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Interest in global health has increased in the 21st 
Century, driven by new challenges to health se-

curity, as well as the need for intensified responses 
to older concerns such as HIV/AIDS (1). Epidemics 
and pandemics such as Ebola and COVID-19 attract-
ed extensive media coverage and disrupted whole 
societies. Philanthropic and civil-society organiza-
tions increasingly influence policies and programs, 
universities have expanded global health research 
and teaching, and the authority of traditional play-
ers—governmental agencies and multilateral or-
ganizations—has been challenged. Social media’s 
relentless expansion has broadened awareness but 
also spread misinformation.

Despite this greater attention, the discipline of 
global health is difficult to define, its boundaries are 
uncertain, priority setting is unclear, and governance 
is controversial. Humpty Dumpty’s comment that a 
word can mean whatever he wanted it to mean could 

apply to the term global health (2). Some might argue 
this lack of clarity does not matter, provided quality 
work gets done; such imprecision, however, can neg-
atively influence understanding and communication 
around health in the world, funding decisions, align-
ment between health needs and programs, and re-
search prioritization. A discipline without definition 
cannot articulate a philosophic, technical, or moral 
basis and risks losing cohesion of its community and 
respect for its scientific value.

Defining a future vision for global health is 
timely as the world considers requirements after the  
COVID-19 pandemic and assesses progress toward 
the United Nations 2030 Sustainable Development 
Goals (3). Tension has emerged in the potentially 
competitive quests for global health equity and global 
health security; recent experience showed the Global 
North (high-income countries, mostly of the North-
ern Hemisphere) turning inward in response to glob-
al epidemics. This article examines the origins and 
meaning of the concept of global health, discusses 
some of its contradictions and inconsistencies, and 
proposes some considerations for the future.

Defining Global Health
Today’s global health is essentially whatever the 
Global North characterizes as such. Global health 
currently focuses on diseases, mostly infectious, of 
the Global South (countries not defined as high-in-
come, mostly in the Southern Hemisphere), includ-
ing HIV/AIDS, malaria, and respiratory and diar-
rheal diseases of childhood. Most practitioners who 
consider global health their prime discipline are from 
the Global North, funded by northern governmen-
tal and nongovernmental agencies, universities, and 
philanthropic organizations (4). Professionals from 
the Global South rarely self-identify as global health 
specialists, and they do not lead research or imple-
mentation in the Global North. Priorities, funding, 
and activities are not well aligned with today’s global 
burden of disease and trends. Decisions about glob-
al health program and research funding are mostly 
made in the Global North, with limited involvement 
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Despite earlier attempts to define global health, the disci-
pline’s boundaries are unclear, its priorities defined more 
by funding from high-income countries from the Global 
North than by global health trends. Governance and re-
source allocation are challenged by movements such as 
decolonizing global health. Inherent contradictions within 
global health derive from its historical evolution from tropi-
cal medicine and international health, as well as recent 
trends in infectious diseases. Demographic, socioeco-
nomic, and epidemiologic transitions, including the rise 
in noncommunicable diseases, have eroded the concept 
of a binary world of developed and developing countries. 
Competitive tension has emerged between aspirations for 
global health security and health equity. Dominant prin-
ciples should focus on vulnerable populations, transna-
tional challenges such as migration and climate change, 
appropriate prevention and care, and epidemic prepared-
ness and response capacity. As the 2030 target date for 
the United Nations Sustainable Development Goals ap-
proaches, reconceptualization of global health is required, 
or the discipline risks losing identity and relevance.
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of the Global South. Today’s global health is not truly 
global, and it is neither representative nor democratic.

Origins and History of Global Health
In an influential paper in 2009, Koplan et al. attempt-
ed to define global health (5). The discipline evolved 
from earlier approaches to health in the world, from 
tropical medicine and then international health. Geo-
political and health events over the late 20th Century 
drove the evolution toward global health, but ambi-
guity and inherent contradictions have remained.

Tropical medicine developed in the late 19th and 
early 20th Centuries in response to health needs of 
European colonizing powers and their constituents. 
Specialized schools were established in Liverpool, 
London, and Antwerp, focusing on infectious, pre-
dominantly parasitic, diseases related to the tropical 
environment. West Africa was called “the white man’s 
grave” because so many colonialists died from malaria 
and other epidemic-prone diseases. Control of sleeping 
sickness in the Democratic Republic of the Congo up 
to the time of independence illustrated the efficacy as 
well as the rigidity of some colonial interventions (6). 
Missionaries and militaries were players in the practice 
of tropical medicine. The United States, not a classic co-
lonial power, contributed through efforts such as Wal-
ter Reed’s research on yellow fever and early programs 
supported by the Rockefeller Foundation (7).

Although tropical medicine has receded as a 
guiding concept (8), it spawned a modern movement 
focused on neglected tropical diseases, diseases that 
affect the poorest in the Global South (9). Contribu-
tions from the tropical medicine era continue to in-
form scientific understanding and modern infectious 
disease control. Traditional schools of tropical medi-
cine identify themselves today as global health insti-
tutions but have retained their old names because of 
their brand value.

The second half of the 20th Century saw 2 trends, 
independence of the former European colonies and a 
reduced burden of infectious diseases, at least in the 
Global North. An overly optimistic interpretation was 
that infectious diseases were vanquished (10). Tropi-
cal medicine became an obscure interest, dominated 
by clinical parasitology. The early postindependence 
world was divided into developed and developing 
countries, with the former providing development 
aid to the latter.

International health emerged and focused on ma-
ternal and child health, nutrition, family planning, 
and population control for the developing world. 
Health activities were peripheral to development 
funding that emphasized agriculture and, to a lesser  

extent, education. Health ministries in the Global 
South were generally weak and of low visibility, espe-
cially compared with countries’ ministries of finance 
(11). The priority of the World Health Organization 
(WHO) was primary healthcare, as documented in 
1978 in the Declaration of Alma Ata (12).

Advocacy and programs addressed disparities in 
maternal and child mortality (13). International health 
saw a binary world in which health assistance offered 
by rich countries to poor countries emphasized cost 
effectiveness; for such countries, a lower standard 
of interventions, prioritization of community health, 
and little support for complex individual care were 
tacitly accepted.

International health could nonetheless claim suc-
cesses. The eradication of smallpox was achieved 
largely through collaboration between agencies with 
international reach (principally WHO, Centers for 
Disease Control and Prevention, and US Agency 
for International Development) and countries of the 
South (14). Leadership from the Global North pro-
vided political and financial support for reproductive 
health, education and empowerment of women, and 
child survival (15,16). Mortality rates among children 
<5 years of age (under-5) and maternal deaths slowly 
reduced, despite enormous disparities; still today, 
sub-Saharan Africa and South Asia contribute more 
than half of all childhood deaths worldwide (17).

It was not traditional health challenges that 
promoted the concept of global health, but develop-
ments in other infectious diseases. Identification of 
Ebola virus in 1976 followed descriptions of Lassa 
and Marburg viruses in the 1960s (18–20). Recogni-
tion of AIDS in 1981 demonstrated the threat posed 
by emergence of unknown infections (21). The in-
teraction between HIV and tuberculosis (TB) (22), 
along with the spread of multidrug-resistant TB, 
led WHO to declare TB a global emergency in 1993 
(23,24). WHO established its first AIDS program 
in 1986 under the leadership of the late Jonathan 
Mann (25). The Special Programme on AIDS was 
later renamed the Global Programme on AIDS; 
its acronym, GPA, became synonymous with the 
world’s response to the AIDS pandemic and was 
probably the first entry of the term “global” into 
widespread public health use.

Global Health in the Modern Era
Several influential documents were published in 
the early 1990s in the face of worrying infectious 
disease trends. The World Bank devoted its annual 
report in 1993 exclusively to health (11); it asserted 
that ill health was an impediment to the economic  
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development of lower-income countries and that 3 
diseases, AIDS, TB, and malaria, were disproportion-
ately restricting development in sub-Saharan Africa. 
It also argued for increased investment in appropriate 
clinical services such as for trauma and obstetric care, 
a conceptual shift from international health’s general 
avoidance of curative or individual care.

The importance of emerging and reemerging 
infectious diseases was emphasized in publications 
from the Institute of Medicine (today the National 
Academy of Medicine of the National Academies of 
Science) (26) and CDC, including launch of a new sci-
entific journal (27,28). Earlier opinions (10) that infec-
tious diseases were no longer relevant were rejected 
as evidence mounted of new, newly recognized, re-
surgent, and drug-resistant infections. More than any 
other disease, HIV/AIDS drove development of the 
concept and practice of global health.

Demographic analyses over the 1990s showed 
that countries in East and southern Africa were ex-
periencing major losses of life expectancy because 
of AIDS (29), raising concern that generalized HIV 
epidemics would engulf West Africa and the vast 
populations of Asia. The link between HIV and 
worsening TB trends was increasingly evident. The 
uncontrolled AIDS pandemic, its multisectoral im-
pact, and skepticism about WHO’s effectiveness 
led to the creation of the Joint United Nations Pro-
gramme on HIV/AIDS (UNAIDS), the first instance 
of a multilateral body established to address a sin-
gle disease (30).

The 1996 International AIDS Conference in 
Vancouver, British Columbia, Canada, represented 
a watershed moment in science but also in advoca-
cy. Combination antiretroviral therapy (ART) was 
shown to reverse immune deficiency and save lives 
(31); activists and other commentators immediately 
noted the inequity of drugs available in the Global 
North but not in the Global South, where the AIDS 
burden was highest. Patent protection, pharma-
ceutical profits, drug prices, generic medications, 
flexibilities under the TRIPS Agreement, and access 
to care became topics of passionate debate within 
health circles. Four years later, the biannual confer-
ence held in Durban, South Africa, gave many of 
the thousands of international delegates their first 
exposure to realities in Africa, against a backdrop 
of AIDS denialism by the country’s president and 
fierce and eloquent activism from civil society (32). 
AIDS now represented not only a health crisis but 
also a political one of international dimensions. 
Health had evolved from a development issue to a 
geopolitical concern.

Increased Global Health Funding and  
Changing Epidemiology
In the early 21st Century, discussions of global health 
moved to the highest levels of political leadership 
(30,33). UN Secretary General Kofi Annan called for a 
war chest to combat disease in Africa. The UN-spon-
sored Millennium Development Goals defined 3 health 
goals: child survival; maternal mortality; and AIDS, TB, 
and malaria (34). The years 2002 and 2003 saw launch 
of the Global Fund, WHO’s 3x5 initiative (35), and the  
US President’s Emergency Plan for AIDS Relief  
(PEPFAR) (36), as well as the President’s Malaria Initia-
tive (PMI) (37). Funding discussions were now about  
billions, not millions, of dollars for health assistance.

Development assistance for health, excluding 
funding for COVID-19, was almost $46 billion in 
2021. Whereas this amount was vastly more than 
in previous decades, it still represented <1% of the 
world’s total health expenditures and less than one 
third of health spending in the poorest countries (4). 
Development assistance for health, which broadly 
corresponds to the Global North’s conceptualization 
of global health, is now a small proportion of current 
health spending overall. Most health funding in the 
Global South today comes from countries and their 
own populations.

Before COVID-19, approximately one third of 
assistance went to HIV/AIDS, TB, and malaria and 
another one third to maternal, neonatal, and child 
health. This funding has undoubtedly yielded results; 
the under-5 mortality rate, for example, is less than 
half what it was in 2000, and more than three quarters 
of all persons living with HIV are now accessing ART. 
Nonetheless, despite continued need in these areas, 
development assistance for health is not matched to 
the changing health trends of today’s world.

Infectious diseases are no longer the world’s lead-
ing cause of death; overall, three quarters of the ≈60 
million deaths annually are from noncommunicable 
diseases (38). AIDS, TB, and malaria contribute <5% 
of global deaths. Inadequate attention is given in the 
Global South to structural interventions addressing 
risk factors such as tobacco use and overconsumption 
of salt and sugar. WHO has an ambitious agenda for 
tackling the noncommunicable disease pandemic, de-
voting high-level meetings at the United Nations to 
the topic (39,40); however, <2% of development as-
sistance for health addresses that increasing burden 
in low- and middle-income countries (4).

Reinterpreting Global Health
Health in the world has changed. The 21st Century 
has witnessed better understanding and lessening 
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of the AIDS crisis; severe, widespread infectious 
disease epidemics, especially from different vi-
ruses such as Ebola, dengue, chikungunya, yellow 
fever, SARS, and others; the influenza (H1N1) and  
COVID-19 pandemics; improved child survival and 
life expectancy; and relentless increase in the bur-
den of noncommunicable diseases (41). Conceptual 
shifts include increased recognition of intercon-
nected global vulnerability to infectious diseases 
and other health shocks; emergence of new, transna-
tional challenges to health, such as climate change; 
and realization that countries are more similar than 
different in our changing world.

Earlier division of the world into the “us and 
them” of developed and developing countries no lon-
ger holds. As the concept of global health was matur-
ing, the World Bank introduced a stratification of na-
tional economies into high-income, middle-income, 
and low-income countries (with middle divided into 
upper- and lower-middle). In the last century, dis-
parities in wealth were greatest between the Global 
North and Global South. Today, enormous disparities 
in wealth exist within countries, and most poor per-
sons in the world live in countries no longer consid-
ered low income. Geopolitics also evolved after the 
Cold War; countries of the Global South are more ac-
tive and independent on the world stage. Multilateral 
agencies established after World War II to deal with 
reconstruction or population displacement seem in-
creasingly maladapted to changed realities.

Everywhere, health and demographic transitions 
are contributing to improved child survival, lower 
fertility, higher life expectancy, reduced infectious 
disease burden, and increased “lifestyle” diseases 
that result from socioeconomic developments and 
commercial forces. Although such transitions are 
unequally distributed and widely staggered in time, 
countries are essentially on the same demographic 
and health trajectories toward safer, longer, healthier, 
yet still finite lives (42). Such a synthesis necessarily 
overlooks stubborn disparities. Simplification should 
not obscure local or regional epidemiology such as 
persistent HIV epidemics in sub-Saharan Africa, sta-
ble malaria in specific settings, or high rates of TB in 
certain populations.

Two exceptions limit those generalizations. First, 
in the very poorest countries, infectious diseases re-
main disproportionately high, especially neonatal 
conditions, lower respiratory infections, diarrheal 
diseases, and malaria (38). Second, there are those 
countries that the Global Fund characterizes as chal-
lenging operating environments, threatened by con-
flict, mismanagement, or other manmade or natural 

disasters (43). In such contexts with failing or disrupt-
ed health systems, traditional health assistance and 
humanitarian support remain priorities, and health 
trends may stagnate or reverse.

Global Health Beyond the Sustain-
able Development Goals
Our current situation is of health assistance that is 
mismatched to disease burden, combined with lurch-
ing, reactive funding to predictably unpredictable ep-
idemics. Comprehensive discussion of overall global 
health priorities, irrespective of funding sources, is 
lacking. The memory and lingering consequences of 
COVID-19 have elevated the importance of political, 
technical, legal, and financial aspects of pandemic 
preparedness (44), but those factors constitute only 
one element of global health. Similarly, reinterpreta-
tion of global health should not preclude funding for 
prior, unfinished priorities.

The first requirement is clarity on philosophic 
principles and ambitions. Protection of human rights 
and recognition of vulnerability are fundamental. So-
cial justice, a fair distribution of the benefits and bur-
dens of society, and respect for human dignity must 
be guiding principles, all aiming to reduce disparities 
in health and well-being. Global health should focus 
on issues that are transnational, cross borders, af-
fect multiple countries, and cannot be addressed by 
one nation alone. Containment of epidemic-prone 
infectious diseases, with all the requirements from 
diagnostic capacity to health commodities such as 
vaccines, is an example that combines the search for 
equity as well as security. Applied to both health and 
security, equity means the same outcomes irrespec-
tive of different investments required.

The evolving crises of climate change and migra-
tion offer other examples of transnational challeng-
es. Noninfectious threats such as global warming or 
conflict-driven population displacement exemplify 
the unequal vulnerability of certain populations. 
Another area of preventable illness and deaths for 
global health is that related to violence and injuries, 
intentional as well as unintentional, extending from 
physical conflict to adverse road traffic and occupa-
tional events.

Global health must champion the needs of the 
disadvantaged, which includes the poor, the dis-
abled, and the marginalized, such as sex workers, 
prisoners, persons with substance use disorders, the 
elderly, migrants, and other socially excluded groups. 
Global health is necessarily political, needing to ad-
dress structural risk factors and social and economic 
determinants that drive ill health. Approaching such 
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causes of the causes of disease may engender contro-
versy that is best met head-on by commitment to basic 
principles, strong science, and clear communications.

Global health must act with the speed of rele-
vance, greater than that often observed in traditional 
health diplomacy, and with a technical emphasis on 
implementation science. Health systems, national 
public health institutes, universal health coverage, 
and benefits and weaknesses of horizontal versus ver-
tical interventions will remain topics of debate (1,45). 
Laboratory, diagnostic, data management, and ana-
lytic capacity are currently inadequate and unequal. 
Access to increasingly important advances in infor-
matics, artificial intelligence, and genomics must be 
assured globally.

The essentials of global public health systems are 
relevant to all countries and populations. Defining 
frameworks assists in drawing boundaries for global 
health and identifying priorities. Potential approach-
es are to dissect health requirements by life stages; 
viewing health through a prism of development, se-
curity, and public health (1); or prioritizing topics rel-
evant to the global community, rather than to just an 
individual country (Table).

A life-stage approach could accommodate de-
mographic changes occurring throughout the world. 
Younger nations, for example, face a youth bulge re-
quiring investment in youth-friendly services, pre-
vention of injuries, and attention to mental illness, in-
cluding substance use, that has its highest incidence 
in younger age groups. By contrast, countries with 
aging populations need to address challenges such 
as neurodegenerative conditions, frailty, multisystem 
disease, and need for social care.

The framework of development, security, and 
public health offers lenses through which to analyze 
global health. Nutrition, secure food supplies, and re-
productive health services are core issues for devel-
opment. Epidemic and pandemic response capacity, 
strengthening One Health approaches (46), and ad-
dressing migrant health are essential to security. In-
terventions mediating health effects of climate change 
or expanding access to preventive and treatment ser-
vices for noncommunicable diseases promote public 
health worldwide. Re-envisioning global health must 
continue to address uncompleted objectives; mil-
lions of persons, for example, remain dependent on  
PEPFAR for access to lifesaving medications.

Governance, Funding, and Historical Legacies
Any discussion of global health requires consider-
ation of funding and governance. WHO remains the 
fulcrum for formulating global health policy, but 

the agency is often far removed from programmatic 
funding and field realities. The COVID-19 pandemic 
showed that what mattered most for pandemic con-
tainment was strength and resiliency of systems, 
national and local leadership, and social cohesion. 
Within such parameters, development assistance 
for health represents a small contribution to overall 
health requirements. If, like politics, all public health 
is local, all global health must be national.

Recent years have witnessed calls in the Global 
North for diversity, equity, and inclusion and emer-
gence of sociopolitical movements such as Black Lives 
Matter and #MeToo. Appeals for decolonization of 
historic museums and statues have extended to de-
velopment assistance and global health itself (47–49). 
Decolonizing also lacks a clear definition; interpreta-
tions range from total rejection of current geopoliti-
cal and economic systems to more modest shifts in 
decision-making authority.

The “decolonizing global health” movement 
links global health back to tropical medicine and its 
origins, including the fact that prestigious institutes 
were established with funds derived from colonial-
ism and some of its abuses (50; D. Molyneux, unpub. 
data, lecture to the Liverpool Medical Institution, 
“The Liverpool School of Tropical Medicine: Role 
in the Development of Tropical Medicine”). Despite 
controversial aspects only clarified retrospectively, 
tropical medicine provided fundamental knowledge 
for today’s neglected tropical disease control efforts, 
parasitology, medical entomology, arbovirology, and 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 1, January 2025 5

 
Table. Essentials for global public health in a One Health 
approach* 
Elements of public health 
Resilient health systems, governance, and financing 
Epidemiologic surveillance and response capacity 
National public health institutes 
Health research capacity 
Expertise in public health law 
Neonatal and child health services 
Maternal health services 
Clinical services 
Sexual and reproductive health services 
Control of infectious diseases, including One Health and 
vaccination services 
Nutrition and food safety 
Water, sanitation, and hygiene 
Air quality 
Migrant health services 
Mental health services, including for substance use and addiction 
Occupational safety and health 
Injury prevention and control, including transportation safety 
Environmental health 
Health mitigation of climate change 
General health promotion and education 
*One Health is an integrated, unifying approach that aims to sustainably 
balance and optimize the health of people, animals and ecosystems.  
Source: World Health Organization. https://www.who.int/health-topics/ 
one-health 

 

http://www.cdc.gov/eid


PERSPECTIVE

much else. Assuring a just and better future influ-
enced by necessary evaluations of a past we cannot 
change requires judgment.

Issues at stake today include global health lead-
ership, priority setting, funding, and management 
of health research and programs in low- and mid-
dle-income settings. “Blowing everything up” risks 
overall disruption and interruption of care and 
programs for vulnerable populations. Understand-
ably, taxpayers in the Global North will continue 
to expect accountability for use of development 
assistance funds. To some proponents, however, 
evolution toward greater fairness and inclusion 
seems slow and inadequate, and questions of pow-
er and trust must be addressed. If global health is 
to be global and inclusive, power cannot remain 
held exclusively in the Global North; broader 
trust lost during the COVID-19 pandemic needs to  
be regained.

Conclusions
The discipline of global health is at an inflection point. 
It must refashion itself to ensure health security as 
well as delivery of services for the health trends of the 
coming decades, all in a spirit of solidarity and fair-
ness. If not, global health risks eroding in relevance 
as a discipline and overarching health concept in an 
altered world. Such was the fate of tropical medicine. 
With the Sustainable Development Goals end date 
approaching, there is no room for delay.

Despite recent backlash against globalization and 
its unforeseen negative effects, the genie of globalized 
public health risk and information access is well out 
of the bottle. Change in global health conceptualiza-
tion and implementation must be evaluated in real 
terms: disease and deaths averted, lives improved 
and prolonged. Our ultimate global health goals are 
security and also equity. Global health is what we as 
a global community can and must do for our world to 
be safe as well as healthy.
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Septic arthritis is a serious infectious disease caused 
by invasion of microorganisms (most commonly 

bacteria) into the synovial membranes and result-
ing in purulent joint effusion. It constitutes a medi-
cal emergency and is associated with high morbidity 
and mortality rates (1–4). In industrialized countries, 
the annual incidence of proven or probable septic ar-
thritis is ≈4–10 cases/100,000 general population but 
among persons with rheumatoid arthritis or other 
underlying joint disease is significantly higher (30–70 
cases/100,000 population) (1–4). The increased preva-
lence of septic arthritis over recent decades might be 
associated with population aging, wider use of im-
munosuppressive drugs, and the growing number of 
invasive orthopedic and prosthetic procedures (1–4).

The pathogen most frequently involved in sep-
tic arthritis is Staphylococcus aureus, followed by 
Streptococcus spp. (mainly β-hemolytic streptococci 
and, more rarely, viridans streptococci) (2–5). How-
ever, 0.6%–5.0% of cases are caused by Streptococcus 
pneumoniae (4,6–15), a common cause of community-

acquired pneumonia, otitis, sinusitis, and invasive 
diseases, especially among persons <2 or >65 years of 
age and among patients with underlying conditions 
(13,16). Invasive pneumococcal disease (IPD) is a ma-
jor public health problem; reported annual incidence 
is 7–97 cases/100,000 adult population (13).

Key tools in the clinical management of IPD are 
antimicrobial therapy and vaccination. Because of 
increased antimicrobial resistance, pneumococcal 
vaccination is becoming a major public health issue 
(17–22). Two types of pneumococcal vaccine are rec-
ommended for adults with underlying conditions: 
a 23-valent pneumococcal polysaccharide vaccine 
(PPV23) and a 13-valent pneumococcal conjugate 
vaccine (PCV13). Use of PCVs has reduced the bur-
den of pneumococcal diseases and led to a signifi-
cant decline in vaccine serotypes in IPD across all 
age groups. However, the incidence of IPD is still 
high, which might result primarily from serotype 
replacement (21,22). In some countries, age-based 
guidelines for pneumococcal vaccination have been 
issued for persons >65 years of age (16). During 
June 2010–2023, public health authorities in France 
recommended that for adults at risk for IPD (im-
munocompromised patients, including recipients of 
solid-organ or hematopoietic stem cell transplants, 
patients with AIDS, and patients with chronic kid-
ney disease or diabetes mellitus), a dose of PCV13 
should be followed by a dose of PPV23 (23–25) (Ta-
ble 1). In July 2023, PCV20, which contains 7 more 
serotypes than PCV13, was authorized in France. 
Because those serotypes are also in PPV23, PPV23 
is no longer recommended (26). Of note, a 21-valent 
pneumococcal conjugate vaccine, which covers sero-
types not yet covered by any other vaccine, has also 
been recently licensed (27).

To determine the clinical and microbiological 
characteristics of pneumococcal septic arthritis, we 
retrospectively studied a large series of cases among 
adult patients during the 2010–2018 conjugate vaccine  
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Streptococcus pneumoniae infection is considered an 
uncommon cause of arthritis in adults. To determine 
the clinical and microbiological characteristics of pneu-
mococcal septic arthritis, we retrospectively studied a 
large series of cases among adult patients during the 
2010–2018 conjugate vaccine era in France. We iden-
tified 110 patients (56 women, 54 men; mean age 65 
years), and cases included 82 native joint infections and 
28 prosthetic joint infections. Most commonly affected 
were the knee (50/110) and hip (25/110). Concomitant 
pneumococcal infections were found in 37.2% (38/102) 
and bacteremia in 57.3% (55/96) of patients, and under-
lying conditions were noted for 81.4% (83/102). Mortal-
ity rate was 9.4% (8/85). The proportion of strains not 
susceptible to penicillin was 29.1% (32/110). Of the 55 
serotyped strains, 31 (56.4%) were covered by standard 
pneumococcal vaccines; however, several nonvaccine 
serotypes (mainly 23B, 24F, and 15A) had emerged, for 
which susceptibility to β-lactams was low.
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era in France. In accordance with the legislation on 
retrospective, observational studies of clinical prac-
tice in France, patients’ informed consent was not 
required. Our study was approved by the French 
National Data ProtectionCommission (reference  
CNIL 2217356v0).

Patients and Methods
During January 1, 2010–December 31, 2018, we con-
ducted a retrospective study of cases of pneumococcal 
septic arthritis (PSA) in adults (>18 years of age) re-
ported to 15 university hospital laboratories in France 
(all members of the Regional Pneumococcal Observa-
tories network). We defined cases of PSA as those in 
patients with a S. pneumoniae–positive culture from 
joint aspirates or biopsy samples, a pneumococci-
positive blood culture with purulent or inflammatory 
joint aspirates, or both. We used an anonymous form 
to retrospectively extract patients’ demographic and 
clinical characteristics (including age, sex, and under-
lying conditions), microbiological data, medical and 
surgical treatments, and outcomes (including death) 
from medical records.

Statistical Analyses
In a descriptive analysis, we expressed categorical 
variables as the frequency (percentage) and continu-
ous variables as the mean ± SD or the median (range), 
depending on data distribution. We analyzed data 
with the pvalue.io tool (Medistica, https://www.
pvalue.io), using χ2 and Fisher exact tests. We set the 
threshold for statistical significance at p<0.05.

Results

Population Characteristics
During the 9-year study period, 110 (3.1%) of the 
3,501 cases of IPD were ascribed to PSA; the propor-
tion increased slightly over time, albeit not signifi-
cantly (p = 0.26) (Figure 1). Of the 110 case-patients, 
56 were women and 54 men; mean ± SD age was 65.1 
± 14.6 (range 31–93) years. More than half (52.7%, n = 
58) of the patients were <65 years of age. On average, 
women (mean age 67.6) were slightly (but not signifi-
cantly) older than men (mean age 62.4 years; p = 0.06). 
The number of cases increased with patient age, and 
no patients were <30 years of age.

 

 
Table 1. National health authority guidelines on pneumococcal vaccination for adults at risk for pneumococcal disease, France* 
Characteristic 2017 guidelines 2023 guidelines 
Age ≥65 y No recommendation No recommendation 
Alcohol use 
Active smoking 
Immunocompromised patients: asplenia or hyposplenia, hereditary immune 
deficiency, HIV infection, solid organ transplant, hematopoietic stem cell, 
chronic autoimmune or inflammatory disease treated by immunosuppressive 
or biological drugs, nephrotic syndrome, or patients treated by chemotherapy 
for a solid tumor or hematologic malignancy 

1 dose of PCV13 
+ 

8 weeks later: 1 dose of 
PPV23 

+ 
5 years later: 1 dose of 

PPV23 
 

1 dose of PCV20 
 
 
 
 

Patients with chronic diseases: chronic respiratory disease, severe asthma, 
heart failure or cyanotic heart disease, renal failure, chronic liver disease, 
diabetes mellitus, osteomeningeal breach, or cochlear implant 
*PCV13,13-valent pneumococcal conjugate vaccine; PCV20, 20-valent pneumococcal conjugate vaccine; PPV23, 23-valent pneumococcal 
polysaccharide vaccine. 

 

Figure 1. Trends in the frequency 
of pneumococcal septic 
arthritis cases among adults 
as a percentage of all invasive 
pneumococcal disease cases, by 
year, France, 2010–2018. Blue 
line indicates actual values; red 
line indicates overall trend.

http://www.cdc.gov/eid
http://pvalue.io
https://www.pvalue.io
https://www.pvalue.io
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Clinical Characteristics
Native joint infections (NJIs) accounted for the high-
est proportion of cases (75%; n = 82), and prosthetic 
joint infections (PJIs) affected 28 (25%) patients (Table 
2). Patients with a PJI were significantly older (mean 
age 71.6 ± 13 years) than those with an NJI (62.8 ± 14.5 
years; p = 0.01). The most common signs/symptoms 
were pain (88.3%) and edema (45.8%). Fever affected 
only 26.7% of patients. The median diagnostic delay 
for PSA was 1 day (range 1–60 days).

Of the 110 patients, 94 had single-joint PSA and 
16 had PSA in >2 joints. Multiple-joint PSA was more 
common in patients with an NJI (93.7%; 15/16 pa-
tients) than a PJI (6.2%; 1/16 patients); p<0.01 and 
was more common among younger patients.

The most commonly involved joint was the knee 
(45.5%; 50/110 patients), followed by the hip (22.7%; 
25/110 patients) (Table 2). The hip was more com-
monly affected in patients with a PJI (57%, 16/28 
patients) than an NJI (11%, 9/82 patients; p<0.001), 

 
Table 2. Clinical, treatment-related, and prognostic characteristics of patients with pneumococcal septic arthritis, France, 2010–2018* 
Characteristic or finding Value 
Demographic  
 Sex  
  F 56/110 (50.9) 
  M 54/110 (49.1) 
 Age, y, mean  SD 65.1  14.6 
  >65 y of age 52/110 (47.3) 
Clinical variables  
 Pain 30/110 (27.5) 
 Pain + fever + edema 74/110 (67.9) 
 Native joint 82/110 (74.6) 
 Prosthetic joint 28/110 (25.4) 
 Single joint affected 94/110 (85.5) 
 Multiple joints affected 16/110 (14.5) 
Joints affected  
 Knee 50/110 (45.5) 
 Hip 25/110 (22.7) 
 Ankle 15/110 (13.6) 
 Spondylodiscitis 15/110 (13.6) 
 Wrist 10/110 (9.1) 
 Shoulder 8 /110 (7.3) 
 Sacroiliac joint 4/110 (3.6) 
 Elbow 1/110 (0.9) 
 Acromioclavicular joint 1/110 (0.9) 
 Pubic symphysis 1/110 (0.9) 
Concomitant infections  
 Bacteremia 55/96 (57.3) 
 Respiratory infection 29/102 (28.4) 
 Endocarditis 5/102 (4.9) 
 Meningitis 4/102 (3.9) 
Main medical risk factor  
 Hematologic malignancy 12/83 (14.4) 
 Diabetes 11/83 (13.2) 
 Alcoholism 8/83 (9.6) 
 Active smoking 8/83 (9.6) 
 Multiple myeloma 6/83 (7.2) 
 Solid cancer 6/83 (7.2) 
 Chronic kidney failure 6/83 (7.2) 
 Splenectomy 5/83 (6.0) 
 Heart disease 4/83 (4.8) 
 Rheumatoid arthritis 3/83 (3.6) 
 HIV 3/83 (3.6) 
Antimicrobial therapy, mean  SD duration, d  
 Duration of intravenous drug therapy 19.1 ± 15.2 
 Overall duration of antimicrobial therapy 54.1 ± 54.3 
Surgery  
 Joint drainage or lavage 44/86 (51.2) 
 Arthrotomy 13/86 (15.5) 
 Prothesis removal or replacement 16/26 (61.5) 
Outcome  
 Sequelae 9/82 (11) 
 Death 8/85 (9.4) 
*Values are no. cases/total no. (%) unless otherwise indicated. 
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and the knee was more commonly affected in patients 
with an NJI (48.8%, 40/82) than a PJI (35.7%, 10/28; 
p = 0.27), albeit not significantly (Figure 2). Spon-
dylodiscitis was diagnosed for 13.6% (15/110) and 
sacroiliac joint infection for 3.6% (4/110) of patients; 
acromioclavicular joint infection was observed in 1 
(1%) patient. Among the 16 patients with multiple-
joint PSA, infected sites included the wrist (n = 8), 
ankle (n = 7), shoulder (n = 5), and elbow (n = 1); 9 
(56%) of the 16 patients had either ankle or wrist and 
knee involvement. When considering the PSA site as 
a function of the patient’s sex, knee involvement was 
more common among men (53%) than women (39%) 
but not significantly (p = 0.16). Hip involvement was 
less common among men (17%) than women (29%) 
but not significantly (p = 0.28). PSA was more com-
mon among women (32%) than men (19%) but not 
significantly (p = 0.1).

Among the 96 patients for whom blood cultures 
were performed, bacteremia was found in 55 (57.3%). 
Bacteremia was significantly more common among 
patients with an NJI (87%; 48/55) than a PJI (13%; 
7/55; p<0.01), more common in knee joints (58%; 
32/55) than in hip joints (14.5%; 8/55; p<0.01), and 
more common among women (58%; 32/55) than men 
(42%; 23/55; p = 0.036). Bacteremia was more com-
mon among patients >65 years of age than among 
younger patients (Table 3).

We found that 37.2% (38/102) of patients for 
whom data were available had prior or concomitant 
pneumococcal infections; infections mainly affected 
the respiratory tract (28.4%; 29/102). Of 102 patients, 
5 (4.9%) had endocarditis and 4 (3.9%) had meningi-
tis; both conditions were more common among pa-
tients with multiple-joint PSA.

Underlying Conditions and Pneumococcal  
Vaccination Status
At least 1 risk factor was noted for 83 (81.4%) of the 
102 patients for whom data were available, and no risk 
factors were noted for 19 (18.6%) patients (p<0.0001). 
The underlying conditions were mainly hematologic 
malignancies (n = 12), diabetes (n = 11), solid cancers 
(n = 6), and chronic kidney failure (n = 6). Underly-
ing joint disease was documented for 3 patients, and 
alcoholism and active smoking were documented 
for 8 patients. Vaccination status data were avail-
able for 32 (29.1%) of the 110 patients, only 7 (21.8%) 
of whom had been vaccinated against pneumococci 
(PCV13+PPV23, n = 1; PPV23, n = 6).

Laboratory Findings
Joint aspirates or biopsy samples were obtained from 
109 patients, among whom all samples were inoculat-
ed into blood culture vials for 23 patients. Microscop-
ic analysis results were therefore available for only 86 
patients. For 81 (94.2%) joint aspirates, the leukocyte 
count was >10 × 109 cells/mm3 (range 10–320 × 109 
cells/mm3). Gram-staining results were available for 
78 (91%) of the 86 joint aspirate samples and revealed 
gram-positive cocci in 52 (67%).

Of the 109 samples, S. pneumoniae was the only 
isolated pathogen for 107 (98.2%). Pneumococcal 
bacteremia was detected in 55 (57.3%) of the 96 pa-
tients for whom peripheral blood samples had been 
obtained. S. pneumoniae isolates were recovered 
from joint aspirates or biopsy samples and periph-
eral blood cultures for 52 (54.2%) of the 96 patients. 
For 3 patients, a bacteriological diagnosis of PSA 
was based exclusively on the positive peripheral 
blood culture.

Figure 2. Distribution of pneumococcal joint infections in adults with pneumococcal septic arthritis, by joint and by sex, France, 2010–
2018. A) Native joint infections (n = 82); B) prosthetic joint infections (n = 28).
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The Alere BinaxNOW (Abbott Diagnostics, 
https://www.globalpointofcare.abbott) pneumococ-
cal urinary antigen (PUA) testing was performed for 
15% (17/110) of the patients and was positive for 11 
(64.7%). Of the 11 patients, 9 (81.2%) had bacteremia.

Antimicrobial susceptibility testing showed that 
29.1% (n = 32) of the 110 isolates tested had low-level 
resistance to penicillin (i.e., were penicillin-nonsus-
ceptible pneumococci [PNSP]), 7.3% (n = 8) had low-
level resistance to amoxicillin, and 2.7% (n = 3) had 
low-level resistance to third-generation cephalospo-
rins. No strain was categorized as having high-level 
resistance to any of the β-lactams.

Serotype data were available for 55 of the 110 
strains: 10 (18.2%) were covered by PCV13 (serotypes 
1, 3, 6A, 7F, 19A, and 19F), 32 (58.2%) were covered 
by PPV23 (mainly 8, 9N, 10A, 12F, and 22F), and 21 
(38.2%) were not covered by those vaccines (mainly 
23B, 24F, and 15A). Vaccination coverage for both 
PCV13 and PPV23 was 62%. Of the 55 serotyped 
strains, 16 (29.1%) were PNSP. Of those, 4 (25%) 
were covered by PCV13 and 5 (31%) were covered 
by PPV23; 10 (62.5%) were not covered by PCV13 or 
PPV23 (mainly 15A, 23B, 24F). Three serotypes (15A, 
19F, or 29) had low-level resistance to amoxicillin, 
and 1 isolate (serotype 1) had low-level resistance to 
third-generation cephalosporins (Figure 3).

Treatments and Outcomes
Of the 100 patients with available data, 94 (94%) re-
ceived a combination of 2 intravenous antimicrobial 
drugs, mainly amoxicillin (65%) or third-generation 
cephalosporins (24%) and gentamicin (24%) or le-
vofloxacin (22%). Those treatments were followed 
by oral amoxicillin (75%), levofloxacin (31%), or ri-
fampin (15%), alone or in combination. The mean 
duration of antimicrobial therapy was longer among 
patients with a PJI (94.5 days) than patients with an 
NJI (38.8 days; p<0.01). In addition to antimicrobial 
therapy, 63 (73%) of the 86 patients with available 
data underwent surgery. Of the 82 patients with an 

NJI, 47 (57.3%) underwent >1 surgical intervention 
(arthrotomy or joint drainage), and the prosthesis 
was removed or replaced for 16 (61.5%) of the 26 pa-
tients with a PJI (Table 2).

Sequelae such as mobility problems and chronic 
pain were noted for 11% (9/82) of patients with avail-
able data, one of whom with an NJI subsequently 
underwent amputation. The mortality rate was 9.4% 
(8/85 patients for whom data were available).

Discussion
Previous studies have reported that PSA accounted 
for 0.6%–5% of IPD in adults (4,6–15). Consistent with 
those findings, we found that the overall proportion 
of PSA to total IPD cases was 3%. That rate increased 
slightly over the study period; in contrast, the preva-
lence of IPDs has decreased in France and in most parts 
of the world because of conjugate vaccine pressure 
(21,22,28,29). The change has contributed to emergence 
of non-PCV13 serotypes and rebounded incidence of 
IPD among adults in several countries (22,28–31).

Among adults, IPDs are more frequently en-
countered in persons >65 years of age, persons with 
underlying conditions (e.g., hematologic malig-
nancies, diabetes, active smoking, and alcoholism) 
(13,16,17,32,33), or both. In our study, 97 (88%) of the 
110 patients were >65 years of age, had underlying 
conditions, or both. Almost half of patients (47.3%) 
were >65 years of age, a proportion lower than previ-
ously reported (62.5%–64%) (12,14). It has also been 
suggested that male sex may represent a risk factor 
for septic arthritis, including PSA (11,12,15,34). In our 
study, however, PSA was equally common among 
women and men.

In accordance with several previous studies (6–
8,10–12,14,35), we found that the most frequently af-
fected joint was the knee. In contrast to other studies 
in which the shoulder was the second most common-
ly affected site (7.8%) (6,7,9,11,12,15,36,37), we found 
the second most frequently affected joint to be the hip 
(22.7%). That discrepancy could be because PJIs were 

 
Table 3. Characteristics of patients with pneumococcal septic arthritis, by age, France, 2010–2018* 

Characteristic 
No. patients/no. with available data (%) 

p value Age >65 y, n = 52 Age <65 y, n = 58 
Underlying condition(s)  39/102 (38.2) 44/102 (43.2) 0.2 
Multiple-joint infection  3/16 (18.75) 13/16 (81.25) 0.018 
Prosthesis  18/28 (64.3) 10/28 (35.7) 0.06 
Bacteremia  31/55 (56.4) 24/55 (43.6) 0.03 
Penicillin-nonsusceptible pneumococcus  20/32 (62.5) 12/32 (37.5) 0.06 
Serotype    
 PCV13 + PPV23  17/34 (50) 17/34 (50) 0.3 
 Non-PCV13, non-PPV23  8/21 (38) 13/21 (62) 
Death  5/8 (62.5) 3/8 (37.5) 0.27 
*Boldface indicates statical significance (p<0.05). PCV13,13-valent pneumococcal conjugate vaccine; PPV23, 23-valent pneumococcal polysaccharide 
vaccine.  
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excluded in several published studies and because 
the frequency of PJIs (most of which were hip pros-
thesis infections) was higher in our study (25%) than 
that reported in other studies (13%) (7–10,12).

The proportion of patients in our study with 
spondylodiscitis (13.6%) was also higher than that re-
ported in the literature (0–6.4%) (6–8,10–12,14,35,38). 
The difference might be associated with the possible 
underdiagnosis of pneumococcal vertebral infections, 
as suggested by Suzuki et al. (38). Although a sig-
nificant intersex difference was not observed for PSA 
overall, PJIs were more common among women than 
men, which has been observed previously (39). The 
intersex difference probably results from the greater 
life expectancy for women than men in Western coun-
tries (40). Among adults, multiple joint infections are 
caused more commonly by S. pneumoniae than by 
other bacterial pathogens (8,9,37). In accordance with 
data in the literature (3,8,11,12,14,32), we found that 
multiple-joint PSA affected mostly native joints.

It has been reported that prior or concomitant 
pneumococcal infections (including meningitis and 
endocarditis) may be frequent (range 37.5%–67%) 
among patients with PSA (6–10,12,14,37). In our 
study, those infections were noted in 37.2% of pa-
tients; meningitis, endocarditis, or both were found 
in patients with a knee NJI or multiple-joint PSA. 
The proportion of patients with bacteremia (57.3%) 
in our study was in accordance with literature values 
(55%–100%) (3,5,6,8–11,14). However, in contrast to 2 
published studies (9,14) but in agreement with a third 
(32), we observed that bacteremia was more common 
among patients with an NJI than those with a PJI. The 
frequency of documented bacteremia emphasizes the 
value of obtaining blood cultures in addition to joint 
aspirates or biopsy samples before initiating antimi-
crobial therapy (9,14,37).

In our study, positive Gram staining (which leads 
to a rapid diagnosis and narrows the scope of empiri-
cal treatment) was noted for 67% and a positive cul-
ture was noted for 98% of patients. Our results are 
consistent with reports in the literature (5–10,14,37). 
In contrast, the sensitivity of the PUA was lower in 
our study than in the literature (41). The discrepancy 
might result from the fact that PUA testing was not 
performed for all patients but was perhaps also as-
sociated with changes in the distribution of the pneu-
mococcal serotypes (42,43). Indeed, sensitivity ap-
pears to vary among serotypes (e.g., from 33.1% for 
23B to 100% for 18C and 20) because of differences in 
C polysaccharide composition (42).

Most of the strains obtained from patients with 
PSA have been reported as being susceptible to 
β-lactams (6–10,35). In contrast, we found that 29% 
of the strains—mostly nonvaccine serotypes such 
as 23B, 24F, and 15A—had low-level resistance to 
β-lactams. Our results are consistent with those re-
ported in a single-center study performed in France 
during the same study period and in agreement 
with the overall proportion of PNSP among patients 
with IPD in France during 2010–2021 (27.2%–29.8%) 
(14,22). Indeed, in the PCV13 era, the proportion of 
PNSP is still high in France, and during 2010–2020, 
the proportion of PNSP among patients with IPD in 
the United States fell from 21% to 12% (44). Those dif-
ferences can be explained by geographic differences 
in serotype replacement (28,45–47) and in susceptibil-
ity to β-lactams (28,45).

Given the potential severity of septic arthritis, pa-
tients should be hospitalized for early diagnosis and 
prompt treatment (2). In our study, the median time 
from hospital admission to PSA diagnosis was 1 day, 
which is consistent with standard of care. However, 
the interval was often longer for patients with a PJI 

Figure 3. Streptococcus 
pneumoniae serotype distribution 
and β-lactam susceptibility in 
adults with septic arthritis, France, 
2010–2018. Boxes indicate 
serotype distribution within different 
vaccines. ANSP, amoxicillin-
nonsusceptible pneumococcus; 
CNSP, (third-generation) 
cephalosporin–nonsusceptible 
pneumococcus; PCV13,13-valent 
pneumococcal conjugate vaccine; 
PNSP, penicillin-nonsusceptible 
pneumococcus; PPV23, 23-valent 
pneumococcal polysaccharide 
vaccine; PSP, penicillin (β-lactam)–
susceptible pneumococcus.
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(median 2 days) or spondylodiscitis (6 days), which 
might result at least in part from the low specificity 
of the signs and symptoms. In our study, we found 
that amoxicillin and third-generation cephalosporins 
(alone or in combination) are most commonly used 
to treat PSA (6,7,10,48,49). To the best of our knowl-
edge, no high-quality, randomized, controlled stud-
ies of the optimal treatment duration for septic arthri-
tis have been performed. Thus, the current treatment 
guidelines are based on expert opinions. Although 
the optimal treatment duration for PJI is still subject 
to debate (32), 4 weeks of therapy are considered 
sufficient for uncomplicated PSA (6,8,48). It has also 
been suggested that 2 weeks of therapy may be ad-
equate for uncomplicated septic arthritis of the small 
joints, including PSA (15). In our study, NJIs always 
occurred in large joints (except for in 1 patient who 
had acromioclavicular arthritis), and the mean treat-
ment duration was ≈6 weeks. One can speculate that 
the course of antimicrobial treatment could be safely 
shortened for some patients. However, that specula-
tion remains to be confirmed because a lack of data 
and the small number of patients prevented us from 
establishing a correlation between occurrence of com-
plications and treatment duration. Antimicrobial 
therapy may be successful in the absence of drainage. 
However, the best treatment for septic arthritis is con-
sidered to be the combination of drainage and anti-
microbial therapy (1,5–10). In our study, arthrotomy 
and joint drainage were performed for patients with 
NJIs. For patients with PJIs, the prosthesis (mainly the 
hip) was removed or replaced, as is often suggested 
for patients with chronic prosthetic septic arthritis 
or septic arthritis caused by other bacteria, such as 
staphylococci (8,32,48,49).

The proportion of patients experiencing sequelae 
in our study (11%) was in accordance with propor-
tions reported elsewhere (11%–40%) (6,10,12). In the 
literature, the mortality rate for PSA ranges from 
19% to 35% (6,8,9), and the risk for death seems to be 
higher among patients with bacteremia and among 
patients >60 years of age (8). In our study, we found 
a lower mortality rate (9.4%), and we did not notice a 
difference in mortality rate as a function of the pres-
ence of bacteremia. However, the mortality rate was 
higher among patients >60 years of age and those 
with underlying conditions, consistent with previous 
reports (8,32). The mortality rate associated with PSA 
is known to be age-dependent, and the lower mortal-
ity rate in our study can be explained by the fact that 
more than half of our patients were <65 years of age.

In our study, most patients had not received 
pneumococcal vaccination (despite the presence of 

underlying conditions), and more than half of the 
strains isolated were covered by both PCV13 and 
PPV23. A recent study in France showed that the 
pneumococcal vaccination rate was very low among 
adults (4.5%) (24), which might result from lack of a 
defined age threshold for eligible patients, vaccina-
tion hesitancy, or both. In our study, about half of the 
patients were >65 years of age; in several countries, 
pneumococcal vaccination is recommended for that 
age group (16). Thus, as suggested previously (24), an 
invitation for vaccination at the time of entry into the 
recommended age group would probably increase 
the pneumococcal vaccination coverage rate.

Among the limitations of our study are, first, 
that it was a retrospective study; thus, details of the 
PSA, immunization status, serotype, antimicrobial 
therapy, and clinical outcomes were not available for 
all patients. Second, including data from nonpartici-
pating university hospitals in France, other public-
sector hospitals, and private-sector hospitals would 
probably have yielded a greater number of cases of 
PSA. Third, our study was based on joint aspirates or 
biopsy samples that were S. pneumoniae culture posi-
tive, which probably also led to underestimation of 
the number of cases of PSA.

In conclusion, although PSA is uncommon in 
adults, we reported on >100 cases in France, includ-
ing cases in patients >65 years of age, patients with 
underlying conditions, and patients with a prosthe-
sis. Some emerging serotypes display a low level of 
susceptibility to β-lactams and have also emerged 
among persons with IPDs and community-acquired 
pneumonia in France and several other countries. 
Those serotypes are covered by the new generation of 
PCVs, so vaccination among appropriate age groups 
should be encouraged. 
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The bacterium Rickettsia sibirica mongolitimonae (for-
merly R. mongolotimonae) has become an emerg-

ing cause of tickborne rickettsiosis since the 1990s. 
R. sibirica mongolitimonae was first documented as a 
human pathogen in France in 1996 in a woman who 
manifested a febrile rash and a single inoculation es-
char on the groin; a rope-like lymphangitis also de-
veloped in the patient from the eschar to the draining 
lymph node (1). Four years later, R. sibirica mongoli-
timonae infection was diagnosed in a second patient, 
also in France. That patient manifested an inocula-
tion eschar on the leg, fever, and lymphangitis that 
expanded from the eschar to an enlarged and painful 
lymph node in the groin (2). The first case reported 
outside of Europe occurred in South Africa in 2004; a 
man manifested an inoculation eschar on a toe, fever, 
headache, and lymphangitis expanding from the es-
char to an enlarged inguinal lymph node (3). The first 
case series of infections, published in 2005, reported 7 
new case-patients in France, 1 of whom was a traveler 
returning from southern Algeria (4). Clinical symp-
toms in those patients were fever, eschar, rash, and 
lymphangitis, and because of the lymphangitis symp-
tom, it was named lymphangitis-associated rickett-
siosis (4). Since 2005, most cases have been reported 

in the Mediterranean area, including France, Greece, 
Portugal, Spain, Turkey, and North Macedonia (5–
10), and in other geographic areas, such as Africa and 
Asia (11,12). The clinical spectrum of infections has 
broadened; the bacterium has been shown to cause 
retinal vasculitis, septic shock, myopericarditis, and 
encephalitis (13–16). Since 2014, R. sibirica mongoliti-
monae has also been implicated as an etiologic agent 
of scalp eschar and neck lymphadenopathy after tick 
bite syndrome (17).

Few case series have been published worldwide 
(4,8,18); a total of 69 patients with R. sibirica mongoli-
timonae infections have been reported in case series 
or as isolated cases. Of those 69 patients, >30% (n = 
22) were reported in Spain, the first of which was 
described at the Center for Rickettsiosis and Arthro-
pod-Borne Diseases (CRETAV) in La Rioja, Spain 
(7). All of those cases were autochtonous. CRETAV, 
located at the Center for Biomedical Research of La 
Rioja, is a specialized laboratory and a center of ex-
cellence within the Network of Biologic Alert Labo-
ratories that supports research on special pathogens, 
including those transmitted by ticks and other arthro-
pods. CRETAV is also the reference laboratory for 
San Pedro University Hospital in La Rioja, receiving 
samples from other health services throughout the 
country. Thus, from June 2007 (when the first case 
was described) (7) through May 2024, R. sibirica mon-
golitimonae infections were confirmed at CRETAV in 
29 of 365 patients who had tickborne rickettsioses. 
Diagnoses in the remaining 336 patients were Der-
macentor-borne necrosis erythema lymphadenopathy 
(n = 187), boutonneuse fever (n = 130), African tick 
bite fever (n = 12, imported cases), and 5 other Rick-
ettsia infections: R. helvetica (n = 2), R. massiliae (n = 
2, 1 imported), R. monacensis (n = 1), R. aeschlimannii 
(n = 1), and R. parkeri (n = 1, imported case). Aware 
of the rising rate of patients with R. sibirica mongoli-
timonae infections diagnosed at CRETAV since 2020, 
and because only 4 cases from this 29-case series had 
been previously reported (7,14,15,19), we described 
the epidemiologic and clinical features of patients 
with confirmed R. sibirica mongolitimonae infections  
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Rickettsia sibirica mongolitimonae is an emerging cause 
of tickborne rickettsiosis. Since the bacterium was first 
documented as a human pathogen in 1996, a total of 69 
patients with this infection have been reported in the lit-
erature. Because of the rising rate of R. sibirica mongoli-
timonae infection cases, we evaluated the epidemiolog-
ic and clinical features of 29 patients who had R. sibirica 
mongolitimonae infections confirmed during 2007–2024 
at the Center for Rickettsiosis and Arthropod-Borne Dis-
eases, the reference laboratory of San Pedro University 
Hospital–Center for Biomedical Research of La Rioja, 
Logroño, Spain. We also reviewed all cases published 
in the literature during 1996–2024, evaluating features 
of 94 cases of R. sibirica mongolitimonae infection (89 
in Europe, 4 in Africa, and 1 in Asia). Clinicians should 
consider R. sibirica mongolitimonae as a potential caus-
ative agent of rickettsiosis, and doxycycline should be 
administered promptly to avoid clinical complications. 

