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Launch of CDC Yellow Book 2026–  
A Trusted Travel Medicine Resource



Pandemics occur when a pathogen is transmitted 
across continents through human populations 

that lack prior immunity (1). Most pathogens that 
start pandemics are zoonotic, originating in wildlife 
or other animals (1). Typically, those animal patho-
gens are novel to humans, so most humans are sus-
ceptible, and if those pathogens have or gain the 
ability to transmit between humans, they pose a pan-
demic risk. In the wake of the COVID-19 pandemic, 
pandemic preparedness has been a focus of global 
engagement. Although such efforts include valiant 
plans, they largely focus on slowing the spread or 
mitigating the effects of a pathogen after it has al-
ready entered the human population. Initiatives of 
note include the Coalition for Epidemic Preparedness 
Innovation plans to deliver vaccines within 100 days 
of an emerging threat, the World Bank’s investment 

in surveillance in low- and middle-income countries, 
and the World Health Organization’s efforts to devel-
op more rigorous global agreements on investigation 
and collective action. Although those strategies en-
hance our responses to emerging infection outbreaks, 
they primarily address scenarios after a pathogen has 
established transmission between humans. However, 
the task of stopping the pathogen from entering the 
human population in the first place, spillover pre-
vention, remains a neglected area in discussions and 
plans for pandemic risk mitigation.

A spillover occurs when a pathogen infects a new 
host species (2,3). The vast majority of spillovers will 
not lead to an outbreak or pandemic. However, for 
pathogens with pandemic potential, each spillover 
into a human is an opportunity to launch a pandemic. 
Most pandemic prevention plans focus on finding 
outbreak events earlier, notifying neighboring coun-
tries, assembling effective outbreak response teams, 
and enhancing global surveillance for spillover and 
outbreak events. Those measures are all crucial. How-
ever, preventing the spillover in the first place should 
be a fundamental component of our global strategy 
for preventing pandemics.

Numerous initiatives have attempted to identify 
potential pandemic causing pathogens before they 
cause outbreaks. One approach is to model geograph-
ic areas at high risk for spillovers, correlating putative 
drivers with locations of past spillovers and overlap of 
humans and reservoir species (4–6). Those efforts aim 
to focus surveillance and resources on areas or species 
of high risk. Substantial investments have led to the 
discovery of new viruses infecting rodents, bats, and 
primates, including viruses that were phylogeneti-
cally related to outbreak causing pathogens, suggest-
ing a potential risk for spillover (7–19). Although such 
efforts have produced findings of interest, they have 
not produced actionable public health data. Those ap-
proaches do not inform which pathogens are spilling 
over and the mechanisms driving these events.

A Roadmap of Primary  
Pandemic Prevention Through 

Spillover Investigation
Emily S. Gurley, Raina K. Plowright
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Since the COVID-19 pandemic, attention and investment 
in pandemic preparedness have increased. Although 
there are many valiant plans around pandemic prepared-
ness, they typically involve slowing the spread or mitigat-
ing the effects of a pathogen after it has already entered 
the human population. The task of stopping the pathogen 
from entering the human population in the first place, 
spillover prevention, remains a neglected area in discus-
sions and planning for pandemic risk mitigation. Every 
spillover offers an opportunity to learn about an emerging 
public health threat and the conditions that aligned to en-
able spillover occurrence. In this article, we outline One 
Health approaches for use in spillover investigations, 
drawing from our experience investigating Hendra and 
Nipah virus spillovers. We present a roadmap for how 
findings from those investigations can lead to the devel-
opment of interventions for spillover and ultimately pan-
demic prevention. 

http://www.cdc.gov/eid
https://doi.org/10.3201/eid3108.250442
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Spillovers do provide actionable data. Once an 
emerging pathogen infects a human, a public health 
threat is actualized. Those events garner our attention 
and concern much more than hypothetical risk warn-
ings. Particularly alarming is evidence of transmis-
sion of the pathogen from human to human, because 
this capability is necessary to cause a pandemic. For 
example, if there was evidence that persons infected 
with bovine strains of avian influenza H5 across the 
United States (20) were able to infect others, the risk of 
a pandemic from this virus would increase drastically.

Every spillover offers a critical opportunity to 
learn about an emerging public health threat and the 
conditions that aligned to enable the spillover occur-
rence. Investigating those events requires a trans-
disciplinary approach, often best conceptualized as 
a One Health investigation that integrates multiple 
fields of expertise (Figure 1). The investigation typi-
cally begins with medical experts who understand 
the clinical manifestations of the disease and natural 
history of infection because the spillover is detected 
when a sick person seeks care. Spillovers sometimes 

also occur first in other species, which become bridg-
ing hosts to humans. Laboratory analysis of the ge-
netic sequence of the pathogen can provide more 
information about its origins and potential reservoir 
hosts. Concurrently, epidemiologic investigations 
can determine the exposures that led to infection and 
assess if transmission is ongoing through extensive 
contact tracing efforts. Next, veterinary and ecologic 
investigations of animals in the affected communities 
can identify potential reservoir species and bridging 
hosts. Social scientists contribute in-depth under-
standing of how local practices might have enabled 
exposure and transmission, including human–animal 
interactions and their drivers. Finally, environmental 
and ecologic investigations elucidate how changes 
in the reservoir host condition or distribution might 
have enabled spillover. The timing of those investi-
gations is critical because the conditions for spillover 
can be fleeting, so rapid identification and investiga-
tion of spillovers is vital.

One Health spillover investigations represent 
a crucial step in a broader continuum of actions  

1502 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 8, August 2025

Figure 1. A visual guide to 
One Health investigations of 
spillovers to assist with primary 
pandemic prevention. One 
Health investigations trace 
spillover events backward 
from detection, systematically 
uncovering the causal chain that 
led to spillover. This process 
involves characterizing the 
pathogen, contexts, and risks for 
transmission and determining 
the reservoir hosts and 
environmental conditions that 
enabled the event.

http://www.cdc.gov/eid
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designed to move from identifying mechanistic, 
proximal causes of spillover to designing and testing 
interventions to prevent them. This continuum from 
discovery to spillover prevention (Figure 2) encom-
passes multiple interconnected steps: discovery of 
the zoonotic pathogen in reservoir hosts, detection 
of spillover events, carrying out One Health spillover 
investigations, and identifying the transmission path-
ways and conditions that enabled spillover. The sub-
sequent steps involve iterative research to develop, 
test, and deploy interventions to prevent spillovers 
by targeting both proximal and upstream causes. 
Each step informs the others, creating ongoing feed-
back essential for pandemic prevention.

Spillover investigations are crucial for pandemic 
prevention, and more effort is needed to identify 
and study spillovers. There are multiple barriers 
to identifying spillovers that span global, national, 
and local levels. Because of those barriers, many 
spillovers remain undetected or unreported. At the 
local level, there might be insufficient resources to 
diagnose common causes of disease, much less rare 
and emerging pathogens. Even if that barrier is over-
come, communities might be apprehensive about 
uncovering emerging pathogens because that pro-
cess can lead to blame, stigmatization, and negative 
economic impacts. At the national level, there are 
political, financial, and economic threats to navigate. 
The reality is that spillovers are almost always nega-
tive events for governments. Spillovers are political-
ly sensitive and sometimes not reported out of fear. 
Reporting of emerging pathogen outbreaks has led 
to severe economic outcomes for reporting countries, 

including travel bans or trade embargoes (21–23). 
Once a spillover is identified, governments might be 
expected to expend considerable resources for inves-
tigation and response to reduce the global pandemic 
risk. For governments that have threadbare budgets 
for combating endemic public health problems, there 
might be little desire to take on those additional ac-
tions. Although the numerous disincentives to spill-
over detection are formidable, we have much to gain 
by overcoming them.

When investigations of spillovers, particularly 
those conducted through a One Health approach, 
have taken place, they have yielded critical insights 
and even solutions to prevent future spillovers (Fig-
ure 2). For example, Hendra virus is an often-fatal vi-
rus transmitted from bats to horses and subsequently 
to humans in Australia. Ecologists involved in the in-
vestigations of Hendra virus spillovers noted unusu-
al bat activity in the paddocks of affected horses. Bats 
were feeding on unripe figs and other foods associated 
with starvation avoidance. This observation prompt-
ed the researchers to hypothesize that food shortages 
for bats were somehow associated with spillovers. 
Subsequent long-term studies revealed that climate 
fluctuations, interacting with habitat loss, led to acute 
food shortages that drove bats into agricultural areas 
and caused them to shed Hendra virus in proximity 
to horses (24). During those investigations, research-
ers noted that spillovers did not occur when remnant 
patches of critical habitat flowered, providing food 
for bats. This finding suggested a potential solution: 
restoring critical habitats to mitigate spillovers (24). 
This example illustrates the critical role of spillover 
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Figure 2. A roadmap of primary pandemic prevention through spillover investigation from discovery to the prevention of zoonotic 
spillover. The pathway from discovery of a zoonotic pathogen in reservoir hosts to the prevention of future spillovers often begins 
with the detection of spillovers in persons or domestic animals. If those detections prompt One Health investigations, followed by in-
depth studies to identify the root causes of spillover, the resulting knowledge can inform the design, testing, and implementation of 
interventions to address both proximal and distal drivers of spillover risk.

http://www.cdc.gov/eid
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investigation and subsequent studies to understand 
the mechanisms underlying spillovers. When mecha-
nisms are understood, interventions to prevent future 
occurrences become apparent. Restoration of critical 
habitat has begun, but it will take more than a decade 
to determine if that intervention decreases the risk for 
Hendra virus spillovers.

Nipah virus transmission in Bangladesh provides 
another excellent case study about how looking for 
spillovers and then conducting One Health investiga-
tions have led to major insights into proximal causes 
of spillover and possible targets for spillover preven-
tion (Figure 2). The first outbreaks of Nipah virus 
were discovered in Bangladesh in 2001 (25), and after 
years of One Health investigations of spillovers, an 
understanding of the source began to form in 2005 
(26). Epidemiologic studies identified date palm sap 
consumption as a key risk factor for Nipah virus in-
fection, and social scientists studied how the sap was 
harvested and sold (26–29). Date palm sap is collected 
from trees and drunk fresh during the cool, winter 
months; it is a cultural delicacy (29). Wildlife inves-
tigations identified that bats shed virus in their urine 
and saliva (30), ecologic investigations revealed that 
bats drink and contaminate date palm sap as it drips 
into the pots (31), and virologic studies showed that 
Nipah virus is stable in date palm sap (32). Further 
studies then demonstrated that simple covers of the 
pots and sap stream on the tree, which were already 
being used by some sap collectors, would protect the 
sap from contact with bats (33,34).

Spillover dynamics are driven by the interaction 
of multiple complex systems, including infection dy-
namics in the reservoir hosts, their shifting popula-
tion distributions, and emergent human behaviors 
and practices (Figure 1). Drivers span from local al-
terations in land use change to global climate. Inves-
tigating the underlying drivers of spillovers often 
requires sustained effort over years or decades (Fig-
ure 1), extending beyond the duration of individual 
grants, or any single person’s tenure in a particular 
job. However, the example of Hendra virus spill-
over investigations in Australia exemplifies how a 
strong curiosity and a commitment to understand-
ing the mechanisms underlying spillovers can lead 
to the potential for ecological solutions to prevent 
pandemics (24).

In summary, we have presented evidence about 
how a One Health approach to spillover investiga-
tion can lead to spillover prevention by using Hen-
dra and Nipah virus as case studies. However, those 
approaches are applicable to any spillover pathogen, 
not just viruses, and any reservoir host, not just bats. 

Opportunities to learn more about and prevent spill-
overs are frequent but often missed. We know very 
little about the specific spillovers that led to most 
of the large outbreaks or pandemics in the past 100 
years, mostly because by the time investigations be-
gan, the trail was cold. For example, the origin of 
the 2013–2016 Ebola epidemic in West Africa was 
not investigated until months after its onset, leaving 
the initial spillover that led to that outbreak uncer-
tain, similar to most other Ebola outbreaks (35,36). 
The origins of several recent spillovers remain unre-
solved, including how Nipah virus first spilled over 
to humans in Kerala, India, in 2018, 2019, and 2023 
(37,38), and how H5N1 spilled over into dairy cattle 
in the United States (20). The origins of the COVID-19 
pandemic are likely to remain unsolved indefinitely, 
because of delays in investigations. Until we dedicate 
ourselves to the search for and One Health investiga-
tion of spillovers, we remain vulnerable to their dev-
astating consequences.

This study was funded in part by the US National Science 
Foundation (grant no. EF-2133763/EF-2231624) and the 
Defense Advanced Research Projects Agency PREempt 
Emerging Pathogenic Threats program (cooperative  
agreement no. D18AC00031). The content of the  
information does not necessarily reflect the position or the 
policy of the US government, and no official endorsement 
should be inferred.
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Pathogens that cause infectious diseases vary wide-
ly in virulence, infectiousness, and transmissibil-

ity. They are divided into different groups for ease 
of identification of threat to health and safety (Table) 
(1–4). The World Health Organization (WHO), the 
European Centre for Disease Prevention and Control 
(ECDC), the US Centers for Disease Control and Pre-
vention (CDC), and US National Institutes of Health 
(NIH) play major roles in defining hazard classifica-
tion and biosafety practices for a group of pathogens. 
NIH and WHO each defined 4 risk groups (RGs) for 
infectious agents and toxins on basis of the relative 
agent hazards involved when managed in a laborato-
ry setting. Although slight differences exist between 

risk group definitions defined by NIH and WHO, 
RG1 (lowest risk) pertains to agents that are not as-
sociated with disease in healthy adult humans and 
RG4 (highest risk) contains agents that are likely to 
cause serious or lethal disease in persons and pose 
high community transmission risk (4). RGs are one 
consideration when conducting a biologic risk assess-
ment to determine the Biosafety Level (BSL) in which 
the agent should be managed. CDC defines BSL-1–4 
and describes laboratory design features, engineering 
controls, personal protective equipment (PPE), and 
biosafety practices that should be adhered to when 
handling a given biologic agent or toxin (3). BSL-4 
practices and facility specifications apply to biologic 
agents that pose a high risk for life-threatening dis-
ease and for which there is often no available vaccine 
or therapy.

US federal agencies have designated specific in-
fectious agents as requiring additional oversight of 
the possession and use of these pathogens. The Feder-
al Select Agent Program (FSAP) is jointly managed by 
the Division of Regulatory Science and Compliance at 
CDC and the Division of Agricultural Select Agents 
and Toxins at the US Department of Agriculture (1). 
The program regulates the possession, use, and trans-
fer of certain biologic agents and toxins, referred to 
as select agents, that could pose a severe threat to 
human, animal, or plant health. In addition, the US 
Department of Transportation (DOT) Pipeline and 
Hazardous Materials Safety Administration defines 
a classification system that outlines requirements 
for packaging and transporting certain infectious  
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High-consequence infectious diseases (HCIDs) are 
acute human infectious diseases with high illness and 
case-fatality rates, few or no available effective treat-
ment or prevention options, and the ability to spread in 
the community and within healthcare settings. Those 
characteristics lead to significant risks to patients and 
their close contacts, healthcare workers, laboratory per-
sonnel, and communities exposed to an outbreak. We 
describe aspects of healthcare system preparedness for 
and response to HCIDs, including the role of high-level 
isolation units, ensuring safe clinical laboratory capa-
bilities and waste management, increasing availability 
of medical countermeasures, coordinating with stake-
holders and systems of care, and communicating with 
the public. Finally, we discuss priority areas for further 
investment in HCID preparedness, care, and research. 
Effective and equitably disseminated medical counter-
measures for HCIDs are urgently needed.
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substances that can pose elevated risk to health,  
safety, and property during transport (2).

Those regulatory frameworks guide the safe han-
dling of infectious pathogens in a laboratory setting, 
including waste management and transport. How-
ever, those classification systems do not specifically 
address risk posed when delivering care to patients 
in the clinical care setting. The National Emerging 
Special Pathogens Training and Education Center 
(NETEC) (5) describes a category of infectious agents 
and their associated diseases that pose elevated risk 
to staff, other patients, and the public and therefore 
generally merit management in a clinical setting with 
enhanced facility engineering controls and infec-
tion prevention and control processes. Several terms 
have been used to describe such pathogens, includ-
ing highly infectious pathogen, highly hazardous 
pathogen, high-consequence pathogen, and special 
pathogen, among others. NETEC recommends using 
the term special pathogen to refer to the infectious 
agent (e.g., Ebola virus), and the term high-conse-
quence infectious disease (HCID) to refer to the dis-
ease caused by that agent (e.g., Ebola disease). That 
terminology conveys the distinct nature of the infec-
tious pathogens and concerns for the potential con-
sequences to healthcare facilities, healthcare workers,  
and communities.

Clarifying terminology and describing character-
istics of HCIDs can help focus appropriate resources 
to enhance clinical and public health responses dur-
ing an outbreak and determine appropriate triage of 
individual patients to specialized facilities equipped 
for high-level isolation. Rather than providing a list 
of pathogens, we aim to describe defining character-
istics of HCIDs, key aspects of HCID preparedness 
and response, and areas for advancement in HCID 
preparedness, care, and research. The list of specific 
pathogens that cause HCIDs will change over time 
because genetic evolution and medical advancements 
lead to changes in epidemiology, transmission, and 
clinical outcomes.

Characteristics of HCIDs and Special Pathogens
NETEC agrees with other international health au-

thorities (6–8) that HCIDs are acute human infectious 
diseases with high illness and case-fatality rates, few 
or no available effective treatment or prevention op-
tions, and the ability to spread in the community and 
within healthcare settings. As such, the use of a high-
level isolation unit (HLIU), also known as a biocon-
tainment unit (9), may be warranted to provide safe 
clinical care and prevent transmission to healthcare 
workers and other patients. Effective management 

of HCIDs typically requires enhanced coordination 
between stakeholders, including health systems and 
public health authorities, along with clear commu-
nication to maintain public assuredness about how 
the situation is being handled. A special pathogen is 
highly infectious, highly contagious, and highly haz-
ardous and is likely to cause an HCID (10). Many spe-
cial pathogens are on the WHO and NIH lists of pri-
ority diseases for research and development (11,12).

An example of a special pathogen is Ebola virus, 
which causes an HCID, Ebola virus disease. The dis-
ease has a high case-fatality rate of 32%–100% in past 
outbreaks (13) and significant person-to-person trans-
mission. Although the US Food and Drug Adminis-
tration has approved 2 monoclonal antibodies and 1 
vaccine for the species Orthoebolavirus zairense (14), no 
medical countermeasures have been approved for the 
species O. sudanense, the second most common cause 
of Ebola outbreaks. Marburg virus (15) and Nipah 
virus (16) also demonstrate characteristics of special 
pathogens that cause HCIDs. Some emerging patho-
gens may be considered special pathogens, such as 
SARS-CoV-2 before effective medical countermea-
sures were available (17). Others can reemerge as 
special pathogens; monkeypox virus evolved to effi-
ciently transmit between humans with limited avail-
ability of medical countermeasures and concern for a 
high case-fatality rate (18,19).

Key Aspects of HCID Preparedness  
and Response
Outbreaks and cases of some HCIDs such as Ebola  
disease, Marburg virus disease, and Nipah virus 
infection have been more frequently detected and 
reported since the late 1990s (Figure). Those and 
other HCIDs demand purposeful preparedness and 
coordinated responses between frontline healthcare 
providers, health systems, public health agencies, 
the research community, and regulatory agencies. 
Together, the groups must develop a system of care 
that includes effective and efficient treatment facili-
ties and protocols to safely manage infected patients, 
protect healthcare workers, and contain spread of 
the pathogen.

HLIUs
HLIUs constitute a key element of a response to 
HCIDs. Such specialized facilities offer advanced 
isolation and ongoing patient care to a small num-
ber of patients. They implement infection preven-
tion and control protocols and standards that are 
beyond the usual capabilities of most hospital set-
tings. Characteristics of HLIU design and function 
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have been described previously (8,9,20,21). The units 
must maintain regular education and training on in-
fection prevention practices, use of PPE, and clinical 
care protocols for patients with HCIDs. Units involve 
multidisciplinary teams including nurses, physicians, 
advanced practice providers, laboratory technicians, 
respiratory therapists, infection preventionists, in-
dustrial hygienists, and waste management techni-
cians, among others.

A total of 13 federally designated Regional 
Emerging Special Pathogen Treatment Centers in the 
United States operate HLIUs, funded by the Admin-
istration for Strategic Preparedness and Response. A 
limited number of additional Special Pathogen Treat-
ment Centers (SPTCs) operate HLIUs (22); patient 
care capacity can be overwhelmed by a surge in cases 
of a novel pathogen, as we saw early on during the 
COVID-19 pandemic. During outbreaks, health sys-
tems may need to rapidly increase capacity to safely 
care for patients with contagious pathogens (23) and 
modify patient care space to increase isolation capac-
ity (24). Moreover, frontline healthcare facilities are 
the likely setting where patients with HCIDs will 
initially seek care. It is critical to prepare those sites 
to identify suspected cases, implement prompt isola-
tion, and inform public health officials while provid-
ing stabilizing treatment before possible transfer to 
an HLIU (25). In the United States, as of July 1, 2024, 

the Joint Commission regulatory agency requires spe-
cific elements of frontline preparedness for HCIDs at  
all hospitals (26).

HLIUs capacity is limited because associated 
costs are high (9,27,28), but they provide significant 
value in return. HLIU patient rooms can be used 
for routine patient care as well as isolation and care 
during an HCID outbreak. In addition to maintain-
ing training for HLIU staff, HLIU programs can de-
liver training to frontline staff at other hospitals to 
improve regional preparedness (20). HLIUs also ad-
vance research in areas such as infection prevention, 
human factors engineering, environmental engineer-
ing, and PPE, regardless of whether there is a current  
HCID outbreak.

Clinical Laboratory Services
Laboratories associated with HLIUs require staff 
trained in safe handling and transport of specimens 
containing special pathogens (29,30); in addition, all 
frontline hospitals must maintain minimum routine 
laboratory capabilities critical for providing stabiliz-
ing care (31). Certain sample processing techniques 
may generate aerosols and risk staff exposure to a 
special pathogen if proper precautions are not imple-
mented. Clinical laboratories should conduct risk as-
sessments to identify potential hazards and mitigate 
risk through the use of engineering controls, such as 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 8, August 2025 1509

Figure. Global cases of 
infection with and deaths from 
Ebola, Marburg, and Nipah 
viruses, 1967–2024. A) No. 
cases; B) no. deaths.
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primary containment equipment (e.g., biosafety cabi-
nets, sealed centrifuge rotors), and appropriate PPE 
(32). If those safety measures are not in place in the 
existing core laboratories, then point-of-care testing 
may be an alternative option.

Medical Countermeasures
The limited availability of medical countermeasures, 
including vaccines and therapeutics, is a key char-
acteristic and challenge of HCIDs. For example, an 
expanded access investigational new drug protocol 
available to prescribe tecovirimat for nonvariola or-
thopoxvirus infections posed substantial regulatory 
and administrative burdens on patients and prescrib-
ers to access the drug during the 2022 multinational 
mpox outbreak (33). This experience highlighted the 
importance of fostering partnerships between aca-
demic medical centers and community hospitals to 
ensure prompt access to therapeutics that may be 
beneficial, but have not achieved full regulatory ap-
proval, while collecting appropriate data to deter-
mine the therapeutic efficacy and safety of such in-
vestigational therapies.

Management of Contaminated Materials and Waste
Management of waste and contaminated materials 
associated with HCIDs often requires enhanced pro-
tocols to ensure safe disposal. Many special patho-
gens, including Ebola and Marburg viruses, are con-
sidered category A infectious substances by the US 
DOT (2) and have stringent requirements for safe 
packaging and transport. Management of associ-
ated waste requires detailed protocols and training 
of staff to adhere to DOT requirements and to ensure 
staff and patient safety (34). Other processes may in-
volve handling material contaminated with a special 
pathogen, including daily cleaning and disinfection 
while caring for a patient, terminal cleaning and dis-
infection, management of spills, management of the 
deceased, and discharge of successfully treated pa-
tients. In general, waste containing special pathogens 
should be segregated at the point of generation and 
contained in leakproof, puncture-resistant containers 
that are clearly labeled as biohazardous. That waste 
must be decontaminated using methods such as auto-
claving, incineration, or chemical disinfection before 
disposal. Personnel handling this waste should wear 
appropriate PPE and be trained in proper waste han-
dling procedures and emergency protocols to man-
age accidental exposures or spills. Finally, adherence 
to relevant local, state, and federal regulations related 
to category A waste handling is essential. Although 
the proper handling and disposal of category A  

infectious substances remains a challenge in HCID 
response plans (35), The Joint Commission mandates 
that all hospitals implement protocols for proper 
waste management and cleaning and disinfecting of 
patient care spaces, surfaces, and equipment contami-
nated with special pathogens (26).

Other Clinical Considerations
Other aspects of HCID preparedness and response re-
quire consideration of infection prevention and con-
trol, ability to provide standard of care, occupational 
health, and health equity. Those processes include 
developing and implementing protocols for perform-
ing invasive procedures when necessary, monitoring 
healthcare workers after caring for an HCID patient 
or handling infectious material, safely transporting 
patients within and outside of the hospital setting, 
visitor management, and preparing postexposure 
plans for staff and community members, including 
postexposure prophylaxis and quarantine. Protocols 
for special populations such as children and pregnant 
persons often require additional planning, expertise, 
and attention to providing equitable access to care.

Coordination with Other Stakeholders and  
the System of Care
Public health agencies on the federal, state, and lo-
cal level play important roles in HCID response (36). 
They promote awareness of and surveillance for out-
breaks of concern, coordinate patient triage to the 
most appropriate care setting, and develop guidelines 
and protocols for safe patient transport, contact trac-
ing, and prevention of community transmission. The 
United States is engaging a national special pathogen 
system of care to improve national preparedness for 
HCIDs; it consists of a tiered system of healthcare fa-
cilities from frontline hospitals to regional treatment 
centers led by NETEC as coordinating body (37).  
NETEC has also identified gaps in HCID direct care 
delivery, communication and coordination, work-
force capacity, training and education, research, data 
systems and technology, monitoring and evaluation, 
financial sustainability, and supply chain manage-
ment (38). Improving equitable access to these aspects 
of HCID care is critical; NETEC’s analysis indicates 
that minoritized groups currently have less access to 
special pathogens treatment centers.

Communication with the Public
Events involving HCIDs are likely to make news 
headlines, so it is important to proactively address 
the public’s concerns regarding local or international 
outbreaks. During an outbreak, the public should be 
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informed about known risk factors for contracting the 
disease; the information can help mitigate transmis-
sion related to individual behavior and avoid stigma-
tizing vulnerable groups. When a patient is admitted 
to a facility with an HCID, the approach to commu-
nication is multifaceted regarding the information 
that should be shared and who should receive it. If 
a hospital incident command system is activated, it 
will likely be a unified command with a joint infor-
mation center. A public information officer would be 
identified to coordinate regular updates to the public. 
Such updates may happen through the local public 
health official or the HLIU facility, or often both, with 
all communications coordinated through the com-
mand system. In addition, protected health informa-
tion may need to be shared with response agencies 
and senior governmental leadership, which must be 
done cautiously, on a need-to-know basis, and only 
as permitted by the law.

Areas for Advancement in Preparedness,  
Care, and Research
Sustaining research on HCIDs is critical to advance the 
health and safety of the workforce and community. 
Research efforts should focus on better understanding 
of pathogenesis, including molecular mechanisms of 
disease, development and testing of therapeutics and 
vaccines, and development of diagnostics that can be 
used rapidly in various settings. Not all clinical facili-
ties have the capabilities to collect or process research 
specimens; partnering with other organizations such 
as an academic institution or academic medical center 
can support or enable this effort.

Limited availability or access to medical counter-
measures is a major gap in HCID preparedness efforts. 
Vaccines and therapeutics are under development in 
both in vitro and in vivo pipelines, but transition to 
clinical trials is difficult because of sporadic outbreaks 
and limited number of affected persons, which can be 
perceived as a lack of need for these medical coun-
termeasures. The COVID-19 pandemic demonstrated 
the ability to rapidly develop effective medical coun-
termeasures when sufficient investment is made (39). 
A similar proportionate scale of investment has not 
been made for many high-priority HCIDs, including 
Crimean-Congo hemorrhagic fever, Ebola virus dis-
ease, Marburg virus disease, Lassa fever, and Nipah 
virus infection (11,12). Although we do not suggest 
that all HCIDs merit the same scale of investment as 
was mobilized for COVID-19, the pandemic demon-
strated the value of sustained, proactive funding for 
preparedness infrastructure and medical counter-
measures. The epidemic and potential pandemic risk 

for HCIDs, increased by global interconnectedness, 
climate change (40), and frequency of spillover events 
(41), indicates that strategic investments could pro-
vide a global benefit.

To evaluate countermeasures properly, it is nec-
essary to prepare trials before an outbreak occurs. 
Phase I/II safety and immunogenicity trials should 
occur when possible, and plans and protocols should 
be drafted for efficacy testing that can be implement-
ed early in an outbreak. During the 2013–2016 Ebola 
virus outbreak in West Africa, clinical trials were 
initiated late, and clinical efficacy could not be deter-
mined because enrollment did not meet goals (42,43). 
Although placebo-controlled trials may not be ethical-
ly appropriate, randomized trials of multiple alterna-
tive therapeutics can be beneficial, such as the PALM 
trial initiated during the 2018 Democratic Republic of 
the Congo Ebola disease outbreak (44). When a clini-
cal trial is not possible, WHO’s  monitored emergency 
use of unregistered and experimental interventions 
framework should be consulted to ensure it is ethi-
cally appropriate to administer specific therapeutics 
while data are collected to contribute to future deci-
sions about efficacy (45). Facilities that are expected 
or preparing to care for HCID patients should include 
plans for safe and ethical participation in research tri-
als and also understand the processes for obtaining 
investigational countermeasures (33).

Vaccines, and protocols for their study, should be 
prepared in advance to determine efficacy and poten-
tially limit spread as new outbreaks occur. Ring vac-
cination refers to a strategy to vaccinate persons who 
have been in close contact with an infected person to 
prevent transmission. Trials that compare different 
ring vaccination arms can be effective tools, and the 
use of randomization to immediate or delayed vac-
cination groups mitigates concerns about inequitable 
access (46). As with other countermeasures, placebo-
controlled vaccine trials are likely not ethical; pos-
sible treatment arms that can evaluate efficacy and 
implementation hurdles are randomization to receive 
different vaccines, vaccine combinations, or timing 
between doses. Longitudinal data collected from vac-
cine recipients can be used to monitor immunoge-
nicity profiles over time and long-term effectiveness 
during subsequent outbreaks.

Developing and improving access to diagnostics 
must also be prioritized in countries both endemic 
and nonendemic for HCIDs. The ideal diagnostic test 
would be feasible to deploy at scale in low-resource 
settings where HCID outbreaks often start and would 
be able to detect a pathogen at the earliest sign of ill-
ness. It is appropriate to be judicious about testing in 
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nonendemic countries to prevent escalations result-
ing from false positives; however, we must be able to 
enhance laboratory capacity during active outbreaks.

The continual emergence and reemergence of 
HCID threats require preparation for future events. 
Immediate concerns include highly pathogenic avi-
an influenza, which always has pandemic potential; 

other proximate threats include novel pathogens with 
relatively low human-to-human transmission, such 
as Middle East respiratory syndrome coronavirus 
(MERS-CoV) and Nipah virus. However, introduc-
tion of those types of pathogens into a highly populat-
ed area could increase the potential for sustained hu-
man transmission (47). Prioritization for developing  
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Table. Summary of major classification systems of infectious agents* 

Term 
Select agents  

and toxins Category Biosafety level Risk group 
Special pathogens 

and HCIDs (proposed) 
Regulating or 
guiding 
organization(s) 

CDC; USDA US DOT Hazardous 
Materials 

Regulations 

CDC; NIH NIH None 

Levels of 
classification 

SAT or Tier 1 SAT A and B 1–4 1–4 NA 

Scope of 
pathogens 
(animal vs. 
human vs. plant) 

Pathogens and toxins 
posing a severe threat 

to animals, plants,  
and humans 

Pathogens capable 
of infecting animals 

and humans 

Pathogens capable 
of infecting animals 

and humans 

Pathogens capable 
of infecting or 
causing harm  

to humans 

Pathogens capable of 
infecting humans 

Purpose of 
classification 

Provide regulations on 
possession, use, and 
transfer of pathogens 
and toxins that have 
potential to pose a 
severe threat to the 

public, animal or plant 
health. The regulations 

allow laboratories to 
conduct important 
research on these 

materials in a safe and 
secure fashion. 

Provide regulations 
on how to safely 

handle and transport 
infectious waste that 
may be capable of 
causing permanent 
disability or death in 
humans or animals 
upon exposure to 

the substance. 

Provide guidance on 
the safe handling 
and containment  

of infectious 
microorganisms and 
hazardous biologic 
material to protect 
lab workers, the 

environment, and 
public from exposure 

to infectious 
microorganisms 

stored and handled 
in laboratories. 

Describe relative 
hazard posed by 
infectious agents 
or toxins in the 

laboratory. 

Provide guidance on 
human pathogens that 

require specialized 
clinical and public 
health response to 

prevent transmission 
in healthcare facilities 
and in the community. 

Criteria related to 
classification 

Pathogens and toxins 
that have the potential 
to pose a severe threat 

to public, animal or plant 
health, or to animal or 

plant products. 

Category A 
classifies an 

infectious substance 
as in a form capable 

of causing 
permanent disability 
or life-threatening or 

fatal disease in 
otherwise healthy 

humans or animals 
when exposure to it 
occurs. Category B 

classifies an 
infectious substance 

as not in a form 
generally capable of 
causing permanent 

disability or life-
threatening or fatal 

disease in otherwise 
healthy humans or 

animals when 
exposure to it 

occurs. 

BSLs 1–4 are 
associated with 

specific guidance on 
how to prevent 

exposure to certain 
pathogens that could 

pose an infectious 
risk to persons 

working in a 
laboratory. 

RG 1–4 are 
classified based on 

seriousness or 
lethality of human 
disease, whether 

preventive or 
therapeutic 

interventions are 
available, and risk 
posed to persons 

and the 
community. 

Special pathogens 
cause HCIDs with 

high illness and death, 
have few available 

medical 
countermeasures, and 

can transmit from 
person to person. 

List of pathogens (1) (2) (3) (4) There is no universal 
list. Examples that 

meet criteria include 
Ebola, Marburg, and 

Nipah viruses. 
*BSL, Biosafety Level; CDC, Centers for Disease Control and Prevention; DOT, Department of Transportation; HCID, high-consequence infectious 
disease; NA, not applicable; NIH, National Institutes of Health; RG, risk group; SAT, select agents and toxins; USDA, US Department of Agriculture; 
WHO, World Health Organization. 
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diagnostics and medical countermeasures can be 
guided by several factors: the pathogen’s potential 
for sustained human-to-human transmission, disease 
severity, evidence of geographic spread, potential for 
spillover, lack of existing medical countermeasures, 
and historical response delays. Expanded surveillance 
and new artificial intelligence tools to inform risk-
assessment can support prioritization (48). Strategic 
investment in novel approaches to clinical research 
and study design, investment in platform technolo-
gies (e.g., viral vector vaccines, monoclonal antibody 
platforms), and maintaining pathogen-specific re-
search readiness, including validated animal models, 
early-stage product candidates, and regulatory pro-
tocols, can permit rapid escalation of countermeasure 
development if an outbreak emerges. The goal is not 
to predict every threat but to build flexible, proactive 
systems that reduce the time between pathogen emer-
gence and intervention deployment.

We believe that public sector funding, particular-
ly from national governments and multilateral part-
ners, remains essential given the limited commercial 
incentive to invest in rare but severe pathogens that 
cause HCIDs. Funding decisions should also account 
for global interconnectedness with strategic invest-
ments to develop capacity where these pathogens are 
endemic or at highest risk of emerging. Supporting 
early detection, research, and containment efforts 
in disease-endemic regions serves both humanitar-
ian and strategic national interests. Considering the  
COVID-19 pandemic resulted in $16 trillion in eco-
nomic loss in the United States alone by one estimate 
(49), any increase in investment in improving predic-
tion analytics would provide value.

Conclusions
The US federal government (Table) developed sev-
eral classification systems to stratify risk of infectious 
agents in the context of laboratory research, specimen 
transport, and waste management. Through the lens 
of patient care delivery, we describe characteristics of 
a group of HCIDs that represent high threats to pub-
lic health because of their high illness and case-fatal-
ity rates, limited availability of effective treatment or 
prevention options, and the ability to spread in the 
community and within healthcare settings.

Optimal preparedness and response require ap-
propriate patient identification, isolation, treatment, 
and waste management, which might involve the use 
of HLIUs. Effective medical countermeasures must be 
developed and made accessible in an equitable fash-
ion. In addition, clear communication and coordina-
tion across healthcare workers, health systems, and 

public health authorities is necessary to ensure public 
safety and assuredness. Priority areas for investment 
include research on new diagnostics and medical 
countermeasures, including clinical trials that should 
be planned before an outbreak. Because the evidence 
base to guide several aspects of preparedness and 
response we have described is limited, a modified  
Delphi method (50) could be used to establish consen-
sus guidelines.
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Monkeypox virus (MPXV), the causative agent of 
mpox (formerly known as monkeypox), has re-

emerged as a major public health concern across the 
globe because of recent outbreaks. Accordingly, the 
World Health Organization declared public health 
emergencies of international concern, initially for the 
global mpox outbreak on July 22, 2022, and again on 
August 14, 2024, for ongoing mpox outbreaks in the 
Democratic Republic of the Congo and nearby coun-
tries (1,2). MPXV has circulated in endemic regions 
since the 1970s, primarily because of zoonotic spill-
over followed by limited household transmission (3). 
However, more efficient spread in humans via sexual 
contact led to ≈100,000 mpox cases during May 2022–
August 2024, including in 115 previously nonendem-
ic countries (4). 

After eradication of smallpox (caused by variola 
virus) in 1980, MPXV has become the major orthopox-
virus infecting humans. The increased incidence of 
mpox has likely been caused by several factors, such 
as an increase in the proportion of immunologically 
naive populations after discontinuing routine small-
pox vaccination and waning immunity in those per-
sons previously vaccinated. Increased surveillance 
and diagnostic testing have also led to the detection 
of mpox in various countries after several decades 
with no reported cases (5,6).

MPXV is classified into 2 distinct clades and fur-
ther into subclades on the basis of genetic differences 
(7). Historically, mpox cases caused by clade I and 
clade II MPXV were segregated to countries in central 
(clade I) and western (clade II) Africa, presumably 
because of geographic barriers separating the reser-
voir host(s) populations (Figure 1) (8). Clade I and II 
MPXV genomes differ by ≈0.4%–0.5% in nonrepeti-
tive regions conserved between the clades and by the 
presence of 4 large insertion/deletions (7); the clades 
are estimated to have evolved separately over hun-
dreds of years.

Clade II MPXV
Clade II MPXV (previously known as West African 
MPXV) was first identified in the 1970s. According 
to sequence data, clade II MPXV is divided into sub-
clades IIa and IIb. Before 2022, mpox cases caused by 
clades IIa and IIb were separated by the Dahomey 
Gap in West Africa (9), which might have been a geo-
graphic barrier for unknown MPXV reservoir hosts 
that enabled those 2 subclades to evolve separately 
(8,9). Clades IIa and IIb share ≈99.8% nucleotide iden-
tity in conserved nonrepetitive regions and can be 
differentiated by a large subclade-specific insertion/
deletion. In 2017, Nigeria reported an mpox outbreak 
caused by MPXV clade IIb after decades of no re-
ported cases (10). In 2022, clade IIb spread globally 
to many countries that had previously not reported 
mpox cases. Global mpox cases caused by clade IIb 
MPXV peaked for most countries during July–Oc-
tober 2022 (11), but the outbreak has been ongoing 
since then; low numbers of cases have been reported 
in many countries previously unaffected by mpox.

Since the 2017 outbreak in Nigeria, extensive 
human-to-human transmission of clade IIb MPXV 
has disproportionately impacted men who have sex 
with men through sexual activity (10,12,13), conflict-
ing with the general understanding of mpox cases in 
endemic countries as being caused by zoonotic spill-
over followed by limited person-to-person spread. 
Moreover, starting with MPXV sequences from Ni-
geria in 2017 through the 2022 global outbreak, it 
became clear that clade IIb MPXV was accumulating 
mutations at a faster rate than previously reported 
for orthopoxviruses (12–14). Most single-nucleotide 
polymorphisms were GA to AA mutations, linked 
to the activity of host innate immunity proteins be-
longing to the apolipoprotein B mRNA editing cata-
lytic polypeptide-like (APOBEC) 3 family (12–14). 
APOBEC3 family members exhibit diverse functions,  
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Mpox was first identified against the backdrop of the 
smallpox eradication campaign. Monkeypox virus 
(MPXV), the causative agent of mpox, has been main-
tained in animal reservoirs in the forested regions of 
West and Central Africa as 2 distinct clades; clade I 
has historically caused more severe infection in Cen-
tral Africa than clade II, historically found in West Africa. 
However, rapid reemergence and spread of both MPXV 
clades through novel routes of transmission have chal-
lenged the known characteristics of mpox. We summa-
rize mpox demographic distribution, clinical severity, and 
case-fatality rates attributed to genetically distinct MPXV 
subclades and focus on MPXV clade Ib, the more re-
cently identified subclade. Broad worldwide assistance 
will be necessary to halt the spread of both MPXV clades 
within mpox endemic and nonendemic regions to pre-
vent future outbreaks.

Emergence of Clade Ib Monkeypox Virus
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including cytidine deamidation leading to signature 
G-to-A point mutations. The human genome encodes 6 
functional APOBEC3 proteins, including APOBEC3F, 
which has been shown to produce extensive G-to-A 
mutations in the MPXV genome in cultured cells (15). 
APOBEC3 signature mutations are not observed in 
MPXV lineages having documented zoonotic trans-
mission but are limited to those lineages involved in 
human-to-human transmission (i.e., clades Ia and IIa) 
(12,13); accumulations of APOBEC3-mediated signa-
ture mutations in MPXV lineages are now considered 
an indicator of sustained human-to-human transmis-
sion. It is not clear how those host-induced mutations 
are affecting MPXV; however, no evidence exists 
suggesting they cause increased virulence. The muta-
tions have been reported across the genome in both 
coding and noncoding regions. In animal models, 
clade IIb viruses have been associated with decreased 
virulence compared with clades Ia and IIa (16), but 
genetic differences between those clades are not lim-
ited to APOBEC3-mediated mutations.

Clade I MPXV
Whereas clade IIb MPXV spread globally in 2022 and 
2023, mpox cases caused by clade I MPXV were report-
ed only in known mpox-endemic countries: the Dem-
ocratic Republic of the Congo (DRC), the Republic  

of Congo, Gabon, Cameroon, and Central African 
Republic. None of the clade I–endemic countries re-
ported cases caused by clade IIb MPXV during the 
2022 global clade II outbreak except for Cameroon 
(only country in which clades I and II were both en-
demic before 2022), although virus characterization 
and testing were limited. Since 2022, the number of 
suspected clade I–associated mpox cases and deaths 
in DRC has increased considerably, and the high-
est number of suspected mpox cases in DRC was 
recorded in 2024 (17). Epidemiologic and genetic 
investigations of mpox in DRC during 2023–2024 
revealed multiple outbreaks occurred involving dif-
ferent transmission dynamics, geographic distribu-
tion, and affected populations. 

Although mpox is endemic to DRC, in 2023 
and 2024, mpox cases were being reported in previ-
ously disease-free areas in persons >15 years of age, 
whereas in other provinces those <15 years of age 
were most affected. Historically, children have been 
the most vulnerable to and affected by clade I–associ-
ated mpox in DRC; >80% of suspected cases and the 
highest case-fatality rates (CFRs) have been recorded 
in children <15 years of age (3). The historically high 
incidence of mpox in children was predominantly 
thought to be mediated by zoonotic spillover or oc-
casional household transmissions (18). 

Figure 1. Geographic distribution of countries in Africa considered endemic for mpox caused by monkeypox virus clades I and II. Clade 
I (blue dot) and clade II (green dot) indicate historic imported mpox cases linked to mpox-endemic areas through known travel before 
2022. Geographic separation of clades in Cameroon is approximate.
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In late 2023, South Kivu, a province with few 
mpox cases, reported an mpox outbreak that had sex-
ual contact as a primary factor for virus transmission 
(19). The MPXV causing cases in South Kivu was ge-
netically distinct from clade I MPXV sequences from 
other regions of DRC (19,20), indicating that 2 distinct 
subclades were causing outbreaks in that country; the 
subclades have officially been designated Ia (which 
includes historical clade I MPXV sequences) and Ib 

(Figure 2, panels A, B) (19,20). Since late 2023, clade 
Ib MPXV has spread beyond South Kivu into other 
provinces of DRC and internationally to countries 
that had not previously reported mpox (Figure 3). 
The mpox outbreak caused by clade IIb continues 
to be associated with person-to-person transmission 
through both sexual and nonsexual close contact.

Although clade Ib MPXV has been recently dis-
covered and named, similar MPXV sequences were 

Figure 2. Phylogenetic analysis of clade I monkeypox virus (MPXV) sequences. A) Phylogenetic tree estimated for sequences from 
1970–2024 according to core single-nucleotide differences among 103 clade I MPXV genomes. Sequences are identified by country 
(3-letter code) and collection date (year-month). Red branches indicate MPXV clade Ia; blue branches indicate clade Ib. Numbers at 
branch points indicate bootstrap support values (percentage of 1,000 replicates). B) Phylogenetic analysis of select clade Ib MPXV 
sequences. Blue text in gray box indicates sequences linked to persons who had traveled to UAE. Phylogenetic analyses were 
performed by using the maximum-likelihood method and the 3 substitution types model and equal base frequency plus empirical base 
frequencies plus proportion of invariable sites substitution model in ModelFinder (IQ-TREE version 2.2.6, https://iqtree.github.io). 
Whole-genome alignments of sequences downloaded from GISAID (https://www.gisaid.org) and GenBank (Appendix, https://wwwnc.
cdc.gov/EID/article/31/8/24-1551-App1.xlsx; data contributor information, https://doi.org/10.55876/gis8.250505zb) databases were 
generated by using MAFFT version 7.490 (https://mafft.cbrc.jp/alignment/software). Trees were rooted by using clade II reference 
genomes: ON627808, ON585033, DQ011156, and DQ011153. Clade Ia sequences are not shown in the tree in panel B. Scale bars 
indicate nucleotide substitutions per site. BDI, Burundi; CAN, Canada; CHN, China; CMR, Cameroon; DEU, Germany; DRC, Democratic 
Republic of the Congo; GAB, Gabon; GBR, United Kingdom; IND, India; KEN, Kenya; PAK, Pakistan; ROC, Republic of Congo; THA, 
Thailand; UAE, United Arab Emirates; UGA, Uganda; USA, United States.
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collected during 2011–2012 in North and South Kivu 
(21), suggesting a clade Ib ancestor of the virus caus-
ing the 2023–2024 outbreak might have been present 
in the same region years earlier (21). Clade Ib MPXV 
sequences from the 2023–2024 outbreak are character-
ized by low overall genetic diversity, the accumula-
tion of APOBEC3-mediated signature mutations, and 
a large 1,142-bp genomic deletion relative to clade 
Ia (19), resulting in loss of the complement control 
protein (CCP) gene. Although low genetic diversity 
within the clade Ib outbreak lineage is indicative 
of a recent outbreak, the abundance of APOBEC3- 
induced mutations is an indicator of sustained hu-
man-to-human transmission. However, transmission 
and demographic data for clade Ib suggests that in-
creased sexual transmission, including through fe-
male sex trade workers, was predominantly driving 
the initial outbreak and subsequent sustained trans-
mission (22). Clade Ia MPXV sequences from across 
DRC had much higher overall genetic diversity (≈10-
fold higher than clade Ib) and a lower proportion of 
APOBEC3-induced signature mutations, suggesting 
that, unlike the clade Ib outbreak lineage, sustained 
human-to-human spread of clade Ia has not been per-
vasive throughout DRC, according to sequence data 
from 2018 through early 2024. Epidemiologic and ge-
netic data for clade Ia MPXV still largely support the 
modality of zoonotic spillover followed by occasional 
human-to-human transmission or small outbreaks, 
but how the virus is repeatedly introduced into the 
human population is poorly understood.

One exception to the association between MPXV 
clade subtypes and zoonotic (clade Ia) or human-

to-human (clade Ib) transmission has been reported 
in Kinshasa, DRC, where mpox outbreaks caused 
by both clade Ia and Ib MPXV are ongoing (23; T. 
Wawina-Bokalanga et al., unpub. data, https://doi.
org/10.1101/2024.11.15.24317404). MPXV sequenc-
es from the Kinshasa outbreaks have accumulated 
APOBEC3-induced mutations (T. Wawina-Bokalan-
ga et al., unpub. data), regardless of the clade sub-
type, reinforcing the notion that accumulation of  
APOBEC3-induced mutations is a molecular indica-
tor of sustained human-to-human transmission. Since 
2022, many investigations have focused on genetic 
changes that might have occurred in clade IIb MPXV 
that led to a global outbreak. Current evidence has 
not identified any subclade-specific virus adaptations 
that can explain why clade Ia, Ib, and IIb lineages 
have led to large outbreaks, suggesting that environ-
mental factors (i.e., the network of persons into which 
the virus is introduced) play a critical role. Clade Ia, 
Ib, and IIb lineages have each caused outbreaks with 
sustained human-to-human transmission; thus, it is 
clear that any MPXV clade or subclade has the po-
tential to cause such outbreaks, if (or when) the virus 
is introduced into a permissive transmission network 
that supports sustained transmission (23; T. Wawina-
Bokalanga et al., unpub. data). Continued genomic 
sequence surveillance is critical to monitor ongoing 
mpox outbreaks in DRC and beyond.

Comparisons of MPXV Clade Pathogenesis  
and Spread
Clinical studies of mpox in humans, as well as animal 
studies, have reported higher fatality rates for clade I 

Figure 3. Global distribution of laboratory-confirmed cases of clade I monkeypox virus according to subclade during January 1, 2024–
April 27, 2025 (31). Size of circles indicates estimated number of cases.
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than clade II infections; a higher number of persons 
with severe disease and more nonsexual human-to-
human spread have also been reported for clade I 
MPXV (before the current outbreaks) compared with 
clade II infections (7,16,24,25). However, the patho-
genesis, CFRs, and standards of treatment for mpox 
have varied for clades I and II. From a review of his-
toric literature published before 2020, CFRs were es-
timated to be 10.6% for clade Ia and 3.6% for clade II 
MPXV infections without any medical intervention, 
and those estimates were likely influenced by limited 
or biased testing (26). Even in 2023, the CFR for clade 
I–associated suspected and confirmed mpox cases in 
DRC was estimated at 4.5% (27). However, general 
medical interventions have been shown to decrease 
CFR for MPXV clade I–associated cases. For instance, 
a 1.38% CFR was observed in the town of Kole dur-
ing a natural history observational clinical study that 
included standard medical care (28), and a 1.7% CFR 
was observed with similar care during a clinical trial 
testing tecovirimat (both presumably clade Ia studies) 
(29). The mpox CFRs in South Kivu (which has only 
reported clade Ib MPXV infections) have consistently 
stayed <1% for suspected cases (27,30,31), lower than 
for clade Ia infections elsewhere in DRC. In addition, 
Burundi, which has had a clade Ib–associated mpox 
outbreak because of cross-border spread from DRC, 
had 1,607 confirmed mpox cases but only 1 fatality 
reported during July 22–October 31, 2024; moreover, 
in 1 Burundi study, ≈50% of mpox infections were in 
children, with no reported deaths (31–33). Taken to-
gether, those preliminary data suggest a lower CFR 
for clade Ib than for clade Ia, but additional studies 
are needed to confirm that difference. 

CFR estimates can be affected by differences in 
populations, demographics, and underlying health 
conditions (including food insecurity); access to 
healthcare; and testing biases. For example, the CFR 
(≈0.2% globally) for mpox caused by the clade IIb 
global outbreak lineage was considerably less than 
historical estimates for clade II, according to data 
from parts of the world with access to strong medical 
care systems. CFRs and clinical details from Kinshasa 
and other areas of DRC where clade Ia and Ib are co-
circulating in comparable populations will provide a 
more reliable comparison of disease severity caused 
by those subclades (4).

Comparisons of MPXV genomic sequences re-
vealed loss of the CCP gene (also known as mon-
keypox inhibitor of complement enzymes, encod-
ed by D14L, a homologue of smallpox inhibitor of 
complement enzymes of vaccinia virus Copenhagen, 
encoded by C4L) in clades II and Ib compared with  

clade Ia. Researchers have hypothesized that deletion 
of the CCP gene might be the reason for decreased 
CFRs and disease severity historically reported for 
mpox caused by clades II and Ib compared with clade 
Ia viruses. However, animal studies investigating the 
effect of CCP gene loss have produced conflicting re-
sults. In 1 study, targeted deletion of the CCP gene 
from clade Ia MPXV (isolate ROC-2003-358) caused 
significantly decreased illness and death in infected 
prairie dogs, whereas addition of that gene to clade 
IIa MPXV caused slight changes in disease manifesta-
tion but had no apparent effect on disease-associated 
death (34). In another study, replacing large regions 
of the terminal genome of clade Ia with a correspond-
ing sequence from clade IIa did not produce a differ-
ence in animal survival (35). A third study in nonhu-
man primates found differences in adaptive immune 
responses when the CCP gene was deleted from clade 
Ia MPXV (isolate Zaire-1979 005) (36). Investigators of 
all 3 studies concluded that the CCP deletion was not 
solely responsible for the differential pathogenicity 
between the clades (34–36). Additional animal stud-
ies with clade Ib isolates will help elucidate whether 
the genetic changes observed (CCP deletion and oth-
er mutations) do indeed result in a less virulent vi-
rus compared with clade Ia isolates. Other mutations 
(induced by APOBEC3 and non-APOBEC3 proteins) 
that distinguish clades Ia and Ib might also contrib-
ute to lower CFRs currently observed for clade Ib 
in South Kivu and Burundi compared with those of 
clade Ia cases elsewhere in DRC.

Even if clade Ib is confirmed to be less virulent 
than clade Ia, recent reports highlight the threat of 
that virus subclade, which appears to spread efficient-
ly via sexual contact and within some household set-
tings. Spread of clade Ib has occurred beyond South 
Kivu into neighboring and nonneighboring provinces 
of DRC, including the capital city Kinshasa, as well as 
internationally to multiple surrounding countries; >30 
travel-associated cases have been reported outside of 
Africa. Because of privacy concerns, the country (or 
countries) to which patients had traveled was not re-
leased for most of those cases. However, only ≈17% 
had traveled to DRC; the remaining patients (≈80%) 
for which the US Centers for Disease Control and Pre-
vention had received travel information had traveled 
to other countries in Africa that had sustained clade 
Ib outbreaks or to the United Arab Emirates (UAE). 
Eight mpox cases caused by clade Ib from 5 differ-
ent countries (China, India, Oman, Pakistan, and 
Thailand) have been reported in persons who trav-
eled to UAE. Sequences from 6 cases linked to UAE 
travel form a monophyletic cluster (Figure 2, panel B),  
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suggesting a common ancestor. Considering the com-
mon travel history, the simplest explanation for clus-
tering of those cases is exposure of the travelers to 
MPXV in UAE. Data suggest the presence of a similar 
strain of MPXV in Uganda and UAE around Septem-
ber/October 2024. Infections with the same strain in 
travelers to UAE during January–March 2025 warrant 
investigation into the possibility of sustained person-
to-person transmission in UAE. Travelers should 
be aware of the exposure risks for clade Ib mpox in 
countries with ongoing clade I transmission (37).

Mpox Diagnostics and Treatment
The genomic deletion characteristic of recent clade Ib 
sequences prevents detection by commonly used PCR 
developed for clade I (38). When performing clade-
specific PCR that targets nonessential genes, labora-
tories should also use PCR targeting other genomic 
regions, including essential genes, such as the DNA 
polymerase gene (target of the Centers for Disease 
Control and Prevention nonvariola orthopoxvirus 
test) (39,40), to ensure mpox cases caused by clade Ib 
are not missed. In the United States, the recommend-
ed approach is to first (or concurrently) test by using a 
nonvariola orthopoxvirus or generic MPXV PCR tar-
geting a conserved region. Then, after orthopoxvirus 
or MPXV is confirmed, additional clade-specific PCR 
or sequencing can be used (if needed) to determine 
the clade.

Irrespective of the differences in clades, the 
current smallpox and mpox vaccines are expected 
to be effective in controlling the spread and sever-
ity of disease because orthopoxviruses (e.g., MPXV 
[clades Ia, Ib, IIa, and IIb], vaccinia virus, variola 
virus) are >90% genetically related. Genetic relat-
edness was the premise and success behind small-
pox eradication, which used vaccinia virus vaccine 
to cross-protect against smallpox. Live, replicating 
smallpox vaccines (e.g., ACAM2000; Emergent Bi-
oservices, https://emergentbio.com) are contrain-
dicated for immunocompromised persons and those 
with certain skin conditions. Hence, nonreplicating 
modified vaccinia Ankara vaccines, MVA-BN (Ba-
varian Nordic, https://www.bavarian-nordic.com) 
and JYNNEOS (https://jynneos.com), have been 
widely used in the United States and have been ap-
proved for use in adults >18 years of age. More than 
1.2 million vaccine doses have been administered in 
the United States, and only very few vaccine break-
through cases have been reported for most vac-
cinated persons after >2 years since completion of 
both doses (41). Those breakthrough case-patients 
also tended to exhibit milder disease course with no  

hospitalizations compared with unvaccinated pa-
tients (42). Multiple studies evaluating vaccine ef-
fectiveness for MVA-BN demonstrated >66%–86% 
protection against mpox (clade IIb); 2-dose vacci-
nations provided higher levels of protection than 
a single dose (43–45). To control clade I–associated 
mpox, several countries (DRC, Rwanda, Central Af-
rican Republic, and Uganda) experiencing that out-
break have extended temporary or emergency use 
authorization of MVA-BN in adults, and vaccination 
of high-risk populations is ongoing. The European 
Medicines Agency approved MVA-BN for adoles-
cents 12–17 years of age in late 2024, and the World 
Health Organization recently prequalified the vac-
cine for that same age group. In addition to MVA-
BN, another smallpox vaccine, LC-16 (attenuated 
strain of vaccinia virus strain Lister; KM Biologics, 
https://www.kmbiologics.com), received emergen-
cy authorization in DRC. Unlike MVA-BN, LC-16 is 
a minimally replicating vaccine requiring 1 dose and 
approved for use in persons >1 year of age.

For many mpox patients in the United States, 
the smallpox antiviral drug tecovirimat (inhibits ex-
tracellular virus formation) has been administered 
as the primary therapeutic intervention through an 
expanded access investigational new drug protocol. 
For severe mpox cases or those patients at risk for 
severe disease (e.g., immunocompromised persons), 
combination therapy with tecovirimat and other an-
tiviral drugs approved for smallpox treatment, such 
as cidofovir, brincidofovir (inhibits DNA replication), 
and vaccinia immune globulin, has been sometimes 
recommended on the basis of clinical needs of the pa-
tient (46). Prolonged treatment with tecovirimat has 
led to the development of resistant viruses; limited 
spread of resistant viruses among persons with no 
previous treatment has been observed, indicating the 
importance of containment and surveillance to detect 
those viruses (47,48). A randomized controlled study 
to determine the effectiveness of tecovirimat against 
clade I mpox in DRC reported no improvement in 
mpox resolution (30,49). A study on tecovirimat ef-
ficacy against clade IIb MPXV infections in the United 
States reported similar results (50). Additional stud-
ies assessing alternative drugs, earlier treatment with 
tecovirimat (i.e., before lesion onset), tecovirimat effi-
cacy in immunocompromised persons, and combina-
tion treatment with other interventions are still need-
ed. Because of the spread of mpox to many countries 
that historically did not see cases, including ongoing 
cases of clade IIb–associated mpox 2 years after the 
start of the outbreak, effective therapeutic agents for 
mpox are urgently needed.

http://www.cdc.gov/eid
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Conclusion
Mpox is an old disease but is now reemerging and 
causing international concern because of decreas-
ing population immunity and sustained human-to-
human transmission mediated through global travel, 
increased animal–human interfaces, and expansive 
sexual networks, leading to spread from small geo-
graphic regions and establishment of the disease in 
various parts of the world. Renewed global attention 
to mpox has occurred yet again because of the surge 
in reported mpox cases caused by clade I MPXV in 
DRC and the spread of the newly recognized clade 
Ib virus. Although clade Ib is in the spotlight, the re-
mote forested regions of DRC where zoonotic clade Ia 
MPXV continues to circulate should not be forgotten. 
Broad worldwide assistance is necessary to halt the 
spread of both clade Ia and Ib within Africa to pre-
vent future outbreaks.
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Mpox, the infectious disease caused by monkey-
pox virus (MPXV), is characterized in humans 

by fever, lymphadenopathy, and a painful mucocu-
taneous rash. During 1958–1959, Danish virologist 
Preben von Magnus isolated the virus in macaque 
monkeys—hence, the name monkeypox. However, 
small mammals are likely the MPXV reservoir, not 
the aberrantly infected monkeys that received un-
warranted blame as the host and created the misno-
mer monkeypox. 

