Inconsis-
tent access to running water, showers, and laundry 
facilities with hot water increases the risk for body 
lice infestation. Limited access to healthcare increases 
the risk for undiagnosed and untreated B. quintana 
infections that can lead to severe disease. Recogniz-
ing complex social determinants of health provides 
an opportunity to improve prevention, detection, and 
treatment of B. quintana infections.

The first limitation of our study is that, although 
querying EIN members is an efficient and convenient 
method to hear from infectious disease specialists, those 
members are not representative of all healthcare provid-
ers in the United States. Second, the EIN members who 
did respond might not have recalled all of their B. quin-
tana cases. Also, reported case locations might have dif-
fered from the providers’ current practice location.

In conclusion, we consider it critical to increase 
awareness of B. quintana infection risk among certain 
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Figure. Map indicating 
numbers and locations of 
infectious disease physicians 
responding to survey regarding 
Bartonella quintana infection 
cases, United States, 2014–
2024. US states and territories 
are indicated. The survey 
was sent to members of The 
Infectious Diseases Society of 
America’s Emerging Infections 
Network in 2024. AS, American 
Samoa; G, Guam; MP, Northern 
Marianis Islands; PR, Puerto 
Rico; VI, Virgin Islands.

 
Table. Quantitative summary of responses from Emerging Infections Network members across the United States who reported seeing 
Bartonella quintana infection cases during 2014–2024* 
Questions Responses, no. (%) 
Question 1. Have you seen any cases? 
 a. Recently, 2019–2024, n = 240 
  Yes 44 (18) 
  No 191 (80) 
  Not sure 5 (2) 
 b. More remotely, 2014–2018, n = 240 
  Yes 34 (14) 
  No 174 (73) 
  Not sure 20 (8) 
  NA (not in practice) 12 (5) 
Question 2a. Have you noticed cases within any of the following communities (persons experiencing homelessness, persons with 
substance use disorder, persons with mental health disorders)? n = 240 
 Yes 47 (20) 
 No 17 (7) 
 Not sure 5 (2) 
 NA (no cases) 171 (71) 
Question 2b. If yes, in which communities? n = 46 [select any that apply; numbers add up to >100%] 
 Persons experiencing homelessness 42 (91) 
 Persons with substance use disorders 30 (65) 
 Persons with mental health disorders 29 (63) 
Question 3. What do you see as obstacles(s) to earlier diagnosis for patients with B. quintana infections? n = 203 [select any that 
apply; numbers add up to >100%] 
 Lack of clinical suspicion by providers 179 (88) 
 Lack of provider knowledge about optimal diagnostic tests for B. quintana 148 (73) 
 Lack of clinically available B. quintana–specific diagnostic tests 103 (51) 
 No obstacles selected 37 (18) 
*Responses were collected from a questionnaire sent to Emerging Infections Network members in 2024 (Appendix, 
https://wwwnc.cdc.gov/EID/article/30/12/24-0655-App1.pdf). Free-text questions and responses are not shown. NA, not applicable. 

 



2704 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No.12, December 2024

EMERGING INFECTIONS NETWORK LETTER

patient populations, such as PEH, across the United 
States and increase awareness of diagnostic testing 
that would most effectively detect active B. quintana 
infections. Promoting early recognition and diag-
nosis of B. quintana infections could result in earlier 
treatment and improve health outcomes among af-
fected populations.
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In this large epidemiologic study of invasive  
S. dysgalactiae bloodstream infections in western 
Norway, researchers found that S. dysgalactiae is 
rapidly emerging as a potent pathogen and cur-
rently is the fifth most common cause of blood-
stream infections in the Bergen health region.
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On Call: A Doctor’s Journey  
in Public Service
Anthony S. Fauci; Viking [imprint of Penguin Random 
House LLC], New York, NY, USA 2024;ISBN-13: 
9780593657478; Pages: 480; Price: $36.00

For readers engaged in the prevention and treat-
ment of infectious diseases, 

Dr. Anthony Fauci’s recent 
memoir, in which he shares not 
only his triumphs and achieve-
ments but also his mistakes 
and challenges, provides a rich 
resource of leadership lessons. 
Fauci adds depth and color to 
his memoir by including dis-
cussions regarding his sports 
interests and Italian heritage, 
as well as moving and deeply 
personal stories of his family.