Rickettsia sibirica mongolitimonae in Spain
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processed at CRETAV. We also reviewed all pub-
lished cases because a comprehensive literature re-
view was lacking. We obtained study approval from 
the regional ethics committee (Comité Ético de Inves-
tigación Clínica-Consejería de Sanidad de La Rioja; 
approval no. CEICLAR PI-37) and informed consent 
from all patients in this study. All procedures were in 
accordance with the ethical standards of the research 
committee and with the 1964 Helsinki declaration 
and its later amendments.

Patients and Methods

Infections Diagnosed at CRETAV
Patients were asked about medical antecedents dur-
ing their clinical interview, and variables, including 
epidemiologic data, were written down in their medi-
cal chart. In those cases in which relevant informa-
tion was not recorded, patients were called later and 
asked for those data. For children, information was 
confirmed by their parents. 

We defined a diagnosis of R. sibirica mongolitimo-
nae infection on the basis of clinical suspicion (fever 
with or without rash, with or without eschar, and with 
or without lymphangitis) and positive PCR and se-
quencing results in patients with a history of tick bite 
or tick exposure. During June 2007–May 2024, cases 
were confirmed at CRETAV by using EDTA-blood 
samples, eschar biopsies, eschar swab samples, and 
tick samples from patients who were investigated at 
CRETAV because of clinical or epidemiologic suspi-
cion of rickettsiosis. CRETAV diagnosed infections by 
using PCR of ompA and ompB genes corresponding to 
R. sibirica mongolitimonae. We subsequently reviewed 
clinical data of patients who had positive ompA and 
ompB PCR results for R. sibirica mongolitimonae.

Using molecular methods as described (20), we 
had previously extracted DNA from clinical samples 
from the Zoonosis Collection registered in the Nation-
al Registry of Biobanks from Carlos III Health Institute 

(reference no. C.0006409), located at CRETAV–Centre 
of Biomedical Research of La Rioja. Whenever possible, 
we tested both acute phase and convalescent serum 
samples (collected 4–12 weeks apart), or only acute se-
rum samples if the second sample was not available, 
by using immunofluorescence assays (IFA) to detect 
cross-reacting R. conorii IgG (CRETAV in-house assay 
or commercial assay [Vircell Microbiologists]). 

Literature Review
We performed a systematic review of the literature 
by searching PubMed using the search terms “sibiri-
ca” or “mongolitimonae” or “mongolotimonae” and 
“Rickettsia” and a date range of January 1996–May 
2024. We excluded nonhuman studies. We included 
human case reports and case series only if R. sibirica 
mongolitimonae infections were confirmed by either 
PCR and sequencing, except for 1 case, which was 
confirmed by indirect IFA and showed R. sibirica mon-
golitimonae IgG seroconversion. 

Results

R. sibirica mongolitimonae Infection Cases  
Diagnosed at CRETAV
Tickborne rickettsiosis caused by R. sibirica mongoli-
timonae was confirmed in 29 (7.9%) of 365 patients 
during 2007–2024. The number of R. sibirica mongoli-
timonae infections compared with the total number 
of tickborne Rickettsia spp. infections increased from 
12.5% to 41.7% during 2020–2023 (Figure 1). Twen-
ty-three (79.3%) of 29 patients were men, 6 (20.7%) 
women. The mean age was 58 (range 5–82) years; the 
median age was 67 years. Three (10.3%) patients were 
<15 years of age. All patients sought medical care 
during March–September of each year: 1 in March, 3 
in April, 5 in May, 7 in June, 4 in July, 2 in August, 
and 7 in September (Figure 2). 

Only 6 (20.7%) patients remembered a tick bite, 
1 had an attached tick, and 11 recalled tick exposure 

Figure 1. Number of confirmed 
rickettsioses cases in study of 
Rickettsia sibirica mongolitimonae 
infections in Spain. Numbers of 
patients with a confirmed case 
of R. sibirica mongolitimone 
infection and total numbers of 
other tickborne rickettsioses 
are indicated for each year 
during 2007–2023. Cases were 
diagnosed at the Center for 
Rickettsiosis and Arthropod-Borne 
Diseases, La Rioja, Spain. 
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from hunting, gardening, living in a rural environ-
ment, or contact with dogs that had ticks. Patients 
resided in different regions in Spain: Aragón (n = 8), 
La Rioja (n = 8), Comunidad Valenciana (n = 4), An-
dalucía (n = 3), Madrid (n = 3), Vizcaya (n = 2), and 
Castilla-La Mancha (n = 1). The place of residence 
was within the same geographic region of the tick 
bite or exposure for all patients, even for those who 
did not recall activities associated with tick contact 
(n = 11) but denied recent travel outside of their resi-
dential region.

Symptoms at disease onset included fever (dys-
thermia, fever detected by thermometer) for all patients 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/1/24-0151-App1.pdf). Inoculation eschars  
manifested in 27/29 (93.1%) patients as single (n = 20 
[69.0%]) or multiple (n = 7 [24.1%]) eschars. They were 
located on lower limbs (n = 9 patients) (Figure 3), up-
per limbs (n = 7) (Figure 4), head (n = 3), hips (n = 3), 
buttocks (n = 3), groin (n = 2), abdomen (n = 2) (Figure 
5, panel A), iliac fossa (n = 1) (Figure 5, panel B), and 
scrotum (n = 1) (19). A rope-like lymphangitis from 
the eschar to the draining lymph node was detected 
in 10/29 (34.5%) patients (Figure 3), and a generalized 
maculopapular rash was observed in 14/29 (48.3%) 
patients. One patient experienced septic shock and 
myopericarditis developed in another patient who 
had no remarkable medical history (14,15).

Hematologic and biochemical parameters were 
missing for several patients. When available, labora-
tory investigations showed leukopenia, thrombocyto-
penia, and raised lactate dehydrogenase, C-reactive 
protein, and liver enzymes (alanine aminotransferase, 
aspartate aminotransferase, and gamma glutamyl 
transaminase) as main findings.

We administered doxycycline (100 mg 2×/d for 
10–14 days) to 26 patients, whereas 3 patients (2 
children <15 years of age and 1 pregnant woman) 
received azithromycin (10 mg/kg 1×/d for 5 days 

for the children and 500 mg/kg 1×/d for 5 days 
for the adult). We observed improvement of signs 
and symptoms in all cases. We added supportive 
therapy with fluids and inotropic agents and intra-
venous meropenem (1 g every 8 hours) and vanco-
mycin (1 g every 12 hours) for the patient who had 
septic shock.

For microbiologic tests, 1 clinical sample was 
available for 22/29 patients: EDTA-blood sample (n = 
4), eschar biopsy (n = 5), and eschar swab sample (n = 
12) (Appendix Table 1). For 1 patient, the only avail-
able clinical sample was the attached tick, which was 
identified as a Rhipicephalus pusillus. The remaining 
7 patients had 2 different clinical samples available:  
eschar biopsy and eschar swab samples (n = 4), eschar 

Figure 2. Monthly prevalence 
of Rickettsia sibirica 
mongolitimonae infections in 
Spain during 2007–May 2024. 
Patients sought medical care 
for R. sibirica mongolitimonae 
infections during March–
September of each year.

Figure 3. Eschar from Rickettsia sibirica mongolitimonae infection 
located on lower limb of patient in Spain. 
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swab and EDTA-blood samples (n = 2), and eschar 
biopsy and EDTA-blood sample (n = 1).

The ompA and ompB gene sequences obtained 
from 7 blood samples, 7 eschars, 18 eschar swab 
samples, and the R. pusillus tick showed the 100% 
similarity to those genes from R. sibirica mongolitimo-
nae (GenBank accession no. MF379309 for ompA and 
JQ782657 for ompB). Acute- and convalescent-phase 
serum samples were obtained from 7 of 29 patients 
(Appendix Table 1). For 6 of those samples, we ob-
served seroconversion (n = 5) or a 4-fold increase in ti-
ter (n = 1). We did not detect IgG against spotted fever 
group (SFG) Rickettsia in either serum sample for the 
remaining patient. For 6 patients, only acute serum 
samples were available; 2 of those showed IgG titers 
against SPG Rickettsia and 4 did not react. No serum 
specimens were available for the remaining patients 
(Appendix Table 1). 

In July 2023, ompA and ompB genes from R. si-
birica mongolitimonae (100% identity) were amplified 
by PCR in 1 R. pusillus tick attached to a 70-year-old 
patient. Five days after removing the tick, he had a 
high fever (39°C); an eschar at the armpit appeared 
1 day later. No lymphangitis, lymphadenopathies, 
or rash were observed. No EDTA-blood, eschar bi-
opsy, or eschar swab samples were available from 
that patient. He was treated with doxycycline  
and recovered.

Published R. sibirica mongolitimonae Infection Cases, 
Including This Study
We found, reviewed, and extracted data from the full 
text of 26 selected papers from PubMed. Ninety-four 
cases of R. sibirica mongolitimonae infection were re-
ported worldwide during January 1996–May 2024, in-
cluding the 29 cases from this study; 89 of those cases 
were reported in Europe: Spain (n = 47), France (n = 
36), Greece (n = 2), Portugal (n = 2), Turkey (n = 1), and 
Macedonia (n = 1) (Appendix Table 2). Only 4 cases 
have been published in Africa, including South Af-
rica (unique case occurred in southern hemisphere),  

Algeria, Egypt and Cameroon, and 1 in Asia (Sri Lan-
ka) (Appendix Table 2).

Of the total number of patients described, 67.0% 
were men and 31.9% women. The mean age was 49.8 
(range 4–82) years; the median age was 55.5 years. Most 
(n = 77) infection cases occurred during April–July and 
in September of each year. Only ≈33% of patients re-
membered a tick bite. Four patients kept the ticks (1 
tick/person), which were identified as female Hyalom-
ma marginatum, H. anatolicum excavatum, Hyalomma sp., 
and R. pusillus ticks (5,9,10). The symptoms at disease 
onset (always after tick removal) included fever for all 
patients; ≈95% of patients manifested inoculation es-
chars, and 14 patients had multiple eschars. Eschars 
were located on lower limbs (n = 28), upper limbs (n 
= 18), trunk (n = 18), head (n = 15), hip (n = 4) and iliac 
fossa (n = 1), groin (n = 3), scrotum (n = 2), and but-
tocks (n = 3) (Figure 6). A rope-like lymphangitis from 
the eschar to the draining lymph node was noted in 33 
(35.1%) of 94 published cases (Figure 3); a generalized 
maculopapular rash was observed in 66.7% of cases.

In published cases, R. sibirica mongolitimonae genes 
were amplified by PCR in 43 eschar biopsy specimens, 
38 eschar swab samples, 12 blood samples, and 3 ticks 

Figure 4. Eschar from Rickettsia sibirica mongolitimonae infection 
located on upper limb of a pediatric patient in Spain. 

Figure 5. Eschars from Rickettsia 
sibirica mongolitimonae infections 
of 2 patients in Spain, located 
on the abdomen of 1 patient (A) 
and on the iliac fossa of another 
patient (B). 
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(H. anatolicum excavatum, H. marginatum, and R. pu-
sillus) removed from infected patients. Ten patients 
had >1 PCR-positive clinical sample: eschar biopsy 
and eschar swab sample (n = 5), eschar biopsy and 
blood sample (n = 2), eschar swab and blood samples 
(n = 2), and blood sample and a tick specimen (n = 1). 
Most (91.9%) patients were treated with doxycycline 
for 7–14 days, and all patients recovered without se-
quelae after antimicrobial drug treatment.

Discussion
We describe the epidemiologic and clinical character-
istics of R. sibirica mongolitimonae infections in 29 pa-
tients who had their infection confirmed at CRETAV 
in Spain during 2007–2024, and we reviewed all avail-
able cases published in the literature during January 
1996–May 2024. R. sibirica mongolitimonae has been 
considered a rare pathogen. Nevertheless, this bacte-
rium has been the causative agent of >94 rickettsiosis 
cases since 1996, including the case series described 
in this study, mostly in the Mediterranean area. This 
infection typically manifests with high fever, myalgia 
and headache, single or multiple inoculation eschars 
with a nondefined inflammatory halo, nonpruritic 
maculopapular rash involving palms and soles, and 
enlarged draining lymph nodes. Lymphangitis is a 
typical sign of this infection and occurs in ≈40% of 
infected patients. Lymphangitis might occur in other 

rickettsioses, such as those caused by R. heilongjian-
gensis and R. africae, although in lesser proportions. 
Thus, in Europe, the presence of lymphangitis should 
suggest R. sibirica mongolitimonae infection (21). In 
this study, 10 (34.5%) of the 29 patients with R. sibirica 
mongolitimonae infections diagnosed at CRETAV had 
lymphangitis, a slightly higher percentage than that 
shown in a previous report from France in 2016 (18); 
a rope-like lymphangitis from the eschar to the drain-
ing lymph node was observed in 33/94 (35.1%) cases 
published worldwide. Fever was present in 100% 
of published cases; a generalized maculopapular 
rash was observed in 14 (48.3%) of 29 patients with 
infections confirmed at CRETAV, whereas 67.0% of 
patients described in published cases had the rash. 
Inoculation eschars were noted in 27 (93.1%) of 29 
patients with infections confirmed at CRETAV and 
in 89 (94.7%) patients from published cases. Multiple 
inoculation eschars developed in 13 (13.8%) patients 
in published cases; a higher (24.1%) percentage was 
found in CRETAV cases. The presence of multiple in-
oculation eschars is common in patients with African 
tick bite fever (22).

R. sibirica mongolitimonae infection frequently 
causes a mild, nonlethal disease, but some complica-
tions have been described, such as septic shock, dissem-
inated intravascular coagulation, neurologic disorders, 
acute renal failure, and myopericarditis (13–16,23). In 

Figure 6. Numbers and 
body locations of tick bites 
and inoculation eschars in 
patients with Rickettsia sibirica 
mongolitimonae infections during 
2007–2024, Spain, and from 
published literature. Patients 
manifested single or multiple 
eschars. Cases were diagnosed 
at the Center for Rickettsiosis 
and Arthropod-Borne Diseases, 
La Rioja, Spain and/or identified 
in PubMed.
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2020, a case of R. sibirica mongolitimonae infection with 
associated encephalitis was reported (16).

All outcomes, including for severe cases, were 
successful after antimicrobial drug administration. 
Doxycycline is the drug of choice for treating rick-
ettsioses, even for children <8 years of age (24). Mac-
rolides, such as azithromycin, are effective against 
rickettsial diseases and can be safely used during 
pregnancy. The early start of empirical treatment re-
duces severity and duration of symptoms (25). For 
published cases, oral doxycycline (100 mg/12 hours 
for 7–15 days) was administered to all patients, ex-
cept 4 who received azithromycin (1 man, 1 pregnant 
woman, and 2 children 4 and 6 years of age). One pa-
tient received pristinamycin for 7 days.

In accordance with previously published reports, 
we found that R. sibirica mongolitimonae infections 
were seasonal and most cases occurred during the 
spring and summer (April–July) and in September. 
The infections affected men more frequently than 
women. In our case series, 23 (79.3%) patients were 
men and 6 (20.7%) were women, compared with 
67.0% men and 31.9% women in published cases. The 
mean age was 58 years in the case series and 50 years 
in the published cases.

R. sibirica mongolitimonae infections are likely un-
derdiagnosed or misdiagnosed as another rickettsio-
sis because diagnosis is mainly made according to 
serologic testing, which includes IFAs. Serology is 
limited by cross-reactions with other Rickettsia spp., 
mostly among SFG Ricketsia spp. because they share 
antigenic characteristics. Using molecular tools, 
such as PCR and quantitative PCR–based methods, 
on skin biopsy (eschar) and eschar swab samples ap-
pear to be the best methods to detect and identify 
R. sibirica mongolitimonae. For molecular diagnosis, 
eschar swab samples are preferred over skin biop-
sies because the sampling procedure is noninvasive 
and highly effective (26–28). Culture as a diagnostic 
method is fastidious and performed only in refer-
ence laboratories. Nevertheless, 6 eschar biopsies 
were positive for R. sibirica mongolitimonae by culture 
methods in published cases (1,2,4,6).

R. sibirica mongolitimonae was initially isolated 
from H. asiaticum ticks in Inner Mongolia (29) and 
from H. truncatum ticks in Niger (30). In Europe, 
R. sibirica mongolitimonae was detected in H. excava-
tum ticks in Greece and Cyprus, in H. marginatum 
ticks in Spain (31,32), in R. pusillus ticks in Portu-
gal, Spain and France (6,31,33), and in R. bursa ticks 
in Spain (34). In Turkey, it was also detected in R. 
bursa, Haemaphysalis parva, H. excavatum, and H. 
marginatum ticks (35).

In 2005, the presence of R. sibirica mongolotimonae 
was reported both in a patient and in a H. anatolicum 
excavatum tick removed from that patient in Greece 
(5). In 2016, in Turkey, R. sibirica mongolitimonae in-
fection was diagnosed by PCR in a man who had 
been bitten by a H. marginatum tick (9). A case of R. 
sibirica mongolitimonae infection after a Hyalomma sp. 
tick bite has been recently reported in North Mace-
donia (10). No ticks were associated with the remain-
ing published cases, and many patients did not even 
remember receiving a tick bite. Nevertheless, because 
R. sibirica mongolitimonae has been detected in Rhipi-
cephalus spp. ticks collected from areas close to where 
infected patients lived (6,33), Rhipicephalus ticks are 
also suspected vectors in Europe.

In published cases, only 18 (19.1%) of 94 patients 
remembered a tick bite. Four patients kept the ticks, 
which were identified as H. marginatum, H. anatolicum 
excavatum, Hyalomma sp., and R. pusillus; R. sibirica 
mongolitimonae was amplified in 3 of those ticks. R. 
sibirica mongolitimonae has been most frequently asso-
ciated with Hyalomma ticks, the confirmed vectors in 
Africa. However, adult Hyalomma spp. ticks are large, 
but most patients did not remember a tick bite. This 
finding suggests that either the Hyalomma spp. vec-
tor is at an immature stage, which is rare because few 
bites occur from Hyalomma larvae and nymphs, or the 
vector could also be R. pusillus, which is a small tick 
found in rabbits. Data from case number 93 (Appen-
dix Table 2), obtained from this case series, strength-
en the potential role of R. pusillus ticks as R. sibirica 
mongolitimonae vectors. Under a One Health perspec-
tive, excessive reproduction of rabbits in urban/peri-
urban areas of cities might cause human cases of R. 
sibirica mongolitimonae infection.

In Europe, R. sibirica mongolitimonae was confirmed 
as a human pathogen in 1996, and 94 cases have been 
reported during 1996–2024. During 1996–2012, only 25 
cases were published, whereas during 2013–2024, the 
number of published cases reached 70. This upward 
trend of reports might be partly caused by the use of 
new tools to investigate tick-transmitted agents. In ad-
dition, warming weather and the overgrowth of cer-
tain wildlife species, among other factors, are involved 
in the increase in tick threats. Thus, the expansion of 
wild boar and rabbit populations might favor an in-
crease in adult tick species responsible for R. sibirica 
mongolitimonae transmission. Hyalomma spp. ticks are 
characterized by their aggressive host-seeking behav-
ior, unlike other tick species that use a passive ambush 
strategy as they wait in vegetation. Although Hyalom-
ma ticks are not particularly anthropophilic, a progres-
sive increase in their population has been reported in 
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Spain and other areas in Europe, probably related to 
factors previously mentioned.

A strength of this study lies in the large number of 
clinical cases in Spain that were evaluated, accompa-
nied by a literature review. However, it is possible that 
not all case data in Spain were collected because, de-
spite the bibliographic search, R. sibirica mongolitimonae 
infections diagnosed in patients at other centers might 
not have been reported.

In conclusion, when rickettsiosis is clinically 
suspected, clinicians should be aware that empiric 
therapy should not wait for microbiologic confirma-
tion. Doxycycline must be administered promptly, 
even in children, to avoid clinical complications. 
The rapid identification of Rickettsia spp. by using 
molecular techniques to analyze swab samples from 
inoculation eschars should be systematized. Because 
of the broad clinical spectrum of R. sibirica mongoliti-
monae infections, this emerging rickettsiosis is likely 
underdiagnosed or misdiagnosed as another SFG 
rickettsiosis. Clinicians should consider R. sibirica 
mongolitimonae as a potential causative agent in pa-
tients who have fever and an eschar or rash with or 
without lymphangitis and should consider the epi-
demiologic context.
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Monkeypox virus (MPXV), represented by 2 virus 
clades and several subclades with unique ge-

netic, pathogenic, and geographic characteristics (1), 
is increasingly in the scientific and public spotlight. 
Although clade II MPXV has historically led to a case-
fatality rate of 3%–4%, clade I MPXV has been shown 
to cause severe illness and death in a higher propor-
tion of patients; case-fatality rates among unvaccinat-
ed persons are up to 10%–11% (1). In 2022, clade IIb 
MPXV caused a large global outbreak that predomi-
nantly spread via sexual contact among gay, bisexual, 
and other men who have sex with men (MSM) (2). 
Since 2022, that outbreak has continued at low lev-
els; ≈100,000 cases have been reported through Au-
gust 2024 (3). More recently, since 2023 an outbreak of 
clade I MPXV in the Democratic Republic of the Con-
go (DRC) has resulted in tens of thousands of suspect-
ed cases and subsequent spread to neighboring coun-
tries (4,5). That outbreak is affecting persons across 

a range of ages and genders; complex transmission 
drivers are still being investigated (4), and household 
spread and sexual transmission, including within het-
erosexual networks, have been reported (4).

Even before the recent outbreaks, scientists have 
been warning of steady increases in both clade I and 
clade II mpox in mpox-enzootic countries in Africa 
for years. From Cameroon, Central African Republic, 
DRC, Nigeria, and Republic of Congo, ≈1,620 mpox 
cases were reported during the 45-year period 1970–
2015 (mean 36 cases/year) (6). In contrast, 25,488 
cases were reported from those countries during the 
6-year period 2016–2021 (mean 4,248 cases/year) (6). 
In Nigeria, reports of clade II MPXV infection began 
to increase in 2017, before the virus eventually spread 
around the world in 2022 (7,8). The outbreak of clade 
I MPXV in DRC is showing signs of following a simi-
lar trajectory with recent regional spread (5,9). As of 
December 2024, cases in travelers have been reported 
from numerous countries, including the United States, 
Canada, and the United Kingdom (10–12). The DRC 
clade I mpox outbreak poses a serious risk for further 
global spread, causing the World Health Organiza-
tion (WHO) to declare a Public Health Emergency of 
International Concern on August 14, 2024 (13).

The pandemic potential of mpox has long been 
overshadowed by the historical focus on smallpox 
(caused by variola virus). The 2 orthopoxviruses are 
genetically related and result in similar clinical mani-
festations (albeit with differing degrees of severity). 
They are also prevented by the same vaccinia virus–
based vaccines. Smallpox eradication, which was 
achieved in 1979, was made possible in part because 
humans were the only host, enabling an intensive 
eradication campaign (14,15). In contrast, mpox occu-
pies a more complex niche as a zoonotic disease with 
secondary communicable spread to humans.

Several factors may contribute to the emergence 
of mpox as a post-smallpox threat. Increased human 
exposure to wildlife reservoirs is hypothesized to 
contribute to the rise in mpox cases. The exposures 
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Reports of mpox are rising in Africa where the disease 
is endemic and in new countries where the disease has 
not been previously seen. The 2022 global outbreak 
of clade II mpox and an ongoing outbreak of the more 
lethal clade I mpox highlight the pandemic potential for 
monkeypox virus. Waning population immunity after the 
cessation of routine immunization for smallpox plays a 
key role in the changing epidemiologic patterns of mpox. 
Sustained human-to-human transmission of mpox is oc-
curring widely in the context of insufficient population im-
munity, fueling genetic mutations that affect the accuracy 
of some diagnostic tests and that could lead to changing 
virulence. Additional research should address complex 
challenges for control of mpox, including improved diag-
nostics and medical countermeasures. The availability 
of vaccines should be expanded not only for outbreak 
response but also for broader routine use for persons in 
mpox-endemic countries.
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are multifactorial, from an increase in the absolute 
number of persons living in the mpox-endemic coun-
tries of western and central Africa, to habitat en-
croachment, to a reliance on wild animal protein in 
food-scarce forested regions (16). More recently, it has 
become clear that MPXV of either clade is efficiently 
spread from human to human via sexual contact; 
rapid geographic spread is driven by transbound-
ary movement of persons via migration and travel 
(17,18). That pattern was seen with clade IIb MPXV 
in 2022 and with the expansion of the DRC clade I 
outbreak eastward to neighboring countries in 2024 
(17,18). In addition to factors driving increased hu-
man exposure, improved surveillance contributes to 
increased detection and reporting, although surveil-
lance systems in DRC during the early 2000s showed 
rising incidence even during relatively stable report-
ing periods (1,19).

Another factor influencing the rise of mpox is di-
minishing population immunity to orthopoxviruses 
(20). Routine immunization with vaccinia virus–de-
rived vaccines stopped worldwide after smallpox 
eradication was announced by the WHO on Decem-
ber 9, 1979 (14,15,21). Residual immunity to ortho-
poxviruses resulting from smallpox vaccinations has 
been protecting humans against mpox for decades, 
but the effects of diminishing immunity to MPXV 
have long been predicted (22). Past vaccine recipi-
ents now make up a minority of the world’s popu-
lation. Currently, the only persons with a history of 
vaccination are those who received a routine small-
pox vaccination (most often delivered as a childhood 
vaccine before the eradication of smallpox) and those 
who were immunized as part of military service, be-
cause of occupational risks, or in response to the re-
cent clade II mpox outbreak. The loss of population 
immunity in MPXV-enzootic parts of the world in-
creases the chance that spillover infections may occur 
and also increases the risk for subsequent sustained 
person-to-person spread of mpox.

During the 1970s–1980s, mpox was predominant-
ly a disease of children; median patient age was 4–5 
years (19). However, during 2010–2019, the median 
age of persons with mpox increased to 21 years (19), 
coincident with a loss of population immunity across 
most age groups. It has been estimated that for ev-
ery 1% decrease in herd immunity, mpox incidence 
increases by 0.13 cases/100,000 population (23). Mod-
eling suggests that as population immunity levels 
fall, the estimated basic reproduction number (the 
anticipated number of secondary infections for each 
primary infection in a fully susceptible population) 
and epidemic potential for clade I MPXV rises; at 40% 

immunity, clade I MPXV is estimated to have a basic 
reproduction number of 2.1 (range 1.5–2.7) (24). As 
a recent tangible example of the pandemic potential 
for MPXV, in 2016, only ≈10% of the population in 
Nigeria had previously received a smallpox vaccine, 
and serologic studies suggested general population 
immunity levels of 2.6% (7). Retrospective analysis of 
genomic data from MPXV in Nigeria now estimates 
that clade IIb MPXV probably began circulating from 
person to person in Nigeria around 2016 (8). Most 
parts of the world currently have orthopoxvirus pop-
ulation immunity estimates <20%, although levels of 
immunity may be higher for certain groups (i.e., gay, 
bisexual, or other MSM with behavioral factors asso-
ciated with risk for mpox exposure) because of infec-
tion with clade IIb or recent vaccination (25).

Mpox in the modern era is also influenced by 
new complexities, including underlying medical con-
ditions. Risk for severe or fatal illness is increased 
among patients with mpox and substantial immuno-
compromise, including HIV-associated immunosup-
pression or other conditions or medications that im-
pair the immune response (26). Smallpox eradication 
predated recognition of the global HIV pandemic, but 
an estimated 26 million persons live with HIV in Afri-
ca, and HIV remains a leading cause of death in some 
parts of the continent (27). In addition, humans are 
now more mobile than they were during the smallpox 
era. In 2022, the clade IIb mpox outbreak spread rap-
idly around the globe in just a few months. It was ini-
tially dispersed by travelers who extended regional 
spread via sexual contact (17). The clade IIb outbreak 
demonstrated the pandemic potential of mpox but re-
sulted in relatively few deaths (US case-fatality rate 
<0.2%) (2). In contrast, clade I MPXV is considered 
more virulent, leading to death for nearly 5% of per-
sons with suspected cases in DRC (4). Still, a global 
outbreak of clade I mpox would probably result in 
lower mortality rates than have been observed to date 
in DRC. Recent studies have demonstrated improved 
survival rates (case-fatality rates 1.4%–1.7%) among 
persons with access to basic medical care and nutri-
tional support (28,29); mortality rates are expected to 
be lower in countries with strong healthcare systems, 
such as the United States.

The recent rise of mpox introduces another factor 
for concern: the risk for new genomic mutations. Such 
mutations, which would be expected to accumulate 
as a result of extensive person-to-person spread, 
could increase MPXV virulence or decrease the effec-
tiveness of diagnostics or medical countermeasures. 
Although DNA viruses mutate at much slower rates 
than RNA viruses (e.g., influenza or SARS-CoV-2 
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virus), they do change with time. There is already 
evidence in a subset of clade I MPXV specimens of 
a large deletion in the MPXV genome affecting the 
specificity of 1 diagnostic test (18). There is also ev-
idence of other genetic changes in the same clade I 
virus specimens from eastern DRC, where sustained 
person-to-person transmission is occurring through 
sexual contact (18). Those changes do not seem to 
enhance virulence, and the large deletion is actually 
hypothesized to potentially decrease virulence (30). 
However, future genomic changes driven by ongoing 
communicable spread could alter the virus in a way 
that increases virulence.

To control outbreaks and protect against a po-
tential future pandemic, human-to-human spread 
of MPXV must be minimized, which should include 
reducing clade I and clade IIb MPXV transmission 
through sexual contact, as well as preventing and 
controlling outbreaks. The WHO developed a recent 
strategic framework for prevention and control of 
mpox, with a goal of eliminating human-to-human 
transmission (31). Given the evidence that both MPXV 
clades can spread efficiently via sexual contact and 
the disproportionate effect of clade IIb mpox among 
gay, bisexual, and other MSM who have been histori-
cally marginalized and stigmatized, a syndemic ap-
proach to response and prevention is advised. That 
approach includes incorporating mpox prevention 
strategies for at-risk populations into routine sexual 
healthcare, making efforts to promote community en-
gagement and health equity, and investing in sexual 
health programs that address multiple infectious dis-
eases, including mpox (32).

Although population immunity is not the only 
factor influencing the spread of mpox in the mod-
ern era, it is a variable with a proven intervention 
the world has at the ready: vaccine. Unlike older 
smallpox vaccines, which posed a risk for complica-
tions in persons with immune compromise, a newer 
third-generation nonreplicating vaccine (JYNNEOS/
MVA [modified vaccinia Ankara]; Bavarian Nordic, 
https://www.bavarian-nordic.com) is safe for use in 
immunocompromised persons (33). It has also dem-
onstrated high efficacy against clade IIb (34,35). It is 
licensed for use in adults in many countries around 
the world but has not been extensively used to date 
in any countries where MPXV is enzootic. A first step 
is overcoming regulatory hurdles preventing routine 
use in MPXV-enzootic countries. Before September 
2024, the lack of WHO prequalification of JYNNEOS/
MVA complicated timely country approvals and cre-
ated challenges for procurement by United Nations 
agencies. The September 13, 2024, announcement of 

the inclusion of JYNNEOS/MVA on the WHO vac-
cine prequalification list opened new opportunities 
for expanded vaccine procurement and easier ap-
proval pathways in MPXV-enzootic countries (36). 
Multiple donors have pledged support to donate or 
purchase vaccine for DRC, and some vaccine doses 
have begun arriving in the country (37,38). However, 
managing the financial and programmatic logistics of 
a vaccination campaign presents additional challeng-
es in resource-limited settings. The vaccine is costly, 
has specific cold chain and handling requirements, 
and needs 2 doses spaced a month apart for full pro-
tection. Despite those challenges, with strategic use, 
the vaccine could protect against a global pandemic 
at its source, instead of merely being stockpiled for 
use in non–mpox-endemic countries where few cases 
may occur.

Moving forward, control of mpox is best support-
ed through vaccination. In non–mpox-endemic coun-
tries with new or ongoing outbreaks, a risk-based 
approach for vaccine recommendations is key; epide-
miologic studies will help define those at increased 
risk. In the United States, vaccination is currently 
recommended for laboratory workers who may en-
counter virus during laboratory procedures and for 
persons with certain sexual behavioral risk factors for 
exposure to clade IIb MPXV (39). In Central Africa, 
where the clade I MPXV outbreak is spreading and 
where vaccines may currently be limited in quantity, 
targeted vaccination efforts are needed, which might 
include vaccinating children, healthcare workers, 
persons at risk for zoonotic exposure, and those at in-
creased risk for person-to-person spread because of 
specific behaviors or occupations. However, for long-
term control of mpox and prevention of future out-
breaks, broader immunization strategies for persons 
at increased risk for mpox infection should be consid-
ered, which, depending on vaccine availability, might 
include more expansive preexposure vaccination rec-
ommendations for persons living in MPXV-enzootic 
areas or countries.

In addition to expanded vaccine access and 
use, new global investments in MPXV research are 
critical. The United States had invested 2 decades in 
smallpox preparedness planning before the recent 
rise of mpox (40), which resulted in reliable diagnos-
tics, a licensed vaccine, and investigational medical 
countermeasures being available from the start of 
the 2022 clade IIb mpox outbreak. However, research 
gaps have also been identified, including limited 
therapeutic options for severely immunocompro-
mised persons and rare but concerning MPXV ge-
nomic changes conferring resistance to the antiviral 
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therapeutic tecovirimat (41). Furthermore, recent 
findings from a clinical trial in DRC did not show a 
clinical benefit among clade I mpox patients treated 
with tecovirimat (29), highlighting the value of ad-
ditional studies and new antiviral drug development 
pathways. During the clade IIb mpox outbreak, there 
were challenges with vaccine uptake and early deci-
sions around distribution of limited vaccine stocks. 
In resource-limited countries, lack of a temperature-
stable point-of-care diagnostic test appropriate for 
worldwide use delayed accurate diagnoses. Contin-
ued research into new diagnostics and vaccines is ur-
gently needed, particularly single-dose vaccines with 
temperature-stable handling requirements.

The response to recent mpox outbreaks has clear-
ly benefitted from programmatic efforts for smallpox 
biothreat preparedness. However, smallpox pre-
paredness focused on scientific solutions to theoreti-
cal risks. Mpox is a real and current threat to global 
health security, and meaningful future control will 
require a complex partnership between governments, 
public health experts, virologists, chemists, and 
funders. It will also require reimagining how ortho-
pox vaccine is shared and used around the world. We 
now need to develop the programmatic infrastruc-
ture to address mpox as a current pandemic threat, 
independent of the shadow of smallpox.
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Invasive meningococcal disease (IMD) is caused by 
the gram-negative bacterium Neisseria meningitidis. 

Infection cause invasive and life-threatening infection 
including meningitis and meningococcaemia (1,2). 
IMD is caused by bloodstream invasion of 1 of 6 viru-
lent serogroups, A, B, C, X, Y, or W (1). Global dis-
tribution of IMD varies; however, the disease burden 
in Pacific Island countries is not well documented. 
Studies from Australia and New Zealand reported 
endemic and epidemic trends caused by meningococ-
cal serogroups B (MenB) and C (MenC) in the 1990s 
(3,4) but a major reduction in IMD cases after the in-
troduction of routine vaccination (5,6).

In 2018, an outbreak of IMD occurred in Fiji, which 
is a small island developing state with a population 
of 884,887 as of 2017 (7). Health services are adminis-
trated by the Ministry of Health and Medical Servic-
es (MoHMS), which is split into 4 divisions: Central, 
Western, Northern, and Eastern. Each division is fur-

ther separated into subdivisions, medical areas, and 
zones. There are 3 divisional hospitals (Colonial War 
Memorial, Lautoka, and Labasa) with microbiological 
culture capabilities. Primary healthcare is provided 
through 19 subdivisional hospitals and 189 peripheral 
facilities (8). A limited number of private facilities ex-
ist, largely in urban centers. Within the MoHMS is the 
Fiji Centre for Disease Control (Fiji CDC), which man-
ages national infectious disease surveillance and in-
cludes the National Public Health Laboratory (NPHL). 
National IMD surveillance is conducted through 3 
systems: the National Notifiable Disease Surveillance 
System, which reports clinical or culture confirmed 
cases (9); the Vaccine Preventable Disease surveillance 
(VPD), which collects information on laboratory con-
firmed cases (culture, antigen test, and PCR) of IMD 
with serogroup data (9); and the Early Warning, Alert 
and Response Surveillance system, which reports clin-
ically suspected meningitis cases (10).
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We describe an outbreak of invasive meningococcal dis-
ease (IMD) caused by Neisseria meningitidis serogroup C 
in Fiji. We created surveillance case definitions and col-
lected data by using standard investigation forms. Bac-
terial identification, antimicrobial susceptibility testing, 
and PCR were performed in Fiji. Molecular testing was 
conducted at the Microbiological Diagnostic Unit in Mel-
bourne, Victoria, Australia. During January 2016–Decem-
ber 2018, a total of 96 confirmed or probable IMD cases 
were reported. Of case-patients, 61.5% (59/96) were male 

and 38.5% (37) female, 84.4% (81) were indigenous peo-
ple of Fiji, and 70.8% (68) were children <15 years of age. 
Annual incidence increased from 1.8/100,000 population 
in 2016 to 5.2/100,000 population in 2018. Serogroup C 
multilocus serotype 4821 that is resistant to ciprofloxacin 
was prevalent (62.1%, 41/66). Public health measures, 
which included targeted mass vaccination with monova-
lent meningitis C vaccine, were effective in controlling the 
outbreak. We observed a rapid decline in meningitis C 
cases in subsequent years.

http://www.cdc.gov/eid
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IMD was previously uncommon in Fiji, which 
reported 5–10 cases annually during 2007–2015, ac-
cording to the MoHMS-Health Information Unit. 
Meningococcal vaccination is not in the national 
immunization schedule, and literature on the epi-
demiology of IMD is scarce. During 2004–2016, the 
effect of meningococcal meningitis was evaluated 
in 2 studies that were part of a larger study set on 
meningitis in pediatric and adult populations; of 
note, all strains were MenB (11,12). Similarly, se-
rogroup data from National VPD surveillance re-
corded the occurrence of MenB and serogroup W 
(MenW) in Fiji but no record of MenC before 2016. 
Beginning in October 2016, the number of IMD 
cases has increased steadily. By 2017, an institu-
tional outbreak had occurred, and by early 2018, 
a national outbreak was declared. The confirmed 
prevalent IMD was MenC and multilocus sequence 
type (MLST) 4821. In this article, we describe the 
epidemiology of IMD in Fiji during 2016–2018 with 
a focus on the 2017–2018 MenC outbreak, the in-
terventions used for outbreak control, and postout-
break surveillance.

Methods

Case Definition
Surveillance case definitions were adopted from 
the World Health Organization (13) and Centers 
for Disease Control and Prevention (14). We de-
fined a suspected case as illness in a patient with a 
sudden onset of fever and >1 of the following: se-
vere headache, nausea and vomiting, neck stiffness,  
altered consciousness, or skin rashes such as pete-
chiae or purpura. We defined a probable case as a 
suspected case with an epidemiologic link (living 
in the same house or dormitory, attending same 
school, class, or daycare, sharing food or drink, or 
direct exposure to the case’s oral secretions) to a 
confirmed case. We defined a confirmed case as a 
suspected or probable case with >1 of the follow-
ing: isolation of N. meningitidis from cerebral spinal 
fluid (CSF) or blood, positive PCR, or positive di-
rect antigen test.

We defined an outbreak as a substantial in-
crease in IMD within a defined population above 
what is expected for that place and time (13). We 
defined an institutional outbreak as >2 cases of 
IMD (probable or confirmed cases) within 4 weeks 
among persons with a common institution-based 
affiliation (such as attending the same school) but 
no close contact with each other in a grouping that 
makes epidemiologic sense (14).

Data Collection
We used a standard case investigation form to cap-
ture demographic (age, sex, ethnicity, and residential 
location), clinical (signs and symptoms, laboratory 
results, clinical outcome), and epidemiologic (date 
of onset, contacts, etc.) variables. We collected data 
through review of medical folders, laboratory reports, 
and interviews of patients and family members.

Laboratory Procedures
N. meningitidis was identified by using approved pro-
tocols at the 3 divisional laboratories in Fiji. N. menin-
gitidis serogroups (A, C, Y, and W) were determined 
by using Wellcogen Bacterial Antigen Rapid Latex 
Agglutination Test (Thermo Scientific, https://www.
thermofisher.com).

Antimicrobial susceptibility testing was conduct-
ed by using the disc diffusion method in accordance 
with the Clinical and Laboratory Standards Institute 
guidelines (15). We sent all confirmed isolates to 
NPHL and also referred all CSF samples from patients 
meeting case definitions to NPHL for real-time PCR 
analysis. We extracted N. meningitidis DNA by using 
QIAamp DNA mini kit (QIAGEN, https://www.qia-
gen.com) according to manufacturer instructions. We 
conducted sodC gene–based real-time PCR by using 
singleplex assays with primers and probes specific 
for N. meningitidis (Appendix 1 Table 1, https://ww-
wnc.cdc.gov/EID/article/31/1/24-0476-App1.pdf). 
We prepared the reaction mix to a final volume of 25 
μL that included 2 μL of each primer (forward and 
reverse) and probe, 4.5 μL nuclease free water, 12.5 
μL of iTaq mastermix (Bio-Rad Laboratories, https://
www.bio-rad.com), and 2 μl DNA template. We then 
loaded the final volume onto the CFX96 analyzer 
(Bio-Rad) with thermocycling conditions of 1 cycle of 
95°C for 3 minutes, followed by 39 cycles of 95°C for 
5 seconds and 60°C for 5 seconds. We sent 29 samples 
(5 from 2017 and 24 from 2018) to the World Health 
Organization regional reference laboratories for inva-
sive bacterial VPD at the Microbiological Diagnostic 
Unit public health laboratory (MDU) in Melbourne, 
Victoria, Australia, for serogrouping and whole-ge-
nome sequencing (16).

We used the Nextera XT DNA Library Prepara-
tion Kit (Illumina, https://www.illumina.com) to 
generate libraries that we then sequenced on the 
Nextseq 500 and NextSeq 550 (Illumina) platforms. 
We generated assemblies by using SPAdes v3.15.2 
(https://github.com/ablab/spades) (17) and identi-
fied antimicrobial resistance genes and mutations by 
using abritAMR v1.0.10 with the “–species Neisseria” 
flag (https://github.com/MDU-PHL/abritamr) (18). 
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We further examined the penA allele by a comparison 
of assemblies with penA alleles in PubMLST (https://
pubmlst.org). We identified the N. meningitidis sero-
group, Bexsero antigen sequence type, and the FetA 
protein type in silico by using meningotype (https://
github.com/MDU-PHL/meningotype). We identified 
the MLST by using in silico sequence typing (https://
github.com/tseemann/mlst). We considered how the 
sequences fit into the global context of N. meningitidis 
on the basis of raw read data availability and mem-
bership in the ST4821 clonal complex (CC). We gener-
ated a phylogenetic tree by using the bohra genom-
ics pipeline (https://github.com/MDU-PHL/bohra), 
which implements snippy version 4.4.5 (https://
github.com/tseemann/snippy) and IQtree version 2.0 
(http://www.iqtree.org) by using the NM_FAM18 
reference. We conducted recombination correction by 
using gubbins (https://github.com/nickjcroucher/
gubbins); however, there was no discernible effect on 
the genomic relationships in this dataset. 

To assess the relationships of the Fiji strains with-
in the global context of ST4821 CC, we downloaded 
all available N. meningitidis ST4821 CC assemblies 
from PubMLST on August 1, 2024. We generated a 
neighbor-joining tree of that data by using mashtree 
(19). We generated all tree figures by using R ver-
sion 4.3.1 (The R Project for Statistical Computing, 
https://www.R-project.org) and R Studio version 
2023.09.1+494 (Posit, http://www.rstudio.com) with 
the following library packages; ggtree version 3.10.0 
(20), ggplot2 version 3.4.4 (21), phytools version 2.0.3 
(22), and ggnewscale version 0.4.9 (https://CRAN.R-
project.org/package=ggnewscale).

Data Analysis
We conducted data analysis by using Excel (Micro-
soft, https://www.microsoft.com) and SPSS Statis-
tics 25 (IBM, https://www.ibm.com). We created an 
incidence map by using EpiInfo 7.2. (https://www.
cdc.gov/epiinfo). We characterized demographics, 
clinical profiles, N. meningitidis serogroup patterns, 
and patient outcomes by using descriptive analysis. 
We drew the epidemic curve from actual (n = 87) or 
estimated date of onset (n = 9) by subtracting the in-
cubation period from the date of first visit or date of 
hospital admission. We used census data from 2017 
for overall and age-sex–specific incidence calculation 
(7). We calculated incidence by medical division and 
subdivision by using the 2015 population estimates 
from MoHMS because census data cannot be disag-
gregated for medical subdivisions (23). We calculated 
overall and specific case-fatality rate (CFR) for age 
and gender groups.

Results

Demographic Characteristics
During January 2016–December 2018, a total of 96 cases 
of IMD were reported in Fiji. Of those, 82 cases (85.4%) 
were confirmed, and 14 cases (14.6%) were probable. 
Most reported case-patientss were male (61.5%, n = 
59), iTaukei (indigenous people of Fiji; 84.4%, n = 81), 
and children <15 years of age (71.8%, n = 68) (Table 
1). The median age was 9.5 years (interquartile range 
2–14 years). Approximately half of cases (53.1%, n = 
51) were reported from the Central division.

Annual incidence of IMD tripled from 1.8/100,000 
population (confirmed cases) in 2016 to 5.2/100,000 
population in 2018 (confirmed and probable cases). 
The cumulative incidence for the period was 10.8 
cases/100,000 population. The cumulative incidence 
was highest among children <5 years of age (35.9 
/100,000 population) and men (13.2/100,000 popu-
lation). The highest calculated cumulative incidence 
of 46.6/100,000 population was for male children <5 
years of age. The Eastern division had the highest 
cumulative incidence of 23/100,000 population, fol-
lowed by the Central division at 13/100,000 popula-
tion (Figure 1).

There were 15 deaths from IMD during the pe-
riod, for an overall CFR of 14.6%. The CFR was 2× 
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Table 1. Demographic characteristics of confirmed and probable 
cases in meningococcal C disease outbreak caused by multidrug 
resistant Neisseria meningitidis, Fiji, 2016–2018* 
Characteristic No./total no. (%) 
Sex 

 

 M 59/96 (61.5) 
 F 37/96 (38.5) 
Ethnicity 

 

 iTaukei, indigenous people of Fiji 81/96 (84.4) 
 Indian descent from Fiji 7/96 (7.3) 
 Other ethnicity from Fiji 5/96 (5.2) 
 Non-Fiji citizen 3/96 (3.1) 
Age group, y  
 <1 18/96 (18.8) 
 1–4 14596 (15.6) 
 5–9 15/96 (15.6) 
 10–14 20/96 (21.8) 
 15–19 17/96 (17.7) 
 >20 11/96 (11.5) 
Medical division 

 

 Central 51/96 (53.1) 
 Western 29/96 (30.2) 
 Eastern 9/96 (9.4) 
 Northern 7/96 (7.3) 
Method of confirmation  
 Blood or CSF culture 34/82 (41.5) 
 CSF PCR 24/82 (29.3) 
 Blood or CSF culture and CSF PCR 14/82 (17.1) 
 CSF positive antigen test 9/82 (11.0) 
 Postmortem PCR 1/82 (1.2) 
*CSF, cerebrospinal fluid. 
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higher in women (21.6%) than in men (10.2%) (Ap-
pendix 1 Figure).

Outbreak Detection and Spread
In the fourth quarter (October–December) of 2016, 
there was a progressive increase in reported cases 
of IMD (n = 7), and most (n = 5) had an unspeci-
fied serogroup. Initially, most cases were from the 
Central (n = 5) and Western divisions (n = 2). In the 
first quarter of 2017, there were 3 IMD cases report-
ed from a boarding school in the Eastern division. 
By May 2017, there were 2 additional cases reported 
from the same school, including 1 death. Of those 5 
cases, 4 samples were positive for MenC, MLST 4821, 
resistant to ciprofloxacin and penicillin. The occur-
rence of 3 confirmed cases in 3 consecutive weeks 
at the boarding school resulted in the declaration 
of an institutional MenC outbreak. By the second 
quarter of 2017, community cases of IMD continued 
to rise, and cases were reported from all 4 medical 
divisions. MenC activity increased and became the 
predominant strain (Figure 2).

Case numbers of IMD dropped in the third quar-
ter of 2017 but peaked in the first quarter of 2018, 
when 29 cases were reported (Figure 2). In February 
2018, a second institutional outbreak was reported in 
a boarding school in the Western Division. A total of 3 
confirmed and 8 probable cases of MenC were report-
ed from the boarding school. A national outbreak was 
declared on March 20, 2018, and widespread public 
health interventions were implemented in the coun-
try, including targeted mass vaccination (24). During 
2018, the number of cases progressively declined, and 

the outbreak was officially declared over in the first 
week of December 2018 (25).

Clinical Features
The median time from symptom onset to seeking care 
at a health facility was 1 day (interquartile range 1–2 
days). Common symptoms included fever (97.8%, n 
= 88), vomiting (61.1%, n = 55), headache (47.8%, n = 
43), and rashes (31.1%, n = 28) (Appendix 1 Table 2).

Laboratory Findings
A total of 73 CSF samples were available for culture 
and PCR testing. The positivity rate for CSF PCR was 
52.1% (n = 38) and for culture was 19.2% (n = 14). N. 
meningitidis grew in 51.9% (41/79) of blood cultures. 
We determined the serogroup of 66 isolates and found 
62.1% (n = 41) were MenC, 33.3% (n = 22) MenB, and 
1.5% (n = 1) MenW; 3.1% (n = 2) were inconclusive. 
The first case of IMD caused by MenC was reported 
in August 2016. All MenC strains identified in 2017 
and 2018 were MLST 4821.

According to the antimicrobial susceptibility test-
ing results from the laboratories in Fiji, 35% (n = 15) 
of the total and 46% (n = 11) of the MenC strains were 
susceptible to penicillin (Appendix 1 Tables 3, 4). Sus-
ceptibility to ciprofloxacin was 77% (n = 30) in total 
for all strains and 67% (n = 14) for the MenC strains. 
However, all the MenC isolates (n = 15) sent to MDU 
were reported as decreased susceptibility or resistant 
to ciprofloxacin.

Of the MLST4821 CC sequences available, most 
were serogroup C, MLST 6928 or MLST 5798, ex-
cept 1 strain from MLST 14963 that identified as 
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MenB (26). We observed a high level of genomic 
relatedness among the MLST 4821 strains from Fiji, 
which appear to share a common ancestor (Figure 
3, panel A). Of interest, 1 strain within this clus-
ter typed as MLST 14195 and was isolated from 
New Zealand. When placed in a global context, the 
Fiji strains form a separate cluster from any other 
global isolates available on PubMLST and appear 
to have a common ancestor from strains isolated in 
China (Figure 3, panel B).

The sequences from MLST4821 (Fiji), 
MLST14195 (New Zealand), and MLST6928 (Tai-
wan) all carry the same gyrA mutation (T91I) that 
is not present in the other sequences. Of note, only 
1 Fiji isolate had an rpoB gene mutation (Figure 3, 
panel A). Of interest, the penA mutations (A510V, 
F504L, and N512Y) identified in 5 of the sequences 
from Fiji and 5 of the sequences from Taiwan are 
likely caused by a mosaic penA allele, which arises 
from homologous recombination between related 
species such as N. meningitidis, N. gonorrhoeae (27), 
and other commensal Neisseria species. Despite 
the presence of common mutations between the 5 
strains from Taiwan and the 5 strains from Fiji, the 
penA alleles from the strains from Fiji are in fact 
distinct. Of the strains from Fiji, 2 penA allele num-
bers were identified, 24 and ≈52 (Appendix 2 Table, 
http://wwwnc.cdc.gov/EID/article/31/1/24-
0476-App1.xlsx). Several strains that were isolated 
from Asia, New Zealand, Europe, and the United 
States have the penA allele number 24, along with 
18 of the 23 strains from Fiji.

Outbreak Response
A National Meningococcal Taskforce was established 
in Fiji in March 2018 to coordinate the outbreak re-
sponse and focused on multiple action items. The ac-
tion items were enhancing disease surveillance and 
case detection, early case management, contact trac-
ing, and prevention. 

Enhanced Disease Surveillance and Case Detection
National surveillance was coordinated by the Fiji 
CDC by using laboratory and active surveillance (case 
investigation for suspected cases and contacts). Stan-
dardized data case investigation forms were created 
to enhance clinical and laboratory surveillance. Risk 
communications focused on educating the public to 
enable early recognition of symptoms and encourage 
seeking care early. Health education materials were 
created, and mass media outlets were used to raise 
public awareness. Large gatherings such as sporting 
events and schools were targeted for intensive risk 
communication activities. Awareness for clinicians 
was raised by using alert circulars, interim guidance, 
and training to enable early recognition of cases.

Early Case Management
The existing Public Health Management of Menin-
gococcal Disease Guidelines were revised and made 
available to clinicians and public health teams during 
the week of outbreak declaration. Nationwide train-
ing on the new guidelines was conducted 2 weeks af-
ter outbreak declaration. Ceftriaxone was made avail-
able in all medical subdivisions because the MenC 
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Figure 2. Epidemic curve showing the number of confirmed and probable invasive meningococcal disease cases in Fiji reported monthly 
by serogroup, January 2016–August 2023. Surveillance was interrupted in 2021 because of the COVID-19 outbreak. MenB, Neisseria 
meningitidis serogroup B; MenC, N. meningitidis serogroup C; MenW, N. meningitidis serogroup W; MenY, N. meningitidis serogroup Y.
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strain was resistant to penicillin, which was previ-
ously the first line treatment for suspected cases of 
meningococcal disease. Previously, ceftriaxone was 
only available in the 3 divisional hospitals.