The derivation of the word monkey is shrouded 
in debate, antiquity, and complexity. The Oxford 
English Dictionary postulates Moneke referred to 
the son of Martin the Ape, a character in a collection 
of beloved European fables, Reynard the Fox, and 
the moniker might have accompanied continental 
showmen to England in the 1400s, but earlier varia-
tions of Moneke exist in other languages. 

Pox, plural of pock, is Norman-French in origin 
from poque, meaning pouch. The diminutive form 
was poquet, or little pocket, describing the small scars 
remaining in the wake of various viral pustular erup-
tions, classically smallpox or syphilis. Plague and pox 
appear interchangeably in Shakespeare’s 1597 play 
Romeo and Juliet, in which Mercutio utters the famous 
and pejorative phrase, “A pox on both your houses.”

The first known human case of MPXV infec-
tion was reported in the Democratic Republic of the 
Congo in 1970. A global outbreak in 2022 was the 
first that involved widespread human-to-human 
MPXV transmission outside of Africa, prompting 
the World Health Organization to declare a Pub-
lic Health Emergency. In November 2022, citing 
concerns of “racist and stigmatizing language” 
provoked by the original disease name, the World 
Health Organization renamed MPXV infection as 
mpox, but the virus name remains unchanged. 

Mpox and Monkeypox Virus  
[em′poks] and [muhng′kee poks′ vī-ruhs′]
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Figure 1. Examples 
of pustular eruptions 
from monkeypox virus. 
Image source: Centers 
for Disease Control  
and Prevention (https://
www.cdc.gov/mpox/
hcp/clinical-signs).

Figure 2. Colorized 
transmission electron 
microscopic image 
of monkeypox virus 
particles (green) that 
were cultivated and 
purified from cell culture. 
The image was captured 
at the National Institute 
of Allergy and Infectious 
Diseases Integrated 
Research Facility, Fort 
Detrick, Maryland, USA.
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As the global health community transitions from 
a pandemic response to managing COVID-19 as 

an endemic disease, environments such as prisons 
and other congregate settings continue to demon-
strate unique public health challenges. Implement-
ing minimally restrictive preventive measures, such 
as physical distancing, is difficult because of inher-
ent structural and organizational barriers, includ-
ing close confinement, poor ventilation, and limited 
capacity for medical isolation (1,2). In addition, the 
continual cycle of custodial transfers, reception, and 
releases increases the likelihood of infection intro-
duction and the potential for outbreaks of acute re-
spiratory infection, including COVID-19, among in-
carcerated persons (3–6).

Substantial knowledge gaps remain regarding 
factors associated with transmission during acute 
respiratory infection outbreaks in prisons. Previ-
ous studies of COVID-19 outbreaks in prisons were 
limited by low SARS-CoV-2 testing coverage (7–9), 
inconsistent testing schedules (10–12), and minimal  

genomic data (13–15). In addition, the cycle of ad-
missions and departures complicates data com-
pleteness, leading to uncertainty around the at-risk 
population size. Previous research often relied on ap-
proximating at-risk population size (7,16,17), which 
overlooks true variability over time, introduces po-
tential bias because of residual confounding, and 
affects the quality of time-series analyses. Under-
standing transmission dynamics in prison is crucial 
for enhancing effective outbreak response strategies 
and enabling timely interventions to mitigate risk. 
Because of the higher prevalence of chronic diseases 
among incarcerated persons (18,19), improving sys-
tematic approaches to reducing acute respiratory 
infection (including SARS-CoV-2) outbreaks with-
in prisons and other congregate settings remains a 
public health concern.

After several months of no local SARS-CoV-2 
transmission in Australia, the first case of the Delta 
variant was confirmed on June 16, 2021, by whole-
genome sequencing (WGS) in Sydney, New South 

Surveillance of Viral Respiratory 
Infections within Maximum- 

Security Prison, Australia
Nicolas M. Legrand, Rowena A. Bull, Behzad Hajarizadeh, Andrew R. Lloyd,  

Kirsty Johnston, Katya Issa, Christine Harvey, Alicia Arnott, Dominic E. Dwyer,  
Vitali Sintchenko, Luke Grant, Gregory J. Dore, John Kaldor, Marianne Martinello

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 8, August 2025 1527

Author affiliations: University of New South Wales, Sydney,  
New South Wales, Australia (N.M. Legrand, R.A. Bull,  
B. Hajarizadeh, A.R. Lloyd, G.J. Dore, J. Kaldor, M. Martinello);  
St Vincent’s Correctional Health, Sydney (K. Johnston, K. Issa); 
New South Wales Ministry of Health, Sydney (C. Harvey);  

New South Wales Health Pathology, Sydney (A. Arnott, D.E.  
Dwyer, V. Sintchenko); University of Sydney, Sydney (D.E. Dwyer, 
V. Sintchenko); Corrective Services New South Wales, Sydney  
(L. Grant).

DOI: https://doi.org/10.3201/eid3108.240571

Limited surveillance data have hindered understanding of 
SARS-CoV-2 transmission within prisons. We integrated 
routine surveillance data with viral sequencing to investi-
gate transmission dynamics and associated factors during 
a Delta variant outbreak in a maximum-security prison in 
Sydney, New South Wales, Australia. Infection incidence 
and associated factors were determined by using person-
time and Cox regression. We generated transmission 
chains by integrating epidemiologic and viral sequencing 
data. Of 1,562 patients, SARS-CoV-2 infection was diag-
nosed in 169 (11%), predominantly acquired in prison and 

asymptomatic. Prisonwide testing identified substantial 
unrecognized transmission, and 4 subvariants indicated 
multiple viral introductions. Infection was associated with 
housing location, having a cellmate (regardless of infec-
tion status), and vaccination status. Our findings under-
score the inadequacy of symptom-based testing and the 
efficacy of entry-quarantine, strategic housing, extensive 
testing, and vaccination in reducing transmission. This in-
tegrated approach to surveillance and genomic sequenc-
ing offers a valuable model for enhancing infectious dis-
ease surveillance in correctional settings.
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Wales. Public health restrictions on movement 
were enacted on June 26, 2021, because of the evi-
dence of increasing community infection. During 
this period of increasing community spread, an 
outbreak of the SARS-CoV-2 Delta variant occurred 
within a prison in Australia, spanning 48 days. The 
outbreak began 6 months after COVID vaccines 
were available in Australia (February 22, 2021) 
and precipitated a multijurisdictional public health 
response, building upon substantive existing con-
trol measures including quarantine on entry, iso-
lation of recognized cases, and personal protective 
equipment for staff (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/31/8/24-0571-App1.
pdf). The response to the outbreak included a to-
tal prison lockdown on day 13, continuous mass 
surveillance testing, genomic sequencing of SARS-
CoV-2 with WGS, and ongoing vaccination. Our 
study objectives were to determine the incidence of 
SARS-CoV-2 infection and identify factors associat-
ed with transmission among incarcerated persons 
during a large-scale outbreak.

Methods

Study Design and Setting
This prospective cohort study, conducted in a prison 
in Sydney, followed the strengthening of reporting 
of observational studies in epidemiology reporting 
guidelines for observational cohort studies. The pris-
on had a maximum operational capacity of 1,300 beds, 
housing men who were sentenced or on remand. The 
prison was divided into 6 housing units (blocks A–F) 
and a clinic (Figure 1). Operational housing capacity 
across blocks ranged from 118 to 500 persons, with 30 
beds in the clinic (Figure 1). Housing arrangements 
were either single or 2-bed occupancy. The study pe-
riod was 48 days, commencing with the identification 
of the first COVID-19 case and ending on the date of 
the last laboratory-confirmed case.

Participants and Data Sources
We included all persons housed in the prison during 
the study period (Appendix Figure 2). We used rou-
tinely collected person-day–level data gathered by local 
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Figure 1. Stylized map of prison depicting housing capacity by wing on day of prison lockdown for SARS-CoV-2 outbreak in a 
maximum-security prison in Australia, 2021. Blocks A–E are general housing for incarcerated persons not in quarantine or isolation. 
Block F contained both general housing wings (wings 5–8) and 4 dedicated quarantine wings (wings 1–4) for persons undergoing a 
mandatory 14-day quarantine period before entry. Block D, the minimum-security wing, was located outside the main prison. Each wing 
is indicated in italics, the number of incarcerated persons is indicated in bold, and the reported maximum operational capacity is in 
brackets. The categorical color gradient of each unit indicates percentage of housing capacity. Quarantine zones in block F (1–4) are 
indicated by dashed outlines. Double lines represent internal walls. Gray shaded areas in blocks A and B represent external yard space, 
separated by chain-wire fencing. External yards are found in all areas but not displayed in each instance because they are contained 
within wings and are not considered a potential site of interwing transmission.
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health authorities and corrective services (sociodemo-
graphic characteristics, prison entry and exit, SARS-
CoV-2 nucleic acid testing [NAT], vaccination adminis-
tration, housing location), and SARS-CoV-2 WGS data 
for analysis. We conducted NAT by using EasyScreen 
SARS-CoV-2 RT-PCR (Genetic Signatures, https://
geneticsignatures.com) or the GeneXpert SARS-CoV-2 
assay (Cepheid, https://www.cepheid.com). We con-
ducted prisonwide surveillance SARS-CoV-2 testing, re-
gardless of symptom or contact status, by living unit on 
a continuous 72-hour basis. All health and prison staff 
providing direct, in-person care of incarcerated persons 
were required to wear personal protective equipment 
appropriate for contact, droplet, and airborne precau-
tions (P2/N95 mask, eye or face protection, gown, 
gloves) and to assess inmates in their cells.

Study Definitions and Outcomes
We defined the date of infection by symptom onset or 
positive NAT, whichever came first. We defined the 
infectious period of positive cases as starting 2 days 
before symptom onset or sample collection, whichev-
er came first, and ending 14 days later. We assigned 
case definitions relative to their potential source of 
infection (community, prison, or unknown) and the 
confidence of the source of transmission (probable, 
possible, unknown) (Appendix). We defined clinical 
infection severity as asymptomatic, mild, moderate, 
or severe (20). We defined SARS-CoV-2 infection as a 
positive SARS-CoV-2 NAT result.

WGS
We sent samples with detectable SARS-CoV-2 RNA 
to the Institute of Clinical Pathology and Medical 
Research, New South Wales Health Pathology (Syd-
ney), for WGS to support contact tracing and cluster 
analysis. We extracted viral genomes from upper re-
spiratory tract swabs and PCR amplified by using the 
Illumina Midnight (Illumina, https://www.illumina.
com) sequencing protocol and sequenced PCR prod-
ucts by using the Illumina platform. We generated 
a consensus sequence from each sample to conduct 
genomic sequence comparisons between suspected 
transmission clusters, as previously described (21).

We aligned the consensus genomes by using 
MAFFT v7.471 (FFT-NS-2, progressive method) (22). 
We manually inspected the consensus genomes and 
excluded any sequences missing >20% of the genome. 
We observed poor sequence read coverage across re-
gions 21381 and 21683; therefore, we removed the 
region from all alignments. We constructed a phylo-
genetic tree visualizing sequence similarity between 
different samples by using the maximum-likelihood 

approach in IQTree v1.6.7 with the general time-re-
versible with unequal empirical base frequency and 
proportion of invariable sites substitution model and 
1,000 bootstrap replicates (23). We defined transmis-
sion clusters genomically on the basis of shared muta-
tional profiles and by clustering on the phylogenetic 
tree (Appendix Figure 3). We considered sequence 
pairs or clusters sharing <3 mutations genomic evi-
dence in support of direct or recent transmission.

Statistical and Molecular Analyses
We calculated incidence by using person-time of ob-
servation and reported as the number of infections per 
100 person-years. We calculated 95% CIs for rates by 
using a Poisson distribution. Time at-risk commenced 
on day 1 of the study period, or the date of prison 
entry for people received later, and was censored at 
day 48, or at the earliest occurrence of the incarcer-
ated person testing NAT positive, being transferred 
out before lockdown, or being released.

We used Cox proportional hazards regression 
analysis to estimate hazard ratios (HRs) and 95% 
CIs to evaluate factors associated with SARS-CoV-2 
transmission, by using person-level time-varying 
covariates for changes in factors related to expo-
sure. This approach enabled evaluation of hazards 
on the basis of each person’s status daily, capturing 
the transition in infection risk status. Those factors 
were determined a priori and included housing loca-
tion, vaccination status, and cellmate exposure in the 
preceding 14 days. We determined the frequency of 
cellmate exposures over the course of the outbreak by 
using a moving 14-day window.

We mapped within-prison movement of case-
patients and cellmates and generated chains of trans-
mission including direction to the individual level 
(Appendix). Genomic sequencing was available for 
128 (76%) cases, and we used the sequencing data to 
validate the hypothesized chains of transmission on 
the basis of epidemiologic data.

We performed statistical analyses by using Stata 
software version 17 (StataCorp, LLC, https://www.
stata.com). We conducted the data visualization by 
using Microsoft Power Bi (Microsoft, https://www.
microsoft.com) and Lucidchart (https://www.lucid-
chart.com).

Study Oversight
Because this investigation was a public health pri-
ority, it was conducted under the Public Health Act 
at the request of the NSW Ministry of Health and in 
collaboration with St Vincent’s Correctional Health 
NSW, Justice Health and Forensic Mental Health  
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Network, the Institute of Clinical Pathology and 
Medical Research, and the Kirby Institute for Infec-
tion and Immunity in Society. This study received 
ethical approval from the University of NSW Human 
Research Ethics Committee (approval no. HC220683). 
A waiver of consent was granted as the research in-
volved secondary analysis of existing deidentified 
data collected during routine public health activities.

Results

Demographic and Clinical Characteristics
During the 48-day study period, 1,562 persons were 
housed in the prison, and SARS-CoV-2 infection was 
diagnosed in 169 (11%) incarcerated persons (Appen-
dix Figure 2). There was complete data capture for 
each person, covering SARS-CoV-2 NAT, vaccination 
status, and housing location. Total follow-up time 
was 131 person years (median follow-up 39 days [IQR 
14–48 days]). With prisonwide surveillance testing, 
9,575 SARS-CoV-2 NATs were conducted (249 posi-
tives, 9,326 negatives; median tests of incarcerated 
persons = 7 [IQR 3–11]). Of 169 persons with labora-
tory-confirmed COVID-19 (median age 34 years [IQR 
18–78 years]), 62 (37%) were symptomatic at diagno-
sis, whereas in 122 (72%) patients, symptoms devel-
oped at some point during infection. Asymptomatic 
or mild infections accounted for 93% (n = 157) of cases 
(Table 1); 7 cases were moderate and 1 was severe.

COVID-19 vaccination coverage was low at the 
outbreak’s onset, driven by high refusal rates. At the 
time of lockdown, 853 (70%) of incarcerated persons 
had not been vaccinated, 262 (21%) of incarcerated 
persons had received 1 vaccine dose, and 111 (9%) 
of incarcerated persons had received 2 doses. By the 
end of the study period, after the implementation 
of a vaccination campaign as part of the outbreak 
response, the percentages of persons vaccinated in-
creased; 121 (13%) of incarcerated persons were not 
vaccinated, 247 (26%) of incarcerated persons re-
ceived 1 vaccine dose, and 567 (61%) of incarcerated 
persons received 2 doses; only 14 incarcerated per-
sons declined vaccination.

Location and Source of Acquisition
Evidence of SARS-CoV-2 transmission was found in 
4 of the 6 housing blocks (A, B, E, and F), as well as in 
the clinic; 59% (n = 100) of cases occurred within quar-
antine units. Most SARS-CoV-2 infections were likely 
acquired in prison (91%, n = 153) and were diagnosed 
after 14 days of continuous incarceration (n = 144). 
SARS-CoV-2 was diagnosed in a smaller group (n = 
9) within 14 days of prison entry; epidemiologic and 

genomic evidence, including exposure to a COVID-19 
positive cellmate (n = 4) and genomic cluster mem-
bership (n = 5), suggested those persons also acquired 
the infection in prison. Among prison-acquired cases 
(n = 153), a probable or possible source of transmis-
sion was identified in 141 cases (92%) (probable, n = 
77; possible, n = 64). Of sequenced cases (76%, n = 
128), 4 Delta subvariants were identified: NSW130.0 
(n = 35), NSW130.18 (n = 11), NSW130.34 (n = 65), 
and NSW130.74 (n = 17). The predominant circulating 
Delta subvariant in NSW at that time was NSW130.0.

Incidence of SARS-CoV-2 Infection and Factors Asso-
ciated with Transmission in Prison
Infection incidence was 121 (95% CI 104–142)/100 
person-years. SARS-CoV-2 infection was associated 
with housing type, vaccination status, and cellmate 
exposure (Table 2; Appendix Figure 4). Incidence 
was higher in quarantine units compared with gen-
eral units (aHR 1.90 [95% CI 1.39–2.59]). Incidence 
was higher among unvaccinated persons, compared 
with those who received 2 doses (aHR 0.46 [95% CI 
0.27–0.79]) of COVID-19 vaccine. Infection risk was 
highest for persons exposed to a SARS-CoV-2–posi-
tive cellmate in the 14 days before SARS-CoV-2 diag-
nosis (aHR 18.87 [95% CI 10.99–32.37]).

Time-Course of Outbreak Detection and Public Health 
Response
We plotted the prison transmission chains (Figure 
2). SARS-CoV-2 infection was first detected in the 
prison by a routine entry screening test conducted 
on an asymptomatic person housed alone. Over the 
next 5 days, 2 more incarcerated persons (patients 
3 and 5), also housed alone in the clinic area and 
within their 14-day entry quarantine period (nega-
tive SARS-CoV-2 NAT on entry), had SARS-CoV-2 
diagnosed through routine NAT screening on day 
11 of incarceration. Of note, there was no evidence of 
close contact between those patients, raising concerns 
about the role of cell proximity and structural drivers 
in transmission. Genomic sequencing and phyloge-
netic analysis revealed that those cases belonged to 
the NSW130.34 cluster, indicating a close genetic rela-
tionship and a common source of infection (Figure 2; 
Appendix Figure 5).

Independent of that cluster, a newly incarcerat-
ed person housed within 1 of the prison’s dedicated 
entry quarantine wings (block F3) returned a day 4 
SARS-CoV-2–positive NAT, 2 days into their manda-
tory 14-day entry quarantine period. Over the next 
7 days, 11 additional persons housed in the entry 
quarantine wings (F1–F4) had SARS-CoV-2 infections  
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diagnosed. Patient 6, an unvaccinated, asymptomatic 
person whose SARS-CoV-2 infection was diagnosed 
by surveillance screening and was continuously in-
carcerated for >14 days, was housed alone in the 
quarantine wing F2, where they worked as a sweep-
er, a person whose job involves domestic tasks and 
has permission to move more freely within the des-
ignated area, for 6 weeks. Acquisition likely occurred 
while patient 6 was undertaking sweeper duties, with 
supportive evidence provided by WGS (Figure 2; Ap-
pendix Figure 5). The movements and interactions of 
patient 6 with other sweepers likely enabled trans-
mission within F1 and the subsequent spread from 
quarantine wings F1–F2 to F5–F6 before the facility 
lockdown on day 13. Epidemiologic and genomic 
clustering analysis supported the probability that 
transmission had occurred among blocks F2, F5, and 
F6, with most sequences belonging to the NSW130.0 
cluster (Appendix Figures 3 and 5).

By day 13, SARS-CoV-2 infection was confirmed 
in 28 persons. In response, the prison was placed into 
lockdown, confining incarcerated persons to their 
cells, limiting internal movements to interrupt further 
transmission, and a coordinated outbreak response 
was enacted. Key response measures included con-
tinual mass surveillance, SARS-CoV-2 testing, clini-
cal isolation of those with SARS-CoV-2 diagnosis and 
their cellmates, rapid establishment of onsite health-
care provision for persons with COVID-19, contact 
tracing of incarcerated persons and staff, cessation of 
new receptions and prison transfers, and scaling up 
of voluntary vaccination. Healthcare workers under-
went SARS-CoV-2 NAT every 3 days before facility 
entry, and prison staff were tested 3 times weekly. On 
day 26, the testing protocol transitioned from NAT to 
rapid antigen testing for all staff screening. Staff with 
positive or invalid rapid antigen testing results un-
derwent onsite NAT.

Prisonwide SARS-CoV-2 NAT-based surveil-
lance (regardless of symptom or contact status) was 
initiated the day after lockdown (day 14), and 80% 
of the total prison population was tested. After lock-
down, a structured NAT testing schedule was imple-
mented by living unit, testing all incarcerated persons 
every 72 hours. Daily 7-day-average testing coverage 
increased from 2% in the first week to 20% in the 
second week and thereafter maintained coverage of 
19%–25% (Figure 3). The implementation of continual 
mass testing detected ongoing, previously unrecog-
nized transmission with cases in blocks A, B, E, and 
F (Figure 3). The outbreak was considered resolved 
after 14 days had elapsed (1 maximum incubation pe-
riod) with no new cases.

Discussion
An outbreak of COVID-19 occurred in a maximum-
security prison in Australia, spanning 48 days, with 
169 cases of SARS-CoV-2 infection diagnosed. Trans-
mission occurred within wings dedicated to entry-
quarantine and areas housing the general population. 
Infection severity among cases was predominantly 
asymptomatic or mild. The prison lockdown and 
mass testing schedule initiated as part of the outbreak 
response identified many asymptomatic and pres-
ymptomatic cases who were not detected through 
symptom-based testing or reported close contact. 
Genomic analysis identified distinct genomic clusters 
involving 4 Delta subvariants, indicating multiple in-
dependent viral incursions into the prison. Increased 
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Table 1. Demographic and clinical characteristics of incarcerated 
persons with SARS-CoV-2 in maximum-security prison, Australia, 
2021* 
Case characteristics Value, n = 169 
Age group 

 

 18–29 65 (38) 
 30–39 62 (36) 
 40–49 26 (17) 
 50–59 13 (8) 
 >60 3 (2) 
Likely source of infection acquisition 

 

 Prison 153 (92) 
 Community 16 (8) 
Housing location 

 

 General unit 69 (41) 
 Quarantine unit 100 (59) 
Cellmate placement in 14 days before date of infection 
 Housed alone 20 (12) 
 Housed with COVID-19 positive cellmate 47 (28) 
 Housed with COVID-19 negative cellmate 102 (60) 
Duration of incarceration before diagnosis, d 

 

 Median (IQR) 47 (19–100) 
 Range 0–804 
SARS-CoV-2 vaccination status at time of diagnosis 
 2 doses, >2 weeks after second dose 8 (5) 
 2 doses, <2 weeks after second dose 5 (3) 
 1 dose 45 (27) 
 0 doses 111 (66) 
Disease severity 

 

 Asymptomatic 43 (25) 
 Mild 114 (68) 
 Moderate 7 (4) 
 Severe 1 (1) 
 Unknown 4 (2) 
Symptomatic at diagnosis 62 (37) 
Symptomatic ever 122 (72) 
Reason for testing 

 

 Mass testing schedule 140 (83) 
 Entry screening 7 (4) 
 Quarantine screening 18 (11) 
 Symptom driven, close contact, or both 4 (2) 
SARS-CoV-2 Delta subvariant 

 

 130 35 (21) 
 130.18 11 (7) 
 130.34 65 (38) 
 130.74 17 (10) 
 Missing 41 (24) 
*Values are no. (%) except as indicated. IQR, interquartile range. 
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SARS-CoV-2 infection risk was associated with cell-
mate exposure, unvaccinated status, and housing in 
units dedicated to quarantine and isolation.

Global investigations of SARS-CoV-2 outbreaks 
in prisons have underscored the significance of sys-
tematic testing schedules and genomic sequencing 
(24,25). When implemented, mass testing frequently 
identifies widespread unrecognized infection and 
transmission (26,27). In this study, the most sub-
stantial peak in case detection occurred after the first 
round of mass surveillance testing, conducted the day 
after lockdown, which resulted in 80% of the prison 
population being tested, including many housed in 
blocks that were not previously subject to surveillance 
testing. That testing resulted in identification of un-
recognized transmission outside of quarantine wings, 
highlighting the limitations of surveillance strategies 
relying on close-contact and symptom-based testing, 
which may prolong outbreak duration (28). In addi-
tion, the availability of genomic evidence identified 
the recurring external introduction of SARS-CoV-2. 
Although the origins and pathways of the repeated 
introductions were unclear, vulnerabilities in entry 
quarantine procedures were revealed, and the impor-
tance of timely and extensive testing was reinforced. 
Continual widespread testing offers the advantage 
of detecting mild or asymptomatic infection in areas 
where clinical suspicion is low and provides the op-
portunity to monitor the effect of containment strat-
egies. Identifying those gaps provides a framework 
for developing more robust prevention measures for 
SARS-CoV-2 and other infectious respiratory patho-
gens within congregate settings.

Housing location was a key contributor to infection 
acquisition. Persons in quarantine units experienced 
≈2 times the risk for infection compared with those 
in general units. The increased risk for SARS-CoV-2  

infection in quarantine areas was attributed, in part, 
to the placement of undetected community acquired 
cases with uninfected cellmates during their manda-
tory 14-day entry quarantine. However, before lock-
down, cellmate-to-cellmate transmission accounted 
for only 10% of prison-acquired cases undergoing 
entry quarantine, indicating that other factors were 
more influential in transmission within dedicated 
quarantine wings. Although entry quarantine mea-
sures aim to confine potential transmission to quar-
antine wings, inadvertent exposure might occur. 
Specifically, interactions with mobile persons, such 
as incarcerated persons with special roles who move 
between areas, might unintentionally introduce infec-
tions into previously unaffected areas.

Cellmate exposure was associated with increased 
risk for infection. Although direct person-to-person 
transmission through close contact, whether between 
persons sharing a cell or direct interaction between 
incarcerated persons, appeared to be the primary 
mode of spread before the lockdown, transmission 
persisted even after movement restrictions were 
implemented. Phylogenetic clustering was observed 
among persons who were continuously housed alone 
or with an infected person for 14 days before their 
date of infection, supporting a shared transmission 
pathway despite the absence of known close contact. 
That clustering suggests close contact alone was not 
a prerequisite for SARS-CoV-2 transmission within 
a high-density congregate living environment and 
that the transmission of SARS-CoV-2 might be as-
sisted by the structural and environmental character-
istics inherent in prisons. This finding is necessary for 
planning preparedness and response to outbreaks of 
known and emerging airborne respiratory infections 
in such settings, particularly development of tailored 
interventions to mitigate transmission risk.
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Table 2. Incidence rate of and factors associated with SARS-CoV-2 infection in incarcerated persons in maximum-security prison, 
Australia, 2021* 

Characteristics 
No. 

infections 
Follow-up time, 
person-years 

Infection incidence/100 
person-years (95% CI)† 

Unadjusted hazard 
ratio (95% CI) 

Adjusted hazard ratio 
(95% CI) 

Overall 160† 131 121 (104–142) 0.98 (0.97–1.0) 0.99 (0.97–1.01) 
Living unit 

     

 General units  70 87 80 (63–102) Referent Referent 
 Quarantine units 90 44 202 (165–249) 2.43 (1.77–3.34) 1.90 (1.39–2.59) 
Vaccination status 

     

 Unvaccinated  102 56 183 (151–223) Referent Referent 
 First dose 45 47 95 (71–128) 0.67 (0.45–0.98) 0.84 (0.59–1.19) 
 Second dose 13 28 45 (26–78) 0.43 (0.24–0·77) 0.46 (0.27–0.79) 
Cellmate exposure status 

     

 No cellmate 18 35 51 (33–82) Referent Referent 
 NAT-negative cellmate 95 94 101 (83–124) 1.78 (1.07–2.95) 1.84 (1.11–3.05) 
 NAT-positive cellmate 47 2 1,888 (1,418–2,153) 21.74 (12.9–36.72) 18.87 (10.99–32.37) 
*NAT, nucleic acid testing. 
†Infection incidence analyses included 160 cases of SARS-CoV-2 infection among incarcerated persons; 9 cases were excluded because of positive test 
on prison entry (n = 4) or after transfer or release into the community (n = 5). 
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Although recent evidence has demonstrated 
vaccination and prior infection are major factors in 
reducing the infectiousness of index cases within 
prisons settings (29), data are limited on the effec-
tiveness of mass-timed vaccination during SARS-
CoV-2 outbreaks (29,30). Over the study period, 
the ongoing vaccination campaign progressively 
increased first dose coverage from 17% to 90% and 
second dose coverage from 4% to 64%. The result 
was a marked reduction in infection incidence with 
each additional dose administered. By using a time-
varying Cox model that accounted for changing 
vaccination status throughout the study period, we 
found that, compared with unvaccinated persons, 
infection incidence was approximately half that 
among those who had received 1 dose and one quar-
ter among those who received a second dose. That 
trend suggests a stepwise protective effect of vac-
cination against infections. Mass-timed vaccination 

should be considered a viable strategy for managing 
outbreaks of SARS-CoV-2 in prisons and congregate 
settings where other containment strategies may not 
be feasible, a finding that is relevant to other vac-
cine-preventable respiratory diseases.

Strengths of this study include complete capture 
of high-resolution spatiotemporal and person-day 
level data of the at-risk population, coupled with 
SARS-CoV-2 viral genomic information. Compara-
tively, in previously published studies, the absence 
of person-day level data required incidence rates and 
risk factors to be determined on the basis of a surrogate 
of the at-risk population size, typically the prison’s 
average population size or theoretical capacity (3,4,7). 
That limitation, combined with imprecise time-to-
event data because of infrequent testing (8,14,24), can 
distort the accuracy and measurement of incidence 
and risk factor calculations. Although mass testing 
and symptom surveillance was conducted among 
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Figure 2. Examples of probable and possible chains of transmission during SARS-CoV-2 outbreak in maximum-security prison 
in Australia, 2021. Cases are plotted temporally on the basis of infection date and spatially according to both location of infection 
acquisition and location at the time of diagnosis. Diamonds denote incarcerated persons working as sweepers and circles indicate 
community-acquired cases. Transmission is visualized with solid lines for probable transmission, dotted lines for possible, and double 
solid black lines for transmission between cellmates consistently housed together before and after lockdown. Arrowheads mark the 
likely direction of transmission, and line colors represent genomic sequence clusters. For transmission pathways where only 1 genomic 
sequence was available, the sequence identification is displayed below the patient. 
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staff, the level of detail available regarding daily staff 
movements and intra-prison contacts was insufficient 
to determine exposure risks or integrate into detailed 
chain-of-transmission analyses. However, available 
clinical and molecular epidemiology did not support 
transmission from staff to inmates, highlighting the 
predominance of inmate-to-inmate transmission. In 
addition, the Delta variant is no longer the globally 
predominant strain of SARS-CoV-2. Of consequence, 
variations in transmissibility, severity, and immune 
escape potential between SARS-CoV-2 variants might 
limit the generalizability of our results in settings or 
time periods involving other circulating variants.

Beyond the epidemiologic findings, a critical les-
son from this study was the demonstrated potential 
of integrating data sources to develop standardized 
reporting systems for infectious diseases in enclosed 
congregate settings. In collecting person-day-level 
data that encompassed demographic, clinical, geo-
spatial, and genomic information, we gained a deep 
understanding of the outbreak dynamic. Those data-
driven insights emphasize the need for prisons to 
establish enhanced surveillance systems by using 
routinely collected datasets from both health and 
corrective services. Leveraging those data can enable 
timely decision-making and tailored interventions. To 
be effective, collaboration between health and correc-
tive services is critical to ensure epidemiologic data 
are not only interpreted and integrated appropriately 
but also adapted to the unique operational nuances 
and demands of the correctional setting.

Our findings provide robust data on the factors 
associated with transmission of SARS-CoV-2 within 
prison settings and the feasibility of enhancing sur-
veillance of infectious respiratory pathogens by  

using routinely collected data. This approach can be 
applied more broadly to guide the management of 
future respiratory infection outbreaks with epidemic 
potential in enclosed settings. During the initial stag-
es of an outbreak, a timely and coordinated response 
is critical in limiting further spread and interrupting 
chains of transmission. When implemented together, 
strategic housing assignments, continual mass test-
ing with rapid NAT, genomic sequencing, and mass 
timed vaccination can substantially reduce the risk 
for SARS-CoV-2 transmission and mitigate the sever-
ity of outbreaks in high-density living environments.
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Figure 3. Timeline of SARS-
CoV-2 infections during outbreak 
in maximum-security prison in 
Australia, 2021. Bars indicate 
numbers of cases by housing 
location and date of infection; 
line indicates 7-day moving 
average of testing coverage.
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etymologia revisited
Coronavirus

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

In 1967, June Almeida and David Tyrrell performed electron mi-
croscopy 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 “coronavi-
rus,” 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. How-
ever, 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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The COVID-19 pandemic, caused by the zoonotic 
SARS-CoV-2 virus, led to an unprecedented glob-

al crisis in the 21st Century. The application of ad-
vanced sequencing technologies enabled rapid iden-
tification of emerging de novo SARS-CoV-2 variants 
and helped elucidate how prevailing lineages were 
arising and spreading. Singapore was among the 

first countries outside China to implement rigorous 
COVID-19 surveillance. During the early period of 
the SARS-CoV-2 outbreak, from late January to early 
March 2020, viruses from multiple patients in Singa-
pore exhibited a long, 382-nt deletion mutation in the 
open reading frame (ORF) regions ORF7b and ORF8 
(1) that was later eliminated in the population, pos-
sibly because of the reduction in case counts result-
ing from the country’s effective control measures (2). 
ORF8 deletions of varying lengths have repeatedly 
reemerged in subsequent major variants, including 
Alpha, Delta, and Omicron XBB.1 (3–6).

Studies investigating the intrahost dynamics of 
SARS-CoV-2 virus have demonstrated that intrahost 
single-nucleotide variants (iSNVs) are associated with 
virus shredding (7), transmission bottlenecks (8,9), pu-
rifying selection (10), immunosuppression (11), and 
vaccinations (12). Growing attention has been directed 
toward determining the complexity of viral evolution 
during persistent infections within hosts (13–15; M. 
Ghafari et al., unpub. data, https://doi.org/10.1101/
2024.06.21.24309297; N. Rutsinsky et al., unpub. data, 
https://doi.org/10.1101/2024.11.23.624482). Howev-
er, the intrahost evolutionary dynamics of SARS-CoV-2  
in Singapore remain largely uncharacterized. We  
investigated the longitudinal intrahost variation of 
SARS-CoV-2 in patients with varying durations of in-
fection during early 2020. 

Materials and Methods

Sample Collection
During March–May 2020, we collected a total of 198 
nasopharyngeal swab samples from 20 adult hospi-
talized COVID-19 patients at Singapore General Hos-
pital (SGH). Epidemiologic and clinical data included 
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The evolution and spread of SARS-CoV-2 variants have 
driven successive waves of global COVID-19 outbreaks, 
yet the longitudinal dynamics of intrahost variation with-
in the same patient remain less clear. We conducted a 
longitudinal cohort study by deep sequencing 198 swab 
samples collected from COVID-19 patients with varying 
infection durations. Our analysis showed that prolonged 
infections enhanced viral genomic diversity, leading to 
emergence of co-occurring variants that maintained high 
(>20%) frequency and became dominant in virus popu-
lations. We observed heterogeneous intrahost dynamics 
among individual patients, 2 of whom exhibited a minor 
variant of the spike D614G substitution over the course 
of infection. The increase in intrahost variants strongly 
correlated with prolonged infections, highlighting the 
complex interplay between viral diversity and host fac-
tors. This study revealed the intricate evolutionary mech-
anisms driving the emergence of de novo variants and 
lineage dominance, which could inform development of 
effective vaccine candidates and strategies to protect 
public health.
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age, sex, height, weight, body mass index, underlying 
conditions, intensive care unit (ICU) admission, in-
fection duration, leukocyte count, C-reactive protein 
(CRP) count, and remdesivir treatment.

RNA Extraction and Next-Generation Sequencing
We extracted viral RNA from swab samples and 
tested for the SARS-CoV-2 RNA-dependent RNA 
polymerase gene, as previously described (16). 
We generated complete SARS-CoV-2 genomes via 
next-generation sequencing. We conducted library 
preparation by using the Illumina RNA Prep En-
richment Kit (https://www.illumina.com) and 
performed viral enrichment by using Respiratory 
Virus Oligo Panel (Illumina), following manufac-
turer protocols. We quantified libraries by using 
the Qubit dsDNA HS Assay Kit (Thermo Fisher 
Scientific, https://www.thermofisher.com) and 
quality-checked by using 2100 Bioanalyzer (Agi-
lent Technologies, https://www.agilent.com). We 
ran pooled libraries on an Illumina MiSeq platform 
at 2 × 250 bp. We used Trimmomatic version 0.39 
(17) to quality-trim reads using a minimum read 
quality of 20, leading/trailing quality of 10, and a 
minimum length of 50. For samples collected on the 
first day of swab sampling, we mapped trimmed 
paired reads to the wild-type SARS-CoV-2 refer-
ence genome (GenBank accession no. NC_045512.2) 
using Burrow-Wheeler Aligner–Maximal Exact 
Match (18) with UGENE version 42 (19). We used 
Pangolin version 4.3.1 (20) to assign Pango lineages 

to SARS-CoV-2 genomes from patients (GISAID ac-
cession nos. EPI_ISL_19591944–57).

iSNV Analyses
To investigate within-host evolutionary dynamics of 
SARS-CoV-2, we used daily nasopharyngeal swab 
specimens collected from the 20 participants hospi-
talized at SGH over the course of infection, spanning 
up to 40 days. We deep sequenced all 198 samples, 
yielding 92 complete genomes from serial timepoints 
(Table 1). We used SAMtools (21) to identified iSNVs 
and generate mpileup files, then performed variant 
calling by using VarScan version 2.3.4 (22). 

We applied rigorous quality control steps to re-
duce sequencing errors. First, we trimmed and filtered 
reads with a minimum Phred score >30. We required 
variants to have sequencing depth of 200–60,000 reads, 
a p value of <0.01, variant read depth >10×, and ge-
nome coverage >95%. Then we used the strand-filter 
parameter to remove variants detected predominantly 
on either the forward or reverse strand but not both. To 
minimize false-positive results and exclude potentially 
fixed variants, we only retained variants with frequen-
cies of 5%–95%, following widely used minor allele fre-
quency cutoffs (13,23,24). That threshold is well above 
the reported error rates for next-generation sequencing 
platforms, ensuring reliable variant detection (25). For 
samples collected on the first day of hospitalization, 
we used SnpEff (26) to perform variant annotation on 
the basis of the wild-type reference genome (7,8,27,28). 
For longitudinal samples, we based annotations on  

 
Table 1. Epidemiologic and clinical characteristics of hospitalized patients in a study of rapid emergence and evolution of SARS-CoV-2 
intrahost variants among COVID-19 patients with prolonged infections, Singapore* 

ID 
Age,y/

sex BMI 
Underlying 
conditions† 

ICU 
admission 

No. days 
hospitalized 

Remdesivir 
treatment 

Median 
lymphocyte 

count‡ 

Median 
CRP, 
mg/L 

Median 
leukocyte 

count‡ 
Long-term 
medication 

Pangolin 
lineage 

P1 29/F 23.3 N N 5 N 0.71 0 3.95 N B.6.6 
P2 48/M 26.8 N N 13 Y 2.28 18.5 5.93 N B.6 
P3 70/M 22.5 Y Y 40 Y 0.79 236.5 10.89 Y B.6.6 
P4 65/M NA Y N 30 N 1.22 51.2 6.89 Y B.6.6 
P5 67/F 30.9 N N 14 Y 1.05 122 4.61 N B.1.104 
P6 28/M NA N N 7 N 1.75 0 4.28 N B.6.3 
P7 64/M 31.5 Y N 16 N 2.32 12.6 5.09 Y B.6.6 
P8 29/M 20.8 N N 5 N 1.14 0 4.45 N B.6.6 
PP9 35/F 21.6 N N 7 N 1.44 0.9 4.66 N B.1.1 
P10 25/M 21.7 N N 11 N 1.45 0 3.80 N B.6.6 
P11 32/M 27.3 N N 4 N 0.87 0 7.00 N B.1.1 
P12 41/M NA N N 6 N 0.98 0 4.99 N B.6.6 
P13 37/M 28.7 N N 6 N 0.92 0 2.48 N B.6.6 
P14 34/F NA N N 5 N 1.82 0 5.29 N B.6.6 
P15 54/M NA N N 12 N 1.18 0.3 8.83 N B.6.6 
P16 21/F NA N N 8 N 1.31 31.9 4.98 N B.1.1 
P17 50/M 31.8 N N 3 Y 1.61 73 4.65 N B.6 
P18 37/M NA N N 5 N 3.31 0 6.89 N ND 
P19 39/M 14.7 N N 5 N 0.74 0 3.73 N B.1.1 
P20 61/F 25.8 Y Y 30 Y 1.47 158 9.06 Y B.6 
*BMI, body mass index; CRP, C-reactive protein; ICU, intensive care unit; ID, patient identification; ND, not determined; P, patient. 
†Including hypertension or hyperlipidemia. 
‡Value × 109 cells/L. 
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the reference genome of the first confirmed Singapore 
case (BetaCoV/Singapore/2/2020; GISAID accession 
no. EPI_ISL_406973) that differs from the wild-type ref-
erence genome by a single nucleotide. We used MAFFT 
(https://mafft.cbrc.jp) to conduct genome alignments 
in Geneious Prime version 2022.1.1 (https://www.ge-
neious.com), then manually refined.

We identified iSNVs representing subconsen-
sus genetic diversity on the basis of nucleotide 
composition at each genomic position (27,29) (Ap-
pendix 1 Table 1, https://wwwnc.cdc.gov/EID/
article/31/8/24-1419-App1.xlsx). We found iSNV 
counts and frequencies were consistent when we used 
either the wild-type or BetaCoV/Singapore/2/2020 
reference genomes. We visualized iSNV frequen-
cies and distributions by using the ggplot2 package 
(https://github.com/tidyverse/ggplot2) and custom 
scripts in R (The R Project for Statistical Computing, 
https://www.r-project.org). We used the Complex-
Heatmap package (30) in R to display high (>20%) 
frequency iSNVs as heatmaps. To assess variation of 
iSNV counts and frequencies over the course of in-
fection, we stratified patients by illness duration into 
acute (<7 days) and prolonged (>8 days) groups. That 
cutoff reflects earlier studies indicating that mild or 
moderate COVID-19 cases typically resolve within a 
week, but severe cases exhibit extended viral shed-
ding (31–34). For each patient, we quantified the 
number of synonymous, nonsynonymous, and non-
sense (stop) variants. We normalized iSNV counts per 
gene by length (kb). We visualized normalized values 
across all sampling days per patient as bar plots, indi-
cating relative proportions of synonymous and non-
synonymous variants.

Correlation and Linear Regression Analyses
We used the corrplot package version 0.92 in R 
(https://CRAN.R-project.org/package=corrplot) to 
calculate Pearson correlation coefficients (r) for as-
sessing associations between iSNV counts and 11 
clinical variables and considered p<0.05 statistically 
significant. We defined iSNV counts as the number 
of unique genomic positions with a variant detected 
in >1 sample per patient. We classified correlation 
strength as very strong (r>0.7), strong (r = 0.5–0.7), 
moderate (r = 0.3–0.5), or weak (r<0.3). We further 
tested associations between iSNV counts and clini-
cal parameters by using a negative binomial regres-
sion model with a log-link function in the MASS 
package (35) in R. We performed Wilcoxon tests to  
compare factors between 2 groups. We used the  
Benjamini-Hochberg method to correct all p values 
for false discovery rate.

Ethics Considerations
This study was approved by the SingHealth Central-
ized Institutional Review Board (CIRB reference no. 
2018/3045) and the National University of Singapore 
(NUS) Institutional Review Board (NUS-IRB reference 
code 2022-320). Written informed consent was obtained 
from all participants. All recruited COVID-19 patients 
were hospitalized during the early phase of the pan-
demic, isolated in negative pressure rooms, and dis-
charged only after 2 consecutive negative quantitative 
PCR (qPCR) tests. All samples were de-identified and 
processed under Biosafety Level 3 conditions.

Results

Clinical Characteristics of Hospitalized  
COVID-19 Patients
The 20 enrolled patients ranged in age from 21 to 
70 (median 38 + 15.4) years, and body mass index 
ranged from 14.7 to 31.8 (median 25.8 + 5.0) kg/m2 
(Tables 1, 2; Appendix 2 Figure 1, https://wwwnc.
cdc.gov/EID/article/31/8/24.1419-App2.pdf). Hos-
pital stays varied from 3 to 40 (median 7 + 10.2) days. 
Five patients (P2, P3, P5, P17, and P20) received rem-
desivir treatment. Four patients (P3, P4, P7, and P20) 
had underlying conditions, including hypertension, 
and experienced SARS-CoV-2 infections lasting 16 to 
40 days (Table 1).

iSNVs in Longitudinal SARS-CoV-2 Samples
We analyzed subconsensus de novo iSNVs in longi-
tudinal samples from 16 COVID-19 patients. Of 198 
sequenced samples, only 92 samples had sequencing 

 
Table 2. Clinical features of patients in a study of rapid 
emergence and evolution of SARS-CoV-2 intrahost variants 
among COVID-19 patients with prolonged infections, Singapore* 
Characteristics All patients, n = 20 
Median age, y (range) 38 (21–70) 
Sex  
 F 6 (30) 
 M 14 (70) 
Healthcare worker 2 (10) 
Median height, cm (range) 168 (151–185) 
Median weight, kg (range) 69.2 (42.5–95.1) 
Median body mass index (range) 25.8 (14.7–31.8) 
Hypertension 4 (20) 
Intensive care unit admission 2 (10) 
Median length of hospitalization, d (range) 7 (4–40) 
Median C-reactive protein, mg/L (IQR) 41.53 (14.1–109.7) 
Median leukocyte count, × 109 cells/L 
(range) 

4.99 (2.5–21.7) 

Median lymphocyte count, × 109 cells/L 
(IQR) 

1.27 (0.97–1.68) 

Remdesivir treatment 5 (25) 
Long-term medication 4 (20) 
International travel 8 (40) 
*Values are no. (%) except as indicated. IQR, interquartile range. 
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depths of 200–62,000 reads, which we included for in-
trahost analysis. We excluded samples from 4 patients 
because reads were <200 or had inadequate coverage. 
Among the 16 included patients, we detected 4–108 
iSNVs per patient at frequencies of 5%–95% (Appen-
dix 1 Table 2) and more nonsynonymous than syn-
onymous mutations (Figure 1, panel A). Two patients 
(P2, hospitalized for 30 days, and P3, hospitalized for 
40 days) exhibited higher (>70) variant counts than 
other patients (Table 1; Figure 1, panel A).

Unique iSNVs were unevenly distributed across 
the genome. ORF7b and ORF10 exhibited moderately 
higher iSNVs per kilobase (Figure 1, panel B), and OR-
F1ab harbored the highest (n = 360) number of iSNVs 
compared with other gene regions (n = 4–60) (Ap-
pendix 1 Table 3). Within ORF1ab, nonsynonymous 
(n = 261) mutations exceeded synonymous (n = 61)  
mutations (Appendix 1 Table 4). Nonsynonymous 
mutations represented >50% of all variants in most 
genes, except for ORF6, ORF8, and ORF10 (Figure 1, 
panels C, D, Appendix 1 Table 4).

Temporal Intrahost Dynamics of SARS-CoV-2  
across Patients
To assess the prevalence and distribution of de novo 
variants across SARS-CoV-2 genomes, we combined 
iSNV data from all longitudinal samples of 16 pa-
tients (Appendix 1 Table 1). Frequency plots revealed 
numerous minor variants at both low (5%–10%) and 
mid (10%–50%) frequencies and a notable decrease in 
iSNV count at >50% frequency (Appendix 2 Figure 2). 
We detected 9 high-frequency (>70%) variants, none 
of which were shared between patients. Conversely, 
we observed shared iSNVs in more than half the pa-
tients, and >11 shared variants detected at frequen-
cies of 40%–70% (Appendix 2 Figure 2, panels A, B). 
For lower-frequency (5%–10%) variants, most were 
unique to individual patients, but a few were shared 
among multiple patients, including A7507C (OR-
F1a: K2414N), G10481A (ORF1a: G3406S), T15071A 
(ORF1b: L535I), T17190C (ORF1b: V1241A), T18402A 
(ORF1b: L1645Q), A20079T (ORF1b: H2204L), 
A21949C (spike: K129N), T23652C (spike: M697T), 

Figure 1. Distribution of iSNVs among patients in study of rapid emergence and evolution of SARS-CoV-2 intrahost variants among 
COVID-19 patients with prolonged infections, Singapore. A) Total number of iSNV detected in longitudinal samples from each patient, 
categorized as nonsynonymous or synonymous intrahost variants. B) Distribution plots of all iSNVs per kilobase among genes. 
Horizontal bars within boxes indicate medians; box tops and bottoms indicate upper and lower quartiles; vertical bars indicate minimum 
and maximum values. C) Overall iSNV counts across different genes with 5%–95% frequency from longitudinal samples of all patients. 
D) Overall proportions of iSNVs among genes. E, envelope; iSNV, intrahost single-nucleotide variant; kb, kilobase; M, membrane; N, 
nucleocapsid; ORF, open reading frame; S, spike.
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and A26433C (envelope: K63N) (Appendix 2 Figure 2, 
panel C). The K129N residues were in the N-terminal 
domain and the M697T residues were in the S2 sub-
unit of the spike protein.

We observed a diverse array of iSNVs and 
substantial interpatient variability in both num-
ber and frequency (Figure 2; Appendix 2 Figures 
3–6). Several patients, including P1, P8, P9, P13, 
P14, and P15, primarily harbored low-frequency 
(5%–20%) variants (Figure 2; Appendix 1 Table 1; 
Appendix 2 Figure 3). P1 exhibited more variants 
on day 1, most of which disappeared by day 2. That 
patient also harbored a unique spike substitution, 
A706S (Appendix 2 Figure 3), within the S2 subunit 
and had a short hospital stay of 5 days. By com-
parison, P5, who was older (>60 years of age) and 
hospitalized for 14 days, displayed a higher num-
ber of variants, particularly in the ORF1ab region, 
which appeared sporadically throughout infec-
tion (Figure 2; Appendix 2 Figure 3). That patient 
also carried a unique spike substitution at F823L.  
Patients with hospital stays >7 days, such as P2, 
P3, P4, P5, and P16, acquired more low-frequen-
cy variants (Figure 2; Appendix 2 Figures 3–6). 
Of note, P4 harbored a unique spike mutation at 

A397S within the receptor-binding domain of the 
spike protein as late as day 29 (Appendix 2 Figure 
6), and P16 acquired a mutation, H1271Y, on day 8. 
In most patients, although some variants persisted, 
most either disappeared or appeared intermittently  
during infection.

During April–May 2020, we identified 76 vari-
ants with frequencies >20% in >1 sample (Figure 3). 
Because all patients were isolated, most variants likely 
emerged independently at specific time points. How-
ever, only 13 variants persisted during the early pan-
demic phase (Figure 3). Those variants included dual 
mutations at C6310A (nonstructural protein [NSP] 3: 
S1197R) and C6312A (NSP3: T1198K); co-occurrence in 
NSP3 has been associated with increased infection se-
verity (34). Other persistent nonsynonymous variants 
included C8730T (NSP4: S59F), G11083T (NSP6: L37F), 
A12413C (NSP8: N108H), C19524T (NSP14: S495L), 
A23403G (spike: D614G), G25429T (ORF3a: V13L), and 
C28311T (N: P13L), suggesting those mutations were 
independently fixed. Among those mutations, the 
prominent spike D614G variant at nucleotide position 
23403 might have emerged in multiple patients and co-
incided with S1197R (position 6310) and T1198K (po-
sition 6312), indicating a potential fitness advantage. 

Figure 2. Variant heatmaps from 
individual patients in study of 
rapid emergence and evolution 
of SARS-CoV-2 intrahost variants 
among COVID-19 patients with 
prolonged infections, Singapore. 
A) Patient 1, infected with B6.6 
lineage; B) patient 5, infected 
with B1.1 lineage; C) patient 
16, infected with B1.1 lineage. 
Heatmaps show the frequency 
distribution of intrahost variants 
(5%–95%) identified in SARS-
CoV-2 genomes from longitudinal 
samples collected in hospitalized 
patients during March–May 
2020. Maps show corresponding 
genomic positions, associated 
genes, and amino acid changes. 
E, envelope; M, membrane; N, 
nucleocapsid; ORF, open reading 
frame; S, spike.
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The P13L mutation (position 28311) in the N gene has 
also been linked to reduced ICU admission and lower 
risk for death (36). Together, those findings highlight 
the emergence of diverse de novo synonymous and 
nonsynonymous variants in COVID-19 patients dur-
ing the early phase of the pandemic.

To assess the local prevalence of the spike D614G 
mutation, we analyzed all available SARS-CoV-2 
genomes from Singapore in 2020. The G variant of 
S614 was detected on March 5, 2020, and its preva-
lence increased substantially by mid-March (Fig-
ure 4, panel A). The 614G mutation was detected in  
several sublineages, predominantly in B.1 (42.3%) 
and B.1.1 (32.9%), and the 614D variant was predomi-
nant (73.4%) in the B.6.6 lineage (Figure 4, panels B, C; 
Appendix 1 Table 5).

Differential Landscape of Intrahost Evolution  
between SARS-CoV-2 B.1 and B.6 Lineages
To investigate differences in intrahost evolution, we 
compared iSNV distributions in patients infected 
with B.1 or B.6/B.6.6 lineage viruses. The B.1 lineage 
exhibited fewer minor variants (iSNVs = 71) at 5%–
20% frequency (Figure 5, panel A), whereas B.6/B.6.6 
showed a marked increase (iSNVs = 185) (Figure 5, 
panel B). B.1 lineage also had fewer mid- to high-fre-
quency (>20%) variants (n = 31) compared with B.6 (n 
= 60), although each lineage displayed a diverse set of 
shared high-frequency iSNVs.

In the B.1 lineage, several variants were shared 
among patients, including those at nucleotide po-
sitions 3037 (NSP3: F106F), 5434 (NSP3: G905G), 
7507 (NSP3: K1596N), 14408 (NSP12: L323L), 15071 

Figure 3. Temporal dynamics of 76 high-frequency iSNVs in study of rapid emergence and evolution of SARS-CoV-2 intrahost variants 
among COVID-19 patients with prolonged infections, Singapore. Colored closed circles represent synonymous variants; colored open 
circles represent nonsynonymous variants; crossed dots indicate variants at UTRs. Nucleotide positions of each iSNV are shown above 
the gray panels. The gradient of colored circles corresponds to iSNVs at respective nucleotide positions. Intrahost variants associated 
with persistent infections are highlighted in blue bold font, including the D614G intrahost variant (nucleotide position 23403), which 
marked is in red font above the corresponding open circles. Red rectangles indicate selected variants and their corresponding amino 
acid substitutions. iSNV, intrahost single-nucleotide variant; N, nucleocapsid; nsp, nonstructural protein; UTR, untranslated region.
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(NSP12: L544I), 18703 (NSP14: Q222H), 23403 (S: 
D614G), 20079 (NSP15: H153L), 21949 (spike: K129N), 
and 27750 (ORF7a: K119K) (Figure 5, panel A). In con-
trast, B.6/B.6.6 exhibited more low- to high-frequency 
iSNVs (Figure 5, panel B). However, we found only a 
few unique high-frequency (>20%) variants in 5 pa-
tients infected with B.6/B.6.6, including mutations 
at 6310 (NSP3: S1197R), 6312 (NSP3: T1198K), 11083 
(NSP6: L37F), 19524 (NSP14: S495L), and 28311 (N: 
P13L). Spike D614G was observed at lower frequen-
cies in B.6 patients compared with B.1.1 patients. Of 
note, 3 patients (P2, P3, and P4) acquired the S:D614G 
mutation during acute or postacute infection: P2 on 
day 1, P3 on day 3, and P4 as late as day 18 (Appendix 
2 Figures 4–6). That time to acquisition suggests high-
frequency variants might emerge over the course of 
infection, as in P3 and P4, who had B.6.6 lineage (Ap-
pendix 2 Figures 5, 6), but other variants might ap-
pear early, as in P16, who had B.1.1 lineage (Figure 2; 
Appendix 2 Figure 3).

Prolonged SARS-CoV-2 Infection and Increasing  
Intrahost Genetic Variability
We next compared de novo iSNVs in patients with in-
fections <7 days versus those with 8–40 days of active 
infection. Patients with prolonged infections yielded 
more (n = 223) iSNVs across the genome than those 
with shorter infections (n = 93 iSNVs) (Figure 5, pan-
els C, D). That difference was more pronounced in  

variants with >20% frequency (69 vs. 15). Among pa-
tients with shorter infections, most variants were at low 
(5%–20%) frequencies, and certain sites, such as 4329 
(NSP3: I537T), 7507 (NSP3: K1596N), 17190 (NSP13: 
V318A), and 27750 (ORF7a: K119K), occurred sporadi-
cally. In contrast, prolonged infections exhibited 69 
high-frequency (20%–80%) variants, although the fluc-
tuation among those variants should be interpreted 
with caution. Notable nonsynonymous substitutions 
included D614G (S), S1197R and T1198K (NSP3), L37F 
(NSP6), V13L (ORF3a), and P13L (nucleocapsid [N]). 
To explore intrahost diversity during prolonged (>8 
days) infection, we analyzed iSNVs during acute (<7 
days) and nonacute phases. Many (n = 133) iSNVs 
emerged within 7 days, and most persisted beyond 
day 8 of infection (Appendix 2 Figure 7). Of note, pa-
tients with prolonged infections exhibited more iSNVs 
during the first week than those with shorter illness 
durations (Figure 5, panel C; Appendix 2 Figure 7).

We further examined intrahost SARS-CoV-2 
evolution in individual patients. Most patients had 
numerous low-frequency iSNVs on day 1 (Figure 
6; Appendix 2 Figures 8–10). We observed distinct 
patterns across patients: P6 (7-day hospitalization) 
showed low-frequency variants on days 2 and 3 
and had few nonsynonymous variants (e.g., at nt 
position 12413) that were >25% by day 5 (Figure 
6, panel A). P2 (13-day hospitalization) exhibited 
more iSNVs, many of which disappeared by day 

Figure 4. Evolutionary 
landscape in study of rapid 
emergence and evolution of 
SARS-CoV-2 intrahost variants 
among COVID-19 patients with 
prolonged infections, Singapore. 
A) Number of SARS-CoV-2 
cases carrying the spike 614D or 
614G mutations in all available 
SARS-CoV-2–positive samples. 
Dotted red line shows the first 
detection of the 614G mutation 
in Singapore. B, C) Percentages 
of different SARS-CoV-2 Pango 
lineages containing the 614D (B) 
or 614G (C) residues in the  
spike protein. 
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8 (Figure 6, panel B). Both patients were infected 
with B.6.6, but P2 was older (48 years of age) and 
treated with remdesivir and P6 (28 years of age) 
was not treated (Table 1).

Two patients experienced prolonged infections; P4 
had a 30-day infection, and P3 had a 40-day infection. 
P4 displayed several high-frequency nonsynonymous 
variants at positions 11071 and 11083 as early as day 1 
(Figure 6, panel C), suggesting founder variants were 
present. In contrast, P3 showed many low-frequency 

iSNVs throughout infection, and only a few persisted 
beyond 3 weeks (Figure 6, panel D). Both patients were 
infected with lineage B.6.6. Specifically, in P3, the spike 
D614G variant fluctuated in frequency (Figure 6, panel 
D). It first appeared at 7% on day 3 (April 10, 2020), 
remained <18.2% for over a week, and then rose to 
60.4% by day 15 (April 22, 2020) (Appendix 2 Figure 4). 
In contrast, patients with shorter (<7 days) infections 
(P1 and P7–P15) exhibited fewer iSNVs and limited 
frequency variation (Appendix 2, Figures 9,10). Those 

Figure 5. Comparative analysis of variants among lineages and infection durations in study of rapid emergence and evolution of SARS-
CoV-2 iSNVs among COVID-19 patients with prolonged infections, Singapore. A, B) Variant frequency between B.1 lineages (A) and 
B.6 or B.6.6 lineages (B). Red arrows indicate the appearance of intrahost D614G spike variant at nucleotide position 23403. C, D) 
Variant frequency between COVID-19 patients with shorter infections (<7 days) (C) and those with prolonged infections (8–40 days) (D). 
Colored circles represent the number of patients with co-occurring intrahost variants; circle size is proportional to patient count. iSNVs, 
intrahost single-nucleotide variants.
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findings highlight the variability in intrahost variant 
abundance and dynamics among patients.