During his Jesuit schooling and subsequent 
medical training at Cornell University, Fauci exhib-
ited a commitment to excellence. Starting as a fo-
cused research clinician at the National Institute of 
Allergy and Infectious Diseases (NIAID) at the Na-
tional Institutes of Health, he soon pivoted to an en-
hanced leadership role in addressing the emerging 
HIV/AIDS epidemic, demonstrating self-confidence 
and superior insight. Fauci’s sharp intellect and 
enormous energy allowed him to successfully wear 
many hats: productive clinical researcher, skillful 
administrator, effective communicator, and inspir-
ing leader. That multifaceted prowess has made him 
one of the most influential physicians and public 
health leaders of our time. 

As NIAID Director, Fauci steadily expanded the 
size and scope of the institute; the annual budget in-
creased from $370 million in 1984 to well over $6 bil-
lion when he stepped down in early 2023 (1). In addi-
tion to overseeing unprecedented scientific, medical, 
and public health progress in addressing multiple 
infectious disease threats (e.g., HIV, tuberculosis, in-
fluenza, anthrax, Ebola, Zika, West Nile, and SARS-
CoV-2), Fauci recruited, mentored, and supported 
many productive research scientists.

To support the NIAID research agenda, Fauci 
realized that he needed to engage and communi-
cate effectively, noting “how important it was to 
cultivate relationships with people who are in a po-
sition to make things happen.” Fauci not only fos-
tered close ties with leaders in academia, industry, 
and government, including 7 American presidents, 

but also established himself as an engaging public 
spokesperson.

Despite these efforts, Fauci navigated criticism, 
controversy, and outright hostility, especially dur-
ing the HIV/AIDS and COVID-19 pandemics. With 
regard to HIV, Fauci effectively managed denial and 
criticism by engaging decision makers, activists, and 
the community at large to garner support for HIV 
research, prevention, and treatment. With the strong 
backing of President George W. Bush, Fauci was a 
principal architect for the President’s Emergency Plan 
for AIDS Relief (PEPFAR), on which he reflects with 
pride that “after more than 20 years, over $100 billion 
has been spent on the PEPFAR program in more than 
50 countries, resulting in the saving of 25 million lives 
and counting.”

In the context of COVID-19, Fauci became a light-
ning rod for segments of society that distrusted science 
and the government. Although Fauci acknowledges 
mistakes made in the COVID-19 response, especially 
when information was incomplete and evolving, he 
emphasizes that science is an iterative process. De-
scribing “the spread of egregious misinformation 
and disinformation enabled by the internet and social 
media” as “one of the true enemies of public health,” 
Fauci goes on to applaud the efforts put forth in devel-
oping highly effective vaccines, noting that “the payoff 
was that millions of lives were saved.” 

Fauci concludes by stating that his main mo-
tivation for writing his memoir was “to share my 
experiences with the world and particularly the 
younger generation…as an example and hopefully 
an inspiration for some to pursue a life serving oth-
ers…” The lessons shared in this book undoubtedly 
provide such inspiration, along with thoughtful, 
intelligent strategies for combatting ongoing global 
infectious threats.
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This month’s cover features a well-known example 
of ancient Egyptian tomb art. The tomb walls 

were first plastered with a thick mixture of mud and 
straw, followed by a thinner, smooth layer suitable 
for painting. According to the British Museum, a 

team of artists created the images, initially sketching 
outlines for each scene, then adding details, using for 
pigments a range of natural materials, including soot 
and various ground stones and minerals. Despite be-
ing more than 3,000 years old, the paintings are well-
preserved, in measure because of the dry air in the 
sealed tomb.