Contact Tracing
Early in the outbreak, household and close contacts of 
IMD cases were given ciprofloxacin (500 mg in a single 
dose) for secondary prophylaxis. Once the MenC strain 
was identified as resistant to ciprofloxacin, the guide-
lines were revised to include rifampin (600 mg 1×/d for 
2 days), and it was made available in all subdivisions.

Prevention
Risk communications focused on early recognition of 
symptoms and basic hygiene for prevention of trans-
mission. Infection prevention control measures were 
strengthened among healthcare workers (HCW).

To control the first institutional outbreak at a 
boarding school, a vaccination campaign was con-
ducted during July 25–27, 2017. A total of 587 stu-
dents, teaching staff, and HCW were vaccinated with 
a quadrivalent (serogroup A, C, W, and Y) vaccine. 
No further cases of meningococcal disease were re-
ported from the school following vaccination.

Subsequently, a nationwide targeted mass vac-
cination campaign among 1–19-year-old persons was 
conducted after the nationwide outbreak declaration. 
During May–October 2018, a total of 315,876 (91%) peo-
ple received monovalent MenC vaccine (Fiji MoHMS, 
unpub. data). The vaccines were funded by the gov-
ernment of Fiji with assistance from the governments 
of Australia and New Zealand, World Health Organi-
zation, and United Nations Children’s Fund.

Postoutbreak Surveillance
Public health surveillance of IMD continued under 
the VPD Unit in Fiji CDC. PCR was conducted on 
CSF samples at NPHL and in 2023 included sero-
group determination. Selected samples were sent to 
MDU for serogroup determination. During January 
1, 2019–August 30, 2023, a total of 23 confirmed cases 
of IMD were reported (Figure 2). In 2019, there were 
2 clusters (April–May and August) of MenC in the 
Western division with an epidemiologic link identi-
fied through outbreak investigation (Figure 2). Sero-
groups in the period after the outbreak included 10 
MenC (9 in 2019 and 1 in 2020), 8 MenB, and 1 MenY, 
whereas 4 IMD were confirmed by culture or direct 
antigen test with no serogroup information. Most 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 1, January 2025 37

Figure 3. Genomic relatedness between Neisseria meningitidis strains identified from invasive meningococcal disease outbreak in 
Fiji, January 2016–August 2023, and publicly available gene sequences. A) Phylogenetic tree of Fiji MLST 4821 isolates and related 
sequences. Bar charts indicate location and presence or absence of antimicrobial resistance genes. A total of 18 MenC strains 
associated with the outbreak and 5 MenC strains from the post outbreak surveillance period were typed as MLST 4821 and included in 
analysis. All 23 strains were found to contain the gyrA point mutation T91I, and only 1 strain contained the rpoB point mutation H553Y. 
Of the 18 strains associated with the outbreak, 5 contained the penA point mutations; A510V, F504L, and N512Y. B) Mashtree generated 
neighbor-joining tree of publicly available PubMLST (https://pubmlst.org) data typed as MLST 4821 clonal complex and the MLST 4821 
Fiji strains. When placed in this global context, the strains from Fiji form a separate cluster and appear to have a common ancestor with 
strains that have been isolated in China. AMR, antimicrobial reistant; MenC, N. meningitidis serotype C; MLST, multilocus sequence 
type; NA, not available.
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(8/10) MenC cases were outside the mass vaccination  
age group (1 was in an 11-month-old baby and 7 were 
in adults, 22–67 years of age). The MenC strains de-
tected during the postoutbreak period were MLST 
4821. There were no MenC cases detected in 2021, 
2022, or as of August 2023.

Discussion
We have described an outbreak of IMD caused by 
a serogroup C MLST 4821 strain of N. meningitidis 
that is a novel occurrence of the disease in Fiji. IMD 
cases in Fiji were low and sporadic, and we could 
not obtain any report of serogroup C meningococ-
cal disease in Fiji before 2016. Routine vaccination 
for IMD was not available, and therefore it can be 
expected that there was no herd immunity in the 
population at the time.

The first case of MenC identified was from an in-
fant in the Western division in August 2016. Because of 
limited laboratory capacity at the subdivision level and 
low index of suspicion among HCW, MenC was likely 
underreported during the initial stages of the outbreak. 
The lack of capacity for serogrouping N. meningitidis 
in Fiji limited the ability to identify the presence of a 
vaccine amenable serogroup. The outbreak strain was 
resistant to ciprofloxacin and penicillin, which raised 
public health concerns because ciprofloxacin was the 
main antimicrobial drug for secondary prophylaxis 
and penicillin was the first-line treatment for suspect-
ed cases. Ciprofloxacin resistance was not identified 
until June 2017. Some disease transmission was likely 
because of the ineffective chemoprophylactic manage-
ment of contacts early in the outbreak.

It is likely the serogroup C strain was imported 
by a returned traveler to Fiji because N. meningitidis 
serogroup C had not been reported in Fiji or the Pa-
cific region before 2016. MenC MLST 4821 resistant to 
ciprofloxacin is an endemic strain in China (28–30), 
and imported cases have been reported in Canada 
(31) and Japan (32). When given global context, strains 
that were isolated from China within the MLST 4821 
CC appear to represent a common ancestor of the 
strains from Fiji, supporting the hypothesis of the in-
troduction of a single strain that was then transmit-
ted locally. Importation of a contagion leading to an 
outbreak had previously been reported in Fiji when a 
measles outbreak occurred in 2006, which was traced 
to a tourist who visited the country (33).

A likely factor contributing to the outbreak was 
the category 5 tropical cyclone Winston, which hit Fiji 
in early 2016 and caused extensive damage to infra-
structure, housing, and population displacement (34). 
The areas that suffered the greatest effects were the 

Western, Northern, and Eastern divisions (35). The 
2 boarding schools where institutional outbreaks oc-
curred sustained heavy damage to dormitories from 
the cyclone. That damage contributed to overcrowd-
ing, a well-described risk factor for spread of me-
ningococcal disease. The first institutional outbreak 
coincided with a school holiday period and the exo-
dus of students from school to surrounding areas for 
the holiday period that likely led to spread of MenC 
around the country in 2017.

The IMD outbreak affected the indigenous 
population to a much larger extent than other eth-
nic groups within the country. Disease transmission 
might have been affected by the social patterns of this 
ethnic group; living with extended families is com-
mon, large social gatherings are frequent, and popu-
lation mobility between communities and islands is 
high. Disproportionately higher incidence of IMD has 
also been described in the indigenous populations of 
Australia (36) and New Zealand (4).

This outbreak demonstrated the importance of 
molecular diagnostics. Most CSF negative cultures 
tested positive by using CSF PCR at NPHL, which 
was the only medical laboratory conducting real-time 
PCR in Fiji at the time. In 2023, the capacity to sero-
group samples was developed, which strengthened 
the surveillance capacity in Fiji. The early identifica-
tion of N. meningitidis cases, including vaccine pre-
ventable serogroups, because of serogrouping avail-
ability is critical for early control of IMD.

In conclusion, an epidemic of IMD occurred 
in Fiji during 2017–2018, caused by a serogroup C 
MLST 4821 strain of N. meningitidis that was most-
ly likely introduced into the country by travel. The 
young and indigenous populations were dispropor-
tionately affected. Public health measures such as 
rapid case identification and management, contact 
tracing, prophylaxis for close contacts, public risk 
communications, HCW training and awareness, and 
targeted mass vaccination were effective in control-
ling the outbreak.
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etymologia revisited
Trichinella spiralis 
[tri·kuh·neh′·luh spr·a′·luhs]

Trichinella is derived from the Greek words trichos (hair) and ella (di-
minutive); spiralis means spiral. In 1835, Richard Owen (1804–1892) and 

James Paget (1814–1899) described a spiral worm (Trichina spiralis)–lined 
sandy diaphragm of a cadaver. In 1895, Alcide Raillet (1852–1930) renamed 
it as Trichinella spiralis because Trichina was attributed to an insect in 1830. 
In 1859, Rudolf Virchow (1821–1902) described the life cycle. The genus in-
cludes many distinct species, several genotypes, and encapsulated and non-
encapsulated clades based on the presence/absence of a collagen capsule.
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Although the risk of developing Legionnaires’ dis-
ease is generally highest among persons who are 

>50 years of age, rates in the United States have been 
increasing for all persons >34 years of age (1). A re-
cent study estimated that the actual number of cases 
might be >1.8–2.7 times what has been previously re-
ported (1–3). Ongoing challenges such as urbaniza-
tion, aging populations, racial disparities, and climate 
change have likely contributed to the increasing num-
ber of legionellosis cases occurring globally (1,4,5).

The genus Legionella contains >60 species; how-
ever, most legionellosis cases in the United States 
are caused by Legionella pneumophila, particularly se-
rogroup 1. L. pneumophila is the causative agent for 
90% of cases worldwide, followed by L. longbeachae 
(6). L. pneumophila sequence type (ST) 36 is highly vir-
ulent and a frequent cause of both sporadic disease 
and clusters of legionellosis in the United States and 

worldwide (7–9). The first cluster, which had both 
clinical and environmental ST36 isolates, was investi-
gated by the US Centers for Disease Control and Pre-
vention (CDC) in 1994 (7).

Occupational exposure to Legionella spp. is a seri-
ous health hazard that has been previously reported 
in industrial settings (10). Exposures have been re-
ported from well-known sources, such as cooling 
towers, hot tubs, and showers (7), and more unique 
sources, such as devices that aerosolize water at high 
velocity in industrial settings (10,11). However, le-
gionellosis in industrial facilities can be acquired by 
exposure to sources not commonly recognized as a 
cause of illness (11). We report a legionellosis clus-
ter among employees of a manufacturing facility in 
South Carolina, USA, linked to specific equipment 
exposure sources. This study was reviewed by CDC, 
was deemed not research, was conducted consistent 
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Evolving technology and the development of new devices 
that can aerosolize water present a risk for new sources 
of Legionella bacteria growth and spread within indus-
trial settings. We investigated a cluster of legionellosis 
among employees of a manufacturing facility in South 
Carolina, USA, and found 2 unique equipment sources 
of Legionella bacteria. The cluster of cases took place 
during August–November 2022; a total of 34 cases of 
legionellosis, including 15 hospitalizations and 2 deaths, 
were reported. Legionella pneumophila was isolated 

from 3 devices: 2 water jet cutters and 1 floor scrubber. 
L. pneumophila sequence type 36 was identified in en-
vironmental isolates and 1 patient specimen, indicating 
that those devices were the likely source of infection. 
Remediation was ultimately achieved through the devel-
opment and implementation of a device-specific water 
management program. Manufacturing facilities that use 
aerosol-generating devices should consider maintaining 
updated Legionella water management programs to pre-
vent Legionella bacterial infections.
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with applicable federal law and CDC policy (e.g., 45 
C.F.R. part 46.102(l)(2), 21 C.F.R. part 56; 42 U.S.C. 
§241(d); 5 U.S.C. §552a; 44 U.S.C. §3501 et seq.), and 
did not require review by human or animal subjects 
research review boards.

Materials and Methods

Epidemiologic Investigation
The South Carolina Department of Health and Envi-
ronmental Control (DHEC) Division of Acute Disease 
Epidemiology (DADE) used the South Carolina elec-
tronic disease surveillance system to collect epide-
miologic data for this study. We identified confirmed 
and suspected legionellosis cases on the basis of the 
2020 Council of State and Territorial Epidemiologists 
case definitions (12).

During September 2022, DADE received re-
ports of 3 Legionella-positive urinary antigen tests 
among patients hospitalized with pneumonia who all 
worked at the same manufacturing facility in Rich-
land County, South Carolina. DADE informed com-
pany management about the cluster of legionellosis 
cases among facility employees and shared an em-
ployee awareness notification letter for distribution 
to employees. Company management informed em-
ployees of the legionellosis cluster and the DHEC in-
vestigation through both in-person meetings and vir-
tual and electronic communications. DHEC released 
a statewide health advisory to healthcare providers 
that had specific recommendations and a reminder to 
report positive Legionella test results and legionellosis 
cases to DHEC. Because of the occupational setting of 
the cluster, DADE requested assistance with the epi-
demiologic investigation from subject matter experts 
from CDC, including those from the National Insti-
tute for Occupational Safety and Health.

Regional epidemiologists conducted telephone 
interviews of ill persons to collect epidemiologic data 
for the 14-day period before symptom onset. All pa-
tients linked to this cluster were interviewed by us-
ing a standardized epidemiologic questionnaire, 
which gathered demographic information, clinical 
manifestations, laboratory results, travel history, 
and potential exposure to high-risk settings and wa-
ter sources. Patients were asked questions about job 
title, job description, job location, frequently visited 
areas aside from the assigned workplace, and visits 
to other potential exposure sites. Company manage-
ment provided information about the building and 
the water distribution systems that included all water 
processing equipment. We considered the location’s 
potable water points of use as possible exposure sites, 

in addition to the water processing equipment. To es-
timate disease burden, we classified cases into the fol-
lowing 4 categories: confirmed Legionnaires’ disease, 
defined as a patient who was at the facility and had a 
clinically compatible case of severe pneumonia with 
confirmed laboratory evidence of Legionella infection 
and onset of illness on or after May 2022; probable 
Legionnaires’ disease, defined as a patient who was at 
the facility and had a clinically compatible case with 
no laboratory evidence of infection but with onset of 
illness on or after May 2022; confirmed Pontiac fever, 
defined as a patient who was at the facility and had a 
clinically compatible case of mild respiratory disease 
(no pneumonia) with confirmed laboratory evidence 
of Legionella infection and onset of illness on or after 
May 2022; and probable Pontiac fever, defined as a 
patient who was at the facility and had a clinically 
compatible case with no laboratory evidence of infec-
tion but with onset of illness on or after May 2022.

Case Finding
DADE asked the facility’s occupational health service 
to actively identify all persons who had new or recent 
(previous 3 months) self-reported lower respiratory 
symptoms or clinically diagnosed pneumonia. Those 
persons were encouraged to contact their primary 
care physicians for Legionella bacteria assessment by 
using both culture of lower respiratory secretions 
and a Legionella-specific urinary antigen test. In ad-
dition, the lead regional investigators (R.W., V.G.) 
reached out to symptomatic co-workers who were 
identified by patients with confirmed legionello-
sis or the employee health service. DADE also con-
ducted a retrospective search of the South Carolina 
electronic surveillance system for all legionellosis 
patients who reported working at the same facility 
within the previous 12 months, in addition to looking 
for similar worksite exposures reported by patients 
living in other regions. The DHEC health advisory 
and employee communications letter promoted seek-
ing early healthcare and made employees aware that 
they should be tested for Legionnaires’ disease if any 
respiratory symptoms developed.

Environmental Investigation and Sampling
Company management hired a Legionella consul-
tant (M.G.) who collected preremediation and pos-
tremediation environmental samples and sent them 
to an Environmental Legionella Isolation Techniques 
Evaluation Program member laboratory. The labo-
ratory conducted serial Legionella bacteria testing of 
potable and nonpotable water sources. In prereme-
diation environmental samples, L. pneumophila and 
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Legionella spp. were detected by using qualitative 
PCR. Results were reported as detected or not de-
tected. Preremediation and postremediation envi-
ronmental samples were also collected and tested 
by using traditional culture (spread plate); those 
results were reported as colony forming units per 
volume. The environmental samples were from tra-
ditional potential exposure sources, such as show-
erheads, sinks, and cooling towers, and multiple 
unique sources, such as floor scrubbers and water 
jet cutters.

Legionella Bacteria Environmental Risk Assessment
After DADE notified the company of the cluster, 
company management engaged a consultant with 
Legionella bacteria expertise. They used the CDC’s 
Legionella Environmental Assessment Form to col-
lect information about the water supply, water sys-
tem design, and potential sources of exposure (13). 
They then used that information to create a water 
use inventory with detailed information and de-
scriptions for 42 devices, including plumbing and 
bathroom fixtures, throughout the facility. A map 
of the facility that indicated where patients rou-
tinely worked within the plant was also provided. 
DHEC staff and CDC subject matter experts con-
ducted a site visit to collect more information about 
the workplace, including an overview of the clean-
ing and industrial processes that create aerosolized 
water, the usual work locations of persons who 
became ill, and potential areas of stagnation in the 
facility plumbing system.

Results
We detected a statewide increase in the number of pa-
tients with legionellosis in 2022 compared with pre-
vious years; the number (n = 99) was higher in 2022 
than the numbers reported during the same time in 
2021 (n = 73), 2020 (n = 46), and 2019 (n = 55). We also 
observed an increase in the number of patients with 
legionellosis in Richland County (n = 29); fewer than 
5 cases in that county were reported during the same 
period in 2019, 2020, and 2021. In Richland County 
in 2022, 76% (n = 22) of patients with legionellosis 
were employees at the facility and were linked to the 
cluster. No reports of legionellosis were found among 
residents of the surrounding community, visitors to 
the facility, or contractors.

Demographic Characteristics
A total of 77 workers and other staff at the facility 
were investigated (Figure 1). Of those persons, 9 were 
lost to follow-up (defined as failure to reach a patient 
after 3 attempts within 1 week), 34 were excluded 
because they either did not meet the case definition 
or had documentation of an alternative etiology in 
their medical records, and 34 met the case definition 
for legionellosis. The 34 patients who met the case 
definition were classified further; 10 had confirmed 
Legionnaires’ disease, 20 had probable Legionnaires’ 
disease, and 4 had probable Pontiac fever (Table 1). 
Most employees at the facility worked first shift (n = 
817 [58.1%]), followed by second shift (n = 460 [32.7%]) 
and third shift (n = 130 [9.2%]); employees from dif-
ferent shifts had the same work responsibilities. The 
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Figure 1. Classification of cases 
associated with a cluster of 
legionellosis in a manufacturing 
facility in South Carolina, USA, 
2022. LTFU was defined as 
failure to reach a patient after 3 
attempts within 1 week. Cases 
were excluded if either the 
case definition criteria were 
not met or if the patient had a 
clinically compatible illness and 
documentation of an alternative 
etiology or positive test for 
COVID-19 or influenza. LD, 
Legionnaires’ disease; LTFU,  
lost to follow-up.
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overall attack rate among employees was 2.4%. The 
attack rate was 2.1% during the first shift, 1% during 
the second shift, and 3.8% during the third shift.

More patients with legionellosis were male (n = 
23 [67.6%]) than female (n = 11 [32.4%], and the me-
dian age was 40 years (Table 1). Fifteen patients were 
hospitalized because of Legionnaires’ disease. The 
highest proportion of hospitalizations were reported 
among persons who were 18–49 years of age (n = 11 
[73.3%]), male (n = 10 [66.7%]), and worked during 
the first shift at the facility (n = 7 [46.7%]) (Table 2). 
Most (n = 10 [66.7%]) hospitalized patients reported 
illness onset began during September 2022 (Figure 
2). The retrospective search for legionellosis cases in 
the South Carolina surveillance system identified 1 
patient who tested positive for Legionella and worked 
at the facility, reported in May 2022. Two fatalities 
were reported in this cluster. No clustering of cases 
according to work locations within the facility was 
identified (Figure 3). The facility did not keep routine 

records of employee demographic information; there-
fore, no comparisons with the general population at 
the facility could be made.

Clinical Sampling Results
Twelve urine specimens from workers at the facil-
ity who had symptoms consistent with legionellosis 
were collected by their healthcare providers and were 
tested by using an L. pneumophila serogroup 1 (Lp1) 
urinary antigen test either at commercial laboratories 
or by the South Carolina public health laboratory. 
Urinary antigen tests for 10 of 12 urine specimens 
were L. pneumophila–positive, indicating infection 
was most likely from Lp1. For hospitalized patients, 
we coordinated with infection preventionists to col-
lect lower respiratory specimens if the patient had re-
ceived antimicrobial drugs for <7 days. We shipped 1 
sputum sample to CDC for further testing and char-
acterization. No isolate was recovered from that spec-
imen; therefore, nested sequence-based typing (SBT) 
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Table 1. Characteristics of patients with legionellosis associated with a manufacturing facility, South Carolina, USA, May 16, 2022–
November 30, 2022* 

Characteristics 
Case classification, no. (%) 

Confirmed LD Probable LD Probable Pontiac fever Total 
No. cases 10 (29.4) 20 (58.8) 4 (11.8) 34 (100) 
Patient sex 
 F 3 (27.3) 5 (45.5) 3 (27.3) 11 (32.4) 
 M 7 (30.4) 15 (65.2) 1 (4.3) 23 (67.6) 
Age group, y 
 18–49 8 (29.6) 15 (55.6) 4 (14.8) 27 (79.4) 
 50–64 2 (28.6) 5 (71.4) 0 7 (20.6) 
Work shift 
 First 4 (23.5) 11 (64.7) 2 (11.8) 17 (50) 
 Second 2 (50) 2 (50) 0 4 (11.8) 
 Third 1 (20) 3 (60) 1 (20) 5 (14.7) 
 Unknown 3(37.5) 4(0.5) 1(12.5) 8 (23.5) 
Outcome 
 Died 1 (50) 1 (50) 0 2 (5.9) 
 Hospitalized 9 (60) 6 (40) 0 15 (44.1) 
Symptoms 
 Cough 10 (31.3) 18 (56.3) 4 (12.5) 32 (94.1) 
 Fever 9 (31) 18 (62.1) 2 (6.9) 29 (85.3) 
Underlying conditions† 3 (37.5) 4 (50) 1 (12.5) 8 (23.5) 
Areas of exposure‡ 
 Break room 1 1 (10) 6 (60) 3 (30) 10 (29.4) 
 Break room 2 1 (25) 3 (75) 0 4 (11.8) 
 Break room 3 2 (33.3) 4 (66.7) 0 6 (17.7) 
 Break room 4 3 (33.3) 5 (55.6) 1 (11.1) 9 (26.5) 
 Break room 5 3 (60) 2 (40) 0 5 (14.7) 
 Chiller§ 1 (100) 0 0 1 (2.9) 
 Cooling towers 2 (66.7) 1 (33.3) 0 3 (8.8) 
 Water jet cutters 2 (25) 4 (50) 2 (25) 8 (23.5) 
 Sprinkler system 1 (100) 0 0 1 (2.9) 
 Ice bank§ 3 (37.5) 5 (62.5) 0 8 (23.5) 
 Misters 1 (100) 0 0 1 (2.9) 
 Drinking water fountain 3 (21.4) 9 (64.3) 2 (14.3) 14 (41.2) 
*LD, Legionnaires’ disease. 
†Patients with any of the following conditions: alcohol abuse, cancer, cerebral accident/stroke, chronic diarrhea, chronic liver disease, chronic obstructive 
pulmonary disease, diabetes mellitus, heart disease, blood cancer, immunosuppressive condition, drug use, organ transplant, chronic renal failure, sickle 
cell anemia, or systemic lupus erythematosus. 
‡Self-reported frequently visited areas aside from the assigned work station. 
§Component of the comfort cooling system at the facility that does not aerosolize water. 
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results were generated by using DNA extracted di-
rectly from the specimen (14,15). The culture-negative 
respiratory specimen tested at CDC was identified  
as Lp1 ST36. 

Environmental Sampling Results
The Legionella consultant collected 316 samples from 
different potable and nonpotable water sources dur-
ing September 2022–February 2023. Of those samples, 
82 were tested in September 2022 by using qualita-
tive PCR specific for Legionella bacteria. Legionella spp. 
and L. pneumophila were detected in 37 samples. In 
addition, 234 samples were tested by using a culture 

method to isolate L. pneumophila and non–L. pneu-
mophila Legionella spp. All L. pneumophila isolates were 
characterized further to determine if they were sero-
group 1. Lp1 was isolated from 8 different samples 
collected from water jet cutters 1 and 2 (Figure 3) and 
a floor scrubber in September and October 2022. No 
Legionella spp. were isolated from samples collected 
from other sources. L. pneumophila serogroups 2–15 
were isolated from 1 sample collected from a water 
jet cutter in November 2022. All subsequent samples 
were negative for Legionella bacteria. 

Nine Legionella isolates recovered from environ-
mental samples collected at the facility in September 
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Table 2. Characteristics of hospitalized patients with legionellosis associated with a manufacturing facility, South Carolina, USA, May 
16, 2022–November 30, 2022* 

Characteristics 
Case classification, no. (%) 

Confirmed LD Probable LD Probable Pontiac fever Total 
No. cases 9 (60) 6 (40) 0 15 (100) 
Patient sex 
 Female 3 (60) 2 (40) 0 5 (33.3) 
 Male 6 (60) 4 (40) 0 10 (66.7) 
Age group, y 
 18–49 7 (63.6) 4 (36.4) 0 11 (73.3) 
 50–64 2 (50) 2 (50) 0 4 (26.7) 
Work shift 
 First 4 (57.1) 3 (42.9) 0 7 (46.7) 
 Second 1 (50) 1 (50) 0 2 (13.3) 
 Third 1 (50) 1 (50) 0 2 (13.3) 
 Unknown 3 (75) 1 (25) 0 4 (26.7) 
Outcome 
 Died 1 (50) 1 (50) 0 2 (13.3) 
 Survived 8 (61.5) 5 (38.5) 0 13 (86.7) 
Underlying conditions†  3 (75) 1 (25) 0 4 (26.7) 
*LD, Legionnaires’ disease. 
†Patients with any of the following conditions: alcohol abuse, cancer, cerebral accident/stroke, chronic diarrhea, chronic liver disease, chronic obstructive 
pulmonary disease, diabetes mellitus, heart disease, blood cancer, immunosuppressive condition, drug use, organ transplant, chronic renal failure, sickle 
cell anemia, or systemic lupus erythematosus. 

 

Figure 2. Epidemic curve of 
reported cases of legionellosis 
associated with a manufacturing 
facility and timeline of corrective 
actions for potential exposure 
sources, South Carolina, USA, 
2022. Of 34 total cases, 10 
were confirmed LD cases, 
20 probable LD cases, and 4 
probable Pontiac fever cases. 
Red bar on x axis indicates 
when the cooling towers, water 
jet cutters, the chiller, and floor 
scrubbers were all shut off on 
September 18, 2022. The floor 
scrubbers were remediated 
on October 3, 2022. Blue 
bars on the x axis indicate 
remedial treatment of remaining 
water-processing devices on 
September 22; October 3, 14, 
16, 17, 21, 27, and 28; and 
November 1, 2022. Date of death for 1 patient with probable LD was used as the illness onset date because we were unable to 
obtain a symptom onset date. LD, Legionnaires’ disease.
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2022 were submitted to CDC for further character-
ization. CDC performed Legionella multiplex real-
time PCR on the presumptive Legionella isolates and 
detected Lp1. CDC generated a complete SBT pro-
file for the isolates and identified the environmental 
isolates as ST36, the same ST as the clinical respira-
tory specimen.

Environmental Assessment
The facility provided the following list of records 
that they maintained: cooling system maintenance 
records, facility and water inventory maps, Legio-
nella Environmental Assessment Form, preventive 
and maintenance work instructions, safety data 
sheets, water management plan, and water system 
inventory. Two water jet cutters were present in 
the facility and were used on all shifts. The machin-
ery works by combining garnet and water from the 
premise plumbing system under high pressure to cut 
parts from sheet metal. The garnet/water mixture is 
pumped through a circulation loop where the garnet 
is separated and water is returned to a catch basin. 
The plant operators had previously determined the 
basin temperature to be 35°C–40°C during use. The 
cutting piece and water catch basin were open to the 
environment, permitting aerosols and water spillage 
onto the surrounding area.

Floor scrubbers that capture water, sediment, and 
other particulates throughout the facility were used 
during all shifts. The manually operated machines 

sprayed water and detergent on the floor, where the 
mixture was then spread by large circular brushes 
and vacuumed into a collection tank. Spray from the 
machines and the scrubbing motion of the brushes 
are capable of producing aerosols that could spread 
Legionella bacteria. Although the facility has 5 floor 
scrubbers, only 1 tested positive for Legionella bacteria 
during this investigation. The area around the water 
jet cutters was frequently cleaned by the floor scrub-
bers to remove standing water on the floor resulting 
from overspray and overflow from the machinery. 

Environmental Control Measures
Company management shut down both water jet cut-
ters and discontinued use of all floor scrubbers after 
receiving the initial Legionella sampling results. The 
water jet cutters and floor scrubbers were turned off 
on September 18, 2022. The water jet cutters were re-
turned to service on November 16, 2022. Although 
we provided the facility with recommendations on 
how to safely return the floor scrubbers to service on 
October 20, 2022, the facility management decided 
against putting them back in service and used back-
up scrubbers instead. In response to the legionello-
sis cluster, the water jet cutter control plan consisted 
of mechanical preventive measures, such as inspec-
tion, cleaning, maintenance, and filter change. The 
company developed chemical prevention measures, 
including biocide feed, water quality tests, pump in-
spections, and the use of slow dissolving tablets of the  
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Figure 3. Usual work location of 
employees with confirmed and 
probable legionellosis according 
to shift and proximity to water jet 
cutters at a manufacturing facility 
in South Carolina, USA, 2022. 
Stars without circles indicate 
first shift workers. Facility is ≈1 
× 106 square feet with a ceiling 
height of 40 feet. Rooftop cooling 
tower is the primary source of 
cooling for the building, and air is 
circulated with industrial ceiling 
fans throughout the facility. Air 
flow studies were not performed. 
Patients reported working in 
various locations during the 14 
days before illness onset. Facility 
is open-air with 1 interior wall 
separating the office space from 
the manufacturing side. Gray 
lines indicate production lines. 
Work location information was 
missing for 8 patients because of 
investigator inability to identify the 
location on the map, the employee reported moving throughout the facility, or inability to collect the information from either the employee 
or company management. Floor scrubbers are not shown because they were used throughout the facility.
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wide-spectrum biocide, 2,2-dibromo-3-nitrilopropio-
namide (92%–98%), which can achieve a 4-log reduc-
tion in Legionella bacteria concentrations when used in 
appropriate concentrations and causes less corrosion  
than chlorine (16).

Floor scrubber remediation measures consisted 
of regular mechanical preventive maintenance and 
disinfection, which included adding chlorine bleach 
to the recovery tank and filling the tank with clean 
water. Postremediation samples collected from both 
the water jet cutters and the floor scrubber were nega-
tive for Legionella spp.

Discussion
The legionellosis cluster consisted of 10 confirmed 
Legionnaires’ disease cases, 20 probable Legion-
naires’ disease cases, and 4 probable Pontiac fever 
cases. The population of workers in the facility were 
a younger demographic group than is typically as-
sociated with Legionnaires’ disease; the median 
age among the patients was 40 years, whereas the 
median age of patients with reported Legionnaires’ 
disease in the United States is 62 years (1). The at-
tack rate might be influenced by the shift type. Em-
ployees who worked the third shift reported the 
highest attack rate of 3.8%, which might be caused 
by a longer exposure time because those employees 
do not usually leave the building at night. We also 
observed that patients who reported working on the 
third shift tended to cluster near to water jet cutters 
(Figure 3). Although the highest number of patients 
with legionellosis worked during the first shift, the 
attack rate was 2.1%; the lower attack rate might 
have been influenced by the higher proportion of 
employees who worked in the office in a separated 
part of the building or worked in other capacities 
outside the manufacturing part of the building. Re-
sults from environmental sampling found 2 water jet 
cutters and 1 floor scrubber were positive for Legio-
nella spp., indicating that those machines were the 
likely source of the outbreak.

The investigation was initially challenging be-
cause a clear exposure pattern did not exist between 
worksites, devices that aerosolize water, and infec-
tion (Table 1). For example, not all patients reported 
exposures in the same areas within the facility, mak-
ing it difficult to elucidate patterns of exposure and 
link infections with specific areas or devices. Also, 
DHEC staff noted that facility employees did not con-
sistently use the same description to identify sources 
of water within the facility. However, this lack of a 
pattern suggested that the source had to be capable of 
causing widespread exposures.

A visit to the facility by DHEC staff and CDC 
subject matter experts provided key insights into the 
environmental and occupational factors that resulted 
in a relatively large legionellosis cluster within a short 
period. Any device filled with tap water can grow Le-
gionella bacteria (17). The main sources of exposure 
uncovered in this investigation were the water jet 
cutters and the floor scrubber. The water jet cutters 
contained reservoirs of water that could reach tem-
peratures of 35°C–40°C, which is ideal for Legionella 
bacterial growth. The water jet cutters also produced 
substantial aerosols during use that had the potential 
to travel through the open-floor facility. Remediation 
of the water jet cutter contamination was complicated 
by the absence of existing water management recom-
mendations from the equipment manufacturer. Be-
cause of vulnerable components in the devices, such 
as the cutting head that is susceptible to corrosion, 
chemicals added to the water reservoirs had the po-
tential to damage the equipment.

The use of floor scrubbers during all 3 shifts 
might have also caused the spread of aerosolized 
bacteria throughout the facility. A potential biofilm 
in the cistern of the floor scrubber might have been 
a contributing factor to Legionella bacterial growth 
and, hence, seeding throughout the facility. Regular 
maintenance and disinfection of those devices should 
be prioritized, and individual floor scrubbers should 
be dedicated to designated areas (i.e., floor scrubbers 
used near the water jet cutters should not be used in 
other areas).

The initial corrective and remediation activities 
started during the second half of September 2022. Le-
gionellosis cases continued to be reported through late 
November 2022, which might have occurred because 
of challenges in remediation process implementation 
that led to sporadic positive identification. However, 
the epidemiologic curve indicated the number of cases 
was decreasing after remediation activity, and the last 
confirmed Legionnaires’ disease cases were reported 
≈3 weeks after the initial remediation attempt (Figure 
2). During the investigation, the facility identified and 
tested multiple potable and nonpotable water sources 
that could pose a potential risk for Legionella bacteria 
exposure. This serial environmental testing of devices 
that can aerosolize water indicated a second source 
of exposure was unlikely within the facility. Further-
more, despite the high number of reported cases with-
in the facility, we did not find any other commonali-
ties outside the workplace or identify additional cases 
from the surrounding communities, leading us to ex-
clude the possibility of an outside source of infection. 
Although we implemented stricter inclusion criteria 
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for probable legionellosis cases during the influenza 
season—requiring negative influenza and COVID-19 
laboratory test results—the possibility of false posi-
tives existed. This possibility might explain the ongo-
ing cases that were reported for several months after 
the initial remediation attempt and ≈1 month after the 
last corrective action.

Early reporting of the legionellosis cluster and 
timely identification of the common occupational ex-
posure among patients were key to limiting the dura-
tion of this outbreak. Collaboration with the company’s 
facility management played a major role in identifying 
cases and in mitigation to prevent further exposures. 
Company management distributed notifications to their 
employees and involved their occupational health ser-
vice staff to help identify any potential missed cases and 
ensure that employees sought treatment, if they experi-
enced symptoms. This communication effort combined 
with prompt reporting to DHEC helped identify cases 
and potential sources of exposure.

The first limitation of our study is that only 1 
lower respiratory sputum specimen was obtained. 
We did not recover an isolate from that clinical speci-
men; thus, a higher resolution method of character-
ization, such as whole-genome sequencing, was not 
performed on the environmental isolates. Because 
of the prevalence of Legionella ST36 strains, a typing 
method with more discriminatory power, such as 
whole-genome multilocus sequence typing, might 
be required to make inferences about the relatedness 
of ST36-typed isolates. Finally, the lack of testing for 
patients with probable legionellosis cases might have 
resulted in an overestimate if some of those patients 
did not have Legionnaires’ disease.

In conclusion, clusters of Legionella bacterial in-
fections in workplace settings are known to occur 
and are often associated with cooling towers; how-
ever, reports of Legionella clusters have been linked to 
cleaning devices (7,18). Our experience highlights the 
need for public health authorities to consider nontyp-
ical sources of Legionella exposure when investigat-
ing legionellosis cases and clusters at manufacturing 
facilities. It is also critical that owners and operators 
of water-processing equipment evaluate the risks for 
legionellosis associated with their use (10). Under-
standing the factors that contribute to the growth and 
transmission of Legionella bacteria is pivotal for effec-
tive prevention and control strategies. Manufacturing 
facilities that use aerosol-generating devices should 
consider maintaining updated Legionella water man-
agement programs that specify when, where, and 
how control measures should be applied to prevent 
legionellosis cases and clusters.
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etymologia revisited
Coronavirus

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

In 1967, June Almeida and David Tyrrell performed electron 
microscopy on specimens from cultures of viruses known to 
cause colds in humans and identified particles that resembled 
avian infectious bronchitis virus. Almeida coined the term 
“coronavirus,” from the Latin corona (“crown”), because the 
glycoprotein spikes of these viruses created an image similar to 
a solar corona. Strains that infect humans generally cause mild 
symptoms. However, more recently, animal 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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During pandemics, special risk populations are 
often more vulnerable to severe disease and 

death. Pregnant women experienced higher mortal-
ity and critical illness rates during the 2009 influenza 
pandemic (1), the SARS-CoV-2 pandemic (2), and 
the 2014–2016 Ebola epidemic in Africa (3). Global 
efforts are needed to proactively recognize and miti-
gate risks to pregnant women before the onset of a 
pandemic, rather than as a reactive process after a 
pandemic has started.

Recent case reports of human infection with 
avian influenza A(H5N2) and A(H5N1) viruses have  

renewed concerns regarding the heightened risk for a 
pandemic. An increasing number of cases of human 
avian influenza virus infection have been reported 
since 2004, and increasing case numbers have been 
seen since 2023 (4), exceeding 1,400 cases across dif-
ferent subtypes (5). Avian influenza is commonly 
caused by influenza A virus subtypes H5, H7, and 
H9. Occurring naturally among wild water birds, a 
rising number of avian influenza infections have been 
reported in domestic poultry and in mammals, in-
cluding domestic cats and dogs and humans (6).

In April 2024, a human case of H5N2 virus infec-
tion was described in a 59-year-old man from Mexico 
who later died (7). The man had no known contact 
with infected animals, but cases of infected poultry 
were detected in the neighboring Mexican state in 
March 2024 (7). That case was the first known human 
case of A(H5N2) influenza virus infection, although 
seropositivity has been previously described in poul-
try workers in Japan after a large avian outbreak in 
2005 (8). The possibility that seasonal influenza vac-
cination influences H5N2 virus neutralizing antibody 
titers makes understanding seroepidemiology and 
risk for human infection challenging (9).

Of similar concern are increasing cases of influ-
enza A(H5N1) virus infection in animals. Sporadic 
cases of infections in mammals have been described 
in Europe, South America, North America, and Asia 
(6). Unexplained illness in dairy cattle leading to de-
creased milk production was described in the Unit-
ed States in January 2024 (10). Influenza A(H5N1) 
virus was later detected in cattle in March 2024, as 
was a human case of infection after exposure to dairy 
cows in April 2024 (11). Illness in other animals has 
also occurred, including detection in foxes, sea el-
ephants, and sea lions, as well as in domestic animals, 
such as dogs and cats (6). Symptomatic human in-
fection has also occurred in Cambodia, where 5 hu-
man cases related to infected poultry were reported 
in early 2024 (12). Other case reports have emerged,  
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Human cases of avian influenza A(H5N2) and A(H5N1) 
viruses associated with outbreaks in birds and mammals 
are increasing globally, raising concerns about the possi-
bility of a future avian influenza pandemic. We conducted 
a systematic review examining 30 reported cases of avian 
influenza in pregnant women. We found high mortality 
rates for mothers (90.0%, 27/30) and their babies (86.7%, 
26/30) when women were infected with avian influenza 
virus during pregnancy. Despite being a high-risk popula-
tion and having worse health outcomes across multiple 
pandemics, pregnant women are often excluded from 
vaccine trials. However, as the risk for a new pandemic 
increases and human vaccines against avian influenza 
are developed, early inclusion of pregnant women in clini-
cal trials can inform the risk–benefit analysis for both the 
mother and their newborn infant. Early inclusion of preg-
nant women in public health vaccination programs is vital 
for protecting this high-risk population.
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including a case in Vietnam after exposure to wild 
birds, a child in Australia who had recently traveled 
to India (13), and 17 cases in the United States, includ-
ing 16 patients who had contact with infected dairy 
cows or poultry (14).

In previous influenza pandemics, pregnant wom-
en experienced worse health outcomes and higher 
mortality rates than the general population. In some 
studies, pregnant women accounted for up to 9% of 
intensive care unit (ICU) admissions and up to 10% 
of patients who died (1). The risk for severe disease or 
adverse outcomes among pregnant women was ob-
served again during the COVID-19 pandemic (2), be-
fore the introduction of vaccination, when pregnant 
women were at an increased risk for critical illness 
requiring ICU admission, extracorporeal membrane 
oxygenation, or mechanical oxygenation compared 
with nonpregnant women of a similar age.

Despite the increased risks, in the past, pregnant 
women have been excluded from clinical prelicensure 
trials of vaccines and therapeutic agents aiming to ad-
dress pandemics (15,16). Pregnant women also have 
been excluded or have had delayed entry into popu-
lation-level public health vaccination programs (15). 
As avian influenza virus infections in humans increase 
(11,13,17), understanding which populations are likely 
to be most vulnerable will be critical to pandemic pre-
paredness efforts. We conducted a systematic review 
of avian influenza virus infection during pregnancy to 
assess adverse effects among this population.

Methods

Search Strategy
We followed Preferred Reporting Items for Systemat-
ic Reviews and Meta-Analyses (PRISMA) guidelines 
to conduct a systematic review of avian influenza 
virus during pregnancy and its effects on pregnancy 
outcomes. We searched MEDLINE (https://www.
nlm.nih.gov/medline/medline_home.html) and EM-
BASE (https://www.embase.com) databases from 
inception through June 2024 for original studies. 
We identified additional records through reference 
checking. The studies included pregnant women who 
had experienced an avian influenza virus infection 
during any stage of pregnancy. We included studies 
that reported on pregnancy outcomes.

Study Selection Process and Data Extraction
We searched databases and reviewed titles and ab-
stracts for each study, then we removed duplicate 
studies from search results. Two independent review-
ers screened all abstracts and full texts selected for  

retrieval. The authors reviewed full text for articles 
that met the study inclusion criteria. We extracted and 
compiled data in a PRISMA format table, including 
study design, setting, number of participants, inter-
vention group or population, and outcomes (Table).

Inclusion and Exclusion Criteria
Studies included for full text review were random-
ized or nonrandomized controlled trial studies, co-
hort studies, retrospective or prospective observa-
tional studies, or case series or case reports. Because 
many included articles were from China, we included 
studies published in Mandarin and had those trans-
lated by a local author. We excluded studies that did 
not report on primary outcome, those in which preg-
nant women were not differentiated from other study 
participants, and those reporting duplicate data.

Definitions Related to Outcomes of Interest
We defined preterm birth as any live birth before 37 
completed gestational weeks. We only included avian 
influenza virus infections in humans for analysis.

Results

Study Selection
After removal of duplicate studies, we identified a 
total of 1,602 publications (Figure). From those, we 
excluded 1,592 studies after abstract screening and 
conducted a full text review for 10 studies, 8 of which 
we included for analysis. Reasons for exclusion in-
cluded that the population described was not preg-
nant women, the pregnancy outcome was not known, 
or the case report was a duplication of a previously 
described patient (26) (Figure). Included studies were 
7 individual case reports and 1 retrospective cohort 
study. To avoid duplication, we removed 3 persons 
described in individual case reports (20,25,27) from 
our description of the retrospective cohort because 
those persons were also described in the retrospec-
tive cohort study (18).

The review included a population of 30 pregnant 
women with diagnosed avian influenza virus infec-
tion during pregnancy (Table). The women resided 
across 4 countries, and most were from China. One 
review reported on patients from multiple countries 
(18). The avian influenza virus strains described in-
cluded H5N1 (n = 16), H7N9 (n = 13), and H5N6 (n 
= 1). Microbiological diagnosis was made via PCR of 
tracheal aspirates, throat swab samples, or sputum, 
followed by genomic sequencing. Serologic testing in 
conjunction with PCR testing was used to exclude in-
fection in 1 surviving neonate (19).
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Exposure to poultry, either through attendance at 
live poultry markets or working with live poultry (n = 
12), or contact with sick poultry (n = 15) was common 
among included cases. The described incubation pe-
riod across the cases was 1–10 days. The maternal age 
range was 20–35 years, and gestational age at the time 
of infection was 8–36 weeks. No study reported sea-
sonal influenza vaccination status of affected women 
in the year of their infection.

Maternal and infant outcomes were poor. Mater-
nal death occurred in 90.0% (n = 27) of cases. In most 
(86.6%, 26/30) cases, fetuses died with the mothers. 
Of the 5 infants who survived, 4 were born prema-
turely (range 33–36 weeks’ gestation). Three of those 
births occurred at the time of maternal infection, ei-

ther by spontaneous labor or emergency caesarean 
section (18,19,22). One infant was born prematurely 
at 35 weeks’ gestation, 2 months after maternal infec-
tion (25). The timing of infection during pregnancy 
did not appear to influence the likelihood of maternal 
or infant survival.

Discussion
Limited information on avian influenza virus infec-
tions in pregnancy is available, and we found only 
30 reported cases despite >1,400 infected humans de-
scribed in the literature (5). What we do know from 
the cases reported is that outcomes for mothers and 
their fetuses were poor, and most cases ended in 
both maternal and in utero fetal death. Although less  
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Table. Summary of included studies* 

Reference 
Study 
design 

Country 
of origin 

Sample 
size 

Virus 
strain 

Diagnostic 
method Population Outcomes 

 (18) RSCS China, 
Egypt, 

Indonesia 

23 H7N9 PCR 10 pregnant women, mean 
age 28 y (range 20–35 y); 

GA at time of infection: 
trimester 1 (n = 3), 
trimester 2 (n = 4), 
trimester 3 (n = 3) 

 

9 maternal and 8 in utero fetal 
deaths. One infant born 

prematurely at 33 weeks GA to a 
mother who later died. The 

woman who survived was at 9-
weeks GA at time of infection 

and her infant survived. 
    H5N1 PCR 13 pregnant women, mean 

age 24.8 y (range 20–35); 
GA at time of infection: 

trimester 1 (n = 1), 
trimester 2 (n = 7), 
trimester 3 (n = 2), 

unknown GA (n = 5) 

13 maternal and 12 in utero fetal 
deaths. Delivery of 1 infant via 

emergency caesarean section at 
36 weeks GA before maternal 

death; infant was LBW (2.3 kg), 
was not infected, and survived. 

 (19) Case 
report 

Vietnam 1 A(H5N1) 
clade 1.1 

PCR and 
genome 

sequencing of 
tracheal 
aspirate 

(maternal); 
throat swabs, 

serum 
(neonate) 

26 years of age, 36 weeks 
GA; worked slaughtering 

poultry 

Maternal death, newborn 
survived. Premature birth with 

LBW and early onset 
pneumonia. Infant recovered by 
day 16 of life. PCR and serum 
specimens for H5N1 negative. 

 (20) Case 
report 

China 1 A(H5N1) PCR and 
genome 

sequencing of 
tracheal 
aspirate 

Age unknown, 16 weeks 
GA, who slaughtered sick 

poultry 

Maternal and in utero fetal death 

 (21) Case 
report 

China 1 A(H5N1) PCR Age and gestation 
unknown, had contact with 

poultry. 

Maternal and in utero fetal death 

 (22) Case 
report 

China 1 A(H5N6) PCR of throat 
swab, sputum 

40 years of age, 35 weeks 
GA; contact with poultry 

unknown 

Maternal survival; live birth of 
premature infant, 35 weeks GA. 

No infant infection 
 (23) Case 

report 
China 1 A(H7N9) PCR 29 years of age, 27 weeks 

GA; contact with poultry 
unknown 

Maternal and in utero fetal death 

 (24) Case 
report 

China 1 A(H7N9) PCR of tracheal 
aspirate 

28 years of age, 26 weeks 
GA; contact with poultry 

unknown 

Maternal and in utero fetal death 

 (25) Case 
report 

China 1 A(H7N9) Unknown 25 years of age, 17 weeks 
GA; visited live animal 
market 2 weeks before 

illness 

Maternal survival; infant born at 
35 weeks GA, 2 mo after 

maternal hospital discharge 

*All the adult population described in the table are pregnant women. GA, gestational age; LBW, low birthweight; RSCS, retrospective cohort study. 
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severe cases could be more likely to be detected and 
reported, the limited description of outcomes for 
pregnant women infected with avian influenza virus 
paints a concerning picture.

We noted no obvious pattern between the tim-
ing of infection during pregnancy and maternal or 
fetal and infant outcomes. We found no reported 
cases of pregnant women infected with H5N2 virus. 
The last case of H5N1 virus infection in a pregnant 
woman was reported in 2019 (23), and we found no 
cases associated with the outbreaks occurring in 2024 
through June.

Pregnancy is a unique physiologic state, and of-
ten renders otherwise healthy women vulnerable 
to worse outcomes after some infections than non-
pregnant persons. That phenomenon has been seen 
in multiple infectious disease epidemics, including 
influenza (1), the COVID-19 pandemic (25), and vi-
ral hemorrhagic fever outbreaks, such as Lassa fever 
and Ebola (3,26). Health impacts of infections are not 
limited to the mother, and reports of premature birth 
or infant death related to maternal death are increas-
ing. Adverse effects on the infant have been noted 
not only with maternal death, but also among infants 
born to women admitted to an ICU (27).

The viral infections described in poultry and other 
mammals in 2024 are primarily avian viruses, and no 
genetic changes which would increase transmission 
to, and between, humans have been observed (28). A 
2024 report on H5N1 viral whole-genome sequencing 

from dairy cattle, birds, domestic cats, and a raccoon 
in association with epidemiologic data supported ef-
ficient cow-to-cow transmission, increasing concern 
about the potential ability of avian influenza H5N1 
clade 2.3.4.4b to cross species and efficiently trans-
mit within new species (29). On April 23, 2024, joint 
analysis of the World Health Organization, World 
Organisation for Animal Health, and Food and Agri-
culture Organization of the United Nations assessed 
the overall public health risk posed by H5N1 as low 
(30). However, persons who have exposure to infect-
ed animals or contaminated environments are at an 
increased risk level (31). Nonetheless, efforts in vac-
cine development have been made to provide human 
protection against acquisition and severe disease, and 
antigenic analysis demonstrated that the avian influ-
enza virus detected in humans in 2024 would be well 
covered by candidate vaccine viruses (31). A vaccine 
for humans against H5N1 influenza virus has been 
developed, and major investments have been made to 
promote development using mRNA technology (32).

The European Commission’s Health Emergency 
Preparedness and Response Authority procured 
665,000 zoonotic avian influenza virus vaccine doses 
(33), and vaccination for persons working in high-risk 
occupations, such as fur farmers, was commenced in 
Finland (33). However, vaccination during pregnancy 
is listed as a contraindication, and health providers 
cautioned against vaccinating pregnant women be-
cause of insufficient safety data (34).
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Figure. Flow diagram for 
study review and inclusion in 
a systematic review of avian 
influenza virus infection and 
outcomes during pregnancy.
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The inclusion of women as early as possible is a key 
priority in pandemic planning (16,35). The presumption 
of inclusion described in advocacy attempts to change 
the default approach and aims to normalize the position 
of pregnant women being included in vaccine devel-
opment, research, and deployment programs (36). Al-
though efforts have been made by leading public health 
bodies to preempt the impact of respiratory viral pan-
demics on pregnant women (37), those efforts have yet 
to result in a universal systemic approach. During the 
COVID-19 pandemic, pregnant women were largely 
excluded from vaccine trials, and only 2 of 90 studies 
included pregnant women (15). Although the speed of 
SARS-CoV-2 vaccine development was unprecedented, 
the noninclusion of pregnant women, who were known 
to experience more severe infections than the general 
population (2), highlights how inclusion and equality of 
access to vaccination remains a core issue.

Ethical pandemic preparedness to avoid prevent-
able deaths requires early inclusion of vulnerable 
populations in vaccine development, monitoring, 
and trials (38,39). The dogma of presumptive exclu-
sion of pregnant women needs to change (36,38), 
and a pregnancy-focused research agenda should be 
developed and implemented by ethically informed 
oversight from institutional review boards, regula-
tors, and policy makers (38).

Harnessing existing monitoring systems and 
resources to identify and include pregnant women 
and infant outcomes through use of administrative 
endpoints (38)—for example by using International 
Classification of Diseases, 10th Revision ,codes (37) —
could be a method of providing systematic and time-
ly prospective data. That strategy must be parallelled 
with a commitment to the rapid development and 
deployment of codes used to report new infections. 
Investment in the upkeep and readiness of preg-
nancy registries is also required. Although platforms 
in some jurisdictions have data available in a timely 
manner (40), others often report outcomes several 
years later (39). As recommended by the Pregnancy 
Research Ethics for Vaccines, Epidemics, and New 
Technologies (PREVENT) Working Group, suitability 
for administration during pregnancy should be a con-
sideration when funding bodies are reviewing vac-
cine candidates, and the early initiation of preclinical 
development toxicology studies should be prioritized 
before efficacy studies (38). Vaccine trials that include 
women of childbearing age should be structured to 
systematically collect data on pregnancy-related 
safety outcomes and immunogenicity in the event of 
pregnancy occurring (36). Those data may also help 
inform outcomes from vaccine exposures earlier in 

pregnancy than would occur in planned antenatal 
vaccine trials. Similarly, using existing Rapid Cycle 
Analyses structures (41), such as the signal detec-
tion systems developed by the Global Vaccine Data 
Network or the Vaccine Safety Datalink (40,42), gives 
real-time data around population level vaccine safety.

Conclusions
We used PRISMA guidelines to conduct a systematic 
review of avian influenza virus during pregnancy 
to assess infection effects on pregnancy outcomes. 
We found limited reports of outcomes for pregnant 
women infected with avian influenza virus in the lit-
erature. Of those reports, mortality rates for infected 
women and their infants was >90%.