Correlation between iSNV Counts and Clinical Variables
Finally, we assessed Pearson correlations between 
iSNV counts and 11 clinical variables. We observed 
strong positive correlations with underlying condi-
tions (r = 0.55), ICU admission (r = 0.80), infection 
duration (r = 0.78), remdesivir treatment (r = 0.81), 
leukocyte count (r = 0.66), and CRP (r = 0.78) (Table 
3; Figure 7). Those variables also demonstrated strong 
intercorrelations, suggesting collinearity. Regression 
analysis further confirmed a statistically significant as-
sociation between iSNV count and infection duration 
(p = 0.004) (Appendix 1 Table 6; Appendix 2 Figure 
11). We observed no statistically significant differences 

between B.1 and B.6 lineages when comparing patient 
age or iSNV counts (Appendix 2 Figure 12). Collective-
ly, those findings suggest host factors and treatment 
interventions influence the emergence of intrahost 
variants and contribute to viral genomic diversity.

Discussion
As with most RNA viruses, SARS-CoV-2 under-
goes rapid mutations and continuously generates de 
novo genetic variants, seeding sequential epidemics  
worldwide. In this study, we uncovered longitudinal 
intrahost dynamics of SARS-CoV-2 among hospital-
ized patients during the early months of the pandem-
ic. Genomic analysis revealed a substantial number 
of intrahost variants emerged at varying frequencies 
from the first day of virus detection onwards. The 

Figure 6. Temporal evolution of iSNVs in study of rapid emergence and evolution of SARS-CoV-2 intrahost variants among COVID-19 
patients with prolonged infections, Singapore. The dot plots illustrate iSNVs detected over time and their fluctuations throughout the 
course of infection in 4 patients: A) patient 6, a 28-year-old man, who had a short infection and hospitalization lasting 7 days; B) patient 
2, a 48-year-old man, who had a longer infection and hospitalization of 13 days; C) patient 4, a 65-year-old-man, who had a prolonged 
infection and hospitalization lasting 30 days; and D) patient 3, a 70-year-old man, who had a prolonged infection and hospitalization 
lasting 40 days. Colored gradient circles represent days of infections, and the shaded vertical bar indicates the spike region. Red arrows 
indicate nonsynonymous iSNVs that persisted at high frequency. iSNVs, intrahost single-nucleotide variants; nonsyn, nonsynonymous 
variants; U syn, synonymous variants; TR, untranslated region.
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low-frequency variants likely resulted from relaxed 
selection of a virus transmitting in an immunologi-
cally naive population or might be indicative of ad-
aptation to the new human host. Relaxed selection 
on a virus population was previously observed in 
the first year of pandemic influenza A(H1N1) virus 
circulation in 2009, before the virus was subjected to 

immune-driven selection either from widespread in-
fection or vaccination (37).

Intrahost population bottlenecks and natural se-
lection play crucial roles in eliminating nonadvanta-
geous variants (24). Several studies have indicated 
that intrahost variants show evidence of positive se-
lection within persons who have persistent infections 

Figure 7. Correlation between 
iSNVs and clinical parameters 
in study of rapid emergence and 
evolution of SARS-CoV-2 intrahost 
variants among COVID-19 
patients with prolonged infections, 
Singapore. Correlation matrix 
illustrates the relationships 
between the number of iSNVs and 
various clinical variables. Asterisk 
denotes duration of infection. 
Colored gradient indicates the 
degree of pairwise correlation with 
respect to Pearson correlation 
coefficient. Blue ellipsoids 
represent positive associations 
between any pairwise variables; 
orange ellipsoids denote negative 
correlations; the darker and 
narrower blue ellipsoids indicate 
stronger positive correlations. 
Black X denotes correlations that 
are not statistically significant 
(p>0.05). BMI, body mass 
index; CRP, C-reactive protein; 
ICU, intensive care unit; iSNVs, 
intrahost-single nucleotide variants; 
remdes, remdesivir.

 
Table 3. Pearson correlation matrix of iSNV counts and clinical characteristics patients in a study of rapid emergence and evolution of 
SARS-CoV-2 intrahost variants among COVID-19 patients with prolonged infections, Singapore* 

Characteristic Age Sex Height Weight BMI 
Underlying 
conditions† 

ICU 
admission 

Infection 
duration  

Leukocyte 
count 

Remdesivir 
treatment CRP 

iSNV 
counts 

Age – 0.00 –0.56 0.16 0.54 0.71 0.54 0.79 0.54 0.72 0.77 0.58 
Sex 

 
– 0.43 0.35 0.04 0.32 0.22 0.22 0.26 –0.05 –0.02 0.21 

Height   
– 0.30 −0.39 –0.09 –0.16 –0.38 –0.36 –0.50 –0.43 –0.21 

Weight 
   

– 0.75 0.04 –0.38 –0.18 –0.40 –0.18 –0.32 –0.26 
BMI 

    
– 0.08 –0.26 0.08 −0.13 0.22 0.02 −0.10 

Underlying 
conditions† 

     
– 0.81 0.88 0.73 0.32 0.70 0.55 

ICU admission 
      

– 0.92 0.85 0.51 0.88 0.80 
Infection 
duration 

       
– 0.90 0.66 0.91 0.78 

Leukocyte 
count 

        
– 0.55 0.76 0.66 

Remdesivir 
treatment 

         
– 0.76 0.81 

CRP 
          

– 0.78 
iSNV counts 

           
– 

*Bold text indicates p<0.05. BMI, body mass index; CRP, C-reactive protein; ICU, intensive care unit; iSNV, intrahost single nucleotide variant. 
†Including hypertension or hyperlipidemia. 
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or chronic diseases or who are immunocompromised 
(13,38–41). Therefore, persistent infections might 
serve as suitable reservoirs for harboring de novo 
variants that can spread into the broader community. 
We showed that prolonged infections played a role in 
contributing to the broader range of genomic diver-
sity within hosts. We also observed differential pat-
terns of intrahost dynamics among Pango lineages. Of 
note, the presence of spike D614G in 3 patients with 
B.6 and B.6.6 lineages suggest that mutation evolved 
independently. However, because of stringent quar-
antine controls, those COVID-19 patients remained 
hospitalized until they tested negative by qPCR for 
2 consecutive days before being discharged, prevent-
ing further transmission of that variant.

We also demonstrated that the magnitude of in-
trahost diversity was positively correlated with host 
and clinical factors. Higher leukocyte counts and in-
creased CRP levels also have been associated with 
COVID-19 severity (42,43). Persistent SARS-CoV-2 
infections have been shown to lead to extended 
periods of ongoing replication, enabling the virus 
to remain infectious and evolve immune escape 
mechanisms within hosts (44). In addition, older 
populations, particularly persons >65 years of age, 
might have impaired immune response, which has 
also been shown to result in a higher risk for long  
COVID (45) and an increased risk for reinfection 
with Omicron variants (46). Antiviral treatment has 
been suggested to contribute to greater levels of vi-
ral intrahost diversity (47).

The ongoing evolution and transmission of 
SARS-CoV-2 have triggered periodic epidemic waves 
in many countries, driven by the sequential emer-
gence of variants over time and geographic space. 
Intrahost investigations have captured the dynamic 
patterns of population shifts, both longitudinally 
and cross-sectionally. Here, we showed the role of 
single-nucleotide variants in contributing to the over-
all genetic diversity and adaptive evolution of SARS-
CoV-2 lineages. Collectively, both viral and host fac-
tors play major roles in the emergence and persistence 
of variants, which can increase the virus’s ability to 
evade immune-driven and vaccine-driven antibod-
ies, displacing older lineages and potentially seeding  
future outbreaks. 

In conclusion, we identified shared SARS-CoV-2 
variants across multiple patients and found that only 
a limited subset of high-frequency variants predomi-
nated and persisted throughout the course of infec-
tions. We also found that prolonged infections are 
positively associated with increased genetic diver-
sity, underscoring the significant role of virus–host 

interactions in shaping intrahost variation and evo-
lution. Enhanced genomic sequencing and monitor-
ing should be prioritized for vulnerable populations, 
such older adults, immunocompromised persons, 
and persons living with chronic diseases. The data 
generated from this study provide crucial insights 
into the emergence and transmission of de novo vari-
ants and can inform the development of effective vac-
cine candidates and strategies for protection.
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Globally, fungi continue to emerge as serious 
threats to human health, marked by an increase 

in incidence of invasive fungal infections and deaths, 
the growing burden of cutaneous and allergic fungal 
diseases, and the rapid emergence of antifungal resis-
tance in fungi pathogenic to humans (1). The number 
of fungi associated with invasive disease is rising as 
new pathogenic fungi emerge and modern sequenc-
ing and analysis approaches drive insights into fun-
gal taxonomy (2,3). Emergence of new pathogenic 
species and increased infections caused by previous-
ly rare or region-specific pathogens might be attrib-
uted in various cases to climate change (4–7), more 
frequent or severe natural disasters (8,9), expanding 
host populations (10–12), increased use of antifungal 
agents in clinical or industrial practice, or other un-
known epidemiologic drivers.

Considering the immense diversity of fungi and 
the emergence of new pathogens, ongoing epidemio-
logic and molecular surveillance of fungal infections is 
essential. Current phenotypic and biochemical meth-
ods do not reliably identify rare or emerging fungal 
pathogens, and misclassification can occur (13–15). 
Molecular approaches, such as internal transcribed 
spacer (ITS) sequencing, and genomic approach-
es, such as whole-genome sequencing (WGS), can  

provide greater specificity for distinguishing new or 
uncommon fungal infections; however, those meth-
ods might not be available to clinical microbiology 
laboratories in some resource-limited settings (16).

In late 2022, the Aga Khan University Hospital 
(AKUH) clinical mycology laboratory in Karachi, 
Pakistan, noticed increased cases of yeast, biochemi-
cally identified as Clavispora lusitaniae, cultured from 
the blood of infants admitted to neonatal intensive 
care units. Most isolates were subsequently identi-
fied by WGS as Scheffersomyces spartinae, an envi-
ronmental yeast with high tolerance to temperature, 
pH, and salinity changes (17,18). S. spartinae has 
been isolated from brackish waters, marshes, and 
oceans and can survive temperatures of 5°C–35°C, 
pH of 3–9, and salinity of 0–60 g/L NaCl (19,20). We 
conducted genomic analyses of available isolates to 
identify epidemiologic characteristics of S. spartinae 
infections in Pakistan.

Methods

Study Setting and Duration
The study was performed at AKUH during 2020–
2024. The AKUH clinical microbiology laboratory 
received specimens from 315 satellite collection units 
in 99 cities and towns across all 4 provinces of Paki-
stan. Specimens were sent at the primary physician’s 
request; the laboratory had no control over specimen 
ordering. 

Isolate Collection
The AKUH clinical microbiology laboratory fol-
lowed a standardized approach for processing fungal 
cultures and selecting specimens for archiving. The 
laboratory received and cultured blood samples in 
a BacT/ALERT continuous monitoring system (bio-
Mérieux) for 5 days. If samples were flagged posi-
tive, results of Gram stain from the broth determined 
the choice of solid media for subculture. Specimens 
with yeast on Gram stain were inoculated on BD 
BBL sheep blood agar, BD BBL Saboraud’s dextrose 
agar, and BD BBL CHROMagar chromogenic agar 
plates (all from Becton, Dickinson and Company) and  
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Prevalence of emerging fungal infections is increasing, 
particularly among immunocompromised persons, chil-
dren, and older persons. We report 108 cases of Schef-
fersomyces spartinae infection in pediatric patients from 
Karachi and other cities in Pakistan, of which 107 were 
identified from blood cultures. Cultures were initially mis-
identified as Clavispora lusitaniae by a biochemical assay 
before speciation as S. spartinae by whole-genome se-
quencing. All isolates were from children <12 years of age, 
and >69% were from children <1 month of age. Isolates 
were genetically distinct across regions of Pakistan; how-
ever, genetic diversity was low in isolates from patients 
in Karachi and nearby Nawabshah and had median dif-
ferences of just 9 pairwise nucleotide variants. This study 
demonstrates S. spartinae is a potentially emerging patho-
gen in neonates and young infants in Pakistan. The find-
ings highlight the limitations of phenotypic identification for 
detecting emerging fungal infections and underscore the 
value of molecular identification approaches.
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incubated at 35°C–37°C. In addition, the laboratory 
staff struck yeast on BiGGY agar and Corn Meal Agar 
with Tween 80 (all Oxoid) for morphological identifi-
cation, then performed biochemical identification by 
using the VITEK 2 YST ID card system (bioMérieux). 

Antifungal susceptibility was determined by us-
ing the Sensititre YeastONE system (Thermo Fisher 
Scientific). Laboratory staff regularly reviewed sam-
ple processing records and selected isolates resistant 
to fluconazole, echinocandins, or amphotericin B and 
uncommon or rare yeast isolates for banking. Select-
ed isolates were recultured on potato dextrose agar 
and incubated at 37°C for 48 hours. Staff transferred 
colonies from pure cultures to vials of 50% glycerol 
phosphate broth and banked isolates at −80°C. 

Retrospective Data Review
We reviewed the laboratory database to identify all 
cases of C. lusitaniae in blood cultures from 2015–2024. 
We retrieved patient age, sex, location of residence, 
and contact details from the clinical laboratory’s inte-
grated laboratory information system. For most cases, 
the contact details were for patients or their guard-
ians and not for the treating physicians. We obtained 
informed consent from the patients or their guardians 
by telephone in the presence of a witness before ob-
taining medical histories. We recorded information 
in a database on REDCap. The AKUH ethical review 
committee provided ethical review and approval 
(study nos. 2022-6798-20372 and 2019-0438-2659).

Whole-Genome Sequencing
We inoculated banked isolates in sterile brain heart 
infusion broth for overnight incubation at 37°C and 
subcultured on Sabouraud’s dextrose agar for DNA 
extraction. We performed cell lysis from colonies by 
using glass beads in lysis buffer and proteinase K 
and 2 cycles of vortexing at 3,000 rpm for 1 minute 
each. We then incubated cells at 56°C for 15 minutes. 
We used the QIAquick DNA Minikit (QIAGEN) to 
extract genomic DNA from the lysate using the de-
fault protocol, eluted in AE buffer, and either stored 
at −20°C for <2 weeks before sequencing or stored 
at −80°C if sequencing was not performed within 
2 weeks. Sequencing was performed at Aga Khan 
University (AKU) or Northwestern University (NU; 
Chicago, Illinois, USA). We used the Speed Vac vac-
uum concentrator (Thermo Fisher Scientific) to dry 
extracted DNA specimens before shipping to NU at 
ambient temperature. NU performed WGS by using 
the NovaSeq X or MiSeq platforms (Illumina) after li-
brary preparation with the plexWell Library Prep Kit  
(SeqWell). AKU sequenced a subset of the specimens 

on the Illumina MiniSeq platform after library prepa-
ration using the Nextera XT Kit (Illumina). 

We trimmed Illumina read sequences by using 
fastp version 0.23.2 and performed de novo assembly 
by using SPAdes version 3.9.1. We removed contigs 
<200  bp or that had <5× mean read coverage. We 
used BUSCO and the saccharomyces_odb10 database 
(21) to assess completeness of genome assembly. We 
performed species identification by extracting ITS se-
quences from draft assemblies by using in silico PCR 
and previously described primer sequences ITS5 and 
ITS4 (22). We compared resulting sequences against 
the National Center for Biotechnology Information 
(NCBI) Fungal ITS RNA sequence database (BioPro-
ject accession no. PRJNA177353) using BLAST (23). 
We generated ITS sequence alignments by using 
MAFFT (24) and generated neighbor-joining trees by 
using RapidNJ (25).

Long-Read Sequencing
We randomly selected 1 isolate, 128-CS, for long-read 
sequencing on the MinION sequencer at AKU by us-
ing a Flongle Flow Cell R10.4.1 after genomic DNA 
library preparation using the Ligation Sequencing Kit 
V14 (all Oxford Nanopore). We used the 400-bp super 
accuracy model for basecalling, then performed ge-
nome assembly by using Trycycler version 0.5.0 (26) 
as follows. We filtered raw nanopore reads by using 
Filtlong version 0.2.1 to remove reads of <1,000 bases 
and the 5% of reads with the lowest quality. We used 
Trycycler to subsample reads into 12 subsets, then sep-
arately reassembled read subsets by using Raven ver-
sion 1.5.3 (27). We used Trycycler to perform cluster-
ing, reconciliation, circularization, multiple sequence 
alignment, and consensus sequence generation from 
the 12 assemblies. We polished the resulting consen-
sus assembly with nanopore long reads and medaka 
version 1.4.3 using the r1041_e82_400bps_sup_v4.1.0 
model. We aligned Illumina reads to the assembly by 
using BWA version 0.7.15 (28) and corrected assembly 
errors by using Polypolish version 0.5.0 (29) and the 
POLCA module of MaSuRCA version 4.0.9 (30,31). 
We deposited sequences in the NCBI BioProject data-
base (accession no. PRJNA1164417) (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/31/8/24-
1604-App1.xlsx).

Single-Nucleotide Variant Identification  
and Phylogenetic Analysis
We aligned Illumina reads from each isolate to the 
genome sequence of strain 128-CS by using BWA ver-
sion 0.7.15 (28). We used bcftools version 1.9 and a 
haploid model to identify single-nucleotide variants 
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(SNVs) and skipped bases with quality <25 or align-
ment quality <30. We further filtered SNVs by using 
the bcftools_filter software, as previously described 
(32), to remove variants with SNV quality scores 
of <200, read consensus <75%, read depth <5, read 
numbers of <1 in each direction, or locations within 
repetitive regions as defined by BLAST alignment of 
the reference genome sequence against itself. We gen-
erated a maximum-likelihood phylogenetic tree from 
the core genome alignment by using IQ-TREE ver-
sion 2.2.0 and the ModelFinder function to estimate 
the best fit nucleotide substitution model by means 
of Bayesian information criterion (33,34). We used the 
ultrafast booststrap method (35) with 1,000 replicates 
to assess tree topology. We used phylo-treetime 0.11.4 
to estimate time-scaled phylogeny by using the previ-
ously inferred maximum-likelihood phylogeny and 
incorporating specimen sampling dates using the co-
variation and stochastic-resolve options, an autocor-
related molecular clock with the relax 1.0 0.5 option, 
and then rerooted the tree by using the least-squares 
method (36). We visualized and annotated the tree in 
R version 4.2.2 (The R Project for Statistical Comput-
ing) by using the ggtree version 3.8.0 and ggtreeExtra 
version 1.8.1 packages (37,38).

Results
During 2015–2023, the AKUH clinical microbiology 
laboratory identified 432 presumed Clavispora (for-
merly Candida) lusitaniae fungemia cases. Presumed 
C. lusitaniae cases detected from blood cultures in-
creased from 10–20 cases/year during 2015–2019 to 

30 cases in 2020 and 56 cases in 2021. The number of 
cases detected from cultures from blood specimens 
further increased to 108 in 2022 and to 150 in 2023 
(Figure 1, panel A), representing <0.11% of the total 
annual blood culture specimens processed by the lab-
oratory (Appendix Table 2). Of the 432 C. lusitaniae 
cases, 415 patients (96.1%) were <13 years (4,745 days) 
of age and 365 (84.5%) were <1 year (365 days) of age: 
326 (75.4%) <3 months of age, 274 (63.4%) <1 month 
of age, and 68 (15.7%) <7 days of age. Reflective of the 
primary referral base for the AKUH laboratory, most 
(n = 369; 85.4%) C. lusitaniae bloodstream cases were 
from Karachi, and 241 (55.8%) samples were from 1 
tertiary care public sector pediatric hospital.

Using the laboratory practices for isolate banking 
described herein, 136 presumed C. lusitaniae isolates 
had been banked: 21 of 31 isolates cultured in 2020, 0 
of 56 isolates cultured in 2021, 29 of 108 isolates cul-
tured in 2022, 80 of 150 isolates cultured in 2023, and 
6 of 15 isolates cultured in January of 2024. To inves-
tigate those cases, we performed WGS on banked iso-
lates, 121 of which yielded high-quality assemblies. 
We excluded 15 isolates because total contig size ex-
ceeded 12.3 million bases (n = 8), total contig number 
exceeded 800 (n = 11), genome coverage was <95% 
as determined by BUSCO (n = 9), or a combination 
of those factors. BUSCO analyses showed equivalent 
rates of assembly completeness, fragmentation, and 
missingness between the isolates sequenced at ei-
ther institution. Querying the internal ITS sequences 
from the whole-genome assemblies against the NCBI 
ITS database showed that just 13 (11%) of the 121  

Figure 1. Characteristics of yeast biochemically identified as Clavispora lusitaniae during an outbreak of Scheffersomyces spartinae 
fungemia among pediatric patients, Pakistan, 2020–2024. A) Number of blood cultures with yeast identified as C. lusitaniae by patient 
age range and year, 2015–2023. Biochemical species identification performed by VITEK 2 YST ID card system (bioMérieux). B) 
Species designation by internal transcribed sequence among isolates initially identified as C. lusitaniae from blood or other sources that 
subsequently underwent whole-genome sequencing, 2020–2024.
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high-quality genome sequences were true C. lusita-
niae, whereas ITS sequences from the other 108 (89%) 
sequences had 99.3%–100% sequence identity with 
the ITS sequence of Scheffersomyces spartinae CBS 6059 
(NCBI accession no. NR_111290.1) (Figure 1, panel B; 
Appendix Table 1).

The median age of S. spartinae patients was 19.5 
days (range 2 days–12 years); 68.5% of cases were 
among infants <4 weeks of age (Table 1). For most 
cases, specimens were obtained in Karachi, reflec-
tive of catchment, but >8% of cases were identified in 
patients from other regions. Most (69.4%) cases were 
identified at a single hospital (hospital H) in Karachi 
specializing in neonatal and pediatric care. Blood cul-
tures from that hospital constituted 1.4% of the total 
blood cultures processed by the AKUH clinical mi-
crobiology laboratory since 2020, and 2.9% of blood 
cultures from that hospital were C. lusitaniae positive 
by biochemical assay (Appendix Table 2). 

We cultured S. spartinae from specimens received 
from 14 different institutions but could not determine 
the origin of 11% of specimens (Table 1). Of patients 
whose families or guardians could be contacted and 
consented to provide clinical information (92/108), all 
were hospitalized at the time of specimen collection. 
Treating physicians provided admitting diagnoses  
and brief clinical histories for 63 (58.3%) patients, 43 
(68.2%) of whom were admitted for sepsis. MICs for 
amphotericin, azole, and echinocandin antifungal 
drugs were low among the 108 S. spartinae isolates 
tested, and MIC90 values were <1 µg/mL for all agents 
in those classes (Table 2).

Isolate 128-CS, which we selected for long-read 
sequencing, came from a sample collected in Kara-
chi in December 2022. Assembly from long and short 
reads of 128-CS produced 8 linear chromosomes 
ranging in length from 1.19 to 2.05 Mbp and 1 circu-
lar mitochondrial genome, for a total genome size of 
12.27 Mbp (Appendix Table 3). Comparison of the ITS 
sequence of isolate 128-CS to the NCBI ITS database 
reconfirmed S. spartinae (Figure 2).

Phylogenetic analysis of all 108 S. spartinae se-
quences aligned to 128-CS revealed that most se-
quences belonged to a clade consisting of nearly all 
specimens obtained from Karachi and 2 specimens 
from Nawabshah (Figure 3). That large clade (clade 
A) contained 2 subclades, clades A-1 and A-2 (Figure 
4). We also identified 2 smaller clades: clade B, consist-
ing of 1 isolate each from Karachi and Hafizabad and 
all 5 isolates from Lahore, and clade C, consisting of 
1 genetically distant sequence isolated from a patient 
in Multan (Figure 3). Although the Multan isolate dif-
fered by >213,000 SNVs from 128-CS, the ITS regions 

of the 2 isolates were 100% identical. All isolates in 
clade B were collected from infants <1 month of age; 
the clade C isolate was collected from a 6-month-old 
child (Figure 3, panel A).

Because most isolates cultured during 2020–2024 
were closely related, we examined the characteristics 
of those 100 specimens. Within that clade, the medi-
an pairwise genetic distance across the 12.2 million 
base alignment was just 9 (range 0–22) SNVs. The 
time-scaled maximum-likelihood phylogenetic tree 
showed that, despite the small genetic distances be-
tween sequences, subclades A-1 and A-2 are separat-
ed with >80% bootstrap support (Figure 4). Isolates 

 
Table 1. Patient demographic and clinical characteristics from 
cases of Scheffersomyces spartinae fungemia among pediatric 
patients, Pakistan, 2020–2024 
Characteristics No. (%), n = 108 
Age group  
 <2 wk 40 (37.0) 
 2–3 wk 34 (31.5) 
 1–6 mo 5 (4.6) 
 7–11 mo 8 (7.4) 
 1–6 y 14 (13.0) 
 7–12 y 7 (6.5) 
City of residence  
 Karachi 99 (91.7) 
 Lahore 5 (4.6) 
 Nawabshah 2 (1.9) 
 Hafizabad 1 (0.9) 
 Multan 1 (0.9) 
Isolation year  
 2020 16 (14.8) 
 2021 0 
 2022 20 (18.5) 
 2023 66 (61.1) 
 2024 6 (5.6) 
Hospital or institution  
 Hospital B 5 (4.6) 
 Hospital H 75 (69.4) 
 Hospital N 5 (4.6) 
 Hospitals with only 1 case 11 (10.2) 
 Unknown hospital 12 (11.1) 
Clinical details  
 Patient family or guardian contacted 92 (85.2) 
  Hospitalization reported, n = 92 92 (100) 
 Clinical information available 63 (58.3) 
  Presumed sepsis, n = 63 43 (68.2) 

 

 
Table 2. MICs of 108 isolates from Scheffersomyces spartinae 
fungemia among pediatric patients, Pakistan, 2020–2024* 

Antifungal drug 
MIC, µg/mL 

Detected range MIC50 MIC90 
Fluconazole 0.06–16 0.5 1 
Itraconazole 0.015–2 0.06 0.12 
Voriconazole 0.008–1 0.03 0.03 
Posaconazole 0.008–1 0.03 0.06 
Flucytosine 0.06–64 32 64 
Amphotericin 0.03–0.5 0.12 0.25 
Caspofungin 0.015–0.5 0.06 0.12 
Anidulafungin 0.015–0.5 0.12 0.12 
Micafungin 0.015–0.25 0.06 0.12 
*MIC50, concentration required to inhibit 50% of strains; MIC90, 
concentration required to inhibit 90% of strains. 
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from 2020 were all in clade A-2 and clustered more 
closely with each other than with most later isolates; 
we excluded 1 isolate, 2020-498, which did not follow 
the fitted molecular clock. All 5 isolates from hospital 
B were in the same subclade; otherwise, we noted no 
apparent association between sampling location and 
either isolation date or genetic similarity. 

Isolates from patients <1 month of age predomi-
nated in subclade A-2, comprising 93.6% of that clade 
compared with 38.5% of clade A-1 (p<0.001 by Fisher 
exact test) (Table 3). No association between patient 
age and genetic similarity was noted among isolates 
in either subclade. Only isolates from hospital H were 

represented in both subclades and were equally dis-
tributed (Table 3). Those results suggest that genetic 
distances are small among S. spartinae in that group; 
that isolates were diverse across time, geography, 
and patient ages; and that closely related but inde-
pendent lineages were cocirculating within the same 
region and institution, potentially indicating separate 
sources of infection.

Discussion
We describe S. spartinae as a cause of fungemia in 
pediatric patients in Pakistan. S. spartinae has been 
previously described as an environmental organism 

Figure 2. Internal transcribed 
spacer (ITS) sequence phylogeny 
of Scheffersomyces spartinae 
isolate 128-CS from fungemia 
among pediatric patients, 
Pakistan, 2020–2024. Midpoint-
rooted neighbor-joining tree from 
alignment of ITS sequence of 
strain 128-CS and the 14 most 
closely related ITS sequences 
in the National Center for 
Biotechnology Information Fungal 
Internal Transcribed Spacer RNA 
database (BioProject accession 
no. PRJNA177353). Scale bar 
indicates nucleotide substitutions 
per site.

Figure 3. Whole-genome phylogeny and locations of Scheffersomyces spartinae fungemia isolates among pediatric patients, Pakistan, 
2020–2024. A) Midpoint-rooted maximum-likelihood phylogenetic tree from whole-genome sequence alignment of 108 S. spartinae 
isolates from human blood cultures. Tip circles indicate the patient’s city of residence. Outer squares indicate the age of the patient. 
Arcs indicate observed major phylogenetic clades or subclades. Scale bar indicates number of single-nucleotide variant differences 
corresponding to branch lengths. B) Cities of residence for all patients with S. spartinae–positive blood cultures detected by whole-
genome sequencing.
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Figure 4. Time-scaled maximum-
likelihood phylogenetic tree of 
Scheffersomyces spartinae major 
clade A in cases of fungemia 
among pediatric patients, Pakistan, 
2020–2024. Nodes marked by gray 
squares indicate branches with 
>80% bootstrap support based 
on 1,000 resamplings. Tree tips 
correspond to the sampling date. 
Tip colors indicate patient’s city of 
residence. All specimens isolated 
from blood cultures other than the 
specimen from urine highlighted 
in yellow. Heatmaps show the 
anonymized hospital or institution at 
which the specimen was collected 
and age group of the patient.  
Dotted vertical lines represent 
individual years.
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capable of surviving extreme conditions, but isola-
tion from clinical specimens represents emergence 
as a human pathogen. The genus Scheffersomyces was 
proposed by Kurtzman and Suzuki on the basis of 
D1-D2 large subunit rRNA and small subunit rRNA 
sequencing; species assigned to the Scheffersomyces 
genus were originally included in the genus Pichia 
(39). Most Scheffersomyces species ferment xylose and 
are used in industrial applications (39–41). The as-
signment of S. spartinae to the genus was originally 
considered uncertain because of weak bootstrap sup-
port in the D1–D2 small subunit tree and because S. 
spartinae does not ferment xylose. According to our 
literature review, S. spartinae has not previously been 
reported as a cause of human infections nor cultured 
in healthcare facilities. We speculate S. spartinae might 
be emerging in humans because of introduction from 
environmental sources into healthcare environments. 
However, given the broad distribution of healthcare 
facilities from which we cultured S. spartinae in Paki-
stan, we cannot rule out nonhealthcare community 
sources of infection.

The reasons for the emergence of some fungi as 
agents of human infection have been multifactorial. 
Fungi often survive extreme conditions, adapt to se-
lection pressures, and develop enhanced thermotol-
erance, virulence, and antifungal drug resistance. 
Emergence of Candida auris in human infections has 
been attributed to global warming (6,7); some re-
searchers postulate that C. auris inhabits an environ-
mental niche and has only recently become a human 
pathogen (4). Low virulence fungi such as Saccharo-
myces cerevisiae, Saprochaeta clavate, and Rhodotorula 
spp. can contaminate food, medical products, and 
healthcare environments and cause infections in sus-
ceptible hosts (10–12). Alterations in the geographic 
range of Cryptococcus deuterogattii from tropical re-
gions to temperate climates have led to human infec-
tions in nonendemic areas, attributed to human activ-
ity, thermal adaptation, and climate change (5). 

Another reason for increased emergence of fun-
gal infections is environmental disruption caused by 
natural disasters, which can lead to a wider distribu-
tion of fungi (9). An example is increased human Coc-
cidioides immitis infections after earthquake-related 
landslides and sandstorms in previously low-preva-
lence areas (8). Whether similar or other factors con-
tributed to the emergence of S. spartinae as a human 
pathogen is unclear.

Cases of C. lusitaniae fungemia identified by the 
AKUH laboratory began increasing in 2020, and a fur-
ther substantial rise in cases began in 2022. Most C. 
lusitaniae patients were children <1 year of age who 

were admitted to hospitals in the city of Karachi. Dur-
ing 2015–2019, rare Candida species were reported as 
causes of invasive infections in neonatal and pediatric 
populations in Pakistan (42). Isolation of C. lusitaniae 
was infrequent, however, so rising case numbers from 
2022 onward were flagged by the laboratory, which 
more frequently banked cultured isolates. Biochemi-
cal identification of Candida by the VITEK 2 YST ID 
card system inaccurately identified the organism, and 
most of the isolates were ultimately identified as S. 
spartinae by whole-genome and ITS sequencing. The 
high percentage of isolates subsequently identified as 
S. spartinae suggests that at least some of the isolates 
identified as C. lusitaniae from before 2020 also might 
have been S. spartinae, but we cannot verify that hy-
pothesis because earlier specimens were not banked. 

Species misidentification is concerning and im-
plies that phenotypic identification systems cannot 
reliably identify emerging pathogens. Misidentifica-
tion underscores the need for using molecular ap-
proaches, such as ITS sequencing, for species identifi-
cation. Decreasing costs and increasing availability of 
WGS promise improved species identification as well 
as strain typing and genomic epidemiology, but the 
technology remains difficult to access in many low-
resource areas.

Although evidence implies that cases of S. spar-
tinae infection represent the emergence of a new 
pathogen, the possibility of a pseudo-outbreak (i.e., 
clustering of positive cultures because of contami-
nation of clinical specimens incorrectly attributed to 
infections) must also be considered. Compared with 

 
Table 3. Subclade characteristics from Scheffersomyces spartinae 
fungemia among pediatric patients, Pakistan, 2020–2024* 

Characteristics 
Clade, no. (%)  

p value A-1, n = 52 A-2, n = 47 
Age group    
 <2 wk 12 (23.1) 23 (48.9) 0.011 
 2–3 wk 10 (19.2) 21 (44.7) 0.0090 
 1–6 mo 5 (9.6) 0 0.058 
 7–11 mo 6 (11.5) 1 (2.1) 0.11 
 1–6 y 13 (25) 1 (2.1) 0.001 
 7–12 y 6 (11.5) 1 (2.1) 0.11 
Hospital    
 A 0 1 (2.1) 0.47 
 B 5 (9.6) 0 0.058 
 C 0 1 (2.1) 0.47 
 D 1 (1.9) 0 1 
 E 0 1 (2.1) 0.47 
 F 1 (1.9) 0 1 
 G 1 (1.9) 0 1 
 H 36 (69.2) 37 (78.7) 0.36 
 I 1 (1.9) 0 1 
 J 0 1 (2.1) 0.47 
 K 0 1 (2.1) 0.47 
 Unknown 7 (13.5) 5 (10.6) 0.76 
*All p values from Fisher exact test comparing values for each age group 
or hospital to values from all other age groups or hospitals. Bold font 
indicates statistical significance. 
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bacterial pseudo-outbreaks, fungal pseudo-outbreaks 
have rarely been reported. Documented pseudo-out-
breaks involving Candida guilliermondii were related 
to inadequate sterile technique during blood culture 
collection (43), contamination of heparin solution 
used to flush needles before blood draws (44), and an 
anaerobic holding chamber in the clinical microbiol-
ogy laboratory (45). Pseudo-outbreaks reported with 
other Candida species include C. versatilis contamina-
tion in olive oil used for culture media supplemen-
tation (46) and C. parapsilosis contamination of a salt 
solution used for grinding tissues (47).

Unlike prior pseudo-outbreak reports that in-
volved temporally clustered samples from single in-
stitutions, we report isolates collected over the course 
of 4 years from >14 healthcare institutions across 
Pakistan. Furthermore, we noted considerable de-
mographic similarity between patients from which 
the positive specimens were collected: >68% were <1 
month of age, and >80% were <1 year of age (Table 1). 
Although all the isolates were cultured and identified 
by a single clinical microbiology laboratory at AKUH, 
all processes and equipment used for processing clin-
ical specimens in the laboratory were independent of 
the age of the patient from which the specimen was 
collected. If contamination in the laboratory explained 
most or all observed cases, we would expect detection 
in cultures from patients across all age ranges and a 
larger number of specimens. Even when C. lusitaniae 
cases increased during 2022 and 2023, those cases con-
stituted only 0.57% of 16,505 blood cultures processed 
from children <1 year of age in 2022 and only 0.60% 
of 18,051 cultures from children in that age group in 
2023 (Appendix Table 2).

The genetic diversity of specimens across and 
within geographic locations (Figures 3, 4) reduces 
the likelihood of a single infection or contamination 
source. Although genetic diversity between isolates 
within a geographic area of sampling was low, that 
diversity was not inconsistent with the degree of 
genetic variation among geographically clustered 
infections caused by other yeast species, such as C. 
auris (48,49). Until we learn more about the genomic 
variability and evolution of S. spartinae, the degree 
of expected genetic difference among epidemiologi-
cally linked or unlinked specimens will remain un-
clear; however, cocirculation of at least 2 lineages in 
Karachi over the course of >4 years suggests multiple 
introductions into the region.

One limitation of this study is that, before 2022, 
AKUH prioritized its finite laboratory resources for 
investigating and banking invasive antimicrobial-re-
sistant isolates and isolates from known pathogens of 

epidemiologic concern. As a result, isolates identified 
as C. lusitaniae were not consistently banked, and few 
isolates from before 2022 were available for species 
verification and genomic analysis. Another limita-
tion is that detailed patient clinical and demographic 
information was either unavailable or difficult to ob-
tain because of variability in record-keeping and data 
availability across the many institutions that provid-
ed specimens to AKUH. Many treating physicians 
could not be contacted because in Pakistan laboratory 
tests are paid out of pocket by the patients or their 
guardians, who often provide their own contact de-
tails rather than their physicians’ contact information 
at sample collection. That practice greatly hinders 
epidemiologic investigations and transmission recon-
structions to determine common exposures or shared 
risk factors among affected persons, to establish pa-
tients’ clinical manifestations, and to assess responses 
to treatments or outcomes. Efforts are ongoing to es-
tablish cooperative agreements and study protocols 
for the most affected institutions in Pakistan for stan-
dardized data collection and sharing for S. spartinae 
fungemia cases or other unusual yeasts.

In summary, our findings underscore the value 
of epidemiologic monitoring for identifying infection 
clusters and of genomic and molecular surveillance 
for identifying rare and emerging pathogens. Future 
studies will be directed at characterizing mediators of 
pathogenicity and virulence factors that could con-
tribute to S. spartinae emergence as a human patho-
gen, as well as exploring potential environmental res-
ervoirs or other sources of infection. Nonetheless, this 
study demonstrates that building capacity for speci-
men identification and banking, WGS, and bioinfor-
matic analysis in low- and middle-income countries 
like Pakistan is imperative for early detection and 
study of emerging infectious disease threats. 
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Highly pathogenic avian influenza viruses 
(HPAIVs) cause severe clinical signs and high 

mortality rates in gallinaceous birds, leading to sub-
stantial economic losses in the poultry industry (1). 
Among HPAIVs, the A/Goose/Guangdong/1/1996 
(gs/GD) lineage of H5Nx, which emerged in China 
in 1996, has caused outbreaks and diverged into 10 
primary clades (nos. 0–9) and multiple subclades 

(2–4). Wild waterfowl play a crucial role in the wide 
and rapid geographic spread of gs/GD lineage 
highly pathogenic avian influenza (HPAI) H5Nx vi-
rus (5). Of note, HPAI H5Nx clade 2.3.4.4b viruses 
have caused widespread outbreaks across diverse 
geographic regions, including Asia, Europe, North 
America, South America, Africa, and even Antarc-
tica (6–10). Increasing reports of HPAI clade 2.3.4.4b 
virus infections in diverse mammalian hosts, includ-
ing dairy cows in North America, raise substantial 
public health concerns (11,12).

In South Korea, 6 major HPAI clade 2.3.4.4b out-
breaks occurred during 2017–2024 (13–16). During 
the 2022–2023 HPAI outbreak, 174 cases of HPAI 
H5N1 clade 2.3.4.4b virus infection in various wild 
bird species were reported throughout South Ko-
rea (17). Spatiotemporal analysis of HPAI H5N1 
clade 2.3.4.4b viruses revealed multiple hot spots 
in the Korean Peninsula that were responsible for 
the maintenance and spread of the viruses during 
the outbreak (18,19). Phylodynamic analysis inte-
grating host trait information revealed a complex 
intertwined relationship between different regions 
inside and outside the Korean Peninsula and cross-
species transmission of viruses among susceptible 
wild bird hosts (17,20). Whole-genome sequencing 
(WGS) of isolates from that outbreak also revealed 
emergence of diverse genotypes resulting from ex-
tensive reassortment (21).

During September 2023–March 2024, two differ-
ent HPAI clade 2.3.4.4b virus subtypes, H5N1 and 
H5N6, caused influenza outbreaks in wild birds and 
poultry farms in South Korea (22–24). In particular,  
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We analyzed 15 cases of highly pathogenic avian in-
fluenza (HPAI) clade 2.3.4.4b virus infections detected 
in wild birds in South Korea during September 2023–
March 2024. We isolated and sequenced 8 H5N1 and 
7 H5N6 viruses. We investigated spatiotemporal trans-
mission dynamics by using a Bayesian discrete trait 
phylodynamic model that incorporated geographic and 
host species information. Our source–sink dynamics 
support introductions of H5N1 viruses from northern 
Japan to South Korea and subsequent spread through 
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of both H5N1 and H5N6 viruses. Our data showed 
multiple introductions and extensive spread of HPAI 
clade 2.3.4.4b viruses and bidirectional transmission 
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the value of enhanced active surveillance for monitor-
ing HPAI viruses, which can provide insight into pre-
venting future outbreaks.
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the index case in poultry was identified as a co- 
infection of H5N1 and H5N6 on a chicken farm (24). 
However, the evolutionary history and spread pat-
tern of H5N1 and H5N6 viruses have not been clearly 
identified. To clarify the spatiotemporal diffusion and 
transmission dynamics between host species, we per-
formed WGS on HPAIV isolates collected from wild 
birds during the 2023–2024 outbreak and performed 
a Bayesian phylodynamic analysis incorporating host 
species and sampling locations.

Materials and Methods

Virus Detection and Isolation
During September 2023–March 2024, the National 
Institute of Wildlife Disease Control and Prevention 
(NIWDC) of the Ministry of Environment of South 
Korea collected samples from wild birds as part of 
the national HPAI surveillance program. Samples 
were collected from wild bird feces (n = 11,294), car-
casses (n = 555), and captured birds (n = 1,058) from 
87 major migratory bird habitats across all provinces 
of South Korea.

Oropharyngeal and cloacal swab samples from 
captured birds and carcasses and bird fecal samples 
were placed in phosphate-buffered saline with 0.1% 
volume of 400 mg/mL gentamicin and homogenized. 
We then filtered the supernatant by using a 0.45-µm 
Minisart Syringe Filter (Sartorius, https://www.sar-
torius.com) and inoculated into the allantoic cavity 
of 10-day-old specific pathogen–free embryonated 
chicken eggs. After 72 hours of incubation at 37°C, we 
harvested the allantoic fluids from eggs and tested for 
hemagglutination activity by using 10% chicken red 
blood cells. We extracted RNA from allantoic fluid 

samples positive for hemagglutination activity by us-
ing the Maxwell RSC Simply RNA Tissue Kit (Pro-
mega, https://www.promega.com) and screened for 
the avian influenza virus matrix (M) gene and H5  
gene using real-time reverse transcription PCR (rRT-
PCR) (25–27).

WGS and Assembly
We sequenced 8 H5N1 and 7 H5N6 viruses in this 
study. We synthesized complementary DNA for M 
gene and H5 rRT-PCR–positive samples by using 
the SuperScript III First-Strand Synthesis System  
(Thermo Fisher Scientific, https://www.thermofisher. 
com). For samples confirmed as HPAIV via hemag-
glutinin (HA) gene sequencing, we amplified all 8 
gene segments (HA, M, neuraminidase [NA], nucleo-
protein [NP], nonstructural [NS], polymerase acidic 
[PA], and polymerase basic [PB] 1 and 2) by using Ac-
cuPrime Pfx DNA Polymerase (Invitrogen), accord-
ing to methods described in a previous study (28). We 
constructed DNA libraries by using the Nextera DNA 
Flex Library Prep Kit (Illumina, https://www.illu-
mina.com) and 96 dual-index barcodes, according to 
the manufacturer’s instruction. We conducted WGS 
on the MiSeq platform (Illumina) with 150 bp paired-
end reads. We used CLC Genomics Workbench 24.0.1 
software (QIAGEN, https://www.qiagen.com) to 
trim and assemble reads and identified HPAIV-pos-
itive samples (Table).

Phylogenetic Analysis
To determine the genotypes and temporal signal of 
datasets for molecular clock analysis, we conducted 
maximum-likelihood analysis. We conducted BLAST 
searches (https://blast.ncbi.nlm.nih.gov) of all viral 

 
Table. Detailed information on highly pathogenic avian influenza A(H5N1) and A(H5N6) virus isolates from wild birds during 2023–
2024 outbreak, in chronological order, South Korea* 

No.† 
Collection 

date Sample ID Region Sample type Host species Subtype Isolate ID 
1 2023 Nov 27 23WS022-22 Jeollabuk-do Captured Eurasian wigeon H5N1 EPI_ISL_18717640 
2 2023 Dec 1 23WC066 Gyeongsangbuk-do Carcass Whooper swan H5N1 EPI_ISL_20051148 
3 2023 Dec 2 23WC068 Gyeongsangbuk-do Carcass Whooper swan H5N1 EPI_ISL_20051147 
4 2023 Dec 4 23WC069 Gyeongsangbuk-do Carcass Whooper swan H5N1 EPI_ISL_20051146 
7 2023 Dec 8 23WC075 Gyeongsangbuk-do Carcass Whooper swan H5N6 EPI_ISL_18853568 
9 2023 Dec 19 23WF435 Jeollabuk-do Feces Mandarin duck H5N6 EPI_ISL_18853569 
10 2023 Dec 21 23WC111 Gyeongsangbuk-do Carcass Bean goose H5N6 EPI_ISL_18853650 
11 2023 Dec 22 23WC116 Gyeongsangbuk-do Carcass Whooper swan H5N6 EPI_ISL_18853651 
12 2023 Dec 22 23WC117 Gyeongsangbuk-do Carcass Whooper swan H5N1 EPI_ISL_20051145 
13 2024 Jan 10 23WC160 Gyeongsangnam-do Carcass Bean goose H5N6 EPI_ISL_20051144 
14 2024 Jan 10 23WS033-1 Gwang-ju Feces Mandarin duck H5N6 EPI_ISL_20051143 
16 2024 Jan 26 23WC195 Jeju island Carcass Northern shoveler H5N1 EPI_ISL_20051142 
17 2024 Jan 30 23WC215 Jeju island Carcass Gadwall H5N1 EPI_ISL_20051141 
18 2024 Feb 4 23WC224 Gyeongsangbuk-do Carcass Peregrine falcon H5N1 EPI_ISL_20051140 
19 2024 Feb 6 23WC229 Gyeongsangnam-do Carcass Great cormorant H5N6 EPI_ISL_20051139 
*ID, identification. 
†Indicates the order of occurrence among the 19 confirmed cases of highly pathogenic avian influenza A(H5N1) clade 2.3.4.4b identified in wild birds 
during November 2023–February 2024, of which 15 viruses were detected and isolated by National Institute of Wildlife Disease Control and Prevention. 
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genomes sequenced in this study against the GISAID 
database (https://www.gisaid.org). We used the re-
trieved results as reference sequences for phylogenet-
ic analysis. We used ElimDupes software (https://
www.hiv.lanl.gov/content/sequence/elimdupesv2/
elimdupes.html) to remove identical sequences. We 
aligned nucleotide sequences of each gene segment 
by using MAFFT version 7.490 (https://mafft.cbrc.
jp). We constructed maximum-likelihood trees for 
each gene (PB2, PB1, PA, HA, NP, NA, M, and NS) 
by using RAxML version 8.0 (https://github.com/
stamatak/standard-RAxML) and the general time-
reversible model with 1,000 bootstrap iterations. We 
used iTOL (https://itol.embl.de) to visualize the trees 
and considered a cluster monophyletic only when it 
had a bootstrap support value >70 and a nucleotide 
sequence identity >97% (29).

We focused the phylodynamic analysis on the 
HA gene because of its variability and role as a key 
antigen. We extracted HA gene sequences belonging 
to same clade of our sequences from the maximum-
likelihood phylogenetic tree. We used TempEst 
version 1.5.3 (http://tree.bio.ed.ac.uk/software/
tempest) to conduct root-to-tip regression analysis 
and assess the temporal signal. Upon confirming 
a significant temporal signal (R2 >0.5), we used da-
tasets to investigate transmission dynamics across 
geographic regions and host species. We conducted 
Bayesian discrete trait phylodynamic analyses of the 
HA gene by using BEAST version 1.10.4 (https://
beast.community). We broadly categorized traits into 
host and region, and to reduce bias among traits, we 
performed subsampling, resulting in 6 major datasets 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/8/25-0373-App1.pdf). For H5N1, we con-
structed 2 datasets for phylogeography. The discrete 
categories for estimation of international virus spread 
consisted of South Korea (n = 10), northern Japan (n 
= 10), central Japan (n = 6), southern Japan (n = 12), 
and outside of Korean Peninsula (i.e., Russia and Chi-
na, n = 10). The discrete categories for estimation of 
virus spread between provinces within South Korea 
included Gyeong-buk (southeast province of South 
Korea, n = 5), Jeonbuk (southwest province of South 
Korea, n = 1), Jeonnam (south-southwest province of 
South Korea, n = 2), Jeju (southern island of South Ko-
rea, n = 3), and Japan (n = 10). Similarly, the regional 
dataset for H5N6 viruses included Gyeong-buk (n = 
3), Gyeong-nam (south-southeast province of South 
Korea, n = 2), Jeonbuk (n = 1), Jeonnam (n = 3), and 
Japan (n = 1).

For datasets analyzing transmission among 
hosts, we categorized H5N1 sequences into raptors 

(n = 1), domestic ducks (n = 2), and wild water-
fowl (n = 8) from South Korea and wild waterfowl 
(n = 4) and crows (n = 6) from Japan. The H5N6 
sequence dataset included domestic ducks (n = 
2) and wild waterfowl (n = 7) from South Korea, 
1 raptor from Japan, and H5N1 sequences from 
East Asia collected during 2022–2023 (n = 36). We 
categorized the viruses identified from East Asia 
during 2022–2023 as a discrete nominal category 
regardless of animal species and sampling location 
because the viruses from wild birds and poultry 
across that region during the 2022–2023 epidemic 
were the most probable ancestral origins inferred 
from the ML phylogenetic analysis. To elucidate 
the role of wild waterfowl in transmission, we 
combined H5N1 and H5N6 data to form datasets 
comprising wild ducks (n = 8), geese (n = 9), swans 
 (n = 8), and other hosts (n = 10).

For Bayesian inferences, we applied a Hasegawa-
Kishino-Yano substitution model plus gamma, an 
uncorrelated log-normal distribution, and a Gaussian 
Markov random field Bayesian skyride coalescent pri-
or (30). We executed Markov chain Monte Carlo runs 
of the configuration in parallel across 3 separate chains, 
each consisting of 100 million steps. We combined sam-
ples from those chains after a 10% burn-in period. We 
used Tracer version 1.5 (https://beast.community/
tracer) to analyze parameters with adequate effective 
sample sizes (>200). We generated a maximum clade 
credibility tree by using TreeAnnotator (https://beast.
community/treeannotator) and visualized the tree by 
using FigTree version 1.4.4 (http://tree.bio.ed.ac.uk/
software/Figtree). To quantify the support for trans-
mission routes, we used SpreaD3 version 1.0.7 (https://
beast.community/spread3) and interpreted results as 
positive support when the Bayes factor (BF) was >3 
and the posterior probability (PP) was >0.5 and strong 
support when the BF was >20, and the PP was >0.9 
(31). We also used FluMutGUI 3.1.1 (https://github.
com/izsvenezie-virology/FluMutGUI) to identify mo-
lecular markers for mammalian adaptation across the 8  
viral genes.

Results

Overview of 2023–2024 HPAI viruses from  
Wild Birds in South Korea
During November 27, 2023–February 6, 2024, a total 
of 8 cases of H5N1 and 11 cases of H5N6 were report-
ed from wild birds in South Korea (22,23) (Appendix 
Figure 1). Among those cases, we isolated 8 H5N1 and 
7 H5N6 viruses (Table). Next-generation sequenc-
ing yielded total read counts ranging from 21,507 to 
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756,810 and average coverage depths ranging from 
240.80 to 8,442.09. During the 2023–2024 winter sea-
son, HPAI H5N1 was detected in a Eurasian wigeon 
(Mareca penelope) on November 27, 2023, six days be-
fore the initial H5N1 and H5N6 outbreak in poultry. 
The index H5N6 was detected in a Mandarin duck 
(Aix galericulata) on December 4, 2023. The number of 
cases gradually increased over time, reaching a peak 
in December 2023 (Figure 1).

Origin and Genotypes of H5N1 and H5N6 HPAI Viruses
Maximum-likelihood phylogenetic analysis of the 
8 genes revealed that the HA and M genes of H5N1 
and H5N6 shared >97% nucleotide sequence iden-
tity and formed a monophyletic cluster. The other 5 
internal genes of isolates from South Korea formed 
distinct monophyletic clades within their respective 
subtypes (Appendix Figures 2–9). The phylogenies 
showed that the H5N1 viruses consisted of genes de-
rived from HPAI H5N1 strains previously circulating 
in East Asia. In contrast, the H5N6 viruses were re-
assortants between PB2, PA, NP, and NS genes from 
low pathogenicity avian influenza viruses from Eur-
asia and the NA gene from H5N6 viruses identified in 
China. Those findings were consistent with findings 
observed in genetic analysis of index cases (22,23), 
suggesting no further reassortment occurred in wild 
birds during that outbreak.

According to recommendations from the Eu-
ropean Food Safety Authority (32), we screened 14 
selections of molecular markers associated with the 
pandemic potential of avian influenza viruses (HA, 

222L; PB2, 271A, 292V, 526R, 588V, 591K, 627K, 627V, 
631L, and 701N; PA, 356R; NP, 52N; and MP, 95K) 
by using the deduced amino acid sequences of all 15 
isolates. We analyzed mammalian adaptation mark-
ers, but did not detect major markers (PB2: E627K, 
D701N), and we identified only a few minor markers 
(Appendix Table 2). Among other minor mutations, 
we observed 156A in HA, which is associated with in-
creased binding to α2,6-sialic acid, and N66S in PB1-
F2, which is associated with increased virulence and 
replication in mice.

Transmission Dynamics of HPAI H5N1 Viruses  
in South Korea during 2023–2024
The maximum clade credibility phylogeny con-
structed from the HA gene of HPAI H5N1 viruses 
suggested that the virus initially entered northern Ja-
pan from China or Russia, then subsequently spread 
to central Japan and South Korea. Within Japan, the 
virus spread southward from the northern region to 
the southern region (Figure 2). In South Korea, we  
identified at least 2 separate H5N1 virus introduc-
tions, which most likely entered through the east-cen-
tral region (Gyeong-buk province) and the southwest 
region (Jeon-nam province). The virus subsequently 
spread southwestward (Jeon-buk) and, finally, to Jeju 
Island in southern South Korea (Figure 3). Of note, 
within South Korea, virus dissemination from north-
ern Japan to South Korea (BF 33.57, PP 0.91), from 
Japan to Gyeong-buk (BF 41.24, PP 0.926), and from 
Gyeong-buk to Jeon-buk (BF 31.701, PP 0.906) were 
among the most probable H5N1 transmission routes 
(BF >30 and high support values) (Appendix Tables 
3, 4). Our findings suggest the virus was transmitted 
from Japan to South Korea through migratory wild 
waterfowl (Figure 4, panels A, B; Appendix Table 5). 
In particular, H5N1 virus was transmitted from wild 
waterfowl to raptors (BF 4.725, PP 0.591) and domes-
tic ducks (BF 13.376, PP 0.803) in South Korea, as well 
as to crows in Japan (BF 46.186, PP 0.934) (Figure 4, 
panel A). We also estimated source–sink dynamics 
between wild waterfowl, including wild ducks, geese, 
swans, and other wild waterfowl. Our data suggest 
that wild ducks played a major role in transmitting 
the virus to other hosts (Figure 4, panel C).

Transmission Dynamics of HPAI H5N6 Viruses  
in South Korea during 2023–2024
The HA gene of HPAI H5N6 isolated during 2023–
2024 was highly similar to that of the HPAI H5N1 vi-
ruses circulating in northeast Asia during the 2022–23 
winter season (23). Phylogenetic analysis suggested 
that, after reassortment with the N6 gene originating  

Figure 1. Number of detections per month in a study of transmission 
dynamics of highly pathogenic avian influenza A(H5N1) and A(H5N6) 
viruses in wild birds, South Korea, 2023–2024. 
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Figure 2. Discrete phylogeographic 
reconstruction of diffusion dynamics of 
highly pathogenic avian influenza A(H5N1) 
virus in wild birds, East Asia, 2023–2024. 
A) Maximum clade credibility tree 
constructed by using the hemagglutinin 
gene of H5N1 viruses. Each branch is 
colored according to the geographic 
location. GISAID (https://www.gisaid.org) 
accession numbers are shown. Scale bar 
shows years of detection in decimal year 
format. B) Visualization of transmission 
dynamics inferred by using the geographic 
location trait of countries adjacent to South 
Korea. Arrows represent the direction of 
the viral transmission; annotated values 
along arrows represent Bayes factors. 
Thick arrows indicate strongly supported 
routes (Bayes factor >20, posterior 
probability >0.8). Maps provided by 
d-maps.com (https://d-maps.com).
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Figure 3. Transmission dynamics of highly pathogenic avian 
influenza A(H5N1) virus in wild birds, South Korea, 2023–
2024. A) Maximum clade credibility tree constructed using the 
hemagglutinin gene of H5N1 viruses. Each branch is colored 
according to the geographic location. Scale bar shows 
years of detection in decimal year format. B) Visualization 
of transmission dynamics inferred by using the geographic 
location trait in South Korea. Arrows represent the direction 
of the viral transmission; annotated values along arrows 
represent Bayes factors. Thick arrows indicate strongly 
supported routes (Bayes factor >20, posterior probability 
>0.8). Maps provided by d-maps.com (https://d-maps.com).
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in China, H5N6 likely entered the southwestern re-
gion of the Korean Peninsula (Jeonnam) and sub-
sequently spread northeastward (Gyeong-buk and 
Gyeong-nam). Our findings also supported trans-
mission from southern South Korea (Jeon-nam and 
Gyeong-nam) to southern Japan (Figure 5). Among 
the various HPAI H5N6 transmission routes, our 
findings supported movement from Jeonnam to 
Gyeong-nam (BF 24.176, PP 0.850) and Gyeong-buk 
(BF 10.022, PP 0.701) (Appendix Table 6). For virus 
transmission between host species, H5N6 most likely 
was transmitted from South Korea to Japan via wild 
waterfowl (Figure 4, panel C). Our findings sup-
ported virus spread from wild waterfowl to raptors 

in Japan (BF 18.752, PP 0.893) and to domestic ducks 
in South Korea (BF 14.932, PP 0.869). Consistent with 
the H5N1 viruses, wild ducks played the most promi-
nent role in transmission to other species (Figure 4; 
Appendix Table 7).