This painting, which is known as Nebamun 
Fowling in the Marshes, is among the artifacts that 

Unknown artist, Tomb painting identified as Nebamun Fowling in the Marshes fragment (circa 1350 BCE). Painted plaster, 38.6 in × 
38.6 in × 8.7 in/98 cm × 98 cm × 22 cm. © Trustees of the British Museum, London, United Kingdom. Shared under a Creative Commons 
Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) license.
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antiquities hunters removed from the tomb chapel 
of Nebamun in 1820.1 Richard Parkinson, professor 
of Egyptology and curator with the British Museum, 
explains that archaeological methods and practices 
were then quite primitive and the workers who re-
moved the art “probably cut into the plaster surface of 
the walls with knives and saws, outlining rectangular 
pieces which they then pried off the walls with imple-
ments such as crowbars. Sometimes they removed 
the full depth of the mud plaster, but sometimes they 
carried away only a very thin layer, and the edges in-
evitably suffered cracking and disintegration.”

The British Museum, which subsequently ac-
quired many of those artifacts, notes that “The wall 
paintings from Nebamun’s tomb chapel show an ide-
alised vision of daily ancient Egyptian life,” and adds 
that “Nebamun’s tomb chapel was a place for people 
to come and commemorate Nebamun and his wife 
after his death with prayers and offerings. Nebamun 
himself was buried somewhere beneath the floor of 
the innermost room of the tomb chapel in a hidden 
burial chamber.”

Nebamun, the subject of these paintings, has 
been identified as a wealthy government official who 
served as an accountant and scribe overseeing the col-
lection and accounting of grain supplies. This marsh 
hunting scene depicts him standing on a small boat 
hunting birds, gripping a throw stick on one hand 
and decoy herons in the other. His young daughter, 
sitting beneath him on the skiff, is shown clutch-
ing his leg. Nebamun’s wife, Hatshepsut, dressed 
in finery, stands behind him. Parkinson wrote that 
“With his black wig and beaded collar, holding his 
snake-headed throwing stick, he strikes an ath-
letic, dynamic, almost heroic pose, as master of the  
whole proceedings.”

The marsh teems with wildlife. Fish swim be-
low the part of the waterline that remains intact. 
An array of startled birds emerging from a thicket 
of papyrus fills the left side of the panel. Several 
lotus flowers, considered symbols of rebirth and 
everlasting life, appear. A tabby cat capturing one 
bird in its claws and another with its teeth shows 
that Nebamun is not the only hunter here. The Brit-
ish Museum also notes that the gold leaf gilding 
on the cat’s eye is the only example of such gild-
ing to be found on wall paintings in Theban tomb  

chapels. Details, such as finely rendered scales, 
speckles, feathers, and fins attest to meticulous at-
tention by the artists. The British Museum notes 
that the painting also includes “remains of eight 
vertical registers of hieroglyphs” visible on the 
right half of the panel.

Nebamun’s cause of death is not known or sug-
gested by any of the extant rough-edged panels from 
his tomb. After Giovanni d’Athanasi discovered the 
tomb in 1820, he kept the tomb’s exact location, some-
where on the west bank of the Nile, secret because 
he wished to protect it from rival antiquities hunters 
and because of a dispute with Henry Salt, the British 
Consul General in Egypt who had hired him. What 
else might remain in the tomb, including clues about 
Nebamun’s cause of death, continues to be a mystery. 
A recently published meta-analysis by Piers D. Mitch-
ell in Advances in Parasitology examines evidence of 
parasitic and zoonotic infections found in Egyptian 
mummies, and considering his research, some of the 
imagery from this panel could tempt conjecture. For 
instance, could the prominently featured tabby cat 
have transmitted toxoplasmosis to Nebamun? Was he 
possibly infected with malaria transmitted by mos-
quitos that flourished near the Nile River or schisto-
somiasis acquired from contaminated fresh water in 
the marsh? Might he have acquired leishmaniasis af-
ter being bitten by infected female sand flies?