As human cases of avian influenza A(H5N1) and 
A(H5N2) virus infection increase, awareness of the 
vulnerability of pregnant women to a new pandemic 
is needed. A paradigm shift is required to routinely 
include that population in pandemic preparedness 
programs and avoid preventable deaths. Inclusion 
could be achieved through using the capacity of 
existing surveillance systems, planning vaccine tri-
als to include the complex needs of pregnancy, and 
scaling up signal detection systems to identify preg-
nancy outcomes.
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Middle East respiratory syndrome coronavirus 
(MERS-CoV) was first described in 2012 in a 

human case of viral pneumonia (1). Subsequent re-
search uncovered a widespread zoonotic disease 
caused by a virus that infects humans in the Middle 
East, East and West Africa, and Pakistan (2–8). The 
virus is primarily acquired through direct contact 
with dromedary camels, its main reservoir host, and 

with less efficiency through contact with infected 
humans (9–14). Infected dromedary camels usually 
show no or mild clinical signs and quickly recover 
from infection (14). Human-to-human transmission 
in household and community settings is limited, but 
nosocomial outbreaks with prolonged interhospi-
tal transmission chains have occurred (15–18). Vi-
rus adaptations to humans that cause even subtle 
changes in transmission probability might lead to 
an epidemic or pandemic. Because of the zoonotic 
transmission nature of MERS-CoV, virus evolution 
in dromedary camel populations is of immediate 
relevance to humans (19).

MERS-CoV is currently classified into clades A, 
B, and C. Clade A and B viruses are associated with 
dromedary camels in the Arabian Peninsula; clade C 
viruses are associated with camels in Africa. Clade A 
viruses have not been detected since 2015 and might 
be extinct. Clade B viruses were circulating and evolv-
ing in dromedary camels in the Arabian Peninsula at 
least until 2019 (20) and were originally classified into 
5 phylogenetic lineages (21). Lineage B5 was first re-
ported in 2016, resulting from recombination between 
lineages B3 and B4. The B5 lineage dominated circula-
tion in Saudi Arabia within 6 months after detection 
of the first sequence in 2014, and circulation was ob-
served until 2019 (21,22). Clade C viruses appear to 
have lower infectivity and virulence (23), whereas B5 
viruses show increased virulence and fitness in both 

Ongoing Evolution of Middle East 
Respiratory Syndrome Coronavirus, 

Saudi Arabia, 2023–2024
Ahmed M. Hassan,1 Barbara Mühlemann,1 Tagreed L. Al-Subhi, Jordi Rodon, Sherif A. El-Kafrawy,  

Ziad Memish, Julia Melchert, Tobias Bleicker, Tiina Mauno, Stanley Perlman, Alimuddin Zumla,  
Terry C. Jones, Marcel A. Müller, Victor M. Corman, Christian Drosten,2 Esam I. Azhar2

RESEARCH

1These first authors contributed equally to this article.
2These senior authors contributed equally to this article.

Middle East respiratory syndrome coronavirus (MERS-
CoV) circulates in dromedary camels in the Arabian 
Peninsula and occasionally causes spillover infections in 
humans. MERS-CoV diversity is poorly understood be-
cause of the lack of sampling during the COVID-19 pan-
demic. We collected 558 swab samples from dromedary 
camels in Saudi Arabia during November 2023–January 
2024. We found 39% were positive for MERS-CoV RNA 
by reverse transcription PCR. We sequenced 42 MERS-
CoVs and 7 human 229E-related coronaviruses from 
camel swab samples by using high-throughput sequenc-
ing. Sequences from both viruses formed monophyletic 
clades apical to recently available genomes. MERS-CoV 
sequences were most similar to B5 lineage sequences 
and harbored unique genetic features, including novel 
amino acid polymorphisms in the spike protein. Further 
characterization will be required to understand their ef-
fects. MERS-CoV spillover into humans poses consider-
able public health concerns. Our findings indicate sur-
veillance and phenotypic studies are needed to identify 
and monitor MERS-CoV pandemic potential.
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dromedary camels and humans compared with other 
A, B, and C clade viruses; those data are from experi-
ments with human epithelial cell and lung explant 
models (23,24), hDPP4 transgenic mice (23), and cam-
elid models (25,26).

In addition to MERS-CoV, dromedary camels 
also harbor a coronavirus closely related to sea-
sonal human coronavirus (HCoV) 229E (subgenus 
Duvinacovirus) (21,27), highlighting the importance 
of dromedary camels as a reservoir host for coro-
naviruses. Because of a lack of sampling during the  
COVID-19 pandemic, limited knowledge exists re-
garding the diversity of circulating MERS-CoVs 
in the Arabian Peninsula (28). It remains unknown 
whether the MERS-CoV lineage B5 continues to dom-
inate in camel populations as it did during 2017–2019 
and whether currently circulating MERS-CoVs have 
polymorphisms that might affect transmissibility 
or virulence. During January–May 2024, a total of 4  
laboratory-confirmed MERS-CoV cases were report-
ed to the World Health Organization by the Ministry 
of Health of Saudi Arabia (29), indicating continu-
ous zoonotic spillover into the human population. 
Continued surveillance is needed to monitor ongo-
ing changes in MERS-CoV genomes. We report the 
genetic characterization of 42 MERS-CoV genomes 
isolated from infected dromedary camels sampled 
in Saudi Arabia during late November 2023 through 
early January 2024.

Methods

Sample Collection
We collected samples from camels after obtaining 
ethics approval from the Unit of Biomedical Ethics, 
King Abdulaziz University Hospital, Rihadh, Saudi 
Arabia. We collected 576 nasal swabs samples from 
558 camels at local camel farms in Jeddah (western 
Saudi Arabia) and Al Quwaiiyah, Shaqra, Sajir, Al 
Duwadimi, and Al Riyadh (all locations in central 
Saudi Arabia). We immersed each swab sample in 
virus transport medium, transported the samples in 
a cold container, and stored them at −80°C until fur-
ther analysis. 

RNA Extraction and PCR Screening
We extracted virus RNA from 200 µL of sample by 
using QIAamp Viral RNA Kits (QIAGEN, https://
www.qiagen.com) according to the manufacturer’s 
instructions. We used upE and ORF1A quantitative 
reverse transcription PCR to test for MERS-CoV, as 
described previously (30). We considered samples 
to be MERS-CoV positive if they were PCR positive 

for both gene targets and had cycle threshold values 
of <40 (30).

Sequencing
We generated complete genome sequences by using 
Illumina (https://www.illumina.com) shotgun high-
throughput sequencing on selected positive samples 
and performed subsequent targeted enrichment 
when necessary. We deposited sequences from this 
study into GenBank (accession nos. PP952203–9 and 
PP952162–202). We prepared libraries by using the 
KAPA RNA HyperPrep Kit (Roche, https://www.
roche.com) according to the manufacturer’s instruc-
tions. In brief, we fragmented 5 µL RNA at 85°C for 
6 minutes. We measured indexed DNA libraries by 
using the Qubit dsDNA HS Assay Kit (Thermo Fisher 
Scientific, https://thermofisher.com) and High Sen-
sitivity D1000 ScreenTape Assay Kit for TapeStation 
(Agilent, https://www.agilent.com). We sequenced 
equimolar pooled libraries by using an Illumina No-
vaSeq 6000 system (paired ends, 200 cycles).

We applied a targeted enrichment approach by 
using myBaits hybridization capture kits (Daicel Ar-
bor Biosciences, https://www.arborbiosci.com) for 
29 of the originally sequenced MERS-CoV–positive 
samples (Appendix 1, https://wwwnc.cdc.gov/EID/
article/31/1/24-1030-App1.pdf). We designed a cap-
ture bait-set using an alignment of 119 virus sequenc-
es, including reference sequences for MERS-CoV (n = 
20), SARS-CoV (n = 39), and SARS-CoV-2 (n = 1), as 
well as the endemic HCoVs: OC43 (n = 20), NL63 (n = 
15), 229E (n = 10), and HKU1 (n = 5). The final bait-set 
comprised a total of 38,279 baits with a length of 80 nt 
and 3-fold tiling density. Among the generated baits, 
we did not observe BLAST (https://blast.ncbi.nlm.
nih.gov) hits for the following genomes: human, Sus 
scrofa wild boar, Camelus dromedarius dromedary cam-
el, or Myotis lucifugus little brown bat. We performed 
targeted enrichment by following the manufactur-
er’s recommendations. We performed hybridization 
for 18 hours at 65°C and washing steps at 65°C. We 
amplified the enriched libraries for 14 cycles by us-
ing the KAPA Hifi HotStart Ready Mix and KAPA 
Library Amplification Primer Mix (both Roche). We 
sequenced equimolar pooled, purified and quantified 
libraries on an Illumina MiniSeq instrument (paired 
ends, 150 cycles, Illumina).

Bioinformatic Analyses
We trimmed next-generation sequencing reads by us-
ing AdapterRemoval v2.3.2 (31) and the qualitymax 
41, trimns, minlength 30, trimqualities, and minqual-
ity 2 options. We mapped reads by using Kraken 2 
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(32) and inspected the resulting krona plots for evi-
dence of infection with HCoV-229E. We mapped 
reads against MERS-CoV (GenBank accession no. 
OL622036.1) and HCoV-229E–related CoV (acces-
sion no. KT253327.1) sequences by using Bowtie 2 
version 2.4.2 (33) and the no-unal and local options; 
we reported only the best match for each read. We 
merged the binary alignment map files from the na-
tive and capture sequencing data by using samtools  
(https://github.com/samtools/samtools). We called 
consensus sequences by using iVar v1.3.1 (34) and the 
-m 5 and -t 0.6 options.

We screened all samples for minor variants 
(https://github.com/VirologyCharite/minor- 
variants). We assumed a position to be a minor vari-
ant if the frequency of the most common nucleotide 
at that position was <80% and if the position was cov-
ered by >5 reads. 

For phylogenetic analysis, we downloaded all 
available MERS-CoV genomes (GenBank accession 
no. txid1335626) as of February 29, 2024, by using 
the search query: txid1335626[Organism:exp]. We 
reconstructed trees by using IQ-TREE (Appendix 
1) (35). We filtered sequences to include those that 
had >29,900 nt and >90% coverage and excluded se-
quences from bats or those with low quality, leading 
to a total of 620 genomes. We aligned the sequences 
by using MAFFT v7.471 (36) and the auto and add-
fragments options; we used GenBank sequence 
NC_019843 as the reference.

We performed recombination analysis by using 
RDP4 software (37) and included sequences gener-
ated in this study and lineage B5 sequences. The au-
tomated exploratory analysis implemented in RDP4 
uses 7 recombination detection algorithms (RDP, 

GENECONV, Chimaera, MaxChi, BootScan, SiScan, 
and 3Seq). We identified recombination events that 
involved novel sequences, which we confirmed by in-
ferring maximum-likelihood phylogenetic trees from 
the minor and major parents. We visually inspected 
pairwise sequence identity plots for B3, B4, and B5 
lineages to determine the presence of a similar re-
combination event between lineages B3 and B4 that 
formed B5 lineages. Finally, we compared trees con-
structed from complete genome sequences and trees 
made from spike sequences to determine whether 
additional recombination events occurred. We calcu-
lated pairwise sequence identities for sequences, ex-
cluding invariant sites, by using a window size of 15 
and a step size of 1.

Results
During the camel breeding period of November 
2023–January 2024, we sampled a total of 558 drom-
edary camels from farms in 6 locations in Saudi Ara-
bia: Jeddah (n = 101), Al Duwadimi (n = 90), Al Qu-
wayiyah (n = 97), Al Riyadh (n = 108), Sajir (n = 94), 
and Shaqra (n = 68). Camels were 1–5 years of age; 
291 (52.2%) were <2 years of age. We found 217/558 
(38.9%) camels were positive for MERS-CoV RNA 
by quantitative reverse transcription PCR: Jeddah, n 
= 36/101 (35.6%); Al Duwadimi, n = 63/90 (70.0%); 
Al Quwayiyah, n = 21/97 (21.6%); Al Riyadh, n = 
58/108 (53.7%); Sajir: n = 28/94 (29.8%); and Shaqra, 
n = 11/68 (16.2%) (Table; Appendix 2 Table, https://
wwwnc.cdc.gov/EID/article/31/1/24-1030-App2.
xlsx). We selected 51 samples for nontargeted se-
quencing on the basis of a MERS-CoV load of >2.10 
× 106 genome copies/mL. We subsequently used tar-
geted enrichment of coronaviruses for a subset of 29 

 
Table. Characteristics of camels with MERS-CoV–positive swab samples across 6 sampling sites, Saudi Arabia, 2023–2024* 
Characteristics Total no. Sajir Al Duwadimi Al Riyadh Al Quwayiyah Shaqra Jeddah 
Total no. camels sampled 558 94 90 108 97 68 101 
Swab samples taken 576 97 101 108 98 68 104 
Younger camels† 291 (52.2) 50 (53.2) 24 (26.7) 60 (55.6) 48 (49.5) 27 (39.7) 82 (81.2) 
MERS-CoV–positive camels 217 (38.9) 28 (29.8) 63 (70.0) 58 (53.7) 21 (21.6) 11 (16.2) 36 (35.6) 
MERS-CoV–positive samples 235 (40.8) 31 (32.0) 74 (73.3) 58 (53.7) 22 (22.4) 11 (16.2) 39 (37.5) 
MERS-CoV–positive camels† 111 (19.9) 14 (14.9) 17 (18.9) 35 (32.4) 12 (12.4) 5 (7.4) 28 (27.7) 
Mean PCR Ct (range) 26.2  

(10.0–34.0) 
23.4  

(13.0–32.0) 
27.2  

(14.0–32.0) 
27.9 

 (14.0–33.0) 
24.4  

(15.0–32.0) 
16.2  

(10.0–25.0) 
27.7  

(11.0–34.0) 
Mean PCR Ct (range)† 26.4  

(10.0–34.0) 
24.5  

(13.0–32.0) 
27.1  

(14.0–31.0) 
27.2  

(14.0–33.0) 
23.9  

(15.0–31.0) 
14.0  

(10.0–17.0) 
28.9  

(17.0–34.0) 
Sequenced samples 51 13 4 8 8 9 9 
MERS-CoV genomes, >90% 
complete 

42 12 4 8 8 4 6 

HCoV-229E samples, >10% 
complete 

9 3 1 0 0 0 5 

HCoV-229E genomes, >90% 
complete 

7 2 0 0 0 0 5 

*Values are no. (%) except as indicated. Ct, cycle threshold; HCoV, human coronavirus; MERS-CoV, Middle East respiratory syndrome coronavirus. 
†Camels <2 years of age. 
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samples, resulting in 42 MERS-CoV sequences with 
>99% genome coverage and >5× coverage depth. 
MERS-CoV sequences were obtained from samples 
collected during November 22, 2023–January 5, 2024, 
and came from each of the 6 sampling sites (Jeddah, 
n = 6; Al Duwadimi, n = 4; Al Quwayiyah, n = 8; Al 
Riyadh, n = 8; Sajir, n = 12; and Shaqra, n = 4). Nine of 
the sequenced MERS-CoV–positive samples were co-
infected with an HCoV-229E–related CoV with >10% 
genome coverage, and 7 near-complete HCoV-229E–
related CoV genome sequences with >93% coverage 
were obtained from Jeddah (n = 5) and Sajir (n = 2) 
(Table; Appendix 2 Table). We found no differences 
in MERS-CoV virus loads between male and female 
camels (p = 0.18 by 2-sample t-test) or camel age 
groups (p = 0.12 by Kruskal-Wallis test). However, 
MERS-CoV loads were significantly lower when a co-
infection with HCoV-229E-related CoV was present 
(p = 0.005 by 2-sample t-test).

To investigate the potential presence of mixed 
infections or laboratory contamination of samples, 
we examined all genomic positions for minor vari-
ants (i.e., the majority base was present in <80% of 
all reads at positions with >5× coverage). The median 
number of minor variant positions per sample was 1 
(range 0–118) (Appendix 1 Figure 1). The sample that 
had 118 minor variant positions was excluded from 
further phylogenetic analyses. The remaining MERS-
CoV sequences from this study formed a monophy-
letic clade apical to lineage B5, designated as B5-2023 
(Figures 1, 2). The B5-2023 clade is part of an evolu-
tionary pattern of ladder-like phylogenetic topology 
within lineage B5 (Figure 1). According to a phyloge-
netic tree inferred from the complete genomes (Figure 
1; Figure 2, panel A), 5 sublineages within the B5-2023 
clade were differentiated (designated as B5-2023.1–5). 

Recombination analysis of the sequences con-
firmed a previously described recombination event 
between lineages B3 and B4 that preceded the forma-
tion of lineage B5 (Appendix 1 Figure 2, panels A, B) 
(21). We also found indications of 3 recombination 
events within the monophyletic B5-2023 clade (Ap-
pendix 1 Figure 2). First, sequences from clades B5-
2023.1 and B5-2023.4 had breakpoints at positions 
17,816 and 29,588, which might have produced the 
Al Quwayiyah/F6-P4b/B5-2023.1 sequence (Ap-
pendix 1 Figure 2, panels C, D). Second, clade B5-
2023.3 might have arisen from a recombination event 
between clades B5-2023.2 and B5-2023.4 through 
breakpoints at positions 751 and 15,585 (Appendix 1 
Figure 2, panels E, F). Third, phylogenetic trees (Ap-
pendix 1 Figure 2, panels D, F) suggested that the Al 
Duwadimi/P6-25/B5-2023.5 sequence might have 

arisen from a recombination event between a lineage 
B5 sequence basal to the B5-2023 cluster and clade B5-
2023.3 (Appendix 1 Figure 2, panel G). 

Regression analyses of root-to-tip distances 
against sampling dates suggested a constant clock rate 
across the tree (Appendix 1 Figure 3, panels A, B). The 
B5-2023 clade acquired 57 polymorphisms compared 
with the most closely related sequence OL622036.1, 
which was detected in Saudi Arabia in 2019 (Ap-
pendix 1 Table). Those polymorphisms include 2 aa 
substitutions (S191P and V1181I) in the N-terminal 
domain and a 2 amino acid deletion (R1179del and 
I1180del) in the S2 domain of the spike protein. In ad-
dition, among the different B5-2023 clade sequences, 
we observed 23 aa substitutions in the spike protein 
(Figure 2, panel B; Appendix 1 Table), including in 
the receptor-binding domain (RBD) (S459N, H486Y, 
L495P, R505L, and V527L) and in the cathepsin L 
cleavage site (A763S) (38). The sequences did not 
have deletions in accessory open reading frames, 
which is often found in clade C viruses (23,39,40). We 
did not find geographic clustering of clade B5-2023 
sublineages; 5 of the 6 sampling sites showed circula-
tion of >2 sublineages, and all but 1 sublineage were 
detected in >3 of the 6 sampling sites (Figure 3).

The 7 HCoV-229E–related CoV sequences formed 
a monophyletic clade apical to previously detected 
HCoVs from dromedary camels sampled in 2014–
2015 (Figure 4). Regression of root-to-tip distances 
and sampling dates (Appendix 1 Figure 3, panel C) 
showed a constant clock rate for those data. No dele-
tions in open reading frame 8 (27) were found.

Discussion
We identified a monophyletic clade of MERS-CoV, 
designated as B5-2023, circulating in Saudi Arabia 
during 2023–2024. Although previously circulating 
clade B lineages arose from deep splits within the 
phylogenetic tree, the apical branching and ladder-
like tree topology of the B5-2023 sequences suggest 
that MERS-CoV strains circulating in the Arabian 
Peninsula during 2023–2024 originated solely from 
the B5 lineage. This supposition is also supported by 
recombination analysis and evolutionary indications 
of a constant molecular clock rate shown in this study.

We identified 25 aa substitutions and 2 aa dele-
tions in the spike protein among the different MERS-
CoV B5-2023 clade sublineages (Figure 2, panel B), 
including in the RBD and N-terminal domain (Ap-
pendix 1 Table). The RBD is the site most frequently 
targeted by neutralizing antibodies from humans 
infected with MERS-CoV (41). Two of the substitu-
tions found in the B5-2023 clade (L495P and V527L) 
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are situated on the ridge of the receptor-binding motif 
exposed in the closed conformation of the spike pro-
tein, an epitope preferentially targeted by antibod-
ies found in human serum samples after MERS-CoV 
infection (41,42). Furthermore, a substitution in the 
cathepsin L cleavage site (A763S) found in clade B5-

2023.3 might affect spike protein cleavage and virus 
infection in cells that do not express transmembrane 
protease, serine 2 (38). Those amino acid substitutions 
require further study to determine their effects on vi-
rus entry, receptor affinity, immune escape, and rep-
licative fitness.

Figure 1. Phylogenetic analysis 
of Middle East respiratory 
syndrome coronavirus (MERS-
CoV) clades and sample 
distribution in study of ongoing 
evolution of virus, Saudi 
Arabia, 2023–2024. Tree 
was constructed by using the 
maximum-likelihood method. 
Black circles indicate 620 
complete MERS-CoV genomes 
sampled until 2019; colored 
circles indicate 41 MERS-CoV 
genomes sequenced in this 
study. Blue circles indicate 
B5-2023.1, orange circles B5-
2023.2, green circles B5-2023.3, 
yellow circles B5-2023.4, and 
magenta B5-2023.5 sublineages. 
Black triangles indicate collapsed 
clades A, C, B1–B4, and B7. 
Scale bar indicates nucleotide 
substitutions per site.
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The distinct sublineages in clade B5-2023 did not 
cluster geographically, indicating that dromedary cam-
el are maintaining virus diversity across different sites 
within the central Arabian Peninsula. The reservoir  

traits of dromedary camels include rapid virus clear-
ance, waning adaptive immune responses, and evi-
dence of rapid reinfection (43–47); thus, it is likely that 
parallel evolution of distinct MERS-CoV sublineages 
is ongoing in dromedary camels. This concept is con-
sistent with studies on MERS-CoV genetic diversity 
conducted before 2020 (21,48) and consistent with the 
detection of 3 recombination events within the B5-2023 
clade. The movement of camels for grazing and leisure 
promotes mixing of populations from different regions 
(49), which might enhance MERS-CoV spread across 
the Arabian Peninsula.

Since the beginning of the COVID-19 pandemic, 
few human cases of MERS-CoV have been reported 
in Saudi Arabia, in stark contrast to the large epi-
demic outbreaks reported during 2012–2019. The 
small number of reported MERS-CoV infections 
might be because of limited MERS-CoV surveillance 
and nonpharmaceutical interventions that were in 
place during the COVID-19 pandemic or because of 
phenotypic changes in circulating MERS-CoV. We 
are unable to speculate on the cause of the reduced 
number of reported human cases of MERS-CoV. 
However, our findings highlight the urgent need for 
in-depth epidemiologic and spatiotemporal studies 
to identify hotspots of MERS-CoV dissemination 
and areas that have high risk for human spillover. 
Furthermore, phenotypic characterization will be re-

Figure 2. Phylogenetic analyses of Middle East respiratory syndrome coronavirus (MERS-CoV) clade B5-2023 sequences from Saudi 
Arabia, 2023–2024. Trees were constructed using the maximum-likelihood method. Each tree is rooted with MERS-CoV B5 lineage 
sequence from 2019 (GenBank accession no. OL622036.1); numbers on nodes indicate bootstrap support. Colored circles indicate 
B5-2023.1–5 subclades. A) Phylogenetic tree of complete MERS-CoV B5-2023 genomes. B) Phylogenetic tree of spike sequences 
of MERS-CoV B5-2023 genomes. Amino acid substitutions in the spike protein relative to those of OL622036.1 are indicated on the 
branches except for substitutions T387P and I743S, which are unique to OL622036.1. The reversion of the R1179–I1180 deletion and 
V1181I substitution in Al Duwadimi/P6–25 is most likely caused by a recombination event (Appendix 1 Figure 2, panel G, https://wwwnc.
cdc.gov/EID/article/31/1/24-1030-App1.pdf). Scale bars indicate nucleotide substitutions per site.

Figure 3. Spatial distribution of B5-2023.1–5 subclades in 
study of ongoing evolution of Middle East respiratory syndrome 
coronavirus, Saudi Arabia, 2023–2024. Pie charts show the number 
of sequences from each subclade found at each of the 6 sampling 
sites (indicated by black circles on the map) in Saudi Arabia; size of 
the pie chart corresponds to the number of sequences. Thin black 
lines indicate administrative regions; gray lines indicate roads. Map 
was generated by using QGIS v3.28 (https://www.qgis.org).
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quired to better understand the potential for MERS-
CoV spread in the human population.

We observed co-infections with HCoV-229E-
related CoV and MERS-CoV in 18% of the 51 se-
quenced samples from camels, similar to previous 
observations (21,27,50). The apical placement of the 
newly described HCoV-229E-related CoV sequences 
together with temporal signal might also point to 
a ladder-like pattern of evolution for that virus in 
dromedary camels. Similarities in the epidemiol-
ogy of HCoV-229E-related CoV and MERS-CoV in 
dromedary camels, including the absence of severe 
disease and the higher rate of infection in younger 
animals (14,27), suggest that HCoV-229E-related 
CoV might be maintained at population levels simi-
lar to that of MERS-CoV and that dromedary camels 
are critical reservoir hosts for coronaviruses.

A limitation of our study is that, because the sam-
pling was performed in 6 locations, 5 in central and 
1 in western Saudi Arabia, it is possible that other 
MERS-CoV lineages circulating in different regions 
of the Arabian Peninsula were not detected. Further-
more, sample collection was performed during a sea-
son of typically high MERS-CoV incidence and only 
camels <6 years of age were sampled.

In conclusion, spillovers of MERS-CoV into the 
human population in the Arabian Peninsula pose a 
substantial public health concern, which is highlight-
ed by the enhanced replicative fitness and transmis-
sion capabilities of B5 lineage viruses in dromedary 

camels (23–26). The ongoing MERS-CoV genetic evo-
lution revealed by the sequencing data in this study 
highlights the urgent need for further MERS-CoV sur-
veillance and phenotypic studies to monitor MERS-
CoV spillover, adaptation, and pandemic potential.
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Figure 4. Phylogenetic analysis 
of 26 human coronavirus 
229E-related coronavirus 
sequences in study of 
ongoing evolution of Middle 
East respiratory syndrome 
coronavirus, Saudi Arabia, 2023–
2024. Tree was constructed by 
using the maximum-likelihood 
method. Red text indicates 
sequences from this study, 5 
from Jeddah and 2 from Sajir. 
Numbers on nodes indicate 
bootstrap support. Tree was 
rooted with the bat sequence 
KT253269/Bat/GHA/KW2E-F151 
(GenBank accession no. 
KT253269). Scale bar indicates 
nucleotide substitutions per site. 
GER, Germany; GHA, Ghana; 
KEN, Kenya; KSA, Kingdom 
of Saudi Arabia; USA, United 
States of America.
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Enterobacterales harboring OXA-48–like carbapen-
emases are notable for their susceptibility to 

third-generation cephalosporins and low-level resis-
tance to carbapenems (1). Dissemination of blaOXA-48–

like occurs by both plasmid transfer and clonal spread 
(2). Although blaOXA-48–like was initially characterized as 

exclusively plasmid-borne (1), later reports described 
chromosomally carried blaOXA-48–like (3). A review pub-
lished in 2017 reported that blaOXA-48–like was extremely 
rare in the United States but relatively common in Eu-
rope and spreading in the Middle East, Africa, Asia, 
and South America (4). In high-income countries, 
most carbapenemase-producing Enterobacterales 
(CPE) are either nosocomially acquired or imported 
from CPE-endemic countries, whereas in low- and 
middle-income countries, community spread is com-
mon (5,6). However, a recent study of 1 OXA-48–like 
Escherichia coli clone (OXA-244–producing sequence 
type [ST] 38) in Europe concluded that community 
transmission was its main mode of spread (7).

During 2007–2011, the first 4 cases of OXA-48–like 
colonization or infection were detected in Israel, all in 
patients who had been hospitalized in or traveled to 
Jordan or Georgia (8,9). In 2012, a total of 57 patients 
were involved in an outbreak of OXA-48–producing 
Enterobacterales (OXA-PE) in a neonatal intensive 
care unit (10). Despite a stringent national interven-
tion to limit the spread of CPE in the healthcare sys-
tem (11), we observed a sharp increase in cases of E. 
coli producing OXA-48–like carbapenemases (OXA-
EC). In 2008, we predicted a scenario of community 
spread of a plasmidborne carbapenemase in a com-
mon human pathogen (12) that appears to be coming 
true in the form of OXA-EC.

The objective of our study was to describe the 
spread of OXA-EC in Israel. Specifically, we aimed 
to determine the incidence of OXA-EC over time 
and by acquisition source, the proportion of OXA-
EC case-patients with no recent history of healthcare 
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Escherichia coli producing OXA-48–like carbapen-
emases (OXA-EC) is considered a high-risk pathogen 
spread primarily in the community in low- and middle-
income countries and nosocomially in high-income 
countries. We investigated the emergence and spread 
of OXA-EC in Israel, a high-income country with strong  
carbapenemase-directed infection control in healthcare 
institutions, by conducting a population-based study 
using data and isolates from the national surveillance 
system. A total of 3,510 incident cases of OXA-EC oc-
curred during 2007–2023. During 2016–2023, annual 
cases rose from 41 to 1,524 and nonnosocomial cas-
es rose from 39% to 57%. Sixty-three sequenced iso-
lates belonged to 20 sequence types (STs) and had 3 
blaOXA alleles (blaOXA-244, blaOXA-48, and blaOXA-181); 71% 
were chromosomally encoded, and 29% were plasmid-
encoded. Nosocomially and non–nosocomially acquired 
isolates belonged to the same STs and alleles. Most out-
breaks involved multiple STs and could only partially be 
explained by plasmid dissemination. Measures for con-
fronting OXA-EC might need reconsideration.
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exposure (suggesting community transmission), the 
risk for progression from OXA-EC carriage to blood-
stream infection, whether nosocomially acquired and 
non–nosocomially acquired isolates are related, and 
whether the OXA-EC epidemic is driven by a single 
allele, plasmid, or clone. We hypothesized that the in-
crease in OXA-EC incidence stems from community 
spread of blaOXA-48–like through plasmids on multiple  
E. coli clones.

Methods

Study Design and Setting
The study was a country-level, population-based 
descriptive study of OXA-EC in Israel during 2007–
2023. Israel has conducted active surveillance with 
mandatory reporting of carbapenem-resistant En-
terobacterales (CRE) since 2007. Patients are screened 
for CPE carriage upon hospital admission if they are 
transferred from another healthcare facility or were 
hospitalized in an acute care hospital or long-term 
care facility in the previous 6 months. Patients are 
screened during their hospital stay if they had contact 
with a newly detected CPE carrier or are transferred 
from a high-risk ward, or as part of routine screening 
in high-risk wards.

Data Sources
We used data from Israel’s national CRE surveil-
lance system, which records all new cases of CPE 
detected by screening or clinical culture. In addi-
tion, since October 2022, we prospectively investi-
gated new CPE acquisitions that were classified as 
nonnosocomial to determine the possible source; 
local infection control staff questioned these pa-
tients about contact with the healthcare system in 
the past year and foreign travel. We used the na-
tional surveillance system of bloodstream infec-
tions (BSIs) caused by sentinel bacteria to determine 
the incidence of OXA-EC BSI among patients with  
OXA-EC first detected by screening.

Definitions
CPE acquisition refers to the first time that CPE with 
a given carbapenemase was detected in a patient. 
We classified acquisitions as nosocomial if CPE was 
detected >48 hours after admission, upon transfer 
to another healthcare institution, or upon readmis-
sion within 30 days. We classified all other acquisi-
tions as nonnosocomial, which includes healthcare- 
associated cases and imported cases. We defined nos-
ocomial cases as belonging to a ward-level outbreak 
if >2 cases of nosocomial OXA-EC were detected in 

the same ward, with <30 days between cases. We de-
fined nosocomial cases as probably hospital-acquired 
during an outbreak if >2 cases of nosocomial OXA-EC 
were detected in different wards, with <30 days be-
tween cases; we qualified those acquisitions as prob-
able because they might have been cases introduced 
from the community and detected after the second 
hospital day.

Laboratory Methods
We conducted CPE screening by rectal swab. We 
processed specimens according to national guide-
lines for CRE testing (13). Carbapenemase identifica-
tion (blaKPC, blaNDM, blaOXA-48–like, and blaVIM) by PCR or 
lateral flow immunoassay has been mandatory since 
2016 for all Enterobacterales growing on screening 
plates or having a meropenem MIC >0.25 µg/mL. In 
most laboratories in Israel, screening is performed 
using mSUPERCARBA (CHROMagar, https://
www.chromagar.com), which has high sensitivity 
(14). Enrichment is not recommended because it de-
lays results needed quickly to guide infection con-
trol measures.

We performed additional analyses on 235 OXA-
EC isolates collected during 2021–2023 from 34 
healthcare institutions. We conducted isolate identi-
fication and antibiotic susceptibility testing by using 
VITEK 2 (bioMérieux, https://www.biomerieux.
com) or the disk diffusion method (for imipenem, 
ertapenem, and ceftazidime/avibactam) based on 
Clinical and Laboratory Standards Institute break-
points (15). We determined meropenem MICs by 
agar dilution. To determine whether the spread of 
OXA-EC is monoclonal, we performed Fourier-
transform infrared spectroscopy (FTIR) by using 
previously described methods (16). FTIR groups iso-
lates into clusters by phenotype; for E. coli, the clus-
ters are good approximations of clones identified by 
genotyping (17–19). On the basis of the dendrogram, 
we selected 63 isolates representing large clusters, 
small clusters, and singletons; different healthcare 
facilities; and nosocomial and nonnosocomial ac-
quisitions to undergo whole-genome sequencing 
(WGS). DNA samples were sequenced using Ox-
ford Nanopore at SNPsaurus (Eugene, OR, USA). 
We assigned STs to isolates on the basis of the Acht-
man and Pasteur schemes, and we performed core- 
genome multilocus sequence typing using PubMLST 
(https://pubmlst.org). We examined whether noso-
comially acquired and non–nosocomially acquired 
isolates belonged to separate clones or clusters. We 
also examined whether outbreaks were monoclonal 
or monocluster.
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To understand the role of plasmids in OXA-EC 
spread, we detected plasmids in sequenced isolates 
by using PlasmidFinder 2.0.1 (https://cge.food.
dtu.dk/services/PlasmidFinder). We performed 
plasmid visualization by using Proksee (https://
proksee.ca). To display the relationship between 
STs, alleles, and plasmids, we constructed a pan-
genome tree by using Roary 3.12.0 (https://bioweb.
pasteur.fr/packages/pack@Roary@3.12.0), followed 
by a maximum-likelihood tree built with RAxML 
8.2.12 (https://bioweb.pasteur.fr/packages/pack@
RAxML@8.2.12) using the general time-reversible 
plus gamma model.

Statistical Analysis
We summarized incident cases of OXA-EC occurring 
during 2007–2023 by using descriptive statistics (per-
centage or median and interquartile range [IQR]). We 
plotted an epidemic curve of annual incident cases of 
Enterobacterales producing OXA-48–like carbapene-
mases during 2007–2023, stratified by species (E. coli, 
Klebsiella pneumoniae, and other Enterobacterales). To 
determine the incidence of OXA-EC over time and by 
acquisition source, we plotted annual incident OXA-
EC cases from 2016 (the start of mandatory carbapen-
emase testing) to 2023, stratified by acquisition type 
as defined previously. 

We used piecewise linear regression to determine 
whether the change in cases per 1 million population per 
year differed among 3 periods (2007–2015, 2016–2021, 
and 2022–2023). We performed a χ2 test to determine 
whether the proportion of cases that were nonnosoco-
mial differed between the periods 2016–2021 and 2022–
2023. We used data from our prospective investigations 
of cases detected during October 2022–December 2023 
to determine the proportion of OXA-EC cases in per-
sons with no recent history of healthcare exposure. We 
then calculated the percentage (and exact 95% CI) of 
patients with OXA-EC first detected by screening who 
later had OXA-EC BSI. We excluded patients with <2 
days of follow-up. We performed those analyses in Stata 
14.2 (https://www.stata.com/stata14).

We used the adjusted Wallace coefficient to cal-
culate concordance between: FTIR and MLST, FTIR 
and OXA-48–like alleles, and MLST and OXA-48–like 
alleles. We performed the calculations by using an 
online calculator (20).

Ethics Considerations
The study was approved by the Institutional Review 
Board at Tel Aviv Sourasky Medical Center. The in-
formed consent requirement was waived for this 
analysis of routinely collected surveillance data.

Results

Description of Patients
During 2007–2023, a total of 3,510 incident cases of 
OXA-EC occurred in Israel. The median age of pa-
tients was 67 years (IQR 51–78 years), and the median 
time from acute care hospital admission to detection 
of nosocomial acquisition was 10 days (IQR 5–18 
days) (Table 1).

Trends in OXA-EC Incidence
We calculated the annual incidence of E. coli, K. pneu-
moniae, and other Enterobacterales producing OXA-
48–like carbapenemases (Figure 1). No more than 
4 annual cases of OXA-EC occurred until 2013; the 
number rose to 41 in 2016 and to 1,524 in 2023. Dur-
ing 2007–2015, OXA-EC cases per 1 million popula-
tion increased by 0.7 (95% CI −0.6 to 2.0) per year, but 
the increase was not significant. Cases per 1 million 
population increased by 8.1 (95% CI 6.1–10.2) per year 
during 2016–2021 and by 101.5 (95% CI 85.6–117.5) 
per year during 2022–2023. The change in slope be-
tween the later 2 periods was significant (93.4 [95% 
CI 76.4–110.4]). In contrast, cases of K. pneumoniae 
producing OXA-48–like carbapenemases per 1 mil-
lion population increased by only 1.0 (95% CI 0.1–1.9) 
per year during 2016–2021 and decreased nonsig-
nificantly by 0.7 (95% CI −7.5 to 6.1) per year during 
2022–2023. In both periods, the annual rate of cases of 
other Enterobacterales producing OXA-48–like car-
bapenemases did not change significantly. Cases of 
all species producing OXA-48–like carbapenemases 
declined during 2020–2021, the years of the SARS-
CoV-2 pandemic.

Place of Acquisition
We calculated the incidence of OXA-EC cases by type 
of acquisition and by year since 2016 (Figure 2). The 
percentage of cases that were nonnosocomial was 
significantly higher during 2022–2023 than during 
2016–2021 (57.0% vs. 45.3%; p<0.001). Most nosoco-
mial cases (83.0%) were acquired in acute care hospi-
tals (Table 1).

We analyzed the results of the prospective in-
vestigation of sources of OXA-EC acquisition con-
ducted during October 2022–December 2023 (Table 
2; Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/30/1/24-0722-App1.pdf). Of 1,750 cases, 1,000 
(57.1%) were nonnosocomial. Of those, 518 (51.8%) 
occurred in patients who had contact with the health-
care system in Israel during the previous year, 53 
(5.3%) cases were imported, and 429 cases (24.5% of 
all cases) were classified as community-acquired.
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OXA-EC BSI
Throughout the study period, 41 cases of BSI caused 
by OXA-EC occurred. Among the 3,356 patients with 
OXA-EC first detected by screening, 16 later had 
OXA-EC BSI (0.5% [95% CI 0.3%–0.8%]).

Susceptibility of OXA-EC
We further characterized 235 OXA-EC isolates stored 
at the reference laboratory; they comprised 10% of 
new cases detected during 2021–2023. A total of 220 
(93.6%) isolates were susceptible to meropenem, 
44.0% to ceftazidime, 43.2% to ceftriaxone, and 96.2% 
to ceftazidime/avibactam (Appendix Table 2). Of the 
meropenem-susceptible isolates, 170 (77.3%) had an 
MIC <0.25.

Clonal Analysis of OXA-EC
A dendrogram generated by FTIR (Appendix Figure 
1) shows that OXA-EC isolates belong to multiple 
clusters. The 235 isolates formed 59 singletons, 25 
small clusters (2–5 isolates), and 7 large clusters (>6 
isolates). Large clusters accounted for 106 (45.1%) iso-
lates. We selected 63 representative isolates for WGS. 
They comprised 20 STs based on the Achtman scheme 
and 14 STs based on the Pasteur scheme.

Association between Clusters/STs and Acquisition Site
Of 19 FTIR clusters containing >3 isolates, 15 con-
tained both nosocomial and non-nosocomial isolates 
(including those classified as community-acquired). 
Likewise, we found both nosocomial and nonnosoco-
mial isolates in all 5 of the Achtman STs that included 
isolates from >3 unique patients.

Clonality of Outbreaks
The dendrogram includes 100 isolates from patients 
with nosocomial OXA-EC acquired during a ward-
level or hospital-wide outbreak. No outbreaks for 

which we tested >1 isolate were monocluster or 
monoclonal. For example, the 22 isolates from an 
outbreak at hospital E during January–August 2023 
comprised 1 dominant cluster (no. 371) and 5 single-
tons (and >3 STs). Conversely, clusters and STs were 
not hospital-specific; the largest cluster (no. 381) con-
tained 28 isolates acquired in 6 hospitals and outside 
the hospital.

Allele Distribution
WGS revealed that OXA-EC belonged to 3 blaOXA-48–like 
alleles: blaOXA-244 (n = 36, 57.1%), blaOXA-48 (n = 17, 27.0%), 
and blaOXA-181 (n = 10, 15.9%). All 3 alleles were present 
in both nosocomial and nonnosocomial isolates (in-
cluding isolates classified as community-acquired).

Concordance between FTIR and WGS Results
Concordance between FTIR clusters and Achtman 
STs was high (0.98 [95% CI 0.96–1.00]); all isolates in 
each FTIR cluster (except for cluster no. 368) belonged 
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Table 1. Characteristics of 3,510 OXA-EC carriers, Israel, 2007–
2023* 
Characteristic No. (%) 
Sex 

 

 M 1,936 (55.1) 
 F 1,556 (44.3) 
 Not recorded 18 (0.5) 
Site where OXA-EC was first detected 

 

 Rectal screening culture 3,356 (95.6) 
 Clinical culture 154 (4.4) 
Nosocomial acquisition 1,661 (47.3) 
Sites of nosocomial acquisition 

 

 Acute care hospital 1,378/1,661 (83.0) 
  Internal medicine ward 447/1,378 (32.4) 
  Surgical ward 416/1,378 (30.2) 
  Intensive care unit 134/1,378 (9.7) 
  Other 381/1,378 (27.6) 
 Non–acute care setting 283/1,661 (17.0) 
  Nursing home 197/283 (69.6) 
  Post–acute care hospital 76/283 (26.9) 
  Other 10/283 (3.5) 
*OXA-EC, Escherichia coli producing OXA-48–like carbapenemases. 

 

Figure 1. Newly detected cases 
of Enterobacterales producing 
OXA-48–like carbapenemases 
(per 1 million persons) and 
number of cases of Escherichia 
coli producing OXA-48–like 
carbapenemases, Israel, 
2007–2023. PCR testing for 
carbapenemases has been 
required in Israel since 2016, 
and under-detection of OXA-48-
like–producing isolates might 
have occurred before 2016. 
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to a single ST. We also observed high concordance 
between FTIR clusters and alleles (0.97 [95% CI 0.94–
1.0]), whereas concordance between Achtman STs 
and alleles was low (0.42 [95% CI 0.29–0.55]). Because 
ST typing indicates more distant evolutionary origins 
than FTIR, the difference in concordance suggests 
that the introduction of the blaOXA-48–like alleles into E. 
coli populations is a relatively recent event. This con-
clusion is also supported by the finding that no allele 
was associated with only 1 ST.

Role of Plasmids
We identified and visualized 3 different plasmids 
carrying blaOXA-48–like (Appendix Figures 2–4). The plas-
mids were found in 29% of the sequenced isolates. 
The transfer of plasmids could only partially explain 
the nonclonal spread of OXA-EC. In all 10 OXA-181–
producing isolates, blaOXA-181 was carried on the com-
posite plasmid ColKP3-IncX3. Among the 17 OXA-
48–producing isolates, in 3 blaOXA-48 was carried on the 

plasmid IncL(pOXA-48) and in 5 blaOXA-48 was carried 
on the composite plasmid IncFII(pRSB107)–IncFIA-
IncFIB(AP001918); 9 isolates had no plasmid. All iso-
lates encoding the blaOXA-244 allele had no plasmid. 

Dissemination of Alleles and Plasmids within STs
We examined the relationships among STs, alleles, 
and plasmids of the sequenced isolates (Figure 3). 
Alleles and plasmids were scattered among differ-
ent and distant STs. Only a fraction of allele distribu-
tion among STs correlated with plasmid distribution 
among STs. These results indicate independent out-
breaks of the 3 blaOXA-48–like alleles, involving multiple 
STs, each with a different molecular mode of spread: 
blaOXA-181 is transmitted through a single plasmid be-
tween different STs, blaOXA-48 spreads by 2 plasmids 
and by the expansion of ST38 carrying blaOXA-48 on the 
chromosome, and blaOXA-244 is chromosomally encod-
ed and found on 9 STs, suggesting multiple introduc-
tions of this gene into the E. coli population.

Discussion
We studied the epidemiology and molecular epide-
miology of OXA-EC in Israel during 2007–2023. The 
incidence of OXA-EC colonization or infection has 
risen sharply. As we hypothesized, the proportion 
of cases that are non-nosocomial has risen, compris-
ing more than half of cases during 2022–2023; ap-
proximately one quarter were community-acquired. 
However, the number of hospital-acquired cases 
also rose, particularly in 2023, probably because 
of inadequate detection and isolation of imported 
cases. The risk for OXA-EC bacteremia among OXA-
EC carriers was low (0.5%). Most OXA-EC isolates 
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Figure 2. Newly detected 
cases of Escherichia coli 
producing OXA-48–like 
carbapenemases, by type 
of acquisition, Israel, 2016–
2023. Nosocomial acquisition 
is defined as detected >48 
hours after admission to 
hospital or long-term care 
facility, upon transfer, or 
upon readmission if previous 
admission occurred in the 
last 30 days. Ward-level 
outbreak is defined as >2 
nosocomial cases within 
the same ward, <30 days 
between cases. Probably 
hospital-acquired during 
an outbreak is defined as 
>2 nosocomial cases in the same institution but not in the same ward, <30 days between cases. Nonnosocomial category might 
include healthcare-associated cases.

 
Table 2. Source of OXA-EC acquisition among 1,750 carriers, 
Israel, October 2022–December 2023* 
Classification No. (%) 
Initial classification 
 Nosocomial† 750 (42.9) 
 Nonnosocomial 1,000 (57.1) 
Reclassification of non-nosocomial after investigation‡ 
 Healthcare-associated 518 (51.8) 
 Imported§ 53 (5.3) 
 Community-acquired 429 (42.9) 
Community-acquired as % of all cases 429 (24.5) 
*OXA-EC, Escherichia coli producing OXA-48–like carbapenemases. 
†Detected >48 hours after hospital admission, upon transfer, or upon 
readmission within 30 days. 
‡Percentages indicate percentages of patients with acquisition initially 
classified as nonnosocomial. 
§Includes cases in residents of Israel reporting recent foreign travel, 
tourists, medical tourists, and foreign workers. 
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(93.6%) were susceptible to meropenem, and 44.0% 
were susceptible to ceftazidime. The spread of OXA-
EC represents parallel dissemination of 3 different 
blaOXA-48–like alleles occurring in multiple clusters and 
STs. Nosocomial OXA-EC outbreaks often included 
>1 clone, which might indicate either detection of 
unrelated OXA-EC carriers who might have intro-
duced the strain from the community or transmis-
sion of the blaOXA-like gene between clones through 
mobile elements. Contrary to our hypothesis that 
ongoing plasmid spread of blaOXA-48–like to multiple 
E. coli clones caused the rise in incidence, we found 
that blaOXA-48–like was not carried on plasmids in more 
than two thirds of sequenced isolates. 

Reports on the proportion of OXA-PE that is com-
munity-acquired are scarce (21,22). A scoping review 
of CPE in the community noted that most studies 
do not distinguish between infection or colonization 
that is community-acquired versus community-onset 
(which might be healthcare associated) (23). A sur-
vey from 2020–2021 examining OXA-244–producing 
E. coli ST38 in Europe determined that community 
transmission was the main mode of spread; evidence 
included the high proportion of isolates from outpa-
tient urine samples and the geographic dispersion of 

cases within countries (7). The authors suggested that 
transmission might be foodborne.

As in previous studies (3,24), we found that bla-
OXA-244 is encoded chromosomally, indicating that it 
was introduced into the E. coli population on mul-
tiple occasions, integrated into the chromosome, and 
lost its ability to mobilize to other strains. Thus, in 
Israel, the spread of OXA-244–producing E. coli is 
by parallel expansion of multiple clones. In contrast, 
blaOXA-181 was encoded on a plasmid, and its dissemi-
nation was driven by plasmid spread and by the ex-
pansion of clones carrying the plasmid. blaOXA-48 had 
a mixed mode of spread; 2 different plasmids car-
ried this allele and were found in 47% of the isolates, 
whereas the allele was chromosomally encoded in 
53% of the isolates.

We found that nosocomial outbreaks were poly-
clonal and that not all polyclonal spread was plasmid 
driven. Several possible explanations exist for these 
polyclonal, non–plasmid-driven outbreaks. First, 
nondominant clusters within an outbreak might in-
dicate cases that were present but not detected upon 
admission. Second, as the result of introduction and 
diversification of existing clones, multiple clusters/
STs might be spreading simultaneously in a single 
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Figure 3. Pangenome phylogenetic tree of 63 isolates of Escherichia coli producing OXA-48–like carbapenemases, Israel, 2021–2023.

http://www.cdc.gov/eid


RESEARCH

institution, as researchers have described in multi-
drug-resistant Acinetobacter baumannii (25). Third, 
mobile genetic elements other than plasmids might 
transfer blaOXA-48–like between clones.

The rising incidence of OXA-EC indicates that 
the measures that contained Israel’s outbreak of K. 
pneumoniae carbapenemase–producing K. pneumoni-
ae (screening, isolation, cohorting, and staff cohort-
ing) (11) are not sufficient to control OXA-EC. Pos-
sible reasons for this failure are, first, unidentified 
community sources of OXA-EC, such as livestock, 
wildlife, and fresh vegetables (26,27); such sources 
are unaffected by hospital-based infection control 
measures. Second, community acquisition of OXA-
EC means that the healthcare-focused criteria for 
screening at hospital admission are inadequate, 
leading to in-hospital spread by carriers who are 
undetected and not isolated. Third, when screen-
ing occurs, the low MICs of most OXA-EC might 
curtail their detection as CPE, and thus carriers are 
not isolated. Fourth, reservoirs in the hospital en-
vironment, such as mattresses and sinks, might be 
a source of OXA-PE spread (26,27). Fifth, although 
plasmids were not the dominant mode of transmis-
sion of sequenced OXA-EC in our study, traditional 
CPE control measures are less effective in limiting 
plasmid-mediated nosocomial transmission than 
clonal spread (28).

Our findings raise policy questions regarding 
OXA-EC control efforts in hospitals. Most OXA-EC 
are carbapenemase-producing but not carbapenem-
resistant. Given the low risk for severe infection 
among carriers, the availability of treatment options, 
and substantial spread outside of the hospital, the 
question is whether targeting of infection control ef-
forts toward OXA-EC should be stopped. The benefit 
would be a sharp decrease in the number of patients 
requiring epidemiologic investigation and isolation. 
The risk is that nosocomial transmission will prob-
ably accelerate, creating a growing reservoir of car-
riers that would eventually translate into a higher 
number of clinical infections. Moreover, although 
we found high in vitro susceptibility to meropenem 
and moderate-to-high in vitro susceptibility to third-
generation cephalosporins and aminoglycosides, a 
gap exists between in vitro and in vivo success; some 
studies have reported high rates of clinical failure and 
death among patients with severe infections caused 
by OXA-PE (7,29).

One limitation of our study is that PCR for bla-
OXA-48–like was not universally used before 2016, prob-
ably leading to undercounting of cases in earlier 
years. In addition, the indications for CPE screening  

in the hospital might be too narrow to identify 
community-acquired OXA-EC cases, also leading 
to undercounting in later years. Moreover, non-
nosocomial cases might have been misclassified 
as nosocomial because they were not detected at 
hospital admission. Further, FTIR and WGS were 
performed only on a fraction of isolates; addition-
al clusters, STs, alleles, and plasmids might have  
gone undetected.

In conclusion, the emergence and rise of OXA-
EC is concerning and challenges well-established 
strategies of CRE control. Infection control poli-
cymakers should consider the option of demoting 
OXA-EC from its status as a high-risk pathogen. 
However, any loosening of restrictions on OXA-EC 
carriers must be accompanied by monitoring for un-
intended consequences.
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In the early stages of epidemics caused by emerg-
ing pathogens transmitted through respiratory or 

close-contact routes, social distancing has been a key 
strategy for mitigating transmission (1–3). Given the 
substantial social and economic burden of social dis-
tancing measures, quantifying their effects on trans-
mission and how they vary by age is key. Those ef-
fects can be inferred by comparing contact patterns 
with and without physical restrictions. For example, 
the effect of school closures has been evaluated by 
comparing contacts from weekends and holidays to 
typical weekdays (4). The established approach for 

capturing mixing patterns is through empirical social 
contact surveys in which participants complete con-
tact diaries with information on number of contacts 
and location and ages of all contacts on a given day 
(5,6). With the exception of a coordinated effort to as-
sess baseline social contacts in 8 countries in Europe 
in 2005–2006 (5), most countries lack representative 
contact studies (7).

During the COVID-19 pandemic, the unprec-
edented, prolonged implementation of a variety of 
social distancing measures globally offered a unique 
opportunity to evaluate their effects on social con-
tacts and to understand how the effectiveness of such 
restrictions might change over time in similar pro-
longed epidemics. Despite an increase in social con-
tact surveys during the pandemic, geographic cover-
age remains limited (8–10). In addition, most of those 
studies were performed either in a single period or in 
multiple waves covering the first few months of the 
pandemic. Longitudinal or repeated cross-sectional 
surveys in representative samples over longer pe-
riods are available for only a few countries and re-
gions, such as the United Kingdom (CoMix study un-
til March 2022) (11) and the United States, Germany, 
and Canada (Quebec) (until 2021) (10,12,13). CoMix 
also collected data in multiple survey waves in ad-
ditional countries in Europe, but most surveys have 
data spanning only a few months, mainly for adults, 
and lack baseline contact data before the pandemic 
(9). Data from repeated and longitudinal surveys sug-
gest that the pandemic had lasting changes in social 
contacts in the United Kingdom, Belgium, and Neth-
erlands, because social contacts remained lower at 
the end of 2022 than in prepandemic years (14). How-
ever, gaps remain in understanding the time-varying 
effects of social distancing measures throughout the 
pandemic, overall and by age group, and in assessing 
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the effects of multiple lockdowns; specifically, wheth-
er those later in the pandemic had similar effects on 
contact patterns to those of the initial lockdown.