Discussion
Over the past decade, molecular epidemiologic stud-
ies in South Korea have helped clarify the genetic 
diversity and transmission dynamics of HPAI clade 
2.3.4.4 viruses (16,33). Genomic sequencing and phy-
lodynamic analysis have shown that, since 2014, 
multiple introductions of reassortant HPAI H5Nx 
clade 2.3.4.4 viruses by wild waterfowl have occurred  

Figure 4. Transmission 
dynamics of highly pathogenic 
avian influenza (HPAI) A(H5N1) 
and A(H5N6) viruses in wild 
birds, South Korea and Asia, 
2023–2024. A, B) Transmission 
dynamics inferred using the 
hemagglutinin gene of H5N1 
(A) and H5N6 (B) viruses, 
incorporating the host trait. C) 
Transmission dynamics inferred 
using the hemagglutinin genes of 
both HPAI H5N1) clade 2.3.4.4b 
and H5N6 viruses. Arrows 
represent the direction of the 
viral transmission; annotated 
values represent Bayes factors. 
Thick arrow indicates a strongly 
supported route (Bayes factor 
>20, posterior probability >0.8). 
Orange indicates the largest 
source trait.
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Figure 5. Discrete phylogeographic reconstruction of 
diffusion dynamics of influenza A(H5N6) viruses in East 
Asia during 2022–2023 used in a study of transmission 
dynamics of highly pathogenic avian influenza A(H5N1) 
and A(H5N6) viruses in wild birds, South Korea, 2023–
2024. A) Maximum clade credibility tree constructed 
using the hemagglutinin gene of H5N6 viruses. Each 
branch is colored according to the geographic location. 
Scale bar shows years of detection in decimal year 
format. B) Visualization of transmission dynamics 
inferred by using the geographic location traits within 
South Korea. Arrows represent the direction of the viral 
transmission; annotated values represent Bayes factors. 
Thick arrow indicates a strongly supported route (Bayes 
factor >20, posterior probability >0.8). Maps provided by 
d-maps.com (https://d-maps.com).
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almost every fall migration season in South Korea, 
and then viral detections gradually decrease or disap-
pear within ≈5 months, around the end of waterfowl 
migration season (13–15,34,35). Previous phylogeog-
raphy studies on HPAIV outbreaks in South Korea 
and Japan during 2022–2023 and 2023–2024 revealed 
bidirectional virus exchange between those coun-
tries (17,22,23). Consistent with those findings, our 
data also highlight the bidirectional virus exchange 
between South Korea and Japan. In November 2023, 
HPAI H5N1 viruses initially entered South Korea’s 
Gyeongbuk and Jeonnam regions from northern Ja-
pan and subsequently spread southwestward. Given 
that H5N1 virus was dominant early in the season, 
that spread likely was associated with the southward 
movement of migratory birds in both South Korea 
and Japan during the early phase of the season. In 
addition, movement of H5N1 from the mid-latitude 
regions of South Korea to central Japan follows a pat-
tern observed in previous seasons, suggesting that 
transmission might have occurred between regions at 
similar latitudes (17).

In December 2023, HPAI H5N6 appears to have 
entered the Jeonnam region and displayed a more ir-
regular transmission pattern than H5N1, likely influ-
enced by movement of wild birds within their win-
tering sites. Furthermore, given its introduction into 
the Jeonnam region, H5N6, unlike H5N1, likely was 
not introduced from Japan but rather from proximal 
countries to the west, such as China or Russia. We 
also observed a notable transmission link between 
southern Japan and southern South Korea, resem-
bling patterns of viral movements from previous sea-
sons where transmission occurred through hooded 
cranes (Grus monacha) in southern Japan and southern 
South Korea (17,36).

Migratory waterfowl disseminate HPAIVs dur-
ing fall migration through north-to-south migration 
routes (33,37–39), including wild ducks (40), geese 
(41), and swans (37) that migrate from Siberia to South 
Korea and Japan. Those species share stopover and 
wintering habitats around inland water bodies and 
play a crucial role in the maintenance and transmis-
sion of HPAIVs. In this study, we largely attributed 
the diffusion of H5N1 and H5N6 viruses to wild wa-
terfowl. Our findings indicate that wild ducks played 
a major role in virus transmission not only to other 
wild waterfowl species, including geese and swans, 
but also to crows, raptors, and domestic ducks. Dur-
ing the outbreak, whooper swans (Cygnus cygnus) ac-
counted for the highest (44.45%) percentage of H5N1 
cases among wild birds in South Korea, which might 
be because of their high susceptibility to HPAIVs and 

distinctive morphology (37). During outbreaks in 
South Korea, we also detected HPAIVs from raptors 
that likely were infected by hunting infected birds or 
scavenging virus-contaminated carcasses (17,42). Of 
note, we detected H5N6 virus from a great cormorant 
(Phalacrocorax carbo) found dead. The great cormo-
rant used to breed in Primorsky Krai and Sakhalin, 
Russia, and descend to South Korea and Japan every 
winter but is now an invasive species in South Korea, 
where it has been endemic since the 2000s because of 
the effects of climate change; the current population 
is estimated to be 23,000–30,000 (43). HPAI virus in-
fection in this new waterfowl population is a concern 
because it can substantially affect the epidemiology 
and ecology of the virus.

Since 2014, HPAI clade 2.3.4.4 viruses have 
evolved through reassortment with prevailing lo-
cal low pathogenicity avian influenza viruses (44). A 
wide range of avian species, including wild and do-
mestic waterfowl, appear to be permissive for infec-
tion and transmission of clade 2.3.4.4 viruses. Among 
those species, domestic ducks play a key role in the 
maintenance, amplification, and spread of HPAIVs 
of wild bird origin to terrestrial poultry (45). In this 
study, estimation of the host transmission dynamics 
supports that H5N1 and H5N6 viruses are transmit-
ted from wild waterfowl to domestic ducks in South 
Korea. Because domestic ducks can host a variety of 
avian influenza viruses as a natural reservoir species, 
that population can accelerate the genetic and anti-
genic evolution of viruses, potentially giving rise to 
new strains with altered antigenicity, pathogenicity, 
or increased zoonotic potential. To prevent dissemi-
nation of HPAI from wild birds to poultry, biosecu-
rity measures should be enhanced at poultry farms, 
especially those located near wild bird habitats, to 
block contact with wild birds or their excreta.

To minimize the impact of HPAIV in wild and do-
mestic animals, effective information sharing among 
countries along migratory bird flyways and timely 
reporting of genomic surveillance data are essential. 
Next-generation sequencing–based genomic surveil-
lance activities enable rapid and accurate characteriza-
tion of complete viral genome and evolutionary histo-
ry of viruses (46–48). Despite those advances and the 
high number of HPAIV cases reported in Eurasia in re-
cent years, the amount of complete genome sequence 
data available in public databases was limited in 
terms of representativeness across different countries 
and species. In particular, the limited availability of 
recent genomic sequence data from poultry outbreaks 
could hinder the accurate reconstruction of trans-
mission dynamics at the wildlife–domestic poultry  
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interface in South Korea. The limited sample sizes for 
certain discrete traits in this study might have intro-
duced unrecognized biases in the inferred transmis-
sion dynamics. Nonetheless, our findings underscore 
the need for enhanced genomic sequencing and rapid 
sharing of poultry-derived viral sequences to better 
track viral evolution and spread.

In conclusion, public sharing of genome sequence 
data varies substantially between different countries 
and laboratories (49,50). In the last few years, we 
have tried to rapidly provide updated information on 
HPAIVs identified in wild birds in South Korea by 
generating and sharing HPAIV sequence data from 
extensive genomic surveillance efforts conducted by 
NIWDC (16,17,22,23). Enhanced genomic surveil-
lance in both wild and domestic animals are needed 
to monitor evolution and spread of HPAIVs, which 
can provide insights into preventing future outbreaks 
and assessing zoonotic potential.
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Determining the expected temporal patterns of 
SARS-CoV-2 circulation has important public 

health implications, including the timing of vaccine 
recommendations and health systems prepared-
ness. A single winter peak annually is characteris-
tic of several respiratory viruses, including seasonal 
influenza, respiratory syncytial virus, and seasonal 
human coronaviruses (1,2). Conversely, other respi-
ratory viruses, including parainfluenza and rhino-
viruses/enteroviruses, typically peak twice a year 
(3,4). Respiratory viruses also have subtype diversity  

that adds variation into their temporal patterns of 
circulation (2,4).

To date, however, few studies that describe 
SARS-CoV-2 circulation patterns in the United States 
have been published. One study found the number 
of reported COVID-19 cases consistently peaked from 
late fall through spring (5). Another study found both 
an annual winter peak in the number of reported  
COVID-19 cases and additional periodicity that sug-
gested ≈3 peaks per year (6). Such studies confront the 
challenge of characterizing seasonality relatively soon 
after emergence of a novel virus and rapid changes in 
population-level immunity and vaccine introduction 
that substantially affect virus transmission.

The frequent emergence of new variants, des-
ignated phylogenetically, has been characteristic of 
SARS-CoV-2 evolution, and its antigenic diversity 
could affect COVID-19 seasonal trends. In the Unit-
ed States, variants of concern detected by genomic 
surveillance have been temporally associated with 
increasing COVID-19 incidence to varying degrees. 
Some variants were temporally associated with mid-
year surges observed in late summer 2021 (Delta 
[B.1.617.2]), late summer 2022 (Omicron BA.5), and 
late summer 2023 (Omicron EG.5) (7–9). Other vari-
ants were associated with winter surges in 2021–22 
(Omicron BA.1), 2022–23 (Omicron XBB.1.5), and 
2023–24 (Omicron JN.1), when peaks in respiratory 
virus activity are expected.

In this study, we sought to determine national and 
regional SARS-CoV-2 periodicity using the percent-
age of laboratory detections (percentage positivity) in 
the United States, which is robust to changes in testing 
and reporting practices, and thus useful for analyz-
ing temporal patterns of circulation. We also describe 
SARS-CoV-2 antigenic diversity using the proportion 
of unique S1 spike genotypes reported each week and 
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Emergence of antigenically diverse SARS-CoV-2 vari-
ants may be correlated with temporal circulation pat-
terns. We analyzed positive SARS-CoV-2 tests in the 
United States reported to a national, laboratory-based 
surveillance network and unique amino acid sequences 
of the S1 region of the spike protein reported to national 
genomic surveillance during October 2020–Septem-
ber 2024. We estimated SARS-CoV-2 dominant peri-
odicities using a discrete Fourier transform, described 
S1 variation using the Simpson diversity index (SDI), 
and estimated Spearman cross-correlation coefficients 
between percentage change in SDI and percentage 
positivity. SARS-CoV-2 activity consistently peaked 
during July–September and December–February, and 
dominant periodicities were at weeks 52.2 and 26.1. 
Percentage positivity and percentage change in SDI 
were negatively correlated (ρ = −0.30; p<0.001). SARS-
CoV-2 peaks occurred in late summer and winter, a pat-
tern likely related to rapid SARS-CoV-2 evolution and 
cyclical diversity. Monitoring associations between per-
centage positivity and SDI can help forecast expected 
surges and optimize prevention and preparedness.
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the correlation with percentage positivity as a hypoth-
esized driver of COVID-19 seasonality.

Methods
To determine the percentage of positive SARS-CoV-2 
tests reported nationally and by US Department of 
Health and Human Services (HHS) Region (https://
www.hhs.gov/about/agencies/iea/regional-offic-
es), we used data from the National Respiratory and 
Enteric Virus Surveillance System (NREVSS) during 
October 2020–September 2024. NREVSS is a volun-
tary, laboratory-based system to which participating 
clinical, commercial, and public health laboratories 
reported the weekly total numbers of aggregate tests 
performed and SARS-CoV-2 detections. We estimat-
ed the proportion of detections that occurred during 
late summer (July–September) and winter (Decem-
ber–February) and determined the maximum per-
centage positivity nationally and by HHS Region. We 
used a discrete Fourier transform (DFT) for spectral 
decomposition to identify dominant frequencies na-
tionally and regionally; we calculated DFT by using a 
fast Fourier transform (10). We defined dominant pe-
riodicities as the reciprocal of the frequencies with the 
highest magnitude. We then fit those dominant fre-
quencies using linear regression with harmonic func-
tions to model the smoothed, 3-week moving average 
of the weekly percent positivity data (6) (Appendix, 
https://wwwnc.cdc.gov/EID/article/31/8/25-
0451-App1.pdf).

We then determined the weekly predominant 
SARS-CoV-2 lineages and number of unique amino 
acid sequences of the S1 region of the spike protein 
(genotypes) among high-quality sequences submitted 
publicly for national genomic surveillance during Oc-
tober 2020–September 2024. All sequences included in 
this analysis are publicly available (https://data.cdc.
gov). We estimated variation in the S1 region of the 
spike protein by using the Simpson diversity index 
(SDI). SDI is a metric typically used in ecology that in-
corporates the number and proportion of each species 
(11). Values range from 0 to 1; larger numbers rep-
resent more unique sequences with relatively more 
even distribution (i.e., higher diversity) (Appendix).

We estimated the Spearman cross-correlation co-
efficient between the percentage change in SDI and 
smoothed percentage positivity. We selected the lag 
with the highest mean correlation over 26-week mov-
ing windows and estimated the coefficient across 
both the entire study period and the most recent 2 
years, October 2022–September 2024. We computed 
p values by using the asymptotic t approximation 
(α = 0.05).

Results
Nationally, SARS-CoV-2 circulated year-round but 
had peaks in the late summer (July–September) and 
winter (December–February) months during the en-
tire study period. The only exception occurred dur-
ing the first winter of the pandemic in 2020–21, when 
the national peak occurred in late November; during 
that winter, percentage positivity remained elevated 
(within 1% of peak positivity) through early January 
(Figure 1). All HHS regions had peaks 2 times a year, 
except HHS Region 8, where only 1 peak occurred 
between summer 2023 and winter 2023–2024. Nearly 
two thirds (65%; 396,688,638/605,632,990) of detec-
tions were reported nationally during the 6 combined 
months of the late summer and winter periods (i.e., 
50% of the year), but the percentages of detections 
varied by region. HHS Region 4 (the Southeast) had 
the highest percentage (77%; 60,115,750/78,506,974) 
reported during late summer and winter, and HHS 
Region 8 (the Mountain West) had the lowest per-
centage (54%; 35,198,192/65,255,668). The maximum 
3-week smoothed percentage positivity averaged 
across seasonal peaks varied by region from 13.8% 
(Region 1) to 22.2% (Region 7). During the most re-
cent 2 years (October 2022–September 2024), the per-
centage of detections reported nationally during the 
6 combined months of late summer and winter was 
similar to the overall percentage (64%) but showed 
less regional variation (range 56%–72%).

The spectral decomposition of periodicity re-
vealed 2 nationally dominant periodicities at 52.2 
and 26.1 weeks, followed by 3 smaller but notable 
periodicities at 104.5, 20.9, and 17.4 weeks (Figure 2, 
panel A). The 2 dominant periodicities fit with ob-
served national trends (R2 = 0.43) (Figure 2, panel 
B), and including the top 5 periodicities improved fit 
(R2 = 0.66), suggesting an overall bimodal seasonality 
(Figure 2, panel C). Across the 10 HHS Regions, the 
periodogram varied to include 2–4 of the 7 regionally 
dominant periodicities; we noted considerable over-
lap with the nationally dominant periodicities (Ap-
pendix Table 1).

We observed periods during which a single S1 se-
quence predominated among the circulating viruses, 
often coinciding with seasonal surges and increasing 
percentage positivity. The volume of sequence data 
varied from >40,000 high-quality spike sequences per 
week in 2021 to <1,000 per week in 2023. A single S1 
sequence represented >30% of isolates for 46 weeks 
during 2021 and 43 weeks during 2022; in 2023, we 
observed only 22 weeks. The predominant S1 se-
quence consistently had a maximum proportion in 
the range of 0.5 to 0.7 (Figure 3, panel A).
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Periods with a large decrease in SDI, which of-
ten represented predominance (>50% prevalence) of 
a new lineage, typically preceded peaks in percentage 
positivity, particularly in July 2021 (Delta [B.1.617.2]), 
December 2021 (Omicron BA.1), July 2022 (BA.4/
BA.5), December 2022 (XBB.1.5), and December 
2023 (JN.1) (Figure 3, panel B). Percentage positiv-
ity and weekly percentage change in SDI had a sig-
nificant negative correlation maximized at a 2-week 
lag throughout the entire study period (ρ = −0.30; 
p<0.001); we observed a stronger correlation during 
the later part of the study period, starting in October 
2022 (ρ = −0.60; p<0.001). The lag suggests that, typi-
cally 2 weeks before a peak in percentage positivity, 
SDI rate of change begins to decrease. However, dur-
ing the late summer 2023 and 2024 surges, we saw no 
substantial change in SDI diversity. Instead, several 
spike S1 sequences with proportions <0.42 circulated; 
no single predominant variant emerged.

Discussion
Our analysis revealed biannual COVID-19 peaks in 
late summer and winter, a pattern that is expected to 
persist as long as the rapid evolution of SARS-CoV-2 
and cyclical S1 diversity continues. The spectral de-
composition of periodicity revealed 2 dominant 

frequencies each year at 52.2 and 26.1 weeks, con-
sistent with a biannual peak approximately every 6 
months, and 3 additional notable frequencies at 104.5, 
20.9, and 17.4 weeks. Based on the timing of the per-
centage positivity data, the interval after the winter 
peak is a longer, 6–9-month period, compared with 
a 4–5-month interval after the late summer peak. 
However, our analysis using the DFT approach can-
not distinguish whether the periodicity at 20.9 and 
17.4 weeks captures an additional, but less apparent, 
regular seasonality or variation in the timing of the 
peaks throughout the study period. The periodicity 
at 104.5 weeks is a harmonic (multiple) of the domi-
nant periodicities that might have been driven by the 
sharp Omicron BA.1 surge in winter 2021–22, which 
occurred ≈2 years into the 4-year study period.

A single, dominant S1 sequence genotype was 
associated with both winter and late summer surges 
until November 2022. Since winter 2022–23, a dom-
inant genotype was also associated with a surge in 
virus activity during the winter season, but co-circu-
lating variants with similar spike substitutions have 
been associated with late summer surges (12). Like 
other betacoronaviruses, SARS-CoV-2 has shown the 
capacity to undergo both gradual, stepwise evolu-
tion and large, periodic changes (13,14); since 2022, 

Figure 1. Weekly smoothed (3-
week) percentages of positive 
SARS-CoV-2 tests reported to 
the National Respiratory and 
Enteric Surveillance System 
(NREVSS), nationally and by 
Health and Human Services 
(HHS) Region, United States, 
October 2020–September 
2024. The data represent 
SARS-CoV-2 nucleic acid 
amplification test results, which 
include reverse transcription 
PCR tests from the NREVSS 
sentinel network of laboratories 
in the United States, including 
clinical, public health, and 
commercial laboratories. 
These data exclude antigen, 
antibody, and at-home test results. Blue (December–February) and gray (July–September) vertical bands indicate time periods with 
increased percentage positivity. Seasonal peaks are indicated by dots at the week when smoothed percent positivity peaked. Regional 
colors are grouped by geography (e.g., Regions 1, 2, and 3 are shades of green and comprise the Northeast). All HHS Regions had 2 
seasonal peaks a year, except HHS Region 8, which only had 1 peak between summer 2023 and winter 2023–2024. HHS Region 1: 
Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island, and Vermont; HHS Region 2: New Jersey, New York, Puerto Rico, 
and the Virgin Islands; HHS Region 3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia; HHS Region 
4: Alabama, Florida, Georgia, Kentucky, Mississippi, North Carolina, South Carolina, and Tennessee; HHS Region 5: Illinois, Indiana, 
Michigan, Minnesota, Ohio, and Wisconsin; HHS Region 6: Arkansas, Louisiana, New Mexico, Oklahoma, and Texas; HHS Region 7: 
Iowa, Kansas, Missouri, and Nebraska; HHS Region 8: Colorado, Montana, North Dakota, South Dakota, Utah, and Wyoming; HHS 
Region 9: Arizona, California, Hawaii, Nevada, American Samoa, Commonwealth of the Northern Mariana Islands, Federated States of 
Micronesia, Guam, Marshall Islands, and Republic of Palau; HHS Region 10: Alaska, Idaho, Oregon, and Washington. Data from US-
affiliated Pacific Islands are not included in NREVSS.
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the large shifts in circulating lineages in the United 
States have occurred during late fall and winter (12). 
The spike protein, and particularly the S1 region, is 
the major viral protein under selective pressure by 
population immunity; changes in the spike protein 
can result in changes in virus fitness or transmission 
efficiency (15). The negative correlation observed be-
tween S1 diversity and percentage positivity supports 
a hypothesis that trends in viral diversity might be a 
predictor of expected COVID-19 seasonal activity. Af-
ter surges featuring a predominant spike S1 sequence 
and associated increasing percentage positivity, the 
seasonal cycle seems to reset and renewed selective 
pressure and greater viral evolution subsequently are 
observed as S1 diversity. Those findings indicate that 

sustained genomic surveillance sampling during peri-
ods of low SARS-CoV-2 activity, when spike diversity 
is high, is critical for monitoring viral evolution and 
predicting seasonal increases in SARS-CoV-2 activity, 
rather than augmenting sequencing when activity is 
high and antigenic diversity is low. Continued moni-
toring will be useful for determining whether this 
cyclical pattern of a predominant spike S1 sequence 
followed by increased diversity can anticipate future 
surges in COVID-19 activity.

Transmission of SARS-CoV-2 variants is driven 
by a combination of intrinsic viral fitness, including 
cyclical patterns of spike S1 mutations, interacting 
with a changing landscape of population immunity.  
After implementation of the national COVID-19 

Figure 2. National smoothed 
(3-week) percentages of positive 
SARS-CoV-2 tests reported to 
the National Respiratory and 
Enteric Surveillance System 
(NREVSS), United States, 
October 2020–September 2024. 
Data represent SARS-CoV-2 
nucleic acid amplification test 
results, which include reverse 
transcription PCR tests from the 
NREVSS sentinel network of 
laboratories in the United States, 
including clinical, public health, 
and commercial laboratories. 
These data exclude antigen, 
antibody, and at-home test 
results. A) Periodogram, in which 
the height of each point indicates 
strength of the periodicity at the 
corresponding frequency. Dots 
indicate 5 dominant periodicities, 
at frequencies corresponding to 
surges every 104.5, 52.2, 26.1, 
20.9, and 17.4 weeks. Weeks 
represent time intervals (i.e., 
weeks do not represent a year 
of calendar time in the context 
of this analysis). B) Fitted 
harmonic function using the 
52.2- and 26.1-week periodicities 
determined by discrete Fourier 
transform (green line). C) Fitted 
harmonic function using the 
104.5-, 52.2-, 26.1-, 20.9-, 
and 17.4-week periodicities 
determined by discrete Fourier 
transform (pink line).
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vaccination program in the United States during 
2020–2021, natural immunity from infection during 
the Omicron surge in the winter of 2021–22 further 
augmented population immunity. SARS-CoV-2 ster-
ilizing immunity after infection typically wanes, al-
though the duration and extent vary after infection 
with different variants (16,17). Because vaccine-in-
duced neutralizing antibodies typically wane within 
3–6 months, the biannual COVID-19 seasonality high-
lights the importance of a 2-dose vaccine schedule for 
older adults and persons with moderate or severe 
immunocompromise, who are at elevated risk for se-
vere infection (18–20). In 2025, most of the US popula-
tion has immune memory from prior infection, vac-
cination, or both. Studies have shown that a higher 
number of cumulative SARS-CoV-2 infections and  
COVID-19 vaccinations leads to higher antibody lev-
els; however, smaller incremental increases in anti-
body occur with each exposure to the virus or vaccina-
tion (21,22). A study in rhesus macaques determined 
that high concentrations of neutralizing antibodies 
alone prevented infection, and those authors calcu-
lated an estimated threshold of protection (23). In that 
same study, the authors determined that, near the 
threshold of immunity after recovery from infection, 
T cells contributed to viral clearance. In humans, one 
study estimated that neutralizing antibodies mediated 
a portion of protection against infection and that the  

protection is variant specific (24). However, those au-
thors hypothesized that nonneutralizing antibodies, 
likely in the form of cellular immunity, contribute the 
remaining protection, indicating both humoral and 
cellular arms of the immune system are important.

The seasonality of many respiratory infections is 
partly the result of weather and climate; increases in 
COVID-19 cases have been associated with low tem-
peratures and low humidity (5,25,26). Seasonal pat-
terns of behavior, including school terms, holiday 
gatherings, and travel, also influence respiratory vi-
rus transmission (27–30). During periods when sea-
sonal surges occur, the risk for exposure increases for 
persons at higher risk for severe disease. 

The first limitation of this analysis is that the DFT 
cannot determine why certain frequencies are domi-
nant or whether variations in periodicity throughout 
the study period occurred; including additional fre-
quencies in the linear regression will continue to im-
prove model fit. Second, different laboratory methods 
used throughout the study period could have differ-
ent sensitivities and specificities, causing variation in 
the reported results of laboratory testing and percent 
positivity. Third, NREVSS is a passive, voluntary re-
porting system. Participating laboratories vary from 
season to season, and SARS-CoV-2 percentage positiv-
ity data might not be representative of all geographic 
areas. Several additional limitations are associated 

Figure 3. Weekly numbers 
of sequenced SARS-CoV-2 
isolates, proportions with 
unique S1 spike sequences, 
and national percentages of 
positive SARS-CoV-2 tests 
and percentage changes in 
SDI, United States, October 
2020–September 2024. A) 
Numbers of sequenced isolates 
(gray bars) and proportions 
of isolates with each unique 
S1 sequence (colored lines). 
Unique S1 sequences with a 
maximum proportion of <0.02 
during the study period are 
included in the total number 
of isolates but not shown as 
proportion lines to improve 
visibility of patterns. B) National 
smoothed (3-week) percentages 
of positive SARS-CoV-2 tests 
reported to the NREVSS and 
percentage changes in SDI of 
S1 spike proteins. NREVSS, 
National Respiratory and Enteric 
Surveillance System; SDI, 
Simpson diversity index.
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with the changing epidemiologic and clinical features 
of COVID-19. The proportion of infections causing 
severe disease has decreased since 2020, which could 
reduce the number of tests conducted and reported 
to NREVSS. In addition, the use of screening tests has 
decreased, and at-home test use peaked in January 
2022 (31,32); those changes can affect how COVID-19 
trends are observed and reported. Genomic sampling 
methods also changed during the study period, and 
the volume of sequences reported to surveillance de-
creased. Finally, we described national and regional 
COVID-19 trends, but local variability in transmis-
sion is not represented in our analysis.

In conclusion, SARS-CoV-2 circulation in the 
United States has been meaningful year-round, but 
consistent peaks have occurred in late summer and 
winter since 2020. We observed decreases in anti-
genic diversity, representing predominance of a 
new SARS-CoV-2 lineage, before late summer and 
winter COVID-19 surges during 2021 and 2022. In 
2023 and 2024, antigenic diversity increased and 
remained stable during late-summer surges, indi-
cating sustained co-circulation of multiple lineag-
es. Given the complexity of the interacting factors, 
additional data and modeling studies are needed 
to understand the effects of predominant S1 se-
quences and other drivers of COVID-19 seasonali-
ty. Continuing to monitor the associations between 
percentage positivity and SDI can help to fore-
cast expected surges, describe changing seasonal-
ity over time, and optimize prevention and health 
system preparedness. In particular, the timing of  
COVID-19 vaccination recommendations could be 
further optimized to maximize protection accord-
ing to expected surges in COVID-19 activity. 
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Streptococcus pyogenes (group A Streptococcus 
[GAS]) causes multiple clinical conditions, from 

noninvasive pharyngitis and impetigo to more in-
vasive streptococcal toxic shock syndrome and nec-
rotizing fasciitis (1). Globally, invasive GAS (iGAS) 
infections are estimated to cause >160,000 deaths an-
nually, and poststreptococcal conditions, primarily 
rheumatic heart disease, are estimated to cause an ad-
ditional 476,000 deaths annually (2,3). In the United 

States, the increased severity of GAS infections and 
rising rates of iGAS were first described in the 1980s 
(4). After several decades of stable incidence rates, 
rates increased from <4.0 cases to 7.6 cases/100,000 
persons in 2019 (5–7; Bact Facts Interactive Data 
Dashboard, https://www.cdc.gov/abcs/bact-facts/
data-dashboard.html). After decreasing during the 
COVID-19 pandemic, rates continued to increase to 
8.2 cases/100,000 persons in 2022 (Bact Facts Interac-
tive Data Dashboard). 

American Indian populations have dispropor-
tionately high rates of infectious disease related 
death compared with the general US population 
(8,9). However, American Indian populations are 
underrepresented in national surveillance systems 
for iGAS, such as the Active Bacterial Core (ABC) 
surveillance program of the Centers for Disease 
Control and Prevention. This underrepresentation 
limits understanding of the epidemiology and rates 
of iGAS in the United States. A more complete un-
derstanding is critical to inform disease prevention 
strategies, including the development of vaccines 
against GAS (10,11).

Studies from the 1980s in Arizona and New Mex-
ico suggested rates of iGAS among American Indian 
persons are 8–10 times higher than for other ethnic 
groups (4,12). A more recent study in Alaska during 
2001–2013 found Alaska Native persons account-
ed for nearly half of Alaska’s reported iGAS cases  
and had a rate >3 times higher than non–Alaska Na-
tive persons, despite comprising only 20% of the 
state’s population (13).
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American Indian populations have higher rates of inva-
sive disease because of group A Streptococcus (GAS). 
This study describes the rates of severe and invasive 
GAS (siGAS) infections and the distribution of circu-
lating emm types among nonsevere and siGAS cases 
in the White Mountain Apache Tribal lands in Arizona, 
USA, during 2016–2019. Isolates underwent whole-
genome sequencing to determine emm type. Among 
siGAS cases, 36% of patients were female, the me-
dian age was 40.7 years, and 47.2% of patients were 
co-infected with Staphylococcus aureus. The age-
standardized incidence rate during 2018–2019 was 
554.2/100,000 persons. Among the pharyngitis isolates 
from 2017–2018, the most common emm types were 82 
(36.3%), 6 (22.2%), and 60 (16.3%). Among the siGAS 
cases in 2017–2019, the most common emm type was 
82 (65.5%) in the first year and 91 (36.2%) in the second 
year. Interventions are needed to address the high rates 
of GAS disease in this population.
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In the fall of 2016, the Indian Health Service 
(IHS) hospital in Whiteriver, Arizona, USA, which 
serves the White Mountain Apache (WMA) com-
munity, experienced several GAS-related hospital-
izations, including 2 invasive cases. To better un-
derstand the rate of disease and epidemiology of 
iGAS in this vulnerable community, we conducted 
a series of studies, including active laboratory-
based surveillance of all hospitalizations second-
ary to GAS infection. The objectives of this analysis 
were to describe the rates of severe and invasive 
GAS infections, the clinical manifestation and un-
derlying medical conditions of severe and invasive 
cases, and the distribution of circulating M protein 
gene (emm) types among nonsevere, severe, and in-
vasive cases during 2016–2019.

Methods

Study Setting and Overview
We conducted study activities during August 2016–
February 2019 in the WMA Tribal lands, which cov-
er an area of 2600 square miles (2) in eastern Arizona 
and have a population of ≈17,000 Tribal members. 
The population is served by 1 main IHS facility that 
provides inpatient and outpatient care and a smaller 
IHS outpatient clinic. A private health facility, with 
inpatient and outpatient services, also serves Tribal 
members and is located 15 miles from the WMA 
Tribal lands.

We undertook 3 activities in response to an ap-
parent increase in GAS cases at the IHS hospital. 
First, we collected samples from 19 GAS positive 
cultures during August–October 2016, irrespective 
of infection site, clinical syndrome, or severity. We 
collected a limited set of demographic and clini-
cal information and sequenced the isolates to de-
termine emm types. Second, we performed active, 
laboratory-based surveillance for GAS pharyngitis 
during May 2017–August 2018, including all pa-
tients with a clinical manifestation consistent with 
pharyngitis who had 2 swabs collected for testing 
(1 for rapid antigen testing and 1 for traditional cul-
ture in the event the rapid antigen test was nega-
tive). We monitored the cultures for GAS and col-
lected positive isolates. We collected the patient’s 
age and sequenced the isolates to determine emm 
types. Finally, we conducted active, laboratory-
based surveillance for severe and invasive GAS 
infections during March 2017–February 2019. We 
included all cases that met eligibility criteria and 
conducted a chart review. We collected and se-
quenced isolates to determine emm types.

Active, Laboratory-Based Surveillance for  
Invasive and Severe GAS
We conducted active, laboratory-based surveillance 
for severe and invasive GAS infections over a 2-year 
period; year 1 was March 1, 2017–February 28, 2018, 
and year 2 was March 1, 2018–February 28, 2019. At 
the IHS hospital, patient specimens were collected at 
the discretion of the clinical provider; we then sent 
isolates to the Johns Hopkins Center for Indigenous 
Health (CIH) laboratory in Whiteriver for processing 
and storage. We initiated surveillance at the private 
facility in August 2018. We retrospectively identified 
all cases of severe and invasive GAS infection that oc-
curred during March 1, 2017–July 31, 2018, through 
review of microbiology reports and medical charts. 
During August 1, 2018–February 28, 2019, we identi-
fied cases prospectively and sent isolates to the CIH 
laboratory. At both facilities, we obtained informa-
tion on case demographics (age, sex, race), under-
lying medical conditions, clinical syndrome (on the 
basis of physician report), co-infections (identified on 
the hospital laboratory report), and health outcomes 
(amputation or death within 30 days of the initial cul-
ture) by using chart review.

We defined a case of iGAS as an American In-
dian patient living in a community in or near the 
WMA Tribal lands who had GAS isolated from a 
normally sterile body site (e.g., blood, cerebro-
spinal fluid) or from a wound with a diagnosis of 
streptococcal toxic shock syndrome or necrotizing 
soft tissue infection, including necrotizing fasciitis. 
We defined a case of severe GAS infection as an 
American Indian patient living in a community in 
or near the WMA Tribal lands who had GAS iso-
lated from a nonsterile site (e.g., wound, ear) and 
who required hospitalization that otherwise did 
not meet invasive criteria. We considered patients 
with multiple isolates collected within 7 days of the 
initial culture the same case. We defined a reoccur-
ring case as a patient with a new case event, which 
was GAS isolated from specimens collected >8 days 
after the initial date of culture.

Laboratory Methods
At the IHS laboratory, positive blood cultures were 
identified by using the BACTEC FX automated blood 
culture system (Becton, Dickinson and Company, 
https://www.bd.com) for samples collected in 
BACTEC (Becton, Dickinson and Company) aerobic 
and anaerobic blood culture bottles. When growth 
was detected, the positive blood cultures were sub-
cultured to MacConkey, chocolate, and sheep’s 
blood agar plates. Wound and throat samples were  
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collected by using liquid double swabs (Becton 
Dickinson) and plated onto sheep’s blood agar with 
a bacitracin disc.

At the private facility, positive blood cultures 
were identified by using the VITEK 2 automated 
blood culture system (bioMérieux, https://www.
biomerieux.com). When growth was detected, GAS 
was confirmed by using a latex agglutination test.

As part of the surveillance for invasive and severe 
GAS infections, we subcultured eligible isolates in the 
CIH laboratory on sheep’s blood agar plates with a 
bacitracin disc to confirm the presence of GAS. After 
24 hours of incubation, we stored the cultured colo-
nies in skim milk at −80°C.

We sent all the recovered isolates to the Musser 
laboratory at Houston Methodist Research Institute 
(Houston, TX, USA) for whole-genome sequencing 
to determine emm types. Strain growth, isolation of 
chromosomal DNA, generation of paired-end librar-
ies, and multiplexed sequencing by using an Illumina 
NextSeq 550 (Illumina, https://www.illumina.com) 
were performed as previously described (14–16). 
Reads were preprocessed by using Trimmomatic and 
Musket (17,18) and then assembled de novo by us-
ing SPAdes (19). Gene content data were generated 
by using short-read sequence typer 2 (20) and custom 
databases as previously described (21).

Statistical Analysis
We compared the characteristics and outcomes of 
invasive and severe cases from year 1 and year 2 by 
using χ2 or Fisher exact tests for categorical variables 
and Wilcoxon rank-sum tests for continuous vari-
ables. We calculated incidence rates of invasive and 
severe GAS infections (overall and separately) by us-
ing the IHS user population during 2017–2018 as the 
denominator for years 1 and 2. IHS defines users as 
any American Indian patient receiving services at the 
IHS facility in the preceding 3 years (22). We included 
all cases identified from the surveillance system from 
communities included in the IHS user population 
for the IHS facility in the numerator, regardless of 
whether an isolate was collected. For each year and 
type of infection, we calculated incidence overall and 
by age by using Poisson regression with robust vari-
ance estimation to account for recurrent infections. 
For comparison with the general US population (Bact 
Facts Interactive Data Dashboard), we calculated age-
standardized incidence rates for each year by using 
direct standardization methods by using US census 
data from 2017 as the reference (23).

We summarized the distribution of emm types by 
sample type (clinical, pharyngitis, severe or invasive 

isolates), year, and patient characteristics (age, sex, 
clinical manifestation). We separately estimated the 
proportion of emm types targeted by an experimental 
30-valent type-specific vaccine for pharyngitis and se-
vere or invasive isolates (24,25). We conducted analy-
ses by using SAS software version 9.4 (SAS Institute, 
https://www.sas.com) and Stata software version 
14.2 (StataCorp, LLC, https://www.stata.com).

Ethics Statement
This study was approved by the WMA Tribe and by 
the Institutional Review Boards of the Phoenix Area 
IHS (approval no. PXR 18.06) and the Johns Hopkins 
Bloomberg School of Public Health (approval no. 
8510). A Health Insurance Portability and Account-
ability Act waiver was obtained to conduct medical 
chart reviews.

Results

Effect of Severe and Invasive GAS
During the surveillance period, 48 invasive cases (23 
cases in year 1 and 25 in year 2) and 113 severe cases 
(56 cases in year 1 and 57 in year 2) were detected. 
The 161 cases occurred among 146 persons: 9 per-
sons had 1 recurrent infection, and 3 persons had 2 
recurrent infections.

Among the 48 invasive cases, 52 isolates were 
identified: 32 (61.5%) from blood, 1 (1.9%) from sy-
novial fluid, and 19 (36.5%) from wounds. Among 
the 113 severe cases, 113 isolates were identified: 
106 (93.8%) from wounds, 5 (4.2%) from abscesses, 1 
(0.9%) from a peritonsillar abscess, and 1 (0.9%) from 
an ear culture in a patient with mastoiditis.

Among the GAS cases (Table 1, http://wwwnc.
cdc.gov/EID/article/31/8/24-0765-T1.htm), compared 
with those with severe cases, patients with invasive 
cases were older, were more likely to have underlying 
conditions of hypertension and heart failure, were more 
likely to have pneumonia and sepsis, and had much lon-
ger hospitalization lengths. Patients with severe cases 
were much more likely to have alcoholism as an under-
lying condition and to have cellulitis as a disease syn-
drome. The clinical syndromes associated with severe 
and invasive infections differed by age: skin infections 
(e.g., eczema, impetigo) were dominant among chil-
dren <5 years of age; trauma (e.g., falls and self-inflicted 
wounds) and skin infections (e.g., insect bites, sores, 
blisters) were dominant among older children and ado-
lescents; trauma (e.g., lacerations, burns, injuries) was 
dominant among adults 18–49 years of age; and trauma 
(e.g., burns and falls) and complications of underly-
ing conditions (e.g., prior amputation or diabetic foot  
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ulcers) were dominant among older adults (Appendix 1 
Table 1, http://wwwnc.cdc.gov/EID/article/31/8/24-
0765-App1.pdf).

Almost half of patients were co-infected with 
Staphylococcus aureus (47.2%). Those with severe 
cases were significantly more likely to be co-infected 
with S. aureus than were those with invasive cases 
(59.3% vs. 18.8%; p<0.0001). Among patients co-
infected with S. aureus, 44.7% were co-infected with 
methicillin-resistant S. aureus, at similar rates for 
severe (44.8%) and invasive (44.4%; p = 0.99) cases. 
Similar results were found when restricting the data 
to cases with GAS isolated from a wound: those 
with severe cases (61.3%) were more likely to be co-
infected than were those with invasive cases (35.0%), 
and a similar proportion of co-infections were meth-
icillin-resistant S. aureus (45.8%; severe, 46.2%; inva-
sive, 42.9%; p = 0.87).

Overall, 6 (3.7%) patients had an amputation be-
cause of the GAS infection, 3 (6.7%) of those with 
invasive cases and 3 (2.6%) of those with severe cas-
es (p = 0.22). Three (1.9%) patients died within 30 
days of the initial culture; all had invasive infections 
(6.3%; p = 0.002).

Antimicrobial resistance testing at the clinical 
laboratories was only performed on the 32 invasive 
isolates identified from blood. No resistance was 
identified to the cephalosporins, penicillins, or fluo-
roquinolones tested (Appendix 1 Table 2). Only 6 
(18.8%) isolates demonstrated resistance; all were  

resistant to tetracycline, and 3 (9.4%) were also resis-
tant to clindamycin.

The overall incidence of severe and invasive 
GAS infections during the surveillance period 
was 472.7 (95% confidence interval [CI] 405.2–
551.4)/100,000 persons (Table 2). The incidence 
of invasive infections was 140.9 (95% CI 106.2–
187.0)/100,000 persons and the incidence of severe 
infections was 331.8 (95% CI 276.0–398.8)/100,000 
persons. Rates did not vary significantly by year 
(Table 3). For both severe and invasive infections, 
rates were higher for adults than children; the high-
est rates of severe infections were observed among 
adults 18–49 years of age and invasive infections 
were observed among adults >65 years of age. The 
overall age-standardized incidence of severe and 
invasive infections was 554.2/100,000 persons. 
Separately, the age-standardized incidence of se-
vere infections was 359.6/100,000 persons and of 
invasive infections was 194.6/100,000 persons.

Molecular Characteristics of GAS Isolates
Whole-genome sequencing was completed on all 
19 clinical isolates from 2016, as well as 135 of 149 
pharyngitis isolates and 131 of 165 severe and inva-
sive GAS isolates (Appendix 1 Tables 3–7; Appen-
dix 2 Table, http://wwwnc.cdc.gov/EID/article/ 
31/8/24-0765-App2.xlsx). Four isolates were from 
a second source from the same invasive case and 
yielded the same emm type and were excluded from 
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Table 2. Incidence rates of severe and invasive group A Streptococcus infection among American Indian persons in the White 
Mountain Apache Tribal lands, Arizona, USA, 2017–2019 

Characteristic Total no. 
Severe and invasive infections 

 
Invasive infections 

 
Severe infections 

No. Incidence* (95% CI) No. Incidence* (95% CI) No. Incidence* (95% CI) 
Overall 34,061 161 472.7 (405.2–551.4)  48 140.9 (106.2–187.0)  113 331.8 (276.0–398.8) 
 By age, y          
  0–4 3,391 7 206.4 (98.5–432.7)  1 29.5 (4.2–209.4)  6 176.9 (79.5–393.6) 
  5–17 8,791 11 125.1 (69.3–225.9)  0 0  11 125.1 (69.3–225.9) 
  18–49 14,514 90 620.1 (504.7–761.9)  22 151.6 (99.8–230.1)  68 468.5 (369.6–593.9) 
  50–64 4,845 32 660.5 (467.6–932.9)  12 247.7 (140.8–435.9)  20 412.8 (266.6–639.3) 
  >65 2,520 21 833.3 (544.3–1,275.8)  13 516.0 (300.0–887.3)  8 317.5 (158.9–634.1) 
Year 1† 16,948 79 466.1 (374.1–580.8)  23 135.7 (90.2–204.2)  56 330.4 (254.4–429.2) 
 By age, y          
  0–4 1,693 5 295.3 (123.1–708.8)  1 59.1 (8.3–419.3)  4 236.3 (88.8–629.0) 
  5–17 4,366 5 114.5 (47.7–275.0)  0 0  5 114.5 (47.7–275.0) 
  18–49 7,260 42 578.5 (427.9–782.1)  8 110.2 (55.1–220.3)  34 468.3 (334.9–654.9) 
  50–64 2,383 14 587.5 (348.5–990.5)  6 251.9 (113.3–560.0)  8 335.7 (168.1–670.5) 
  >65 1,246 13 1043.3 (607.5–1,791.8)  8 642.1 (321.8–1,281.0)  5 401.3 (167.3–962.4) 
Year 2† 17,113 82 479.2 (386.1–594.7)  25 146.1 (98.7–216.1)  57 333.1 (257.0–431.6) 
 By age, y          
  0–4 1,698 2 117.8 (29.5–470.8)  0 0  2 117.8 (29.5–470.8) 
  5–17 4,425 6 135.6 (61.0–301.7)  0 0  6 135.6 (61.0–301.7) 
  18–49 7,254 48 66.2 (499.1–877.2)  14 193.0 (114.4–325.7)  34 468.7 (335.2–655.5) 
  50–64 2,462 18 731.1 (461.4–1,158.5)  6 243.7 (109.5–541.9)  12 487.4 (277.2–857.1) 
  >65 1,274 8 627.9 (314.7–1,252.9)  5 392.4 (163.6–941.3)  3 235.5 (76.1–729.2) 
*Cases/100,000 persons. 
†No significant difference was observed between years 1 (March 2017–February 2018) and 2 (March 2018–February 2019) for all group A Streptococcus 
(incidence rate ratio: 1.03; 95% confidence interval: 0.76–1.40), invasive group A Streptococcus (incidence rate ratio: 1.08; 95% confidence interval: 
0.61–1.90) or severe group A Streptococcus (incidence rate ratio: 1.01; 95% confidence interval: 0.70–1.46). 
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the analysis. The distribution of emm types varied 
by year and sample type (Appendix 1 Table 4; Fig-
ures 1, 2). In 2016, out of 19 clinical isolates col-
lected, 13 (68%) were emm59. Among 135 pharyn-
gitis isolates collected during 2017–2018, the most 
common emm types were 82, 60, and 6, with little 
variation by year (Appendix 1 Figure 2); 80% were 
emm types targeted by an experimental 30-valent 
type-specific vaccine (24). In year 1 (2017–2018) of 
active surveillance, emm82 caused most (65.5%) se-
vere and invasive GAS infections. In year 2 (2018–
2019), more emm types were present; 91 (36.2%), 
82 (21.7%), and 49 (18.8%) were the most common. 
Of the 127 severe and invasive GAS isolates in this 
study, 66% were emm types targeted by the 30-va-
lent type-specific vaccine (24).

Discussion
This study, conducted in an American Indian com-
munity in Arizona during 2016–2019, revealed high 
rates of severe and invasive GAS infections, particu-
larly among older adults. Co-infection with S. aureus 
was common among persons with severe skin and 
soft tissue infections. Although most outcomes were 
favorable, a small proportion of infections resulted 
in amputation or death. Molecular characterization 
of isolates found a shift in dominant emm types over 
time with overlapping distributions between pharyn-
gitis and severe and invasive isolates.

By using a population-based, laboratory-based 
surveillance system, we documented a rate of iGAS of 
194.6/100,000 persons for the WMA community, which 
was >25 times that found in the general US population 
and among the highest reported in the world. In 2019, 
the rate of iGAS in the United States was 7.6/100,000 
persons (Bact Facts Interactive Data Dashboard). Similar  

to our study, that study found the highest rates were  
observed among older adults (7.5/100,000 persons 
among adults 35–49 of age, 10.6/100,000 persons among 
adults 50–64 of age, and 16.1/100,000 persons among 
adults >65 years of age) (Bact Facts Interactive Data 
Dashboard). The rate in our study was also substan-
tially higher than that reported among American In-
dian persons throughout Arizona in 2017 (21.6/100,000 
persons) (26) and among Alaska Native persons dur-
ing 2001–2013 (13.7/100,000 persons) (13). Globally, 
indigenous populations are found to have dispropor-
tionately high rates of iGAS, including those in Austra-
lia (23.8–82.5/100,000 persons) (27–29), New Zealand 
(20.4/100,000 persons) (30), Fiji (17.8/100,000 persons) 
(31), and Canada (10.0–52.2/100,000 persons) (32).

Host characteristics, host–pathogen dynamics, 
and pathogen virulence all likely contribute to the 
disparate rates of iGAS among American Indian com-
munities, but the proportion of disease attributable 
to each factor is poorly understood. Many host char-
acteristics associated with GAS infections in North 
America are driven by socioeconomic differences. 
In Canada and the United States, outbreaks of iGAS 
have been associated with substance use and home-
lessness (33–36). Whereas homelessness was uncom-
mon in this study, alcohol misuse was common, re-
ported in more than half the cases. Alcohol misuse 
was more common among persons with severe GAS 
infections, which were documented predominantly 
among younger men. All patients reported >1 un-
derlying condition, and diabetes and hypertension, 
known risk factors for iGAS (37,38), were reported in 
approximately one third of cases. In addition, poor 
household conditions, household crowding, and  
exposure to children with sore throats have been 
found to be associated with iGAS in other studies 
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Figure 1. Distribution of 
emm types among cases of 
group A Streptococcus from 
American Indian persons in 
the White Mountain Apache 
Tribal Lands, Arizona, USA, 
2016–2019. Clinical isolates 
were convenience samples; all 
other samples were collected as 
part of active, laboratory-based 
surveillance. Year 1 indicates 
active surveillance for siGAS 
during March 1, 2017–February 
28, 2018, and year 2 indicates 
active surveillance for siGAS 
during March 1, 2018–February 
28, 2019. siGAS, severe or 
invasive cases of group A 
Streptococcus.
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(37). Although those factors were not directly as-
sessed in this study, 15% of patients had a severe GAS 
infection in the previous 5 years, including several 
persons with recurrent infections during the 2-year 
study period, indicating relatively common and re-
peated exposure to GAS in the household or commu-
nity. In addition, the large proportion of emm types 
belonging to the D cluster (skin specialists) and small 
proportion belonging to the A–C cluster (throat spe-
cialists) among severe and invasive cases (39) suggest 
that skin and soft tissue infections, which are affected 
by household conditions and crowding, are a major 
driver of serious GAS disease. In the WMA commu-
nity, families tend to be larger (4.2 vs. 3.1 in the gen-
eral US population) and multigenerational (22.2% vs. 
4.9% in Arizona), and a higher proportion live below 
the federal poverty line (40.4% vs. 12.6% in the United 
States) (40,41). Additional studies are needed of both 
GAS disease and carriage to further understand the 
contribution of those factors in this community.

There is an increased interest in the role of viru-
lent emm types among vulnerable populations in re-
cent years. Canada experienced an outbreak of iGAS 
driven by the hypervirulent emm59 clone beginning in 
2006 (33), and First Nations persons were dispropor-
tionately represented among cases (42). Later studies 
revealed that clone migrated to the United States, mu-
tated, and caused outbreaks in Wyoming, Montana, 
and Oregon (43,44). In the ABCs program, emm59 
was reported almost exclusively from New Mexico 
in 2015, with a few isolates also identified from Or-
egon (45). In 2015, an outbreak of iGAS occurred in 
northern Arizona, and most cases were in American 
Indian persons. Most isolates (62%) were emm59 and 
genetically related to the Canada strain (46). Of inter-
est, emm59 was the dominant type found in the clini-

cal isolates in our study in 2016. However, the domi-
nant type shifted to emm82 during 2017–2018 among 
both GAS pharyngitis and invasive cases and then to 
emm91 in 2018 and 2019 among invasive cases, poten-
tially suggesting introduction and rapid circulation of 
different types into the community. Although other 
studies, particularly from Canada, have found rapid 
shifts in dominant types in indigenous populations 
(32), many report a variety of types with none clearly 
dominant (13,27,28,30,47). Of note, the common emm 
types identified from severe and invasive cases in 
this study (e.g., 49, 59, 60, 82) overlapped with those 
commonly identified from disadvantaged communi-
ties (e.g., persons experiencing homelessness or who 
inject drugs) in the ABCs program during the same 
period (2015–2018) (48). Persons experiencing home-
lessness or who inject drugs were also found to have 
higher rates of disease (≈14–80-fold higher) and were 
more likely to have acute skin breakdown than per-
sons without those risks (36), highlighting the shared 
social drivers of health with indigenous communities 
and the potential for shared learnings from further re-
search in these communities.

The high rates of disease observed in the WMA 
Tribal lands and other indigenous and vulnerable com-
munities illustrates the need for effective interventions 
to decrease illness and death and address health differ-
ences. Eight GAS vaccine candidates are in develop-
ment; the furthest along is an M protein–based vaccine  
candidate targeting 30 emm types that was found to 
be immunogenic and well tolerated in a phase 1 clini-
cal trial (24,49). In this study, 66% of severe and in-
vasive emm types and 80% of pharyngitis emm types 
would have been targeted by the vaccine, similar to 
the 53% coverage reported for invasive cases among 
First Nations populations in Alberta, Canada, during 
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Figure 2. Distribution of emm type 
clusters by sample type among 
cases of group A Streptococcus 
from American Indian persons in 
the White Mountain Apache Tribal 
Lands, Arizona, USA, 2016–2019. 
Clinical isolates were convenience 
samples; all other samples 
were collected as part of active, 
laboratory-based surveillance. 
Year 1 indicates active 
surveillance for siGAS during 
March 1, 2017–February 28, 
2018, and year 2 indicates active 
surveillance for siGAS during 
March 1, 2018–February 28, 
2019. siGAS, severe or invasive 
cases of group A Streptococcus.
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2003–2017 (32). That study also observed a difference 
in coverage between First Nations and non–First Na-
tions populations, with a higher coverage of 77% for 
the non–First Nations population (32). The authors 
also observed a major difference in emm cluster types 
between First Nations and non–First Nations popu-
lations, with a larger proportion in cluster D and 
smaller proportion in cluster A–C among First Na-
tions cases (32). Although our study did not include 
a nonindigenous comparison population, the esti-
mated coverage with the 30-valent vaccine was lower 
than that reported for invasive cases included in the 
ABCs program in 2015 (88%) in the United States 
(45). Few samples from ABCs were identified with 
emm types belonging to cluster D, and those are not 
well represented among emm types included in the 
vaccine (24,45). The larger proportion of emm types 
from cluster D identified from indigenous cases may 
explain the lower emm type coverage observed for 
Indigenous populations and between cases of severe 
and invasive disease and pharyngitis. Potential cross-
reactivity with nonvaccine emm types could decrease 
differences between populations and increase the ef-
fectiveness of the vaccine (24,25,50).

In conclusion, we found high rates of severe and 
invasive GAS disease in this American Indian com-
munity in Arizona, USA, highlighting the need to in-
crease representation of reservation-based American 
Indian populations in current laboratory and genom-
ic surveillance systems. Vaccines to prevent GAS dis-
ease are under development but are still years from 
licensure. Until then, interventions that are culturally 
informed and promote early recognition and treat-
ment are needed to reduce the illness and death as-
sociated with GAS infections.
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Since 2021, highly pathogenic avian influenza 
(HPAI) A(H5N1) clade 2.3.4.4b virus has emerged 

as a devastating pathogen in terms of bird species di-
versity, abundance, geographic extent, and economic 
losses (1). Although the effects on domestic birds 
have been staggering at >500 million reported deaths, 
the full extent of the toll on wild birds is unknown (2). 
Approximately 420,000 wild bird deaths have been 

reported, likely a considerable underestimate (3), and 
the diversity and number of affected species imply a 
profound threat to biodiversity (4).

This ongoing panzootic represents a paradigm 
shift in H5Nx avian influenza. HPAI H5N1 infec-
tions have now been reported on all continents ex-
cept Oceania and in >50 mammal species (5,6). Most 
mammal infections have been reported in predators 
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Since 2021, highly pathogenic avian influenza (HPAI) 
A(H5N1) clade 2.3.4.4b virus has affected wild bird 
populations globally. Griffon vultures (Gyps fulvus), a 
species hitherto considered unexposed, experienced 
an HPAI H5N1 outbreak in 2022 in southern Europe, 
leading to moderate mortality and reduced breeding 
success. The integration of virological, serologic, phylo-
genetic, and ecologic data revealed a short yet intense 
viral circulation and a probable common source of in-
fection. The dissemination across Spain and France  

was likely caused by frequent interpopulation move-
ments of birds. This integrated overview of the 2022 
HPAI outbreak in vultures provides novel insights into 
the role of large-scale movements of wild birds in the 
spread of such disease. Understanding the epide-
miologic dynamics of HPAI H5N1 in these scavenger 
species is crucial because the birds play vital roles in 
ecosystem functioning. Their susceptibility to this virus 
highlights potential broader ecologic effects of the on-
going outbreaks.
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and scavengers, but livestock have also been affect-
ed, notably cattle in the United States (7). Further-
more, the loss of traditional seasonality, evidenced 
by outbreaks now persisting year-round, also rep-
resents a profound shift in HPAI virus ecology (8,9). 
Evidence for sustained mammal-to-mammal trans-
mission is inconclusive, but the unprecedented geo-
graphic spread of the virus, coupled with the num-
ber of species infected, has raised concerns about the 
ability of the virus to expand its host range and gain 
pandemic potential (10).

Among wild birds, gregarious species, partic-
ularly those with colonial nesting behavior, have 
shown heightened vulnerability (11). Colonies of 
seabirds have experienced exceptionally high mor-
tality rates worldwide (12–16). This susceptibility 
is likely because of enhanced virus transmission 
within densely aggregated avian populations, 
where the proximity of birds contributes to the rap-
id spread of the virus.

Vultures have been considered relatively resil-
ient to pathogens, including HPAI virus, because of 
their scavenging diet and their associated physiologic 
adaptations to cope with pathogens (17). Before the 
current panzootic, only a local outbreak of HPAI 
had been reported in hooded vultures (Necrosyrtes 
monachus) in Burkina Faso in 2006 (18). Similarly, al-
though ornitophagous raptors and scavengers have 
previously been only sporadically affected by HPAI 
H5Nx, they have been unexpectedly affected during 
the ongoing panzootic; birds affected have included 
obligate or occasional scavengers such as bald eagles 
(Haliaaetus leucocephalus), black vultures (Coragyps 
atratus), and California condors (Gymnogyps califor-
nianus) in North America and griffon vultures (Gyps 
fulvus) in Europe (19,20).

In spring 2022, abnormal deaths of nestling and 
adult griffon vultures were detected in Spain and 
France; HPAI H5N1 infection was confirmed by 
quantitative reverse transcription PCR (qRT-PCR) 
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/31/8/24-1456-App1.pdf). This occurrence 
prompted an investigation into the epidemiology of 
HPAI in this vulture population. Leveraging ongoing 
ecologic studies, we investigated the origin of infec-
tion and assessed the nature and magnitude of viral 
spread through an integrated analysis of virological, 
serologic, genomic, and ecologic data obtained from 
field sampling in France and Spain. In addition to se-
roepidemiology and viral phylogenetic approaches, 
we further used long-term global positioning system 
(GPS) tracking data to evaluate potential sources of 
exposure, to study population connectivity pathways,  

and to investigate the potential of long-range contam-
ination by movements of infected animals.

Methods
We collated and jointly analyzed information from 
griffon vultures collected from Spain and France in 
the framework of several research and surveillance 
programs dedicated to the study of vulture ecology, 
population dynamics, or HPAI outbreak follow-up 
(Appendix). In addition, the sampling included birds 
from national and local surveillance programs or 
those submitted for diagnosis to the institutions of 
the authors. In Spain, griffon vulture captures were 
performed in numerous colonies across the Iberian 
Peninsula during 2020–2022. Adult griffon vultures 
were captured with net traps or walk-in traps at vul-
ture feeding stations, and nestlings were captured at 
nests. In France, 3 capture sessions were performed in 
2022 and 2023 using walk-in traps at 5 sites.

All birds were ringed and a subset of vultures 
were fitted with GPS satellite transmitters. Blood 
samples, as well as oropharyngeal and cloacal swab 
samples, were collected from live birds. From dead 
birds, vascular feathers and tissues from the main or-
gans (spleen, pancreas, heart, brain, trachea, intestine, 
lungs, and liver) were collected.

We extracted nucleic acids and submitted them 
to generic matrix gene qRT-PCR. We then submitted 
positive samples for nanopore sequencing (Oxford 
Nanopore Technologies, https://nanoporetech.com) 
and used consensus genomes in molecular marker 
and phylogeographic analysis.

We separated serum from the cell pellet by cen-
trifugation in blood samples and stored at −20°C un-
til analysis. We inactivated and tested serum samples 
with commercial ELISA and submitted positive sam-
ples to a hemagglutination inhibition (HI) test. We 
categorized HI samples as positive for an antigen if 
the titer was >16. We then estimated true seropreva-
lence by using the epidemiologic calculator Epitools 
(https://epitools.ausvet.com.au/prevalence).

We examined movement patterns of GPS-tagged 
griffon vultures during the 4-month period from 
March 1–June 29 during 2022 (outbreak year) and 
2023 (control year), characterizing tracks as local or 
transit movements or immobility. We calculated dai-
ly distances traveled (DDT) and used generalized lin-
ear mixed models to identify factors affecting DDT. 
We first examined the movement patterns of a large 
sample of 114 birds, then examined the spatial and 
temporal dimensions of the movements of a subsam-
ple of 16 birds that remained in Europe during the 
study period. 

http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/31/8/24-1456-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/8/24-1456-App1.pdf
https://nanoporetech.com
https://epitools.ausvet.com.au/prevalence
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Results

HPAI H5N1 Outbreak Dynamics
During April–August 2022, a total of 5 griffon vul-
tures in Spain and 11 in France were confirmed to 
have died from HPAI H5N1 infection (Figure 1; Ap-
pendix). Despite the advanced state of decomposi-
tion, severe generalized congestion was detected on 
postmortem examination.