Although such questions cannot be answered, 
the scope and impact of zoonotic infections are well 
known. According to the Centers for Disease Con-
trol and Prevention, “Scientists estimate that more 
than 6 out of every 10 known infectious diseases in 
people can be spread from animals, and 3 out of ev-
ery 4 new or emerging infectious diseases in people 
come from animals.” A number of articles in this 
issue of Emerging Infectious Diseases document 
outbreaks and case reports of zoonotic diseases 
emerging around the world. Applying the same sort 
of meticulous attention to detail that those ancient 
artists lavished on Nebamun’s tomb paintings is a 
crucial component of the public health efforts to mit-
igate such diseases.
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EID Podcast A Worm’s Eye View
Seeing a several-centimeters-long worm traversing the 
conjunctiva of an eye is often the moment when many 
people realize they are infected with Loa loa, com-
monly called the African eyeworm, a parasitic nema-
tode that migrates throughout the subcutaneous and 
connective tissues of infected persons. Infection with 
this worm is called loiasis and is typically diagnosed 
either by the worm’s appearance in the eye or by a 
history of localized Calabar swellings, named for the 
coastal Nigerian town where that symptom was ini-
tially observed among infected persons. Endemic to a 
large region of the western and central African rainfor-
ests, the Loa loa microfilariae are passed to humans 
primarily from bites by flies from two species of the 
genus Chrysops, C. silacea and C. dimidiate. The more 
than 29 million people who live in affected areas of 
Central and West Africa are potentially at risk of loiasis. 

Ben Taylor, cover artist for the August 2018 issue of 
EID, discusses how his personal experience with the 
Loa loa parasite influenced this painting.
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the Literature

•  Ongoing Evolution of Middle East 
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•  Social Contact Patterns and Age-Mixing 
before and during COVID-19 Pandemic, 
Greece, January 2020–October 2021

•  Novel Trichuris incognita with Low 
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Fever, Portugal, 2024
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Earning CME Credit
To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the 

following, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn 
continuing medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained 
for tests completed on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able 
to view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@med-
scape.net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recogni-
tion Award (AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information 
on this award, please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US 
who participate in this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has 
made with agencies in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. 
If you are not licensed in the US, please complete the questions online, print the AMA PRA CME credit certificate, and 
present it to your national medical association for review.

Article Title
Ophthalmic Sequelae of Ebola Virus Disease 

in Survivors, Sierra Leone

CME Questions
1. What percentage of Ebola virus disease (EVD) 
survivors in the current study had ophthalmic findings 
on examination?
A. 12%
B. 34%
C. 51%
D. 71%

2. What was the most common ophthalmic finding 
among survivors of EVD in the current study?
A. Uveitis
B. Dry eyes
C. Chorioretinal scar
D. Cataract

3. All the following clinical variables were associated 
with a higher rate of uveitis among survivors of EVD in 
the current study except
A. Higher number of days treated in the Ebola 

treatment unit
B. Female sex
C. Older age
D. Having a previous history of cataracts

4. Which of the following concomitant ophthalmic 
findings was most associated with a higher rate of 
uveitis in the current study?
A. Cataract
B. Corneal scar
C. Chorioretinal scar
D. Optic neuropathy




	2502-2613_Vol30No12_PersSynResearch.pdf
	_Hlk180273052
	_Hlk179987053
	_Hlk179904371
	_Hlk180508391
	_Hlk181867765
	_Hlk181877265
	_Hlk181724081
	_Hlk18076000
	_Hlk181276182
	_Hlk181174823
	_Hlk182573365
	_Hlk180574048
	_Hlk180574303
	_Hlk181792825
	_Hlk182840229
	_Hlk181957853
	_Hlk182992345
	_Hlk182835453
	_Hlk182846102

	2614-2683_Vol30No12_Dispatches.pdf
	_Hlk179539815
	_Hlk179473678
	_Hlk179471636
	_Hlk179473924
	_Hlk179537075
	_Hlk179472751
	_Hlk179473021
	_Hlk179557789
	_Hlk179557773
	_Hlk175052155
	_Hlk181806358
	_Hlk181956203
	_Hlk181779107
	_Hlk181620417
	_Hlk181809655
	_Hlk181809667
	_Hlk179439207
	_Hlk179538630
	_Hlk68843727
	_Hlk68843727
	_Hlk180226576
	_Hlk181694420

	2684-2718_Vol30No12_Letters.pdf
	_Hlk68843727
	_Hlk178751577
	_Hlk179974988
	_Hlk181809152
	_Hlk182567068
	_Hlk181809452
	_Hlk181874579
	_Hlk181775058
	_Hlk181732973
	_Hlk181733619
	_Hlk182916682
	_Hlk182915388
	_Hlk182989222
	_Hlk182990711
	_Hlk182492999
	_Hlk182406425
	_Hlk182492875
	_Hlk181879638