In Greece, repeated cross-sectional social contact 
surveys were conducted during 2020–2021, covering 
3 lockdown periods and periods with less stringent 
measures. Analysis of the initial survey in early 2020 
provided empirical data on social contacts in this 
country before the pandemic and enabled assess-
ment of the effects of the first lockdown (15). This 
study aimed to analyze the data from all available 
periods to characterize and compare social contact 
patterns and age mixing before the pandemic, dur-
ing lockdowns, and during periods with relaxed so-
cial distancing measures; to infer the effect of physical 
distancing measures of varying stringency on trans-
mission; to identify determinants of the number of 
social contacts; and to investigate whether the effects 
of successive lockdowns on social contacts remained 
consistent throughout the pandemic.

Methods

Surveys
We collected information on social contacts in Greece 
through 6 repeated cross-sectional phone surveys 
with independent samples using a contact diary 
approach in the periods of March 31–April 7, 2020;  

November 17–December 3, 2020; February 1–18, 2021; 
April 1–12, 2021; May 17–June 5, 2021; and September 
28–October 15, 2021. In the March–April 2020 and No-
vember–December 2020 surveys, participants were 
additionally asked to recall their contacts: partici-
pants from the March–April group were asked about 
contacts from mid-January 2020 (before Greece’s first 
confirmed COVID-19 case, thus referred to as the pre-
pandemic period): participants from the November–
December group were asked about contacts from  late 
September 2020. In total, we collected data for 8 peri-
ods, covering 1 prepandemic period and 7 pandemic 
periods with varying levels of social distancing. The 
periods March–April 2020, November–December 
2020, and April 2021 were the lockdown periods. 
The periods with relaxed measures were September 
2020, February 2021, May–June 2021, and September– 
October 2021 (Figure 1). Periods were defined as lock-
downs if all the following measures applied: stay-at-
home requirements; closure of nursery, primary, and 
secondary schools and higher education; workplace 
closures and teleworking; restrictions in public gath-
erings; and closures of restaurants and stores. 

We used proportional quota sampling by age 
and region to recruit participants of all ages, over- 
sampling among persons 0–17 years of age. Each sur-
vey included ≈1,200 participants throughout Greece, 
except for the first survey, in which we recruited 602 
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Figure 1. Seven-day moving average of laboratory-confirmed COVID-19 cases by date of sampling and key community measures 
during social contact data collection periods in study of social contact patterns and age mixing before and during COVID-19 pandemic, 
Greece, January 2020–October 2021. Data on COVID-19 cases were extracted from the daily reports of the National Public Health 
Organization. Social contact data collection periods are illustrated with shaded zones (light orange indicates lockdown periods, gray 
indicates prepandemic period and periods with relaxed measures). Key community measures implemented during the study periods are 
indicated on the left of each zone. The color of each cell represents the extent to which each community measure was implemented.
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residents from Attica. Participants reported the num-
ber, age, and location of their contacts on the previous  
weekday. A contact was defined as either skin-to-skin 
contact or a 2-way conversation with >3 words spoken 
in the physical presence of another person (Appen-
dix, https://wwwnc.cdc.gov/EID/article/31/1/24-
0737-App1.pdf).

Number of Social Contacts
We estimated the mean daily number of contacts with 
unique persons per participant and the corresponding 
95% CI for each period. We used Cuzick’s test to assess 
trends over time in the number of contacts. We comput-
ed weighted estimates after adjustment for the age and 
sex distribution of the population of Greece by region.

Contact Matrices and Effect of Social Distancing  
Measures on Transmission
We constructed age-specific contact matrices by pe-
riod to capture age-mixing patterns, overall and by 
location, using a nonparametric bootstrap (n = 1,000 
samples). We obtained the mean matrix and adjusted 
for the underlying demographic composition of the 
population and reciprocity. We estimated the antici-
pated relative change in the basic reproduction num-
ber, R0, resulting from changes in social contacts com-
pared with prepandemic levels, using the age-specific 
contact matrices, as elsewhere (Appendix) (4,16).

Effect of Lockdowns and Other Determinants  
on Number of Social Contacts
We fitted negative binomial generalized linear mixed 
(NB GLM) models with random intercepts at the indi-
vidual level on the social contact data of adults and to 
account for repeated measurements from the same par-
ticipant (in 2 surveys, participants were asked to recall 
contacts for additional periods). We performed vari-
able selection (age, sex, household size, survey period, 
nationality, educational level, and employment status) 
on participants’ contact rates using Collett’s algorithm 
(17) and calculated incidence rate ratios (IRRs) with 
corresponding 95% CIs. We included interaction terms 
to assess changes in the effect of explanatory variables 
over time and then removed if they were not signifi-
cant. We present both unadjusted and adjusted results 
with and without the significant interaction terms.

Sensitivity Analysis
Because the data collected in the first survey were 
limited to participants living in Attica, we repeated 
the analysis only for Attica residents. In addition, we 
calculated the number of contacts after censoring at 
100 contacts to account for a few responses of very 

high daily numbers of contacts (9). We also fitted an 
NB GLM model with a more detailed age breakdown 
of adults and including children and adolescents, fol-
lowing the same approach as in the main analysis.

Ethics Statement
Participation was voluntary, and data were collected 
anonymously. Participants provided oral informed 
consent. Children’s contacts were usually reported 
by a parent acting as a proxy (Appendix). The study 
was approved by the Ethics Committee of the Hel-
lenic Scientific Society for the Study of AIDS, Sexually 
Transmitted and Emerging Diseases.

Results

Study Population and Number of Social Contacts
A total of 6,608 persons provided contact diaries. Of 
those, depending on period, 23.5%–28.1% were 0–17 
years of age, 26.2%–28.9% were >65 years of age, and 
51.0%–54.9% were women (Appendix Table 1).

Before the pandemic, the mean daily number of 
contacts per participant was 20.4 (95% CI 18.3–22.4) 
(Figure 2, panel A; Appendix Table 2). Throughout 
the pandemic survey periods, the average number 
of contacts remained below prepandemic levels (Fig-
ure 2, panel A). The lowest numbers of contacts were 
reported during lockdowns, an average of 2.8 (95% 
CI 2.5–3.1) in March–April 2020 (an 86.3% reduction 
from prepandemic), 4.1 (95% CI 3.4–4.8) in Novem-
ber–December 2020 (a 79.9% reduction), and 5.9 (95% 
CI 4.6–7.3) in April 2021 (a 71.1% reduction). The 
highest numbers were reported just after summer: 
12.7 (95% CI 11.2–14.1) in September 2020 (a 37.8% 
reduction from prepandemic) and 12.9 (95% CI 11.0–
14.8) in September–October 2021 (a 36.8% reduction). 
After censoring at 100 contacts, the mean number of 
contacts during the first lockdown was 2.8, during the 
second lockdown was 3.9, and during the third lock-
down was 5.4 (Appendix Table 3).

We evaluated contact levels by location of contact 
across the survey periods (Appendix Table 4). We ob-
served an increasing trend in contacts at home, work, 
and other settings (leisure, transport, etc.) across the 3 
lockdown periods (p<0.001 for each location).

The mean number of contacts for persons 5–17 
years of age was the most variable over time (Figure 
2, panel B; Appendix Table 2). Children 5–11 years of 
age had almost identical contact levels as adolescents 
over time, and those levels were very high during 
nonlockdown periods (averaging 16.8–24.6 daily con-
tacts). School closures during lockdowns drastically 
reduced daily contacts to <5. Young adults 18–29 
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years of age reported the highest number of contacts 
during lockdowns (mean 4.9–8.2), whereas elderly 
persons (>65 years of age) had the fewest contacts 
across all periods, declining from 6.8 prepandemic to 
2.1–3.2 in the 3 lockdowns. After the first year of the 

pandemic, adult contact rates gradually increased, es-
pecially among persons 18–29 years of age. Average 
daily contacts for persons in that age group increased 
from 7.5 in February 2021 to 8.2 in April 2021, 15.4 in 
May–June 2021, and 16.7 in September–October 2021 
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Figure 2. Mean daily number of recorded social contacts per participant in study of social contact patterns and age mixing before and 
during COVID-19 pandemic, Greece, January 2020–October 2021. Data are shown for 8 social contact data collection periods overall 
(A), by age group (B), and by sex (C). Estimates have been adjusted for the age and sex distribution of the population of Greece by 
region. Error bars mark 95% CIs. Shaded areas indicate lockdown periods.
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(p<0.001) (Figure 2, panel B; Appendix Table 2). Dur-
ing the pandemic, contact rates for male participants 
ranged from 3.1 (95% CI 2.7–3.6) in the first lockdown 
to 14.5 (95% CI 12.1–16.8) in September 2020, whereas 
contact rates for female participants ranged from 2.5 
(95% CI 2.1–2.9) in the first lockdown to 12.4 (95% CI 
9.4–15.3) in September–October 2021 (Figure 2, panel 
C; Appendix Table 2). Similar contact patterns were 
estimated in the sensitivity analysis when only par-
ticipants living in Attica were included (Appendix 
Figure 1).

Contact Matrices
Changes in age-mixing patterns during the study 
period were apparent on the basis of age-stratified 
contact matrices (Figure 3). In the prepandemic pe-
riod, we observed high levels of age assortativity 
(participants tended to associate more with persons 
of similar age), as evidenced by the diagonal of the 
corresponding matrix. During lockdowns, that pat-
tern disappeared, whereas in periods with relaxed 
measures (including the reopening of schools), assor-
tativity reemerged, mainly among persons of school 
age. The mixing of persons 30–64 years of age with 
persons of all ages was retained in all periods.

Contact rates at work among adults decreased 
during lockdowns and in February 2021 more than 
during other periods (Figure 4), whereas age mixing 
at home was similar before and during the pandemic 
(Figure 5). Age-mixing patterns at school were com-
parable in the prepandemic period and during the 
pandemic when schools were open, whereas mixing 

during leisure activities did not revert to prepandem-
ic levels (Appendix Figure 2). We also estimated the 
absolute difference in daily contacts between each 
study period during the pandemic and the prepan-
demic period (Appendix Figure 3).

Effect of Social Distancing Measures on Transmission
Compared with prepandemic levels, the mean rela-
tive change in R0 resulting from changes in contact 
patterns was estimated to be 90.5% for the first lock-
down, 86.1% for the second lockdown, and 79.1% for 
the third lockdown (Figure 6). Periods with relaxed 
measures resulted in a less pronounced reduction 
(36.3%–60.3%). Similar changes in R0 were estimated 
in the sensitivity analysis for Attica only (Appendix 
Figure 4).

Effect of Lockdowns and Other Determinants on the 
Number of Social Contacts
On the basis of our analysis using the NB GLM mod-
el, time period affected contact rates among adults 
(Table 1; Figure 7, panel A). The number of contacts 
increased with each subsequent lockdown (second 
lockdown IRR = 1.50 [95% CI 1.27–1.76]; third lock-
down IRR = 2.19 [95% CI 1.86–2.58]) (Table 1; Figure 
7, panel A). The same trend was observed when the 
analysis was repeated exclusively among adults living 
in Attica (Appendix Figure 5). After the first year of 
the pandemic, an upward trend was apparent among 
adults, even though a lockdown was implemented 
in April 2021. We observed an interaction effect be-
tween age group and study period; for nonlockdown 
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Figure 3. Age-specific contact matrices of all contacts in study of social contact patterns and age mixing before and during COVID-19 
pandemic, Greece, January 2020–October 2021. A) January 2020; B) March–April 2020; C) September 2020; D) November–December 
2020; E) February 2021; F) April 2021; G) May–June 2021; H) September–October 2021. Each cell represents the average daily number 
of reported contacts, stratified by the age group of the participants and their corresponding contacts. Gradient palettes were used to color 
contact matrices (orange indicates lockdown periods, blue indicates prepandemic period and periods with relaxed measures). 
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periods, we observed a higher number of contacts for 
persons 18–64 years of age than for elderly persons, 
whereas during lockdown periods, similar contact 
rates were observed for those 2 age groups (Table 1; 
Figure 7, panel Β).

We identified additional independent predic-
tors of the number of social contacts among adults 
(Table 1). Women had a lower number of contacts 

than did men (IRR = 0.93 [95% CI 0.88–0.99]), as did 
participants who were not of Greek nationality (other 
nationality vs. Greek nationality IRR = 0.65 [95% CI 
0.53–0.79]). The number of contacts increased with 
larger household size or higher educational level. 
Compared with unemployed persons, employed per-
sons reported a higher number of contacts (employed 
vs. unemployed IRR = 1.99 [95% CI 1.85–2.14]).
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Figure 4. Age-specific contact matrices at work in study of social contact patterns and age mixing before and during COVID-19 
pandemic, Greece, January 2020–October 2021. A) January 2020; B) March–April 2020; C) September 2020; D) November–December 
2020; E) February 2021; F) April 2021; G) May–June 2021; H) September–October 2021. Each cell represents the average daily number 
of reported contacts, stratified by the age group of the participants and their corresponding contacts. Gradient palettes were used to 
color contact matrices (orange indicates lockdown periods, blue indicates prepandemic period and periods with relaxed measures). 

Figure 5. Age-specific contact matrices at home in study of social contact patterns and age mixing before and during COVID-19 
pandemic, Greece, January 2020–October 2021. A) January 2020; B) March–April 2020; C) September 2020; D) November–December 
2020; E) February 2021; F) April 2021; G) May–June 2021; H) September–October 2021. Each cell represents the average daily 
number of reported contacts, stratified by the age group of the participants and their corresponding contacts. Gradient palettes were 
used to color contact matrices (orange indicates lockdown periods, blue indicates prepandemic period and periods with relaxed 
measures).
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In the sensitivity analysis, which included chil-
dren and adolescents, we noted an interaction effect 
between age group and study period. During non-
lockdown periods, the highest number of contacts 
was observed among children and adolescents, fol-
lowed by adults <64 years of age; elderly persons had 
the lowest number of contacts. During lockdown pe-
riods, contact rates were relatively similar across all 
age groups, with the exception of the third lockdown, 
in which persons 18–64 years of age reported higher 
contacts than children, adolescents, and elderly per-
sons (Appendix Figure 6). After the third lockdown in 
April 2021, the largest increase in the number of con-
tacts was observed among children and adolescents 
0–17 years of age.

Discussion
This study reports findings from repeated social con-
tact surveys conducted in Greece, covering 1 prepan-
demic period and 7 periods during the pandemic. Be-
fore the pandemic, contact rates were notably high, 
comparable to those reported in another country in 
southern Europe (5). During the pandemic, daily 
contact rates decreased substantially (71.1%–86.3% 
during lockdowns and 36.8%–64.2% during periods 
with relaxed measures), and we observed changes in 
age-mixing patterns. Similar marked reductions in 
social contacts during lockdowns, particularly dur-
ing March–April 2020, have been reported elsewhere 
(6,8,10,16,18). Young adults 18–29 years of age report-
ed the highest number of contacts during lockdowns, 
whereas elderly persons maintained the lowest con-
tact rates throughout the pandemic (lower than pre-
pandemic levels), as reported in other studies (6,8,19). 
Overall, contacts remained below prepandemic levels 
throughout the study period, in accordance with oth-

er studies with data through 2021 or 2022 (6,10,12,14). 
Contacts increased with each subsequent lockdown 
and across all settings (home, work, other). The num-
ber of contacts also gradually increased after the first 
year of the pandemic, in particular among adults 18–
64 years of age, persisting even during the third lock-
down in April 2021. The CoMix survey in the United 
Kingdom also included data over a period covering 
3 lockdowns (6). In contrast to our findings, contact 
rates among adults 18–59 years of age in the United 
Kingdom during the third lockdown (January–March 
2021) were similar to or lower than those during the 
first lockdown in spring 2020.

The finding of waning observance of physical 
distancing policies among adults after months of 
mitigation measures in Greece could be attributed to 
multiple factors. Early in the pandemic, the World 
Health Organization highlighted the issue of pan-
demic fatigue (20). The observed increasing trends 
might also reflect previous infection, practical needs 
(e.g., in-person work), mask use, and vaccination 
uptake. Because mask mandates in Greece were 
already in place at the time of the September 2020 
survey, they are unlikely to have contributed to the 
observed increasing trends. Of note, the identified 
increase in contact levels with each subsequent lock-
down does not seem to result from increased vaccine 
uptake, because vaccines were not available in the 
second lockdown and coverage was very low among 
those <60 years of age in the third lockdown (Ap-
pendix Table 5). Vaccine coverage among children 
remained low throughout the study periods, and 
substantial coverage among young adults was only 
evident in the final survey.

Men reported higher numbers of contacts than 
women did during the pandemic, as seen in other 
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Figure 6. Mean reduction 
in R0 caused by physical 
distancing measures during 
COVID-19 pandemic 
(March 2020–October 2021) 
compared with prepandemic 
period (January 2020) in study 
of social contact patterns and 
age mixing before and during 
COVID-19 pandemic, Greece. 
R0 reduction was obtained 
by comparing social contacts 
data from each study period 
during the pandemic to the 
prepandemic period (January 
2020). Error bars indicate  
95% CIs. Shaded areas 
indicate lockdown periods. Dashed horizontal line indicates the minimum reduction needed to bring R0 to <1, assuming R0 is equal 
to 2.38 (15). R0, basic reproduction number. 
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studies (21,22). A larger household, higher educa-
tional level, being employed, and Greek nationality 
were also associated with higher contact rates. The 
association of higher educational level with higher 
contact rates aligns with existing literature suggest-
ing that persons with higher socioeconomic status, 
as measured by education and employment, tend to 
have more social contacts (23). The observed varia-
tions surrounding nationality could be attributed to 
various factors, such as limited social networks for 
persons not of Greek nationality (because of homoph-
ily), underreporting because of fear of disclosing 
contacts when restrictions were applied, and type of 
employment. A similar pattern was identified in Lux-
embourg, where persons of most foreign nationalities 
reported fewer contacts (24).

Physical distancing measures, particularly school 
closures, significantly reduced age-assortative social 
mixing, in line with findings from other surveys (8). 
Persons 30–64 years of age interacted with persons of 
all ages regardless of social distancing. Given their 
role as bridge between children and elderly persons, 
encouraging masking and vaccination in this age 
group is key for protecting vulnerable populations 
from respiratory illnesses.

Physical distancing measures imposed during 
lockdowns are likely to have a substantial effect on 
transmission, with a reduction of R0 of 79.1%–90.5%. 
Less stringent physical restrictions are expected to 
result in a more moderate decline of 36.3%–60.3%. 
Those findings suggest that lockdowns can effec-
tively suppress the R0 below 1.0 in epidemics with 
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Table. Predictors of the number of social contacts of 6,270 adult participants in study of social contact patterns and age mixing before 
and during COVID-19 pandemic, Greece, January 2020–October 2021* 

Covariate 
Unadjusted 

 

Adjusted 
Without interaction term 

 
With interaction term 

IRR (95% CI) p value IRR (95% CI) p value IRR (95% CI) p value 
Age group, y  <0.001   <0.001   0.046 
 18–64 Referent   Referent   Referent  
 >65 0.47 (0.44–0.51)   0.86 (0.80–0.93)   1.28 (1.00–1.62)  
Sex  <0.001   0.021   0.018 
 M Referent   Referent   Referent  
 F 0.80 (0.75–0.86)   0.93 (0.88–0.99)   0.93 (0.88–0.99)  
Household size, including participant         
 1 Referent   Referent   Referent  
 2 1.35 (1.23–1.49) <0.001  1.34 (1.23–1.46) <0.001  1.34 (1.23–1.46) <0.001 
 3 1.83 (1.64–2.04) <0.001  1.56 (1.41–1.72) <0.001  1.56 (1.41–1.72) <0.001 
 4 2.55 (2.25–2.88) <0.001  2.00 (1.79–2.23) <0.001  2.00 (1.79–2.23) <0.001 
 >5 3.19 (2.62–3.88) <0.001  2.63 (2.22–3.12) <0.001  2.63 (2.22–3.12) <0.001 
Nationality  0.010   <0.001   <0.001 
 Greek Referent   Referent   Referent  
 Other 0.73 (0.58–0.93)   0.65 (0.53–0.80)   0.65 (0.53–0.79)  
Time period         
 January 2020, prepandemic 5.25 (4.70–5.87) <0.001  5.22 (4.67–5.82) <0.001  6.75 (5.92–7.69) <0.001 
 March–April 2020† Referent   Referent   Referent  
 September 2020 2.46 (2.14–2.84) <0.001  2.88 (2.52–3.28) <0.001  3.42 (2.91–4.01) <0.001 
 November–December 2020† 1.23 (1.07–1.43) 0.004  1.45 (1.27–1.66) <0.001  1.50 (1.27–1.76) <0.001 
 February 2021 1.39 (1.20–1.61) <0.001  1.71 (1.49–1.95) <0.001  1.92 (1.63–2.27) <0.001 
 April 2021† 1.70 (1.47–1.96) <0.001  2.07 (1.81–2.36) <0.001  2.19 (1.86–2.58) <0.001 
 May–June 2021 2.03 (1.76–2.35) <0.001  2.40 (2.10–2.74) <0.001  2.75 (2.34–3.23) <0.001 
 September–October 2021 2.28 (1.98–2.63) <0.001  2.78 (2.43–3.17) <0.001  3.18 (2.71–3.74) <0.001 
Educational level         
 Up to junior high school Referent   Referent   Referent  
 Up to general/vocational lyceum 1.61 (1.47–1.77) <0.001  1.21 (1.11–1.32) <0.001  1.22 (1.12–1.33) <0.001 
 Higher education 2.04 (1.85–2.24) <0.001  1.34 (1.23–1.46) <0.001  1.34 (1.23–1.46) <0.001 
Employment status  <0.001   <0.001   <0.001 
 Not employed Referent   Referent   Referent  
 Employed 2.66 (2.49–2.83)   2.00 (1.86–2.16)   1.99 (1.85–2.14)  
Age group >65  survey period         
 January 2020, prepandemic       0.43 (0.34–0.54) <0.001 
 September 2020       0.57 (0.44–0.76) <0.001 
 November–December 2020†       0.88 (0.66–1.16) 0.353 
 February 2021       0.67 (0.51–0.89) 0.006 
 April 2021†       0.80 (0.60–1.06) 0.115 
 May–June 2021       0.64 (0.48–0.84) 0.002 
 September–October 2021       0.64 (0.48–0.84) 0.002 
*Results from negative binomial generalized linear mixed models with random intercepts at the individual level fitted on social contact data collected 
across 8 periods in Greece through cross-sectional surveys. IRR, incidence rate ratio. 
†Lockdown period. 
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R0 values as high as 4.8, potentially even as high as 
10.5. With less stringent measures, a decrease below 
1.0 might be achievable for outbreaks with R0 up to 
1.5 or 2.5.

A strength of this study is the longitudinal as-
sessment of social contacts in representative samples 
over an extended period during the pandemic, which 
included multiple lockdowns. Our study builds on 
earlier research by examining changes in adherence 
to physical distancing policies over time and ex-
ploring age-specific trends in a country in southern 
Europe with high prepandemic contact rates. Stud-
ies on this topic are needed because variations exist 
among countries in baseline rates of social contact 
and in factors influencing adherence to physical dis-
tancing, such as political trust (25). In this empiri-
cal social contact study on mixing patterns in Greece 

before and during the pandemic, the same design, 
questionnaire, sampling and recruitment method-
ology, and market research company were used 
throughout the survey periods. Another contact sur-
vey conducted in Greece mainly among adults cov-
ered a relatively short period during the pandemic 
(February–June 2021) (9). In contrast to other studies 
that rely on historical contact data or, in the absence 
of empirical contact surveys, on synthetic contact 
data (6,14,26), our analysis used prepandemic con-
tact patterns assessed by asking respondents to re-
call their contacts just before the pandemic, as done 
elsewhere (27). Moreover, we oversampled children 
and adolescents to derive more accurate insights 
into the contact patterns of the young population. 
Those data can inform policy decisions regarding 
those age groups (e.g., school closures).
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Figure 7. Adjusted average 
predictions of the number of 
contacts of adult participants in 
study of social contact patterns 
and age mixing before and 
during COVID-19 pandemic, 
Greece, January 2020–October 
2021 (N = 6,270). Data are 
shown for A) study period and 
B) study period according to 
the age group of participants. 
Results from negative binomial 
generalized linear mixed models 
with random intercepts at the 
individual level fitted on social 
contact data collected across 8 
periods in Greece through cross-
sectional surveys. Error bars 
indicate 95% CIs. Shaded areas 
indicate lockdown periods.
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The first limitation of our study is that self- 
reported social contacts are susceptible to bias (over-
reporting or underreporting) because of inaccurate 
recall or social desirability effects, particularly given 
that some social distancing measures were mandated 
during the study periods. Bias because of inaccurate 
recall is more relevant for January and September 
2020, for which data were collected retrospectively. 
Furthermore, the previous weekday might not have 
been a typical day for all respondents. Another limi-
tation is that contact data collected by paper diaries 
tend to be more complete than computer-assisted tele-
phone interviews (28). Because telephone interviews 
were used across all our surveys, this factor should not 
have affected identified time trends. Telephone sur-
veys enable a better representation of the population 
than online diaries or apps, which often undersample 
children and elderly persons. Because the definition 
of a contact was described simply to participants, age 
or educational level are unlikely to have affected the 
understanding of the question. Children’s contacts 
were usually collected through a parent acting as a 
proxy, which could have led to inaccurate reporting. 
Not all persons invited to participate in the survey did 
so, suggesting a potential for selection bias. Finally, 
although we intended to describe contact patterns 
representative of the entire country, the initial survey, 
which was conducted during the first lockdown, was 
limited to a smaller sample from Attica because of the 
urgency of the novel pandemic and the uncertainty 
surrounding the duration of lockdown. The results 
from the sensitivity analysis indicate that contact pat-
terns in Attica were consistent with those obtained us-
ing the total sample (Appendix).

We assume that direct contacts are a proxy for 
social contacts that are effective for transmission. 
However, the mandatory mask use policy potential-
ly decreased the number of effective contacts (29). In 
addition, widespread implementation of self-testing 
in workplaces and schools was introduced in mid-
to-late April 2021 in Greece (i.e., in the period cov-
ered by the 2 last surveys). Therefore, the observed 
increase in contacts during phases of the study pe-
riod might not necessarily translate to a correspond-
ing increase in transmission.

In conclusion, our study confirms the marked de-
crease in social contacts during lockdown periods and 
provides evidence of the waning observance of physi-
cal distancing policies after several months of mitiga-
tion measures in Greece, particularly among persons 
18–64 years of age and among children and adoles-
cents when schools were open for in-person learn-
ing. However, the substantial effect on R0 estimated 

even during periods with eased restrictions and the 
consistently low contact rates among elderly persons, 
even 19 months after the onset of the pandemic, sug-
gest that alleviating the burden of emerging epidem-
ics without resorting to prolonged lockdowns, which 
incur substantial economic and social repercussions 
and disrupt the education process, might be feasible.
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kind support of the Greek Shipowners’ Social Welfare 
Company SYN-ENOSIS. The research work was supported 
by the Hellenic Foundation for Research and Innovation 
(HFRI) under the 4th Call for HFRI PhD Fellowships  
(Fellowship Number: 9132).
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Neisseria meningitidis and N. gonorrhoeae charac-
teristically occupy distinct niches in the human 

body despite evolving from a common ancestor (1). 
N. meningitidis bacteria often inhabit the nasopharynx 
of humans as a commensal bacteria and are generally 
unencapsulated, or nongroupable. Rarely, meningo-
cocci cause invasive disease, such as meningitis or 
bloodstream infection; those strains are typically en-
capsulated, or serogroupable (2). In contrast, N. gon-
orrhoeae is always considered a pathogen and most 
commonly infects the mucosa of the pharynx or the 
anorectal and urogenital tract via sexual transmission 

(3). However, the preferential site of infection may 
not be as absolute as once thought; overlapping clini-
cal syndromes include urogenital mucosal coloniza-
tion and local infection caused by N. meningitidis (4).

The first N. meningitidis urogenital infection was 
documented in 1942 (5). Although previous cases 
had been reported, they were considered a second-
ary manifestation of invasive disease rather than a 
de novo urogenital infection. Since then, numerous 
reports of meningococci causing urogenital infec-
tions have been published (4). Clinical manifestations 
are indistinguishable from gonococcal infections; 
symptomatic infection mainly occurs as urethritis. 
However, the true prevalence of urogenital menin-
gococcal infections is difficult to determine because 
current diagnostic testing relies largely on molecu-
lar assays targeting N. gonorrhoeae. In settings where 
cultures are performed, laboratory practice for iden-
tifying and reporting N. meningitidis from urogenital 
sites varies widely; some laboratories consider those 
isolates nonsignificant. Similarly, in settings where 
Gram stains from urogenital samples are used to 
direct therapy, the presence of gram-negative diplo-
cocci would not differentiate between N. meningitidis 
and N. gonorrhoeae.

The route of transmission for meningococcal 
urogenital infections remains unclear. Oral sex is 
considered a primary likely mechanism (4); howev-
er, that transmission route for N. meningitidis is inef-
ficient and may account for the low observed coloni-
zation rates of 1%–3%, with higher rates in men who 
have sex with men (MSM). Those dynamics may  

Neisseria meningitidis  
Serogroup Y Sequence Type  

1466 and Urogenital Infections
Sebastiaan J. van Hal, Thomas Le, Frances Jenkins, Ratan L. Kundu,  

E. Athena Limnios, Lucy A. McNamara, Shalabh Sharma, Ellen N. Kersh, Monica M. Lahra

86 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 1, January 2025 

RESEARCH

Author affiliations: University of Sydney, Sydney, New South 
Wales, Australia (S.J. van Hal); Royal Prince Alfred Hospital,  
Sydney (S.J. van Hal, T. Le, F. Jenkins); World Health  
Organization Collaborating Centre for STI and AMR at Prince of 
Wales Hospital, Randwick, New South Wales, Australia  
(R.L. Kundu, E.A. Limnios, M.M. Lahra); Centers for Disease  

Control and Prevention, Atlanta, Georgia, USA (L.A. McNamara,  
S. Sharma, E.N. Kersh); World Health Organization Collaborating 
Centre for STI Surveillance at Centers for Disease Control and 
Prevention, Atlanta (E.N. Kersh); The University of New South 
Wales, Sydney (M.M. Lahra)
DOI: https://doi.org/10.3201/eid3101.240940

Neisseria meningitidis is a common commensal bacte-
rium of the nasopharynx that can cause invasive me-
ningococcal disease (IMD). In comparison, N. gonor-
rhoeae is always a pathogen usually limited to mucosal 
sites. However, increased evidence for overlapping 
clinical syndromes is emerging. We compared N. men-
ingitidis samples from a urogenital outbreak in Australia 
with sequences from the United States and other coun-
tries. We conducted phylogenetic analyses to assess 
relatedness and examine for genomic changes associ-
ated with meningococcal adaptation; we collated a total 
of 255 serogroup Y (MenY), sequence type (ST) 1466 
isolate assemblies. Most urogenital isolates originated 
from Australia; those isolates formed a distinct clade, 
most closely related genomically to recent US IMD iso-
lates. No specific genomic changes suggested niche 
adaptation or associated clinical manifestations. The 
MenY ST1466 N. meningitidis isolates circulating in 
Australia and the United States are capable of causing 
both urethritis and invasive meningococcal disease.
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explain why meningococcal urethritis has histori-
cally been uncommon.

One exception is the ongoing expansion of a 
specific clade of nongroupable N. meningitidis (US_
NmUC), which emerged in 2015 and caused un-
precedented clusters of urogenital infections in the 
United States affecting primarily Black heterosexual 
men (6). Closely related isolates have since been de-
tected in several other countries, including the United 
Kingdom and Japan (7,8). The success of the clade is 
thought to be partly caused by the insertion of IS1301 
within the cps locus, leading to the deletion of the cap-
sular biosynthesis genes, resulting in a nongroupable 
phenotype, and by the replacement of the meningo-
coccal NorB-AniA denitrification apparatus with one 
of gonococcal origin, resulting in the capacity to adapt 
and survive in the urogenital tract (6).

Initially limited to the United States, the clade has 
now been documented in other countries (9). In ad-
dition to urogenital disease, 7 invasive cases caused 
by this strain have been reported (10); however, 
they have occurred predominantly in patients with 
a known or suspected immunocompromising condi-
tion, as is typical for invasive meningococcal disease 
cases caused by nongroupable meningococci (11). Re-
gardless, this mainfestation is of concern because it 
indicates that urogenital N. meningitidis infections can 
be a reservoir for strains that cause invasive disease.

In 2023 in Sydney, New South Wales, Australia, 
a cluster of symptomatic, urogenital infections with 
N. meningitidis serogroup Y (MenY) sequence type 
(ST) 1466 (MenY ST1466) was detected. Unlike the 
US_NmUC, MenY ST1466 has been recently reported 
to be causing a large number of invasive meningococ-
cal disease (IMD) cases across the United States (12). 
In collaboration with the US Centers for Disease Con-
trol and Prevention, we collated the largest publicly 
available MenY ST1466 genomic dataset to investi-
gate whether the urogenital isolates from Australia 
represent either sporadic infections or a new emer-
gent niche adaptation event.

Methods

Isolate Collection and Sequencing
The isolates included in this analysis were all N. men-
ingitidis isolates detected from urogenital samples 
sent for culture from patients attending sexual health 
clinics and general practice clinics in New South 
Wales who were referred to the Neisseria reference 
laboratory (Randwick, New South Wales, Australia) 
during July–December 2023 (13). As is standard pro-
cedure for all referred N. meningitidis isolates from 

clinical specimens, the isolates had confirmation of 
organism identification, antimicrobial susceptibility 
testing using Clinical Laboratory Standards Institute 
(CLSI) methodology and breakpoints for penicillin, 
ceftriaxone, ciprofloxacin, and rifampin, and sero-
grouping by PCR. All were MenY. By January 1, 2024, 
a total of 30 urogenital MenY N. meningitidis isolates 
had been referred. We identified 1 additional isolate 
from October 2019 in the database and included it for 
sequencing (n = 31).

We performed DNA extraction for 1 colony for 
each isolate using the EZ1 Advanced XL kit (QIA-
GEN, https://www.qiagen.com). We generated 
DNA libraries using an Illumina DNA prep kit (Il-
lumina, https://www.illumina.com) and performed 
sequencing on the Illumina MiSeq platform according 
to the manufacturer’s instructions, aiming for a target 
sequencing depth >20× and Phred quality score >30 
across 90% of the fastp version 0.22.0 trimmed reads 
(14). We then generated assemblies using Spades ver-
sion 3.15.3 and filtered all contigs <1,000 bp long (15). 
We performed in silico multilocus sequence typing 
(MLST) using BLASTn through PubMLST (16); all 
isolates were ST1466.

Data Supplementation and Analysis
We supplemented the genomic data collected with 
additional MenY ST1466 N. meningitidis assemblies, 
including 9 assemblies provided by US CDC repre-
senting isolates collected through national invasive 
meningococcal disease surveillance, as previously 
described (17), and associated with an increase in 
meningococcal disease among persons with HIV as 
reported in September 2023 (17). We also included 
all available MenY ST1466 N. meningitidis assemblies 
from PubMLST (n = 224) for which collection year 
was available (16). We reconfirmed the MenY sero-
group using characterize_neisseria_capsule (18) and 
the ST1466 group using MLST tools before including 
isolates in the analysis.

To circumvent inaccurate phylogenetic relation-
ships when using a mapping approach, especially 
when a very divergent reference is used, we performed 
long-read sequencing using ONT Nanopore (Oxford 
Nanopore Technologies, https://nanoporetech.com) 
to close one of the Australia sequences. We chose the 
isolate on the basis of the highest N50 assembly met-
rics from the short-read sequencing data. We obtained 
a complete circular chromosome of 2.18 Mb (RPAH-
23R75L) using a hybrid assembly approach imple-
mented through unicycler version 0.4.8 (19).

We mapped all assemblies against the generated 
reference using SNIPPY version 4.0.2 (20) specifying 
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the contigs option. We identified recombination us-
ing Gubbins version 3.2.1 (21). To limit the effect of 
long branch lengths secondary to missing data, we 
used the masked alignment to regenerate a phylog-
eny implemented through IQ-TREE version 2.2.0.3 
under a general time-reversible model (22). We ob-
tained a time tree through BactDating (23) specifying 
year only and performed geospatial analysis using 
Nextstrain (24).

To explore a possible niche transition, we em-
ployed 2 different approaches. First, we compared 
sequences to the US_NmUC clone (PubMLST iden-
tification 47233). Second, we constructed a pange-
nome using Panaroo version 1.3.4 (25) after anno-
tation with Prokka version 1.14.6 (26) on all MenY 
ST1466 assemblies for which the source of infections 
(i.e., urethritis versus invasive disease) was known. 
We sought candidate genes for a possible niche 
change using Scoary version 1.6.16 (27), specify-
ing the source as the trait of interest. We performed  
single-nucleotide polymorphism (SNP) analysis us-
ing R package ape version 5.7–1 (28). We uploaded 
sequence reads for all the New South Wales urogeni-
tal isolates to the National Center for Biotechnology 
Information database (project no. PRJNA1117957) 
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/31/1/24-0940-App1.xlsx).

Results

Isolate Collection
An ongoing outbreak of urogenital MenY began in 
New South Wales, Australia, in 2023; clinical and epi-
demiologic data of the first 41 patients was published 
in 2024 (13). Of those cases, 31 urogenital MenY iso-
lates underwent whole-genome sequencing, all from 
symptomatic patients. All isolates were fully sus-
ceptible to penicillin, ceftriaxone, ciprofloxacin, and 
rifampin; no resistance genes were detected. Phy-
logenetic analysis of the Australia sequences dem-
onstrated a limited diversity, a median of 17 SNPs 
(interquartile range [IQR] 8–25) difference among all 
isolates, suggestive of a clonal expansion event.

To place those isolates into a global context, we 
collated a total of 255 MenY ST1466 isolate assemblies, 
including the urethritis isolates from Australia, inva-
sive isolate sequences shared by the US CDC, and all 
available MenY ST-1466 sequences in PubMLST (Ap-
pendix Table); isolates from the United States, United 
Kingdom, and Australia represented 80% of the en-
tire dataset that originated from 14 countries. The re-
ported clinical manifestation was absent for 32% of 
isolates; 36% represented invasive disease and 15% 

carriage isolates. Most (33/37 [90%]) urogenital iso-
lates originated from Australia (Appendix Table). To 
circumvent the influence of a suboptimal reference, 
1 current outbreak isolate underwent long-read se-
quencing using ONT nanopore with a single chromo-
some, RPAH23R75L, generated according to a hybrid 
assembly approach consisting of 2.18 Mb. Mapping 
all assemblies to that reference chromosome, the phy-
logenetic tree after recombination masking (Figure 1, 
panel A) revealed that most of the Australia isolates 
formed a distinct clade. Two Australia isolates from 
2019 and July 2023, before the urethritis outbreak be-
gan in Australia later in July 2023, were intermixed 
with the US sequences. Those isolates were distinct 
from the outbreak isolates.

The Australia clade was most closely related to 
recent North America isolates with a median SNP 
difference of 43 (IQR 22–60), a genomic distance that 
overlaps with previous thresholds defining related 
isolates (Figure 1, panel B). All isolates within the 
cluster shared the same finetyping and Bexsero Anti-
gen Sequence Typing profile consisting of virulence 
determinants fHbp, NadA, and NHBA alleles (Fig-
ure 2). Although those findings suggest the MenY 
ST1466 clade was introduced to Australia from 
North America, the clustering of recent urogenital 
isolates from Spain within the US clade indicates in-
tercontinental intermixing of isolates and less clear 
routes of transmission.

Having established that the coincident urogenital 
MenY ST1466 isolates from Australia are closely relat-
ed genomically to the circulating IMD MenY ST1466 
isolates from the United States, we then investigated 
whether the Australia isolates shared any known ge-
nomic features associated with potential urogenital 
adaptation by comparing the genomes to a another 
known successfully adapted N. meningitidis clone, the 
nongroupable clonal complex 11 (US_NmUC) clade. 
We detected no large-scale genomic differences be-
tween RPAH23R75L and US_NmUC. We examined 
in the Australia isolates the genomic regions that 
within US_NmUC were thought to be important for 
the organism’s adaptation to the urogenital tract. 
The capsular biosynthesis genes remained intact for 
all Australia and non-Australia ST1466 isolates with 
no evidence of an IS element insertion. A norB-aniA 
gene cassette was present in all the MenY ST1466 se-
quences. The genomic context of this cassette differed 
across all ST1466 isolates (represented by the closed 
genome of RPAH23R75L) and US_NmUC; ST1466 
sequences lacked the glutathione peroxidase (gpxA) 
gene (Figure 3). This gene is common to meningo-
cocci but was present in only 11 of the 255 ST1466  
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N. meningitidis isolates, suggestive of a gonococcal 
norB-aniA gene cassette recombination event resulting 
in deletion of gpxA. Although both norB and aniA were 
present at the sequence level after alignment, the aver-
age pairwise comparison between the MenY ST1466 
norB-aniA region and the US_NmUC demonstrated 
≈39 SNPs difference (4 nonsynonymous mutations), 
suggesting a different origin and unrelated regions.

Subsequent examination of all the pangenomes 
including the US_NmUC similarly did not reveal 
any candidate genes associated with clinical mani-
festation, which suggests that the observed niche 
change for MenY ST1466 was not attributable to the 

adaptative genomic changes previously reported in 
US_NmUC.

Discussion
Identifying concurrent outbreaks of urogenital MenY 
ST-1466 infection in Australia and IMD MenY ST1466 
infection in the United States has provided a unique 
opportunity to collaboratively investigate relatedness 
of Australia and US isolates. In addition, we were able 
to explore whether markers of the US_NmUC clade 
were present to explain the proclivity for the urogeni-
tal niche in the current Australian MenY ST1466 iso-
lates. We found that although the IMD and Australia 
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Figure 1. Relatedness of 
Neisseria meningitidis serogroup 
Y ST1466 isolates from Australia 
and the United States compared 
with isolates from other countries. 
A) Timed maximum-likelihood 
phylogeny of included isolates of 
serogroup Y ST1466. Associated 
metadata are shown to the right of 
the tree. B) Genomic epidemiology 
of ST1466 showing transmission 
lines generated using Nextstrain 
(24). ST, sequence type.
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isolates were closely related, the adaptations reported 
for the US_NmUC clade were not present in either 
and thus did not explain the current clinical outbreak 
observed in Australia. Of note, no MenY ST1466 IMD 
case had been reported in Australia as of September 
2024. It remains unclear whether the urogenital out-
break is associated with increased prior pharyngeal 
carriage. In the only recent study of N. meningitidis car-
riage in Australia, conducted during 2017–2018, one 
ST1466 isolate was detected from 34,489 participants  

(29). However, it is possible that oropharyngeal car-
riage of ST1466 became more prevalent after 2018 and 
acted as the reservoir for urogenital infections. Alter-
natively, that finding could suggest expansion within 
a new niche without prior increase in carriage.

We analyzed the available data and identified no 
specific genomic changes to explain the adaptation of 
N. meningitidis to the urogenital tract. The norB-aniA 
gene cassette was present in all ST1466 sequences. 
However, experimental work is required to determine 
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Figure 2. Timed maximum-likelihood phylogeny showing finetyping of Neisseria meningitidis serogroup Y ST1466 isolates from Australia 
and the United States compared with isolates from other countries. Associated metadata shown to the right of the tree are country of 
origin; source; finetyping profile; virulence profiles for fHbp, NHBA, NadA allele types; and overall BAST sequence typing result. Dashes 
indicate insufficient or incomplete data. BAST, Bexsero Antigen Sequence Typing.
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whether this cassette is functional. Further, it is uncer-
tain to what extent gene diversity and the absence of 
the gpxA gene may affect the expression of norB and 
aniA within the various niches and determine clinical 
manifestations.

The US_NmUC clade has shown ongoing evo-
lution over time; the number of regions resembling 
N. gonorrhoeae bacteria has increased, consistent with 
ongoing genetic exchange including antimicrobial re-
sistance determinants between co-localized Neisseria 
species (9). Such exchange events may lead to the dis-
semination of antimicrobial resistance genes within 
N. meningitidis; even though the Australia outbreak 
may represent a sporadic event, ongoing surveillance 
of urogenital isolates is required to definitively ex-
clude alternate explanations.

Our investigations provide further evidence that 
N. meninigitidis and N. gonorrhoeae can cause over-
lapping clinical syndromes. However, under the 
current testing paradigm for urethritis in both Aus-
tralia and the United States, N. meningitidis causing 
urethritis would be largely undiagnosed because it 
would not be detected by N. gonorrhoeae PCR (30). 
Furthermore, in most settings, isolates from urogen-
ital culture would not be reported because, in many 
countries, only invasive meningococcal disease is 

reportable and not noninvasive manifestations such 
as meningococcal urethritis. The evidence for esti-
mating the risk for urogenital MenY ST1466 to cause 
invasive disease or, conversely, the propensity for 
the invasive isolates to inhabit the urogenital niche 
is lacking. Such evidence would help inform the po-
tential benefits of expanded testing for urogenital 
N. meninigitidis infections and public health actions; 
they include the utility and recommendations for 
immunization or prophylaxis for contacts of persons 
with urogenital meningococcal infections to poten-
tially reduce meningococcal transmission and pro-
gression to IMD.

The Australia public health investigation was 
unable to find any new links, specific sexual behav-
iors, or at-risk populations associated with the ure-
thritis outbreak. Nevertheless, the investigation 
raised several questions that warrant further explora-
tion: whether oral sex is the route of transmission of 
ST1466 meningococcal urethritis; whether the ability 
of N. meningitidis to colonize the urogenital tract re-
sults in more successful clones; whether changes in 
sexual behavior may have contributed to the urethri-
tis cases in Australia; and whether serogroup A, C, W, 
Y meningococcal vaccination would prevent MenY 
ST1466 urethritis.
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Figure 3. BLAST Ring Image 
Generator (BRIG) analysis of 
Neisseria meningitidis serogroup 
Y ST1466 showing sequence 
from Australia (RPAH23R75L) 
and sequence provided by the 
US Centers for Disease Control 
and Prevention (USA-M57512) 
relative to the US_NmUC clone 
across the norB-aniA cassette. 
The locations of 5 genes are 
shown in the innermost ring. The 
middle ring depicts alignment for 
the Australia isolate and the outer 
for the US isolate.
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In conclusion, we report a new manifestation of a 
MenY ST1466 in the urogenital tract and demonstrate 
that ST1466 urethritis isolates in Australia and inva-
sive isolates in the United States are closely related. 
Our failure to detect genomic features previously 
posited to be associated with adaptation to the uro-
genital niche among ST1466 urethritis isolates dem-
onstrate that further study is needed to understand 
the mechanisms underlying urogenital adaptation of 
N. meningitidis. However, our findings suggest that 
the ST1466 N. meningitidis isolates circulating in Aus-
tralia and in the United States can cause both urethri-
tis and IMD, despite the absence of reported ST1466 
invasive disease cases to date in Australia. 
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etymologia revisited
Schizophyllum commune 
[skiz-of′-ǐ-ləm kom′-yoon]

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

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

References 
  1. Chowdhary A, Kathuria S, Agarwal K, Meis JF. Recognizing filamentous  

basidiomycetes as agents of human disease: a review. Med Mycol. 
2014;52: 782–97. https://doi.org/10.1093/mmy/myu047

  2. Cooke WB. The genus Schizophyllum. Mycologia. 1961;53:575–99.  
https://doi.org/10.1080/00275514.1961.12017987

  3. Greer DL. Basidiomycetes as agents of human infections: a review.  
Mycopathologia. 1978;65:133–9. https://doi.org/10.1007/BF00447184

  4. O’Reilly P. Schizophyllum commune, split gill fungus, 2016 [cited 2021 Aug 
23]. https://www.first-nature.com/fungi/schizophyllum-commune.php

  5. Raper CA, Fowler TJ. Why study Schizophyllum? Fungal Genet Rep. 
2004;51:30–6. https://doi.org/10.4148/1941-4765.1142

https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/nar/gky783
https://doi.org/10.1093/bioinformatics/bty407
https://doi.org/10.1186/s13059-020-02090-4
https://doi.org/10.1186/s13059-020-02090-4
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1186/s13059-016-1108-8
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1016/j.lanwpc.2023.100966
https://doi.org/10.1016/j.lanwpc.2023.100966
https://doi.org/10.15585/mmwr.rr7004a1
mailto:sebastiaan.vanhal@health.nsw.gov.au
http://www.cdc.gov/eid
http://wwwnc.cdc.gov/eid/article/28/3/et-2803_article


Human social contact patterns drive the transmis-
sion of pathogens that spread through proxim-

ity. Data on social contact patterns are critical to un-
derstand who contacts whom and infer who acquires 
infection from whom, providing insight on potential 
control measures, such as physical distancing and 
vaccination. Underlying the patterns of contact are 

demographic, sociocultural, and economic determi-
nants, which vary within and across regions, result-
ing to corresponding variation in contact patterns. 
Unfortunately, such critical data are not as widely 
available in low- and middle-income countries 
(LMICs), including Mozambique (1), as they are in 
high-income countries (HICs) (2). Existing data on so-
cial contact patterns were collected across rural-urban 
divides (3–6) and informal settlements (7,8), limiting 
the representativeness of the results. Recent stud-
ies incorporate innovative methods to obtain data 
from infants and illiterate persons by using shadows 
(3,9), interviewer-led questionnaires (4,5), or wireless 
proximity sensors (10,11). Simulated contact rates for 
LMIC populations have been derived by projecting 
empirical data collected from HICs (e.g., POLYMOD 
data) and scaling using local demographic patterns 
(12). However, those extrapolations likely mischarac-
terize contact patterns in important ways when they 
differ for reasons aside from demographics.

During the early phase of the COVID-19 pan-
demic, the limitations inherent to estimating human 
contact patterns became apparent on a global scale 
(13–17). In the absence of vaccines or pharmaceutical 
interventions, physical distancing (i.e., reducing the 
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Few sources have reported empirical social contact data 
from resource-poor settings. To address this shortfall, we 
recruited 1,363 participants from rural and urban areas of 
Mozambique during the COVID-19 pandemic, determin-
ing age, sex, and relation to the contact for each person. 
Participants reported a mean of 8.3 (95% CI 8.0–8.6) 
contacts per person. The mean contact rates were higher 
in the rural site compared with the urban site (9.8 vs 6.8; 
p<0.01). Using mathematical models, we noted higher 
vaccine effects in the rural site when comparing empirical 
(32%) with synthetic (29%) contact matrices and lower 
corresponding vaccine effects in the urban site (32% vs 
35%). Those effects were prominent in younger (0–9 
years) and older (≥60 years) persons. Our work highlights 
the importance of empirical data, showing differences in 
contact rates and patterns between rural and urban sites 
in Mozambique and their nonnegligible effects in model-
ing potential effects of vaccine interventions.
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number and riskiness of contacts) was implemented. 
Relatively little data were collected from LMICs, 
limiting the ability of health officials to quantify any 
changes and employ such data in developing contex-
tual models of intervention.

Starting in 2021, during the COVID-19 pandemic, 
we launched the GlobalMix Study to collect social 
contact data from 4 LMICs: Mozambique, Guatemala, 
India, and Pakistan. We collected data from selected 
rural and urban areas using methods that were cus-
tomized for each country (18). Here, we present the 
methods and results from Mozambique, for which we 
have complete datasets.

Methods

Study Objectives
The main aim of this study was to characterize the 
patterns of social contact with respect to directly 
transmitted infections. We then simulated the trans-
mission of a hypothetical respiratory virus and as-
sessed the effects of vaccination in a model using 
contact data generated from this study (henceforth 
called empirical data) and compared with syntheti-
cally constructed contact data (henceforth called  
synthetic data).

Study Design
We conducted our cross-sectional study during 
March 2021–April 2022. Our data collection period 
coincided with active SARS-CoV-2 transmission in 
Mozambique (19). The rural site was within the Man-
hiça Health and Demographic Surveillance System 
(20); the urban site was in Maputo City within the 
Polana-Caniço Demographic and Health Surveillance 
System (21). Before collecting the social contact data, 
we held 25 focus group discussions and 40 cognitive 
interviews with community members drawn from the 
2 sites. We aimed to understand the determinants of 
human interaction at the study sites and explore the 
perceptions, acceptability, and utility of paper diaries 
for collecting data. We also hoped to get community 
buy-in and useful practice recommendations on our 
research implementation process.

Complete details of the sample size, data collec-
tion tools and procedures, and data analysis methods 
have been described in our protocol (18). In brief, 
we aimed to collect data from 630 persons per site, 
randomly selected by age and sex from the Demo-
graphic and Health Surveillance System registers. 
Participants were requested to keep a paper diary of 
their social contacts (henceforth called contacts) over 
2 days, defined as a 2-way, face-to-face encounter that 

involved either physical touch (skin-to-skin touch or 
over clothes) or nonphysical interaction (a conver-
sation involving >2 persons while standing within 
arms’ length of each other and with no physical bar-
rier between them). Additional qualitative questions 
are available in the shared codebook (see Acknowl-
edgments). Field workers captured data electronical-
ly in REDCap forms (22) coded in portable electronic 
tablets. All children <10 years of age and illiterate 
persons ≥10 years of age selected, or were assigned, a 
shadow to discretely record contacts on their behalf; 
this process did not require that shadows follow par-
ticipants all day.

Data Analysis

Characteristics of Contact Patterns
We estimated the mean (with bootstrapped 95% CIs) 
and median (with interquartile ranges) contact rates 
per person over 2 days and for day 1 only. Assum-
ing xij represents the total number of contacts between 
participants in age group i and contacts in age group 
j, we calculated the mean number of reported con-
tacts (mij) as xij/ni, where ni was the study population 
in group i.

We stratified the mean contact rates by site (ru-
ral or urban), age, sex, day of the week (weekday or 
weekend), type of contact (physical or conversation 
only), household membership (household member or 
nonhousehold member), occupation (or daily activ-
ity), and whether the participant reported symptoms 
of acute respiratory infection (ARI) or acute gastro-
enteritis (AGE) within the 14 days before the survey. 
We used the Wilcoxon rank-sum test to assess the dif-
ference between median contact rates within the sites 
for each covariate as well as between the rural and 
urban sites.