Apparently healthy live vultures sampled in both 
countries during March 2020–August 2023 tested 
negative for avian influenza virus (AIV) in oropha-
ryngeal and cloacal swab samples (France, n = 393; 
Spain, n = 216). However, 2 birds admitted to a re-
habilitation center in northern Spain (Figure 1, site 6) 
tested positive for HPAI H5 on May 5, 2022, and May 
11, 2022. Both birds displayed weakness and severe 

central nervous system symptoms, including torticol-
lis and inability to fly (Appendix). Only 1 of 87 live 
griffon vulture nestlings from Spain for which vascu-
lar feathers were available tested positive for HPAI 
H5 on May 24, 2022. The nestling, from southern 
Spain (site 14), lacked clinical signs at the time of ring-
ing but was found dead on June 10, 2022; the remains 
tested positive for HPAI H5 (Appendix).

Exposure to H5 AIV in flying vultures was con-
firmed by the detection of H5-specific antibodies by 
HI tests after ELISA screening in 58 of 392 birds in 
France and 7 of 51 birds in Spain captured after the 
outbreak (summer 2022, autumn 2022, and summer 
2023) (Table 1; Appendix Table 1). However, only 3 of 
51 nestlings tested in Spain after the outbreak (sum-
mer 2022 and summer 2023) had H5-specific antibod-
ies. Of 17 flying birds captured in Spain before the 

Figure 1. Sampling sites of live vultures (black triangles) and collection sites of carcasses of confirmed HPAI-positive vultures (dots) 
during March 2020–August 2023 in study of multidisciplinary tracking of highly pathogenic avian influenza A(H5N1) outbreak in griffon 
vultures (Gyps fulvus), southern Europe, 2022. The correspondence between site identification and the details of site names, region, 
or province area are given in the Appendix (https://wwwnc.cdc.gov/EID/article/31/8/24-1456-App1.pdf). The color of collection sites 
indicates the number of cases in each site. A) Sampling sites in France and Spain; light green shaded areas show the breeding range of 
Griffon vultures. Insets provide details of specific sites: B) Alps, C) Massif Central, D) South Spain, and E) Pyrenees and North Spain.

http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/31/8/24-1456-App1.pdf
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outbreak in spring 2020, a total of 8 were seropositive 
against strains of AIV other than H5 or H7, whereas 
none of the 50 nestlings tested before the outbreak 
(summer 2021) were seropositive against AIV. Of 128 
H5 ELISA-positive vultures in France, 70 could not be 
confirmed by H5-specific HI tests.

Origin and Spatial Spread of Infection
We performed phylogenetic analysis on a dataset of 
12 hemagglutinin genetic sequences retrieved from 
HPAI H5N1–infected griffon vultures (8 generated in 
this study), together with a background dataset of se-
quences from poultry and wild birds that were sam-
pled in Europe during November 8, 2021–September 
1, 2022 (n = 571) (Appendix). The analysis confirmed 
that the sequences obtained in this study belong to 
clade 2.3.4.4b and showed that most vulture sequenc-
es were grouped into a distinct clade (n = 32) in a 
maximum-likelihood tree (bootstrap support = 0.83) 
(Appendix), with vulture sequences already identi-
fied as genotype AB (21). Mutation analysis of the 
vulture sequences showed that several variable sites 
were identified in the hemagglutinin segment, some 
of which have been previously associated with spe-
cific phenotypes, such as increased virus binding to 
α2–3 and α2–6 receptors (Appendix).

We conducted continuous phylogeographic analy-
sis on this vulture-associated clade and revealed that 
nearly all (11 of 12) griffon vulture sequences clustered 
together in a distinct clade (Figure 2, panel A, node A). 
That clade is supported (posterior probability = 0.84) 
and contains vulture sequences from both Spain and 
France. Of note, the only other sequences in this clade 
originated from bearded vultures (Gypaetus barbatus) 
and a peregrine falcon (Falco peregrinus). This pattern 
suggests that the birds might have shared a common 
source of infection because of their scavenging feed-
ing behaviors or that some birds could have been ini-
tially infected and subsequently transmitted the virus 
to others. The median time of the most recent common 
ancestor of the clade (Figure 3, panel A, node A) was  

estimated to be March 8, 2022 (95% highest posterior 
density [HPD] February 10, 2022–April 4, 2022). This 
clade was nested within a larger clade predominantly 
composed of wild bird sequences from Spain, includ-
ing greylag geese (Anser anser), white storks (Ciconia 
ciconia), and grey herons (Ardea cinerea), but that also 
includes some poultry sequences, suggesting a likely 
wild bird origin with spillover events to both poultry 
and vultures (Figure 2, panel A).

Our continuous phylogeographic reconstruc-
tion indicated that the vulture viral lineages likely 
originated from central Spain (Figure 2, panel B) and 
substantial spatial dispersal was observed across 4 re-
gions (Figure 2, panel C). That dispersal likely origi-
nated from wild birds in central Spain, as suggested 
by the predominance of wild bird sequences in the 
parent clade, with subsequent spillover events to 
both poultry and vultures (Figure 2, panel A) and >1 
dispersal event toward Massif Central in early March 
(median date March 3, 2022; 95% HPD February 
7, 2022–April 4, 2022; posterior probability = 0.92). 
Subsequently, lineages spread to the Pyrenees by 
the end of March (median date March 29, 2022 [95% 
HPD March 4, 2022–April 20, 2022]; posterior prob-
ability = 0.73) and to southern Spain by the end of 
April (median date April 21, 2022 [95% HPD March 
28, 2022–May 4, 2022]; posterior probability = 0.44).

One griffon vulture sequence originating from 
a rehabilitation center in northern Spain (PP150341; 
site 6 in Figure 1) fell in a distinct position within 
the phylogenetic tree (Appendix Figure 2) within a 
clade of predominantly seabird sequences originat-
ing from France. This particular PP150341 sequence is 
positioned near the BB genotype (H5N1-A/Herring_
gull/France/22P015977/2022-like), which has been 
rapidly expanding across Europe since 2022 (22).

Dispersal of HPAI by Griffon Vulture Movements
To examine changes in the movement patterns of grif-
fon vultures during the HPAI outbreak, we focused 
on the 4-month period of March–June and compared 

 
Table. Results of ELISA tests and H5-HI test of ELISA-positive serum samples in study of multidisciplinary tracking of highly 
pathogenic avian influenza A(H5N1) outbreak in griffon vultures, southern Europe, 2022* 

Country Date 
ELISA test  H5-HI test 

Type Estimated prevalence, % (95% CI)  Estimated prevalence, % (95% CI) 
France 2020 NA NA  NA 

2021 NA NA  NA 
2022 Anti H5 28 (22–36)  82 (69–92) 
2023 Anti H5 20 (12–28)  20 (9–37) 

Spain 2020 Anti AIV 47 (25–71)  0 (0–37) 
2021 Anti AIV 0 (0–5)  NA 
2022 Anti AIV 16 (9–26)  38 (17–68) 
2023 Anti AIV 31 (13–56)  100 (66–100) 

*For details see Appendix Table 1 (https://wwwnc.cdc.gov/EID/article/31/8/24-1456-App1.pdf). AIV, avian influenza virus; H5-HI, H5 hemagglutination 
inhibition; NA, not applicable.  

 

http://www.cdc.gov/eid
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the movements of flying birds during 2022 compared 
with 2023. From 114 vultures tagged before the start 
of the outbreak in Spain and France (94 adult and 20 
immature birds, none of which were sampled for viral 
and serologic monitoring), the percentage of imma-
ture birds displaying long-range transit movements 
was significantly larger than the percentage of adult 
birds (88% immature vs. 24% adult when both years 

were pooled; χ2 = 37.01, degrees of freedom [d.f.] = 1; 
p<0.001). The proportion of long-range transit move-
ments did not differ significantly between years 
(χ2 = 0.76, d.f. = 1, p = 0.268 for adults; χ2 = 0.09, p = 
0.610 for immature birds).

We chose 16 vultures (4 immature and 4 adult 
birds in both 2022 and 2023) that best visually rep-
resent long-range transit movements to further  

Figure 2. Phylogenetic and phylogeographic analysis conducted in study of multidisciplinary tracking of highly pathogenic avian 
influenza A(H5N1) outbreak in griffon vultures (Gyps fulvus), southern Europe, 2022. A) Maximum clade credibility (MCC) tree obtained 
from the time-scaled phylogenetic analysis based on genetic sequences of the hemagglutinin gene segment collected from H5N1 
virus–infected birds during November 8, 2021–September 1, 2022, in Spain and France. Vertical light gray bars reflect 95% highest 
posterior density (HPD) intervals associated with the inferred age of internal nodes. B) Continuous phylogeographic reconstruction of 
the dispersal history of viral lineages. Specifically, we first report the mapped MCC tree and 80% HPD regions reflecting the uncertainty 
related to the Bayesian continuous phylogeographic inference; both the MCC tree and HPD regions are based on 1,000 trees sampled 
from the posterior distribution and colored according to their time of occurrence. Phylogenetic branches associated with the vulture 
subclade (node A) are displayed as solid lines, whereas dashed lines represent other branches in the clade. C) MCC tree as reported in 
panels A and B, but this time along the PPs and mean estimates associated with lineage dispersal events that occurred between the 4 
main regions involved in the continuous phylogeographic reconstruction. PP, posterior probability.

http://www.cdc.gov/eid
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investigate the spatial and temporal dimensions of 
those movements (Figure 3). The DDT were signifi-
cantly longer for days of transit compared with days 
of local movements (181.8 + 77.4 km [max 438.2 km] 
for days of transit compared with 69.0 + 47.5 km [max 
272.1 km] for days of local movement) (Appendix 
Table 8). Regardless of the type of movement, DDT 
increased significantly (p<0.001) and progressively 
over the course of the period (shortest in March and 
longest in June) (Figure 3, panel C). We observed no 
qualitative differences in transit movement patterns 
between 2022 and 2023. In transit movements, adults 
and immature birds traveled at similar speed, but in 
general adults took more direct trajectories (Figure 3, 
panel B). Overall, griffon vultures were able to travel 
between southern Spain and the Pyrenees or between 
the Pyrenees and the Alps in 1–2 days.

Discussion
HPAI H5N1 infections were first detected in griffon 
vultures in southern Europe in spring 2022 in Spain 
and France. Infection led to central nervous clinical 

signs as well as reduced activity, immobility at the 
roost or nest, and death in some adults. Deaths were 
also recorded in nestlings, either from direct effects of 
infection or lack of parental care (19).

We investigated the origin of infection and as-
sessed the nature and magnitude of viral spread 
through an integrated analysis of virologic, serologic, 
genomic, and ecologic data obtained from field sam-
pling in France and Spain. In addition, we evaluated 
potential sources of exposure, studied population 
connectivity pathways, and investigated the potential 
of long-range contamination by movements of infect-
ed birds using long-term GPS tracking data.

Serologic results reflected the circulation of H5 
HPAI among flying birds of all sampled colonies 
of griffon vultures. The high ELISA seroprevalence 
observed in flying birds seems to indicate wide-
spread transmission but high survival within the 
meta-population, as opposed to the dramatic mor-
tality rates observed in Sandwich terns, northern 
gannets, and bald eagles (20,23,24). In contrast, 
ELISA seroprevalence was considerably lower in 
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Figure 3. Movements of 16 individual birds during March 1–June 30, 2022, and March 1–June 30, 2023, in study of multidisciplinary 
tracking of highly pathogenic avian influenza A(H5N1) outbreak in griffon vultures (Gyps fulvus), southern Europe, 2022. Immature birds 
(A) and adult birds (B) show long-range transit movements (rectilinear movements with nocturnal roosts spaced >50 km apart) in red for 
2022 and orange for 2023; local movements are shown in gray for both years. C) Timeline of the proportion of individual birds (all ages 
pooled) in transit every day in 2022 and 2023.

http://www.cdc.gov/eid
http://www.cdc.gov/eid
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nestlings; seropositivity was detected in just 1 col-
ony (Appendix Table 1). That lower seroprevalence 
could be because of a reduced exposure of nestlings 
or the result of a high mortality rate. Those seropos-
itive nestlings, detected at the same time as H5N1 
AIV–mediated deaths of nestlings in neighboring 
nests, fledged successfully, demonstrating that in-
fected nestlings, as well as infected adults, were 
able to survive the infection.

The spread of the virus through the griffon vul-
ture populations in Spain and France was very fast; 
most H5 HPAI PCR–positive dead birds were col-
lected during April–June 2022, and almost all live 
and dead birds sampled in both countries after that 
period tested negative for H5 HPAI virus by qRT-
PCR. None of the antibody-positive vultures from 
our sample set tested positive by PCR, suggesting 
the absence of active HPAI H5N1 circulation after 
June 2022, which might relate to the clearance of in-
fection by surviving vultures (25,26). Sandwich terns 
sampled in 2022 and 2023 showed a similar pattern; 
seropositivity was detected in adults in the absence 
of viral shedding (24). However, the lack of data 
regarding persistence of AIV immunity in griffon 
vultures, which is known to be highly dependent on 
the species and age of the host, as well as the sub-
type of virus, does not preclude circulation at a low 
prevalence or in the absence of clinical signs (27,28). 
Presence of H5-specific AIV antibodies as much as a 
year after the outbreak, albeit at low titers (Appen-
dix Table 2), might be from antibody persistence or 
reexposure or from exposure to a different H5 AIV. 
In fact, AIV seropositivity of vultures in Spain to 
AIV other than H5 before 2022 provides circumstan-
tial evidence that exposure of vultures to AIV could 
occur occasionally, which contrasts with the com-
mon assumption before the H5N1 outbreak that vul-
tures were either not exposed or not susceptible to  
AIV infection.

Of note, HPAIV-related deaths of bearded vul-
tures (G. barbatus) were reported concurrently to the 
griffon vulture outbreak (SM17). In contrast, no evi-
dence of infection was found in 2 other cooccurring 
species of vultures, namely cinereous vultures (Aegy-
pius monachus) and Egyptian vultures (Neophron perc-
nopterus), which also regularly feed alongside griffon 
vultures (data not shown).

Phylogenetic and phylogeographic analyses of 
H5 genetic sequences obtained during the HPAI 
H5N1 outbreak offered key insights into the poten-
tial origins and transmission dynamics of viral lin-
eages among griffon vultures. Of note, the inclusion 
of almost all griffon vultures within the same genetic 

cluster, despite having been sampled from geograph-
ically distant locations in Spain and France, suggests 
that they could have shared a common source of in-
fection because of their scavenging feeding behavior, 
or that some could have been initially infected and 
subsequently transmitted the virus to others.

Those analyses enable us to draw hypotheses re-
garding the origin of the virus that infected vultures. 
This virus was genetically close to strains found in 
greylag geese and other wetland species, such as grey 
herons and white storks. Griffon vultures rarely for-
age in wetlands in France, but they do more often in 
southern Spain, where they can feed on livestock or 
wild mammal carcasses in marshes (i.e., potentially 
close to waterbirds) (Appendix Figure 5). Interac-
tions with waterbirds might also have occurred at 
small waterbodies in southern Spain, where griffon 
vultures regularly bathe. Contacts could also have 
occurred in open urban landfills in northern Spain, 
where griffon vultures regularly feed alongside 
other wild bird species that are highly susceptible 
to the virus, such as gulls and white storks (29–32). 
Previous studies have shown potential transmission 
of low pathogenic avian influenza viruses between 
species frequenting the same landfills (33,34). Final-
ly, contacts might involve opportunistic carnivorous 
mammals, such as red foxes (Vulpes vulpes), in which 
deaths from HPAI H5N1 virus have been reported 
throughout Europe (35). Uncertainties remain re-
garding the specific mechanisms of the griffon vul-
tures’ contamination.

Our phylogenetic and phylogeographic analy-
ses further suggest that the introduction of HPAI in 
griffon vultures from poultry farms seems unlikely. 
This conclusion is also supported by the behavior of 
griffon vultures, which do not typically visit poultry 
farm premises. Moreover, culled poultry from affect-
ed farms are discarded under strict biosecurity regu-
lations, making the contact of griffon vultures with 
infected dead poultry unlikely. However, we cannot 
rule out that griffon vultures might have accessed 
inadequately discarded undiagnosed dead backyard 
poultry in some regions of Spain that could also have 
been consumed by gulls and storks, leading to the 
further spread and detection of the strain in both wild 
waterbirds and vultures (31,32).

The limited genetic diversity of the virus observed 
in griffon vulture populations, contrasting with the 
wide geographic distribution of infected birds, sug-
gests that the virus spread in the southwestern Eu-
rope metapopulation through intraspecific contami-
nation. The ecology of griffon vultures, especially 
their feeding behavior and their colonial nature, could 

http://www.cdc.gov/eid
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explain this finding. Dense short-term aggregations 
during feeding on carcasses or at vulture feeding sta-
tions and dumpsites, where hundreds of individual 
birds congregate, make griffon vultures particularly 
vulnerable to airborne pathogen transmission (36,37). 
Subsequently, movements of infected birds over long 
distances could easily have contributed to virus dis-
semination to the whole population (38).

Phylogeographic reconstructions reveal a spa-
tial dissemination pattern across 4 distinct regions, 
originating from central Spain, spreading to France 
in the Massif central and the Alps, and subsequently 
disseminating to the western part of the Pyrenees 
and southern Spain. This finding is coherent with 
the analysis of telemetric data, which show an over-
lap in the distributions of several GPS-tagged birds 
in Spain and France and long-range movements oc-
curring between populations, particularly in spring, 
concurrent with the 2022 outbreak (Appendix). Such 
movements were also observed in other years (39), 
and it thus seems unlikely for them to have been 
triggered by the outbreak, as observed with north-
ern gannets (23,40,41).

The nestling that was found seronegative and 
without clinical signs but tested positive for HPAI 
H5 in the vascular feather provides circumstantial 
evidence for shedding during the presymptomatic 
period, because shedding from feather follicles has 
recently been described as an efficient route of HPAI 
transmission (42). Experimental infection of red-
legged partridges (Alectoris rufa) with an HPAI H7N1 
virus evidenced an incubation period of 3 days with 
shedding from day 1 (43), whereas a similar approach 
evidenced a 5-day incubation period in falcons (Falco 
spp.) experimentally infected with HPAI H5N1 (44). 
Thus, under the hypothesis of viral incubation last-
ing >3 days, a griffon vulture infected in the Pyrenees 
would have enough time to reach southern Spain or 
the French Alps before showing clinical signs and re-
duced mobility (19). As an example, an immature vul-
ture (Imm_FR_JOR) traveled from southern Portugal 
to the French Alps in 6 full days (Appendix).

The outbreak described in this study appeared to 
have had only a mild effect in terms of the conserva-
tion of griffon vultures. Compared with long-lived 
seabird populations in which a large proportion of 
adults died, mortality in griffon vultures mostly af-
fected nestlings and only few adult birds; adult sur-
vival is the most sensitive demographic parameter in 
such a long-lived species (45). In addition, the out-
break struck the world’s largest population of grif-
fon vultures, which could withstand such an ephem-
eral reduction in breeding success. However, even if 

griffon vulture populations seem able to overcome 
this HPAI outbreak, they face multiple threats on a 
global scale, particularly poisoning and persecution 
(46–48). The introduction and circulation of a new in-
fectious pathogen could add additional pressure on 
the population. Unfortunately, the consequences of a 
population collapse of necrophagous birds could be 
catastrophic, especially from a sanitary point of view, 
in that longer persistence of the carcasses they elimi-
nate would increase risk for pathogen persistence and 
spread in the environment (17,49).

Despite a likely limited epidemiologic role of grif-
fon vultures in the circulation of HPAI in Spain and 
France, with very low permeability between griffon 
vulture populations and poultry farms, the infection 
of this new compartment raises multiple questions. 
In particular, this outbreak demonstrates the ability 
of this virus (and potentially other highly contagious 
pathogens) to spread rapidly through a population 
after a single introduction and shows that even a rare 
event has the potential for devastating effects.

In conclusion, the recent evolution of HPAI H5N1 
has led to this pathogen being considered a severe 
concern for endangered bird species, especially those 
with colonial and scavenging behavior. Integrating 
the epidemiology of the virus with the ecology of 
the host species is key to a better understanding of 
outbreak dynamics and possible effects on wildlife 
conservation. More generally, implementing a multi-
disciplinary approach will be necessary to overcome 
these new challenges.
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etymologia revisited
Influenza 
[in’’floo-en’zƏ]  

An acute viral infection of the respiratory tract.  
From Latin influentia, “to flow into”; in medi-

eval times, intangible fluid given off by stars was 
believed to affect humans. The Italian influenza re-
ferred to any disease outbreak thought to be influ-
enced by stars. In 1743, what Italians called an influ-
enza di catarro (“epidemic of catarrh”) spread across 
Europe, and the disease came to be known in English 
as simply ”influenza.”
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Mpox is an infectious disease caused by monkey-
pox virus (MPXV), which is primarily trans-

mitted through close contact with infected persons 
(1). In late 2023, a novel clade Ib MPXV was identi-
fied in the Democratic Republic of the Congo (DRC) 
after earlier mpox outbreaks in the United States in 
2003 and the global outbreak in 2022 (2,3). Because of 
the rise in clade I–associated mpox cases, the World 
Health Organization (WHO) declared the outbreak 
in Africa a Public Health Emergency of International 
Concern in May 2024 (4). We report a case of clade Ib 
MPXV–associated mpox in Thailand and highlight 
the challenges in mpox public health responses. The 
case investigation was conducted by authorized 
public health officers according to the Communi-
cable Disease Act of Thailand. Patient information 
remains confidential.

The Study
A 66-year-old man of German nationality who re-
sides in eastern Thailand traveled to Germany on 
June 18, 2024. On July 30, he departed for Rwanda 

and then traveled to Bukavu, South Kivu, DRC, 
on August 1. He stayed with 2 friends in an apart-
ment and denied participating in any sexual activity 
or having contact with infected persons during his 
visit. His friends reported no abnormal symptoms. 
He reported that he rarely wore a mask or washed 
his hands with soap or sanitizer during his stay. On 
August 10, genital itching developed. On August 13, 
his co-worker drove him to the border, and he took 
a taxi to the airport in Rwanda, where he departed 
and transited through Qatar, arriving in Thailand 
on August 14. On that same day, his symptoms pro-
gressed to fever, muscle aches, sore throat, fatigue, 
and rash, which primarily affected his genitalia, 
trunk, extremities, and face. His wife picked him up 
from Suvarnabhumi Airport (Thailand); they had 
dinner together in Bangkok before checking into a 
hotel. On August 15, he visited a private hospital 
and was admitted. On examination, he had mul-
tiple discrete erythematous maculopapular lesions 
and a few vesicular lesions distributed across his 
face, trunk, and extremities and had some necrotic 
papules with overlying scabs on his penis and right 
thigh (Figure).

We collected clinical samples on August 16, 
21, and 29 and September 2. A private laboratory 
conducted real-time PCR and detected MPXV in 
the samples by amplifying the F3L gene; however, 
the result for clade I MPXV D14L gene amplifica-
tion was inconclusive. The Thai Red Cross Emerg-
ing Infectious Disease Clinical Center also detected 
MPXV but did not specify the clade. We sent a swab 
sample from August 21 to the Bamrasnaradura In-
fectious Disease Institute, where clade II MPXV was 
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identified by using the QIAstat-Dx Viral Vesicular 
Panel (QIAGEN, https://www.qiagen.com). Be-
cause of conflicting results, we sent a swab sample 
from August 16 to Thailand’s national reference 
laboratory at the National Institute of Health (NIH) 
for confirmation by whole-genome sequencing. The 
Thailand NIH confirmed the sample was clade Ib 
MPXV and deposited the sequence in the GISAID 
database (https://www.gisaid.org; accession no. 
EPI_ISL_19350788). 

The lowest cycle threshold (Ct) value of 13.73 
was obtained from a sample of combined vesicles 
and pustules collected from the patient’s genita-
lia 6 days after symptom onset. The patient began 
treatment with tecovirimat on August 20. A subse-
quent swab sample from a scab lesion on the left 
leg showed the highest PCR Ct value 23 days after 
symptom onset (Ct 38.48). Cultures from all swab 
samples tested at NIH showed no virus growth (Ta-
ble 1). The patient was discharged on September 5 
without complications.

Contact tracing identified 89 persons who had di-
rect contact with the patient’s skin, bodily fluids, or 
contaminated objects (fomites) or who were within 
1 meter of the patient during potential aerosol-gen-
erating activities. Among those 89 contacts, 33 were 
classified as high-risk because of exposure without 
proper personal protective equipment: the patient’s 
wife, 13 flight passengers, 12 healthcare personnel, 
6 hotel staff, and 2 restaurant staff (Table 2). Symp-
toms did not develop in any high-risk contacts during 
the monitoring period; no secondary cases were ob-
served. Because of the close contact, a regional public 
health officer collected nasopharyngeal swab samples 
from the patient’s wife on days 7, 14, and 23 after her 
last exposure to the patient. All samples were nega-
tive for MPXV by PCR.

Before the WHO public health emergency decla-
ration, Thailand did not have specific mpox screen-
ing measures at points of entry. Mpox cases could 
potentially be identified through existing yellow 
fever screening by the Port and Quarantine Office, 

Figure. Lesions on patient who had clade Ib monkeypox virus infection linked to travel to the Democratic Republic of the Congo, 
Thailand, 2024. A, B) Necrotic papules with overlying scabs on the patient’s penis (A) and right thigh (B). C) Maculopapular rash and a 
pustule on left thigh.

 
Table 1. Diagnostic laboratory results for swab samples from index patient who had clade Ib monkeypox virus infection linked to travel 
to the Democratic Republic of the Congo, Thailand, 2024* 
Sample 
no. Laboratory  Collection point, lesion type No. days†  

Laboratory results according to method 
Real-time PCR (Ct) WGS Culture 

1 Private 
laboratory 

Genitalia, combined vesicle 
and pustule 

6 MPXV F3L gene detected (13.73); 
D14L gene, inconclusive signal for 

clade I, not detected for clade II 

NA NA 

TRC-EIDCC MPXV detected (15.03) NA NA 
Thailand NIH NA MPXV clade Ib‡ NA 

2 BIDI Genitalia and extremities, 
combined vesicle, pustule, 

and ulcerated lesion 

11 MPXV clade II detected (21.4) NA NA 

3 Thailand NIH Left arm, fallen-off scab 19 ND NA NA 
Trunk, fallen-off scab ND 

Right leg, beneath scab MPXV detected (25.17) 
Left toes, beneath scab MPXV detected (26.07) 

Genitalia, ulcerated lesion MPXV detected (34.16) 
4 Thailand NIH Left leg, fallen-off scab 23 MPXV detected (38.48) NA ND 

Right leg, fallen-off scab MPXV detected (30.88) 
Genitalia, fallen-off scab MPXV detected (31.12) 
Left toes, fallen-off scab, 

fully formed new skin layer 
MPXV detected (33.37) 

*BIDI, Bamrasnaradura Infectious Disease Institute; Ct, cycle threshold; MPXV, monkeypox virus; NA, not applicable; ND, not detected; NIH, National 
Institute of Health; TRC-EIDCC, Thai Red Cross Emerging Infectious Disease Center. 
†Number of days after onset of symptoms. 
‡GISAID accession no. EPI_ISL_19350788 (https://www.gisaid.org). 
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which focuses on travelers from 42 yellow fever–
risk countries (5). Screening procedures conducted 
by public health officers include taking travel his-
tory, checking body temperature, and verifying the 
International Certificate of Vaccination for yellow 
fever and Thailand Health Pass registration. At 
the time of the WHO declaration, 5 ongoing mpox 
outbreaks in DRC, Burundi, Kenya, Cote d’Ivoire, 
and Uganda overlapped with the yellow fever list. 
However, Rwanda was not among those. Nonethe-
less, on the day of arrival in Thailand, the patient 
voluntarily walked to the screening area wearing a 
long-sleeved shirt and hat and did not report any 
illness. Thus, the officer did not observe any visible 
rashes on his face.

At hotel R, public health officers from the Health 
Department of the Bangkok Metropolitan Adminis-
tration collected environmental samples from sus-
pected contact surfaces in the hotel room 9 days af-
ter the patient had left. All samples tested positive 
for MPXV except those taken from the light switch 
and the doorknobs of the bedroom and living room. 
The positive samples had Ct values ranging from 28  

to 38; the lowest Ct value was detected on the cur-
tain knob (Table 3). The hotel staff used 3 types of 
cleaning products containing active ingredients, 
such as citric acid, alkyl alcohol ethoxylate, didecy-
ldimethylammonium chloride, alkyldimethylben-
zylammonium chloride, and ethanol. At restaurant 
A, ethyl alcohol spray was used for table cleaning.  
All of those chemicals are considered effective 
against MPXV (6).

Conclusions
We report a travel-associated case of imported clade 
Ib mpox infection in Thailand with a mild clinical 
course, consistent with other clade Ib mpox infections 
reported outside of Africa (7). The likely source of 
infection was human-to-human transmission during 
community activities in DRC, differing from reports 
of predominantly sexual transmission among adults 
in the country (8,9). Inconsistent PCR results were 
attributed to the use of different detection methods 
across laboratory centers. Clade Ib MPXV contains a 
large deletion of ≈1,000 nt in the D14L gene region 
(8,9), which was the target sequence used in the  

 
Table 2. Characteristics of contacts of index patient who had clade Ib monkeypox virus infection linked to travel to the Democratic 
Republic of the Congo, Thailand, 2024* 
Contacts, n = 89 No. contacts Symptoms† Contact level‡ Remark 
Wife 1 No High Close contact with no PPE 
Aircraft and airport     
 Passenger of 2nd airline 13 No High Could not obtain 

information for first airline  Aircrew of 2nd airline 25 No Low 
 Airport officer 2 No Low 
Private hospital 
 Physician 3 No High, n = 2; low, n = 1 No proper PPE 
 Nurse and nurse aide at ward A 16 No Low No proper PPE 
 Nurse and nurse aide at ward B 9 No High  
 Assistant officer 3 No Low  
Hotel R 
 Hotel officers, including housekeeper, bellboy, 
receptionist 

6 No High No PPE 

 Elevator passenger 3 No Low Cannot contact 
 Other hotel guests in same room 6 Unknown Unknown Cannot contact 
Restaurant A 2 No High No PPE 
*PPE, personal protective equipment. 
†Symptoms as of September 5, 2024. 
‡Contact risk levels: low, proper PPE; high, without proper PPE. 

 

 

 
Table 3. Real-time PCR results of environmental samples from hotel room of index patient who had clade Ib monkeypox virus 
infection linked to travel to the Democratic Republic of the Congo, Thailand, 2024* 
Sample no. Collection site MPXV PCR result Cycle threshold value 
1 Refrigerator handle Detected 35.48 
2 Curtain knob Detected 28.64 
3 Sofa Detected 38.84 
4 Bed edge Detected 37.64 
5 Air conditioner and television remote, pooled sample Detected 35.23 
6 Bathroom faucet Detected 38.70 
7 Handrail in bathroom Detected 36.69 
8 Bathtub drain Detected 36.95 
9 Light switch in bedroom Not detected NA 
10 Doorknob in bedroom Not detected NA 
11 Doorknob in living room Not detected NA 
*Samples were taken 9 days after patient checked out of hotel room. MPXV, monkeypox virus; NA, not applicable. 
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private laboratory’s real-time PCR and resulted in an 
inconclusive signal for clade I MPXV. Furthermore, 
the multiplex PCR kit used by the Bamrasnaradura 
Infectious Disease Institute exhibited cross-reactivity 
between MPXV clades I and II, leading to sample 
misidentification as clade II MPXV. The assay pro-
vider (QIAGEN) has since corrected this issue. For 
more accurate and timely diagnosis of clade Ib mpox, 
newly developed PCR methods are recommended 
(10). Swab samples taken from scab lesions still had 
detectable MPXV by real-time PCR; Ct values ranged 
from 30.88 to 38.48. Patient isolation duration and the 
contact monitoring period for clade Ib mpox should 
align with the US Centers for Disease Control and 
Prevention’s recommendations (11). 

Strengthening Thailand’s public health response 
is crucial to prevent future travel-associated and im-
ported clade I mpox cases. Point-of-entry screening 
should include visual inspection of travelers arriv-
ing from countries facing ongoing mpox outbreaks to 
detect rashes on the face and extremities. Healthcare 
providers should consistently use appropriate per-
sonal protective equipment and obtain detailed travel 
history from patients manifesting clinical symptoms 
compatible with mpox. In 2024, mpox vaccines were 
not publicly available in Thailand; thus, preexposure 
vaccination should be considered, especially for high-
risk persons.
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On September 27, 2024, Hurricane Helene brought 
strong winds and historic rainfall to the south-

eastern United States. Powerful flood waters, falling 
trees, and landslides left millions with limited access 
to electricity and fuel (1). Damage to hundreds of 
miles of distribution pipes risked contaminating the 
drinking water supply with disease-causing microor-
ganisms. In response, drinking water utilities issued 
boil water advisories, affecting >1.8 million persons 
for days to weeks (2).

Boiling is an identifiable target that does not re-
quire a thermometer and occurs at 100°C (212°F) at 
sea level. Although boiling cannot remove suspend-
ed particulate matter, disease-causing microbes be-
gin to die or deactivate as water temperature rises, 
losing their ability to cause illness (3). Consequently, 
boiling is a simple and effective way to disinfect 
drinking water in emergency situations, during wa-
ter main breaks or low pressure events in drinking 
water distribution systems, or in backcountry set-
tings (4–10). At higher elevations, where water boils 
at a lower temperature, some guidance recommends 
longer boil times (5,7,8). However, boiling water re-
quires fuel, a resource often limited in emergency 
situations and backcountry settings. Variance in boil 
water guidance from public health agencies might 
leave the public weighing thorough water treatment 
against conserving limited fuel supplies.

The Study
We compared boil water guidance from the US 
Centers for Disease Control and Prevention drink-
ing water advisories webpage (5) and Yellow Book 
(6), US Environmental Protection Agency (EPA) (7), 
Health Canada (8), US Department of Homeland Se-
curity Ready.gov (9), and World Health Organization 
(WHO) (10,11) (Table). Our goal was to identify vari-
ances in boil water guidance, explore potential rea-
sons for differences, and describe opportunities for 
future research to support the development of uni-
versally consistent guidelines.

Each guidance document includes boiling as an 
endpoint, with most guidance further specifying roll-
ing boil (Table). Health Canada provides a definition 
to identify rolling boil, and Yellow Book recommends 
a full minute of boiling to “account for user variabil-
ity in identifying boiling points.” We speculated that 
issuing conservative recommendations out of caution 
might contribute to differences in guidance. Clearly 
and consistently defining the target endpoint could 
decrease user variability and enable agencies to rec-
ommend less cautious boil times. A concerted effort 
among public health organizations to set microbial-
based targets and a universal health metric, reinforc-
ing the scientific rationale behind water-boiling safety 
measures, would lay critical groundwork for a uni-
fied boil water guidance framework, as would con-
ducting meta-analyses of time–temperature microbial 
inactivation. Study results from such investigations 
could inform recommendations for heat time, poten-
tial elevation affects, and how the cooling period fac-
tors into guidance.

During pasteurization, thermal inactivation of 
bacteria, viruses, and protozoa begins slowly at tem-
peratures well below boiling point and accelerates 
as temperatures rise (3). Safety specialists perform 
pasteurization studies at 60°C–85°C (140°F–185°F) 
in a variety of foods and beverages and measure 
pathogen inactivation in log reductions. Such studies 
typically report a ≥3 log (≥99.9%) reduction of most 
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enteric pathogens in times ranging from 1 second to 
30 minutes (3,11). However, few studies document 
log reductions achieved at or near boiling point or 
the corresponding timing. Data from pasteurization 
studies therefore inform estimates of how long water 
should boil before it is considered potable.

After boiling, cooling time also can contribute to 
thermal inactivation of pathogens. The EPA, Ready.
gov, and WHO recommend letting water cool natu-
rally (Table). During this cooling time, the water 
would be above pasteurization temperatures longer 
than other cooling methods, such as refrigerating 
or adding ice, which could cause recontamination. 
WHO advises that water may be removed from the 
heat source immediately after reaching a rolling 
boil, whereas other agencies recommend maintain-
ing a rolling boil for 1 minute. No guidance specifies 
whether cooling is included in heat-time estimates of 
pathogen inactivation.

During pasteurization, minimum pathogen reduc-
tion requirements called log-reduction targets (LRTs) 
are based on initial quantity of pathogen present and 
the risk the pathogen poses to human health. As for 
pasteurization standards, boil water guidance aims to 
make water safe for drinking and cooking (i.e., potable), 
not sterile (6–8,10). Setting pathogen-specific LRTs for 
drinking water is difficult because the level of source 
water contamination is often unknown. In emergency 
situations and backcountry settings, available water 
sources may be visibly turbid, requiring higher LRTs 
to make the water potable. Higher temperatures, lon-
ger thermal time, or water filters may be required to 
achieve greater LRTs, highlighting the importance of 
achieving a true rolling boil. The use of different LRTs 

may contribute to variation across boil water guid-
ance. Estimating minimum, pathogen-specific LRTs 
for potable water could increase transparency of boil 
water guidance and foster discussion among agencies.

Pathogens require different minimum exposure 
levels to cause disease and have distinct illness and 
death rates (10). From a microbial perspective, health 
officials generally consider water potable when 
pathogens are reduced below the disease-causing 
threshold. For instance, whereas bacterial spores are 
highly heat resistant and may survive boiling, they 
rarely cause human disease and are considered a tol-
erable risk in drinking water (6).

Health outcome metrics help estimate tolerable 
risk levels. The EPA estimates a tolerable risk as a 
level of exposure causing <1 illness/10,000 persons/
year (12). WHO uses disability-adjusted life-years 
and defines tolerable burden of disease as 10−6 disabil-
ity-adjusted life-years/person/year (10). Adopting a 
universal health metric for water safety standards 
could assist in establishing consistent LRTs for water-
borne pathogens.

Researchers have used time-temperature mod-
els based on pasteurization data to illustrate patho-
gen inactivation time to specific LRTs. Although data 
>85°C (185°F) is often lacking, those models could be 
adapted to estimate pathogen-specific LRTs at boiling 
or near-boiling temperatures (Figure) and highlight 
pathogens lacking data points. Quantifying reduc-
tions for certain pathogens, such as norovirus and ro-
tavirus, is challenging because of the lack of reliable 
methods for measuring viable units, but pathogens 
with equal or greater thermal resistance can be used 
as proxies to estimate inactivation (10).

 
Table. Comparison of guidance from 5 public health agencies for study of variance among public health agencies’ boil water guidance* 
Agency Target endpoint Endpoint definition Duration at endpoint Elevation adjustment Cooling guidance 
CDC drinking water 
advisories webpage (5) 

Full rolling boil Not defined 1 min 3 min at elevations 
above 1,981 m 

(6,500 ft) 

Allow boiled water to 
cool before you use 

it 
Yellow Book (6) Boiling Not defined 1 min, if fuel 

supplies are 
adequate 

No adjustment 
needed at common 

terrestrial travel 
elevations. 

Not addressed 

EPA (7) Rolling boil Not defined 1 min 3 min at elevations 
1,524 m (5,000 feet) 

Let water cool 
naturally 

Health Canada (8) Rolling boil A vigorous boil, 
where bubbles 

appear at the center 
and do not 

disappear when the 
water is stirred 

1 min 2 min at elevations 
above 2,000 m 

(6,562 ft) 

The water should 
then be cooled 

Ready.gov (9) Rolling boil Not defined 1 min Not addressed Let the water cool 
before drinking 

WHO (11) Rolling boil Not defined No additional time 
after reaching rolling 

boil 

No adjustment at 
high elevation 

Cool naturally, 
without the addition 

of ice 
*CDC, US Centers for Disease Control and Prevention; EPA, US Environmental Protection Agency; WHO, World Health Organization. 
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Existing time–temperature models could also 
help evaluate how elevation affects boil water recom-
mendations. For every 150-m (492-ft) increase in ele-
vation, the boiling point of water decreases by ≈0.5°C 
(0.9°F). In Asheville, North Carolina, USA, at 640 
m (2,100 ft) elevation, water boils at 98°C (207.6°F), 
whereas in Denver, Colorado, USA, at 1,585 m (5,200 
ft) elevation, water boils at ≈94°C (201°F). This inverse 
relationship between elevation and boiling point con-
tributes to differences in boil water guidance at high 
elevations. Heat inactivation models could estimate 
when pathogen-specific LRTs are achieved at these 
lower boiling points, potentially incorporating cool-
ing time to account for additional inactivation—and 
possibly providing support for discounting boil time 
adjustment for higher elevations.

Yellow Book and WHO guidance state that all 
disease-causing pathogens, except bacterial spores, 
are inactivated at boiling temperatures. Developing 
and publishing models to illustrate this guidance 
could clarify the scientific basis for decisions across 

agencies, identify gaps in pathogen inactivation 
data, and encourage informed discussion.

Conclusions
Extreme weather events can damage water systems, 
utilities, and roadways, limiting access to safe drink-
ing water and fuel. To address this concern, public 
health agencies have published boil water guidance to 
educate the public on preparing safe drinking water 
during emergencies. Variances in boiling time and el-
evation adjustment across these guidelines may cause 
confusion, however, potentially hindering efforts to 
ensure water safety or leading to extra fuel use.

Although the concept of boiling water to ensure 
potability is straightforward, developing evidence-
based guidance is complex. Adopting a consistent 
definition of a rolling boil, publishing analyses or 
models based on pathogen-specific LRTs supported 
by health outcome metrics, and incorporating cool-
ing time into models could enhance clarity. This  
approach could illustrate the scientific rationale  

Figure. Linear model of boiling time required to reduce pathogen levels, by elevation, for study of variance among public health 
agencies’ boil water guidance. Model estimates time to achieve 3–5 log reductions of specified microbial groups (3,11). At boiling point 
temperatures, all listed pathogens achieve the reductions in ≤1 minute, from sea level to 10,000 feet. Incorporating more data points at 
boiling or near-boiling temperatures could enhance accuracy. Models using pathogen-specific log reduction targets may provide more 
precise time estimates.

http://www.cdc.gov/eid
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behind current guidance, encourage informed multi-
agency discussion, and create opportunities to build 
consensus on boil water recommendations.
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In August 2024, reports of sick and dead European 
brown hares (Lepus europaeus) showing swollen 

eyelids, edema of head and ears, and dermatitis of 
face, legs, and perineum increased in the Germany–
Netherlands border area of the federal state of North 
Rhine-Westphalia, Germany, and the provinces of 
Overijssel and Gelderland, the Netherlands (Figure 
1, panel A). The clinical picture resembled myxo-
matosis, a disease caused by myxoma virus (MYXV; 
Leporipoxvirus myxoma, family Poxviridae). In 2023, a 
total of 4 European brown hares with similar lesions 
had been submitted for pathologic investigation in 2 
adjacent North-Rhine Westphalia municipalities, but 
those cases were then thought to be sporadic MYXV 
cases, as reported elsewhere (1,2). 

In Europe, MYXV was intentionally released in 
the 1950s as biological control for the European rab-
bit (Oryctolagus cuniculi), causing massive disease (3). 

Although outbreaks were less frequent and severe by 
time because virulence decreased and immunity in-
creased in the rabbit population (4), a hare-adapted 
natural recombinant MYXV (ha-MYXV) emerged in 
2018 in Iberian hares (Lepus granatensis) on the Ibe-
rian Peninsula (5,6) (Figure 1, panel B). Before then, 
mass deaths associated with MYXV were not known 
to occur in European brown hares. We investigated 
the 2024 outbreak in the Germany–Netherlands bor-
der area.

The Study
Wild lagomorphs were submitted from Germany 
and the Netherlands for investigation during August 
1–October 20, 2024. Lagomorphs in this study were 
shot or found dead with myxomatosis-suspected le-
sions and submitted for postmortem examination; 
no animal was killed for the study. We performed 
pathological examination on 193 myxomatosis-like 
hares (159 from Germany, 26 from the Netherlands) 
and wild rabbits (6 from Germany, 2 from the Neth-
erlands), mostly adult animals of both sexes. Body 
condition varied; 41 (21.2%) animals were cachec-
tic, and of those, 39 (30 from Germany, 9 from the 
Netherlands) were hares and 2 (1 from each country) 
were rabbits. 
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Recombinant myxoma virus has emerged in European 
brown hares (Lepus europaeus), causing increased 
deaths associated with swollen eyelids, head edema, 
and dermatitis at face, legs, and perineum. Introduction 
may date back as far as September 2020. As of August 
2024, the disease is spreading radially from the Germa-
ny–Netherlands border area.
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The conjunctivae and skin surrounding the 
eyes, nose, ears, perineum, and legs were thickened 
with secondary inflammation (Figure 2, panels A, 
B), orthokeratotic hyperkeratosis, acanthosis, intra-
corneal pustules, ulceration, and crust formation. 
Vacuolated keratinocytes, often with regular intra-
cytoplasmic eosinophilic inclusion bodies, exocy-
tosis by heterophilic granulocytes, and apoptosis 
were prominent in the intact epithelium, including 
that of the adnexa. Proliferation of pleomorphic 
mesenchymal cells (myxoma cells) with moder-
ate anisocytosis and anisokaryosis, embedded in  

myxoid stroma (Appendix 1 Figure 1, panel A, 
https://wwwnc.cdc.gov/EID/article/31/8/24-
1969-App1.pdf), was visible in the surrounding 
stroma, often accompanied by extensive infiltration 
of heterophilic granulocytes. Myxoma cells incon-
sistently contained prominent intracytoplasmic in-
clusion bodies and fewer amphophilic intranuclear 
inclusion bodies. The lesions were consistent with 
myxomatosis; electron microscopic findings further 
supported that determination (Appendix 1 Figure 
1, panel B). In some cases, we diagnosed second-
ary bacterial infections of the lesions, as well as  

Figure 1. Location of an outbreak of ha-MYXV during 2024 in European brown hares (Lepus europaeus) in the border area of the 
Netherlands and Germany compared with ranges of the hares and the Iberian hare (Lepus granatensis). A) Municipalities and provinces 
in the Netherlands and the Germany federal state of North-Rhine Westphalia, showing the presumed epicenter of the outbreak 
(municipalities in which ha-MYXV occurred in 2023), as well as the spatiotemporal development of the outbreak in European brown 
hares during August 1–October 20, 2024. Confirmed ha-MYXV cases occurred in the Netherlands provinces Limburg, Gelderland, 
Overijssel, and Groningen and in North-Rhine Westphalia. Municipalities without laboratory-confirmed ha-MYXV cases during the study 
period, but where ha-MYXV-infection in hares was suspected on the basis of pathology, electron microscopy, or photographs of affected 
hares provide an indication of the probable area of virus presence, are indicated. Map created in R version 4.4.1 (The R Project for 
Statistical Computing, https://www.r-project.org). B) Extant ranges of both hare species. The outbreak area in northwest Europe is in the 
western part of the extant range of the European brown hare and far from the extant range of the Iberian hare, in which ha-MYXV was 
discovered in 2018, causing disease in both Spain and Portugal. Source of extant range shapes: International Union for Conservation of 
Nature. ha-MYXV, hare-adapted natural recombinant myxoma virus.

Figure 2. European brown 
hare (Lepus europaeus) 
with myxomatosis caused 
by a hare-adapted natural 
recombinant myxoma virus 
during a 2024 outbreak in the 
border area of the Netherlands 
and Germany. A) Conjunctivitis 
(black arrow) and nodular 
skin proliferations at the lips 
and nose (white arrows). B) 
Inflammatory swelling of male 
genital mucous membranes 
with ulcerations (white arrows). 
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co-infections (Appendix 2 Table 1, https://wwwnc.
cdc.gov/EID/article/31/8/24-1969-App2.xlsx).

We confirmed myxomatosis by MYXV-specific 
real-time quantitative PCR (qPCR) analyses of eyelid, 
skin, or lung samples in 104 hares (78 from Germany, 
26 from the Netherlands) and 8 rabbits (6 from Germa-
ny, 2 from the Netherlands) (Appendix 2 Table 2). We 
further categorized MYXV-positive samples into clas-
sical and ha-MYXV by a second strain-specific qPCR 

test (7). In total, all 104 hares and half (4/8) of the wild 
rabbits tested positive for the recombinant ha-MYXV; 
the remaining rabbits tested positive for classical 
MYXV. No case of double infection was detected. We 
performed full-genome sequencing on virus cultured 
from eyelid samples of 9 hares (4 from Germany, 5 
from the Netherlands, all ha-MYXV) and 1 wild rabbit 
(classical MYXV) to confirm PCR results, enable com-
parisons with other MYXV, and give insight into the 

Figure 3. Time-based phylogeny of MYXV from a 2024 outbreak in European brown hares (Lepus europaeus) in the border area of 
the Netherlands and Germany and reference sequences. Ten full-length MYXV sequences from the outbreak were aligned to 114 
available full-length MYXV reference genome sequences from GenBank and used for time-based phylogenetic analyses with BEAST 
version 1.10.4 (https://github.com/beast-dev/beast-mcmc/releases/tag/v1.10.4). Red indicates isolates belonging to ha-MYXV; bold text 
indicates sequences from this study. Branch labels represent statistical support values; values closer to 1 indicate stronger support. 
GenBank accession numbers are shown. ha-MYXV, hare-adapted natural recombinant MYXV; HPD, highest posterior density; MYXV, 
myxoma virus.

http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/31/8/24-1969-App2.xlsx
https://wwwnc.cdc.gov/EID/article/31/8/24-1969-App2.xlsx
https://github.com/beast-dev/beast-mcmc/releases/tag/v1.10.4
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evolutionary history of the virus. We prepared DNA 
libraries and sequenced on the long-read sequencing 
platform PromethION (Oxford Nanopore Technolo-
gies, https://www.nanoporetech.com) (Appendix 1). 
We trimmed and de novo assembled the raw reads 
and aligned the resulting MYXV genome sequences 
with all available MYXV references. We submitted 
annotated MYXV genome sequences to the Interna-
tional Nucleotide Sequence Database Collaboration 
(https://www.insdc.org; accession nos. PQ777154–
63). A time-structured phylogenetic analysis indi-
cated that the MYXV genomes from hares from the 
2024 outbreak have evolved from the same lineage of 
ha-MYXV that caused mass deaths in Iberian hares 
(Figure 3). Consistent with the qPCR results, the se-
quence from the wild rabbit clustered with classical 
MYXV strains from Germany. Time-aware phyloge-
netic analysis estimated that the most recent common 
ancestor of the sequenced ha-MYXV genomes could 
have emerged as early as September 2020; mean es-
timated date was June 2022 (95% highest posterior 
density September 2020–November 2023) (Figure 3).

We retrieved formalin-fixed paraffin-embedded 
(FFPE) samples from 5 hares found dead during Oc-
tober 2023–April 2024 in the municipalities of Rhein-
berg, Germany (n = 4) and Duisburg, Germany (n = 
1) for retrospective virological examination. PCR re-
sults confirmed ha-MYXV infection, demonstrating 
the presence of pathogen in 2023 (Figure 1, panel A; 
Appendix 2 Tables 1, 2).

For further insight into the outbreak’s probable 
epicenter and the pattern of spread, we identified mu-
nicipalities with qPCR-confirmed ha-MYXV cases in 
2024 and plotted them by week of first detection. For 
an overview of the probable area affected, we identi-
fied municipalities without confirmed but with sus-
pected cases. We classified hares as suspected cases if 
pathology results suggested myxomatosis or, for re-
ported hares not submitted for examination, if photo-
graphs showed myxomatosis-like lesions (Appendix 
2 Table 1). The map suggested a radial and northward 
spread (Figure 1, panel A). The increased occurrence 
of ha-MYXV in hares was assumed to be associated 
with abundance of biting insects such as mosquitoes 
(Appendix 1 Figure 2), similar to transmission of clas-
sical MYXV and as assumed in previous studies (8). 
However, ha-MYXV was not detected via qPCR in 28 
mosquitoes collected at 3 different locations in Ger-
many that had confirmed ha-MYXV cases (Appendix 
1 Figure 3).

To assess the immediate effect on the hare pop-
ulation, we used autumn hare counts conducted by 
hunters using thermal imaging from the Province of 

Gelderland, Netherlands. We compared the number 
of hares counted in October 2024 with the average 
count in the 3 preceding years. The results showed a 
population decline in municipalities with confirmed 
and suspected cases of ha-MYXV, compared with mu-
nicipalities without reports of the pathogen (W = 61, 
p<0.001 by Wilcoxon signed-rank test) (Appendix 1 
Figure 4; Appendix 2 Table 3).

Conclusions
This study demonstrated that ha-MYXV infection 
caused death in European brown hares. This hare 
species has a much wider distribution than the Ibe-
rian hare; its extant range overlaps with other na-
tive hare species in Europe, such as the mountain 
hare (Lepus timidus) and the vulnerable Corsican 
hare (Lepus corsicanus). Our findings also confirm 
previous results of ha-MYXV infection and death in 
European rabbits (9); however, the effect of this ad-
ditional hare-adapted variant on the rabbit popula-
tion is yet unknown. The pattern of disease spread 
in hares seems to be radial and northward. The out-
break occurrence in late summer suggests transmis-
sion by arthropods (10). Collectively, those results 
indicate that ha-MYXV could spread widely in lago-
morphs in Europe and possibly beyond. The appear-
ance of ha-MYXV in a central location in northwest 
Europe with a radial spread, far away from its origin 
at the Iberian Peninsula, is most likely the result of 
pathogen introduction via anthropogenic transport 
of contaminated fomites, vectors, or infected live or 
dead leporids. Our results indicated that ha-MYXV 
was already present in the outbreak area in 2023, 
and time-aware phylogenetic analyses suggest that 
introduction may date back as far as September 
2020. Despite variation, municipalities with dis-
eased hares showed on average a stronger decline 
in hare counts than those in which no ha-MYXV was 
reported. Those findings suggest that, at least in the 
short term, ha-MYXV affects the hare population in 
this region, and the disease is spreading.
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Candida auris, an emerging, frequently antifungal-
resistant yeast, can colonize patients asymp-

tomatically and persist on skin for months to years 
without causing infection (1–3). Patients colonized 
with C. auris can progress to having invasive infec-
tions, which are associated with crude mortality rates 
of 30%–72% (4,5). Because C. auris spreads easily in 
healthcare settings, the Centers for Disease Control 
and Prevention (CDC) recommends colonization 
screening for patients with high-risk healthcare ex-
posures (e.g., recent stay in a long-term acute-care 
hospital [LTACH] or ventilator-capable skilled nurs-
ing facility [SNF]) and those with an epidemiologic 
link to a patient with C. auris (2,6) (https://www.cdc.
gov/candida-auris/hcp/screening-hcp).

Data characterizing the progression from C. au-
ris colonization to invasive disease are limited but 
might help guide public health surveillance, preven-
tion, and treatment efforts. We analyzed US national 
case-based surveillance data to characterize patients 
with positive C. auris screening results who were sub-
sequently found to have a positive clinical specimen.

The Study
C. auris is a nationally notifiable condition, but report-
ing mandates vary across states and jurisdictions. 
State and jurisdictional health departments report  

C. auris screening and clinical cases to CDC. Screen-
ing cases were defined as a positive C. auris laboratory 
result from a swab sample (usually composite axilla/
groin) collected to test for colonization. Clinical cases 
were defined as a positive C. auris laboratory result 
from a clinical specimen collected to determine the 
cause and treatment for infection in a patient. Clini-
cal cases might involve body sites typically associated 
with invasive infection (e.g., blood) or those that po-
tentially reflect colonization (e.g., urine) (https://ndc. 
services .cdc.gov/case-def ini t ions/candida- 
auris-2023). Screening and clinical case data included 
information on patient age and sex, as well as date and 
facility type of specimen collection. Facility location 
was grouped by Antimicrobial Resistance Laboratory  
Network region (n = 7) (https://www.cdc.gov/antimi-
crobial-resistance-laboratory-networks/php/about/
domestic.html). We used a patient-level identifier to 
link each patient’s screening case with the correspons-
ing clinical case, if one occurred. We considered patients  
with a clinical case >1 calendar day after a screening 
case to have a screening-to-clinical (StC) event. 

The analysis includes each patient’s screening case 
on the basis of their first positive screening result (StC 
and non-StC events) and clinical case on the basis of 
first positive clinical specimen (StC events only) during 
2016–2023. We calculated total and annual percentages 
of patients with screening cases who had StC events 
and described available data on non-StC events and 
StC events, stratifying by StC event status and examin-
ing StC events by body site involved. We analyzed cat-
egorical data using χ2 tests and continuous data using 
Kruskal-Wallis rank-sum tests (α = 0.05).

During 2016–2023, a total of 36 of 40 reporting 
jurisdictions reported 21,195 patients who had a posi-
tive screening result; of those, 1,458 (6.9%) patients 
across 22 jurisdictions had an StC event (2.8% blood, 
4.1% nonblood) (Table 1). The number of patients 
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with screening cases increased each year, and the 
percentage of those with an StC event increased from 
0.0% (0/13) in 2016 to 9.9% (129/1,299) in 2020, then 
decreased to 4.9% (365/7,493) in 2023 (Figure 1).

Among patients with screening cases (n = 21,195), 
the median age was 68 (interquartile range [IQR]  

58–76) years; of those with known sex (n = 16,446), 
9,448 (57.4%) were men and 6,998 (42.6%) were 
women (Table 1). The most common regions of 
screening case specimen collection were the West 
(31.2%, n = 6,617), Midwest (20.1%, n = 4,264), and 
Southeast (20.0%, n = 4,235) and the most common 

 
Table 1. Characteristics of patients with Candida auris screening cases with and without progression to clinical case status, United 
States, 2016–2023* 

Characteristic All, N = 21,195 
With clinical case, 

n = 1,458 
Without clinical case, 

n = 19,737 p value† 
Median age at collection of screening case specimen, y 
(IQR), n = 17,928 

68 (58–76) 67 (59–76) 68 (58–77) 0.650 

Age group at collection of screening case specimen, y, n = 17,928 
  

0.113 
 <45 1,738 118 (6.8) 1,620 (93.2) 

 

 45–54 1,778 105 (5.9) 1,673 (94.1) 
 

 55–64 3,725 279 (7.5) 3,446 (92.5) 
 

 65–74  5,239 368 (7.0) 4,871 (93.0) 
 

 75–84 3,808 274 (7.2) 3,534 (92.8) 
 

 >85 1,640 94 (5.7) 1,546 (94.3) 
 

Sex, n = 16,446 
   

0.478 
 M 9,448 668 (7.1) 8,780 (92.9) 

 

 F 6,998 515 (7.4) 6,483 (92.6) 
 

Antimicrobial Resistance Laboratory Network region of the facility of collection for screening case specimen‡ <0.001 
 West 6,617 898 (13.6) 5,719 (86.4) 

 

 Midwest 4,264 96 (2.3) 4,168 (97.7) 
 

 Southeast 4,235 56 (1.3) 4,179 (98.7) 
 

 Northeast 3,570 302 (8.5) 3,268 (91.5) 
 

 Mid-Atlantic 1,484 64 (4.3) 1,420 (95.7) 
 

 Mountain 977 42 (4.3) 935 (95.7) 
 

 Central 48 0 48 (100.0) 
 

Facility type of screening case specimen collection, n = 17,357 
  

<0.001 
 Long-term acute care hospital 8,716 907 (10.4) 7,809 (89.6) 

 

 Acute care hospital 5,033 299 (5.9) 4,734 (94.1) 
 

 Ventilator-equipped skilled nursing facility 2,912 150 (5.2) 2,762 (94.8) 
 

 Skilled nursing facility 490 13 (2.7) 477 (97.3) 
 

 Other¶ 206 4 (1.9) 202 (98.1) 
 

*Values are no. (%) except as indicated. 
†p values were calculated using 2 tests to compare characteristics of patients with a C. auris screening case who had (vs. did not have) progression to a 
C. auris clinical case. 
‡From https://www.cdc.gov/antimicrobial-resistance-laboratory-networks/php/about/domestic.html. Data from 2023 were unavailable from 1 state in the 
Central region. 
¶Includes those listed as other (n = 193), inpatient rehabilitation (n = 12), and outpatient (n = 1). 