We computed age-stratified contact matrices to 
quantify the interactions between age groups. We ad-
justed the contact matrices to account for reciprocity, 
assuming that the total number of contacts from age 
group i to j were equal to the number of contacts from 
age group j to i: that is, mi,j = mj,i (6). We presented 
the age-specific contact matrix using data from day 1 
only by using the revised formula (mi,j + mj,i)/(ni + nj).

Characterizing Location-Specific Proximity  
Contact Exposures
We compared close contacts (those individually re-
corded in diaries) with proximity contacts (co-location 
with others but without direct interaction) on the ba-
sis of information that was collected by using a place-
use survey. We described the number of unique visits 
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at various locations (other person’s home, street, mar-
ket or shop, transport hub, agricultural field, school, 
work, place of worship, well, playground) and the 
distribution of time spent at each place. We then com-
pared the number of proximity contacts at each lo-
cation to the total close contacts at the same location 
and examined these data for differences in patterns 
between the urban and rural site.

Vaccine Effects Modeling
We compared rural and urban respiratory virus trans-
mission models parameterized with empirical data to 
those parameterized by using synthetic contact data 
(12). We built a deterministic susceptible-infectious-
recovered model with a vaccine conferring protection 
against infection. We computed the mean number of 
contacts by reclassifying the participants into six 10-
year age classes, 0–59 years, and 1 age group for per-
sons ≥60 years of age for compatibility with the syn-
thetic data. We weighted the empirical contact rates 
by using 2021 rural and urban Mozambique popula-
tion distribution data and adjusted for reciprocity by 
using the socialmixr R package (https://github.com/
epiforecasts/socialmixr). We modeled vaccination 
as leaky, providing partial protection for those vac-
cinated (50% vaccine coverage, 50% effectiveness); 
we modeled duration of illness as 7 days and fixed 
the basic reproduction number at 2.5. We calculated 
the attack rate for no vaccine (AR0) and vaccine (ARv) 
scenarios separately for rural and urban sites and pre-
sented the overall vaccine effect (VE) calculated as the 
percent reduction of cases in the presence versus ab-
sence of vaccine:

We used the EpiModel R package to run all 
transmission models. We conducted analyses using 
R v4.3.2 (The R Project for Statistical Computing, 
https://www.r-project.org).

Results

Baseline Characteristics of Participants
Out of 1,693 residents approached, we retained 
1,363 participants across both sites (81% participa-
tion rate). We noted similar participation rates in 
the rural (676/800 [85% participation rate]) and ur-
ban (687/893 [86% participation rate]) sites. We ex-
ceeded our target sample size by 103 participants, 
particularly in those 40–59 years of age. Of the 1,363 
participants, 666 (49%) were female and 697 (51%) 
male, and sex was equally distributed by site. By 
site, there was no major difference in number of par-
ticipants recruited by age, sex, or school enrollment 
status (Table 1).

The mean household size was 5.5 (range 1–18) in 
the rural site and 5.7 (range 1–20) in the urban site. 
Overall, 379 (45%) households had 4–6 members, and 
4 had 1 resident. When we omitted children, students, 
and unemployed persons, the most common reported 
occupations in the urban site were business people 
(16%, 59/366), office workers (15%, 56/366), and ca-
sual laborers (15%, 56/366). Omitting those same co-
horts, we noted 16% (64/394) of workers in the rural 
site were farmers. More than half (69%, 942/1,363) of 
participants reported wearing a mask inside or out-
side the house. About one fifth (233/1,363) of partici-
pants reported having >1 ARI symptom, and 26 (2%) 
reported >1 AGE symptom.

Half (51%, 701/1,363) of the participants were 
able to read and write. Most (88%, 1,200/1,363) of the 
participants said that they reported all contacts. How-
ever, 51% (698/1,363) required assistance from a field 
worker to fill out the diary at the end of the 2 days 
(rural 43% vs. urban 56%). Generally, all children <5 
years of age (409/1,363) had a family member as a 
shadow; of those, 243 (50%) required additional assis-
tance from the fieldworker. Among other ages, there 
was no difference in proportion of those requiring a 
shadow (or help from fieldworker) compared with 
no help, apart from age groups 15–19 years (33%, 
41/124) and ≥60 years (60%, 75/124). Eight partici-
pants reported testing positive for SARS-CoV-2, all of 
whom reported either going to quarantine (govern-
ment facility, n = 5) or self-isolating at home (n = 3).

Contact Patterns
Participants reported a total of 17,674 contacts over 2 
days; 41% were reported as unique contacts (n = 3,904 
day 1 only; n = 3,250 day 2 only) and 59% (n = 10,304) 
were reported on both days (repeat contacts). Partici-
pants reported an overall mean of 13.1 (95% CI 12.6–
13.5) contacts over 2 days (Table 2). We observed a 
significant difference in the mean number of contacts 
reported on day 1 (mean 8.3 [95% CI 8.0–8.6]) com-
pared with day 2 (mean 5.5 [95% CI 5.3–5.7]) (p<0.01 
by paired t-test). Because diary completion dates were 
randomly assigned, the actual mean contacts should 
not vary between the first and second date of diary 
completion. Therefore, we believe that the observed 
difference was a result of reporting bias that resulted 
from participant fatigue; henceforth, we report the 
mean and median number of contacts on day 1 only.

The rural mean contact rate (mean 9.8 [95% CI 
9.4–10.2]) was significantly higher than the urban rate 
(mean 6.8 [95% CI 6.5–7.1]) (p<0.01) (Figure 1, pan-
els A, B). Contact rates were higher in rural areas for 
each age group (Figure 1, panel C). The rural mean 
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number of contacts with nonhousehold members was 
significantly higher than contacts with household 
members (6.6 vs. 3.9; p<0.01), but there were marginal 
differences for participants in the urban site (4.2 vs. 
3.6; p = 0.46). Corresponding median values for day 
2 are provided (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/31/1/24-0875-App1.pdf).

Physical contacts were, on average, more numer-
ous than conversation-only contacts in both rural ar-
eas (6.7 vs. 4.9; p<0.01) and urban areas (5.3 vs. 3.3; 
p<0.01). Participants ≤18 years of age were the main 
drivers of the higher number of physical contacts. Of 
all participants, 803 (59%) reported having the same 
number of social contacts compared with periods 
before the COVID-19 pandemic. From those 803 par-
ticipants, urban participants reported either signifi-
cantly fewer (n = 238; mean 5.9 [95% CI 5.5–6.3]) or 
more (n = 28; mean 11.7 [9.3–14.1]) contacts compared 
with those who reported no change (n = 410; mean 
7.0 [6.7–7.4]). In the rural site, 74 (11%) of participants  

reported more mean contacts than usual (mean 12.6 
[95% CI 10.9–14.3]), different from those who re-
ported either no change (n = 384; mean 9.6 [95% CI 
9.1–10.1]) or fewer contacts (n = 215; mean 9.2 [95% 
CI 8.5–9.9]).

Contact Matrices
The urban matrix suggests lower mean number of 
contacts across all ages compared with the rural site 
(Figure 2). Participants 5–14 years of age (school- 
going children) and working adults 30–59 years of 
age in both rural and urban areas reported higher 
assortative (same age) mean contacts. Older school-
goers 15–19 years of age reported, on average, a high 
number of contacts 10–14 years of age in both sites. 
We observed another peak in mean number of con-
tacts between persons 30–39 years of age and persons 
40–59 years of age, driven mostly by conversation-on-
ly contacts (Appendix Figure, panels C, D). We noted 
few to no contacts reported for infants; however, the 
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Table 1. Characteristics of study participants in rural and urban sites in Mozambique in a study of social contact patterns, 2021–2022 

Characteristic 
No. (%) participants 

Overall, N = 1,363  Rural, n = 676  Urban, n = 687  
Sex* 
 F 666 (49) 332 (49) 334 (49) 
 M 696 (51) 343 (51) 353 (51) 
Participant age 
 <6 mo 128 (9) 62 (9) 66 (10) 
 6–11 mo 146 (11) 82 (12) 64 (9) 
 1–4 y 135 (10) 63 (9) 72 (10) 
 5–9 y 122 (9) 64 (9) 58 (8) 
 10–14 y 125 (9) 61 (8) 64 (9) 
 15–19 y 124 (9) 64 (9) 60 (9) 
 20–29 y 125 (9) 64 (9) 61 (9) 
 30–39 y 125 (9) 64 (9) 61 (9) 
 40–59 y 209 (15) 89 (13) 120 (17) 
 ≥60 y 124 (9) 63 (9) 61 (9) 
Able to read and write    
 Y 701 (51) 293 (43) 408 (59) 
Currently enrolled in school    
 Y 368 (28) 173 (26) 195 (29) 
Occupation or daily activity†    
 Child 274 (23) 144 (24) 130 (22) 
 Unemployed 162 (14) 97 (16) 65 11) 
 Student 324 (27) 153 (26) 171 (29) 
 Homemaker 33 (3) 9 (2) 24 (4) 
 Casual laborer 78 (7) 22 (4) 56 (9) 
 Farmer 70 (6) 64 (11) 6 (1) 
 Businessperson 66 (6) 7 (1) 59 (10) 
 Office worker 83 (7) 27 (5) 56 (9) 
 Retired 20 (2) 5 (1) 15 (3) 
 Other 74 (6) 58 (10) 14 (2) 
Regular mask use    
 Y 942 (69) 435 (64) 507 (74) 
Acute gastroenteritis: diarrhea/vomiting 27 (2) 15 (2) 12 (2) 
Acute respiratory infection, >1 symptom 233 (17) 122 (18) 111 (16) 
Who filled the diary?    
 Self 665 (49) 361 (54) 304 (44) 
 Fieldworker 698 (51) 315 (46) 383 (56) 
*Two participants did not report their sex. 
†A total of 179 participants did not report their occupation or daily activity. 
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mean number of contacts between infants and other 
ages generally increased with age to peak at 10–14 
years among rural residents and 30–39 years among 
urban dwellers.

Patterns of Contact by Location
In both urban and rural sites, the estimated number 
of co-located persons greatly exceeded the number of 
contacts reported by participants. Participants in the 
urban site reported a mean of 26.9 (95% CI 23.5–30.3) 
proximity contacts compared with 6.8 (6.5–7.1) close 
contacts; participants in the rural site reported a mean 
of 23.1 (20.3–25.9) proximity contacts and 9.8 (9.4–
10.2) close contacts. The 3 locations with highest mean 
number of contacts were places of worship, schools, 
and transport hubs (Table 3). We found also that rural 

participants were more likely (n = 752 visits, 48%) to 
visit other homes compared with urban participants 
(n = 288 visits, 29%). Despite overall numbers being 
similar, the locations where contact occurred was 
meaningfully different between urban and rural sites.

Sensitivity of Transmission Model Disease Dynamics  
to Empirical Contact Matrices
To recap, we restructured the age-specific matrices 
(Figure 2) into 7 age groups (see Methods) (Figure 3, 
panels A, B). Assortative contacts in the empirical data 
were highest among those 10–19 years of age (higher 
in rural compared with urban) compared with syn-
thetic values, which showed the highest number of 
assortative contacts for those 0–9 years of age (Figure 
3, panel C) (12).
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Table 2. Median and mean number of contacts on day 1 by demographic characteristic reported by participants in study of social 
contact patterns, Mozambique, 2021–2022* 

Characteristic 
Rural 

 
Urban 

Median (IQR) Mean (bootstrapped 95% CI) Median (IQR) Mean (bootstrapped 95% CI) 
Sex      
 F 9 (6–11) 9.6 (8.9–10.2)  6 (4–8) 6.7 (6.3–7.1) 
 M 9 (7–13) 10.1 (9.5–10.6)  6 (4–9) 7 (6.6–7.4) 
Age      
 <6 mo 8 (5–10) 7.8 (6.8–8.9)  4 (3–5) 4.4 (3.8–4.9) 
 6–11 mo 8 (6–11) 8.6 (7.7–9.4)  5 (3–7.5) 5.8 (5–6.6) 
 1–4 y 9 (7–10) 8.9 (8–9.9)  6 (4–9) 7.1 (6.1–8.1) 
 5–9 y 9 (6.8–12) 10.1 (8.6–11.6)  6 (4.25–9) 7.2 (6.1–8.2) 
 10–14 y 10 (8–14) 11 (9.5–12.4)  8 (6–10.3) 8.7 (7.7–9.7) 
 15–19 y 12 (8.8–17) 12.8 (11.4–14.2)  9 (6–12) 9.6 (8.3–10.9) 
 20–29 y 9 (7–12.25) 10.8 (9.3–12.3)  6 (4–8) 6.1 (5.5–6.8) 
 30–39 y 8.5 (7–11) 9.4 (8.1–10.7)  6 (4–9) 7 (6.1–7.9) 
 40–59 y  10 (6–13) 11 (9.5–12.5)  6 (5–8.5) 6.8 (6.1–7.5) 
 ≥60 y 6 (4–10) 7.4 (6.1–8.7)  5 (4–8) 5.6 (4.8–6.4) 
Occupation or daily activity      
 Child 8 (5–10) 8.2 (7.6–8.9)  4 (3–6) 5.1 (4.6–5.6) 
 Unemployed 7.5 (5–12) 8.9 (7.7–10)  6 (4–9) 7.1 (5.9–8.2) 
 Student 10 (8–14) 11.4 (10.5–12.3)  8 (5–10) 8.4 (7.7–9) 
 Homemaker 9 (7–10) 8 (5.2–10.8)  6 (4.75–8) 6.8 (5.5–8) 
 Casual laborer 8 (6–11.5) 9.5 (6.9–12.1)  5.5 (4.8–7) 6 (5.4–6.7) 
 Farmer 9 (6–13.25) 10.6 (8.9–12.4)  3.5 (3–4) 3.8 (2–5.6) 
 Businessperson 10 (7.5–11.5) 10.1 (5.1–15.2)  6 (4–8) 7.1 (6–8.3) 
 Office worker 8 (7–11) 9.9 (7.3–12.4)  5 (3.5–5.5) 5.1 (3.4–6.9) 
 Retired 5 (4–6) 5.6 (2.2–9)  10 (8.3–10) 9.1 (7.2–11.1) 
 Other 10 (7–13) 11.1 (9.5–12.7)  NA NA 
Household size      
 1 6 (4–9.3) 7.2 (5.4–8.9)  4 (2.5–7) 5.2 (2.4–8) 
 2–3 7 (4–10) 8.1 (6.9–9.2)  5 (3–7.5) 5.6 (4.9–6.3) 
 4–6 9 (6–12) 9.6 (8.8–10.3)  6 (4–8) 6.5 (6–7) 
 7–10 10 (8–13) 10.9 (9.9–11.9)  7 (5–9) 7.8 (6.8–8.7) 
 ≥10 14 (9.5–16.5) 13.8 (12–15.7)  9 (6–12) 9.6 (7.9–11.4) 
Household membership      
 Member 9 (6–12) 10 (9.6–10.4)  6 (4–9) 6.9 (6.6–7.2) 
 Nonmember 7 (4–9.5) 7.6 (6–9.2)  5 (3–8) 5.7 (4.7–6.8) 
Enrolled in school      
 Y 9 (7–13) 10.8 (9.9–11.7)  8 (5–10) 8 (7.4–8.6) 
 N 9 (6–11) 9.4 (8.9–9.9)  6 (4–8) 6.3 (6–6.7) 
Weekday or weekend      
 Weekday 9 (6–12) 9.8 (9.3–10.3)  6 (4–9) 7 (6.6–7.3) 
 Weekend 9 (6–12) 9.8 (9.1–10.5)  6 (4–8.5) 6.4 (5.9–7) 
ARI symptoms (>1 symptom) 10 (7–13) 10.7 (9.7–11.6)  6 (4–8) 7.1 (6.3–7.9) 
AGE symptoms 9 (8–13) 9.7 (7.2–12.1)  6 (4–8.5) 6.6 (4.5–8.8) 
*AGE, acute gastroenteritis; ARI, acute respiratory infection; IQR, interquartile range; NA, not applicable. 
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The values of the empirical overall VE over-
lapped with synthetic values in most ages. However, 
synthetic VE values were marginally higher in the 10–
19 years and 40–49 years age groups in the rural site 
(Figure 4, panel A). Data for the urban site showed 
synthetic VE values to be higher in all ages (particu-
larly adults 30–59 years of age) except for children 0–9 
years of age (Figure 4, panel B). Of note, our empiri-

cal data revealed higher attack rates in unvaccinated 
(AR) compared with vaccinated (ARv) persons (AR 
94%, ARv 77%) and lower overall VE values (18%) for 
those 0–9 years of age compared with attack rates (ru-
ral AR 84%, rural ARv 62%, rural VEs 26%; urban AR 
84%, urban ARv 62%, urban VEs 26%). On the basis 
of synthetic values, contacts among persons ≥60 years 
of age were underestimated compared with empirical 
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Figure 1. Distribution patterns of 
number of contacts in rural and 
urban areas in study of social 
contact patterns, Mozambique, 
2022. A, B) Density distribution 
of the number of contacts per 
person in the rural (A) and urban 
(B) sites. Black vertical lines 
indicate means; 95% CIs are 
provided in parentheses. C) 
Boxplots of the distribution of 
number of contacts by site (gold, 
rural; aqua, urban).  Horizontal 
lines within boxes indicate 
median number of contacts; 
top and bottom lines indicate 
interquartile ranges; error bars 
indicate 95% CIs.

Figure 2. Age-specific contact matrices for rural (A) and urban (B) sites from study of human contact patterns, Mozambique, 2022. Matrices 
depict the average mean number of persons in age group j (y-axes) with whom a participant in age group i (x-axes) came into contact. 
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values, producing notably lower attack rates among 
this age group (synthetic AR 49%, synthetic ARv 31%; 
rural AR 40%, rural ARv 24%; urban AR 36%, urban 
ARv 21%).

Discussion
We present results from a 2-day cross-sectional study 
aiming to quantify social contact rates among resi-
dents of a rural and urban site in Mozambique dur-
ing the COVID-19 pandemic. We engaged with the 
local community to get their views on the suitability 
and acceptability of our tools and study procedures. 
We made several key observations. First, we used 
the qualitative outcomes to modify the format and 
content of the paper diaries to make them more user 
friendly (Appendix). Second, participants from the 
rural site had significantly higher average number of 
contacts compared with the urban site. Third, the re-
ported mean contacts increased with age to peak at 
school-going children and teenagers 15–19 years of 
age, and mean contacts were higher among adults 
(>18 years of age) compared with children <5 years 

of age. Fourth, mixing was assortative (increased 
frequency of contacts within the same age groups) 
among school-going children, with less pronounced 
intergenerational mixing, particularly in the urban 
site. Finally, in model simulations of a respiratory 
pathogen, we found meaningfully different attack 
rates and VE data among both child and elderly 
groups when comparing our local data with widely 
used contact matrices modeled from other settings.

In the early phases of the COVID-19 pandemic, 
Mozambique adopted physical distancing policies but 
no express requirement to stay at home (23). This was 
similar to measures implemented globally to reduce 
transmission of SARS-CoV-2. Only a few countries 
in sub-Saharan Africa—e.g., South Africa (24), Ke-
nya (3,5), Zimbabwe (4), Uganda (9), and Somaliland 
(8)—had collected empirical social contact data from 
various settings before 2020. Reports from LMICs 
(e.g., Kenya, Malawi) regarding contact patterns 
during the pandemic remain sparse (6,7) compared 
with data reported from HICs (e.g., United King-
dom, Europe, United States) (16,17). Longitudinal  
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Table 3. Number of times participants reported visiting a location and the median number of persons reported per location on day 1 in 
study of social contact patterns, Mozambique, 2021–2022* 

Place visited 

Rural 

 

Urban 
Reported visits to 
location, no. (%) 

No. persons reported at 
location, median (IQR) 

Reported visits to 
location, no. (%) 

No. persons reported at 
location, median (IQR) 

Other home 752 (48) 4 (3–6)  261 (29) 4 (3–7) 
Street 369 (23) 2 (1–5)  342 (37) 4 (3–9) 
Market/Shop 92 (6) 6 (3–12)  77 (8) 10 (3–30) 
Transport/Hub 90 (5) 16 (11–18)  60 (6) 18 (12–20 
Agricultural field 104 (7) 3 (1.8–6.3)  8 (1) 5.5 (1–6.8) 
School 62 (3) 25 (15–25.8)  63 (6) 30 (24–33.5) 
Work 45 (2) 6 (4–20)  54 (6) 6 (3–10) 
Place of worship 26 (2) 20 (10.3–30)  23 (2) 30 (17.5–45) 
Well 17 (1) 4 (2–6)  1 7 
Playground 1 15  1 13 
Other 45 (3) 10 (5–23)  47 7 (3.5–18) 
*IQR, interquartile range. 

 

Figure 3. Contact matrices based on empiric data from study of human contact patterns Mozambique, 2022. A) Rural sites; B) urban 
site; C) synthetic contact matrix derived from Mozambique-specific demographic data by Prem et. al. (12).
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social contact data during the pandemic, taking into 
account demographic, social, and economic contexts, 
would have been critical for a better understanding 
of the transmission pathways of the novel virus in 
LMICs. Such data might have provided insights into 
how to enhance nonpharmaceutical interventions 
and identify priority groups for immunization once 
vaccines became available (albeit in limited supply) 
in LMICs. In January 2021–April 2022, Mozambique 
experienced 3 waves of infection driven by the Beta 
(B.1.351), Delta (B.1.617.2), and Omicron SARS-CoV-2 
variants (19,25). Because our study was designed to 
quantify precision by age rather than temporally, we 
were not able to fully quantify changes in the contact 
patterns over time and correlate this to the introduc-
tion and spread of the new variants of concern. We 
can speculate that contact patterns changed over time 
in response to initial spread followed by aggressive 
societal response followed by a complex, evolving 
situation of government and individual behavioral 
responses (19) as variants emerged (25), but given 
our study’s design, we cannot draw firm conclusions 
from the data we collected.

Compared with reported results from studies 
conducted during pandemic periods in Kenya (7) 
and Malawi (6), our data revealed lower mean num-
ber of contacts but a higher number of contacts re-
ported by participants in the rural compared with the 
urban site. We interpret this information with care, 
however, because data from Kenya and Malawi were 
collected from high-density settlements, where per-
sons may have been unable to fully adhere to physical 
distancing due to economic reasons. The government 
of Mozambique periodically revised physical distanc-
ing policies to curb the spread of SARS-CoV-2 (26), 
but we propose that those guidelines were not strictly 
followed, particularly by school-going children and 
working adults. Considering our data were collected 
from surveillance sites that were representative of 
the demographic distributions of the populations in-
habiting them, we believe our data can be generaliz-
able to similar areas in sub-Saharan Africa during the  
COVID-19 pandemic. Mozambique is the first of 4 

countries that we surveyed as part of the GlobalMix 
Study (18). Results from the forthcoming sites will 
reveal the degree of heterogeneity among sites and, 
therefore, the generalizability.

We implemented several innovations in the Glo-
balMix Study. First, we collected contact data from 
participants over 2 consecutive days. We considered 
the negative potential of respondent fatigue and recall 
bias (leading to underreporting of contacts) relative to 
this investigation and undertook several measures to 
minimize these factors (Appendix). By iteratively ask-
ing the participants details of their contacts based on a 
self-reported, prepopulated list, we were able to prompt 
participants to remember most of their contacts, thereby 
potentially minimizing recall bias. Despite those efforts, 
reporting still decreased. However, the average number 
of contacts stratified across different covariates of inter-
est remained relatively similar over 2 days, suggesting 
the stability of participants’ recall and of the number and 
nature of contacts made over multiple days. The stabil-
ity of contact networks across days has been suggested 
in Kenya (7) and Malawi (6) through autonomous meth-
ods that minimize recall bias (10,11). Another innova-
tion of our study was an estimation of group proximity 
contacts at locations frequently visited by participants. 
Of note, participants reported almost 4 times the num-
ber of proximity contacts compared with detailed indi-
vidually reported contacts. This difference suggests the 
potential to substantially underestimate the number of 
interactions that could lead to transmission events, par-
ticularly in highly mobile age groups.

Finally, our transmission model simulation dem-
onstrates the importance of contextual empirical so-
cial contact data. Although advanced methods for 
projecting social contact patterns onto regions with-
out data exist (12), we found that age-specific infec-
tion attack rates from a model based on empirical 
contact data differed meaningfully compared with 
a model parameterized with synthetic contact rates. 
We found that the largest differences in attack rates 
(comparing vaccinated versus unvaccinated persons) 
resulted in increased VE in the youngest (0–9 years) 
age group, who often represent the most vulnerable 
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Figure 4. Modeled age-specific 
VE derived from study of human 
contact patterns, Mozambique, 
2022. Overall VEs of a respiratory 
infection, comparing synthetic and 
empiric contact rates, are shown 
for rural (A) and urban (B) sites. 
ER, empiric rural; SR, synthetic 
rural; EU, empiric urban; SU,  
synthetic urban; VE, vaccine 
effectiveness.
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group. These findings were consistent with a Uganda 
model, where use of local contact pattern data result-
ed in larger epidemics in young children and smaller 
epidemics in adults >35 years of age compared with 
using UK-based contact data (9). It is also notable that 
we observed distinct contact patterns resulting in di-
vergent model results for the Mozambique rural and 
urban sites, which highlights the effect of subnational 
differences in contact patterns and its bearing on dis-
ease dynamics. Such insights are not possible with 
widely used, national-level contact data.

In conclusion, we present empirical results of a 
cross-sectional study quantifying rates and patterns 
of human social contacts relevant for the spread of 
directly transmitted infections in rural and urban 
sites in Mozambique. We demonstrated the possibil-
ity of collecting high-quality social contact data from 
resource-poor settings, reducing reliance on synthetic 
data modeled from HICs. We also demonstrated the 
potential advantages of empirical compared with 
synthetic data in a transmission and vaccine control 
model and advocate for the use of contextual data in 
similar studies. Questions remain regarding whether 
relaxing of nonpharmaceutical interventions might 
have influenced the social contact patterns in this set-
ting. As the GlobalMix Study unfolds, we endeavor to 
make all our data collection tools, data, and analysis 
scripts findable, accessible, interoperable, and reus-
able. We hope that our continuing investigation ef-
forts, which include completing data collection from 
3 other LMICs, will provide greater insights into the 
techniques used in accessing human social contacts, 
thereby informing vaccine interventions.

This article was originally published as a preprint at  
https://www.medrxiv.org/content/10.1101/2024.06.04.243
08064v1.  
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Trichuris trichiura is a soil-transmitted helminth in-
fecting 465 million persons globally, primarily in 

middle and low-income countries (1). Infections are 
most prevalent in children; moderate to severe infec-
tions cause chronic dysentery, diarrhea, and stunted  

growth (2). Control of this parasitic infection is large-
ly dependent on preventive chemotherapy in high-
risk disease-endemic regions by administering al-
bendazole and mebendazole annually or biannually 
(3,4). Benzimidazole efficacy against T. trichiura is 
generally low; a meta-analysis comparing 38 clinical 
trials reported T. trichiura egg reduction rates (ERRs) 
were ≈50% for albendazole and ≈66% for mebenda-
zole, and cure rates were ≈30% for albendazole and 
≈42% for mebendazole (5). However, albendazole/
ivermectin combination therapy improved efficacy 
against T. trichiura (6–11). Consequently, the World 
Health Organization has added this drug combina-
tion to its Essential Medicines List for soil-transmitted 
helminths (3,11).

A double-blind, parallel-group, phase 3, ran-
domized controlled clinical trial recently showed an 
expected high efficacy of albendazole/ivermectin 
combination therapy against T. trichiura in Laos (ERR 
99%), and Pemba Island, Tanzania (ERR 98%). How-
ever, albendazole/ivermectin combination therapy 
showed an unexpectedly low efficacy in Cȏte d’Ivoire 
(ERR 70%) (12).

Community-scale genetic analysis of soil-trans-
mitted helminths is challenging because harvesting 

Trichuriasis in Human Patients 
from Côte d’Ivoire Caused by  

Novel Species Trichuris incognita 
with Low Sensitivity to  

Albendazole/Ivermectin  
Combination Treatment

Abhinaya Venkatesan,1 Rebecca Chen, Max Bär, Pierre H.H. Schneeberger, Brenna Reimer, Eveline Hürlimann, 
Jean T. Coulibaly, Said M. Ali, Somphou Sayasone, John Soghigian, Jennifer Keiser, John Stuart Gilleard

104 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 1, January 2025 

RESEARCH

Author affiliations: University of Calgary, Calgary, Alberta, Canada 
(A. Venkatesan, R. Chen, B. Reimer, J. Soghigian, J.S. Gilleard); 
Swiss Tropical and Public Health Institute, Allschwil, Switzerland 
(M. Bär, P.H.H. Schneeberger, E. Hürlimann, J. Keiser); University 
of Basel, Basel, Switzerland (M. Bär, P.H.H. Schneeberger,  
E. Hürlimann, J. Keiser); Université Félix Hophouët-Boigny,  
Abidjan, Côte d’Ivoire (J.T. Coulibaly); Public Health Laboratory 

Ivo de Carneri, Chake Chake, Pemba Island, Tanzania  
(S.M. Ali); Lao Tropical and Public Health Institute, Vientiane, Laos 
(S. Sayasone)

DOI: https://doi.org/10.3201/eid3101.240995

1Current affiliation: Kwantlen Polytechnic University, Surrey, British 
Columbia, Canada.

Albendazole/ivermectin combination therapy is a prom-
ising alternative to benzimidazole monotherapy alone for 
Trichuris trichiura control. We used fecal DNA metabar-
coding to genetically characterize Trichuris spp. popula-
tions in patient samples from Côte d’Ivoire showing lower 
(egg reduction rate <70%) albendazole/ivermectin sensi-
tivity than those from Laos and Tanzania (egg reduction 
rates >98%). Internal transcribed spacer (ITS) 1 and 
ITS2 metabarcoding revealed the entire detected Côte 
d’Ivoire Trichuris population was phylogenetically distinct 
from T. trichiura found in Laos and Tanzania and was 
more closely related to T. suis. Mitochondrial genome 
sequencing of 8 adult Trichuris worms from Côte d’Ivoire 
confirmed their species-level differentiation. Sequences 
from human patients in Cameroon and Uganda and 3 
captive nonhuman primates suggest this novel species, 
T. incognita, is distributed beyond Côte d’Ivoire and has 
zoonotic potential. Continued surveillance by using fecal 
DNA metabarcoding will be needed to determine Trichu-
ris spp. geographic distribution and control strategies. 
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large numbers of parasites from patients is labor 
intensive and can be logistically difficult, whether 
harvesting adult worms from expulsion studies or 
parasite eggs from feces. DNA metabarcoding is a 
technique that enables detection of multiple taxa 
or genotypes from a single environmental sample 
through high-throughput DNA sequencing; applied 
directly to fecal DNA, this method offers a powerful 
alternative approach for helminth analysis. However, 
eggs from worms belonging to the genus Trichuris are 
robust and difficult to disrupt within fecal matter; to-
gether with the presence of fecal PCR inhibitors, egg 
processing is a challenge for PCR and metabarcoding 
methods applied directly to fecal DNA (13). Multiple 
studies have aimed to improve the amplification of 
Trichuris DNA from human fecal samples by includ-
ing a bead-beating step to mechanically disrupt the 
eggs (14–17). We used a DNA extraction protocol that 
combined multiple freeze–thaw cycles and mechani-
cal disruption and applied metabarcoding to internal 
transcribed spacer (ITS) 1 and ITS2 rRNA gene re-
gions to genetically characterize Trichuris populations 
in fecal samples. 

Materials and Methods

DNA Extraction
We examined fecal samples preserved in ethanol 
from patients enrolled in a previously reported clini-
cal trial (12). We prepared DNA from pretreatment 
fecal samples collected from patients in Cȏte d’Ivoire 
(n = 22), Laos (n = 36), and Pemba Island, Tanzania 
(n = 29). Trichuris egg counts were 91–1,151 eggs per 
gram (EPG) of feces (Appendix Table 1, https://ww-
wnc.cdc.gov/EID/article/31/1/24-0955-App1.pdf). 
We washed ≈250 mg of each fecal sample (in 90% eth-
anol) with molecular-grade water 3 times (1:2 ratio of 
feces:water) and centrifuged at 12,000 × g. We then 
performed 3 cycles of snap freezing in liquid nitro-
gen and 15 minutes of heating at 100°C with shaking 
at 750 rpm followed by vigorous bead beating for 3 
minutes by using a Mini-Beadbeater-96 (Thomas Sci-
entific, https://www.thomassci.com). We extracted 
DNA by using the QIAamp PowerFecal Pro DNA Kit 
(QIAGEN, https://www.qiagen.com) (Appendix).

We picked whole worms directly from patients’ fe-
cal samples after anthelmintic treatment during an ex-
pulsion study in Côte d’Ivoire (M.A. Bär et al., unpub. 
data, https://doi.org/10.1101/2024.06.11.598441). 
We washed worms with sterile phosphate-buffered 
saline and stored them in absolute ethanol. We ex-
tracted DNA from separated worm heads by using a 
DNeasy Blood and Tissue Kit (QIAGEN).

Fecal DNA Metabarcoding
We designed PCR primers to amplify the following 
Trichuris genetic markers in fecal DNA: ITS1 (733-bp 
amplicon), ITS2 (592 bp), cox-1 (430 bp), nad-1 (470 
bp), and nad-4 (446 bp) (Appendix Table 2). Each 
PCR reaction comprised 5 µL of 5X KAPA HiFi buf-
fer (Roche, https://www.roche.com), 0.75 µL of 10 
µmol/L Illumina-adapted forward primer and 0.75 
µL of 10 µmol/L Illumina-adapted reverse primer 
(Illumina, https://www.illumina.com), 0.75 µL of 10 
µmol/L dNTPs (Roche), 0.5 µL KAPA HiFi Hotstart 
polymerase (0.5 units) (Roche), 0.1 µL bovine serum 
albumin (Thermo Fisher Scientific, https://www.
thermofisher.com), 15.15 µL molecular-grade wa-
ter, and 2 µL of extracted fecal DNA. Thermocycling 
conditions were 95°C for 3 minutes, followed by 40 
cycles of 98°C for 20 seconds, 65°C (ITS-1), 64°C (ITS-
2, nad-1, nad-4), 60°C (cox-1), or 63°C (β-tubulin) for 
15 seconds, and 72°C for 30 seconds; and then 72°C 
for 2 minutes. We prepared a pooled library from 
amplicons as previously described (M.A. Bär et al., 
unpub. data). We sequenced amplicons on an MiSeq 
instrument (Illumina) by using Illumina V3 (2 × 300 
bp) sequencing chemistry for ITS2, nad-1, and nad-4, 
and V2 (2 × 250 bp) sequencing chemistry for ITS1 
and cox-1. DNA amplicon sequencing data from this 
study have been deposited in the National Center for 
Biotechnology Information Sequence Read Archive 
(https://www.ncbi.nlm.nih.gov/sra; BioProject no. 
PRJNA1131306).

We performed quality filtering of paired-end 
reads and primer removal by using Cutadapt version 
3.2 (19) and analyzed the adaptor-trimmed paired-
end reads by using DADA2 as previously described 
(20,21). We trimmed forward reads to 240 bp for the 
ITS1, ITS2, cox-1, nad-1, and nad-4 amplicons and 
trimmed reverse reads to 190 bp (ITS1), 220 bp (ITS2), 
230 bp (cox-1), 220 bp (nad-1), and 220 bp (nad-4). We 
removed reads if they were <50 bp or had an ex-
pected error rate of >1 (ITS1), >3 (ITS2), >1 (cox-1), >2 
(nad-1), and >2 (nad-4) nucleotides for forward reads 
and >2 (ITS1), >5 (ITS2), >2 (cox-1), >5 (nad-1), and 
>5 (nad-4) nucleotides for reverse reads. We aligned 
amplicon sequence variants (ASVs) to reference se-
quences (Appendix Table 3) by using the MAFFT 
tool for multiple sequence alignment (22), and we re-
moved off-target ASVs. We performed manual cor-
rection of sequence alignments by using Geneious 
version 10.0.9 (Geneious, https://www.geneious.
com). In the final analysis, we only included samples 
that had a total read depth of >1,000 mapped reads, 
>0.1% ASVs in the population overall, and >200 
reads in an individual sample.
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Phylogenetic and Population Genetic Analysis  
of Metabarcoding Data
We performed multiple sequence alignments for 
Trichuris ITS1, ITS2, cox-1, nad-1, and nad-4 reference 
sequences from GenBank (Appendix Table 3) and 
for the ASVs from amplicon sequencing by using the 
MAFFT tool as described. After manual correction 
for indels in Geneious software, we performed phy-
logenetic analysis by using the maximum-likelihood 
method. We constructed statistical parsimony haplo-
type networks from the corrected ASV alignments by 
using the pegas package (23) in R (The R Project for 
Statistical Computing, https://www.r-project.org). 
We then visualized and annotated those networks by 
using Cytoscape version 3.9.1 (24).

After ASV filtering and alignment, we generated 
haplotype distribution bar charts in R by using the 
ggplot2 package (25). We calculated the Shannon- 
Wiener index for α diversity by using the vegan pack-
age (https://github.com/vegandevs/vegan) in R and 
plotted each population by using ggplot2. We used 
pairwise t-tests to determine significant differences in 
the α diversity between populations. For β diversity 
analysis, we used a Bray-Curtis dissimilarity matrix 
to calculate differences in relative abundance and Jac-
card distance to calculate the presence or absence of 
ASVs among the samples. We performed principal 
coordinate analysis by using the vegan package in R 
and generated those plots by using ggplot2. We cal-
culated nucleotide diversity and ASV heterozygosity 
by using the pegas package, whereas we performed 
pairwise fixation index (FST) calculations and signifi-
cance testing by using Arlequin version 3.5 (26) and 
1,000 permutations.

Adult Worm Whole-Genome Sequencing and Analysis
We prepared adult worm sequencing libraries by us-
ing the NEBNext Ultra II FS DNA Library Prep Kit 
(New England Biolabs, https://www.neb.com) and 
measured DNA concentrations by using the Invitro-
gen dsDNA High Sensitivity Assay Kit and Qubit 4 
Fluorometer (Thermo Fisher Scientific) and 2 µL of 
DNA extract as input. We checked fragment sizes by 
using 1% gel electrophoresis and sequence the librar-
ies by using 2 × 150–bp paired-end chemistry on an 
Illumina MiSeq instrument.

After whole-genome sequencing, we used fastp 
(27) to filter reads below a Phred quality score of 15 
and to trim adapters from paired-end reads. Next, we 
used GetOrganelle (28) to assemble mitochondrial ge-
nomes and extract ITS1 and ITS2 sequence data from 
each sample. For assembling mitochondrial genomes, 
we ran GetOrganelle with the flags “-R 10,” “-k 21, 45, 

65, 85, 105” and a default animal mitochondrial ge-
nome database seed (-F animal_mt). We then annotat-
ed mitochondrial genomes in Geneious version 10.0.9 
by using the “annotate from” function for Trichuris 
reference genomes from GenBank (Appendix Table 3) 
with a threshold of 90% similarity. For extracting ITS1 
and ITS2 sequences, we used 2 T. suis sequences from 
GenBank (accessions nos. AM993005 and AM993010) 
as seeds; we used -F set to “anon” and a target size of 
1,350 bp.

We downloaded additional mitochondrial ge-
nomes representing 13 described species of Trichuris, 
several undescribed Trichuris lineages, and Trichinella 
spp. outgroups from GenBank and sequences from a 
previously published study (Appendix Table 3) (29). 
We extracted protein coding sequences for the genes 
atp-6, cox-1, cox-2, cox-3, cytb, nad-1, nad-2, nad-3, nad-
4, nad-4L, nad-5, and nad-6 from all 45 downloaded 
mitochondrial genomes; we aligned each sequence 
separately by using MAFFT. We calculated pairwise 
nucleotide identity by using Geneious. We used IQ-
TREE 2 (30) to estimate the maximum-likelihood 
phylogeny from the concatenated alignment of the 12 
protein-coding genes and estimated a separate sub-
stitution model per gene (using flag -m ModelFind-
er Plus). We assessed support for branches in the  
maximum-likelihood topology by using both ultrafast 
bootstrap (1,000 replicates; -B 1000) and a Shimodai-
ra–Hasegawa–like approximate likelihood ratio test 
(–alrt 1000). We visualized the resulting maximum-
likelihood phylogeny by using FigTree (https://
github.com/rambaut/figtree) and rooted the tree on 
the branch leading to Trichinella spp.

Results

ITS1 and ITS2 rDNA Metabarcoding of  
Côte d’Ivoire Samples
We amplified and sequenced a 733-bp ribosomal 
ITS1 region from 21 (Cȏte d’Ivoire), 34 (Laos), and 29 
(Pemba Island) fecal samples and a 592-bp ITS2 re-
gion from 15 (Cȏte d’Ivoire), 26 (Laos), and 23 (Pemba 
Island) fecal samples. Paired-end reads were merged 
to produce a 461-bp sequence for ITS1 with an aver-
age mapped read depth of 17,246 (range 2,205–28,402) 
and a 457-bp sequence for ITS2 with an average read 
depth of 7,660 (range 1,172–18,027).

Many ASVs were shared between the Trichuris 
populations in Laos and Pemba Island, but no ASVs 
were shared with the Cȏte d’Ivoire population (Fig-
ure 1, panel A). Pairwise FST values were higher in 
Cȏte d’Ivoire when compared with either Laos and 
Pemba Island values than values between Laos and 
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Pemba Island (Table). The ITS1 and ITS2 ASVs in the 
Cȏte d’Ivoire Trichuris population were genetically 
divergent from those found in the Laos and Pemba  

Island populations, separated by 145/461 nt differ-
ence for ITS1 and 196/457 nt differences for ITS2 (Fig-
ure 1, panel B).
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Figure 1. Frequencies and haplotype networks for ASVs of Trichuris spp. ITS1 and ITS2 in study of novel Trichuris incognita identified 
in patient fecal samples from Côte d’Ivoire and reference sequences. A) Histograms indicate the sequencing read depths and bar plots 
indicate the relative frequencies of ASVs generated by amplicon sequencing of Trichuris ITS1 (left) and ITS2 (right) loci from samples 
collected in Côte d’Ivoire, Laos, and Pemba Island, Tanzania. Colored bars indicate similarities or differences in ASV frequencies 
between the 3 geographic regions. B) Statistical parsimony haplotype networks of ASVs for Trichuris ITS1 and ITS2 loci generated by 
amplicon sequencing of fecal samples from patients in Côte d’Ivoire, Laos, and Pemba Island, Tanzania. Colored circles indicate the 
region and size of each circle indicates the ASV frequency. Numbers on connecting lines indicate the number of nucleotide differences 
between adjacent haplotypes. ASV, amplicon sequencing variant; ITS, internal transcribed spacer.
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Phylogenetic analysis of Trichuris ITS1 and ITS2 
ASVs from the 3 geographic regions had broadly 
congruent results for those 2 markers (Figure 2). All 
Trichuris ASVs from Cȏte d’Ivoire formed a phyloge-
netic clade separate from those from Laos and Pemba 
Island, clustering with Trichuris reference sequences 
from human patients in Cameroon and Uganda and 
from captive nonhuman primates from Italy, Czech 
Republic, and Uganda. This clade was more closely 
related to the clade containing T. suis than that con-
taining ASVs from Laos and Pemba Island for both 
markers (Figure 2). Trichuris ITS2 and ITS1 ASVs from 

Côte d’Ivoire shared 65% (ITS1) and 80% (ITS2) iden-
tity with T. suis sequences but only 44% (ITS-1) and 
56% (ITS2) identity with ASVs from Laos and Pemba 
Island. ASV heterozygosity and nucleotide diversity 
for both ITS1 and ITS2 were higher in samples from 
Pemba Island and Laos with much higher α diversity 
than in samples from Cȏte d’Ivoire (Figure 3; Appen-
dix Table 4).

Mitochondrial Gene Metabarcoding and  
Population Substructuring
Species-specific primers designed by using T. trichi-
ura reference sequences (GenBank accession nos. 
NC_017750, GU385218, AP017704, and KT449825) 
successfully generated mitochondrial cox-1, nad-1, 
and nad-4 amplicons for metabarcoding of most fecal 
samples from Laos and Pemba Island but not for any 
samples from Cȏte d’Ivoire, suggesting primer site 
sequence polymorphism of those genes in the Trichu-
ris population of Cȏte d’Ivoire (Appendix Figure 1). 
Mitochondrial cox-1, nad-1, and nad-4 ASVs generated  
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Table. Pairwise FST comparisons among Trichuris populations 
from different regions in study of novel T. incognita identified in 
patient fecal samples from Côte d’Ivoire* 

Region 
ITS1 FST 

 
ITS2 FST 

Laos Pemba Laos Pemba 
Côte d’Ivoire 0.248 0.273  0.300 0.336 
Laos NA 0.017  NA 0.015 
*Pairwise FST comparisons were made between Trichuris spp. populations 
found in patient fecal samples from Laos; Pemba Island, Tanzania; and 
Côte d’Ivoire. FST, fixation index; ITS, internal transcribed spacer; NA, not 
applicable. 

 

Figure 2. Phylogenetic analysis of ITS1 and ITS2 rRNA ASVs in study of novel Trichuris incognita identified in patient fecal samples 
from Côte d’Ivoire. Maximum-likelihood method was used to construct trees for Trichuris ITS1 (A) and ITS2 (B) ASVs from Côte d’Ivoire, 
Laos, and Pemba Island, Tanzania, as well as additional Trichuris reference sequences from pigs, humans, and nonhuman primates in 
GenBank. Trees were generated by amplicon sequencing of fecal sample DNA from patients in Côte d’Ivoire, Laos, and Pemba Island, 
Tanzania. After generating the clusters, trees were transformed into cladograms for visualization. Trichinella spiralis (GenBank accession 
no. KC006432) was used as the outgroup. Each tip of the tree is an ASV or a sequence from GenBank. Colors indicate the 3 regions. 
Black circles indicate GenBank sequences. Kimura 80 model for ITS-1 and general time reversible model for ITS-1 were chosen as the 
best nucleotide substitution models. Models were chosen by using jModeltest version 2.1.10 (https://github.com/ddarriba/jmodeltest2). 
Trees were constructed by using PhyML v3.3 (https://github.com/stephaneguindon/phyml) with 100 bootstrap replicates. Trees were 
condensed by using MEGA version 11 (https://www.megasoftware.net) to only display branches with consensus support >80%. Trees 
not to scale. ASV, amplicon sequencing variant; ITS, internal transcribed spacer.
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from Laos and Pemba Island fecal samples revealed 
high α diversity (Appendix Figures 2, 3), and all ASVs 
clustered phylogenetically with T. trichiura reference 
sequences, supporting their species identity (Appen-
dix Figure 4). Although pairwise FST values between 
T. trichiura populations from Pemba Island and Laos 
were low (0.024 [cox-1], 0.002 [nad-1], and 0.142 [nad-
4]), multidimensional metric β diversities and haplo-
type networks indicated some geographic substruc-
turing between those regions, particularly for the 
nad-1 gene marker (Appendix Figures 5, 6).

Analysis of Complete Mitochondrial Genomes in Adult 
Worms from Côte d’Ivoire
The primers designed by using T. trichiura mitochon-
drial reference sequences did not yield amplicons 
from the Cȏte d’Ivoire fecal DNA samples; therefore, 
we extracted and assembled complete mitochondrial 
genomes from whole-genome sequencing data ob-
tained from 8 adult Trichuris worms collected in a sep-
arate anthelmintic expulsion study in Cȏte d’Ivoire 
(M.A. Bär et al., unpub. data). Average mitochondrial 
genome coverage was 2,541×, and the 8 assembled 
mitochondrial genomes ranged from 14,253 bp to 
14,663 bp (average 14,338.13 bp), slightly larger than 
T. trichiura reference genomes retrieved from Gen-
Bank (range 14,046–14,091; n = 6) but similar to those 
of T. suis (range 14,436–14,521; n = 3). Phylogenetic 
reconstruction of protein coding genes from Trichuris 
mitochondria indicated that the 8 Cȏte d’Ivoire mito-
chondrial genomes formed a single, well-supported 
clade, sister to Trichuris from Colobus monkeys (29) 
and more genetically distant from T. trichiura (Figure 
4). Despite this phylogenetic similarity, adult worms 

sampled from Cȏte d’Ivoire were genetically distinct 
from those collected from Colobus monkeys as well as 
T. suis worms; pairwise nucleotide identities of DNA 
from Cȏte d’Ivoire were 80.2% (compared with Colo-
bus monkeys) and 78.9% (compared with T. suis) for 
cox-1 and 73.1% (compared with Colobus monkey) 
and 71.7% (compared with T. suis) across all protein-
coding genes (Appendix Table 5).

The ITS1 and ITS2 rDNA sequences recovered 
from the whole-genome sequences of the 8 adult 
worms were aligned to the ASVs generated from fe-
cal metabarcoding. Sequence identities ranged from 
93.5% to 99.8%, indicating that the same species of 
Trichuris was sampled in both the adult worm se-
quences and the fecal DNA metabarcoding (Appen-
dix Figures 7, 8).

Discussion
Co-administration of benzimidazoles with macrocy-
clic lactones provides much higher efficacy against 
T. trichiura than monotherapy with either drug class 
(5–10). A double-blind, randomized, controlled trial 
was previously conducted to compare the efficacy of 
an albendazole/ivermectin combination with albenda-
zole monotherapy in Cȏte d’Ivoire, Laos, and Tanza-
nia (12). Although the combination therapy had much 
higher efficacy than albendazole monotherapy in Laos 
and Tanzania, the efficacy in Cȏte d’Ivoire was lower 
and comparable to that observed for monotherapy. 
We used short-read metabarcoding of several taxo-
nomic markers to compare the genetics of the Trichuris 
populations in fecal samples from multiple patients at 
each of the same 3 study sites. Analysis of the ITS1 and 
ITS2 ASVs revealed a genetically divergent Trichuris  
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Figure 3. Alpha diversity of 
ITS1 and ITS2 rRNA amplicon 
sequence variants in study 
of novel Trichuris incognita 
identified in patient fecal 
samples from Côte d’Ivoire. 
Shannon-Wiener Index 
values, indicating α diversity, 
were determined for Trichuris 
spp. ITS1 (A) and ITS2 (B) 
amplicon sequence variants 
generated by sequencing fecal 
sample DNA from patients 
in Cote d’Ivoire, Laos, and 
Pemba Island, Tanzania. 
Horizontal lines within boxes 
indicate medians; box tops 
and bottoms indicate upper 
(third) and lower (first) 
quartiles; error bars (whiskers) 
indicate minimum and maximum values. Pairwise t-tests were used to determine p values. ITS, internal transcribed spacer.
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population in Cȏte d’Ivoire that did not share any 
ASVs with the samples in Laos or Pemba Island (Fig-
ure 1). Pairwise FST calculations and haplotype net-
works revealed substantial population differentiation 
in the Cȏte d’Ivoire Trichuris population.

The ASVs of both ITS1 and ITS2 rRNA DNA re-
gions clustered into 2 distinct phylogenetic clades, 
clades A and B (Figure 2). All ASVs from patients in 
Laos and Pemba Island belonged to clade A, which 
corresponds to the most described reference se-
quences for T. trichiura in public databases (31–38). 

Various nomenclature designations have been used 
in public databases and the literature for Trichuris 
sequences within clade A: subclade DG (32), group 
1 (33), clade DG (36), clade 2 (37), or subgroup 1 
(38). In contrast, all Trichuris ASVs generated from 
Côte d’Ivoire patient samples fell into a second 
monophyletic clade B, which were phylogeneti-
cally closer to reference sequences from the porcine 
parasite T. suis than to the human parasite T. trichi-
ura (Figure 2). Nevertheless, clade B is distinct from 
T. suis and is more closely related to a small number 
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Figure 4. Phylogenetic analysis of Trichuris spp. from complete mitochondrial genome sequences in study of novel Trichuris incognita 
identified in patient fecal samples from Côte d’Ivoire. Tree was reconstructed by using the maximum-likelihood method for 12 mitochondrial 
protein coding genes from Trichuris spp. compared with sequences from GenBank. Tree was constructed by using IQ-TREE; alignments 
were made for the 12 protein coding genes from 45 mitochondrial genomes, including 8 T. incognita sequences obtained from an expulsion 
study of patients in Côte d’Ivoire (M.A. Bär et al., unpub. data, https://doi.org/10.1101/2024.06.11.598441). Ultrafast bootstrap/Shimodaira-
Hasegawa–like branch support values >95/95 are indicated on branches. Color-shaded boxes indicate clades previously identified in the 
literature. Yellow (Pemba Island) and blue (Laos) colored circles indicate where the clades mapped according to cox-1, nad-1, and nad-4 
mitochondrial ASVs. Scale bar indicates nucleotide substitutions per site. ASV, amplicon sequencing variant.
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of reference sequences from humans and nonhu-
man primates previously deposited in public data-
bases (32,33,36–38). Specifically, clade B sequences 
are related to 1 human patient from Cameroon, 1 
human patient from Uganda (36), and several ad-
ditional reference sequences from red Colobus mon-
keys in Uganda, captive vervet monkeys in Italy, 
and captive lion-tailed macaques in the Czech Re-
public (32,33) (Figure 2). The nomenclature previ-
ously used in the literature for this sequence group 
is also varied: subclade CA (32), group 3 (33), CP-
GOB (36), clade 1 (37), or subgroup 5 (38).

Primers designed to amplify T. trichiura mito-
chondrial cox-1, nad-1 and nad-4 reference sequences 
consistently generated PCR amplicons from samples 
from Laos and Pemba Island, but not from Côte 
d’Ivoire. The PCR amplification failure for the Côte 

d’Ivoire samples is unsurprising given the genetic  
divergence of this Trichuris population from T. 
trichiura. Although some genetic substructuring in 
the Trichuris population was apparent in samples 
from Laos and Pemba Island according to mitochon-
drial DNA metabarcoding, all ASVs from those 2 
sites clustered with human-derived T. trichiura ref-
erence sequences from public databases, including 
sequences from China, Japan, and Honduras, and 
with Trichuris sequences from captive baboons in 
the United States (29) (Appendix Figure 4). Together 
with the ITS1 and ITS2 ASV data, the ASV data indi-
cate the albendazole/ivermectin-sensitive Trichuris 
populations from Laos and Pemba Islane are entire-
ly composed of T. trichiura.

To investigate the mitochondrial phylogeny of 
the Trichuris sequences, we assembled the complete 
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Figure 5. Schematic of phylogenetic relationships of Trichuris spp. infecting humans and nonhuman primates adapted from previously 
published studies. Relationships are indicated for the ribosomal ITS1-5.8S-ITS2 region (A) and the mitochondrial genome (B). Two 
major clades of Trichuris in the ribosomal DNA and mitochondrial DNA phylogenies infected both humans and nonhuman primates. 
Yellow circle indicates T. trichiura from Pemba Island, blue indicates T. trichiura from Laos, and red circle indicates T. incognita from 
Côte d’Ivoire. Pig-derived T. suis is also included in the tree as a reference. Star indicates Trichinella spiralis, used as an outgroup.
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mitochondrial genomes from 8 adult Trichuris worms 
collected from an expulsion study conducted in Côte 
d’Ivoire (M.A. Bär et al., unpub. data). Although the 
mitochondrial genome sequences from Côte d’Ivoire 
clarify their phylogenetic relationship to other Trichu-
ris spp. sequences, the lack of amplicon sequencing 
data limits our ability to assess population diversity. 
Phylogenetic analysis of the 8 assembled mitochon-
drial genomes, in conjunction with 37 previously re-
leased mitochondrial genomes (29), produced a similar 
outcome observed for the ITS marker analysis. Those 
8 mitochondrial genomes are more closely related to 
Trichuris spp. from Colobus monkeys and T. suis than 
they are to T. trichiura (Figure 4). Despite the phylo-
genetic relationship of Trichuris mitochondrial genes 
from Côte d’Ivoire to those of Trichuris spp. from other 
animals, the genetic distances between lineages, shown 
in our phylogenetic analysis and pairwise nucleotide 
identity analysis (Appendix Table 5), indicate that we 
have sampled a new species of Trichuris. The reference 
genome of this Trichuris species, proposed to be T. in-
cognita, has been characterized concurrently with this 
study (M.A. Bär, et al. unpub. data), and phylogenetic 
relationships were determined between T. trichiura, T. 
suis, and T. incognita (Figure 5).

The study site in Côte d’Ivoire has the longest 
record of consistent use of albendazole/ivermectin 
treatment in mass drug administration (MDA) cam-
paigns aimed at combating lymphatic filariasis (>2 
decades) (12,39). This record contrasts with that in 
Pemba Island, where the lymphatic filariasis MDA 
ended many years ago, and that in Laos, where iver-
mectin has not been previously used (12). It is possible 
that this treatment history has provided a selective 
advantage for T. incognita in Côte d’Ivoire because of 
an inherently lower sensitivity to this drug combina-
tion compared with T. trichiura.

Despite the higher (mean EPG 350 [range 110–
1,151]) fecal egg counts in fecal samples from Côte 
d’Ivoire than those in Laos (mean EPG 147 [range 
55–700]) and Pemba Island (mean EPG 202 [range 51–
803]), the T. incognita population in Côte d’Ivoire had 
low ITS1 and ITS2 α diversity relative to the T. trichiura 
populations (Figure 3; Appendix Table 4). It is unlikely 
that a higher allelic dropout occurred for T. incognita 
than for T. trichiura because the primers used in this 
study had 100% identity with ITS1 and ITS2 from T. 
suis reference sequences. Low genetic diversity of the 
T. incognita population might indicate that this species 
has recently adapted to human hosts, and its presence 
in nonhuman primates might be consistent with this 
hypothesis (40,41). Alternatively, the low diversity 
could be from selective pressure because of the long 

history of albendazole/ivermectin MDA in the region.
In conclusion, we have identified T. incognita 

in Côte d’Ivoire, which is more closely related to T. 
suis than to T. trichiura and is less responsive to al-
bendazole/ivermectin combination therapy. This 
work demonstrates how fecal DNA metabarcoding 
can be used to characterize human helminth popula-
tions at the community level. The application of fe-
cal DNA metabarcoding by using ITS1 and ITS2, as 
well as other markers, will be a powerful method 
to investigate the geographic distribution, treat-
ment efficacy, and control strategies for Trichuris 
spp. (N. Rahman et al., unpub. data, https://doi.
org/10.1101/2024.07.31.605962).
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During 2000–2016, one quarter of major animal 
disease outbreaks worldwide were caused by 

highly pathogenic avian influenza (HPAI) viruses (1). 
Since then, the emergence of HPAI clade 2.3.4.4b virus 
in 2016 has caused major epizootics at an accelerating 
pace across several continents (2). Those RNA viruses 
mainly infect birds and represent a substantial threat 
to the poultry sector. In poultry, HPAI causes direct 
losses because of high illness rates and a high case-
fatality risk of up to 100% (3). HPAI also is respon-
sible for indirect economic costs related to outbreak 
prevention and management and market losses (4). 
Increasing transmissions to mammals also have been 

observed throughout the world (5,6). Although the 
number of human cases of infection remains limited 
(7), HPAI viruses must be carefully managed to re-
duce spillover events into mammal species and limit 
their zoonotic potential.

Since 2016, HPAI epizootics have wreaked havoc 
in the poultry sector. During previous epizootics in 
Europe, France was most impacted of all countries. 
The 2021–2022 HPAI epizootic was the most devas-
tating, and almost 1,400 outbreaks were reported 
from poultry farms in France (8). The unprecedented 
scale of those epizootics and nearly annual recur-
rences, showed that the conventional prevention 
and control strategies predominantly aimed at bi-
osecurity were no longer sufficient to control HPAI. 
Vaccination, which was previously prohibited in the 
European Union (EU) to ease trade between Member 
States, was then reconsidered (9), and the EU finally 
authorized vaccination in February 2023 (10). Then, 
in May 2023, vaccination was recognized as a valu-
able flanking option by the World Organisation for 
Animal Health (11).

In October 2023, France launched a nationwide 
preventive vaccination campaign, targeting all ducks 
raised and intended for human consumption (12). 
France decided to only vaccinate ducks because of 
their prominent epidemiologic role in HPAI trans-
mission (12). Duck farms are associated with the high-
est risk for viral spread because of the high receptiv-
ity and infectivity of ducks (13–15) and the outdoor 
grazing system used for ducks producing foie gras 
(16). Because HPAI epizootics in France have been 
mostly driven by a few primary introductions fol-
lowed by between-farm spread (17), the vaccination 
campaign in France aimed to reduce viral spread by 
both limiting the susceptibility of uninfected ducks 
and the viral excretion and infectivity of vaccinated 
infected ducks.
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Since 2016, epizootics of highly pathogenic avian influ-
enza (HPAI) virus have threatened the poultry sector in 
Europe. Because conventional prevention and control 
measures alone were insufficient in some contexts, the 
European Commission authorized poultry vaccination in 
2023. Subsequently, France launched a nationwide duck 
vaccination campaign combined with a comprehensive 
surveillance plan. We used a mathematical model to 
simulate the transmission of HPAI viruses in vaccinated 
duck flocks and assess the effectiveness of a wide range 
of surveillance strategies. Sampling and testing dead 
ducks every week (enhanced passive surveillance) was 
the most sensitive (≈90%) and the most timely strategy. 
Active surveillance through monthly testing of a cross-
sectional sample of live ducks was the least sensitive 
and timely strategy. Thus, we advise focusing HPAI sur-
veillance efforts on enhanced passive surveillance and 
reducing active surveillance of live ducks.
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Silent circulation is one of the main risks asso-
ciated with HPAI vaccination, because vaccination 
drastically reduces illness and case-fatality risk (18). 
Consequently, vaccination must be organized in con-
junction with strict monitoring protocols in vaccinat-
ed flocks. In line with the EU Delegated Regulation 
No. 2023/361 (10), France implemented a compre-
hensive compulsory surveillance program on vacci-
nated flocks (19). The purpose of that program is to 
detect HPAI in vaccinated flocks with high probabil-
ity and as early as possible to convince international 
trade partners that the virus in vaccinated popula-
tions is under control. Using European Food Safety 
Agency (EFSA) terminology (20), surveillance can be 
passive, enhanced passive, or active. Passive and en-
hanced passive surveillance protocols have 2 stages. 
In the first stage of passive surveillance, infection is 
suspected when HPAI clinical or paraclinical signs 
are observed. In the first stage of enhanced passive 
surveillance, the farmer or technician takes weekly 
tracheal or oropharyngeal swab samples from all 
dead ducks with a maximum of 5 ducks per vacci-
nated holding; samples are then tested by reverse 
transcription PCR (RT-PCR) in a recognized labora-
tory (21). If HPAI is suspected during passive sur-
veillance or a positive HPAI virus sample is collected 
during enhanced passive surveillance, a second stage 
consists of an official veterinarian taking tracheal or 
oropharyngeal swab samples that are tested in a cer-
tified laboratory (12,21). Last, active surveillance con-
sists of a single stage in which an official veterinarian 
takes cross-sectional tracheal or oropharyngeal swab 
samples from 60 live ducks at least every 30 days for 
RT-PCR testing (12).

A recent EFSA report quantified the effective-
ness of different surveillance strategies at a multifarm 
level, including preventively vaccinated flocks, using 
scenario tree models (20). We adopted a different ap-
proach, using mechanistic modeling at the farm level 
to quantify the effectiveness of a wide range of sur-
veillance protocols in vaccinated flocks. 

Methods

Modeling HPAI Virus Transmission within  
Vaccinated Flocks
First, we simulated HPAI virus transmission in a typ-
ical vaccinated duck flock in France. We considered a 
flock of 6,400 mule ducks (a hybrid of Anas platyrhyn-
chos domesticus × Cairina moschata domestica) raised 
for foie gras production (22). We focused on the first 
stage of production, the breeding stage, which lasts 
for 84 days, because the second (fattening) stage only 

lasts 12 days and is usually performed in different 
farms than the first stage. We assumed that ducks 
received a first vaccine dose of VOLVAC B.E.S.T AI 
+ ND KV, emulsion for injection (Boehringer Ingle-
heim, https://www.boehringer-ingelheim.com) at 
10 days of age, then a second dose 18 days later, as 
recommended when the preventive vaccination cam-
paign began (23).

We used a stochastic SEIRD (susceptible, exposed, 
infectious, recovered, or dead) model to simulate with-
in-flock transmission of HPAI viruses. In brief, the mod-
el assumed that ducks could be categorized into mutu-
ally exclusive compartments according to their status, 
namely: susceptible (S), exposed (E; i.e., infected but not 
yet infectious), infectious (I), recovered (R), or dead (D). 
At the start of the simulations, we considered all ducks 
to be susceptible. For each simulation, we used a ran-
dom date between the day of the first vaccination dose 
(day 10) and the last day of the production cycle (day 84) 
to simulate the introduction of an HPAI virus. We mod-
eled the virus introduction by moving 1 random bird 
from the S compartment into the E compartment. After 
a certain latent period, the duck entered the I compart-
ment and was then able to infect susceptible ducks. At 
the end of its infectious period, the duck could either 
recover or die from the infection.

We assumed that all ducks received the vaccine 
(i.e., vaccination coverage in the flock was 100%). 
However, because some vaccinated ducks might 
not develop protective immunity, we tested various 
scenarios in which 70%, 80%, or 90% of ducks in the 
vaccinated flock were immune to represent effective 
vaccination coverage. We considered that the popula-
tion was composed of 2 subpopulations and that im-
mune and nonimmune ducks could mix freely. We 
assumed immune ducks had developed protective 
immunity and were therefore associated with dif-
ferent parameters (Appendix, https://wwwnc.cdc.
gov/EID/article/31/1/24-1140-App1.pdf). 

Model Calibration
The model had 11 parameters: the day of virus intro-
duction on the farm, the transmission rate, the natu-
ral mortality rate, the case-fatality risks for immune 
and nonimmune ducks, the average durations of the 
latent and infectious periods for immune and nonim-
mune ducks, and the relative reductions in suscepti-
bility (protective immunity) and in infectivity (reduc-
tion in viral shedding) for immune ducks (Appendix 
Table). For the immune population, we assumed no 
vaccine-induced protective immunity before the sec-
ond vaccine dose at 28 days of age (preimmunity 
phase). Then, we assumed immunity gradually built 
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between 28 and 35 days of age (transition phase) 
and was fully reached at 35 days of age (immunity 
phase) until the end of the production cycle (24). We 
therefore considered that the average duration of the 
infectious period, the case-fatality rate, and the sus-
ceptibility and infectivity of immune ducks decreased 
linearly during the transition phase, moving from the 
value associated with unvaccinated ducks to that of 
immune ducks.

Our model assumed a 95% reduction in case- 
fatality risk for immune ducks compared with unvac-
cinated ones and a baseline scenario with no reduc-
tion for nonimmune ducks. However, vaccination 
might still reduce case-fatality risk in nonimmune 
ducks (25), which could affect the effectiveness of 
surveillance strategies that are based on mortality. 
Therefore, we conducted a sensitivity analysis using 
3 assumptions: 0%, 50%, and 95% reduction in case-
fatality risk compared with unvaccinated ducks.

Quantification of HPAI Virus Transmission  
within Vaccinated Flocks
We assessed the impact of vaccination on HPAI virus 
transmission by comparing outbreak characteristics 
in vaccinated and unvaccinated flocks. We defined 
an outbreak as a simulation where >5 ducks became 
infected after the first infected duck. Directly from the 
simulations, we calculated the probability of outbreak 
occurrence and the proportion of ducks that became 
infectious within 14 days after the virus introduc-
tion. Using the next-generation matrix method, we 
also computed between-bird reproduction number 
(R) in each of those scenarios (26). For the scenarios 
involving vaccinated flocks, we also assessed the ef-
fect of the immune status of the first infected duck on 
the simulation outputs. Finally, we defined different  

scenarios of the time of virus introduction to inves-
tigate how the immunity-building period influenced 
the effect of vaccination on HPAI virus transmission. 
To do so, we simulated virus introduction during the 
preimmunity, transition, and immunity phases.

For unvaccinated flocks, we ran a total of 1,500 
simulations, dedicating 500 simulations to a virus 
introduction in each of the 3 phases. For vaccinated 
flocks, we ran a total of 4,500 simulations: 1,500 sim-
ulations for each of the 3 phases in which we intro-
duced the virus and 500 simulations of which were 
dedicated to each status of the first infected duck 
(i.e., nonimmune, immune, or randomly selected in 
the population). When we randomly selected the first 
infected duck, we assumed a probability of 0.1 to be 
nonimmune and probability of 0.9 to be immune for 
an effective vaccination coverage of 90%.

Effectiveness of Surveillance Strategies
After we simulated infection, we integrated differ-
ent surveillance strategies into the model to quantify 
surveillance strategy performance for detecting HPAI 
viruses at the farm level. We defined 5 surveillance 
strategies, which were inspired by those described in 
regulations in France and Europe.

Surveillance Strategy Definitions
The strategies we defined included 3 passive sur-
veillance strategies (P1, P2, and P3) based on daily 
or weekly duck mortality thresholds, an enhanced 
passive surveillance strategy based on the regular 
testing of dead ducks, and an active surveillance 
strategy based on regular testing of a cross-sectional 
sample of 60 live ducks. We further refined those 5 
strategies by using different mortality thresholds to 
trigger an alert in P1, P2, and P3 (Table 1); varying 
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Table 1. Description of surveillance strategies used in duck flocks vaccinated against highly pathogenic avian influenza virus* 

Surveillance strategy Description 
Case definition assumed to 

trigger an alert Additional information 
Passive    
 P1 Daily proportion of dead ducks found on the farm Daily percentage of dead 

ducks exceeds a predefined 
threshold 

Thresholds used: 0.1%, 
0.2%, and 0.5% 

 P2 Weekly proportion of dead ducks found on the farm Weekly percentage of dead 
ducks exceeds a predefined 

threshold 

Thresholds used: 0.5%, 
1%, and 3% 

 P3 Ratio of the daily influenza mortality to the natural 
daily mortality 

Ratio exceeds a predefined 
threshold 

Thresholds used: 5×, 
10×, and 20× natural 

daily mortality 
Enhanced passive RT-PCR testing of a predefined number of 

randomly selected dead ducks or of all dead ducks 
if less than the predefined number, at predefined 

intervals 

At least 1 selected dead duck 
tested positive 

Intervals used: 7 and 14 
d; no. selected dead 
ducks: 3, 5, and 7 

Active RT-PCR testing of 60 live ducks randomly sampled 
at predefined intervals 

At least 1 selected live duck 
tested positive 

Intervals used: 
20, 30, and 40 d 

*RT-PCR, reverse transcription PCR. 
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the sample size (3, 5, or 7 dead ducks) and the sam-
pling frequency (7 or 14 days) during enhanced pas-
sive surveillance; and varying sampling frequency 
(20, 30, or 40 days) for active surveillance. For active 
surveillance, we also added an extra sampling ses-
sion on the last day of the production cycle (Table 2). 
For enhanced passive and active surveillance strate-
gies, we assumed that the probability of obtaining a 
positive RT-PCR test result was 1 for ducks that died 
because of the infection and for live infectious ducks 
(i.e., perfect test sensitivity).

Assessing the Effectiveness of the Surveillance Strategies
We compared surveillance strategies on the basis of 
sensitivity (proportion of outbreaks that triggered an 
alert) and timeliness (number of days between virus 
introduction and the alert). We considered that an 
alert was triggered when mortality thresholds were 
exceeded in the passive surveillance strategies or 
when >1 infected duck (dead or alive) was sampled 
in the first stage of the enhanced passive and active 
strategies (Table 1). We assumed that the second 
stage (official sampling) of passive and enhanced 
passive strategies would confirm the infection and 
that sensitivity would therefore remain the same.

We ran simulations until we obtained 5,000 out-
breaks (i.e., simulations in which >5 ducks became 
infected after the first infected duck). We randomly 
introduced the virus during the transition and im-
munity phases because we wanted to compare the 
effectiveness of surveillance strategies in flocks with 
partially or fully immune ducks.

To examine situations in which silent spread 
could occur, we further characterized outbreaks that 
were never detected. We recorded the outbreak size 
(cumulative number of infected and dead ducks), 
outbreak duration (number of days with infected 

ducks on the farm), and the day of virus introduction. 
Finally, we calculated the proportion of undetected 
outbreaks in which infected ducks still existed at the 
end of the production cycle.

Results

Quantification of HPAI Virus Transmission  
within Vaccinated Flocks
Without vaccination, we estimated the probability 
of outbreak occurrence (i.e., the probability of hav-
ing >5 infections after the first infected duck) at 93% 
(Figure 1). When effective vaccination coverage was 
90%, the probability decreased to 38% when the virus 
was introduced during the transition phase (between 
28 and 35 days) and to 8% when the virus was in-
troduced during the immunity phase (after 35 days). 
The probability of outbreak occurrence also strongly 
depended on the status of the first infected duck. In 
the immunity phase, if the first infected duck was not 
immune, we estimated the probability at 47%, but 
probability decreased to 3% if the first infected duck 
was immune. We obtained equivalent trends when 
assuming effective vaccination coverage of 70% and 
80% (Appendix Figures 1, 2).

In the simulated outbreaks with no vaccination, a 
median of 99% of ducks (95% prediction interval [95% 
PI] 97%–100%) became infectious within 14 days after 
virus introduction. When the virus was introduced in 
the immunity phase of a flock with an effective vac-
cination coverage of 90%, a median of 0.3% (95% PI 
0.078%–2.5%) of ducks became infectious within 14 
days after virus introduction. Finally, we estimated 
the median R to be 16 (95% PI 7.6–40) without vac-
cination and 1.7 (95% PI 0.8–3.9) for an effective vac-
cination coverage of 90% and a virus introduction in 
the immunity phase.
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Table 2. Summary of the surveillance events over the entire production cycle in a study of surveillance strategies in duck flocks 
vaccinated against highly pathogenic avian influenza virus* 

Events 
Days in production cycle 

10 18 20 25 28 30 32 35 39 40 46 53 60 67 74 80 81 84 
Vaccine doses X    X              
% Immunity† 0 0 0 0 In In In In 100 100 100 100 100 100 100 100 100 100 
Surveillance events       
 Passive‡  D D D D D D D D D D D D D D D D D D 
 Enhanced passive                   
  Every 7 d  X  X   X  X  X X X X X  X  
  Every 14 d    X     X   X  X   X  
 Active                   
  Every 20 d   X       X   X   X  X 
  Every 30 d      X       X     X 
  Every 40 d          X      X  X 
*D, daily; In, increasing gradually; P, passive surveillance. 
†Refers to immunity in vaccinated and immune ducks (70%, 80%, or 90% of the flock immune). 
‡Passive surveillance has 3 strategies: P1, daily proportion of dead ducks found on the farm; P2, weekly proportion of dead ducks found on the farm; and 
P3, ratio of the daily mortality to the natural daily mortality. 
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Effectiveness of Different Surveillance Strategies
We found enhanced passive surveillance strategies 
were the most sensitive strategies, assuming an effec-
tive vaccination coverage of 90% and a virus introduc-
tion during the transition or immunity phase. Among 
the outbreaks, 81% were detected with a weekly sam-
pling of 3 dead ducks, 85% with a sampling of 5 dead 
ducks, and 88% with a sampling of 7 dead ducks (Fig-
ure 2). We found the biweekly version of that strategy 
was also highly sensitive and had sensitivities up to 
82%. For the passive surveillance strategies P1 and 
P3, which were based on daily mortality, sensitivity 
ranged from 28%–64%, depending on the thresholds. 
The P2 (weekly mortality) and active (live bird sam-
pling) strategies were the least sensitive. Even if we 
considered P2 at a 0.5% threshold, or active surveil-
lance with a 20-day sampling frequency, the sensitiv-
ity did not exceed 50% (Figure 2).

The enhanced passive surveillance strategy had 
the shortest alert delay, irrespective of the sampling 
frequency, closely followed by P3 (Figure 2). The 
weekly testing of 5 dead ducks had a median alert de-
lay of 9 (95% PI 2.5–20) days, and the biweekly testing 
of 5 dead ducks had a median alert delay of around 
14 (95% PI 4.2–29) days. In contrast, running RT-PCR 
tests on 60 randomly sampled live ducks every 30 

days (active strategy) had a median alert delay of 28 
(95% PI 7.6–53) days.

Of 5,000 simulated outbreaks in vaccinated flocks 
with an effective vaccination coverage of 90%, only 
7% were not detected by any of the surveillance strat-
egies. In those outbreaks, the median number of infec-
tious ducks was 8 (95% PI 5–35), the median number 
of infection-related deaths was 1 (95% PI 0–5), and the 
median duration was 8 (95% PI 3–15) days. Among 
those outbreaks, 20% no longer had infectious ducks 
at the end of the production cycle. For the other 80%, 
we observed a low prevalence on the last day (mean 
within-flock prevalence was 0.3%) and the median 
day of virus introduction was day 77 (95% PI day 69–
82), close to the end of the production cycle of day 84.

When the level of effective vaccination coverage 
decreased from 90% to 80% and 70%, all alert delays 
decreased, and sensitivity increased. As expected, 
the sensitivity estimates of the passive surveillance 
strategies (P1, P2, P3) increased substantially, but the 
enhanced passive strategies nonetheless remained 
the most sensitive and timely (Appendix Figures 4, 
5). Similarly, when we considered that nonimmune 
ducks had an intermediate or reduced case-fatality 
rate, the enhanced passive strategies remained the 
most sensitive and timely. However, we noticed that 
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Figure 1. Probability of outbreak occurrence in nonvaccinated and preventively vaccinated duck flocks in a study of surveillance 
strategies in duck flocks vaccinated against highly pathogenic avian influenza virus. Graphs show different timings of virus introduction: 
A) preimmunity phase, in which the virus was introduced into the flock when ducks were not yet immune (i.e., before day 28); B) 
transition phase, in which the virus was introduced between day 28 and day 35; and C) immunity phase, in which the virus was 
introduced once immunity was fully reached. Each probability was calculated based on 500 stochastic simulations of the model. 
Effective vaccination coverage in vaccinated flocks was assumed to be 90%. Outbreak was defined as a simulation where >5 ducks 
became infected after the first infected duck. When we randomly selected the status of the first infected duck, we assumed a probability 
of 0.1 to be nonimmune and 0.9 to be immune.
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the more nonimmune ducks survived the infection, 
the more the sensitivity of passive and enhanced pas-
sive strategies decreased (Appendix Figures 3–5).

Discussion
Vaccination of domestic poultry flocks against HPAI 
viruses is a promising control tool to complement ex-
isting measures (15). During October 2023–September 
2024, the virus was detected in only 13 poultry farms 
in France, only 2 of which were vaccinated duck 
farms (27). Although a lower level of virus circulation 
was observed in Europe overall in 2023–2024, a recent 
study suggested that vaccination reduced the expect-
ed epizootic size by 92%–98% (C. Guinat et al., unpub. 
data, https://doi.org/10.1101/2024.08.28.609837).

However, because illness and deaths are strongly 
reduced in immune ducks (28), passive HPAI surveil-
lance becomes much less effective in detecting the 
presence of the virus in vaccinated flocks (18). There-
fore, vaccination use must be combined with effective 
surveillance strategies. In this study, we developed a 
mathematical model to compare the effectiveness of 

different HPAI surveillance strategies in preventively 
vaccinated mule duck flocks.

In vaccinated flocks with a virus introduction 
during the immunity phase, we observed a 10-fold 
reduction in the number of outbreaks and a 100-fold 
reduction in the number of ducks that became infec-
tious within 14 days after virus introduction com-
pared with unvaccinated flocks. Those reductions 
were expected because we assumed, based on results 
from experimental studies, that immune ducks were 
90% less susceptible and that the amount of virus 
shedding was reduced by 90% and duration of virus 
shedding was reduced by 81% (29). Experimental 
studies under field conditions would enable compari-
sons of the results from our model by quantifying the 
within-flock virus transmission.

Our results suggest that performing virologic tests 
on dead ducks (i.e., enhanced passive surveillance) was 
the most sensitive strategy and had the shortest time 
delay of detection, regardless of our assumptions on 
the effective vaccination coverage or the case-fatality  
rate (Appendix Figures 3–5). We focused only on the 
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Figure 2. Comparison of the sensitivity and alert delay of different surveillance strategies in duck flocks vaccinated against highly 
pathogenic avian influenza virus. Effective vaccination coverage in vaccinated flocks was assumed to be 90%. For each of the 
surveillance strategies, 2 or 3 scenarios were tested by varying the value of X (Table 1). For passive surveillance strategies P1, P2, and 
P3, X referred to mortality thresholds (Table 1). For active surveillance, X referred to the frequency with which samples were taken from 
60 live ducks on the farm. For enhanced passive surveillance, X referred to the number of dead ducks sampled each time. For each of 
these scenarios, the sensitivity and alert delay were compared. Sensitivity was the percentage of outbreaks out of 5,000 that triggered 
an alert. Alert delay was the distribution of the number of days between the virus introduction and the alert, out of 5,000 outbreaks. Red 
horizontal lines indicate upper and lower limits for alert delay. Horizontal lines within boxes indicate medians, box top and bottom edges 
indicate 50% prediction intervals, and whiskers indicate ranges. Percent sensitivity is shown above plots. A, active surveillance; EP, 
enhanced passive surveillance; P, passive surveillance; RT-PCR, reverse transcription PCR.
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first stage of enhanced passive surveillance strategies. 
In case of positive RT-PCR results, the flock would be 
resampled by an official veterinarian. In our model, 
we assumed that sensitivity would remain the same 
after the second sample. However, given our results, 
we advise that the second sampling would also be per-
formed on dead ducks because confirming HPAI virus 
in a sample of live birds might lead to a lower sensi-
tivity. EFSA also recommended performing virologic 
tests on dead ducks to prove flocks are free of disease 
and to get high early detection sensitivity in an area 
with preventively vaccinated flock (20). Despite using 
a different method, we reached the same conclusion, 
which provides additional evidence in support of the 
enhance passive surveillance strategy.

None of the surveillance strategies showed 100% 
sensitivity, and 7% of outbreaks were not detected by 
any of the surveillance strategies in our model. As ex-
pected, those outbreaks were hard to detect because 
of very low within-flock prevalences and short out-
break duration. Nonetheless, 80% of those outbreaks 
still had infected ducks at the end of the production 
cycle that were not detected, even by the active sur-
veillance performed on the last day of production. 
However, those simulated outbreaks that still had in-
fected ducks at the end of the production cycle were 
associated with a late introduction of the virus and a 
very low prevalence on the last day. Higher preva-
lence could be expected if, contrary to our model as-
sumption, protective immunity did not last until the 
end of the production cycle. However, in that case, 
late outbreaks would be easier to detect, thus mitigat-
ing the risk for virus spread. Developing a between-
farm transmission model could quantify the risk rep-
resented by undetected outbreaks to other farms.

One limitation of our study is that we did not as-
sess alternative sampling strategies, such as environ-
mental sampling (i.e., molecular testing performed on 
dust or aerosol samples), which might be valuable and 
warrant further assessment in vaccinated flocks (20). 
In addition, we focused only on RT-PCR, even though 
other diagnostic methods, such as rapid antigen assays, 
exist. Those methods would be relevant in field condi-
tions because they enable rapid results without special 
laboratory equipment. However, the sensitivity of those 
assays has not been assessed in field conditions and is 
assumed to be low compared with RT-PCR (20).

In conclusion, surveillance of flocks vaccinated 
against HPAI virus is a serious challenge. Our model-
ing results suggest that virologic tests on dead birds, 
conducted either once a week or every 2 weeks, is a 
promising strategy, but that virologic tests on samples 
from live birds are less effective. Passive surveillance 

is also useful, especially when the level of immunity is 
not very high or when vaccination fails. For example, 
passive surveillance detected the only 2 outbreaks that 
occurred in vaccinated duck flocks in France in 2024 
(27). Future studies could evaluate combined strategies 
instead of comparing strategies in isolation, and addi-
tional criteria, such as cost, workload, and bird stress, 
could also be evaluated to refine the overall strategy. In 
the meantime, we advise focusing HPAI surveillance 
efforts on enhanced passive surveillance and reducing 
active surveillance of live ducks.
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Klebsiella pneumoniae is 1 of 6 global leading ESKAPE 
pathogens (Enterococcus faecium, Staphylococcus au-

reus, K. pneumoniae, Acinetobacter baumannii, Pseudomonas 
aeruginosa, and Enterobacter spp.) associated with high 
morbidity and mortality rates and antimicrobial resis-
tance (1). Among those pathogens, the World Health 
Organization designated carbapenem-resistant K. pneu-
moniae as a priority pathogen (2). In 1996, K. pneumoniae 
carbapenemase (KPC) was identified in K. pneumoniae  
sequence type (ST) 258 in the United States and then 
spread worldwide (3–5). To date, blaKPC gene variants 
have been found on different plasmid types; pKpQIL is 
prevalent in successful clones ST258 and ST512 (6,7).

Since 2015, ceftazidime/avibactam (CZA) has 
been available for treatment of complicated and deep-
seated infections, including bacteremia caused by 
carbapenemase-producing Enterobacterales in adults 
(8). CZA combines ceftazidime, a third-generation 
cephalosporin, and avibactam, a β-lactamase inhibi-
tor (9). Since 2018, KPC-producing CZA-resistant K. 
pneumoniae strains have been described (10,11) carry-
ing mutations in the Ω-loop of the KPC protein, such 
as KPC-31 (12,13).

Cefiderocol (FDC), approved by the US Food and 
Drug Administration in 2020, is available to treat Entero-
bacterales, Acinetobacter baumannii, and Pseudomonas ae-
ruginosa invasive infections caused by carbapenem- and 
CZA-resistant strains (https://www.accessdata.fda.
gov/drugsatfda_docs/nda/2020/209445Orig1s002.
pdf). FDC is a cephalosporin linked with a chloro-
catechol group, which provides the drug with a sid-
erophore-like moiety that serves as a Trojan horse to 
gain access to the bacterial periplasm. The chlorocat-
echol group is thought to enhance the entry of FDC 
in the bacterial cell through energy-dependent uptake 
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Cefiderocol (FDC), a siderophore-cephalosporin con-
jugate, is the newest option for treating infection with 
carbapenem-resistant gram-negative bacteria. We 
identified a novel mechanism contributing to decreased 
FDC susceptibility in Klebsiella pneumoniae clinical 
isolates. The mechanism involves 2 coresident plas-
mids: pKpQIL, carrying variants of blaKPC carbapen-
emase gene, and pKPN, carrying the ferric citrate 
transport (FEC) system. We observed increasing FDC 
MICs in an Escherichia coli model system carrying  
different natural pKpQIL plasmids, encoding different  

K. pneumoniae carbapenemase (KPC) variants, in 
combination with a conjugative low copy number vector 
carrying the fec gene cluster from pKPN. We observed 
transcriptional repression of fiu, cirA, fepA, and fhuA 
siderophore receptor genes in blaKPC–fec–E. coli cells 
treated with ferric citrate. Screening of 27,793 K. pneu-
moniae whole-genome sequences revealed that the 
fec cluster occurs frequently in some globally distrib-
uted different KPC–producing K. pneumoniae clones 
(sequence types 258, 14, 45, and 512), contributing to 
reduced FDC susceptibility.
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by chromosome-encoded ferric siderophore trans-
porters (14,15). To determine the mechanism of FDC  
resistance in KPC-producing K. pneumoniae, we  
analyzed the contribution of a plasmid-encoded ferric 
citrate uptake system (FEC), which acts synergistically 
with CZA-resistant KPC variants.

Materials and Methods

K. pneumoniae Isolates
K. pneumoniae strains PL1, PL2, PL3, and PL4 were 
isolated at the University Hospital Policlinico Um-
berto I, Rome, Italy, from blood samples of 1 patient 
during 1 month of hospitalization. The strains were 
processed for routine diagnostics and compared with 
31 previously described strains (Appendix 1 Table 
1, https://wwwnc.cdc.gov/EID/article/31/1/24-
1426-App1.pdf).

FDC Antimicrobial Susceptibility
We determined FDC MICs by using ComASP  
(Liofilchem, https://www.liofilchem.com) or by us-
ing a ComASP panel enriching iron-depleted cation-
adjusted Mueller-Hinton broth with 0.5 μM or 5.0 µM 
ammonium ferric citrate or trisodium citrate dihydrate 
(Merck KGaA, https://www.emdgroup.com). We pre-
liminarily determined the citrate concentration used 
for induction of the FEC system in the E. coli model, 
and 0.5 µM ammonium ferric citrate was the minimal 
concentration that did not increase the FDC MIC by >1-
fold in treated compared with untreated E. coli strains.

Whole-Genome Sequencing
We purified genomic DNA by using the MagaBio 
Bacterium DNA Purification Kit III (Hangzhou Bioer 
Technology Co., https://www.bioer.com) and Ge-
nePure Pro Nucleic Acid Purification System (Bioer 
Technology, https://www.bioer.com.cn), and we 
used NanoDrop One Microvolume UV-Vis Spectro-
photometer and Qubit 4.0 Fluorometer (Invitrogen, 
https://www.thermofisher.com) to assess. We pre-
pared DNA libraries by using the Nextera XT DNA 
Library Preparation Kit and loaded them onto a 
MiSeq Reagent Kit v.3 cartridge (Illumina, https://
www.illumina.com). We performed paired-end se-
quencing on an Illumina MiSeq platform, with a read 
length of 2 × 300 bp. We trimmed resulting reads by 
using trimmomatic (16) and assembled them by us-
ing SPAdes (17).

Long-Reads Sequencing
We performed Oxford Nanopore Technologies (ONT) 
sequencing on a MinION Mk1C sequencing platform 

(https://nanoporetech.com). We extracted genomic 
DNA by using a Monarch HMW DNA Extraction Kit 
for Tissue (NEB, https://www.neb.com) and pre-
pared libraries by using ONT Rapid Barcoding Kit 24 
and sequencing on R10.4.1 flow cells. We performed 
long-read assemblies by using Flye (18).

We analyzed hybrid assembly obtained by Uni-
cycler (19) and Hybracter (20) by using Staramr 
(https://bio.tools/staramr). We annotated genomes 
by using Prokka (21) and identified single-nucleotide 
polymorphisms by using Snippy (https://github.
com/tseemann/snippy).

pKpQIL Plasmid Transformation
We introduced plasmid DNA extracted by using 
a Pureyield Plasmid Midiprep System (Promega, 
https://www.promega.com) in chemically compe-
tent E. coli Max efficiency DH5-α cells (Thermo Fisher 
Scientific, https://www.thermofisher.com). We se-
lected transformants on Luria broth (LB) agar plates 
containing ceftazidime (6 mg/L).

R69c and R69c-FEC Plasmid Assembly
We obtained the R69c vector (GenBank accession no. 
PQ130559) by cloning the chloramphenicol resistance 
catA gene amplified from Addgene plasmid #46569 in 
the SmaI site of R69#1 (European patent EP3541942B1, 
A. Carattoli, A. Endimiani, https://patents.google.
com/patent/EP3541942B1/de?oq=EP3541942B1, ac-
cessed November 29, 2024). We obtained PCR prod-
ucts by using PCRBIO VeriFi Polymerase (PCR Bio-
systems, https://pcrbio.com) and primers listed in 
Appendix 1 Table 2.

We obtained the R69c-FEC vector (GenBank ac-
cession no. PQ085644) by cloning the 7,993-bp fec PCR 
product (Appendix 1 Figure 1) from the PL3 strain 
and cloned it in R69c PmeI site. Both clonings were 
performed by using GeneArt Gibson Assembly HiFi 
Master Mix (Thermo Fisher Scientific).

We extracted plasmids by using ZymoPURE 
II Plasmid Maxiprep Kit (Zymo Research, https://
www.zymoresearch.com) concentrated by Microcon 
DNA Fast Flow device (Merck KGaA). We performed 
transformations by using MAX Efficiency DH5α-T1R 
Competent Cells (Thermo Fisher Scientific) selected 
on chloramphenicol 25 mg/L LB agar plates.

Plasmid Conjugation
We grew donor and recipient strains separately in LB 
broth without antibiotics at an optical density of 1 Mc-
Farland. We pooled 50 μL of each culture and dropped 
20 μL of the mixture on an LB plate without antibiotics 
and incubated it at 37°C for 6–10 hours. A patina from 
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KPC-producing K. pneumoniae

the conjugation spot was diluted and plated on LB 
agar plates containing 25 mg/L chloramphenicol and 
6 mg/L CAZ. We sequenced selected positive exconju-
gants by using Illumina and ONT procedures.

RNA Isolation and Quantitative  
Reverse Transcription PCR
We conducted bacterial RNA purification on R69c/
R69c-FEC-PL3 exconjugant pairs grown in liquid 
iron-depleted media in the presence of 0 μM, 0.5 μM, 
or 5.0 μM ammonium ferric citrate by using a hot 
phenol extraction method (22). We conducted cDNA 
synthesis and quantitative reverse transcription PCR 
analyses on a 7300 real-time PCR system (Applied 
Biosystems, https://www.thermofisher.com) (23). 
We obtained cDNA for nusA (used as normalizer), fiu, 
cirA, fepA, fhuA, or fecA genes (Appendix 1 Table 2).

Global Distribution of fec Gene Cluster
As of July 4, 2024, we downloaded 27,993 K. pneu-
moniae genomes from the Pasteur Institute BIGSdb 
Klebsiella pneumoniae database (https://bigsdb.pas-
teur.fr) together with their metadata (Appendix 2 Ta-
ble, https://wwwnc.cdc.gov/EID/article/31/1/24-
1426-App2.xlsx). We included 35 strains from our 
study and previous studies in the collection (Appen-
dix 1 Table 1).

We screened K. pneumoniae genomes for the fec 
operon by using the BLASTN tool in the Bacterial Iso-
late Genome Sequence BIGSdb database (https://big-
sdb.pasteur.fr). We used as reference the fecABCDE 
operon and fecIR regulatory genes from K. pneumoniae 
PL3 (GenBank accession no. CP168103, nt positions 
113339–121331). The fec gene cluster was considered 
present if the E-value was <1e−10 and identity was 
>85% across >90% of the sequence length.

We assessed the presence of the FIB(K) repli-
con (GenBank accession no. JN233704) by using the 
BLASTN tool. We also determined the presence of 
blaVIM, blaNDM, and blaKPC genes by using the gene pres-
ence tool at the Pasteur Institute website (https://
bigsdb.pasteur.fr) with minimum percentage identity 
of 95% and a minimum percentage alignment of 99%.

Phylogenetic Analysis
We used the Prokka tool (20) to annotate 2,493 ge-
nomes belonging to ST101, ST307, and ST512 (Ap-
pendix 3 Table, https://wwwnc.cdc.gov/EID/
article/31/1/24-1426-App3.xlsx). We used Roary (24) 
to generate core-genome alignments, using MAFFT 
(25), accordingly, to the ST and IQ-TREE 2 (26) to 
construct phylogenetic trees with 1,000 ultrafast boot-
strap iterations.

Results

Effect of KPC Variants on Reduced  
Susceptibility to FDC
Our initial aim with this study was to explain the 
different levels of FDC resistance in 4 ST512 K. 
pneumoniae clinical isolates (PL1, PL2, PL3, and 
PL4) from 1 patient during 1 month of hospital-
ization. PL3 was resistant to FDC (MIC 4 mg/L), 
whereas FDC MICs PL1, PL2, and PL4 were below 
the breakpoint value (0.5–2.0 mg/L; Appendix 1 
Table 1). The PL1–4 genomes were closely related 
at the chromosomal level (6–22 single-nucleotide 
polymorphisms and indels on the chromosome; 
Appendix 4 Table, https://wwwnc.cdc.gov/EID/
article/31/1/24-1426-App4.xlsx) but showed dif-
ferent blaKPC genes and plasmid content. All PL1–4 
K. pneumoniae strains carried different pKpQIL 
variants plus an IncX3 plasmid and a small ColR-
NAI plasmid. The pKpQIL-PL1 plasmid harbored 
2 copies of the blaKPC-3 gene, both pKpQIL-PL2 and 
pKpQIL-PL4 carried 1 copy of blaKPC-3 and 1 copy 
of blaKPC-31, whereas pKpQIL-PL3 carried 2 copies of 
blaKPC-31 (Appendix 1 Figure 2). Isolates PL2 and PL3 
were also enriched with the pKPN plasmid, which 
was absent in PL1 and PL4. In PL2, pKPN was 
fused with pKpQIL-PL2 in the tnpR-FIIK1 integra-
tion site, forming a 263,486-bp plasmid. The hybrid 
pKPN-pKpQIL-PL2 plasmid was not transferable 
by transformation or conjugation and could not be 
further studied. In PL3, the stand-alone pKPN plas-
mid had acquired the fec gene cluster encoding for 
a FEC system. The fec gene cluster was unique to 
the pKPN plasmid in PL3 and was absent in PL1, 
PL2, and PL4. The fec genes mapped (alongside an 
ABC glutathione transporter, the lacZ, lacY, and 
lacI genes) between 2 IS4321 elements positioned 
between the tnpR gene and the FIIK replicon (Ap-
pendix 1 Figure 3).

Acquisition of fec genes was suspected to correlate 
with increased FDC MICs of PL3. We then measured 
FDC MICs for all KPC-producing K. pneumoniae clini-
cal strains in our collection isolated since 2018 with a 
completely sequenced genome, in search for fec, other 
siderophore receptors, and porin gene sequences in 
their genomes (Appendix 1 Table 1).

FDC MICs were 0.25–32 mg/L. The lowest (0.25 
mg/L) was measured in a strain producing KPC-3 
(strain 3), encoding the yersiniabactin siderophore-
dependent iron uptake system, the wild-type CirA 
and Fiu siderophore receptors, and a wild-type 
OmpK36 porin (27). The highest FDC MIC (32 
mg/L) was for a strain producing VIM (Verona  
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integron-encoded metallo-β-lactamase) and KPC 
carbapenemases (strain 0296), characterized by a 
nonsense mutation in the gene encoding the sidero-
phore receptor CirA (E133X) (28).

Presence of CZA-resistant variant KPC-31, KPC-
70, or KPC-68 was associated with high MICs (4 
mg/L). Higher MICs (1–2 mg/L) for FDC were ob-
tained in E. coli Top-10 transformed with the blaKPC-31, 

blaKPC-70, or blaKPC-68 genes, respectively cloned in the 
pTopo-KanR vector (Appendix 1 Table 1).

In addition to the role of KPC variants in de-
termining FDC resistance levels, we noticed that 
K. pneumoniae exhibiting higher FDC MICs were 
positive for the FEC system (29), carried by the 
pKPN plasmid (30). The fec gene cluster was iden-
tified in 13/35 isolates from the collection. Eleven 
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Figure 1. Schematic representation of R69c and R69c-FEC conjugation in Escherichia coli DH5-α recipient carrying the pKpQIL 
plasmids R69c and R69c-FEC and pKpQIL major features in study of cefiderocol resistance conferred by plasmid-located ferric citrate 
transport system in KPC–producing Klebsiella pneumoniae. The left panel (blue) represents construction of the R69c and R69c-FEC 
donor vectors, both introduced by transformation in E. coli DH5-α chemically competent cells. The central panel (yellow) shows the 
pKpQIL transformation of E. coli DH5-α chemically competent cells with different pKpQIL natural plasmids extracted from K. pneumoniae 
strains. The right panel (green) represents the exconjugant pairs obtained by conjugation of the R69c vectors into the recipients carrying 
the different pKpQIL plasmids. FEC, ferric citrate transport system; KPC, Klebsiella  pneumoniae carbapenemase.

Figure 2. FDC MICs of 
KPC-producing Escherichia 
coli in a study of cefiderocol 
resistance conferred by 
plasmid-located ferric 
citrate transport system in 
KPC-producing Klebsiella 
pneumoniae. FDC 
susceptibility tests were 
performed according to 
manufacturer directives, 
with concentrations of 0 
µM, 0.5 µM, and 5 µM 
ammonium ferric citrate 
on Escherichia coli DH5-α 
cells carrying different 
combinations of pKpQIL, 
R69c, and R69c-FEC 
plasmids. FDC, cefiderocol; 
KPC, Klebsiella pneumoniae 
carbapenemase.

http://www.cdc.gov/eid
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KPC-31–producing strains belonging to different 
STs showed FDC MICs of 1–2 mg/L, but 2 KPC-
31 strains carrying the fec gene cluster reached a 
MIC of 4.0 mg/L (Appendix 1 Table 1). We hypoth-
esized that the plasmid-borne FEC system could 
reduce the susceptibility to FDC in K. pneumoniae 
clinical isolates.

E. coli Model
We constructed an in vitro model in isogenic E. coli 
DH5-α cells, suitable for studying the effect of the 
FEC transport system on FDC resistance levels, ex-
cluding the contribution of other resistance factors, 

siderophore receptors, and porins encoded by the 
K. pneumoniae clinical isolates. The model consist-
ed of the 2-step introduction in E. coli DH5-α cell 
of pKpQIL plasmids carrying different KPC vari-
ants and an engineered 64-Kb R69c self-conjuga-
tive plasmid vector carrying the K. pneumoniae fec  
gene cluster.

First, selected pKpQIL plasmid variants were 
individually introduced by transformation into 
chemically competent E. coli DH5-α cells. We tested 
the model on pKpQIL transformants obtained from 
strains 3, 42B, and 1021, encoding the KPC-3, KPC-70, 
and KPC-31 variants, respectively (Appendix 1 Table 
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Figure 3. Expression analysis 
of siderophore receptor 
genes in the presence and 
absence of plasmidic fec 
gene cluster and ferric citric 
inducer in an Escherichia 
coli model used in a study 
of cefiderocol resistance 
conferred by plasmid-located 
ferric citrate transport system 
KPC-producing Klebsiella 
pneumoniae. A) Transcription 
of the fecA genes in the DH5-α 
strain carrying R69c or R69c-
FEC, determined by using 
primer pairs able to discern the 
chromosomal fecA allele from 
the K. pneumoniae fecA gene 
in the fecABCDE operon or a 
primer pair recognizing both 
chromosomal and plasmidic 
fecA alleles (Appendix 1 Table 
2, https://wwwnc.cdc.gov/EID/
article/31/1/24-1426-App1.
pdf). The relative quantitative 
analysis of the transcripts was 
based on the 2−ΔΔCT method 
(31). In both bar graphs, the 
relative values were calculated 
with respect to the transcript 
level observed in the R69c 
carrying strains and set to 
1. B) Transcription of the 
siderophore receptor genes 
fiu, cirA, fepA, and fhuA in the 
R69c-FEC and R69c strains 
grown in the absence of ferric 
citrate or in the presence of 
0.5 μM or 5.0 μM ferric citrate, 
relative to the R69c strain 
grown without ferric citrate, 
which is set to 1. The relative 
quantitative analysis of the 
transcripts was based on the 
2−ΔΔCT method (31). Error bars 
represent SDs. Statistical significance was determined by using a paired 2-tailed Student t-test comparing the dataset obtained from 
the 2 strains grown under the same conditions. FEC, ferric citrate transport system; KPC, Klebsiella pneumoniae carbapenemase.
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3). We also studied pKpQIL transformants carrying 
copies of the blaKPC gene obtained from K. pneumoniae 
PL1, PL3, and PL4 strains.

Second, the 64-Kb R69c, self-conjugative plas-
mid vector was engineered to host fec genes. The 
R69c vector is a derivative of the R69 IncM natural 
plasmid (GenBank accession no. KM406488) and 
carries the catA gene, conferring chloramphenicol 
resistance. R69c is a self-conjugative, low-copy-
number plasmid that simulates the horizontal 
transmission of the pKPN natural plasmid. It car-
ries all the genes enabling conjugation at high ef-
ficiency (1×10−2 conjugants/recipient cell), con-
ferring stabilization, and the IncM replicon for 
replication and copy number control (Appendix 1 
Figure 1). The plasmid enables cloning and trans-
fer of genetic determinants at low copy numbers by 
conjugation. Because R69c contains a stabilization 
system, after chloramphenicol selection of trans-
conjugants, the recipient E. coli clones do not need 
further antimicrobial selection to ensure plasmid 
maintenance. The fecIR-fecABCDE gene cluster, 
including the Fur and iron-regulated promoter re-
gions (32,33) (Appendix 1 Figure 4), were amplified 
from the pKPN-PL3 K. pneumoniae plasmid. The re-
sulting PCR product of 7,993 bp, consisting of the 
fecIR promoter region, the fecI and fecR regulatory 
genes, and the fecA, fecB, fecC, fecD, and fecE genes 
encoding the complete FEC system with internal 
regulatory regions, was cloned in the unique PmeI 
restriction site of R69c, obtaining the 73 Kb vector, 
named R69c-FEC (Appendix 1 Figure 1).

Evaluation of FDC MICs in the E. coli Model
We introduced R69c and R69c-FEC vectors by conju-
gation in DH5-α pKpQIL transformants (Appendix  

1 Table 3) by obtaining pairs of exconjugants car-
rying the same pKpQIL variant and, alternatively, 
the R69c vector with or without the cloned fec gene 
cluster (Figure 1). As an E. coli K-12 derivative,  
strain DH5-α cells possess the chromosomal fec 
gene cluster (94.51% nt identity, 96% coverage; 
Appendix 1 Figure 4). Higher FDC MICs were in-
variably observed for exconjugants carrying the 
R69c-FEC, relative to the isogenic strain carrying 
the same pKpQIL with R69c lacking the fec gene 
cluster (Figure 2). The highest FDC MIC of 4 mg/L 
in iron-depleted media was obtained for the excon-
jugant carrying both pKpQIL-PL3 and R69c-FEC. 
The respective comparative exconjugant carrying 
the R69c reached an FDC MIC of 1 mg/L.

We tested in vitro susceptibility to FDC of R69c 
and R69c-FEC exconjugant pairs under inducing con-
ditions by adding ferric citrate, which serves as sub-
strate and inducer of the FEC system. In our experi-
mental conditions, 0.5 μM or 5.0 μM of ferric citrate 
increased the FDC MICs of R69c/R69c-FEC DH5-α 
cells relative to untreated cells. The effect in strains 
carrying the R69c vector without the cloned fec gene 
cluster was attributed to the chromosomal fec gene 
cluster in the DH5-α background. We did not observe 
increased FDC MICs when using 0 μM, 0.5 μM, and 
5.0 μM trisodium citrate dihydrate without iron (data 
not shown). The highest FDC MICs were reached by 
R69c-FEC-PL3 (MICs 8 in the presence of 0.5 μM and 
16 mg/L in the presence of 5.0 μM ferric citrate). Un-
der the same conditions, R69c-PL3 FDC MICs were 
2 and 4 mg/L (Figure 2; Appendix 1 Table 3). The 
experiments performed with R69c-FEC/R69c-1021, 
R69c-FEC/R69c-42B, and R69c-FEC/R69c-PL4 pairs 
(Appendix 1 Table 3) demonstrated that the presence 
of an inhibitor-resistant KPC variant, such as KPC-31 
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Figure 4. Distribution of 
the fec gene cluster among 
prevalent STs of Klebsiella 
pneumoniae. Distribution of the 
fec gene cluster, represented 
by a black bar (number of 
positive genomes) or a white 
bar (number of negative 
genomes), across the total 
analyzed genomes for prevalent 
STs in the K. pneumoniae 
database (Appendix 3 Table, 
https://wwwnc.cdc.gov/EID/
article/31/1/24-1426-App3.xlsx). 
ST, sequence type.
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and KPC-70 in combination with the plasmid-located 
fec gene cluster was sufficient to reduce FDC suscep-
tibility (MIC >2.0 mg/L) relative to the R69c con-
trols lacking the fec gene cluster. Further FDC MIC  
increment can be obtained by treatment with ferric 
citrate (MIC≥4.0 mg/L).

Because the FEC system is implicated in iron 
delivery to the cell, we compared the mRNA tran-
scription of fiu, cirA, fepA, and fhuA siderophore re-
ceptor genes and the endogenous fec gene cluster in 
DH5-α carrying the R69c-FEC plasmid with DH5-α 
carrying the R69c, both in the presence or absence 
of ferric citrate. The expression of the R69c-located 
fecA cluster was estimated to be 3-fold higher than 
that of the chromosomal DH5-α fec cluster (Figure 
3, panel A).