 

Figure 1. Number of patients 
with a Candida auris screening 
case and percentage who had 
progression to a clinical case, 
United States, 2016–2023. StC, 
screening-to-clinical. 

http://www.cdc.gov/eid


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 8, August 2025 1615

C. auris Colonization Screening to Clinical Case 

facility types among those with known facility type 
(n = 17,357) were LTACH (50.2%, n = 8,716), acute 
care hospital (ACH) (29.0%, n = 5,033), and venti-
lator-capable SNF (16.8%, n = 2,912). StC event fre-
quency was similar by age (p = 0.650) and sex (p 
= 0.478) and varied by region (p<0.001), and facil-
ity type (p<0.001). StC event frequency was similar 
between women (7.4%) and men (7.1%) and was 

greatest among patients with screening specimens 
collected in the West (13.6%), Northeast (8.5%), Mid-
Atlantic (4.3%), or Mountain (4.3%) regions. StC 
events were most frequent for patients with screen-
ing specimens collected in LTACHs (10.4%), then 
ACHs (5.9%), ventilator-capable SNFs (5.2%), non–
ventilator-equipped SNFs (2.7%), and other facility 
types (1.9%).

 
Table 2. Patients with Candida auris screening cases with progression to clinical case status, by body site of clinical case detection, 
United States, 2016–2023* 

Characteristic 
All,  

N = 1,458 
Blood,  
n = 584 

Urine,  
n = 391 

Respiratory, 
n = 233 

Wound,  
n = 168 

Other,  
n = 82† p value‡ 

Median age at collection of 
screening case specimen, y 
(IQR), n = 1,238 

67 (59–76) 68 (60–76) 68 (58–77) 68 (60–77) 67 (61–75) 64 (50–71) 0.023 

Age group at collection of screening case specimen, y, n = 1,238 
   

0.027 
 <45 118 42 (35.6) 40 (33.9) 8 (6.8) 15 (12.7) 13 (11.0) 

 

 45–54 105 35 (33.3) 27 (25.7) 21 (20.0) 11 (10.5) 11 (10.5) 
 

 55–64 279 106 (38.0) 69 (24.7) 55 (19.7) 38 (13.6) 11 (3.9) 
 

 65–74 368 134 (36.4) 97 (26.4) 68 (18.5) 48 (13.0) 21 (5.7) 
 

 75–84 274 106 (38.7) 83 (30.3) 43 (15.7) 31 (11.3) 11 (4.0) 
 

 >85 94 33 (35.1) 26 (27.7) 22 (23.4) 12 (12.8) 1 (1.1) 
 

Sex, n = 1,183 
      

<0.001 
 M 671 215 (32.0) 216 (32.2) 124 (18.5) 76 (11.3) 40 (6.0) 

 

 F 512 218 (42.6) 110 (21.5) 84 (16.4) 73 (14.3) 27 (5.3) 
 

Antimicrobial Resistance Laboratory Network region of the facility of specimen collection for clinical case§ <0.001 
 West 898 306 (34.1) 252 (28.1) 173 (19.3) 124 (13.8) 43 (4.8) 

 

 Midwest 96 24 (25.0) 36 (37.5) 22 (22.9) 8 (8.3) 6 (6.3) 
 

 Southeast 56 33 (58.9) 10 (17.9) 7 (12.5) 3 (5.4) 3 (5.4) 
 

 Northeast 302 177 (58.6) 68 (22.5) 25 (8.3) 20 (6.6) 12 (4.0) 
 

 Mid-Atlantic 64 37 (57.8) 11 (17.2) 3 (4.7) 4 (6.3) 9 (14.1) 
 

 Mountain 42 7 (16.7) 14 (33.3) 3 (7.1) 9 (21.4) 9 (21.4) 
 

 Central¶ 0 0 (NA) 0 (NA) 0 (NA) 0 (NA) 0 (NA) 
 

No. days from collection date of first positive screening to first clinical case specimen#   0.001 
 Median (IQR) 46 (19–108) 58 (22–130) 44 (20–120) 33 (17–74) 44 (17–91) 28 (14–77) 

 

 Minimum–maximum 1–1,597 1–1,309 1–1,597 1–1,240 1–666 1–745  
*Values are no. (%) except as indicated. IQR, interquartile range; NA, not applicable.  
†Other specimen type included device (n = 14), fluid/drainage (n = 5), intraabdominal (n = 2), other (n = 60), and unknown (n = 1). 
‡p values were calculated using 2 tests (categorical variables) or Kruskal-Wallis rank-sum test (continuous variables) to compare features of interest by 
body site. 
§https://www.cdc.gov/antimicrobial-resistance-laboratory-networks/php/about/domestic.html. Data from 2023 were unavailable from 1 state in the Central 
region. 
¶Row excluded from p value calculations because no screening-to-clinical cases were reported in the Central region. 
#Data missing for 1 patient with a clinical case involving a wound. 

 

Figure 2. Facility type of 
specimen collection for patients 
with Candida auris screening 
cases in whom clinical C. auris 
cases occurred, United States, 
2016–2023. Sankey diagram 
made in RStudio (https://www.
rstudio.com). ACH, acute care 
hospital; LTACH, long-term 
acute-care hospital; SNF, skilled 
nursing facility (non–ventilator-
equipped); vSNF, ventilator-
equipped skilled nursing facility. 
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Among StC events (n = 1,458), blood (40.1%, 
n = 584) and urine (26.8%, n = 391) were most com-
mon (Table 2); the distribution of affected body sites 
was generally similar across years (Appendix Figure, 
https://wwwnc.cdc.gov/EID/article/31/8/25-0315-
App1.pdf). Body sites of clinical cases varied by age 
(p = 0.023), sex (p<0.001), region (p<0.001), and time 
from screening case to clinical case specimen collection 
(p = 0.001) (Table 2). Among women, blood specimens 
were approximately twice as common as urine (42.6% 
vs. 21.5%), whereas among men, the percentage was 
similar (32.0% vs. 32.2%). Blood specimens constituted 
most StC events in the Southeast (58.9%), Northeast 
(58.6%), and Mid-Atlantic (57.8%) regions but less than 
half of specimens in other regions. The median number 
of days from initial screening case specimen to clinical 
specimen was longest for blood (58, IQR 22–130, range 
1–1,309 days) and shortest for respiratory (33, IQR 17–
74, range 1–1,240 days) and other (28, IQR 14–77, range 
1–745 days) specimen types. The most common facility 
types of initial screening case detection were LTACHs 
(62.2%) and ACHs (20.5%) (Figure 2). Regardless of the 
facility type where the screening case was detected, 
most StC events were detected in an LTACH (45.6%) 
or ACH (46.0%).

Conclusions
This analysis of national C. auris case data revealed 
that, among 21,195 patients who tested positive for C. 
auris on a colonization screening swab during 2016–
2023, a clinical case subsequently occurred in 6.9% 
(2.8% involving blood); more than half of clinical 
cases involving blood were detected 2 months after 
screening case detection. This finding is comparable 
with a smaller New York state study in which a C. 
auris bloodstream infection occurred in 7/187 (3.7%) 
colonized patients (median time from screening case 
testing to infection 86 days) (7). 

The percentage of patients with an StC event 
peaked in 2020 then declined, potentially because of 
improved infection prevention and control efforts or 
increased screening after COVID-19–related resource 
strains resolved. The volume of screening cases and 
frequency of clinical cases was greatest in the West, 
but the region had a relatively low percentage of clini-
cal cases involving blood; that finding might reflect 
regional differences in case reporting and in testing 
practices for C. auris in noninvasive body sites (8). 
Most StC events were identified in LTACHs and 
ACHs, underscoring the continued need for focused 
screening, enhanced surveillance, and efforts to im-
prove infection prevention and control implementa-
tion in these settings.

For several reasons, we suspect that our study 
underestimates the actual percentage of patients 
with C. auris colonization who progress to having a 
clinical case. StC events could have been missed be-
cause of missed screening opportunities, the insensi-
tivity of culture (9), treating clinical laboratories that 
might not routinely distinguish C. auris from other 
Candida species for nonsterile specimen types (10), 
and the fact that US C. auris data from 2024 are not 
finalized, meaning some patients might not have 
had sufficient lead time for clinical cases to occur. 
In addition, for clinical cases, we lacked data on pre-
vious negative screening results, the differentiation 
between infection and colonization, and underlying 
patient conditions.

Overall, our study highlights the potential for 
C. auris infections, particularly candidemia, among 
patients colonized with C. auris. Rigorous infection 
prevention and control remain necessary to prevent 
the spread of C. auris and subsequent clinical infec-
tions. Further studies could investigate risk factors 
and strategies to prevent invasive C. auris infections 
among patients with colonization (e.g., through  
patient decolonization).
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Petri Dish  
[pe′tre ′dish]

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

assistant to fellow German physician and pioneering microbi-
ologist Robert Koch (1843–1910), Petri published a paper titled 
“A minor modification of the plating technique of Koch.” This 
seemingly modest improvement (a slightly larger glass lid), 
Petri explained, reduced contamination from airborne germs 
in comparison with Koch’s bell jar.
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Highly pathogenic avian influenza (HPAI) A(H5N1) 
has been causing a panzootic since its resurgence in 

2021 (1). H5N1 clade 2.3.4.4b virus has spread among do-
mestic and wild animals; multiple spillovers into distinct 
mammal species have occurred (2). This virus reached 
South America in late 2022, causing numerous mortal-
ity events in wild birds and mammals along the coasts 
of Peru, Chile, Argentina, Uruguay, and Brazil (2,3). By 
late 2023, the virus had extended its range to the South 
Atlantic and Antarctic Oceans; virus was detected on the 
Malvinas/Falkland Islands and Bird Island, South Geor-
gia (4,5). Bird Island is a subantarctic island located near 
the Antarctic Peninsula, raising concerns about potential 
virus spread to previously unaffected ecosystems. 

In early 2024, H5N1 virus reached Antarctica; 
11 cases were reported during the 2023–24 summer  

season (6). The virus primarily affected skuas sea-
birds but has also been detected in Adélie pen-
guins, Antarctic fur seals, snowy sheathbills, kelp 
gulls, and southern elephant seals, according to the 
Scientific Committee on Antarctic Research (SCAR, 
https://scar.org/library-data/avian-flu#cases). 
We genetically characterized HPAI H5N1 virus 
samples collected on March 3, 2024, from brown 
skuas (Stercorarius antarcticus) on James Ross Island, 
located near the eastern side of the Antarctic Penin-
sula (latitude –63.7989S, longitude –57.8105W). The 
Faculty of Veterinary Sciences Ethics Committee, 
Universidad de Chile, approved the study (code 
no. 13–2022), which we registered with the Institu-
tional Animal Care and Use Committee (code no. 
22603-VET-UCH).

The Study
We collected 6 pooled swab samples from dead brown 
skuas during a mass mortality event and confirmed 
the presence of H5N1 clade 2.3.4.4 virus in 5 birds by 
using a US National Veterinary Services Laboratories 
protocol (6). Those were the only positive samples 
from a Chilean Antarctic Institute/University of Chile 
surveillance program conducted during the Southern 
Hemisphere summer of 2023–24 (6). We performed full 
virus genome sequencing by using multisegment PCR 
and MinION nanopore sequencing (Oxford Nanopore 
Technologies, https://www.nanoporetech.com), as 
previously described (7). After obtaining consensus ge-
nomes, we checked sequences for quality and annotated 
them by using the Influenza Virus Sequence Annotation 
Tool (https://www.ncbi.nlm.nih.gov/genomes/FLU/ 
annotation). We performed H5 clade classification by 
using the Subspecies Classification tool (Bacterial and 
Viral Bioinformatics Resource Center, https://www.
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bv-brc.org). We deposited sequences in GenBank  
(Appendix 1 Table, https://wwwnc.cdc.gov/EID/ 
article/ 31/8/25-0186-App1.pdf).

We aligned sequences from the H5N1 samples 
with sequences from GISAID (https://www.gisaid.
org) and GenBank by using MAFFT (8). We aligned 
245 neuraminidase (NA), 259 hemagglutinin (HA), 229 
polymerase basic 2, 256 nucleoprotein, 231 polymerase 
basic 1, 233 polymerase acidic, 254 nonstructural (NS), 
and 249 matrix gene sequences. We inferred time-diver-
gent phylogenetic trees by using BEAST version 1.10.4 
(9) and the Hasegawa-Kishino-Yano plus gamma dis-
tribution 4 substitution model, an uncorrelated relaxed 
clock with a lognormal distribution, and an exponential 
growth tree prior. We ran a Markov Chain Monte Carlo 
chain for 500 million generations, logging parameters 
every 50,000 iterations. We assessed the convergence of 
parameters by using Tracer version 1.7.2 (http://beast.
community/tracer). The final trees had an effective 
sample size (ESS) of >200, except the trees for NS and 
polymerase acidic segments, which each had an ESS of 
<200; no trees had an ESS of <100. We visualized the 
trees and annotations by using iTol (10).

We obtained 6 influenza A virus genomes, all clas-
sified as HPAI H5N1 clade 2.3.4.4b, displaying minimal 
variation; we observed >99.9% identity in the HA genes 
and consistent results across other genomic segments. 
The closest HA sequence identified via BLAST (https://
blast.ncbi.nlm.nih.gov) was A/Kelp Gull/South Geor-
gia and the South Sandwich Islands/32/2023 (H5N1) 
virus (GenBank accession no. PQ113961.1), along with 
related sequences from the same outbreak. Similar find-
ings were observed for all other segments.

Phylogenetic analysis of HA grouped the 6 se-
quences into a monophyletic cluster (Appendix 1 Fig-
ure 1), which was part of a larger clade of sequences 
previously reported from South Georgia and the South 
Sandwich Islands and derived directly from South 
America (5). Another subcluster contained sequences 
from King George Island (Antarctica), detected on De-
cember 25, 2024, suggesting a different introduction; 
however, those viruses were still related to the viruses 
from South America and subantarctic regions. We ob-
served similar patterns across all other H5N1 segments 
(Appendix 1 Figures 2–8), indicating the virus reached 
Antarctica through local migrations and progressive-
ly spread across the region. The timeline suggests an 
initial introduction into southern South America, fol-
lowed by spread across the South Atlantic Ocean to 
South Georgia and finally to the Antarctic Peninsula 
and the islands on its western and eastern coasts.

To identify key mutations, we analyzed all avail-
able H5N1 sequences from Antarctica and subantarctic  

regions, along with sequences from humans, dairy 
cows, seals, and chickens, by using FluSurver (http://
flusurver.bii.a-star.edu.sg) and compared those against 
genome segments from the reference strain A/goose/
Guangdong/1/96 (GenBank accession nos. AF144300–
7). The polymerase basic 2 D701N mutation, associated 
with mammal adaptation, was detected in a virus from 
a subantarctic kelp gull, South Georgia A/Kelp_Gull/
Harpon_Bay/133943/2023 (GISAID accession no. EPI_
ISL_18592427). Mutations associated with mammal 
adaptations were absent in virus sequences obtained 
from skuas. However, we detected mutations associ-
ated with high-level resistance to amantadine (matrix, 
V27A) (11), antigenic drift (NA, I396M and N366I) (12), 
and virulence (NS, S48X and I205X) in the 5 sequences 
from skuas (13) (Appendix 2 Table, https://wwwnc.
cdc.gov/EID/article/31/8/25-0186-App2.xlsx).

The first limitation of our study is that it was based 
solely on sequences from 1 outbreak detected in 2024. 
However, other sequences from this region are not 
available, suggesting potential limitations in sequenc-
ing capacity or research efforts. To address those limi-
tations, increased collaboration among research teams 
will be crucial to expand sequencing and elucidate vi-
rus spread in the region. Cost-effective technologies, 
such as nanopore sequencing, which enables whole-
genome influenza A virus sequencing by using afford-
able equipment, should be prioritized to strengthen se-
quencing capabilities and data availability. Second, we 
only have sequences from brown skuas, which have 
been proposed to be the same species as south polar 
skuas (Stercorarius maccormicki) (14). Obtaining more 
H5N1 sequences from other species is essential to de-
termine potential transmission pathways or virus ad-
aptations that might occur across different hosts. Fur-
thermore, SCAR data indicate the virus remained in 
Antarctica during the 2024–25 season, making it criti-
cal to study its dynamics and persistence in the region.

Antarctica has a plausible risk for H5N1 virus re-
assortment events, particularly those involving gene 
segments from strains from South America. The re-
gion’s animal populations, including penguins, skuas, 
gulls, and marine mammals, can act as mixing vessels 
for virus strains with distinct genetic backgrounds, 
promoting genetic exchange between viruses circu-
lating in South America and other global regions.  
Reassortment in HA and NA genes, key determinants of 
virus fitness, host tropism, and transmissibility, is of par-
ticular concern. Those segments might undergo selective 
pressure from local host species, leading to adaptations 
that influence virus infectivity. For example, a H5N5 strain 
isolated from a chinstrap penguin, A/chinstrap_pen-
guin/Antarctica/B04/2015 (H5N5) low pathogenicity  

Influenza A(H5N1) Clade 2.3.4.4b, Antarctica, 2024
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avian influenza virus (AIV), showed phylogenetic links 
to AIVs from both North America and South America, 
suggesting potential reassortment events (15). In addi-
tion, the overlap of migratory bird routes with penguin 
breeding colonies creates a dynamic interface for AIV 
spillover and interspecies transmission, further support-
ing a role for Antarctica as a critical site for AIV reassort-
ment and emergence of novel virus strains.

Conclusions
We genetically characterized HPAI A(H5N1) clade 
2.3.4.4b viruses found in skuas in Antarctica. That clade 
has also been detected farther south on the Antarctic 
Peninsula (according to SCAR); however, those se-
quences are not yet publicly available for analysis. Our 
findings indicate that continued genetic surveillance 
and collaborative efforts to expand sequencing across 
diverse species in Antarctica will be critical to elucidate 
transmission dynamics, host adaptation, and spread of 
HPAI H5N1 in Antarctica and surrounding areas.
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Parvovirus B19 is a small, nonenveloped DNA 
virus that belongs to the Parvoviridae family. 

Parvovirus B19 infection generally manifests in pau-
cisymptomatic or mild forms (1,2). However, severe 
symptoms, including chronic anemia, pancytopenia, 
and transient aplastic crisis, have been observed in 
at-risk populations, such as pregnant women, immu-
nocompromised patients, and persons with chronic 
hematologic diseases. Neurologic manifestations of 
parvovirus B19 are rarely documented, underscor-
ing the necessity for further epidemiologic and clini-
cal investigation (2,3).

Community parvovirus B19 outbreaks typical-
ly peak in winter and spring and last an average of 
3–6 months (4). Because parvovirus B19 is a non-
notifiable disease, testing practices vary between 
countries. Pregnant women and immunocompro-
mised patients represent special cases for which 
testing is common (1).

Since March 2024, many countries in Europe, in-
cluding Spain, have reported increased detection of 
parvovirus B19 (1). We observed a similar trend at 
Hospital Gregorio Marañón in Madrid, Spain, and 
we saw a larger peak of cases in the 2024 outbreak 
compared with the previous 10 years (Figure 1). Af-
ter the reemergence of parvovirus B19, we observed 
the virus in cerebrospinal fluid (CSF) in some patients 
from our center. We investigated the clinical features 
and microbiological findings from case-patients with 
neurologic symptoms treated at Hospital Gregorio 
Marañón during 2014–2024.

The Study
We conducted a retrospective data extraction on CSF 
samples submitted to our laboratory for diagnostic 
workup of meningoencephalitis during January 2014–
October 2024. We excluded bacterial and other viral 
causes of meningoencephalitis by using bacterial cul-
ture and molecular tests. We performed a review of 
demographic and clinical features on patients with 
CSF samples positive for parvovirus B19. We included 
serologic data when available by using an Alinity i Sys-
tem chemiluminescence assay (Abbott Laboratories, 
https://www.abbott.com). We performed molecu-
lar testing on CSF by using Allplex Meningitis V1-V2 
Panel Assays multiplex PCR (Seegene, http://www.
seegene.com) (Appendix, https://wwwnc.cdc.gov/
EID/article/31/8/25-0278-App1.pdf). To ensure accu-
racy, we performed a second parvovirus B19–specific 
PCR on case-patients with virus detected in the central 
nervous system during 2024. For plasma samples, we 
used a specific target PCR (RealStar Parvovirus B19 
PCR Kit; Altona Diagnostics, https://www.altona-di-
agnostics.com) and performed diagnostic testing pro-
cedures using the manufacturer’s specifications. Since 
2019, our laboratory has been equipped with multiplex 
PCR for CSF; before 2019, we outsourced that test to 
the national reference laboratory in Madrid.
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During the January–October 2024 outbreak, we 
found 6 of 223 CSF samples tested were positive for 
parvovirus B19. An archival review of meningoen-
cephalitis cases tested during 2014–2023 revealed 2 of 
801 additional hospital patients with parvovirus B19 
in CSF. The overall CSF parvovirus B19 positivity rate 
for the entire 10-year period was 0.8% (8 patients): 6 
patients had no underlying immunosuppression, 
but the other 2 had a history of hematologic disease  

(Table; Figure 2). No cutaneous manifestations were 
observed. Central nervous system manifestations ex-
hibited variability, and mental status changes were 
the most common. CSF analysis showed protein levels 
greater than the upper reference limit (i.e., >30 mg/
dL) in all samples. Three patients received a 5-day 
course of intravenous immunoglobulin (IVIg), but 
no clinical benefit was observed between treated and 
untreated patients. All patients recovered completely  

Figure 1. Parvovirus B19 
case-patients confirmed by 
IgM during study of neurologic 
manifestations associated with 
parvovirus B19 outbreaks, 
Madrid, Spain, January 2014–
October 2024. Numbers of case-
patients are shown by month.

 
Table. Clinical and epidemiologic characteristics of parvovirus B19 in CSF of case-patients with neurologic manifestations associated 
with parvovirus B19 epidemic, Madrid, Spain, 2014–2024* 

Characteristic 
Case-patient no. 

1 2 3 4 5 6 7 8 
Age, y/sex 17/M 77/M 10/F 42/F 65/M 46/M 78/M <1/M† 
Diagnosis 
date 

2014 Jan  2022 Aug  2024 
May  

2024 May  2024 May 2024 May 2024 Jun  2024 Aug 2 

Location IP IP IP IP IP OP IP IP 
Relevant 
medical 
history 

Acute 
lymphocytic 

leukemia 

Hepatic 
steatosis 

Migraine 
with aura 

Schizophrenia, 
migraine 

Prostate 
cancer 

BPDCN COPD, 
hypertension 

Premature 
birth 

Neurologic 
symptoms 

Mental 
status 

change 

Mental status 
change, 

encephalopathy 
and delirium 

Stroke Visual 
hallucinations 

Memory 
loss 

episodes 

Persistent 
headache 

Encephalopathy, 
mental status 

change 

Poorly 
responsive 
and central 

seizures 
Other 
symptoms  
and signs 

Fever None Fever Fever and 
arthralgias 

None None Fever None 

Initial IgM/IgG, 
serum 

−/− NA/− −/−‡ +/+ −/NA −/+ +/NA NA/NA 

Hematologic 
findings 

Anemia (8.6 
g/dL), TCP 
(10,000/µL) 

Anemia (7.7 
g/dL), TCP 
(42,000/µL) 

UN Lymphopenia 
(300 cells/µL) 

Anemia 
(8.6 g/dL) 

UN TCP (69,000/µL), 
leukopenia 

(2,600 cells/µL) 

Anemia (9.5 
g/dL), TCP 
(67,000/µL) 

CSF         
Leukocytes 0 0 0 0 70 0 0 NA; RBCs 

in CSF 
Protein level, 
mg/dL  

87 42 40 39 129 36 49 136 

Viral DNA Positive Positive Positive Positive Positive Positive Positive Positive 
Plasma viral 
DNA 

Positive Positive Positive Positive Negative Negative Positive Positive 

Treatment IVIg IVIg 2 doses 
acyclovir 

1 dose 
acyclovir 

No IVIg 10 d 
acyclovir 

No 

*BPDCN, blastic plasmacytoid dendritic cell neoplasm; COPD, chronic obstructive pulmonary disease; CSF, cerebrospinal fluid; IP, inpatient; IVIg, 
intravenous immunoglobulin; NA, not available; OP, outpatient; RBCs, red blood cells (erythrocytes); TCP, thrombocytopenia. 
†Three-day-old infant. 
‡Initial parvovirus B19 IgM and IgG were negative but seroconverted to 3 weeks later. 
§Upper normal limit 30 mg/dL. 
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without neurologic sequelae (range 3–21 days). 
Brain magnetic resonance imaging and computed 
tomography scans were unremarkable; the exception 
was case-patient 5, in whom a parenchymal lesion  
observed on the brain computed tomography scan 
was consistent with a high-grade lymphoprolifera-
tive disease. We performed cytology and confirmed 
lymphoproliferative disease (Appendix).

This study lends support to the numerous reports 
indicating a rise of parvovirus B19 infection during 
the 2024 outbreak compared with previous years 
(1,5,6). However, the precise causes of the increase 
in case numbers remain unclear. Although a multi-
tude of factors are likely implicated, reduced host im-
mune response attributable to restrictions during the 
COVID-19 pandemic period warrants consideration. 
Moreover, the absolute increase in case numbers 
could result in a proportional rise of symptomatic 
cases, and some cases might have more severe clini-
cal manifestations.

The association between parvovirus B19 infection 
and neurologic symptoms is poorly documented. 
Cases of parvovirus B19 infection in persons exhib-
iting neurologic manifestations are not distinguish-
able from cases of encephalitis caused by other viral 
agents. The proposed physio-pathologic mechanisms 
contributing to the development of neurologic mani-
festations during parvovirus B19 infection are com-
plex and variable. Those mechanisms include direct 

viral toxicity, dysregulated immune responses with 
the release of cytokines in the CSF, immune complex 
deposition on endothelial cells, and intracellular ac-
cumulation of the toxic nonstructural 1 protein (5,7).

Some studies reported findings that support 
parvovirus B19 infection as a cause of neurologic 
manifestations. A comprehensive review identified 
129 cases related to parvovirus B19 infection and 
neurologic symptoms; one third of the patients had 
a previous history of altered immunity (2). Another 
study found the most common parvovirus B19–asso-
ciated neurologic manifestation was encephalitic syn-
dromes (39%) (8). Rash was observed more frequent-
ly among immunocompetent patients than in those 
with altered immunity; in some cases, rash preceded 
the onset of other clinical findings (2,8). Arthralgia or 
arthritis symptoms were infrequent. CSF alterations 
did not show a clear pattern; the median leukocyte 
count was 9 cells/mL, and a slight increase in protein 
levels (51%) was the most notable finding. Up to 42% 
of cases had hematologic disturbances (2,8). 

In our case series, parvovirus B19 infection mani-
fested in the absence of typical cutaneous manifes-
tations. Among patients in our study, thrombocyto-
penia was the most prevalent hematologic disorder, 
and analysis of CSF samples revealed protein levels 
greater than the established threshold in all cases. In 
addition, most cases in our study were among adults 
without underlying immunocompromising diseases.

Figure 2. Clinical timelines for case-patients with neurologic manifestations associated with parvovirus B19 epidemic, Madrid, Spain, 
2014–2024. CSF, cerebrospinal fluid.
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Parvovirus B19 is frequently underestimated in 
differential diagnosis schemes of meningoencephali-
tis. To accurately diagnose parvovirus B19 infection 
when neurologic involvement is observed, use of 
additional microbiological investigations is recom-
mended, including serologic markers and virus DNA 
analysis in plasma and CSF.

In terms of management, steroids and IVIg have 
been identified as treatment options for clinical syn-
dromes linked to parvovirus B19 infection. The choice 
to use IVIg is based on the assumption that it contains 
a substantial quantity of antibodies capable of neu-
tralizing the virus. However, the precise mechanism 
of IVIg action remains uncertain (2,8). We did not 
observe any clinical differences between the patients 
who received IVIg and those who did not. The prog-
nosis for neurologic manifestations associated with 
parvovirus B19 seems favorable; we saw a high rate 
of spontaneous recovery and an absence of sequelae. 
Nevertheless, long-term neurologic effects have been 
documented, including bradyphemia (slow speech), 
learning difficulties, and slurred speech, as well as 
more severe outcomes, such as mental and motor im-
pairment and death (2,8). In this particular context, 
our findings are consistent with the available litera-
ture on parvovirus B19 infections with neurologic 
manifestations.

This study is limited by its retrospective design, 
single institution data collection, and small sample 
size of neurologic parvovirus B19 infections, which 
might bias the ability to draw definitive conclusions. 
Nevertheless, this study furnishes valuable informa-
tion regarding viral determination in the CSF, thereby 
enabling the formulation of subsequent hypotheses 
and research initiatives.

Conclusions
Our findings underscore the importance of incorporat-
ing parvovirus B19 into differential diagnoses of en-
cephalitis, given its capacity to affect both immunocom-
petent and immunocompromised persons. Research 
is needed to elucidate the underlying mechanisms of 
parvovirus B19 to develop targeted treatments. Early 
recognition and appropriate management of parvovi-
rus B19–associated neurologic conditions have the po-
tential to yield favorable outcomes. 
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Wildlife can transmit pathogens that threaten 
health of humans, domestic animals, and other 

wildlife (1). Wildlife disease surveillance can provide 
early warning of the changing epidemiology of rapid-
ly evolving pathogens (2). In the United States, 2 rap-
idly evolving viruses with a broad host range have 
been detected in wildlife species: SARS-CoV-2 (3) and 
influenza A(H5N1) clade 2.3.4.4b (4). Coronaviruses 
and influenza A virus (IAV) both have a history of 
cross-species transmission and evolutionary events 
leading to strains that are highly virulent in multiple 
species and pandemic in humans (5,6).

Since January 2021, human-derived SARS-CoV-2 
emerged and has been transmitting widely in wild 
cervids across North America (7) with evidence of 
spillback to humans (8). The virus has also emerged 
in domestic mink (Neogale vison) with transmission to 
sympatric free-roaming animals (9). Widespread dis-
tribution in animals and humans that are sympatric 
to wildlife species suggests risk for spillover and per-
sistence in other wildlife. In addition, the host range 
of IAV has expanded to include marine mammals 
and seabirds (10) as well as cattle (11), which under-
scores the importance of understanding the changing 
host range of both SARS-CoV-2 and IAV in nature. 
We examined exposure to and co-infection of the 2 
pathogens in wild mammal communities across dif-
ferent ecologic contexts.

The Study
We collected 1,172 samples from wildlife commu-
nities across the United States during September 
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Sampling of mammal communities across the United 
States during 2022–2023 detected evidence of SARS-
CoV-2 antibodies in 3 new species and 2 previously de-
scribed species and evidence of influenza A antibodies 
in 2 previously described species. Our analysis provides 
surveillance and sampling guidance for detection of rare 
exposure events.
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2022–November 2023. Postmortem samples were col-
lected opportunistically from 36 species in 20 states 
and Puerto Rico (Appendix 1 Table 1, https://ww-
wnc.cdc.gov/EID/article/31/8/24-1671-App1.xlsx) 
by US Department of Agriculture Wildlife Services 
personnel during ongoing permitted management 
activity (Figure 1) and by the Association of Fish and 
Wildlife Agencies during Best Management Practices 
Trap Training (Figure 2); samples were taken from a 
variety of sympatric mammals in disparate locations. 
Where possible, we used continuous intensive sam-
pling at the same location for >1 month to improve 
detection within a given mammal community.

Personnel collected swab samples and Nobuto strip 
blood samples from each animal (S. Bevins et al., un-
pub. data, https://doi.org/10.1101/2023.04.14.533542); 
we performed SARS-CoV-2 RNA preparation and  

subsequent detection using quantitative reverse tran-
scription RT PCR (qRT-PCR) as previously described 
(8). US Department of Agriculture Animal and Plant 
Health Inspection Service National Veterinary Ser-
vices Laboratories subjected nonnegative samples 
from novel hosts to confirmatory testing. We pre-
pared SARS-CoV-2–specific neutralizing antibodies 
(NAbs) from Nobuto strips and detected using the 
Genscript cPass SARS-CoV-2 neutralization antibody 
detection kit (Thermo Fisher Scientific, https://www. 
thermofisher.com) as described (S. Bevins et al., unpub. 
data). We further investigated nonnegative samples  
from novel hosts by conventional viral neutralization 
testing (cVNT). We screened Nobuto eluates from in-
tensively sampled sites (n = 747) (Figure 1) for IAV 
antibodies using a commercial blocking ELISA Influ-
enza A MultiS-Screen Ab test (IDEXX Laboratories,  

Figure 1. Locations of intensive 
sampling for SARS-CoV-2 
samples collected across 28 
species in 8 states during 
community-scale surveillance 
of SARS-CoV-2 and influenza A 
viruses in wild mammals, United 
States, October 2022–June 2023. 
The number of samples collected 
varied across each state and by 
species within each state. 

Figure 2. Locations of 
opportunistic sampling for  
SARS-CoV-2 samples collected 
across 17 species in 13 states and 
Puerto Rico during community-
scale surveillance of SARS-
CoV-2 and influenza A viruses 
in wild mammals, United States, 
September 2022–November 2023. 
The number of samples collected 
varied across each state. 

http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/31/8/24-1671-App1.xlsx
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https://www.IDEXX.com) (12) as described pre-
viously (13). We used the manufacturer’s recom-
mended sample-to-negative ratio threshold of <0.5 to  
determine detection of IAV antibodies in serum (Appen-
dix 2, https://wwwnc.cdc.gov/EID/article/31/8/ 
24-1671-App2.pdf).

qRT-PCR testing detected SARS-CoV-2 RNA in 
1 white-tailed deer (Odocoileus virginianus) sample  

(n = 45) and 2 nutria (Myocastor coypus) samples (n = 
41) (Appendix 1 Table 2; Appendix 2 Figure 1). SARS-
CoV-2 was not previously documented in nutria; 
because cycle threshold values were high, we used 
Sanger sequencing to verify the samples contained 
nutria host nucleic acid and were not contaminated 
by a sample from another species. After retesting, 
we did not have sufficient material for confirmatory  

Figure 3. Results for testing 
conducted on a seropositive 
mink sample collected in 
Pennsylvania during community-
scale surveillance of SARS-
CoV-2 and influenza A viruses 
in wild mammals, United States, 
October 2022. A) Conventional 
VN testing; B) luciferase 
immunoprecipitation assay for 
nucleoprotein. The results from 
the 2 assays confirm previous 
exposure to the SARS-CoV-2 
virus and rule out the likelihood 
that the immune response was generated in response to prior vaccination. Control mink data indicate results for a known negative-
status mink, sampled mink data (red boxed) indicate results for our collected sample, and data for SARS-CoV-2–infected mink indicate 
results for known infected mink from samples collected outside of this study. VN, virus neutralization.

Figure 4. Posterior estimates 
of disease freedom varied 
based on prior input and the 
number of samples collected 
from each species in March 
2023 in study of SARS-CoV-2 
and influenza A viruses in 
wild mammals, United States. 
Collecting larger sample sizes 
enabled posterior estimates to 
depend less on prior inputs. 
The probability of disease 
freedom was analyzed for 
SARS-CoV-2–negative swabs 
from each species within each 
site. Probabilities for 8 species 
at a site in Iowa, United States, 
are shown.

http://www.cdc.gov/eid
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testing. Additional sampling and testing are required 
to confirm nutria susceptibility to or SARS-CoV-2 
presence in nutria populations.

We found serologic evidence of SARS-CoV-2 
exposure in 14 samples from 5 species (Appendix 1 
Table 3): 1 coyote (Canis latrans; n = 25) (Appendix 2 
Figure 2), 1 muskrat (Ondatra zibethicus; n = 41) (Ap-
pendix 2 Figure 1), 1 woodchuck (Marmota monax; n 
= 18) (Appendix 2 Figure 1), 1 domestic American 
mink (n = 13) (Appendix 2 Figure 1), and 10 white-
tailed deer (n = 45) Appendix 2 Figure 1). Sample 
quality issues prevented the coyote Nobuto sample 
from cVNT testing. cVNT testing of other Nobuto 
eluates detected SARS-CoV-2 NAbs at dilution fac-
tors of 1:32 for muskrat and 1:8 for woodchuck (Ap-
pendix 1 Table 3). Because the mink sample was an 
escaped domestic mink from a farm that vaccinated 
its mink, we tested the sample for the Omicron BA.1 
and B1 (variant D614G) strains of SARS-CoV-2. We 
detected NAbs for the B1 (variant D614G) strain at 
a dilution factor of 1:8 from the mink Nobuto elu-
ate (Figure 3, panel A) but no response to Omicron 
BA.1 strain. Finally, N luciferase immunoprecipita-
tion assay screening showed reactivity against the 
N protein (Figure 3, panel B; Appendix 1 Table 4), 
which indicates the animal was likely exposed to 
a pre-Omicron variant instead of or in addition to  
being vaccinated.

ELISA screening for IAV antibodies detected 
positive results in 7 raccoons (Procyon lotor; n = 270 
across sites) (Appendix 2 Figure 3) and 1 Virginia 
opossum (Didelphis virginiana; n = 112 across sites) 
(Appendix 1 Table 5; Appendix 2). All positive ani-
mals were from the same site in Iowa within the Mis-
sissippi Flyway during 2 time periods (October 2022 
and March 2023). Samples collected during October 
2022 included 3 raccoon detections (n = 88; seroprev-
alence 3.4%) and the Virginia opossum detection (n 
= 40; seroprevalence 2.5%), whereas samples collect-
ed during March 2023 included 4 raccoon detections 
(n = 98; seroprevalence 4.1%). Previous opportunis-
tic surveillance of avian IAVs in raccoons reported 
a similar seroprevalence in Maryland during 2004 
(2.4%) but a higher seroprevalence in some western 
states: 25% in Wyoming during 2004 and 12.8% in 
Colorado during 2006 (14).

In sites where no detections occurred, predic-
tions of disease freedom were strongly influenced 
by the prior probability of disease freedom (i.e., 
site-level disease risk), but that influence was weak-
ened by the sample size collected from each species 
within a site (Appendix 1 Table 6). We analyzed and 
illustrated the dependence between disease freedom 

estimates, sample size, and site-level disease risk at 1 
site sampled in Iowa (Figure 4). Assumptions about 
site-level disease risk strongly determined disease 
freedom probability for species with <3 samples, 
such the eastern cottontail rabbit (Sylvilagus florida-
nus) with 1 sample. By comparison, disease freedom 
probability did not depend as greatly on site-level 
disease risk when >30 samples for a single species 
per site were collected, such as for raccoons or Vir-
ginia opossum.

Conclusions
We did not find widespread SARS-CoV-2 occurrence 
in the wildlife communities, even for wildlife species 
sympatric with deer. We found evidence for infre-
quent incidence of SARS-CoV-2 exposure in novel 
species, highlighting the importance of appropriate 
site-level sample sizes for detection of rare exposure 
events. Our disease freedom analysis provides sam-
pling guidance for detection of rare events in future 
surveillance programs. We did not find evidence of 
co-circulation of SARS-CoV-2 and IAVs in the same 
animals or species but did find sympatric exposure 
to IAVs in raccoons and Virginia opossum in the Mis-
sissippi Flyway. Community-scale wildlife disease 
surveillance is important for monitoring changing 
host ranges that can be realized given local ecologic 
contexts for rapidly evolving viruses and for refining 
risk-based surveillance designs.
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The COVID-19 pandemic disrupted global refu-
gee resettlement, an international process offer-

ing permanent resettlement to a third country for 
persons who cannot return to their home country 
because of persecution on the basis of race, religion, 
nationality, social group, or political opinion and 
who can no longer remain in the country in which 
they reside. The United States suspended resettle-
ment during March 20–July 29, 2020 (1,2). Upon 
resumption, the United States mandated pretravel 
COVID-19 testing for refugees, delaying travel for 
those who tested positive and their close contacts. 
During January 26, 2021–June 12, 2022, all travel-
ers, including refugees, were required to show 
documentation of a negative test or recent recovery 
from COVID-19 before boarding a US-bound flight 
(3). This requirement was lifted on June 12, 2022 (4). 
US-bound refugees were not required to receive  
COVID-19 vaccinations but were referred to na-
tional programs for vaccination in their country 
of examination where possible. We assessed the  

prevalence of positive predeparture COVID-19 
tests for all refugees and COVID-19 vaccination 
coverage for adult refugees. This activity was re-
viewed by Centers for Disease Control and Preven-
tion’s (CDC)’s National Center for Emerging and 
Zoonotic Infectious Diseases, Information Collec-
tion and Human Studies Team, was deemed not 
research, and was conducted consistent with appli-
cable federal law and CDC policy (e.g., 45 C.F.R. 
part 46, 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. 
§552a; 44 U.S.C. §3501 et seq.).

The Study
The International Organization for Migration coordi-
nates US travel for refugees and manages many pre-
departure health assessments. To describe COVID-19 
predeparture test results, we analyzed International 
Organization for Migration testing data for all refu-
gees who entered the United States during Novem-
ber 24, 2020–June 11, 2022 (the last day for which 
predeparture testing was required for US-bound 
flights). To determine COVID-19 vaccination cover-
age, we queried the CDC Electronic Disease Notifica-
tion system (5) for adult refugees (>18 years of age) 
who entered the United States during November 24, 
2020–December 31, 2022. During that period, most 
COVID-19 vaccinations were administered through 
national programs; analyses were limited to adults 
because most countries had not yet extended vacci-
nation programs to minors. Testing and vaccination 
data were not linked. 

We recorded test type as reverse transcription 
PCR, rapid antigen test, or other. Refugees could re-
ceive >1 test. Persons were considered to have test-
ed positive if >1 test was positive, negative when 
>1 test was negative and no tests were positive, 
and unknown when all tests were indeterminate  
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We describe predeparture COVID-19 test positivity and 
vaccination coverage for US-bound refugees. During 
November 24, 2020–June 11, 2022, a total of 23,972 ref-
ugees received 28,465 tests (87% reverse transcription 
PCR); 2.6% of refugees tested positive. During Novem-
ber 24, 2020–December 31, 2022, vaccination coverage 
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or missing. We calculated the percentage of per-
sons who tested positive by dividing the number 
of persons with >1 positive result by the number 
of persons with known results. For the percent-
age positive over time, we only included persons 
in calculations for the first period in which they 
tested positive. We defined completion of a pri-
mary vaccine series as receipt of 1 dose of a single-
dose vaccine or 2 doses (regardless of time interval) 
of a 2-dose series authorized in the United States 
or listed for emergency use by the World Health  
Organization (WHO). 

Among 24,361 refugees who arrived in the Unit-
ed States during November 2020–June 2022, a total 
of 29,025 predeparture COVID-19 tests were docu-
mented. We excluded 560 missing or indeterminate 
test results (including results from 389 persons for 
whom all tests were indeterminate or missing), leav-
ing 23,972 persons receiving 28,465 tests (Appendix, 
https://wwwnc.cdc.gov/EID/article/31/8/25-

0088-App1.pdf). Most (85.0%) persons had 1 test, 
12.0% had 2 tests, 2.2% had 3 tests, 0.6% had 4 tests, 
and 0.2% had 5–10 tests. Among all tests, 2.6% were 
positive for COVID-19. By type, positivity was 2.7% 
among 24,853 reverse transcription PCR tests, 2.0% 
among 3,590 rapid antigen tests, and 9.0% among 22 
unspecified tests. Among 23,972 persons, 2.6% had 
>1 positive test.

The percentage positive was highest in Asia 
(4.1%), followed by Sub-Saharan Africa (2.9%) and 
the Americas (2.9%), and lowest in the Middle East/
North Africa (1.9%) and Europe (1.8%) (Table 1). 
Within each region, percentage positive varied by 
country (Table 1). Over time, the percentage positive 
ranged from 0% in April 2021 to 21.7% in October 
2021 (Figure 1). Across age groups, results were sim-
ilar, ranging from 2.3% among children <5 years of 
age to 2.8% among adults >55 years of age.

During November 2020–December 2022, a to-
tal of 24,831 adult refugees arrived in the United 
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Table 1. Predeparture COVID-19 positivity among US-bound refugees by region and country of overseas medical examination, 
November 24, 2020–June 11, 2022* 
Region and country No. persons positive No. persons tested % Persons with positive test 
Total 622 23,972 2.6 
Europe 37 2,069 1.8 
 Moldova 20 312 6.4 
 Other† 4 201 2.0 
 Ukraine 13 1,556 0.8 
Middle East/North Africa 153 8,228 1.9 
 Jordan 80 2,922 2.7 
 Turkey 46 2,032 2.3 
 Other‡ 2 114 1.8 
 Egypt 24 2,007 1.2 
 Iraq 1 311 0.3 
 Lebanon 0 433 0.0 
 Qatar 0 409 0.0 
Sub-Saharan Africa 274 9,318 2.9 
 Uganda 113 1,177 9.6 
 Ethiopia 14 397 3.5 
 Kenya 17 616 2.8 
 Tanzania 56 2,501 2.2 
 Zambia 16 725 2.2 
 Burundi 20 974 2.1 
 Rwanda 30 1,940 1.5 
 Malawi 4 362 1.1 
 Other§ 4 626 0.6 
Americas 49 1,674 2.9 
 El Salvador 27 506 5.3 
 Guatemala 17 702 2.4 
 Other¶ 5 466 1.1 
Asia 109 2,683 4.1 
 Thailand 46 916 5.0 
 Malaysia 43 911 4.7 
 Other# 20 856 2.3 
*Persons were considered positive if >1 result was positive, negative when >1 result was negative and no tests were positive, and unknown when all 
results were indeterminate or missing. Number tested excludes persons classified as unknown. Most (88.8%) were tested by reverse transcription PCR, 
11.2% by rapid antigen detection, and <0.1% had an unspecified test type. 
†Albania, Armenia, Austria, Belarus, Germany, Israel, Kazakhstan, Malta, Uzbekistan. 
‡Algeria, Bahrain, Kuwait, Oman, Saudi Arabia, United Arab Emirates. 
§Angola, Botswana, Cameroon, Chad, Côte d'Ivoire, Democratic Republic of the Congo, Djibouti, Ghana, Guinea, Namibia, Niger, South Africa, Sudan, 
Togo, Zimbabwe. 
¶Colombia, Costa Rica, Curaçao, Ecuador, Honduras. 
#Afghanistan, Australia, Bangladesh, Myanmar, China, Hong Kong, India, Indonesia, Mongolia, Nauru, Nepal, Pakistan, Papua New Guinea, Sri Lanka, 
Vietnam. 
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States (Appendix). Of those, 2,509 (10.1%) received 
a single-dose COVID-19 vaccine series, 1,030 (4.1%) 
received only 1 dose of a 2-dose vaccine series, and 
7,878 (31.7%) received 2 doses of a 2-dose vaccine 
series (Table 2). In total, 41.8% of refugees completed 
a primary series before arrival in the United States. 
Coverage increased over time (Figure 2); by Decem-
ber 2022, a total of 71.3% had completed a primary 
series. The Americas had the highest percentage of 
persons who completed a primary series (63.4%), 
followed by Asia (51.0%), Middle East/North Africa 
(49.4%), Sub-Saharan Africa (34.8%), and Europe 
(15.7%) (Table 2).

Conclusions
The COVID-19 pandemic severely disrupted refugee 
resettlement. Such disruptions can prolong uncer-
tainty and vulnerability for refugees, delay family 
reunification, and strain resources for host countries 
and humanitarian agencies (6). Even short disrup-
tions can lead to a cascading derailment of adminis-
trative processes. Strategies to minimize disruption 
while preventing pathogen importation were needed.

Universal testing for US-bound refugees rep-
resented one such strategy. Despite concerns of 
heightened infection risk among refugees, prede-
parture testing showed low prevalence. For 23,972 
US-bound refugees, just 2.6% of tests were positive, 
below the WHO 5% threshold for countries to re-
open (7) and the 10.1% test positivity found in the 
general US population during the same period (8).

COVID-19 vaccines represented an additional 
tool to minimize resettlement disruptions while 
protecting refugees from severe disease; however, 
vaccine rollout to refugee populations was ham-
pered by variable global distribution of vaccines, 
resulting in reduced initial access in low- and 
middle-income countries (9). Among US-bound 
refugees, those who had an overseas health assess-
ment in Middle East/North Africa, Asia, and the 
Americas had higher COVID-19 vaccination cover-
age than those assessed in Sub-Saharan Africa or 
Europe, suggesting greater barriers to vaccination 
in those regions. In Sub-Saharan Africa, barriers in-
cluded insufficient vaccine supply and cold chain 
issues in remote areas. In Eastern Europe, some  
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Figure 1. Predeparture COVID-19 test positivity among refugees by week of arrival in the United States (November 24, 2020–June 
11, 2022) in study of test results and vaccination coverage among US-bound refugees, 2020–2022. Among refugees, weeks with <20 
persons tested were suppressed. White bars indicate number of persons tested; dotted and solid lines indicate percentage positivity. 
Data for US population COVID-19 test positivity from National Respiratory and Enteric Virus Surveillance System (https://data.cdc.gov/
Laboratory-Surveillance/Percent-Positivity-of-COVID-19-Nucleic-Acid-Amplif/gvsb-yw6g/about_data).
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refugees received vaccines not approved for use in 
the United States or listed by WHO and thus were 
not counted in our calculations, and vaccine hesi-
tancy was widespread (10). Other challenges in-
cluded administrative difficulties, requirements for 
identity documents, and language barriers.

Despite challenges, COVID-19 vaccination cov-
erage among US-bound refugees steadily increased 
over time, approaching coverage observed for the 
general US adult population. Within 1 month of 
US vaccination programs expanding to include 
adults <65 years of age on April 19, 2021, a total of 
57.0% of the general US adult population had re-
ceived >1 dose (11); by December 2022, that figure 
was 88.4% (12). For US-bound adult refugees, 54% 
had received 1 dose by April 2022 and 71.3% by 
December 2022, exceeding WHO’s strategic objec-
tive for all countries to reach 70% (13). Although no  

vaccinations are mandatory for US-bound refugees, 
refugees were successfully referred to national vac-
cination programs in their country of examination 
for voluntary vaccination.

In conclusion, positivity for COVID-19 among 
US-bound refugees, which was monitored in real 
time, remained modest throughout the study pe-
riod. A predeparture testing strategy further re-
duced risk by identifying persons who required 
travel postponement while permitting safe trav-
el for others. Vaccination coverage among US-
bound refugees improved over time, drawing near  
to that of the general US population. Our findings 
highlight the importance of including refugees 
in public health initiatives during global health  
emergencies, demonstrating that such approaches 
can protect the safety and continuity of resettle-
ment efforts.
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Table 2. Predeparture COVID-19 vaccination coverage among adult refugees by region and country of overseas health assessment, 
November 24, 2020–December 31, 2022 

Region and country 

No. (%) refugees 

Total population 
Single-dose 

series 
Two-dose series Completed primary 

series First dose only First and second dose 
Total 2,509 (10.1) 1,030 (4.1) 7,878 (31.7) 10,387 (41.8) 24,831 
Sub-Saharan Africa 2,059 (21.5) 343 (3.6) 1,275 (13.3) 3,334 (34.8) 9,594 
 Burundi 395 (46.4) 0 0 395 (46.4) 851 
 Ethiopia 240 (42.7) 9 (1.6) 29 (5.2) 269 (47.9) 562 
 Kenya 410 (47.6) 10 (1.1) 149 (17.3) 559 (64.9) 862 
 Malawi 47 (12.3) 8 (2.1) 72 (18.9) 119 (31.2) 381 
 Rwanda 49 (2.4) 157 (7.5) 742 (35.7) 791 (38.1) 2,079 
 Tanzania 489 (20.8) 7 (0.3) 17 (0.7) 506 (21.5) 2,352 
 Uganda 174 (16.4) 112 (10.5) 164 (15.5) 338 (31.9) 1,061 
 Zambia 94 (12.3) 12 (1.5) 9 (1.2) 103 (13.5) 764 
 Other* 161 (23.6) 28 (4.1) 93 (13.6) 254 (37.2) 682 
Americas 17 (0.7) 239 (10.1) 1,474 (62.7) 1,491 (63.4) 2,352 
 Ecuador 15 (3.7) 21 (5.2) 299 (74.6) 314 (78.3) 401 
 El Salvador 0 45 (7.5) 412 (68.8) 412 (68.8) 599 
 Guatemala 1 (0.1) 134 (13.5) 579 (58.2) 580 (58.3) 994 
 Honduras 0 23 (7.4) 156 (50.5) 156 (50.5) 309 
 Other† 1 (2) 16 (32.7) 28 (57.1) 29 (59.1) 49 
Asia 16 (0.5) 196 (6.3) 1,579 (50.5) 1,595 (51.0) 3,125 
 Malaysia 0 107 (7.5) 1,068 (75.3) 1,068 (75.3) 1,419 
 Thailand 0 63 (7.9) 168 (20.8) 168 (20.8) 806 
 Other‡ 16 (1.8) 26 (2.9) 343 (38.1) 359 (39.9) 900 
Europe 63 (2.5) 36 (1.5) 336 (13.2) 399 (15.7) 2,537 
 Moldova 15 (2.3) 6 (0.9) 78 (11.9) 93 (14.2) 655 
 Ukraine 1 (0.1) 0 76 (6) 77 (6.1) 1,269 
 Other§ 47 (7.7) 30 (4.9) 182 (29.7) 229 (37.4) 613 
Middle East/North Africa 354 (4.9) 216 (3) 3,214 (44.5) 3,568 (49.4) 7,223 
 Egypt 30 (1.9) 37 (2.3) 264 (16.8) 294 (18.7) 1,573 
 Jordan 0 77 (3.8) 1,428 (70.4) 1,428 (70.4) 2,027 
 Lebanon 3 (0.7) 25 (6) 64 (15.5) 67 (16.2) 413 
 Qatar 273 (30.8) 30 (3.4) 563 (63.5) 836 (94.3) 886 
 Turkey 0 21 (1.2) 612 (35.8) 612 (35.8) 1,710 
 Other¶ 48 (7.8) 26 (4.2) 283 (46.1) 331 (53.9) 614 
*Angola, Botswana, Cameroon, Chad, Côte d’Ivoire, Democratic Republic of the Congo, Djibouti, Ghana, Guinea, Madagascar, Mauritania, Mozambique, 
Namibia, Niger, South Africa, Sudan, Togo, Zimbabwe. 
†Colombia, Costa Rica, Curaçao, Peru. 
‡Afghanistan, Australia, Bangladesh, Myanmar, China, Hong Kong, India, Indonesia, Mongolia, Nepal, Nauru, Pakistan, Papua New Guinea, Sri Lanka, 
Vietnam. 
§Albania, Armenia, Austria, Belarus, Belgium, Czech Republic, Germany, Israel, Italy, Kazakhstan, Kosovo, Kyrgyzstan, Malta, Poland, Russia, Slovak 
Republic, Slovenia, Tajikistan, Uzbekistan. 
¶Algeria, Bahrain, Iraq, Kuwait, Morocco, Oman, Saudi Arabia, United Arab Emirates. 
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For many people, coronavirus disease (COVID-19) causes mild respiratory  
symptoms. Yet others die of from complications caused by the infection, and  
still others have no symptoms at all. How is this possible? What are the risk  

factors, and what role do they play in the development of disease?

In the pursuit to control this deadly pandemic, CDC scientists are investigating 
these questions and more. COVID-19 emerged in 2019. Yet in that short time,  

scientists have discovered a huge body of knowledge on COVID-19. 

In this EID podcast, Dr. Kristen Pettrone, an Epidemic Intelligence  

Service officer at CDC, compares the characteristics of hospitalized and  
nonhospitalized patients with COVID-19 in Atlanta, Georgia.
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Highly pathogenic avian influenza (HPAI) H5N1 
virus infects felids, causing neurologic signs 

and death (1–6). In March 2024, H5N1 clade 2.3.4.4b 
genotype B3.13 was first detected in milk from dairy 
cattle, and large numbers of farm cats were report-
ed dead or disappearing from affected farms (1,2). 
Urine has been reported as a suitable sample for de-
tecting H5N1 in live cats (7). Here, we describe infec-
tion of domestic cats with HPAI H5N1 virus after 
ingesting commercial raw milk, including clinical 
signs and outcome of infection in affected animals, 
and report isolation of H5N1 virus from the urine of 
a surviving cat.

The Cases
An owner of 4 indoor-only cats living in southern 
California, USA, purchased 3 individual gallons 
of raw milk from 2 health food stores on Novem-
ber 17, 20, and 23, 2024; he fed the milk to his cats. 
Three of the cats consumed the raw milk through 
November 25. The milk lot numbers were included 
in a recall by the California Department of Public 
Health after multiple products tested positive for 

HPAI H5N1 virus (8). All cats were current on ra-
bies vaccination. 

On November 25, two of the cats, a 14-year-old 
male neutered brown tabby domestic short hair cat 
(cat 1) and a 4-year-old male neutered black and 
white domestic short hair cat (cat 2), had lethargy, an-
orexia, and fever develop. Cat 1 died on November 28 
while hospitalized at an emergency veterinary clinic, 
and cat 2 died on November 30. No testing for H5N1 
virus was performed on either cat. 

Cat 3, a 5-year-old male neutered 5.9-kg tabby 
cat, displayed similar clinical signs and was hos-
pitalized on December 1. His fever was 40.1°C 
(104.2°F). He received supportive care, including 
intravenous fluids, antibiotics (doxycycline and 
ampicillin/sulbactam), antinausea medication (ma-
ropitant citrate), an appetite stimulant (mirtazap-
ine), and a nonsteroidal anti-inflammatory drug 
(robenacoxib). He was discharged on December 2 
but was then admitted to a second emergency vet-
erinary clinic on December 3.

At admission to the second clinic, the cat was 
anorexic and dull and had hind limb ataxia and 
paresis. His temperature was 39.7°C (103.5°F) dur-
ing the night of December 3. A complete blood 
count, chemistry panel, abdominal ultrasound, and 
3 view thoracic radiographs were performed. The 
only abnormal finding was consolidation of the left  
ventral lung field. A urinalysis was not performed. 
The cat was administered similar supportive care 
with the addition of oseltamivir phosphate (12 
mg/12 h for 8 d). The cat also received pradofloxa-
cin and gabapentin orally, as well as nasogastric 
tube feeding. 

While cat 3 was at the second clinic, the cat own-
er contacted the San Bernardino County Department 
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of Public Health (SBCDPH) regarding concerns for 
HPAI virus infection and was advised to seek medi-
cal or veterinary care if he or his cats had clinical 
signs develop. The owner’s fourth cat, a 5-year-old 
female spayed domestic shorthair, did not drink 
raw milk and did not develop clinical signs. The 
emergency clinic gave the owner no recommen-
dations regarding cat 4. SBCDPH was not aware 
of cat 4 and did not recommend further testing or 
monitoring based on lack of clinical signs in any  
human contacts.

On December 4, cat 3 progressed to recumbency 
and lacked a menace response in the left eye. Passive 
range-of-motion exercises were initiated. Urine and 
nasal swab specimens in sterile containers and hepa-
rinized whole blood were collected and sent to the 
Cornell University College of Veterinary Medicine 
Animal Health Diagnostic Center (AHDC) (Ithaca, 
NY, USA). On December 5, the cat lacked a menace 
response in both eyes, but pupillary light and dazzle 
reflexes were intact bilaterally. He was more alert 
and was able to stand on the forelimbs but dragged 
the hind limbs (Video, https://wwwnc.cdc.gov/
EID/article/31/8/25-0309-V1.htm). On December 
7, he was discharged to the owner. Over the next 
few weeks, he used a wheelchair to ambulate and 
regained the ability to walk and jump on the hind 
limbs normally. On December 23, he was examined 
by a veterinary ophthalmologist and had present but 
weak menace response, pupillary light reflex, and 
dazzle reflex in the right eye. 

At the AHDC, we tested the nasal swab and urine 
samples for HPAI virus by reverse transcription PCR 
(RT-PCR) (9). Results for the nasal swab sample were 
negative, but the urine was positive for influenza A 
(cycle threshold [Ct] of 35.4405) and for avian influen-
za H5 (Ct 36.706) virus. We froze the urine sample at 
−80°C (−112°F) and had results confirmed at the Na-
tional Veterinary Services Laboratory (Ames, Iowa, 
USA). On December 6, we informed the attending 
veterinarian, the California State Animal Health Of-
ficial, and the California Department of Public Health 
of the RT-PCR results. 

On December 21, we performed virus isolation in 
10-day old embryonated chicken eggs (ECEs) on the 
urine sample from cat 3. We inoculated a 1:10 dilu-
tion of the urine sample into 10 ECEs via the allan-
toic cavity route. Four embryos died at 24–48 hours 
after inoculation. Testing of the allantoic fluids from 
ECEs that died revealed hemagglutination on turkey 
red blood cells. The allantoic fluids tested positive for 
influenza A virus matrix protein by RT-PCR (9). In 
addition, targeted influenza A sequencing confirmed 
infection with HPAI H5N1 virus genotype B3.13 (Fig-
ure 1). We deposited the complete virus sequences 
into GenBank (accession nos. PV576479–86).

We further performed virus neutralization to de-
tect H5N1 antibodies. We prepared the heparinized 
whole blood by centrifuging to isolate the plasma 
fraction and then tested the plasma. An endpoint 
neutralizing titer of 1:512 was determined, indicating 
seroconversion to H5N1 virus after exposure.
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Figure 1. Phylogenetic analysis of complete genome sequences confirming highly pathogenic avian influenza A(H5N1) virus genotype 
B3.13 isolated from cat urine after raw milk ingestion, United States. A) Tree showing broader phylogeny of H5N1 virus genotypes; B) 
tree showing closer examination of the virus from the cat urine (sample no. 297271-24) and closely related virus sequences.
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Seven weeks after cat 3 had symptoms develop, 
the original empty raw milk jugs and serum from cat 
3 and cat 4 collected on January 18, 2025, were submit-
ted to the AHDC. Milk residue from 1 of the jugs was 
positive for H5N1 virus by RT-PCR (Ct 35). However, 
attempts to isolate virus or sequence from the milk 
sample were unsuccessful. Cat 3 (clinically affected 
cat that recovered) had a virus neutralization titer of 
1:1,024. Cat 4 was negative for H5N1 antibodies, con-
firming a lack of exposure (Figure 2).

Conclusions
This report provides evidence of HPAI H5N1 virus 
infection in domestic cats after consuming raw milk 
contaminated with the virus. Two cats died after a 
disease course characteristic of H5N1 virus infection 
in felids; however, no diagnostic test confirmed H5N1 
virus infection. A third cat had hind limb paresis and 
blindness develop but recovered after hospitalization 
and supportive care, which included administration 
of the antiviral drug oseltamivir. Cat 3 tested positive 
for H5N1 virus, and a robust H5N1-specific neutraliz-
ing antibody titer developed. The raw milk consumed 
by the cats that had clinical signs of H5N1 virus in-
fection was confirmed positive for HPAI H5N1 virus 
RNA by RT-PCR. The cat in the household that did 
not consume raw milk remained seronegative. 

Given the broad circulation of H5N1 virus in 
dairy cattle in the United States, our results highlight 
the risk posed by raw dairy products to both animal 

and human health. Veterinarians examining cats with 
a history of exposure to wild birds or ingestion of raw 
poultry or dairy products and acute neurologic signs 
should have H5N1 infection on their differential di-
agnosis list.
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characteristic clinical signs of H5N1 virus infection, was hospitalized and received supportive care including antiviral treatment 
(oseltamivir), and recovered from infection. Cat 4 did not consume milk and remained healthy throughout the outbreak. Figure created 
using BioRender (https://www.biorender.com). VI, virus isolation; VN, virus neutralization.
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SARS-CoV-2, the causative agent of COVID-19, 
has resulted in >775 million cases and 7 million 

deaths worldwide (1). Although the origin and the 
intermediate host(s) of this virus remain unclear, 
the virus has infected dozens of animal species pre-
sumably through reverse zoonosis, including wild 
animals such as white-tailed deer and companion 
animals such as cats and dogs (2–5). During 2020–
2025, the virus has evolved rapidly, giving rise to 
thousands of variants; hundreds spread and were 
replaced by newer lineages. During that process, 
mutations accumulated in the SARS-CoV-2 genome, 
especially in the spike gene. For example, Omicron 
XBB.1.5 has acquired >40 nonsynonymous muta-
tions in the spike gene compared with the wild-type 
index virus. Because the spike–receptor interaction 
is the initial and decisive step in coronavirus infec-
tion, amino acid changes in the spike protein can 
enhance or reduce infectivity in humans and other 

animal species, potentially altering the virus’s spe-
cies specificity. Investigating spike interaction with 
a broad range of angiotensin-converting enzyme 2 
(ACE2) receptors from different species is therefore 
crucial for understanding potential reservoirs before 
and after the virus’s emergence in humans and for 
enabling risk assessment of viruses that have crossed 
into new hosts through reverse zoonosis.

The Study
We analyzed the ACE2 receptor activity of 54 animal 
species (36 mammals, 8 birds, 5 reptiles, 1 amphibian, 
and 4 fish) against various SARS-CoV-2 lineages that 
evolved over time (Figure 1; Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/31/8/24-1844- 
App1.pdf). Those animal species were selected to 
represent the broad diversity of ACE2 sequences and 
for other factors such as their potential role as reser-
voir of the SARS-CoV-2 progenitor (e.g., bats), poten-
tial role as intermediate host (e.g., pangolin, raccoon 
dog), close contact with humans (e.g., dog and cat), 
and indication of a large-scale reverse zoonotic event 
that appears to have led to enzootic disease (e.g., 
white-tailed deer). Compared with the human ACE2, 
the amino acid identity of the other 53 species ranged 
from 56% (wild turkey and western clawed frog) to 
99% (chimpanzee) (Figure 1). We compared the se-
quences of the 20 ACE2 residues previously reported 
as critical in the spike–ACE2 binding interface across 
all 54 species (6,7).

To understand spike-ACE2 binding characteris-
tics during the viral entry process, we developed 54 
cell lines expressing different species of ACE2 pro-
teins exogenously. We transfected a human ACE2 
knockout HEK293T cell line (293T-ACE2-KO) with 
ACE2 expression plasmids. At 22–24 hours after  
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transfection, we incubated the recombinant trimeric 
spike proteins of the SARS-CoV-2 index virus, the 
Delta variant, or the Omicron BA.1 variant with the 
ACE2-expressing cells. We analyzed spike protein 
binding by flow cytometry. Generally, increased 
binding was detected when the spike protein con-

centration increased from 2 µg/mL to 20 µg/mL 
(Appendix Figure 1). To compare the binding of the 
3 spikes across ACE2 receptors, we normalized the 
flow cytometry signals to the index virus spike versus 
human ACE2 receptor reference group at each spike 
concentration (2 µg/mL and 20 µg/mL) (Figure 2, 
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Figure 1. Sequence comparison of ACE2 proteins among 54 animal species with phylogenetic tree of ACE2 proteins in study of ACE2 
receptor usage across animal species by SARS-CoV-2 variants. Protein sequence of ACE2 from various species are aligned at residues 
in the SARS-CoV-2 spike protein binding interface. Percent identity to human ACE2 was calculated by pairwise alignment of individual 
ACE2s to human ACE2. Residues differing from human ACE2 residues are highlighted in yellow. Scale bar indicates the number of 
amino acid substitutions based on ACE2 protein sequences. ACE2, angiotensin-converting enzyme 2.
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panel A). Overall, spike proteins bound efficiently to 
most of the mammalian ACE2s but showed little to no 
binding to ACE2s from birds, reptiles, amphibians, or 
fish. Specifically, none of the spike proteins bound to 
guinea pig ACE2, suggesting guinea pig is unlikely to 
be a susceptible animal model for SARS-CoV-2, which 
was recently confirmed (8). In contrast, all spike pro-
teins bound efficiently to the ACE2 of golden ham-
ster, which is widely used in SARS-CoV-2 studies. Al-
though the spike protein from the index virus does not 
bind to mouse ACE2, the Delta spike protein gained 
ability to bind to mouse ACE2 at high concentration, 

and the Omicron spike protein bound to mouse ACE2 
with efficiency comparable to human ACE2. In addi-
tion to those laboratory model animals, this assay il-
lustrates that spike proteins can also bind to ACE2s 
of domesticated animals (such as rabbit, camel, pig, 
cattle, sheep, cat, and dog) and wild animals (such as 
whale, pangolin, leopard, panda, fox, raccoon dog, 
and elephant). Of note, compared with the index vi-
rus spike, the Delta and Omicron spikes showed in-
creased binding to ACE2s of rat, palm civet, American 
mink, stoat, European mink, ferret, pheasant, chicken, 
mallard, and python but showed decreased binding 
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Figure 2. Heatmaps showing the binding strength of spike proteins (A) and infectivity of SARS-CoV-2 variants (B) to cells expressing 
ACE2 proteins from 54 animal species in study of ACE2 receptor usage across animal species by SARS-CoV-2 variants. The binding 
of the spike proteins to ACE2 was normalized to the reference group of index (wild-type) virus spike protein and human ACE2 cells 
(defined as 1) for both 2 µg/mL and 20 µg/mL spike protein concentrations. The representative data from 3 independent experiments 
are shown. The infectivity of SARS-CoV-2 reporter viruses was also normalized to the reference group of index virus and human ACE2 
cells (defined as 1). The ratios, relative to the index virus and human ACE2 cells, are displayed as colors ranging from white to red. The 
experiment was performed in triplicate and the average was used in the heatmap. ACE2, angiotensin-converting enzyme 2.
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to horse and turtle ACE2. The binding to bat ACE2s 
was variable depending on species. Those results in-
dicate that the spike proteins of the index virus, Del-
ta, and Omicron BA.1 have broad species specificity; 
however, differences in ACE2 binding specificity have 
emerged among SARS-CoV-2 variants.

Because viral entry goes beyond the spike–ACE2 
binding step, we further explored ACE2 species speci-
ficity using infectious SARS-CoV-2 viruses, which re-
quire the ACE2 to be functional in mediating subse-
quent steps (e.g., fusion) of viral entry. We inoculated 
ACE2-transfected 293T-ACE2-KO cells with 104 focus-
forming units of GFP-expressing SARS-CoV-2 viruses 
possessing the spike gene from the wild-type virus 
or the Alpha, Beta, Delta, or Omicron BA.1 and BA.2 
lineages (9). We counted GFP-positive cells at 20–24 
hours after inoculation and expressed results as ratio 
to the wild-type virus spike protein versus human 
ACE2 reference group. All tested viruses exhibited 
broad species specificity for ACE2 proteins; variants 
demonstrated differential infectivity against certain 
ACE2 receptors, largely consistent with the results of 
the spike protein–ACE2 binding assay (Figure 2). Of 
note, Omicron lineage variants lost the ability to infect 
pangolin ACE2-expressing cells, and BA.2 showed 
lower infectivity for horse ACE2-expressing cells. The 
common vampire bat is the only species that showed 
susceptibility among the 6 bat species analyzed, both 
in the spike–ACE2 binding assay and the live-virus 
infectivity assay. Little brown bat and Brandt’s bat 
were moderately positive in the binding assay but not 
in the infectivity assay, supporting the value of per-
forming the infectivity assay. The successful infection 
of cells expressing turtle and python ACE2 is also in-
triguing. Chicken and quail have been demonstrated 
to be nonsusceptible to SARS-CoV-2 infection (10). 
However, in this study, the cells expressing ACE2 of 
those species were susceptible to SARS-CoV-2 infec-
tion, although the infectivity was not high. Additional 
host factors, such as the distribution and amount of 
ACE2 proteins in tissues, cellular proteins involved 
in viral replication, or innate immunity, would affect 
the establishment of infection in animals exposed to 
SARS-CoV-2. For species of particular interest, further 
investigation through animal infection experiments is 
necessary to confirm susceptibility.

Conclusions
The susceptibility of animal species to SARS-CoV-2 
has been diligently studied in various in silico, in 
vitro, in vivo, and epidemiologic analyses since the 
pandemic began (Appendix Table 2). However, the 
differences in ACE2 specificity among SARS-CoV-2 

variants, especially Omicron lineages, have not been 
comprehensively studied. In this study, we demon-
strated the wide range of species specificity of SARS-
CoV-2 variants and the differences in their ability to 
use various ACE2 proteins as receptors. The doz-
ens of amino acid differences in the spike proteins 
could affect the variants’ pathogenicity, antigenicity, 
transmissibility, infectivity, and host species specific-
ity. Further structural or mutagenesis analysis of the 
spike proteins and the ACE2 proteins could identify 
the key interacting amino acids (Figure 1) responsible 
for species specificity. This study suggests that sus-
ceptible animal species could evolutionarily serve as 
natural reservoirs or intermediate hosts, transmitting 
SARS-CoV-2 to other species or back to humans, po-
tentially leading to future outbreaks or a new pan-
demic driven by novel SARS-CoV-2 variants with 
animal-adapted mutations.
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Microsporidial keratitis, caused by spore-forming 
unicellular parasites now classified as fungi, 

has previously been recognized as a severe yet un-
common ocular infection, often associated with out-
breaks worldwide (1,2). Vittaforma corneae (previously 
known as Nosema corneum) was first identified in a 
child from Sri Lanka in 1973 (3) and has emerged as 
a keratoconjunctivitis pathogen, especially in water-
related outbreaks. V. corneae is characterized by small 
spores (3–4-μm long and 1–1.5-μm wide), has unique 
ultrastructural features, and exhibits a specific affin-
ity for ocular tissues.

The natural reservoir of V. corneae remains un-
known, yet it has been detected in various mammals 
and invertebrates, suggesting a broad host range. Of 
note, humans are not considered natural hosts of V. 
corneae. Environmental sources, particularly aquatic 
environments, are believed to play a crucial role in 
V. corneae transmission and persistence. Studies have 
identified V. corneae spores in both fresh and marine 
water samples, indicating its ability to survive in di-
verse aquatic settings (1,2).

In this article, we describe a multiannual outbreak 
of V. corneae keratoconjunctivitis associated with ex-
posure to the Sea of Galilee in northern Israel. This 
outbreak is noteworthy for its prolonged duration  

and specific geographic association, which has not 
been previously reported for V. corneae infections. 
Our PCR-confirmed cases of V. corneae keratocon-
junctivitis represent dozens of instances nationwide. 
This study was approved by the Meir Medical Center 
Internal Review Board (approval no. 0001-24-MMC).

The Study
During 2022–2024, we detected 12 PCR-confirmed pa-
tients, 6–51 years of age (median age 15.3 years; mean 
± SD age 22.29 ± 19.76 years); 5 were female and 7 were 
male. All reported recent exposure to the Sea of Galilee 
before symptom onset, with a median duration of 14 
days (range 10–18 days) and an average of 13.75 days (SD 
± 2.33 days) between exposure and symptoms. Similar 
to other nationwide reported cases, no other epidemio-
logic links were identified (Appendix, https://wwwnc. 
cdc.gov/EID/article/31/8/24-1941-App1.pdf).

Patients reported eye symptoms of redness, wa-
tering, irritation, and a foreign-body sensation. Visual 
acuity when seeking care averaged 0.60 ± 0.34 deci-
mal (normal vision >1.0 decimal). Slit-lamp examina-
tion revealed coarse, multifocal, punctate epithelial 
lesions (<1 mm) on the cornea, often accompanied 
by nonpurulent conjunctivitis with a mixed follicu-
lar-papillary reaction (Figure). Those findings were 
uniform across the patient cohort and consistent with 
previous descriptions of V. corneae infections.

During the early months of the outbreak, the caus-
ative organism was unidentified. The ophthalmologic 
findings matched those of previously reported micro-
sporidial infections and were supported by microsco-
py of corneal scraping specimens. We found numerous 
oval spores 3–5 µm long and 1–2 µm wide (4; https://
www.cdc.gov/dpdx/microsporidiosis/index. 
html) by using fluorescent calcofluor staining. We 
used a pan-microsporidial PCR targeting the small 
subunit rRNA of most microsporidia (ss18f, 5′-caccag-
gttgattctgcc-3′; ss1492r, 5′-ggttaccttgttacgactt-3′) (5), 
but it failed to identify any specific pathogen, likely  
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because of limited corneal scraping material and oth-
er technical limitations, such as primer mismatches 
with the target species. Next, we performed a shot-
gun metagenomic sequencing on pooled corneal 
scrapings by using a Nextera XT library and Illumina 
MiSeq platform (Illumina, https://www.illumina.
com), yielding >7 million reads. Despite a predomi-
nance of host-derived sequences, species-specific 
reads mapping to the V. corneae small subunit rRNA 
gene verified the presence of V. corneae. To confirm 
this result, we developed a SYBR Green–based real-
time PCR assay for V. corneae, following the meth-
odology outlined previously (6). The assay used the 
primer sequences corn-F 5′-ctaccaagacagtgacggttga-3′ 
and corn-R 5′-ggcatcttttactgctggaact-3′. We conducted 
Sanger sequencing on the amplicons, yielding 100% 
coverage and >95% identity with V. corneae. 

Our key finding was the efficacy of topical 
chlorhexidine as a first-line treatment after corneal 
debridement, which was therapeutic and diagnos-
tic. All patients were treated with 0.02% chlorhex-
idine 2–3 times daily, demonstrating excellent 
tolerability and outcomes. This regimen marks a  
shift from the combination therapies (sometimes 

including systemic drugs) typically used for micro-
sporidial keratitis (7,8).

In contrast, only 3 patients in our study received 
either topical moxifloxacin or topical voriconazole 
(2–3 times daily), and 3 were treated with short 
courses of adjunctive topical steroids during follow-
up (Appendix Table 1). Of note, no patients required 
hospitalization or additional interventions beyond 
topical therapy. Chlorhexidine was well tolerated, 
and no major corneal scarring or reported ocular dis-
comfort related to its use was reported. Those find-
ings support the potential of a simplified, topical-only 
approach to treatment.

Visual acuity improved in most patients, and the 
mean at the last follow-up (average 6.1 ± 4.2 months) 
reached 0.87 ± 0.21 decimal visual acuity. Although not 
statistically significant (p = 0.1) because of the small 
sample size, the improvement in visual acuity does in-
dicate that topical chlorhexidine is effective in preserv-
ing visual function and preventing disease progression.

Conclusions
In this article, we present a large outbreak of PCR-
confirmed V. corneae keratoconjunctivitis associated 
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Figure. Slit-lamp photos of 3 patients before and after treatment of microsporidial keratoconjunctivitis caused by Vittaforma corneae, 
Sea of Galilee, Israel, 2022–2024. A) Patient 1 before treatment, visual acuity 0.8 decimal. B) Patient 2 before treatment, visual acuity 
0.3 decimal. C) Patient 3 before treatment, visual acuity 0.3 decimal. D) Patient 1 after treatment, visual acuity 1 decimal. E) Patient 
2 after treatment, visual acuity 1 decimal. F) Patient 3 after treatment, visual acuity 1 decimal. Clinical manifestations in all 3 patients 
included corneal epithelial microsporidial infiltrates and conjunctival irritation. After treatment with 0.02% topical chlorhexidine, the 
infiltrates resolved without scarring or other complications.
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with a single freshwater body, the Sea of Galilee, 
which has not previously been linked to a microspo-
ridial outbreak. The multiannual nature of this out-
break, spanning >3 consecutive years, suggests the 
presence of a persistent environmental reservoir of 
V. corneae in this ecosystem, potentially influenced 
by unique ecologic conditions or anthropogenic fac-
tors. This outbreak is of public health interest given 
the widespread recreational use of the Sea of Galilee, 
which is the only major freshwater lake in Israel.

Our findings underscore the effectiveness and 
safety of topical chlorhexidine as a treatment for V. 
corneae keratoconjunctivitis. This simple, cost-effec-
tive regimen achieved favorable outcomes without 
the need for complex multidrug therapies or hospital-
ization. Although chlorhexidine avoids unnecessary 
exposure to systemic antimicrobial drugs and offers 
broad-spectrum coverage, this regimen may be in-
sufficient in more complicated cases, such as contact 
lens–related infections involving Pseudomonas spp., 
other more complex pathogens, or immunocompro-
mised hosts. Corneal scarring did not develop in any 
of our patients, suggesting chlorhexidine can pre-
serve corneal integrity.

Early and accurate diagnosis was essential for 
guiding appropriate treatment. Because of the rar-
ity of microsporidial infections in Israel, a species-
specific real-time PCR enabled rapid, reliable detec-
tion of V. corneae from limited ocular samples. PCR 
proved especially useful in settings where microspo-
ridial keratitis was not routinely suspected, enabling 
timely therapy.

The first limitation of this study is that, apart 
from 1 patient with untreated stable sarcoidosis, all 
patients were immunocompetent, limiting applicabil-
ity to immunocompromised populations who may 
require more intensive treatment and prolonged 
follow-up and whose keratitis could be associated 
with systemic infection (9). Finally, the restriction of 
the outbreak to a single, ecologically unique body of 
water, the Sea of Galilee, limits the broader generaliz-
ability of these findings.

Further research is needed to clarify the eco-
logic and microbiological factors contributing to 
the persistence of V. corneae in the Sea of Galilee 
and to assess the potential for similar outbreaks 
elsewhere. This event also emphasizes the need 
for public health measures, including environmen-
tal monitoring and preventive recommendations, 
highlighting an emerging pattern in waterborne mi-
crosporidial infections, and the need for increased 
awareness among clinicians and microbiologists. 
PCR was essential for rapid and accurate pathogen  

identification, and the success of chlorhexidine 
0.02% as a primary therapy offers a promising, sim-
plified approach for managing such infections.
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Orthoflavivirus is a genus of arthropod-borne, 
positive-strand RNA viruses capable of causing 

serious disease outbreaks in humans (1). Dengue vi-
rus (DENV) and Zika virus (ZIKV) are clinically rel-
evant species with widespread circulation in tropical 
and subtropical climates via Aedes spp. mosquitoes; 
≈400 million persons are at risk for infection each year 
(2–5). In 2018, Rajasthan State in India reported the 
country’s first known cases of ZIKV infection (6). In 
that report, researchers tested household contacts and 
unrelated febrile persons near a single index case us-
ing a quantitative real-time reverse transcription PCR 
(qRT-PCR). The authors found that 153 (7.48%) of 
2,043 contacts were positive for ZIKV viral RNA. This 
result demonstrates that ZIKV can begin circulation 
in new regions without a specific outbreak event. We 
report evidence of co-circulation of dengue virus sero-
type 2 (DENV-2) and Brazil-origin ZIKV in Pakistan.

The Study
In November 2021, local news sources reported an 
unknown viral outbreak in Karachi, Pakistan, which 

was subsequently investigated by the Field Epidemi-
ology Lab Training Program of the Health Depart-
ment–Sindh (7–9). DENV is endemic to the region, 
and infection outbreaks are common. We selected 7 
patients with symptoms consistent with arbovirus 
infection, including fever, chills, headache and myal-
gia, for metagenomic analysis. We also probed blood 
samples with a pan-virus oligo panel and sequenced 
the samples to identify possible causative pathogens 
(Appendix, Tables 4, 5; https://wwwnc.cdc.gov/
EID/article/31/8/25-0342-App1.pdf). We identified 
several viruses, including pegivirus, DENV), and 
ZIKV (Appendix Table 6). Results confirmed 6 pa-
tients were positive for DENV-2 and 2 were positive 
for ZIKV, including 1 person (patient E) co-infected 
with both viruses. Those results were consistent with 
qRT-PCR, apart from a weakly positive DENV that 
we could not identify in patient F from metagenomic 
reads (Table 1).

We obtained 7 complete and 1 partial orthoflavi-
virus genomes from the 7 patient samples (Appen-
dix). Phylogenetic analysis confirmed all observed 
DENV to be the cosmopolitan genotype of DENV-2 
of recent East and Southeast Asia origin (Appendix 
Figure 7). However, the 2 ZIKV strains we observed 
were more closely related to ZIKV circulating in South 
America than to contemporaneous ZIKV in neighbor-
ing countries to Pakistan (Figure, panels A, B; Appen-
dix Figure 8). Three ZIKV amino acid changes were 
unique to the Pakistan viruses, and their inferred 
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 Co-Circulating Dengue and Zika Viruses, Pakistan

closest ancestor was most closely comparable to the 
Brazil ZIKV subclade (Figure, panel C). We observed 
2 changes in prM, T74A and S109P. S109P is located in 
the prM region, which maps to the binding interface 
with Env, and both changes straddle the prM host 
cleavage site. We noted the third amino acid change, 
K587R, located at the 3′ end of the NS3-coding region, 
adjacent to NS4A. We identified a final change at the 
3′ end of the NS1-coding region encoding M349V that 
distinguishes the subclade among other viruses cir-
culating in Brazil and other regions of South America 
(Appendix Figure 9).

In 2022, we collected samples from a different 
cohort of 13 patients with evidence of ZIKV antibod-
ies. Those patients demonstrated symptoms charac-
teristic of arbovirus infection, including fever, rash, 
arthralgia, and thrombocytopenia (Appendix Table 
7). We collected blood samples on day 1 (n = 4) and 
day 28 (n = 12) after hospital admission and assayed 
for evidence of recent DENV and ZIKV infection 
by ELISA and Meso Scale discovery (MSD) immu-
noassays (Table 2; Appendix). We tested patients 
with >1 positive or equivocal Zika IgG ELISA result 
by qRT-PCR for evidence of active infection. All 4  
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Table 1. Real time qRT-PCR results for DENV and ZIKV in metagenomics analysis groups for co-circulation of dengue and South 
America–origin Zika viruses, Pakistan, 2021–2022* 
Patient DENV (Ct<40) ZIKV (Ct<40) ZIKV (Ct<38.5) ZIKV  (Ct<38.5) 
A 20.3 Negative Not done Not done 
B 39.74 Negative Not done Not done 
C 26.91 Negative Not done Not done 
D 31.74 Negative Not done Not done 
E 37.77 38.73 Not done Not done 
F 39.35 Negative 37.33 39.05 
G Not done Not done Not done Not done 
*Bold text represents positive assay values. Ct, cycle threshold; DENV, dengue virus; qRT-PCR, quantitative reverse transcription PCR; ZIKV, Zika virus. 

 

Figure. Phylogenetic analysis of Zika viruses (ZIKV) identified in a study of co-circulation of dengue and South American–origin Zika 
viruses, Pakistan, 2021–2022. A) BEAST (https://beast.community/index.html) time-aware maximum clade credibility tree describing 
inferred genetic lineage of global Asian-lineage ZIKV, colored by observed and estimated geographic origin. Branch backbones are 
colored when called with >80% confidence by Augur. Two newly described viruses from Pakistan are circled in orange, with the closest 
observed ancestors derived from circulating South American ZIKV. Open circles indicate posterior probability >0.9, solid dots 0.8–0.9. 
B) Phylogeographic map illustrating inferred international ZIKV transmission events originating in Brazil from viruses included in panel 
A. Map was visualized by inferred origin and transmission using Auspice (https://docs.nextstrain.org/projects/auspice/en/stable/index.
html). Circle size is relative to the number of included viruses from the country and colored by continent. Red line highlights the inferred 
Brazil to Pakistan incursion. C) ZIKV sequences selected from the same clade and subclade as Pakistan-origin viruses aligned to 
G005/PAK/2021. Identical amino acid residues are shown as dots. We identified 2 changes in prM, T74A and S109P (left), and 1 in 
NS3, K587R (right). G005/PAK/2021 corresponds to patient E; G007/PAK/2021 corresponds to patient F. NS, nonstructural; UTR, 
untranslated region.
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patient samples from day 1 tested positive for DENV 
by qRT-PCR; 1 patient (patient 3) tested positive for 
ZIKV infection by duplex qRT-PCR. By day 28, two 
of the 12 patient samples we collected were posi-
tive for DENV and none were positive for ZIKV by 
qRT-PCR. Three patients were antibody positive for 
ZIKV by both ELISA and MSD, which strictly con-
trols for cross-reactivity between DENV-2 and ZIKV 
nonstructural (NS) 1 proteins.

Among the 2022 cohort of patients we sampled, 
2 patients had longitudinal samples consistent with 
DENV and ZIKV co-infection. The first (patient 3) 
was symptomatic for 7 days upon admission. He 
initially sought treatment for respiratory symptoms, 
and tests revealed an elevated total leukocyte count 
(22.8 × 109 cells/L; reference range 5.0–10.0 × 109 
cells/L), with neutrophils comprising 88% (refer-
ence range 50–80%) and lymphocytes 7% (reference 
range 20–40%). On day 1 of inpatient treatment, he 
tested positive by qRT-PCR for DENV (cycle thresh-
old [Ct] 38.59) and ZIKV (Cts 34.72, 37.46) co-infec-
tion and was equivocal for ZIKV antibodies (Table 
2). By day 28, he had ZIKV NS1 IgG as measured by 
ELISA (optical density [OD] 1.5498) and MSD, which 
showed a 6-fold higher ZIKV signal in the ZIKV/
DENV-2 NS1 IgG ratio (electrochemiluminescence 
[ECL] 30,842/5,012).

The second co-infected patient (patient 4) had 
been symptomatic for 3 days before hospital admis-
sion. His symptoms were consistent with dengue fe-
ver, including a low platelet count (38 × 109/L; refer-
ence range 150–400 × 109/L) and a high lymphocyte 
percentage (47.9%; reference range 20–40%). On day 1 
of inpatient treatment, he tested positive by both ELI-

SA (OD 1.9765) and MSD (ECL 42,482/5,103, 8-fold) 
for ZIKV antibodies. qRT-PCR of this patient’s sam-
ple was initially positive for DENV and equivocal for 
ZIKV (1/2 positive amplicons). By day 28, there was 
a major peak in the DENV-2 NS1 IgG response mea-
sured by MSD assay, with a corresponding decline 
in ZIKV IgG (ECL 8,975/319,294, 0.03-fold). Those 
results are suggestive of an initial, symptomatically 
mild ZIKV infection followed by emergent DENV co-
infection. Both co-infected patients, as well as patient 
E, from whom we assembled both viral genomes, rep-
resent 3 cases of probable ZIKV-DENV co-infection.

Conclusions
Identifying and characterizing etiologic agents associ-
ated with infections of unknown etiology in Pakistan 
is critical to understanding the consequences of new or 
re-emerging viruses in the region. We identified unex-
pected ZIKV in Pakistan using a panviral metagenom-
ics approach and were able to confirm it in additional 
samples using a real time qRT-PCR. Antibody testing 
further revealed co-circulation contemporaneous with 
dengue virus, with high seroconversion. 

Metagenomic sequencing further revealed ZIKV as 
an arbovirus importation into the region. Rather than 
originating from bordering or nearby countries, the 
most closely related available ZIKV sequences originate 
from Brazil in 2016. This distinct clade of Asian-geno-
type ZIKV emerged in Brazil in 2015 and rapidly spread 
across the Americas. Brazil-origin ZIKV from the same 
time period was exported to many other countries, in-
cluding Italy, South Korea, and Cabo Verde (Figure, 
panel C). Although many of those events are self-lim-
iting, favorable ecologic conditions can establish new  
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Table 2. Real time qRT-PCR and serologic assay results for DENV and ZIKV infection determination in study of co-circulation of 
dengue and South America–origin Zika viruses, Pakistan, 2021–2022* 

Patient Day DENV (Ct<40) ZIKV (Ct<40) ZIKV (Ct<38.5) ZIKV (Ct<38.5) 
Zika IgG 

ELISA (OD) 
MSD Assay IgG, ECL 

(ZIKV/DENV) 
1 1 24.88 Not done Negative 37.57 0.2269 5,572/9,031 (0.6) 
2 1 32.95 Not done Negative Negative 0.1356 (eq) 46,364/69,634 (0.6) 
3 1 38.59 Negative 34.72 37.46 0.1855 (eq) 35,809/57,433 (0.6) 
4 1 37.64 Negative Negative 37.21 1.9765 42,482/5,103 (8) 
5 28 Negative Not done Negative Negative 2.1297 103,454/378,372 (0.2) 
6 28 Negative Not done Negative Negative 1.1431 25,304/111,319 (0.2) 
2 28 Negative Not done 33.36 Negative 2.3136 167,354/644,477 (0.2) 
7 28 Negative Not done Negative Negative 1.192 24,500/115,362 (0.2) 
8 28 39.23 Not done Negative Negative 0.2008 14,599/5,609 (2.6) 
9 28 39.50 Not done Negative Negative 0.8356 36,655/1,098,636 (0.03) 
3 28 Negative Negative 38.44 38.93 1.5498 30,842/5,012 (6) 
4 28 Negative Negative Not done Not done −0.0012 8,975/319,294 (0.03) 
10 28 Negative Not done Negative Negative 0.2963 22,245/413,868 (0.05) 
11 28 Negative Not done Negative Negative 0.1616 (eq) 9,915/462,840 (0.02) 
12 28 Negative Not done Negative 39.04 0.2974 75,115/194,188 (0.4) 
13 28 44.26 Not done 36.47 Negative 1.3555 53,643/161,184 (0.3) 
*Bold text represents positive assay values. Ct, cycle threshold; DENV, dengue virus; ECL, electrochemiluminescence; eq, equivocal; MSD, Meso Scale 
Discovery; OD, optical density; qRT-PCR, quantitative reverse transcription PCR; ZIKV, Zika virus.  
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areas of virus circulation, now making ZIKV a pathogen 
that should be part of both public health guidelines and 
private practice diagnostic considerations in Pakistan.

In summary, the evidence revealed from our 
investigation indicates that Brazil-origin ZIKV has 
spread to local Aedes spp. mosquitoes and is endemi-
cally circulating in Pakistan. ZIKV and DENV over-
lap in host mosquito species (Ae. aegypti and Ae. albop-
ictus); therefore, incorporating ZIKV screening and 
surveillance in DENV management programs would 
make sense. As new arboviruses are discovered, out-
breaks across diverse, international geographic areas 
will prompt the need to interrogate acute and conva-
lescent samples to identify causative agents and de-
velop specific diagnostic and therapeutic strategies 
for use in outbreak responses.
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Zoonotic disease risk is influenced by various fac-
tors, including reservoir host density and dis-

tribution, pathogen prevalence, pathogen release, 
host/human proximity, and ability to infect and 
spread through spillover between species (1). Bats 
are well-known coronavirus reservoirs in South-
east Asia and are candidates for genomic surveil-
lance for potential zoonotic transmission. In other 
ecosystems, climate and abiotic stressors can cause 
proximal shifts in bat roost sites, bringing bats into 
contact with domestic animals where virus spill-
over, including Hendra virus spillover, can occur 
(2,3; J. Lagergren et al., unpub. data, https://www.
biorxiv.org/content/10.1101/2023.12.01.569640v1). 
Therefore, surveillance among bats colocated with 
bridging hosts are critical for defining spillover risk 

in any given region. We report preliminary results 
from genomic surveillance efforts focused on Rhi-
nolophus spp. bat colonies at roost sites within the 
region of Bandarban, Bangladesh (Figure 1). We ob-
tained study approval from the Bangladesh Forest 
Department and the Research Review Committee 
and Animal Experimentation Ethics Committee of 
the icddr,b (research protocol no. PR-20058, bat cap-
ture permit no. 22.01.0000.101.23.136.21.1088).

The Study
As part of our overall field campaign, we collected fe-
cal samples from 240 Rhinolophus pusillus bats, 20 each 
month, during May 2022–April 2023. We captured 
only Rhinolophus spp. bats and released other bat spe-
cies immediately after capture. A trained veterinarian 
collected all the samples after anesthetizing the bats, 
and all the bats were released at the site of capture 
within 2–5 hours of capture. 

We assessed sex, weight, and health of individu-
al bats before collecting a fecal sample and, in some 
cases, a blood sample from the radial vein/wing 
vein for immunological cell counts. For our sequenc-
ing studies, we selected fecal samples from a mix of 
female, male, juvenile, and adult bats with different  
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We sequenced sarbecovirus from Rhinolophus spp. 
bats in Bandarban District, Bangladesh, in a genomic 
surveillance campaign during 2022–2023. Sequenc-
es shared identity with SARS-CoV-1 Tor2, which 
caused an outbreak of human illnesses in 2003. De-
scribing the genetic diversity and zoonotic potential of 
reservoir pathogens can aid in identifying sources of 
future spillovers.
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body condition scores, choosing bats with higher 
leukocyte counts if those data were available. We in-
activated the fecal samples by using TRIzol (Thermo 
Fisher Scientific, https://www.thermofisher.com) and 
later selected a subset of 12 fecal samples from summer 
2022 (Table), representing 2 roosting locations (sites 1 
and 2) in Bandarban, for initial screening on an iSeq 
(Illumina, https://www.illumina.com). We then per-
formed deep sequencing on those samples by using a 
NextSeq 500 (Illumina). We enriched libraries by using 
the Comprehensive Viral Research Panel (Twist Biosci-
ence, https://www.twistbioscience.com) supplement-
ed with a custom-designed Chiropteran virus enrich-
ment panel containing 134,000 probes. All sequencing 
was performed in a US Biosafety Level 4 facility. We 
deposited data into the National Center for Biotechnol-
ogy Information Sequence Read Archive (submission 
no. SUB15226189 and BioProject no. PRJNA1249517).

We identified coronavirus sequence reads in 3 
samples: B3, B4, and B6. The strongest signal was in 
B4, which comprised 1.2% of total reads and 5.5% 
of classified reads in the entire B4 sample (Table; 
Appendix Figures 1–3, https://wwwnc.cdc.gov/
EID/article/31/8/25-0071-App1.pdf). We charac-
terized virome components by using KRAKEN2 
(4) and RefSeq viral database version April 2023 
(Illumina). The B4-derived coronavirus sequences 
initially had 76.7% BLASTn (https://blast.ncbi.
nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome) identi-
ty to SARS-CoV-1 Tor2 (Appendix Figure 4), which 
was isolated in 2003 from a patient who traveled 
from Hong Kong, China, to Toronto, Ontario, Can-
ada, and who was hospitalized with febrile respira-
tory illness (5). 

We further compared B4 to Tor2 and relatives 
by creating similarity plots in SimPlot++ version 1.3 
(https://github.com/Stephane-S/Simplot_PlusP-
lus), and creating maximum-likelihood phyloge-
netic trees aligning the whole genome, RNA-de-
pendent RNA polymerase, and spike sequences by 
using MAFFT version 7.508 (https://mafft.cbrc.jp/
alignment/software) and IQ-TREE version 2.3.6 
(http://iqtree.cibiv.univie.ac.at) (Appendix Fig-
ures 4, 5) (6–11). We found 2 notable dropouts in 
the alignment to SARS-CoV-1 Tor2: a 1-kb gap at 
nonstructural protein (NSP) 2 and a 2.1-kb gap 
over most of the spike receptor-binding domain 
(RBD) (Appendix Figure 4). To obtain complete 
genome coverage, we designed 2 primer pairs for 
each gap and used those primers to generate and 
sequence amplicons (Appendix Table 1). Initial am-
plicon analysis using BLASTn provided GenBank  

accession no. KY417143.1, bat SARS-like coronavi-
rus isolate RS4081, which shared 85%–94% identity  
over a 99% query length. The main difference was 
the spike region (85% identity), which had no hits 
for 214 nt. A BLASTx (https://blast.ncbi.nlm.
nih.gov/Blast.cgi?PROGRAM=blastx&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome) query 
of the spike-specific amplicon indicated 76.2% iden-
tity (182 mismatches and 8 gaps) over a 97% query 
length to GenBank accession no. QVN46559.1, a 
spike glycoprotein from bat SARS-like coronavirus 
Khosta-1. A top BLASTx hit for the NSP2-specific 
amplicon was protein sequence NP_828861.2, an 
NSP2 of SARS-CoV-1 Tor2, which had 72.5% iden-
tity over a 99% query length. Further phylogenetic 
analysis of whole genomes, spike, and RNA-depen-
dent RNA polymerase supported a novel virus with 
close spike homology to Sarbecovirus spp. (Appendix 
Figure 5).

We used AlphaFold modeling (European Mo-
lecular Biology Laboratory, European Bioinformat-
ics Institute, https://alphafold.ebi.ac.uk) to com-
pare the RBD of B4 with SARS-CoV-1 Tor2 RBD 
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Figure 1. Location of Bandarban Region, Bangladesh, where 
genomic surveillance for detection of SARS-CoV-1–like viruses in 
Rhinolophidae bats was conducted during 2022–2023.
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(Appendix Figure 6). Folding indicated similar 
shape and functionality and exhibited nonsynony-
mous substitutions and insertions. Two insertions 
were asparagine dimers, located on an edge likely 
to interact with mammalian angiotensin convert-
ing enzyme 2 (ACE2), and 1 insertion was a threo-
nine located on another edge, making the B4 RBD 

sample structurally close to a sample from a known 
zoonotic human outbreak.

The binding of virus RBD to the primary recep-
tor ACE2 is necessary for spillover infection to oc-
cur. We used a synthetic Förster resonance energy 
transfer–based assay (12) to test the binding affinity 
of known RBDs and the B4-derived RBD from our 
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Figure 2. Binding efficiency and 
fold change of SARS-CoV-1–like 
viruses in Rhinolophidae bats, 
Bandarban Region, Bangladesh. 
A) Heatmap depicting the 
binding efficiency (Kd) of 
receptor-binding domain (RBD) 
sequences from the derived 
B4 sample and other known 
regional bat coronaviruses, 
with the angiotensin converting 
enzyme 2 (ACE2) sequences 
from regional bridging hosts. 
The map shows that derived 
B4 has low to moderate binding 
efficiency across hosts. B) Fold 
change of coronavirus RBDs 
including derived B4 to human 
ACE2, relative to wild-type  
virus (horizontal dotted line).  
B4, samples from bat 4;  
CoV, coronavirus.

 
Table. Subset of samples selected for enrichment next-generation sequencing from genomic surveillance detection of SARS-CoV-1–
like viruses in Rhinolophidae bats, Bandarban Region, Bangladesh, 2022–2023* 

ID no. 

Sample 
date, 
2022 

Roost 
site 

Life 
stage/sex 

Weight, 
g 

 

Health 

Sequence reads 
Leukocyte counts Total raw, 

 106 
Viral classified, 

 106 
Coronavirus 

classified Neutrophils Lymphocytes 
B1 May 19 1 Adult/M 6.01 NA NA Fair 22.42 4.28 0 
B2 May 21 1 Adult/F 5.9 NA NA Fair 29.2 6.69 0 
B3 Jul 20 2 Adult/M 13.82 NA NA Good 30.16 1.27 1,420 
B4 Jul 21 2 Adult/F 11.95 7 4 Good 17.97 4.01 220,000 
B5 Jul 23 2 Adult/M 11.58 3 1 Good 25.9 5.54 0 
B6 Jul 23 2 Juvenile/F 5.3 15 6 Fair 26.56 5.91 1,400 
B7 Aug 29 2 Juvenile/M 4.69 50 3 Fair 23.76 4.99 0 
B8 Aug 29 2 Juvenile/M 5.66 6 7 Fair 24.41 3.86 0 
B9 Aug 29 2 Adult/F 10.86 10 12 Good 25.2 2.07 0 
B10 Aug 30 2 Adult/F 11.92 25 20 Good 25.04 5.71 0 
B11 Aug 30 2 Juvenile/F 5.17 10 7 Fair 28.2 7.11 0 
B12 Sep 19 2 Juvenile/F 5.06 9 5 Fair 23.86 5.2 0 
*In addition to neutrophils and lymphocytes shown in the table, leukocyte counts included eosinophils, basophils, and monocytes; however, none had >2 
counts for any individual bat. Health was assessed by palpation of pectoral muscle mass. Viral-classified reads were compared with a viral sequencing 
database. ID, identification; NA, not applicable. 
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genomic surveillance data (Appendix Figure 7). We 
used ACE2 receptors from a variety of sympatric 
mammals (Appendix Table 2), including species that 
might reside near our bat sampling sites, such as Rat-
tus spp. rats, Leopard cats (Prionailurus bengalensis), 
and humans  (13). We chose ACE2 of the Etruscan 
shrew (Suncus etruscus) , which had sequence avail-
able for protein derivation, as a representative Sun-
cus species for testing. That species has not specifi-
cally been observed yet in Bandarban, but its close 
relative, the S. murinus shrew, is widespread there 
and throughout Bangladesh. Dissociation constants 
for the novel B4 and 10 other bat coronavirus RBDs 
showed moderate binding of B4 to several native 
sympatric animals (Figure 2, panel A). 

We were also interested in the potential of the 
Tor2 homologous B4-derived virus to infect hu-
mans. Therefore, we evaluated binding affinity rel-
ative to the 2019 wild-type SARS-CoV-2 RBD (Fig-
ure 2, panel B). The B4-derived RBD demonstrated 
approximately one third the binding efficiency of 
the wild-type strain, which was similar to results 
for other tested bat coronaviruses not yet detected  
in humans.

In 2019, a Tor2 analog was described in a bat res-
ervoir in Korea (14), indicating the viral homologue 
may be regionally widespread from Bangladesh to 
southern China and the Korean Peninsula. Abiotic 
stress including human land use is known to stress 
bat health and drive them closer to potential tran-
sitional hosts, a process implicated in spillover of 
other viruses (2,3).

Conclusions
We report a coronavirus in bats in Bangladesh that 
has high similarity to SARS-CoV-1 Tor2, isolated 
in 2003 from a febrile patient who had secondary 
exposure to a person who contracted coronavirus 
from an environmental source in southern China 
(5). The virus detected in Bandarban, Bangladesh, 
and sequenced and analyzed in this study shares 
identity with Tor2, except in the NSP2 and RBD 
genomic regions. The synthetically expressed RBD 
shows moderate binding affinity to ACE2 recep-
tors of nearby species, suggesting potential for in-
fection of co-occurring taxa within the host range.  
Additional study is needed to elucidate what 
drives host viral shedding and if spillovers are oc-
curring that pose a public health risk. Describing 
the genetic diversity and transmission potential of 
this and other potentially zoonotic pathogens can  
aid in identifying sources and risk of future emerg-
ing spillovers.
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Crimean-Congo hemorrhagic fever (CCHF) is an 
acute febrile zoonosis caused by CCHF virus 

(CCHFV). CCHFV belongs to the genus Orthonairo-
virus (family Nairoviridae, order Bunyavirales) (1). 
It is transmitted by ticks, particularly of the genus 
Hyalomma, and is widespread across Africa, Asia, and 
Europe. Symptoms associated with CCHFV include 
fever, headache, myalgia, back pain, and arthralgia, 
and infected patients demonstrate varying degrees of 
hemorrhage (petechiae to maculopapular) in severe 
cases. Ticks play a crucial role in the CCHFV infec-
tion cycle, maintaining the virus through transstadial 
and transovarial transmission, and the virus persists 
in a tick–vertebrate–tick enzootic cycle. Human infec-
tion can result from tick bites or direct contact with 
asymptomatic animals, and CCHF occurs most fre-
quently among livestock workers, slaughterhouse 
workers, and veterinarians. To mitigate the infection 
risk in humans, a One Health approach, including 
proactive surveillance of animals and ticks, is crucial.

In India, researchers described the first reported 
human case of CCHF in Gujarat in 2011; subsequent 
reports documented sporadic outbreaks (2–4). Since 
those initial reports, investigators have conducted 
CCHFV infection surveys in livestock and ticks in 
various locations in India, noting the virus’ wide-
spread distribution (5–7). 

Bhutan shares a long and porous border with 
India, providing many opportunities for animal and 
human movement between countries. Continuous 
surveillance of various zoonotic agents in this area 
is therefore critical in assessing the risk for infection 
to animals and humans. To investigate CCHFV, a re-
search team conducted a pilot serosurvey in 2015 us-
ing livestock sera collected in the southern region of 
Bhutan (8). They collected 81 goat samples from Sar-
pang district and 92 bovine samples from Trashigang 
and Samtse districts and tested them for CCHFV-
specific IgG using an in-house ELISA kit (National 
Institute of Virology, Pune, India). Unfortunately, 
the results of this pilot survey did not fully elucidate 
the seroprevalence of CCHFV in southern Bhutan be-
cause of the limited sample size and study area. 

To obtain more detailed information on the geo-
graphic range of CCHFV antibody-positive animals 
in southern Bhutan, we focused our study on goats in 
the southern border region, particularly the western 
and central areas along the border, where multiple 
cross-border animal trade hubs exist. We analyzed a 
total of 472 goat serum samples, collected in 2015 and 
2022 from those border areas, using a combination of 
2 testing methods: a different in-house ELISA kit (Na-
tional Institute of Infectious Diseases, Tokyo, Japan) 
and an indirect fluorescent antibody test (Appen-
dix, https://wwwnc.cdc.gov/EID/article/31/8/24-
1989-App1.pdf). We employed this dual analytical 
approach to improve specificity against CCHFV an-
tibodies, considering the possibility that multiple Or-
thonairovirus species co-circulate.

We charted seroprevalence of CCHFV in each 
district (Table), noting the presence of CCHFV anti-
body–positive goats in all surveyed districts from the 
central to western parts of Bhutan’s southern border 
region. Our results confirmed the widespread sero-
positivity of CCHFV in this region, also revealing 
substantial regional variation in antibody positivity, 
ranging from high-positive (Sarpang, Samtse, and 
Chukha) to low-positive (Dagana and Tsirang). The 3 
districts with high seropositivity rates are among the 
key formal entry points from India to Bhutan, charac-
terized by numerous cross-border settlements, robust 
trade activities, and fluid cross-border movement of 
humans and animals. Considering both sides of the 
border as the same epidemiologic unit, the detection 
of seropositive animals in multiple districts suggest-
ed that CCHFV circulates in this region. 

Our initial plan for this study entailed collect-
ing samples in a much shorter timeframe; however, 
budget constraints and the COVID-19 outbreak re-
sulted in a longer time lag between collection years.  
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We conducted serosurveillance for Crimean-Congo 
hemorrhagic fever virus (CCHFV) among goats in south-
ern Bhutan. Testing serum samples from 472 goats for 
CCHFV-specific IgG using an indirect fluorescent anti-
body test and ELISA, we found CCHFV antibody–posi-
tive goats along the analyzed border region with India, 
indicating widespread distribution of CCHFV in this area.
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Nonetheless, considering the frequent cross-border 
movement of animals and humans and the lack of 
comprehensive tick control measures in southern Bhu-
tan, we postulated that the seroprevalence in goats did 
not change considerably during or after the sampling 
period. A better understanding of the spatial and tem-
poral patterns of viral distribution of CCHFV in this 
region of Bhutan will require a longitudinal study tar-
geting a larger sample size of animals and ticks.

Our findings document widespread seropositivity 
to CCHFV in goats in the western and central regions 
along Bhutan’s southern border. In a previous serolog-
ic study (8), CCHFV-specific IgG was not detected in 
bovine samples from Samtse and Trashigang districts, 
which might have been a result of the limited sample 
size and study area. Cattle are known to be susceptible 
to CCHFV infection, so further testing of additional 
bovine samples is necessary to investigate CCHFV in-
fection among cattle in Bhutan. More research is also 
needed to collect and analyze ticks to investigate their 
viral infection status. By obtaining viral genetic infor-
mation from ticks in this region of Bhutan, researchers 
can confirm the genotypes of CCHFV prevalent in this 
area, providing potential insight into virus circulation. 
Because human CCHF cases might be underreported 
in Bhutan, conducting antibody testing of livestock 
workers in the country’s southern region might inform 
both prevalence data and public health initiatives to 
educate workers on preventive measures to protect 
against CCHFV infection.
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Table. Comparison of viral seroprevalence among goats in southern border region in study of Crimean-Congo hemorrhagic fever virus 
among goats, southern Bhutan 
District No. tested samples No. positive samples Seroprevalence, % Year of sample collection 
Samtse 153 67 43.8 2015 
Sarpang 81 49 65.1 2015 
Chukha 123 39 31.7 2022 
Dagana 74 6 8.1 2022 
Tsirang 41 2 4.9 2022 
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Human echinococcosis (also known as hyda-
tidosis) is a zoonotic neglected disease caused 

by infection of cestode larval form of Echinococcus 
spp. tapeworms (1,2). At least 4 Echinococcus spe-
cies are recognized as causes of human disease and 
have relevance in public health: E. granulosus causes 
cystic echinococcosis and is a cosmopolitan species; 
E. multilocularis produces alveolar echinococcosis 
and predominates in the northern hemisphere; and 
E. vogeli causes neotropical polycystic and E. oli-
garthus unicystic echinococcosis, both confined to 
tropical zones in Central and South America (1,2). 
Neotropical polycystic echinococcosis (NPE) affects 
mostly persons living in rural and sylvatic regions 
where the cycle of the E. vogeli tapeworm involves 
the paca (Cuniculus paca) as the intermediate host 
and the bush dog (Speothus venaticus) as the natural 
final host (2,3). Nevertheless, a proposed domicili-
ary transmission cycle posits that human infection 
occurs incidentally through fecal contamination by 
domestic hunting dogs (alternative final host) after 
they fed on paca viscera (2,4).

In Colombia, 35 confirmed cases of NPE were 
reported during 1978–2018 (2,5–7). In most of them, 

Echinococcus spp. infection was identified by means of 
morphologic identification (2,5,6); in 1 case, the 2018 
report, molecular detection identified the E. vogeli 
cytochrome c oxidase subunit 1 (cox1) mitochondrial 
gene without molecular characterization (7). Here, we 
present a case of E. vogeli echinococcosis in a woman 
in Colombia diagnosed through PCR, sequencing mi-
tochondrial DNA, and molecular characterization. 
We obtained written consent from the patient to re-
port on her case. 

An otherwise healthy 50-year-old woman sought 
care at the emergency department of the Hospital Mili-
tar Central (Bogotá, Colombia) on September 23, 2024, 
after 8 days of epigastric and right hypochondrium 
pain; she did not have jaundice or other symptoms. As 
a child, she had lived in a rural region of Cesar De-
partment (Colombian Caribbean region); she saw pa-
cas often and always had kept domestic hunting dogs.  
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In Colombia, 35 confirmed cases of neotropical poly-
cystic echinococcosis were reported during 1978–2018. 
In most cases, Echinococcus vogeli was identified by 
means of morphologic identification. We describe a 
case of E. vogeli echinococcosis in a woman, diagnosed 
through PCR, mitochondrial DNA sequencing, and mo-
lecular characterization

Figure 1. Neotropical polycystic echinococcosis in a woman, 
Colombia, 2024. A) Abdominal MRI scan showed hypodense, 
round polycystic vesicles, replacing right liver parenchyma 
with predominant peripheral calcifications and fat content. B) 
Protoscoleces of Echinococcus tapeworms with rostellar hooks. 
Hematoxylin & eosin staining; original magnification ×4.
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Figure 2. Phylogenetic reconstruction of 
the cytochrome b (A), 12S rRNA (B) and 
cytochrome c oxidase subunit 1 (C) genes 
of the Taeniidae family from consensus 
sequences obtained in study of 
Echinococcus vogeli infection in a human, 
Colombia, 2024. Bold text indicates 
strains from this study. Black dots indicate 
node support for bootstrap values >80. 
We used a maximum-likelihood approach 
to construct phylogenetic trees using IQ-
TREE multicore version 1.6.12 (https://
iqtree.github.io/release/v1.6.12). The best-
fitting nucleotide substitution model for 
each gene was automatically selected by 
the software, and default parameters were 
applied. GenBank accession numbers are 
provided for reference sequences. Scale 
bar indicates substitutions per site.

http://www.cdc.gov/eid
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Physical examination revealed a mild tenderness in 
right hypochondrium without peritoneal irritation 
signs. Serum liver function tests were without ab-
normality. Abdominal magnetic resonance imaging 
showed hypodense, round polycystic vesicles, replac-
ing right liver parenchyma with predominant pe-
ripheral calcifications and fat content (Figure 1, panel 
A). Differential diagnoses were mucinous cystic neo-
plasm, hepatic liposarcoma, and hydatid cysts. We 
performed a total right segmental liver resection and 
cholecystectomy. The histopathological results of sur-
gical liver specimen showed multiple cysts with Echi-
nococcus protoscoleces (Figure 1, panel B). The patient 
received albendazole (200 mg 2×/d) for 1 month and 
was discharged. 

We performed PCR on the liver histopathological 
sample, targeting the cytochrome b (Cob), 12S rRNA, 
and cox1 genes, confirming the presence of Echinococ-
cus sp. We sequenced the amplicons using Oxford 
Nanopore MinION (Oxford Nanopore Technologies, 
https://nanoporetech.com) and used those sequenc-
es for phylogenetic reconstruction. Phylogenetic anal-
ysis showed that the sequences we obtained of the 3 
genes clustered with E. vogeli sequences downloaded 
from GenBank (Figure 2). Sequences from this study 
were deposited in GenBank (accession nos. PV243336, 
PV243987, and SUB15312175).

The clinical characteristics of NPE in patients de-
pend on the location of the metacestode as well as the 
extent of invasion of tissues (2). The liver is the most 
frequently affected organ (2). Metacestodes could 
be found in the liver alone or with vesicles situated 
in the abdomen, in the liver and the lungs or pleu-
ral cavities, or only as calcified vesicles in the liver 
(2). Other organs involved included the diaphragm, 
spleen, pancreas, omentum, mesenteries, rectovesical 
pouch, ovaries, uterus, abdominal wall, psoas mus-
cle, and vertebra (2). Before surgery, patients often 
receive misdiagnosis with a variety of disorders, in-
cluding hepatic tumor, abscess, cirrhosis or cholecys-
titis, gall bladder cancer, mesenteric tumor, and costal 
chondrosarcoma (2).

Geographic origin of the patients is a crucial di-
agnostic clue for E. vogeli echinococcosis (2). They are 
typically born in or have lived for prolonged periods 
in rural tropical areas of Central or South America, 
particularly in regions with abundant wildlife (2). Fa-
miliarity with pacas and whether domestic dogs were 
fed viscera of pacas are characteristics that contribute 
to a correct diagnosis (2). Ultrasound fine-needle as-
piration and histopathologic examination of surgi-
cal specimens can permit taxonomic identification 
through larval morphologic clues (protoscoleces, 

hook shape and size, proportions of small and long 
blades) and are considered the standard, but defini-
tive diagnosis is difficult when the hooks are absent 
(1–3). Since 2017, in Brazil, using molecular character-
ization of E. vogeli through cox1 mitochondrial gene in 
samples from humans, domestic dogs, and pacas has 
suggested the presence of shared haplotypes among 
different populations of this cestode, reflecting the re-
tention of ancestral polymorphisms (8–10).

In summary, our report highlights the value of 
molecular characterization of E. vogeli from histo-
pathologic samples. Consistent with previous reports 
(2), we recommend that NPE be considered not as a 
medical curiosity but as a possible diagnosis of poly-
cystic masses in humans from tropical zones in Cen-
tral or South America.
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Rift Valley fever virus (RVFV; family Phenuiviri-
dae) and Crimean-Congo hemorrhagic fever virus 

(CCHFV; family Nairoviridae) are arthropodborne 
viruses endemic to Africa and the Arabian Peninsula 
(1,2) and high-priority pathogens that can cause le-
thal hemorrhagic fever (2–4) (https://www.who.int/
publications/m/item/WHO-BS-2023-2449). In West 
Africa, RVFV and CCHFV are considered endemic 
in Senegal and Mauritania (1,2); regional circulation 
seems likely in Guinea, Burkina Faso, Ghana, and Ni-
geria (2). In Benin, CCHFV antibodies were reported 
in humans in 1981, but RVFV and CCHFV epidemiol-
ogy remains unknown (1,2). Both RVFV and CCHFV 
infect diverse animals reared as livestock (3). Benin 
has been undergoing changes in traditional cattle 
farming, including increased herd sizes and sedenta-
rization (5), which may intensify RVFV and CCHFV 
circulation. We collected serum samples for routine 
diagnostic examinations for RVFV and CCHFV in 7 
hospitals located across ≈700 km and 3 ecozones in 
Benin (Appendix Table, Figure, https://wwwnc.cdc.
gov/EID/article/31/8/25-0020-App1.pdf).

We investigated serum samples from 650 febrile 
patients (mean age 26.7 [interquartile range 18–34] 
years; 70.3% female, 29.7% male) who were seen 
during December 2022–January 2023. We analyzed 
samples for acute RVFV and CCHFV infection us-
ing PCR-based methods and had no positive results 
(Appendix). However, we detected IgG by using 
commercially available ELISA kits (RVFV, com-
petitive ELISA; ID.Vet, https://bioadvance.life/
en/id-vet-2; CCHFV, indirect ELISA; Euroimmun, 
https://www.euroimmun.com) with viral nucleo-
proteins as antigens. We confirmed CCHFV ELISA 
results by using a CCHFV immune complex capture 
IgG ELISA (Panadea Diagnostics, https://www.
panadea-diagnostics.com) and RVFV and CCHFV 
ELISA results by indirect IgG immunofluorescence 
assays (IFAs).
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We screened 650 febrile patients from Benin for Rift Val-
ley fever and Crimean-Congo hemorrhagic fever viruses 
during 2022–2023. None were positive by reverse tran-
scription PCR; 1.1% and 0.3%, respectively, had virus-
specific IgG. False-positive results from malaria-associ-
ated antibodies likely reacting with histidine-tagged viral 
antigens mandate careful validation of serologic tests in 
malaria-endemic regions.
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The competitive RVFV IgG ELISA was positive in 
10 (1.5%, 95% CI 0.6%–2.5%) samples; 7 were positive 
by RVFV IFA with high endpoint titers of 1:1,000–
12,500 serum dilution (Figure 1, panel A; Figure 2, 
panel A; Appendix Table). Differential test sensitiv-
ity might cause discordant ELISA and IFA results, 
but ELISA reactivity was not weaker in IFA-negative 
samples compared with IFA-positive samples (p = 
0.83 by Mann-Whitney U test). By indirect ELISA, 40 
(6.1%, 95% CI 4.3%–8.0%) samples were positive for 
CCHFV, but only 5 samples tested positive by im-
mune capture ELISA (Figure 2, panels B, C). Of those 
5 samples, we confirmed 2 by CCHFV IFA, with low 
endpoint titers of 1:20–1:80 (Figure 1, panel B; Appen-
dix Table). IFA-negative samples showed low reactiv-
ity in the immune capture ELISA, suggesting differ-
ential sensitivity or need to adjust ELISA positivity 
thresholds (Figure 2, panel C). 

Discrepancies among detection rates of the 
2 CCHFV ELISA tests and IFA were surprising.  

Unspecific ELISA reactivity can occur; for example, 
malaria or herpes virus infection might cause un-
specific B-cell stimulation (6,7). Antibodies against 
Plasmodium falciparum parasites’ histidine-rich pro-
teins occur in ≈25% of people in malaria-endemic 
areas and decrease sensitivity of rapid diagnostic 
tests (8). During in vitro antigen production for se-
rologic tests, <6 histidine residues are frequently 
added to expression constructs for protein purifica-
tion (9). Increasing externally added histidine con-
centrations led to significantly decreased CCHFV in-
direct ELISA reactivity in potentially false-positive 
samples (ρ = 0.41; p = 0.0015) (Figure 2, panel D). In 
contrast, reactivities of likely true-positive samples 
(i.e., confirmed by IFA or immune capture ELISA) 
and likely true-negative samples were not affected 
by incremental histidine concentrations. Those data 
substantiated that antibodies potentially elicited 
by previous or acute Plasmodium infections target-
ing histidine-rich epitopes might have interacted 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 8, August 2025 1663

RESEARCH LETTERS

Figure 1. IFA for IgG against Rift Valley and Crimean-Congo hemorrhagic fever viruses, Benin, 2022–2023. A) Serum samples were 
tested using a commercial IFA (Euroimmun, https://www.euroimmun.com) with Rift Valley fever virus–infected Vero cells. Positive 
samples are shown at 1:100 dilution; white arrows mark infected cells. B) Serum samples were tested using in-house IFA with Crimean-
Congo hemorrhagic fever virus–infected Vero cells (Appendix, https://wwwnc.cdc.gov/EID/article/31/8/25-0020-App1.pdf). Positive 
samples are shown at 1:10 dilution; white arrows mark infected cells. Titers are provided for the individual samples (Appendix Table). 
Noninfected controls are shown. Scale bars indicate 20 µm. +, positive serum sample; IFA, immunofluorescence assay.

http://www.cdc.gov/eid
https://www.euroimmun.com
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with likely histidine-tagged indirect ELISA antigens 
to cause the observed reactivity pattern, including 
multiple likely false-positive test results. Other his-
tidine-rich immunogens might also have elicited po-
tentially cross-reactive antibodies, yet malaria-asso-
ciated immune responses remain the most plausible 
explanation because of the abundance of malaria in 
sub-Saharan Africa and a similar rate of potentially 
false-positive COVID-19 results in a previous se-
rologic study (6). Although the competitive RVFV 
ELISA and immune complex capture–based CCHFV 
ELISA might be more specific than indirect ELISA 
formats, we only considered IFA-positive results for 
conservative assessment of the RVFV antibody de-
tection rate of 1.1% (95% CI 0.3%–1.9%; n = 7/650) 
and of the CCHFV antibody detection rate of 0.3% 
(95% CI −0.1% to 0.7%; n = 2/650) (Appendix Table). 

Our serologic data thus substantiated circula-
tion of RVFV and CCHFV in Benin (Appendix Ta-
ble), albeit at relatively low rates that are largely 
comparable to neighboring countries (1,2). Live-
stock rearing in Benin is transitioning to partly sed-
entary systems with larger cattle herds (5), which 
highlights the need to continuously monitor RVFV 
and CCHFV circulation in humans and cattle (10) 
and support with robust serologic tests validated 
for specificity in malaria-endemic regions and di-
rect detection of pathogens in arthropod vectors, 
such as Culex and Aedes mosquitoes for RVFV and 
Hyalomma ticks for CCHFV.

The main limitation of our study is that it is a non-
representative sample. However, including febrile 
patients from 7 hospitals across 3 ecozones provides 
broad geographic and ecologic coverage (1).
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Figure 2. ELISA reactivity for Rift Valley and Crimean-Congo hemorrhagic fever viruses, Benin, 2022–2023. IgG ELISA (ID.Vet, https://
bioadvance.life/en/id-vet-2) for RVFV for which a sample/negative percentage <40.0 is considered positive. IgG ELISAs (Euroimmun, 
https://www.euroimmun.com; Panadea Diagnostics, https://www.panadea-diagnostics.com) for CCHFV for which ratios >1.1 are considered 
positive according to the manufacturer. A) RVFV competitive ELISA (ID.Vet) using nucleoprotein as antigen. Positive samples, n = 10/650. 
B) CCHFV indirect ELISA (Euroimmun) using nucleoprotein as antigen. Positive samples, n = 40/650. C) CCHFV immune complex 
capture ELISA (Panadea) using nucleoprotein as antigen. Positive samples, n = 5/92. D) Reduced indirect IgG ELISA reactivity of CCHFV 
(Euroimmun) with poly-L-histidine concentrations of 0.01, 0.05, 0.10, 0.50, 1.00, and 2.00 mg/mL. Box plots show sample distribution, 
displaying medians (thick lines within boxes) and interquartile ranges (box top and bottom edges); whiskers indicate 1.5× interquartile 
range. Red lines show cutoff levels for ELISAs; gray shading shows the area for borderline results; black triangles show samples positive 
by RVFV immunofluorescence assay; blue triangles show samples positive by CCHFV immunofluorescence assay. The Spearman 
correlation was performed in R, and boxplots for RVFV and CCHFV were plotted using the ggplot2 package in R (https://www.r-project.org). 
Because of the low detection rates of RVFV-specific and CCHFV-specific IgG, negative reverse transcription PCR results, and low serum 
volumes, we did not perform IgM analyses. CCHFV, Crimean-Congo hemorrhagic fever virus; RVFV, Rift Valley fever virus.
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Beyond surveillance, strategies for future vac-
cination of livestock and humans will benefit from 
robust epidemiologic data on RVFV and CCHFV to 
efficiently use resources across sub-Saharan Africa. 
Serologic tests relying on tag-free protein production, 
alternative tags, and careful validation of histidine-
tagged antigens for specificity are mandatory for use 
of antibody tests in malaria-endemic regions.
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Complete genome analysis of African swine fever virus 
isolated from a wild boar in Mizoram, India, revealed 
≈99% nucleotide identity with those of domestic pig ori-
gin but with unique mutations. A One Health approach 
toward food security necessitates awareness among 
veterinary and public health professionals on virus evo-
lution and domestic–wild pig transmission.
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African swine fever (ASF) is a devastating dis-
ease affecting pigs, with death rates reaching 100%. 
Wild boars (Sus scrofa), warthogs (Phacochoerus ae-
thiopicus), and bushpigs (Potamochoerus porcus) can 
act as asymptomatic carriers, contributing to virus 
persistence in a sylvatic cycle (1). Soft ticks of the 
genus Ornithodoros further complicate ASF epidemi-
ology. The disease is caused by ASF virus (ASFV), a 
large, double-stranded DNA virus belonging to the 
genus Asfivirus in the Asfarviridae family. The ASFV 
genome range is 171–193 kb, featuring inverted ter-
minal repeats (ITRs) at both ends. Different ASFV 
genotypes are based on the 3′ end of the B646L gene; 
genotype II predominates in Asia, Europe, Oceania, 
and the Americas. Recent emergence of novel re-
combinant genotype I/II strains in China and Viet-
nam (2,3) is of great concern. 

ASF was first reported in India in 2020 after 
outbreaks in domestic pigs in northeastern states 
(4). Outbreaks in wild boars have been documented 

in Assam, Karnataka, and Tamilnadu states (5,6).  
ASFVs circulating in India belong to genotype II and 
intergenic region (IGR) subcluster II. Complete ge-
nome sequencing of Indian ASFV isolates of domes-
tic pig origin revealed unique mutations in the MGF 
360–11L, MGF 505–4R, K205R, and B263R genes (7). 
We analyzed the complete genome of ASFVs isolated 
after ASF outbreaks affecting domestic pigs and wild 
boars in Mizoram, India, in August 2021.

We collected 40 samples from dead domestic pigs 
and those suspected of having ASF (Appendix Figure 
1, https://wwwnc.cdc.gov/EID/article/31/8/25-
0083-App1.pdf); 38 of those samples and a dead wild 
boar tested positive for ASF genome by quantita-
tive PCR and were confirmed by virus isolation. We 
grew, processed for viral enrichment, and sequenced 
1 ASFV isolate (MZ/21/PO-324) of wild boar origin 
and 1 isolate (MZ/21/PO-314) of domestic pig origin. 
We submitted nucleotide sequences to GenBank (ac-
cession nos. PV023909 and PV023910) (Appendix).

1666 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 8, August 2025

RESEARCH LETTERS

Figure 1. Phylogenetic tree generated from complete genome analysis of ASFV isolated from wild boar and domestic pig, India, 2021. 
The maximum-likelihood tree was MAFFT aligned (https://mafft.cbrc.jp/alignment/software) by using a general time-reversible plus 
gamma model in RAxMLGUI version 2.0 (https://sourceforge.net/projects/raxmlgui) and shows the relationship between ASFVs from 
India and other ASFVs including p72 genotype II. Enlarged area at bottom right shows detail of isolates from this study (bold text) and 
close reference sequences. GenBank accession numbers are provided. Scale bar indicates the number of expected substitutions per 
site (tree rooted at mid-point). ASFV, African swine fever virus.

https://wwwnc.cdc.gov/EID/article/31/8/25-0083-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/8/25-0083-App1.pdf
http://www.cdc.gov/eid
https://mafft.cbrc.jp/alignment/software
https://sourceforge.net/projects/raxmlgui


The wild boar ASFV genome comprised 190,489 bp 
with ITRs at the 5′ end (1,597 bp) and 3′ end (1,122 bp), 
whereas the ASFV genome from domestic pig mea-
sured 189,390 bp and had a 5′ end ITR of 422 bp and 
3′ end ITR of 1,150 bp. Comparative analysis showed 
99.93% nucleotide identity between those isolates (Ap-
pendix Figure 2). Phylogenetic analysis placed the 
ASFV in India within genotype II clade 2.2.2, alongside 
genotype II viruses reported during 2007–2023 across 
diverse regions. Within p72 genotype II viruses, iso-
lates from India formed a distinct cluster with isolate 
ASFV/Wuhan/2019 (Figure 1). EP402R gene–based 
serogrouping confirmed isolates from India as part of 
serogroup 8, consistent with hemadsorption-positive 
viruses (Appendix Figure 3). There was an insertion 
of an additional tandem repeat sequence in the extra-
genic region between I73R and I329L (Appendix Fig-
ure 4), aligning with intergenic region II cluster isolates 
of genotype II. Central variable region analysis of the 
B602L gene indicated similarity to the Georgia 2007/1 
central variable region I variant (8).

We observed multiple nucleotide insertions and 
deletions (Appendix Table 1) in the genome sequence 
of the wild boar isolate compared with isolate ASFV-
Georgia/2007, leading to frame shift mutations in 
DP60R and ASFV-GACD 190 genes, amino acid ad-
ditions in ASFV GACD-00300 and ASFV GACD-00350 
genes, and protein truncations in immune-modulato-
ry genes, MGF 110–7L, MGF 110–10L, MGF 110–14L, 
MGF 110–13Lb, I196L, B475L, and MGF 360–21R, of 
which the last 3 mutations were unique to the wild 
boar isolate (Appendix). A 50-nt deletion in the MGF 
360–21R gene resulted in a truncated protein of 327 
aa. We did not observe that deletion in the ASFV 

isolate of domestic pig origin, and the deletion was 
unique to the wild boar isolate reported in this study. 
Further analyses and multiple sequence alignment of 
MGF-360–21R gene of ASFV isolates obtained from 
wild boar, warthog, and domestic pigs across differ-
ent countries revealed that the gene is particularly 
susceptible to mutations during replication in wild 
boars compared with domestic pigs (Figure 2) and 
causes truncations at the carboxyl terminus of the en-
coded protein. Those observations reflect the role of 
the MGF-360–21R gene in evolutionary adaptations 
of ASFV in wild boar populations.

A comparative analysis of genotype II ASFV re-
vealed 20 single-nucleotide polymorphisms compris-
ing 16 nonsynonymous and 4 synonymous mutations 
across 18 open reading frames (Appendix Figure 5). 
Key nonsynonymous mutations included K32E in 
ASFV GACD 300, P406L in EP1242L, R188K in K205R, 
and Q104H in E199L. The proteins encoded by K205R 
and E199L genes are noted to interact with host pro-
teins, potentially activating cellular responses such as 
unfolded protein response and autophagy (9,10).

In conclusion, ASFV sequences from both hosts 
showed ≈99% identity and highlighted transmission 
between domestic and wild pigs. However, we iden-
tified unique genetic variations in ASFVs isolated 
from wild boar, which may influence viral interac-
tions with host cellular machinery. Our findings high-
light the critical role of wild boars in ASF epidemiol-
ogy and underscore the need for veterinary, wildlife 
and public health authorities to be aware of transmis-
sion dynamics between domestic and wild pigs and 
viral evolution, with implications for viral survival, 
immune modulation, and control strategies. 
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Figure 2. Complete genome analysis of ASFV isolated from wild boar and domestic pig, India, 2021. A 50-nt deletion is observed in 
the MGF-360–21R gene of the ASFV isolate obtained from a wild boar in Mizoram, India, compared with ASFV isolates derived from 
domestic pigs in India. Bold isolates are from this study. GenBank accession numbers are provided. ASFV, African swine fever virus.
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Influenza D virus (IDV) is a single-stranded, nega-
tive-sense RNA virus belonging to the genus Del-

tainfluenzavirus, family Orthomyxoviridae, and was 
first isolated from pigs in 2011 (1,2). IDV infects pri-
marily cattle, but studies have documented the virus 
globally in a diverse range of animals, including small 
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Influenza D virus infects primarily cattle, but infrequent 
reports of infections in cats occur. We detected influenza 
D virus antibodies in 8 of 360 cats in northern China. 
Domestic cats showed higher susceptibility than strays. 
Our results suggest a previously overlooked aspect of 
epidemiology of this virus in companion animals.
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ruminants (e.g., sheep), domestic animals (pigs, hors-
es, camels), and wild ungulates (wild boars) (3,4). Al-
though there is no direct evidence that IDV can infect 
humans, an increasing number of studies have indi-
cated that IDV has the potential for causing zoonotic 
infections (5). One recent study in the Puglia region 
of Italy identified 14 positive IDV antibody samples 
from 426 dogs sampled in 2016–2023, indicating that 
companion animals can be exposed to IDV (6). Our 
study aimed to investigate whether cats, a popular 
companion animal, are susceptible to IDV.

We collected 360 serum samples from cats in 
northern China in 2024, comprising 181 samples from 
routine health checks at pet hospitals and 179 samples 
from pet rescue stations. We stored all samples at 
−80°C for subsequent analysis. Prior to testing them, 
we treated all samples with receptor-destroying en-
zyme to remove nonspecific inhibitors (7). We briefly 
mixed the samples with receptor-destroying enzyme in 
a 1:3 ratio, incubated them at 37°C overnight (18–20 h), 
then heat-inactivated them at 56°C for 30–60 minutes 
before hemagglutination inhibition (HI) testing. We 
performed screening by HI assay to identify antibodies 
against influenza A virus (A/China/SWL1304/2023 
[H1N1]), influenza B virus (B/Guangdong/266/2021), 
and IDV (D/bovine/CHN/JY3002/2022), considering 
HI titers ≥10 to be positive (8). To confirm specificity, 
we further subjected HI-positive samples to virus neu-
tralization assays using 100 TCID50 (50% tissue culture 
infectious dose) of IDV propagated in Madin-Darby 
canine kidney cells. We deemed neutralization titers 
≥10 (highest serum dilution showing ≥50% cytopathic 
effect reduction) to be confirmatory (9).

Serological analysis revealed 6 (3.31%) of 181 
of veterinary hospital samples to be HI positive for 
IDV antibodies, with 4 (66.7%) confirmed by virus 
neutralization assay (titers 10–20). Among rescue 
station samples, 2 (1.12%) of 179 were HI positive, 
with 2 (100%) confirmed by virus neutralization (ti-
ter 10) (odds ratio 4.12, 95% CI 0.92–18.40; p = 0.027).  

All positive samples showed HI titers of 10–40, and 
none were reactive to influenza A virus or influenza 
B virus (Table).

Our findings demonstrated that, although over-
all IDV seroprevalence in cats in northern China was 
low (2.22%), domestic cats showed significantly higher 
exposure rates than strays. This difference might re-
flect increased human contact, potentially leading to 
viral exposure, considering stray cats’ independent 
lifestyles potentially limit such transmission oppor-
tunities. As noted in similar studies of other species, 
the source of IDV infection in cats remains unclear. 
Potential transmission routes might include reverse 
zoonotic transmission or alternative pathways, such as 
raw milk exposure, as suggested by recent influenza 
A(H5N1) virus detections in cow’s milk (10). Although 
our serologic data cannot confirm active transmission 
or clinical impacts, the observed higher seroprevalence 
in domestic cats suggests that close human–animal in-
teraction could potentially increase exposure risk.

IDV is not currently a major zoonotic threat, but 
its detection in cats highlights the need for vigilance. 
Domestic cats may potentially serve as reservoirs for 
IDV, which could contribute to viral adaptation. Our 
study emphasizes the importance of monitoring IDV 
in companion animals, especially considering recent 
findings demonstrating the potential of influenza 
viruses for cross-species transmission via unconven-
tional routes (i.e., H5N1 virus in bovine milk).

Future research should prioritize molecular con-
firmation of active infections and assess milkborne 
transmission risks. Proactive surveillance in pets and 
their food sources is critical to understanding IDV’s 
evolving epidemiology and mitigating potential pub-
lic health concerns.

Viral strains used in HI testing—influenza A(H1N1) 
virus (2009 pandemic lineage), influenza B virus (Victoria 
lineage), and IDV (D/Yama lineage)—were provided by 
Prof. Jieshi Yu.
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Table. Hemagglutination inhibition and virus neutralization antibody titers against influenza D virus in feline serum samples from study 
of influenza D virus in domestic and stray cats, northern China, 2024* 

Sample no. 

Influenza A virus, 
A/China/SWL1304/2023(H1N1)  

Influenza B virus, 
B/Guangdong/266/2021 

 

Influenza D virus, 
D/bovine/CHN/JY3002/2022 

HI  HI HI VN 
A5 <10  <10  10, 10 10, 10 
D5 <10  <10  20, 20 20, 20 
D8 <10  <10  20, 20 10, 10 
E3 <10  <10  10,10 <10 
H1 <10  <10  40, 40 20, 20 
I3 <10  <10  20, 20 10, 10 
I6 <10  <10  10, 10 <10 
L7 <10  <10  40, 40 20, 20 
*Samples were tested against 3 strains: influenza A virus, influenza B virus, and influenza D virus. Titers below the detectable threshold (10) were 
indicated as <10 and considered negative. HI, hemagglutination inhibition; VN, virus neutralization. 
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Nipah virus (NiV; family Paramyxoviridae, genus 
Henipavirus) was first discovered in 1998–1999. 

Officials in Malaysia and Singapore identified it as a 
causative virus of severe respiratory disease in pigs 
and highly fatal encephalitis or respiratory disease 
in humans (1). Subsequently, Bangladesh and India 
have reported sporadic outbreaks of the virus almost 
annually (2,3). Direct bat-to-human transmission is 
assumed in those outbreaks; however, human-to-hu-
man transmission through concentrated contact has 
also been reported (3). 
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In 2014, an outbreak of zoonotic Nipah virus (NiV) oc-
curred on Mindanao Island, the Philippines. We investi-
gated the prevalence of NiV in Philippine bats. Because 
neutralizing antibodies were detected in insectivorous 
bats on Siargao Island, public health officials should 
consider that the distribution range of NiV is not limited 
to Mindanao Island.

mailto:wangzhao@sdfmu.edu.cn
https://doi.org/10.3201/eid3108.250210
http://www.cdc.gov/eid


In Southeast Asia, some frugivorous bat spe-
cies (mainly of the genus Pteropus) and several in-
sectivorous bat species (genera Hipposideros, Scoto-
philus, and Rhinolophus) are reservoirs of the virus, 
which has led to its widespread transmission (4–6). 
In 2014, in Sultan Kudarat Province, which is lo-
cated in the southern part of Mindanao Island in 
the Philippines, 10 horses died, and serious infec-
tions occurred in 17 humans, mainly in those who 
had slaughtered horses or consumed horse meat 
(7). The humans who died had acute encephalitis 
syndrome, a severe influenza-like illness, or men-
ingitis, and the etiology was diagnosed as henipa-
virus infection on the basis of neutralizing antibody 
detection in patient serum samples. One patient 
had a short 71-bp fragment sequence that was 99% 
homologous to the NiV strain from Malaysia, sug-
gesting that NiV was the etiologic virus (7). The 
likely source of infection in horses is bats, which 
are a natural host of the virus.

Residual serum samples used in epidemiologic 
studies of bat-derived viruses conducted before 2019 
were reused in this NiV epidemiologic study (8). In 
addition, we conducted new bat trapping at the end 
of 2022. In each study, we collected specimens from 
wild bats.

We attempted to detect NiV-neutralizing anti-
bodies by using serum samples collected from bats 
in 6 regions of the Philippines, spanning from north 
to south (Figure). We determined the neutralization 
titer of each serum sample by using a surrogate as-
say without an infectious NiV, as previously estab-
lished (9). Using vesicular stomatitis virus express-
ing secreted alkaline phosphatase pseudotyped with 
G and F proteins of the NiV strain from Malaysia 
(VSV-NiV-SEAP) (9), we determined the titer of the 
neutralizing antibody. Moreover, we performed 
detection of NiV RNA with reverse transcription 
PCR by using consensus primers that widely detect 
paramyxoviruses (PAR-F1, PAR-F2, and PAR-R) 
(Appendix, https://wwwnc.cdc.gov/EID/article/ 
31/8/25-0210-App1.pdf) (10).

In total, we diluted 326 bat serum samples 
80-fold and screened for VSV-NiV-SEAP (Table) 
(9). We subjected 4 serum samples that tested 
reactive in screening to serial dilution. We de-
termined antibody titers as values of 16, 41, 47, 
and 141, which are shown as the reciprocal of 
the serum dilution factor at which SEAP activ-
ity was suppressed by >75% after VSV-NiV-
SEAP entered the cells (9). We obtained positive 
samples from the insectivorous bat Hipposideros  
diadema, which was captured on Siargao Island  

j(Figure). We used a similar surrogate system to de-
tect neutralizing antibodies against Hendra virus. 
The same 4 serum samples showed cell entry inhibi-
tion rates ranging from 35.2% to 63.1% against VSV 
pseudotyped with Hendra virus G and F proteins. 
Those results were weaker than those obtained for 
VSV-NiV-SEAP in the screening (Appendix Table). 
However, because of an insufficient volume of se-
rum samples, we could not perform titration by se-
rial dilution. In contrast, we did not detect any neu-
tralizing antibodies in bats from Mindanao Island 
or elsewhere (Table). Moreover, we did not detect 
any viral RNA in reverse transcription PCR target-
ing paramyxoviruses (including NiV and Hendra 
virus) using RNA extracted from the 252 samples 
(collected from serum or spleen) (Table).

In this study, we investigated the prevalence of 
NiV with bat serum samples collected from 6 regions 
in the Philippines (Figure). We did not detect any an-
tibodies on Mindanao Island, where the henipavirus 
outbreak occurred, which may be partially because 
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Figure. Locations of 6 bat collection sites for Nipah virus 
antibodies in bats, the Philippines, 2013–2022. 1, U.P. Laguna 
Quezon Land Grant, Siniloan, Laguna; 2, Naga, Camarines Sur; 
3, Siargao Islands, Surigao del Norte; 4, Baguio District, Davao 
City, Mindanao; 5, Island Garden City of Samal and Talicud Island, 
Davao del Norte Province; 6, Lavigan, Governor Generoso, 
Davao Oriental, Mindanao. Star denotes area where Nipah virus 
outbreaks were reported in 2014.

https://wwwnc.cdc.gov/EID/article/
http://www.cdc.gov/eid


we could not capture and study the primary reser-
voir, Pteropus bats, which fly and migrate at high al-
titudes. However, we detected NiV antibodies in 4 
samples from 1 insectivorous bat species on Siargao 
Island (Table), which is geographically close, indicat-
ing that the distribution range of NiV is not limited to 
within Mindanao Island.

Antibodies have been reported from other Hippo-
sideros bat species closely related to H. diadema (5). We 
also captured a species (Scotophilus kuhlii) other than 
Pteropus bats, for which antibodies were similarly de-
tected in bats in previous reports (5), but we did not 
detect any antibodies. In contrast, we could not detect 
viral RNA in all samples because of the small num-
ber of samples. We consider it crucial to obtain more 
viral genetic information to understand the nature of 
the virus responsible for the henipavirus epidemic in 
the Philippines and to take countermeasures. More 
detailed surveys with larger sample sizes on Mind-
anao Island and surrounding areas are needed. Sur-
veillance of NiV carriage in bats in the Philippines is 
necessary to characterize the virus, investigate risk 
factors for future outbreaks of henipavirus, and im-
plement control measures.
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Table. Neutralizing antibody titers in serum samples from 13 bat species for Nipah virus antibodies in bats, the Philippines,  
2013–2022* 

Bat species 
No. positive/no. tested using pVSV-SNT 

 
No. positive/no. tested using PaV RT-PCR 

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 
Cynopterus luzoniensis 0/41 0/25 0/22 NA NA NA  0/28 ND 0/17† NA NA NA 
Eonycteris spelaea 0/3 NA 0/2 NA 0/13 NA  0/3 NA 0/2† NA 0/13 NA 
Haplonycteris fischeri 0/1 NA NA NA NA NA  ND NA NA NA NA NA 
Macroglossus minimus 0/1 NA 0/9 0/1 NA NA  ND NA 0/6† 0/1 NA NA 
Ptenochirus jagori 0/63 0/22 0/17 NA NA NA  0/63 ND 0/12† NA NA NA 
Rousettus amplexicaudatus 0/5 NA 0/3 NA 0/44 0/19  0/5 NA 0/1† NA 0/46 0/20 
Hipposideros coronatus NA NA ND NA NA NA  NA NA 0/1† NA NA NA 
Hipposideros diadema NA NA 4/23 NA NA NA  NA NA 0/24† NA NA NA 
Hipposideros obscurus NA NA ND NA NA NA  NA NA 0/9† NA NA NA 
Hipposideros pygmaeus NA NA 0/1 NA NA NA  NA NA ND NA NA NA 
Rhinolophus arcuatus NA NA 0/1 NA NA NA  NA NA 0/1† NA NA NA 
Miniopterus eschscholtzii NA NA 0/3 NA NA NA  NA NA ND NA NA NA 
Scotophilus kuhlii NA 0/7 NA NA NA NA  NA ND NA NA NA NA 
*Site 1, Laguna 2022; site 2, Naga 2019; site 3, Siargao 2019; site 4, Baguio district 2013 (in Davao City); site 5, Samal and Talicud 2013; site 6, Lavigan 
2013 (in Governor Generoso Municipality). NA, not applicable; ND, not done; PaV, paramyxovirus; pVSV-SNT, serum neutralizing test using vesicular 
stomatitis virus pseudovirus expressing the Nipah virus surface proteins (9); RT-PCR, reverse transcription PCR. 
†RT-PCRs were performed by using RNAs extracted from spleen and not from serum samples. 
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Infection with Crimean Congo hemorrhagic fever 
virus (CCHFV; Orthonairovirus hemorrhagiae; Nai-

roviridae: Bunyavirale) provokes fever and hem-
orrhagic manifestations in humans but results in 
asymptomatic infections in animals (1). CCHFV is 
maintained in nature through wild and domestic 
animals serving as amplification hosts and ticks as 
reservoirs. CCHFV is endemic to Africa, the Middle 
East, Asia, and Europe (2). However, knowledge of 
CCHFV in North Africa is limited to few serologic 
surveys and molecular characterization in ticks. 

In Algeria, Agai virus (Orthonairovirus parahemor-
rhagiae), previously known as AP92-like CCHFV, has 
been detected in Hyalomma aegyptium ticks collected 
from tortoises (3). In addition, 2 seroprevalence stud-
ies of CCHFV conducted on dromedary camels (Cam-
elus dromedarius) in different regions from southern 
Algeria showed a high rate of IgG against CCHFV 
(2,4). We aimed to detect CCHFV among ticks in 
southern Algeria, where serologic evidence of the vi-
rus was reported among camels.
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We conducted a Crimean-Congo hemorrhagic fever vi-
rus (CCHFV) survey of Hyalomma spp. ticks collected 
from camels in southeastern Algeria. Of 138 tick pools, 
1 was CCHFV positive; the sequenced strain belonged 
to the Africa 1 genotype. Healthcare professionals in Al-
geria should be aware of this detection of a circulating 
pathogenic CCHFV genotype.
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During September–November 2023, we conduct-
ed surveillance for CCHFV in ticks collected from 
camels in the Wilayates (provinces) of Ouargla, Illizi, 
and Djanet, located in southeastern Algeria (Appen-
dix, https://wwwnc.cdc.gov/EID/article/31/8/25-
0123-App1.pdf). We morphologically identified ticks 
by using taxonomic keys and pooled specimens on the 
basis of species, sex, developmental stage, feeding sta-
tus, and collection sites; we stored pools at −80°C until 
analysis. We cleaned ticks with 70% ethanol and then 
crushed them by using a Retsch MM 400 Mixer Mills 
(https://www.retsch.com). We extracted nucleic acid 
material (RNA and DNA) from supernatants by us-
ing NucleoSpin Virus kits (Macherey-Nagel, https://

www.mn-net.com), according to the manufacturer’s 
instructions. We screened tick extracts for CCHFV by 
using real-time reverse transcription PCR (RT-PCR) 
targeting the small (S) segment of CCHFV (5) and con-
firmed positive pools by using an endpoint RT-PCR 
targeting the S segment of the Nairovirus group (6), 
followed by Sanger sequencing. We molecularly con-
firmed positive pools by sequencing the mitochondrial 
cytochrome oxidase I gene (7). We constructed a max-
imum-likelihood tree with 1,000 bootstrap replicates 
using a Tamura 1992 with gamma distribution substi-
tution model (8) using different CCHFV sequence gen-
otypes (Figure). We deposited the sequence obtained 
in this study into GenBank (accession no. PQ246052).
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Figure. Phylogenetic analysis of the small segment sequence of Crimean-Congo hemorrhagic fever virus Africa 1 lineage detected in 
ticks collected from camels in southeastern Algeria, 2023. Bold indicates the strain detected in Algeria; other sequences are labeled 
by GenBank accession number, geographic origin, and sampling year. Only bootstrap values >80 are shown. Scale bar indicates 
substitutions per site.
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We grouped a total of 346 ticks collected from 
103 camels into 138 pools. Tick species consisted of 
290 (83.81%) Hy. dromedarii, 26 (7.51%) Hy. rufipes, 19 
(5.49%) Hy. impeltatum, and 11 (3.17%) Hy. impressum 
(Table). Each pool contained 1–5 ticks grouped by 
feeding status, species, locality, and sex. Three pools 
tested positive for CCHFV by the first real-time RT-
PCR: pool 22 (cycle threshold [Ct] value = 26.91), pool 
19 (Ct = 36.24), and pool 13 (Ct = 39.04). Only pool 
22, containing 5 male Hy. dromedarii ticks, generated a 
465-bp fragment of the S segment using the endpoint 
RT-PCR. A maximum-likelihood tree showed that 
the Algeria sequence formed a monophyletic group 
or cluster with strains from Senegal and France be-
longing to the Africa 1 genotype (GenBank accession 
nos. DQ211639, DQ211639, and PP025038) with 95% 
bootstrap support (Figure). Molecular identification 
of ticks in positive pools using cytochrome oxidase 
I gene confirmed the presence of Hy. dromedarii and 
Hy. impeltatum ticks (Table), both species are known 
as competent vectors for CCHFV.

We detected and characterized a pathogenic 
strain of CCHFV in local tick populations collected 
from camels in southern Algeria, underscoring cir-
culation of the virus in this region. Camels play a 
vital economic and cultural role in the region, espe-
cially through transhumance. However, movements 
between Algeria and endemic areas in neighbor-
ing countries through legal and illegal cross-border 
trade increase the likelihood of encountering viremic 
animals and tick vectors. Moreover, migratory birds 
from the Trans-Saharan Flyway carrying Hyalomma 
spp. ticks are likely a major source of CCHFV strains 
circulating between Africa and Europe, as reported 
in Morocco and France (9,10). Our findings suggest 
that the possible pathway of CCHFV dissemination 
to Algeria from endemic areas could involve migrato-
ry birds, considering that the CCHFV Africa 1 strain 
identified in this study is phylogenetically closely 
related to the strains previously reported in Corsica 

(France) and Senegal. The potential for the continu-
ous spread of CCHFV across Algeria and North Af-
rica is substantial. Indeed, Algeria’s large territory 
harbors various tick species known for their CCHFV 
transmission competence, increasing the likelihood 
of CCHFV circulation among ticks and animals. This 
study, limited to 3 provinces in the Sahara, serves as 
a starting point for broader epidemiologic studies 
across the country; expanding surveillance to other 
regions, animals, humans, and tick vectors is crucial 
for informing policy-makers and enabling a compre-
hensive risk assessment of CCHFV exposure in Al-
geria. Using next-generation sequencing technologies 
for whole-genome sequencing of CCHFV will enable 
detailed genomic characterization and clarify spatio-
temporal transmission dynamics. 

In summary, our results document detection of 
a CCHFV pathogenic genotype among camels in 
Algeria, carried by Hyalomma spp. ticks. Healthcare 
professionals should be aware of CCHFV circulation 
in this region and the resulting potential for human 
infection.
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Table. Description of CCHFV in tick pools collected from camels in southeastern Algeria, 2023* 
Wilayates (province) Tick species No. pools No. ticks/pool, by sex Positive pool no./Ct/sex 
Ouargla Hyalomma dromedarii 45 20 M, 25 F 

 

 Hy. rufipes 2 1 M, 1 F  
Illizi Hy. dromedarii 60 23 M, 37 F 13/39.04/M; 22/26.91/M 
 Hy. rufipes 4 1 M, 3 F  
 Hy. impeltatum 6 1 M, 5 F 19/36.24/M 
 Hy. impressum 2 2 F  
Djanet Hy. dromedarii 13 4 M, 9 F  
 Hy. impeltatum 4 4 F  
 Hy. impressum 2 2 M  
*Pools of ticks were tested with quantitative reverse transcription PCR for the small segments of CCHFV RNA. A total of 138 pools, comprising 346 ticks 
collected from 103 camels, were tested for CCHFV. Only 3 pools of Hy. dromedarii ticks from Illizi were CCHFV positive; only the pool in bold, containing 
5 male Hy. dromedarii ticks, generated a 465-bp fragment of the small segment using the endpoint RT-PCR. CCHFV, Crimean-Congo hemorrhagic fever 
virus; Ct, cycle threshold. 
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Diseases in cattle caused by Mycoplasma bovis in-
clude bronchopneumonia, mastitis, and arthritis 

(1,2). M. bovis was first isolated in 1961 (3) and, over 
the past >6 decades, it has become widespread world-
wide. Bovine mycoplasmosis caused by M. bovis is an 
emerging disease in China. Since the first isolation of 
M. bovis strains in China’s Hubei region in 2008, those 
strains have spread rapidly and extensively to most 
provinces in China (4–6). However, the epidemiologic 
features of M. bovis in China are unknown. Antimi-
crobial drugs are currently a critical means of control-
ling M. bovis infections (7,8). Fluoroquinolones have a 
substantial bactericidal effect against Mycoplasma spp.; 
however, their effectiveness has been gradually de-
clining (9,10). Fluoroquinolone resistance in Mycoplas-
ma spp. relies primarily on gene point mutations (7).
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We investigated quinolone resistance in Mycoplasma 
bovis samples isolated in China during 2008–2023. 
Sequence type 52 was the dominant genotype; GyrA 
(S83F/Y) and ParC (S80R) protein double mutations 
caused high resistance to fluoroquinolones. Increased 
vigilance and surveillance of M. bovis infections in cattle 
will be needed to prevent disease.
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To elucidate molecular epidemiologic features of 
M. bovis in China, we performed a genetic evolution-
ary analysis of whole-genome sequences from 77 M. 
bovis isolates collected during 2008–2023 from 16 prov-
inces in China; 34 isolates were identified in this study 
and 43 isolates were from GenBank (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/31/8/24-
1137-App1.pdf). We deposited sequence data for the 
M. bovis isolates from this study in the National Cen-
ter for Biotechnology Information BioProject database 

(https://www.ncbi.nlm.nih.gov/bioproject; accession 
nos. PRJNA1124599–601). 

We explored the contribution of genetic factors 
to fluoroquinolone resistance. We confirmed that se-
quence type (ST) 52, the primary genotype responsible 
for the M. bovis infection outbreak in 2008, was the 
most prevalent genotype in China; however, the topo-
logic structure of the phylogenetic tree classified the 
77 isolates into 5 distinct clusters (I–V) (Figure 1). Five 
of those isolates represented new multilocus sequence 
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Figure 1. Phylogenetic analysis of Mycoplasma bovis in study of emergence of novel fluoroquinolone resistance mutations, China, 
2008–2023. Maximum-likelihood tree shows 77 M. bovis isolates according to single-nucleotide polymorphisms identified by referencing 
the complete genome sequence of M. bovis strain HB0801. Name of isolate, year isolated, province, sequence type, and clustering are 
indicated. Scale bar indicates nucleotide substitutions per site.
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typing (MLST) genotypes, which were primarily con-
centrated in cluster IV (which contained 4 MLST geno-
types) (Figure 1; Appendix Figure 1), suggesting that 
isolates within cluster IV might have undergone rapid 
genetic changes. During the disease outbreak in 2008, 
ST53, ST56, and ST72 genotypes were also identified. 
Although those 3 genotypes were distributed sporadi-
cally, they have been isolated only in China and belong 
to the same clonal complex (CC) 52 as ST52 (Appendix 
Figure 1), exhibiting a high degree of genetic related-
ness. That observation suggests that ST52 underwent 
genetic variation after spreading extensively in China. 
ST89 was isolated from cows with pneumonia and 
mastitis in China during 2018–2019 (Appendix Table 
2); however, that genotype does not belong to CC52 
(Appendix Figure 1). The isolation of only 3 ST89 
strains suggested that strains with other genotypes 
might be infecting cattle in China.

We analyzed mutations within quinolone resis-
tance–determining regions of the 77 isolated genomes 
from China. Mutations in those regions occurred pri-
marily in parC and gyrA genes, leading to amino acid 
changes (Appendix Figure 2). Specifically, the GyrA 
protein contained S83Y and S83F mutations (Figure 2, 
panel A), and ParC contained S80R and D84G (Figure 
2, panel B). The S80R mutation in ParC is uncommon  

in M. bovis and has not been reported in China. The 
binding energies of the GyrA S83F and S83Y and 
ParC S80R mutants with ciprofloxacin were higher 
than those for wild-type GyrA and ParC proteins. The 
mean + SD binding energy increased from −46.115 + 
8.72 in wild-type GyrA to −10.242 + 2.892 in the GyrA 
S83Y mutant (Appendix Table 3). The ParC S80R mu-
tant had considerably higher binding energy than 
wild-type ParC, increasing from −19.973 + 2.445 in 
wild-type protein to 26.861 + 5.14 in the mutant. Those 
mutations led to a decreased and unstable binding ca-
pacity of GyrA and ParC with ciprofloxacin.

We investigated the effect of mutations on fluoro-
quinolone susceptibility of M. bovis. Clinical isolates 
with the GyrA S83Y/F and ParC S80R double muta-
tions exhibited lower susceptibility to fluoroquino-
lones than strains that had the GyrA S83F and ParC 
D84G double mutations (Appendix Table 4, Figure 
3), suggesting that S83Y/F in GyrA combined with 
S80R in ParC conferred high resistance to fluoroqui-
nolones; the S80R ParC mutation appeared to be the 
main reason for increased fluoroquinolone resistance. 
Molecular dynamic simulations revealed that resi-
due S80 of M. bovis ParC interacts with enrofloxacin 
through van der Waals forces (Appendix Figure 4). 
Strains with GyrA and ParC mutations were mainly 
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Figure 2. Amino acid sequence alignments of quinolone resistance-determining regions of Mycoplasma bovis isolates from China, 
2008–2023. Multiple alignments of conserved GyrA (A) and ParC (B) protein sequences for M. bovis ParC protein–ciprofloxacin complex 
are shown. Escherichia coli K12 and M. bovis PG45 strains were used as controls. Red arrows and black rectangular borders indicate 
amino acid mutation sites. 
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concentrated in cluster II (Figure 1), suggesting that 
cluster II strains are more prone to developing genetic 
features that confer resistance to fluoroquinolones.

In conclusion, we report that ST52 is the domi-
nant M. bovis genotype circulating in China; however, 
ST52 strains gradually formed 2 subgroups with domi-
nant genetic variation and fluoroquinolone resistance 
through widespread dissemination. The double muta-
tion, S83F in GyrA and S80R in ParC, appears to be the 
current widespread mutation combination in China, 
and the emergence of high resistance to fluoroquino-
lones is driven by the ParC S80R mutation. Widespread 
resistance to fluoroquinolones poses a substantial chal-
lenge to the prevention and treatment of infections 
caused by Mycoplasma species; thus, increased vigi-
lance and surveillance of M. bovis infections in cattle 
will be needed to prevent disease spread.
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Severe fever with thrombocytopenia syndrome 
(SFTS) is a zoonotic infectious disease caused by 

SFTS virus (Dabie bandavirus), primarily transmitted 
through tick bites (1). SFTS continues to spread across 
East Asia and poses a substantial public health threat; 
fatality rate in humans is ≈20% (1). Interspecies acqui-
sition involving companion animals remains poorly 
understood; some reports suggest virus transmission 
from infected cats or dogs, but most lack definitive 
evidence such as documented bites (2–4). In South 
Korea, several canine SFTS cases have been reported 
(5). We describe a case of probable dog-to-human 
transmission of SFTSV through a bite, supported by 
molecular evidence.

A 23-year-old veterinary technician was trans-
ferred to Chonnam National University Hospital, a 
tertiary hospital in Gwangju, South Korea, after 6 
days of fever. Laboratory findings showed leukope-
nia, thrombocytopenia, low C-reactive protein, and 

elevated liver enzymes and ferritin. The patient dis-
closed that a sick dog had bitten her right thumb 10 
days before hospital admission; she had fed the dog 
wearing a mask but not gloves. The 7-mm wound 
had begun to heal after initial bleeding. The wound 
was rinsed under running water for <5 minutes be-
fore she arrived; hospital staff later applied antisep-
tic and administered a tetanus vaccine. Although 
the patient had no history of outdoor activity or 
known tick exposure, SFTS was suspected and sub-
sequently confirmed by blood PCR. Her condition 
worsened on hospital day 2; we performed plasma-
pheresis on days 3 and 6 in the intensive care unit, 
leading to improvement.

The suspected source was a 4-year-old neutered 
male Pomeranian experiencing high fever, leukope-
nia, and thrombocytopenia, admitted to an animal 
hospital 10 days before the patient’s hospital admis-
sion. According to its owner, the dog had experienced 
4 days of fever and anorexia; lethargy was first noted 
≈22 days before hospital admission. After 2 weeks of 
supportive care, the dog fully recovered.

To investigate potential dog-to-human trans-
mission of SFTSV, we tested samples from the pa-
tient and the dog by reverse transcription PCR and 
immunofluorescent assay as previously described 
(5,6). To confirm the quantitative PCR results target-
ing the small segment by using the careGENE SFTS 
Virus RT-PCR kit (Wells Bio, https://www.wells-
bio.net), we performed nested PCR. The dog’s saliva 
(collected on patient’s hospital day 4) showed a low 
level of SFTSV RNA (cycle threshold value 36.44), 
although no band was visible on nested PCR (Ta-
ble). Sequencing of the nested PCR amplicon from 
blood samples revealed 99.6% identity in the medi-
um segment and 100% in the large segment (Figure). 
Virus culture and sequencing of the small segment 
were unsuccessful.

Although the dog lived in an urban area, it was 
walked daily in nearby parks with dense vegetation. 
In the epidemiologic investigation, no ticks were 
found directly on the dog. We collected a total of 11 
ticks from a suspected tick exposure site, a 94 m–high 
trail (34°58′15′′N, 127°33′51′′E) the dog and its own-
er frequently visited. The collected ticks included 6 
adult female, 3 adult male, and 1 nymph Haemaphysa-
lis longicornis ticks and 1 Ixodes granulatus nymph. All 
collected ticks tested negative for SFTSV.

A total of 43 persons, 3 household members with 
direct exposure to its saliva or bodily fluids and 40 
veterinary staff, had contact with the dog. The Ko-
rea Disease Control and Prevention Agency recom-
mended 2 weeks of symptom monitoring and PCR 
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A veterinary technician in South Korea contracted se-
vere fever with thrombocytopenia syndrome virus from 
a dog bite. Molecular evidence, including PCR se-
quencing, supports dog-to-human transmission. The 
case underscores the zoonotic risks posed by com-
panion animals and highlights the importance of pre-
ventive measures.
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testing for those with direct contact. No PCR-positive 
or symptomatic cases were identified. None of the 
patient’s 31 hospital contacts experienced symptoms.

This case provides strong molecular evidence of 
dog-to-human SFTSV transmission from a bite. Un-
like previous reports that relied solely on serologic 
findings (2,7), this case was supported by sequence 
identity and a documented bite. Although we could 
not isolate viable virus and the viral load in saliva 
was low, our findings suggest that canine saliva, par-
ticularly through dog bites, represents a potential 
transmission route, consistent with previous studies 
that detected SFTSV RNA in dog oral swab speci-
mens (8) and isolated live virus at ≈106 RNA copies/
mL concentration from cat saliva (9). A limitation of 
this study is the inability to culture the virus, likely 
caused by delays in specimen collection. In addition, 
the absence of early saliva samples limits definitive 
confirmation of bite-mediated transmission, although 
the epidemiologic and molecular findings strongly 

support this route. Serologic testing was not per-
formed for contacts, and asymptomatic cases may 
have gone undetected.

This case underscores the importance of personal 
protective equipment and infection control in both 
veterinary and human healthcare settings to pre-
vent zoonotic transmission. Prompt wound care af-
ter animal bite or scratches, including washing with 
soap and running water for >20 minutes, can reduce 
the risk for infections such as B virus or rabies (10). 
Although the effectiveness of this approach against 
SFTS is unproven, the same principle may reduce the 
risk for other viral infections transmitted through ani-
mal bites or saliva exposure.

In conclusion, this case emphasizes the risk for 
SFTSV transmission not only via tick bites but also 
directly through bites from infected dogs. Enhanced 
awareness and preventive strategies in both vet-
erinary and human healthcare settings are critical to 
mitigating the risks of SFTS.
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Table. Characteristics of samples infected with severe fever with thrombocytopenia syndrome virus, South Korea* 

Source Day Specimen 
Nested PCR  qPCR  IFA† 

S seg, 346 bp M seg, 540 bp L seg, 860 bp S seg, 71 bp IgG IgM 
Human HD 2 Blood Positive Positive Positive  26.76  <1:32 <1:32 
Dog HD 0 Blood Weak positive Positive Positive  32.99  ND ND 
 HD 2 Blood Negative Negative Negative  38.32  >1:1,024 ND 
 HD 4 Urine Negative Negative Negative  32.18  1:32 ND 
 HD 4 Saliva Negative Negative Negative  36.44  ND ND 
*HD, hospital day. IFA, indirect immunofluorescence assay; L, large; M, medium; ND, not done; qPCR, quantitative PCR; S, small; seg, segment.  
†IFA was performed on serum samples for both the patient and the dog. For the dog, urine and saliva specimens collected on HD 4 (July 6) were also 
tested in an exploratory manner to assess potential antibody presence in nonserum body fluids. 

 

Figure. Phylogenetic analysis of SFTSV small (321 bp) (A), medium (477 bp) (B), and large (696 bp) (C) segments from human 
patient and dog, South Korea. Clustal X version 2.1 (http://www.clustal.org/clustal2) was used to construct the phylogenetic trees by 
using neighbor-joining with 1,000 bootstrap replicates. Genotypes of SFTSV are labeled (a, b, d, e, f). BLASTn (https://blast.ncbi.
nlm.nih.gov) analysis revealed and nucleotide identity with reference SFTSV strain MF094812 of 99.44% (534/537) for the patient 
sample and 99.45% (541/544) for the dog sample; nucleotide identity with reference SFTSV strain MF094735 was 99.62% (785/788) 
for the patient sample and 99.63% (802/805) for the dog sample. The large segment nested PCR results showed 100% identity 
between the 2 samples. Scale bar indicates number of nucleotide substitutions per site. SFTSV, severe fever with thrombocytopenia 
syndrome virus. 

http://www.cdc.gov/eid
http://www.clustal.org/clustal2
https://blast.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov
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To the Editor: The article “Henipavirus in northern 
short-tailed shrew, Alabama, USA,” (1), describing the 
discovery of Camp Hill virus (family Paramyxoviridae) 
in the northern short-tailed shrew (Blarina brevicauda), 
sparked major media attention and raised concerns 
about zoonotic transmission and potential pandemic 
risk. However, it would be advisable to reevaluate this 
virus discovery within the broader context of related 
viruses. The increase in identified henipa-like viruses 
in various shrew species (2–4) led the International 
Committee on Taxonomy of Viruses to classify these 
henipa-like viruses into a distinct genus, Parahenipa-
virus (5), acknowledging their genetic difference from 
the highly pathogenic Hendra and Nipah virus.

Parahenipaviruses appear to be abundant in 
white- and red-toothed shrew species globally, but 
reports of infections in nonshrew species are limited 
so far, raising questions of their potential for spill-
over. Of note, no human infections with the Camp 
Hill virus have been reported to date, which aligns 
with the authors’ statement. The only known related 
shrew virus, which was detected in febrile, hospital-
ized humans and later in Ussuri and Shantung white-
toothed shrews, was Langya virus (LayV) in China 
(4). The relationship between Camp Hill virus and 

its supposed reservoir suggests a great evolutionary 
distance between LayV and the crocidurine shrews. 
Of note, Hasua virus, a virus discovered in a white-
toothed shrew in Germany (3), is genetically much 
closer related to LayV, but there is currently no evi-
dence of associated human infections.

Because of the limited understanding of para-
henipaviruses and the lack of evidence for their 
zoonotic potential, we urge caution in assuming 
pandemic risks. The absence of viral isolates and se-
rologic studies are major limitations, underscoring 
the need for future research to guide risk analysis and 
response strategies.
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Honoré Gabriel Riqueti, Comte de Mirabeau (1749–
1791 CE), was an accomplished French politician, 

writer, and orator and a distinguished figure in the Na-
tional Assembly that governed France during the early 
phases of the French Revolution. Born a member of the 
prerevolutionary aristocracy, Mirabeau was a moder-
ate and an advocate of constitutional monarchy. He 
died at age 42 before the revolution reached its radical 

climax. According to an autopsy, he died of purulent 
pericarditis and diffuse toxemia (1,2).

At age 3, Mirabeau suffered a smallpox infection 
(1,2). Supportive care was the treatment in that era, and 
Mirabeau did not develop severe complications, such 
as blindness (although he had eye problems in later 
life), cerebral involvement, or sepsis, which generally 
led to a high (20%–45%) case-fatality rate. He survived 
the infection but had high concentration of scars on his 
chin, cheeks, and nose. He was far from the only his-
torical figure to contract smallpox; Mozart, Beethoven, 
Queen Elizabeth I, Mary Shelley, George Washington, 
Abraham Lincoln, Queen Mary II of England, Emperor 
Joseph I of Austria, and Tsar Peter II of Russia all had 
the disease (3).

The mean incubation period for smallpox is 10–12 
days. The prodromal phase (2–3 days) is characterized 
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Jean-Antoine Houdon (1741–1828), Terre cuite marble bust of Honoré-Gabriel Riqueti, comte de Mirabeau (1749–1791), élu du 
Tiers-État aux États-Généraux de 1789, 1791. Height, 0.537 m; length, 0.385 m; width, 0.347 m. Total height including polychrome 
marble pedestal, 0.67 m. Louvre-Lens, Galérie du Temps, Lens, France. Photograph by Andreas G. Nerlich.
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by severe headache, backache, and fever, all begin-
ning abruptly. Enanthema over the tongue, mouth, 
and oropharynx might precede the rash. The rash has 
a centrifugal distribution beginning as small, reddish 
macules, which become papules (2–3 mm) and then 
vesicles (2–5 mm). The lesions occur first on the face 
and extremities but gradually cover the body. Pustules 
(4–6 mm) develop ≈4–7 days after the onset of the rash 
and remain days to weeks, followed by umbilication 
and crusting. A second, less pronounced temperature 
spike might occur 5–8 days after the onset of the rash, 
especially if the patient has a secondary bacterial infec-
tion. The crusts begin separating by the second week 
of the eruption. Smallpox lesions have a peripheral 
or centrifugal distribution and are generally all at the 
same stage of development. Lesions on the palms and 
soles persist the longest. Death from smallpox is as-
cribed to sepsis, associated with immune complexes, 
and to hypotension (4,5).

Both variola virus (the cause of smallpox) and 
vaccinia virus (used in smallpox immunization) are 
associated with ocular complications, including eye-
lid and conjunctival infection, corneal ulceration, dis-
ciform keratitis, iritis, optic neuritis, and blindness (6). 
About 5%–9% smallpox patients developed ocular 
complications (7,8).

That Mirabeau had smallpox is confirmed by doc-
umentary sources (1), and further corroborated by the 
1791 terre cuite marble bust by Jean Antoine Houdon 
(1741–1828) that appears on the cover of this issue of 
Emerging Infectious Diseases. Houdon meticulously re-
produced the pockmarks while making the cast of Mi-
rabeau’s face on the day he died (April 3, 1791) (1,2). 
Pockmarks were also represented in a hard-paste bis-
cuit porcelain bust by Claude-André Deseine (1740–
1823), circa 1791–1792. However, no pockmarks were 
represented in a 1789 portrait by Louis XVI’s pastel-
list, Joseph Boze (1745–1826) (Figure). This omission is 
not uncommon because facial smallpox undoubtedly 
posed an aesthetic challenge for both literati and paint-
ers or sculptors (9).

Smallpox was considered a doubly cruel disease, 
terrifying its victims and leaving survivors perma-
nently disfigured, and was sometimes viewed as a 
providential collective sin (as written in several ele-
gies) (9). Smallpox was not considered ”a provisional 
sin but was historically seen and interpreted as punish-
ment from God, attributed to sin and moral failings, 
particularly during periods of violent and widespread 
epidemics” (9). Therefore, artistic license was often 
used when public persons such as Mirabeau were 
represented (9). Although Boze did not represent Mi-
rabeau’s scars in his pastel, he did represent bilateral 

upper and lower lid ciliary madarosis (10,11), which 
manifests in several systemic illnesses, including en-
docrinopathies, infectious diseases, genetic abnormali-
ties, and some autoimmune disorders (10,11).

During the 18th Century, ≈50,000–80,000 persons 
in France and 25,000–30,000 in England died from 
smallpox each year (12–14). Those figures also hold true 
for other countries and regions, which meant smallpox 
showed comparable mortality rates to plague, at least 
during outbreaks of the respective diseases (12–14).

Smallpox was the first infectious disease prevented 
by targeted (active) immunization, when Edward Jen-
ner used a mild, benign cowpox in 1796 (15). However, 
cowpox might have been used to prevent smallpox in 
ancient India and, somewhat later, in China (16). In 
Europe, lay variolation was performed in England by 
Lady Mary Wortley Montague in 1727 (17) and by Jo-
han Williamson, who administered smallpox inocula-
tions for ≈3,000 patients during the late 18th Century 
(18); it was also practiced in Germany, in 1767, by Franz 
Heinrich Meinolf Wilhelm (19). However, variolation 
encountered initial resistance and skepticism from the 
population. The work of figures such as Voltaire and 
Catherine II of Russia mobilized the support of influ-
ential nobles to overcome hesitation (20). Variolation 
gained renewed popularity in Europe during the 1760s 
with the rise of the Sutton method (21), but that effort 
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Figure. Joseph Boze (1745–1826), Portrait of Honoré Mirabeau, 
1789. Pastel on paper, 64.4 cm × 53.5 cm.  Château de Versailles, 
Versailles, France. Photograph by Franck Raux.
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came too late for the young Mirabeau, who contracted 
smallpox in 1751.

After Jenner’s publication (15), vaccination was 
rapidly adopted globally. In France, vaccination was 
introduced in 1800. Rapid spread of vaccination pro-
grams throughout the world took place, and vaccina-
tion was strongly promoted in France by Napoleon 
Bonaparte, preventing troop losses in his army. In ad-
dition to massive vaccination campaigns in the 20th 
Century, development of a strategy involving surveil-
lance and containment effectively led to the eradication 
of smallpox by 1980 (22). Without a natural reservoir, 
variola virus has since existed only in laboratories; 
indeed, the last case of smallpox resulted from infec-
tion acquired in a laboratory in the United Kingdom in 
1978. Today, only the United States and Russia retain 
variola virus isolates (23,24).

Despite smallpox eradication, the threat from re-
lated viruses remains, and a very low probability of 
an accidental smallpox virus release exists; such an 
event could have serious consequences for modern 
populations, which largely lack immunity. The basic 
reproduction number (the average number of second-
ary infections generated by each infected person) for 
smallpox in contemporary populations has been esti-
mated at 3–6 (25).

A further potential issue is the risk for outbreaks 
or pandemics caused by other orthopoxviruses that 
can be transmitted to humans, such as camelpox, cow-
pox, and monkeypox virus. The ongoing international 
outbreak of monkeypox virus has led to a declaration 
of a public health emergency by the World Health Or-
ganization (26). Continued global circulation poses a 
risk for spillover into new zoonotic reservoirs, which 
would make managing the virus more difficult. Strict 
global regulation and cooperation is needed to prevent 
and control such threats.
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Article Title
Emergence of Clade Ib Monkeypox Virus—Current State of Evidence

CME Questions
1. Which of the following clades of monkeypox virus 

(MPXV) resulted in the global outbreak noted in 
2022 to 2023?

A. Clade I
B. Clade II
C. Clade III
D. Clade IV

2. Which of the following statements regarding 
comparisons between clade I and clade II of MPXV 
in the current study is most accurate?

A. Clade I is associated with lower case-fatality rates
B. Clade I is associated with less severe disease
C. Clade I is associated with infections among persons 

aged ≥50 years 
D. Clade I is associated with greater nonsexual 

transmission among humans

3. Which of the following statements regarding 
vaccination against MPXV is most accurate? 

A. Smallpox vaccines can no longer be applied to 
prevent mpox

B. Modified Vaccinia Ankara-Bavarian Nordic (MVA-BN) 
is >95% effective in the prevention of clade II mpox

C. Currently available vaccines require just 1 dose
D. MVA-BN is currently being employed in Africa to 

prevent clade I mpox

4. Which of the following statements regarding 
tecovirimat is most accurate?

A. It should not be combined with other antiviral agents
B. It has been associated with the development of 

resistance after prolonged treatment
C. It has been highly effective in resolving mpox due to 

clade I MPXV
D. It has been highly effective in resolving mpox due to 

clade IIb MPXV
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Article Title
Scheffersomyces spartinae Fungemia among Pediatric Patients, Pakistan, 2020–2024

CME Questions
1. Which of the following statements regarding 

Scheffersomyces spartinae is the most accurate? 
A. It is found in dry soil 
B. It generally will die when temperatures drop  

below 10 °C 
C. It only thrives in environments with pH below 7 
D. It has not been considered an infectious agent  

among humans 

2. What was the approximate median age of patients 
with positive cultures for S. spartinae in the 
current study? 

A. 19 days 
B. 4 months 
C. 6 years 
D. 16 years 

3. S. spartinae demonstrated resistance to which  
of the following antifungal classes in the  
current study? 

A. Amphotericin 
B. Azoles 
C. Echinocandins 
D. None of the above 

4. Which of the following statements regarding 
genetic studies of S. spartinae in the current study 
is the most accurate? 

A. Only 1 clade was identified 
B. There was a large degree of genetic variability  

among isolates 
C. Isolates were diverse across time and geographic 

location 
D. There was no co-circulation of independent lineages 

in particular locations
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