We observed a substantial reduction of the ex-
pression of fiu, cirA, fepA, and fhuA siderophore re-
ceptor genes growing the cells in the presence of 
0.5 μM and 5.0 μM ferric citrate (relative to no fer-

ric citrate). The inhibition of fiu, cirA, fepA, and fhuA 
gene expression was almost complete (90%) in cells  
carrying the R69c-FEC plasmid and only partial in 
R69c-carrying cells (30%–40%, R69c-FEC vs. R69c; 
Figure 3, panel B). The markedly reduced expres-
sion of ferrisiderophore receptor genes caused by the 
cloned K. pneumoniae fec gene cluster correlated with 
the higher FDC MICs observed in R69c-FEC-positive 
strains in those conditions.

Prevalence of FEC Siderophore Transport  
System in K. pneumoniae
We performed global screening of the fec gene clus-
ter in 27,793 K. pneumoniae whole-genome sequenc-
es downloaded from the Pasteur Institute database 
(https://bigsdb.pasteur.fr/klebsiella; Appendix 2 
Table). The resulting dataset included genomes of 
globally prevalent clones (Figure 4).

The fec gene cluster was detected in 10,672 iso-
lates across the dataset (38.4%), of which 2,658 (24.0%) 
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Figure 5. Phylogenetic analysis of Klebsiella pneumoniae ST512 based on core-genome alignment of 510 K. pneumoniae ST512 
isolates. The tree is midpoint rooted, and the scale bar represents the number of substitutions per site. The presence of the fec operon 
is indicated in red; blaKPC, blaVIM, and blaNDM genes in black; and the FIB(K) replicon in orange. Yellow shading indicates genomes 
sequenced in this study or our previous studies (Appendix 1 Table 1, https://wwwnc.cdc.gov/EID/article/31/1/24-1426-App1.pdf). The 
best-fit model was selected by ModelFinder (http://www.iqtree.org/ModelFinder). Thhttp:e tree was visualized with Microreact (https://
microreact.org) and adjusted by using the InkScape software (https://www.inkscape.org). ST, sequence type.
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carried a fec cluster with 100% nt identity and 100% 
coverage compared with that of K. pneumoniae PL3 
(Appendix 5 Table, https://wwwnc.cdc.gov/EID/
article/31/1/24-1426-App5.xlsx). The fec gene cluster 
was unevenly spread among the 15 most prevalent 
STs. The fec gene cluster was carried by a majority 
(>50%) of ST258, ST14, ST45, and ST512 isolates and 
a minority (<10%) of ST16, ST147, ST23, and ST231 
isolates. The fec genes were more prevalent in ST512 
than in the general K. pneumoniae population (68% of 
fec-carrying ST512 genomes vs. 37.87% of fec-carry-
ing non-ST512 genomes; p<0.00001 by χ2 test). Most 
ST512 genomes carried 1 copy of the blaKPC carbapen-
emase gene (Figure 5), whereas the co-presence of fec 
and blaKPC was less frequent in other clones such as 
ST101 and ST307 (Figures 6, 7).

Our data suggest that the risk for developing re-
sistance to FDC may be higher in clones like ST512, 
which more frequently carry the fec gene cluster 
along with the blaKPC gene. The specific FIB(K) rep-
licon, marking the pKPN plasmid, was detected in 
16,325 (58.3%) genomes, of which 2,585 (15.8%) also 

carried the fec cluster of K. pneumoniae PL3 (Appen-
dix 2 Table).

Discussion
In vitro studies on FDC resistance have unveiled that 
CZA-resistant KPC variants (e.g., KPC-31) and class 
B metallo-β-lactamases have a role in FDC resistance 
(35). Furthermore, mutational inactivation of CirA and 
Fiu siderophore receptors has been demonstrated to 
reduce FDC susceptibility in vitro and in vivo (36,37).

With this study, our first hypothesis was to attri-
bute FDC resistance of PL3 to blaKPC-31 gene duplica-
tion (38-40). Subsequently, we noticed that PL3 was 
unique in carrying the fec gene cluster on the pKPN 
plasmid compared with the other PL strains. Conse-
quently, acquisition of the fec genes was considered 
in analysis of genetic traits suspected to increase FDC 
MIC of PL3. Interest in the FEC transport system 
was also corroborated by genomic analysis of other 
K. pneumoniae clinical isolates in our collection, given 
that isolates showing higher FDC MICs also carried 
the fec gene cluster.
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Figure 6. Phylogenetic analysis based on core-genome alignments of 468 Klebsiella pneumoniae ST101 isolates in a study of 
cefiderocol resistance conferred by plasmid-located ferric citrate transport system in K. pneumoniae carbapenemase–producing K. 
pneumoniae. The trees are midpoint rooted, and the scale bar represents the number of substitutions per site. The presence of the fec 
operon is indicated in red; blaKPC, blaVIM, and blaNDM genes in black; and the FIB(K) replicon in orange. Yellow shading indicates genomes 
sequenced in this study or our previous studies (Appendix 1 Table 1, https://wwwnc.cdc.gov/EID/article/31/1/24-1426-App1.pdf). The 
best-fit model was selected by ModelFinder (34). The trees were visualized with Microreact (https://microreact.org) and adjusted by 
using the InkScape software (https://www.inkscape.org). ST, sequence type.
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With regard to the simplified E. coli K-12 labora-
tory strain model, we speculate that iron imported 
via the plasmid-encoded FEC system is sufficient to 
downregulate the expression of Fiu, CirA, FepA and 
FhuA iron transporters that also mediate FDC import 
(37,41,42). High intracellular iron levels activate the 
ferric uptake regulator protein, causing general re-
pression of TonB-dependent transporters (43).

A recent study reported correlation of FDC resis-
tance with a fec gene cluster, originating from E. coli, 
located on an IncC plasmid in VIM-1–producing En-
terobacterales (44). Our findings extend that observa-
tion, demonstrating the effect of the widely diffused 
plasmid-mediated fec gene cluster in globally spread 
K. pneumoniae KPC-carbapenemase producers. In our 
model, the combination of 2 plasmids (e.g., pKPN and 
pKpQIL) resulted in reduced susceptibility to FDC. 
pKpQIL is one of the most diffused plasmids carrying 
blaKPC gene variants. pKPN is a plasmid that seems to 
be restricted to K. pneumoniae and was initially recog-
nized as a vehicle of the fec gene cluster in ST307 (30). 

We show that the fec gene cluster is present in many 
K. pneumoniae strains, including those isolated before 
introduction of FDC in clinical therapy.

Our most relevant evidence is that FDC resis-
tance can be driven by genetic determinants located 
on plasmids, the success and spread of which oc-
curred independently from the introduction of FDC 
for therapy. In the future, FDC may act as a positive 
selector for plasmids carrying the fec genes, for which 
prevalence can be expected to increase.

The results obtained in the E. coli experimental 
model should not allow extrapolation or prediction 
about the clinical efficacy of FDC in treating infections 
sustained by fec-positive K. pneumoniae. However, our 
study sets the background for future clinical studies 
aimed at testing the therapeutic efficacy of FDC in 
infections caused by K. pneumoniae carrying different 
combinations of plasmid-encoded carbapenemases 
and iron-uptake systems.

During infection, bacteria are faced with the low 
iron availability imposed by the iron-withholding 
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Figure 7. Phylogenetic analysis based on core-genome alignments of 1,516 Klebsiella pneumoniae ST307 isolates in a study of 
cefiderocol resistance conferred by plasmid-located ferric citrate transport system in K. pneumoniae carbapenemase–producing K. 
pneumoniae. The trees are midpoint rooted, and the scale bar represents the number of substitutions per site. The presence of the fec 
operon is indicated in red; blaKPC, blaVIM, and blaNDM genes in black; and the FIB(K) replicon in orange. Yellow shading indicates genomes 
sequenced in this study or our previous studies (Appendix 1 Table 1, https://wwwnc.cdc.gov/EID/article/31/1/24-1426-App1.pdf). The 
best-fit model was selected by ModelFinder (http://www.iqtree.org/ModelFinder). The trees were visualized with Microreact (https://
microreact.org) and adjusted by using the InkScape software (https://www.inkscape.org). ST, sequence type.
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aresponse of the host (45) and must therefore express 
their iron uptake systems for successful tissue inva-
sion and systemic spread (46). Citrate concentrations 
in biological fluids (≈100 μM in blood) (47) are high 
enough to activate the fec gene cluster; accordingly, 
selective expression of the FEC system has been doc-
umented to contribute to in vivo fitness of E. coli in 
human and animal infection (48–50). Moreover, the 
introduction of the CZA combination has contributed 
to selecting K. pneumoniae clinical strains that produce 
CZA-resistant KPC variants, such as KPC-31, charac-
terized by very efficient cephalosporinase activity on 
the cephalosporin moiety of FDC (38).

Our novel finding is that the combination of a 
CZA-resistant KPC variant with the FEC system in K. 
pneumoniae may substantially increase the FDC MICs. 
Thus, the Trojan horse approach is a smart and effec-
tive strategy for delivering an antimicrobial drug to 
its target(s), but K. pneumoniae is equipped with plas-
mids that could help escape that trap.
Whole-genome sequences from this study have been  
submitted to the National Center for Biotechnology  
Information under BioProject nos. PRJNA1139702 and 
PRJNA1139719, and complete plasmid sequences  
mentioned in the text are under the following GenBank 
accession nos.: pKpQIL_PL1, accession no. CP168113;  
pKpQIL_PL3, accession no. CP168102; pKpQIL_PL4,  
accession no. PQ085643; pKpQIl-pKPN_PL2, accession no. 
CP168107; plasmid 3-pKpQIL, accession no. ON002623.2; 
plasmid 42B-pKpQIL, accession no. MT809701; plasmid 
17B-pKpQIL, accession no. MT809697; plasmid 1021-pK-
pQIL, accession no. CP100309; plasmid R69c, accession no. 
PQ130559; and plasmid R69c FEC, accession no. PQ085644.
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The global panzootic of highly pathogenic avian in-
fluenza (HPAI) A(H5N1) clade 2.3.4.4b is affecting 

wild and domestic birds and mammals worldwide (1). 
This viral clade emerged after decades of evolution of 
goose/Guangdong (gs/Gd) lineage HPAI H5N1 vi-
ruses, first detected in geese in China in 1996 (2). Al-
though clade 2.3.4.4b is globally dominant, a diversity 
of HPAI H5N1 clades are present in poultry in Asia 
today. Since 2005, >900 zoonotic infections have been 
recorded, primarily caused by contact with infected 
poultry (3); no evidence exists of human-to-human 
transmission. Reflecting the diversity of gs/Gd clades 
in Asia, human infections in Asia have been caused by 
a variety of clades. For example, Cambodia recorded 11 
human infections caused by HPAI H5N1 clade 2.3.2.1c 
in the past 2 years, and China recorded 91 human in-
fections caused by HPAI H5N6 and 2 cases caused by 
clade 2.3.4.4b H5N1 since 2014, many of them fatal.

Clade 2.3.2.1a continues to be detected in South 
Asia, particularly in India and Bangladesh. However, 

human infections have been rare; to our knowledge, 
only 2 cases have been reported (4,5). In recent years, 
several poultry outbreaks of H5N1 have occurred in 
India (6), raising concerns about the spread and evo-
lution of clade 2.3.2.1a HPAI H5N1 viruses. We de-
scribe HPAI H5N1 clade 2.3.2.1a infection in a trav-
eler returning to Australia from India.

The Study
A previously healthy 2.5-year-old girl returned to 
Melbourne, Victoria, Australia, after visiting Kolkata, 
India, during February 12–29, 2024. The child became 
ill in India; her family sought medical care on Febru-
ary 28. After returning to Australia, she was hospital-
ized on March 2, then transferred with severe influ-
enza on March 4 and admitted to intensive care with 
respiratory failure requiring mechanical ventilation. 
Influenza A virus was detected by PCR, but no sub-
typing was performed. A 5-day course of oseltamivir 
was administered beginning on day 3 after admis-
sion; she recovered fully and was discharged after 2.5 
weeks. No clinical illness was apparent in other family 
members, and no samples were taken or tested (7,8).

A nasopharyngeal swab sample taken 2 days af-
ter admission and an endotracheal aspirate sample 
taken 3 days after admission were sent to the World 
Health Organization Collaborating Centre for Refer-
ence and Research on Influenza in Melbourne, fol-
lowed by other routine influenza samples a month 
later. We identified H5N1 virus, designated as A/
Victoria/149/2024(H5N1) (GISAID accession no. 
EPI_ISL_19156871; https://www.gisaid.org), by rou-
tine next-generation sequencing. In brief, we amplified 
influenza A genomes with Uni12/Inf-1 and Uni13/
Inf-3 primers (9). We used PCR amplicons for Nano-
pore library preparation with rapid ONT barcoding  
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kit (Oxford Nanopore Technologies, https://nano-
poretech.com), loaded them into a standard flow cell, 
and sequenced them (MinION Mk1b for 8 hours). We 
analyzed sequence data using the IRMA pipeline (10). 
A multiple basic amino acid cleavage site motif in the 
hemagglutinin (HA) gene (PQKERRRKR*G) indicat-
ed the virus was an HPAI. 

Phylogenetic analysis showed A/
Victoria/149/2024(H5N1) was a reassortant virus 
(Figure 1; Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/31/1/24-1210-App1.pdf). Four seg-
ments (HA, neuraminidase [NA], nucleoprotein, and 
nonstructural) were most similar to clade 2.3.2.1a 
viruses circulating in Bangladesh (Appendix Table). 
Two human cases of clade 2.3.2.1 were previously re-
ported, 1 in India in 2021 (A/India/SARI14571) (4) 
and 1 in Nepal in 2019 (A/Nepal/19FL1997/2019) 
(5); those isolates shared basal lineages in their HA 
genes, indicating a common source. Further analy-
sis of the A/Victoria/149/2024 HA sequence on a 
maximum-clade credibility tree demonstrated that 
the virus diverged from the most closely related clade 
2.3.2.1a HA sequences in GISAID in June 2020 (95% 
highest posterior density December 2019–January 
2021) (Appendix Figure 2). The matrix segment was 
similar to HPAI H5N1 clade 2.3.4.4b viruses, which 
continue to cause a global panzootic and have been 
detected in birds in Asia. The polymerase basic 2 
(PB2), polymerase basic 1 (PB1), and polymerase 

acidic (PA) segments clustered with recent clade 
2.3.4.4b low pathogenicity avian influenza viruses de-
tected in wild birds and poultry in Asia since 2020, 
suggesting that clade 2.3.4.4b viruses likely served as 
intermediaries in transferring low pathogenicity avi-
an influenza internal genes to the clade 2.3.2.1a virus 
we report, a genotype previously unreported in poul-
try or humans in South Asia. A few minor variants or 
polymorphisms were detected in PB2 and PB1 genes, 
which had no known associations (PB2, C196Y [18%], 
V344M [11%], M631L [16%]; PB1, L598P [16%]).

During 2020–2024, only 322 H5 isolates were re-
ported from South Asia (India, Pakistan, and Bangla-
desh) in GISAID; most arose from Bangladesh (n = 314) 
(Figure 2). Limited H5 data from India (2 sequences), 
combined with lack of information on patient expo-
sure, makes contextualizing and determining whether 
the virus identified in this patient is representative of 
circulating H5 viruses in South Asia challenging.

We used FluSurver (https://gisaid.org/database-
features/flusurver-mutations-app) to analyze the HA, 
PA, and NA segments for mammalian adaptation, 
virulence, and antiviral susceptibility. The HA se-
quence of the 220-loop receptor-binding site retained 
avian-like amino acids Q222 and G224, indicating re-
tention of preferential binding to avian α2–3, and not 
the mammalian α2–6, sialic acid receptors. The virus 
contained no markers for mammalian adaptation or 
pathogenicity; avian-like PB2, E627, and D701 amino 
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Figure 1. Evolutionary origins of isolate A/Victoria/149/2024(H5N1) (red circles and bold text) in study of influenza A(H5N1) virus clade 
2.3.2.1a in traveler returning to Australia from India, 2024. A) Reassortant origins of A/Victoria/149/2024 based on analysis of each 
segment; detailed phylogenies for all segments are provided in Appendix Figure 1 (https://wwwnc.cdc.gov/EID/article/31/1/24-1210-
App1.pdf). B–D) Maximum-likelihood trees for HA (B), PB2 (C), and M (D) genes with a sample of BLAST-matched sequences (https://
blast.ncbi.nlm.nih.gov). Bootstrap values >90% for key nodes are shown. Scale bars indicate number of nucleotide substitutions per site 
for each gene. HA, hemagglutinin; LPAI, low pathogenicity avian influenza; M, matrix protein; NP, nucleoprotein; NS, nonstructural; PA, 
polymerase acidic; PB1, polymerase basic 1; PB2, polymerase basic 2. 

https://nanoporetech.com
https://nanoporetech.com
https://wwwnc.cdc.gov/EID/article/31/1/24-1210-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/1/24-1210-App1.pdf
https://gisaid.org/database-features/flusurver-mutations-app
https://gisaid.org/database-features/flusurver-mutations-app
http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/31/1/24-1210-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/1/24-1210-App1.pdf
https://blast.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov


Influenza A(H5N1) Virus in Traveler

acids were retained, indicating no host adaptation or 
additional virulence markers (11). Those results mir-
ror the features of the 2021 H5N1 human case in In-
dia (Figure 1, panel A) (4), including the multiple ba-
sic amino acid cleavage site with only 1 change (HA 
R323K); both cases lacked classic mammalian adapta-
tions. The NA was most closely related to A/chicken/
Bangladesh/18-B-569/2022 using BLAST (https://
blast.ncbi.nlm.nih.gov) of the GISAID database, with 
98% identity (Appendix Table). Interrogation of the 
NA and PA sequences indicated the virus would be 
susceptible to oseltamivir and baloxavir marboxil.

Conclusions
This report of a human HPAI H5N1 case in a traveler 
returning from India highlights several issues. First, 
clinicians should be vigilant for serious influenza A 
cases in returned travelers from regions with circu-
lating avian influenza viruses; subtyping is essential 
for such cases of influenza A to eliminate nonseasonal 
influenza infections. This step is crucial for early anti-
viral treatment, especially for the H5N1 and H5N6 vi-
ruses currently circulating in South/Southeast Asia, 
which can be serious or even fatal. 

Second, although global attention is focused 
on the panzootic clade 2.3.4.4b viruses, a relatively 

small number of human infections (<100) have been 
recorded, and few have been serious. This contrasts 
with ≈100 human cases of clade 2.3.4.4 H5N6 viruses 
in China and clade 2.3.2.1c H5N1 in Cambodia, which 
caused many deaths. 

Third, this case highlights the lack of H5N1 
data from India. Clade 2.3.2.1a human infections 
in India and Nepal coincided with circulation in 
poultry and wild birds in Bangladesh (12). The fa-
tal case in New Delhi in 2021, involving an 11-year-
old boy who had contact with poultry (although no 
infected birds were reported) (4), is consistent with 
the genome reported here and genetically similar 
to H5N1 viruses present in Bangladesh. However, 
the patient in this study had no confirmed contact 
with poultry or raw poultry products; hence, the 
mode and route of infection cannot be determined. 
However, H5N1 was reported in 2023 and 2024 in 
Ranchi, India, 400 km from Kolkata (13,14). Since 
2020, only 2 H5N1 sequences from India have been 
reported, compared with 314 H5N1 sequences from 
Bangladesh (197 in clade 2.3.2.1a) (Figure 2). Fur-
thermore, the most recent common ancestor to A/
Victoria/149/2024(H5N1) occurred almost 4 years 
before, highlighting the need for more sequence 
data from this region (Appendix Figure 2).
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Figure 2. Numbers and diversity 
of highly pathogenic avian 
influenza A(H5Nx) virus isolates 
reported in South and East Asia 
in GISAID (https://www.gisaid.
org) during January 1, 2020–July 
29, 2024. Pie charts for India 
and Bangladesh, the only 2 
countries in which clade 2.3.2.1a 
hemagglutinin sequences 
(light green, arrow) have been 
deposited into GISAID, have 
been enlarged.
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The complex reassortment origins of A/
Victoria/149/2024(H5N1) show that clade 2.3.4.4.b 
viruses disseminated globally through wild birds 
might be transforming the genetic structure of other 
H5N1 clades endemic in poultry. Although HPAI 
H5N1 clade 2.3.4.4b viruses continue to be the focus 
of global attention, persistent HPAI H5Nx infections 
in Asia should not be overlooked.
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Crimean-Congo hemorrhagic fever (CCHF) is a po-
tentially severe or fatal disease caused by CCHF 

virus (CCHFV; species Orthonairovirus haemorrhagiae), 
a tickborne virus of the family Nairoviridae, order Bu-
nyavirales. CCHF has a broad geographic distribution 
that includes Africa, Asia, the Middle East, and some 
eastern and southern European countries (1). In Spain, 
the first cases were reported in 2016 in the province 
of Ávila, Castilla-León region (2). To date, a total of 
17 confirmed cases have been documented in Spain, 
including 4 cases reported in 2024; the province of 
Salamanca reported 1 case in April, Toledo reported 
1 case in July, Córdoba (unconfirmed but most likely) 
reported 1 case in July, and Cáceres reported 1 case in 
August (3). In Portugal, antibodies to CCHFV were 
first detected in 2 human serum samples in 1985. Of 
the 2 patients, 1 showed clinical signs and symptoms 
compatible with CCHF (4). Since 1985, CCHFV has 
not been detected in ticks or humans, although sev-
eral studies have been conducted on ticks. Beginning 
in 2020, surveillance has been conducted within the 
national vector surveillance network, which system-
atically collects ticks throughout the country (5).

CCHFV is maintained by both vertical and hori-
zontal transmission cycles involving ticks, mostly 
of the genus Hyalomma, and various species of wild 
and domestic mammals and birds that develop tran-
sient viremia without showing signs of disease (6). 
Human infection occurs through tick bites (or expo-
sure to arthropod fluids) or direct contact with the 
secretions, fluids, or tissues of viremic animals and 
humans, especially in the absence of appropriate 
protective measures (7,8). Although nosocomial in-
fections and outbreaks have been reported, the risk 
of acquiring CCHFV from exposure to infected bio-
logic fluids appears to be lower than for other hem-
orrhagic viruses, such as Ebola (9). Asymptomatic 
CCHFV infections are thought to be common and 
may account for up to 90% of cases in hyperendem-
ic areas (10). However, CCHFV can cause a severe 
or fatal clinical course; mortality rates have ranged 
from 3% to 40% (6,11). In this article, we report a 
clinically documented case of autochthonous CCHF 
in Portugal with a fatal outcome.

The Case
On July 12, 2024, an 83-year-old man was admitted to 
Bragança Public Hospital (Bragança, Portugal) with 
complaints of fever (39.5°C) and myalgia. The patient 
reported removing a tick on July 10 (Table 1) from the 
periumbilical region 1 day before the onset of symp-
toms on July 11. He lived in the district of Bragança, in 
a rural environment, and mentioned participation in 
outdoor social events and activities from June 29–July 
7; he had no history of international travel (Figure 1). 
We made a presumptive diagnosis of Mediterranean 
spotted fever (MSF), and initiated treatment with 
doxycycline (200 mg/d) before discharge. However, 
on July 16, day 6 of symptoms, the patient was read-
mitted with gastrointestinal symptoms (nausea, vom-
iting, diarrhea) and persistent myalgia and fever. On 
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We report a fatal case of Crimean-Congo hemorrhagic 
fever in Portugal. An 83-year-old man, initially suspected 
of having Mediterranean spotted fever, was later con-
firmed to have Crimean-Congo hemorrhagic fever by the 
detection of viral genome in the patient’s serum and the 
presence of specific IgM antibodies.
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physical examination, his temperature was 38.5°C, 
heart rate 125 beats/min, respiratory rate 25 breaths/
min, and blood pressure 90/56 mm Hg; and he had 
a small periumbilical eschar and a petechial rash on 
his legs. Laboratory testing revealed thrombocytope-
nia, prolonged activated partial thromboplastin time, 

hypofibrinogenemia, elevated transaminases, lym-
phopenia, and hepatocellular cytolysis (Table 2). His 
condition gradually worsened, and gingival bleeding 
and epistaxis required transfusion. We treated the pa-
tient symptomatically: correction of hypovolemia and 
electrolyte imbalance caused by gastrointestinal dis-
orders, correction of hemostasis (platelet transfusion 
and fibrinogen), and antimicrobial drug administra-
tion. On July 18, he was transferred to the intensive 
care unit because of multiple organ failure. We col-
lected a second serum specimen on July 19 that tested 
negative for various tickborne pathogens. However, 
the specimen was positive for IgG against Rickettsia 
by using Rickettsia conorii IFA Slide (BIOCELL Diag-
nostics, https://biocelldx.com), which indicated past 
exposure to a spotted fever group Rickettsia. The pa-
tient died on July 22 (Figure 2).

The case was reviewed at a regular hospital medi-
cal meeting because of the unclear cause of death. 
Because of the recent CCHF cases in the neighboring 
regions in Spain, a day 9 serum sample from the pa-
tient was sent to the reference laboratory of the Por-
tuguese National Institute of Health for CCHFV test-
ing and PCR for Rickettsia spp. by using the Genesig 
PCR Kit (Primerdesign Ltd, https://www.genesig.
com). The sample tested positive for CCHFV. We 
inactivated the sample in the Biosafety Level 3 facil-
ity by using the QIAamp Viral RNA Kit (QIAGEN,  
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Table 1. Epidemiologic and clinical data for patient in a fatal case of Crimean-Congo hemorrhagic fever, Portugal, 2024* 
Category Description 
Patient information and event timeline  
 Risk factors Subsistence farmer; animal contact (chicken and donkey); living in 

a rural area 
 Comorbidity Hypertension, hypercholesterolemia, and prostate hypertrophy 
 Event  
  Epidemiologic exposure Patient reports tick removal on Jul 10 
  Symptoms onset Fever and myalgia, Jul 11 
  Presumptive diagnosis Mediterranean spotted fever, Jul 12 
  Signs and symptoms Fever, myalgia, nausea, vomit, and diarrhea, Jul 16 

Petechiae, mild epistaxis, and gingival bleeding, Jul 18 
Test results 
 Imaging, Jul 18 Pleural effusion, lung widespread infiltrates, ascites, no 

hepatomegaly, or splenomegaly 
 Serum sample data, Jul 19 
  Real-time PCR  
   CCHFV commercial Ct 21.2 
   CCHFV in-house Ct 28.7 
   Rickettsia spp. Negative 
  Serology†  
   CCHFV-GPC IgM Negative (<16) 
   CCHFV-N IgM Pos itive(128) 
   CCHFV-GPC IgG Negative (<32) 
   CCHFV-N IgG Negative (<32) 
   SFGR IgM Negative (<32) 
   SFGR Rickettsia IgG Positive (128) 
*CCHFV, Crimean-Congo hemorrhagic fever virus; Ct, cycle threshold; GPC, glycoprotein; N, nucleoprotein; SFGR, spotted fever group Rickettsia.  
†Cutoff values: CCHFV IgM>16, CCHFV IgG>32, Rickettsia IgM>32, Rickettsia IgG>128. 

 

Figure 1. Regions of the Iberian Peninsula where human infections 
with Crimean-Congo hemorrhagic fever virus were reported. Red 
star indicates fatal case of Crimean-Congo hemorrhagic fever, 
Portugal, 2024; yellow triangle, the seropositive cases detected in 
the Beja district, Portugal, 1985. Blue numbered icons indicate the 
number of human cases reported in provinces in Spain since 2013 
(Salamanca, 7; León, 3; Ávila, 2; Badajoz, 1; Cáceres, 1; Córdoba, 
1; Madrid, 1; and Toledo, 1).
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https://www.qiagen.com), followed by extraction 
under Biosafety Level 2 conditions. We conducted 
molecular testing by using the RealStar CCHFV RT-
PCR Kit 1.0 (Altona Diagnostics, https://altona- 
diagnostics.com) and confirmed by using an in-house 
real-time reverse transcription PCR (RT-PCR) protocol 
(12). We purified a fragment (122 bp) from the small 
segment that was amplified by conventional RT-PCR 
by using the primers described previously (12) and 

conducted Sanger sequencing (GenBank accession no. 
PQ200212). Similarity searches within the GenBank 
dataset by using the BLAST algorithm (13) showed 
100% similarity to CCHFV genotype III strains cir-
culating in Spain (2014 and 2016) and Mauritania 
(1984). We tested for the presence of specific antibod-
ies against CCHFV by using the Crimean-Congo fever 
virus Mosaic 2 immunofluorescence assay (EUROIM-
MUN, https://www.euroimmun.com) for IgM and 
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Table 2. Laboratory data for patient in fatal case of Crimean-Congo hemorrhagic fever, Portugal, 2024* 
Category (reference limit range) D2 D6 D7 D8 D9 D10 D11 
Hemoglobin, g/dL (14.0–17.5) 12.9 11.6 10.5 11.6 10.6 9.4 8.8 
Leukocytes, 109 cells/L (4.4–11.3) 7.83 5.95 4.50 4.83 3.64 2.94 2.36 
 Neutrophils, 109 cells/L 7.44 4.22 3.11 3.10 2.82 2.29 1.82 
 Lymphocytes, 109 cells/L 0.24 1.49 1.22 1.56 0.71 0.57 0.50 
Platelet count, 109/L (150–450) 156 6 5 7 13 14 10 
C-reactive protein, mg/dL 0.15 3.44 1.95 1.57 0.75 0.66 1.03 
Prothrombin time, s (9.4–12.5) 11.5 11.2 11 10.9 12.7 14.1 15.1 
Activated partial thromboplastin time, s (25.1–36.5) 23.6 53.9 52.7 56.6 48.0 44.3 47.7 
Fibrinogen, mg/dL 275 NT NT 125 135 129 NT 
Aspartate aminotransferase, IU/L (<35) 31 545 549 1,259 7,547 7,644 8,330 
Alanine aminotransferase,e IU/L (<45) 19 141 149 370 2,272 2,471 2,659 
Total bilirubin, mg/dL (0.3–1.2) NT 0.81 0.93 1.49 2.57 3.92 5.34 
Creatine kinase, IU/L (<171) NT 372 NT 263 262 246 397 
Lactate dehydrogenase, IU/L (<248) 285 2,278 1,879 2,495 8,655 9,712 10,980 
Urine cultures NT Neg NT Neg NT NT NT 
Blood cultures Neg Neg NT Neg NT NT NT 
*CCHFV, Crimean-Congo hemorrhagic fever virus; D, day after symptom onset; Neg, negative; NT, not tested; Pos, positive.  

 

Figure 2. Timeline for fatal case of Crimean-Congo hemorrhagic fever, Portugal, 2024. Created using BioRender.com. CCHFV, 
Crimean-Congo hemorrhagic fever virus; ICU, intensive care unit; MSF, Mediterranean spotted fever; N, nucleoprotein; s.l., sensu lato; 
+, positive; –, negative.
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IgG against the glycoprotein (GPC–glycoprotein pre-
cursor) and nucleoprotein antigens. The patient’s serum 
was positive for the IgM nucleoprotein-specific antigen 
at 128 titers (cutoff for positivity >16) (Figure 2).

We describe an autochthonous case of CCHF 
in Portugal in a deceased patient infected by a tick 
bite. The patient resided in Bragança, a district with 
a high incidence of MSF, and was initially misdi-
agnosed as having MSF because of overlapping 
epidemiologic, clinical, and laboratory features 
with CCHF (2,14). At admission on July 11, the pa-
tient showed no signs of severe illness. Of conse-
quence, doxycycline, the standard antimicrobial for 
MSF, was administered, and the patient was then 
discharged. Of note, the patient had not traveled 
outside the district in the 2 weeks before symptom 
onset. Although CCHFV circulation has long been 
recognized in Portugal (4) and routine surveillance 
by RT-PCR is performed on Hyalomma spp. ticks 
collected throughout the country (5), the virus had 
not previously been detected by RT-PCR. All risk 
factors considered for CCHF infection in Portugal 
are similar to those known in Spain, including a fa-
vorable climate, the widespread presence of a tick 
vector, the country’s geographic location along the 
migratory route of birds from CCHFV endemic ar-
eas, and proximity to Africa (15).

Conclusions
This case highlights the public health threat posed by 
CCHFV in Portugal, particularly because of the wide-
spread distribution of Hyalomma ticks in the country. 
Increased vector surveillance and studies with more 
tick samples from ungulates, especially red deer, as 
well as serosurveys in wildlife and humans are ur-
gently needed. Public awareness campaigns should 
focus on preventative behaviors for avoiding tick 
exposure, especially among outdoor enthusiasts and 
professionals in nature-related activities.

Although attention to CCHF is most often drawn 
by severe cases, the clinical manifestations might 
be mild and could go unnoticed by clinicians. This 
case emphasizes the importance of including CCHF 
in the differential diagnosis list of MSF. Because of 
the high biologic risk of CCHFV transmission and 
the biosafety conditions required for its handling, 
prompt risk assessment is critical for rapid diagnosis 
of suspected cases.
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Mpox is a zoonotic disease caused by the mon-
keypox virus (MPXV), 1 of the 4 orthopoxvi-

rus species that are pathogenic to humans; others 
include variola virus (the causative agent of small-
pox), cowpox virus, and vaccinia virus (1). MPXV 
was initially discovered in monkeys in a Denmark 
laboratory in 1958 (2). Human mpox was identified 
in 1970 in the Democratic Republic of the Congo 
(DRC) and is endemic to west and central Africa 
(3). Human-to-human transmission mostly oc-
curs through close contact with infected persons 
through direct contact with skin lesions, respiratory 
droplets, contaminated fomites, and sexual contact 
(4). MPXV consists of 2 clades that are subdivided 
into sublineages: clade I (formerly the Central Af-
rican or Congo Basin clade) and clade II (formerly 
the West African clade) (5). Clades I and II show 
≈0.5% genomic sequence difference (5). Clade Ib, a 

sublineage of clade I, has been associated with re-
cent mpox outbreaks in the DRC and causes more 
severe disease than clade II (6).

The Africa Centres for Disease Control and Pre-
vention and the World Health Organization have 
declared mpox a Public Health Emergency of Con-
tinental Security and of International Concern (7,8). 
Since early May 2022, cases of mpox have been re-
ported in countries where the disease is not endemic 
(9). In Africa, Burundi, Cameroon, Central African 
Republic, Congo, Cote d’Ivoire, DRC, Kenya, Li-
beria, Nigeria, Rwanda, South Africa, and Uganda 
have reported new cases in 2024. In light of ongo-
ing MPXV transmission and an increasing number 
of cases reported in DRC (9), we heightened surveil-
lance for MPXV infections at the Uganda Virus Re-
search Institute (UVRI) sentinel surveillance site in 
Bwera, Kasese District, and at the Mpondwe border 
point-of-entry in western Uganda. The rationale was 
to enhance MPXV surveillance through a deliberate 
and targeted approach to mitigate public health risk 
for cross-border spillover in areas bordering DRC 
and Uganda. The study was done as part of the Vi-
ral Pathogen Surveillance and Discovery study ap-
proved by the UVRI Research Ethics Committee (ref. 
no. GC/127/908) and the Uganda National Council 
of Science and Technology (ref. no. HS2543ES).

The Study
We set up an observatory at Bwera Hospital, a large 
health facility serving communities in Uganda and 
the neighboring DRC (Figure 1). Furthermore, we 
trained health screening teams at the Mpondwe bor-
der (Figure 1) in case definition and sample collec-
tion. We performed community sensitization to help 
identify and report suspected cases to strengthen pre-
paredness and response.

During late June–July 2024, we identified 6 sus-
pected mpox cases; patients had signs and symptoms 
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Mpox is a zoonotic disease caused by the monkeypox 
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logenetic analysis revealed clustering with other clade 
Ib sequences associated with recent outbreaks in the 
Democratic Republic of the Congo.
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such as skin rash, lymphadenopathy, general malaise, 
and fever. We collected lesion swab samples in viral 
transport media and obtained whole-blood speci-
mens from suspected case-patients. Lesion swabs 
and blood samples were collected from 3 clinically 
suspected persons (6 specimens); for the other 3 per-
sons, only swabs were collected, for a total of 9 speci-
mens (Table). Samples were transported to UVRI 
laboratories under cold chain for testing. Skin lesion 
swab samples are the recommended sample type for 

laboratory confirmation of MPXV by nucleic acid  
amplification-based methods. We performed real-time 
MPXV-specific PCR using Creative-Biogene (https://
www.creative-biogene.com) and Roche LightMix 
Modular (https://www.roche.com) PCR tests on the 
QuantStudio 7 Real-Time PCR system (Thermo Fisher 
Scientific, https://www.thermofisher.com).

Samples collected from 2 of 6 clinically suspected 
patients tested positive for MPXV by PCR; in 1 pa-
tient, 2 swab specimens tested positive on both tests, 
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Figure 1. Geography of sampling 
sites in study of human monkeypox 
virus infections, Uganda, 2024. 
Larger map shows sampling sites 
of Bwera and Mpondwe Lhubiriha 
in Kasese District. Inset map 
shows location of Kasese District in 
western Uganda. 

 
Table. Summary of PCR and genotyping results in study of human MPXV infections, Uganda, 2024* 

Case 
no. Age/sex 

Sample 
type 

Date of sample 
reception at the 

laboratory Date of qPCR 

PCR mpox 

Date of 
NGS 

UVRI 
Metagenomics  

Dragen 
Microbial 

Enrichment 
Plus  Roche 

Creative 
Biogene 

1 37 y/F Blood 2024 Jul 20 2024 Jul 21 ND ND  ND ND 
Swab 2024 Jul 20 2024 Jul 21 Positive 

(Ct 18.29) 
Positive 

(Ct 21.18) 
2024 Jul 22 MPXV MPXV 

2 22 y/F Blood 2024 Jul 20 2024 Jul 21 ND ND ND ND ND 
Swab 2024 Jul 20 2024 Jul 21 Positive 

(Ct 35.4) 
Negative 2024 Jul 22 MPXV MPXV 

3 1 y/F Blood 2024 Jul 20 2024 Jul 21 ND ND ND ND ND 
Swab 2024 Jul 20 2024 Jul 21 Negative Negative ND ND ND 

4 11 mo/M Swab 2024 Jul 20 2024 Jul 21 Negative Negative ND ND ND 
5 35 y/F Swab 2024 Jul 20 2024 Jul 21 Negative Negative ND ND ND 
6 Unknown/F Swab 2024 Jul 20 2024 Jul 21 Negative Negative ND ND ND 
*Case definitions: Clinical criteria for a suspected case are new characteristic rash on the skin, ano-genital or elsewhere on the body, which may include 
single or multiple lesions or meets one of the epidemiologic criteria and has a high clinical suspicion for mpox. Criteria for probably case: no suspicion of 
other recent Orthopoxvirus exposure and demonstration of the presence of Orthopoxvirus DNA by PCR of a clinical specimen. Laboratory criteria: 
detection of MPXV-specific DNA sequences by PCR and /or sequencing of a clinical specimen. Epidemiologic criteria: >1 of the following epidemiologic 
links in the last 21 d before symptom onset: reports having contact with a person or persons with a similar appearing rash or who received a diagnosis of 
confirmed or probable mpox or traveled outside Uganda to a country with confirmed cases of mpox or where MPXV is endemic like the Democratic 
Republic of Congo or had close or intimate in-person contact with persons in a social network currently experiencing MPXV activity. Ct, cycle threshold; 
MPXV, monkeypox virus; NGS, next-generation sequencing; ND, not done; qPCR, quantitative PCR. 
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and in the other patient, a swab specimen tested pos-
itive on 1 test (Table). One MPXV-positive patient 
was a 37-year-old female market vendor and saloon 
owner who was married to a man from DRC and 
resided in Mpondwe Lhubiriha, Kasese District. She 
traveled frequently to DRC. The patient had swollen 
lymph nodes and a skin rash that included nonpru-
ritic generalized papular-vesicular skin eruptions; 
the rash initially involved the hands but rapidly 
spread to the rest of the body by day 2 of onset. On-
set of symptoms was July 8, 2024, and she visited 
Bwera Hospital on July 15. The other positive case 
was in a 22-year-old pregnant woman from DRC 
who resided in Kamukumbi Village and sought an-
tenatal care at Bwera Hospital. She worked as a hair-
dresser in Bwera. Symptoms began on July 11 with 
the sudden onset of pruritic small vesicular erup-
tions on her skin, which initially involved her hands 
but spread rapidly to the rest of the body by day 2 
of onset. Symptoms resolved within 4 days of on-
set, and her baby was delivered by caesarean on July 
18. She had been exposed to persons with skin rash 
in her work and to sick poultry but had no recent 
travel history to the DRC. She also experienced mild 
fever and lymphadenopathy and had sought care at 

Bwera Hospital on July 14, where a sample was col-
lected and tested for MPXV. The patient tested posi-
tive for MPXV on the Roche PCR but negative on the 
Creative-Biogene PCR (Table). Both real-time PCRs 
are developed to detect MPXV clade 1b strains. The 
other 4 patients tested negative for MPXV on both 
assays. For positive samples, we performed target 
enrichment next-generation sequencing using the 
Viral Surveillance Panel on the MiSeq platform (Il-
lumina, https://www.illumina.com). We analyzed 
deep sequence reads using UVRI in-house metage-
nomics analysis (https://github.com/UVRI-BCB/
Metagenomics) and DRAGEN Microbial Enrichment 
Plus (Illumina). High-quality MPXV genomic reads 
were generated in both samples with >95% genome 
coverage (99.4% for case 1 and 96.7% for case 2 rela-
tive to GenBank accession no. NC_003310.1) (Table).

We further characterized the viruses as belong-
ing to clade Ib (Figure 2), associated with recent 
MPXV outbreaks in DRC. Phylogenetic analysis 
demonstrated that MPXV sequences sampled from 
Bwera were closely genetically related to other clade 
Ib sequences from DRC. Findings suggest that the 
MPXV sequences detected in this report are similar 
to those associated with the South Kivu outbreak (6).  
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Figure 2. Phylogenetic tree 
showing clade analysis in 
study of human monkeypox 
virus infection, Uganda, 2024. 
Maximum-likelihood tree was 
generated using IQ-TREE 
(https://www.iqtree.org) with 
1,000 bootstrap resampling. The 
monkeypox virus sequences 
from Uganda (Case1_UG and 
Case2_UG) clustered with 
other clade Ib viruses from the 
Democratic Republic of the 
Congo (red text). Scale bar 
indicates number of nucleotide 
substitutions per site.
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Mutation analysis showed that the most mutated 
genes were OPG164, OPG210, OPG015, and OPG015_
dup but also included a D14L (OPG032) gene dele-
tion (Appendix, https://wwwnc.cdc.gov/EID/
article/31/1/24-1269-App1.pdf). We deposited the 2 
MPXV sequences from Uganda were deposited in the 
GISAID public database (https://www.gisaid.org; 
under EpiPox; accession nos. EPI_ISL_19305614 and 
EPI_ISL_19305615). 

PCR is currently the laboratory standard for di-
agnosing MPXV infection (10). Although no viral 
load results were available for the 2 cases in Ugan-
da, the cycle threshold value for case-patient 2 (who 
tested positive by 1 PCR) was 35.4. The number of 
MPXV sequence reads generated by NGS for case-
patient 2 (≈6,000) was comparatively lower than 
those for case-patient 1 (≈12,000), who tested posi-
tive on both assays. This finding could have resulted 
from low-level viremia in the case-patient 2 sample, 
which correlated with a higher cycle threshold val-
ue, depicting a lower concentration of viral genetic 
material (11). In addition to viral loads, differences 
in detection could be related to the primer target re-
gions of the virus; the Roche assay targets conserved 
regions but target regions for the Creative Biogene 
assay are not disclosed.

Conclusions
Laboratory testing by PCR and genomic sequenc-
ing confirmed the presence of MPXV in 2 patient 
samples collected from Bwera, western Uganda, as-
sociated with outbreaks in DRC. Mpox is no longer 
a rare disease limited to only endemic countries. Ke-
nya reported its index case in July 2024 from a long- 
distance trucker who traveled from Uganda (S.K. Lan-
gat et al., unpub. data, https://www.biorxiv.org/
content/10.1101/2024.08.20.608891v1). In Uganda,  
surveillance and response is ongoing in Bwera and 
at sites across the country to identify transmission 
chains and implement control and prevention mea-
sures. Efforts are underway to conduct serosurveys 
to estimate MPXV prevalence and acquire vaccines. 
Genomic surveillance is critical to monitor MPXV 
variants to foster improvements in diagnostics, vac-
cines, and patient management. 
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In 2015, the zoonotic potential of group B Streptococ-
cus (GBS) sequence type (ST) 283 was highlighted in 

the Singapore outbreak of bacteremia cases associated 
with consumption of raw freshwater fish, which led to 
the ban of raw freshwater fish in all ready-to-eat raw 
fish dishes in Singapore (1,2). ST283 was found not only 
among patients with GBS bacteremia in Southeast Asia 
but also associated with aquaculture (2–4). ST283 was 
first noted to cause infection in humans in the mid-
1990s and its invasiveness was described in meningitis 
and bacteremia cases in 2000 and 2006 respectively (5,6) 

Since then, outbreaks among humans in Singapore and 
among freshwater fish species in Southeast Asia and 
Brazil have been noted (3,4,7,8). During September–Oc-
tober 2021, a surge of ST283 invasive GBS (iGBS) disease 
among nonpregnant adults was reported in public hos-
pitals in Hong Kong, China, in response to which the 
Centre for Health Protection (CHP) issued a special bul-
letin on the investigation and heightened surveillance of 
the group B Streptococcus invasive disease (9). Because 
consumption of raw freshwater fish is prohibited in 
Hong Kong, other potential sources or transmission 
routes of the strain were investigated. We report the 
molecular epidemiology of GBS ST283 and the clinical 
characteristics of infections during that period.

The Study
During September 2–November 6 (weeks 35–44) in 
2021, a total of 95 cases of iGBS infections were re-
ported from 17 public hospitals across Hong Kong. 
GBS isolates were characterized by whole-genome 
sequencing. In addition, 11 GBS strains were isolated 
from fish and environmental samples collected from 
wet markets at week 39. Clinical and laboratory data 
retrieval were approved by the Central Institutional 
Review Board of the Hospital Authority (reference 
no. CIRB2022-056-5) and the Joint New Territories 
East Cluster–Chinese University of Hong Kong Ethics 
Committee (reference no. CREC2018.509).
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During September–October 2021, group B Streptococ-
cus bloodstream infections surged among patients hos-
pitalized in Hong Kong. Of 95 cases, 57 were caused by 
the hypervirulent strain sequence type 283, which at the 
time was also found in freshwater fish and wet market 
environments and thus poses a transmission threat.

http://www.cdc.gov/eid
https://doi.org/10.3201/eid3101.231627


DISPATCHES

We confirmed the identity of GBS isolates by 
using matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (Bruker Daltonics, 
https://www.bruker.com) and extracted DNA by us-
ing the QIAGEN EZ1 Virus Mini Kit v2.0 (QIAGEN, 
https://www.qiagen.com) on the EZ1 Advanced XL 
platform according to the manufacturer’s protocol. 
We prepared libraries by using the Illumina Nextera 
XT DNA Library Preparation Kit (Illumina, https://
www.illumina.com) according to instructions and 
performed sequencing by using an Illumina sequenc-
er with an average of 60× coverage. The pipeline of 
genome assembly and matching of STs, antimicro-
bial resistance genes, and virulence factors have been 
previously described (10). We mapped assembled 
genomes to reference genome SG-M158 (GenBank ac-
cession no. CP021864) by using Snippy v4.6.0 (http://
github.com). For comparison, we included archived 
ST283 genomes CU_GBS_98, CU_GBS_08 from Hong 
Kong and SG-M1 from Singapore (GenBank acces-
sion nos. CP010875.1, CP010874.1, and CP012419.2). 
Variants were called by Freebayes v1.3.6 (https://
github.com/freebayes/freebayes), and sites of single- 
nucleotide polymorphisms (SNPs) were further ana-
lyzed. We identified recombination sites and filtered 
them by using Gubbins v3.1.0 (https://github.com/
nickjcroucher.gubbins) and generated a whole-ge-
nome SNP tree by using IQ-TREE v2.2.0.3 (https://
github.com/iqtree/iqtree2) and autoselected model 
(TVMe+ASC+R2). Branch support was provided by 
UFBoot with >1,000 iterations. Sequence data of the 
strains are available under National Center for Bio-
technology Information BioProject no. PRJNA999453.

The number of GBS bacteremia cases surged dur-
ing weeks 37–40, when 14–17 cases per week were  
reported (Figure 1), which was 4-fold higher than 
baseline in 2019. During weeks 36–43, a total of 57 

(60%) cases belonged to ST283, and the last case of 
ST283 infection was observed in week 43. The mean 
age for the overall iGBS cohort was 66.7 ± 17.8 years 
(range 1 month–96 years), and ST283 cases were lim-
ited to nonpregnant adults (age range 31–90 years, 
mean 66.2 ± 12 years) (Table). The male:female ratio 
was the same for patients in non-ST283 and ST283 
cohorts, and mortality rates were 7.9% (3/38) for pa-
tients with non-ST283 infection and 8.8% (5/57) for 
patients with ST283 infection. Joint infections with 
involvement of single or multiple joints was common 
in patients with ST283 infections (26.3%) (p = 0.02). 
We found no statistically significant difference in the 
number of comorbidities between cohorts with ST283 
and those with non-ST283 infection. During the study 
period, other STs found in patients with iGBS infec-
tion were ST1, ST17, ST890, and ST12. Among the 11 
nonhuman GBS isolates, 3 fish strains belonged to se-
rotype Ia ST7, and 8 were ST283. Both ST7 and 283 
have been associated with disease in fish (4,5,8,10), 
suggesting that they were present in food animals be-
fore harvest rather than contaminated after harvest. 

Antibiotic susceptibility testing following Clini-
cal Laboratory and Standards Institute guidelines 
indicated that all GBS strains were sensitive to peni-
cillin (11). Genome analysis showed that the ST283 
isolates had 0–1037 SNPs with an average distance of 
484 SNPs. Two clades of ST283 were depicted by the 
presence of the TetM gene (Figure 2, panel A). The 
main clade (cluster I), which consisted of 57 isolates 
(including 3 from fish, 4 from wet market environ-
ment, and 1 from tank water), had no antimicrobial 
resistant genes and clustered with SG-M1. Among the 
57 isolates, 33 (67%) of 49 were from patients who had 
a history of handling raw fish, and that cluster led to 
the upsurge of cases in hospitals. A minor clade of 
7 ST283 strains (cluster II) carried the tetM gene on 
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Figure 1. Invasive group B 
Streptococcus (GBS) infection 
incidence from September 2–
November 6 (weeks 35–44), 
2021, in 17 public hospitals across 
Hong Kong, China. The gray 
dotted line indicates the weekly 
mean number of invasive GBS 
infections for the same weeks in 
2019. *Environmental sampling 
for GBS occurred during week 39 
at local wet markets, and during 
week 40, a special bulletin was 
issued to raise public awareness 
of the upsurging cases. ST, 
sequence type.
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Tn916 and clustered with archived genomes (CU_
GBS_98 and CU_GBS_08) along with a ST739 strain (a 
single-locus variant of ST283 at the adhP gene). Com-
pared with the archived genomes and ST739, those 
strains also lacked lmb and scpB genes. Lmb encodes 
for laminin-binding protein and scpB for part of the 
pilus island for invasion to host epithelial cells. We 
compared the 2 clusters with 303 ST283 genomes 

from the National Center for Biotechnology Infor-
mation (Appendix 1, https://wwwnc.cdc.gov/EID/
article/31/1/23-1627-App1.xlsx). Cluster I was a sep-
arate clade from the Singapore outbreak and showed 
convergence to strains from Thailand (Appendix 
2, https://wwwnc.cdc.gov/EID/article/31/1/23-
1627-App2.pdf). Cluster II was also observed in spe-
cies of fish in Southeast Asia (4,5,8).
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Table. Characteristics of patients with group B Streptococcus infection during upsurge of cases in Hong Kong, September 2–
November 6 (weeks 35–44), 2021* 
Characteristic Total, n = 95 Non-ST283, n = 38 ST283, n = 57 p value† 

Age, y     
 Mean  SD 66.7  17.8 67.2  24.3 66.4  12 0.7 
 Range 0–96 0–96 31–90  
Age group 

 
   

 <65 39 13 26 0.19 
 >65 56 25 31  
Sex     
 M 50 20 30 0.58 
 F 45 18 27  
Length of hospital stay, d     
 Average 24.4 25.7 23.6 0.76 
 Range 1–202 1–202 1–100  
Median (IQR) C-reactive protein, mg/dL NA 7.2 (2.7–11.9) 18.3 (11.6–24.9) <0.001 
Median (IQR) Urea, mmol/L NA 7.45 (4.9–11.3) 6.7 (4.8–9.1) 0.03 
Death outcome during admission 8 3 5 1 
Specimen 

 
   

 Blood 93 38 55 0.5 
 Other‡ 2 0 2 NA 
Clinical diagnoses/symptoms§     
 Septicemia/sepsis 43 18 26 0.52 
 Joint infection 18 3 15 0.02 
 Skin infection 10 6 4 0.31 
 Meningitis 7 1 6 0.23 
 Urinary tract infection 7 5 2 0.31 
 Pneumonia 6 4 2 0.21 
Comorbidities§     
 Diabetes mellitus 11 5 6 0.75 
 History of any tumor/ cancer 7 5 2 0.11 
 Congestive heart failure 6 2 4 1 
 Myocardial infarction 3 1 2 1 
 Cerebrovascular disease 4 1 3 0.64 
 Moderate to severe renal disease 3 3 0 0.06 
 Peripheral vascular disease 2 0 2 0.51 
 Dementia 2 2 0 0.15 
 Moderate to severe liver disease 2 0 2 0.51 
 Comorbidity score >2 5 3 2 0.64 
Hospital cluster of cases     
 Hong Kong East 11 3 8 0.52 
 Kowloon Central 21 10 11 0.46 
 Kowloon East 17 6 11 0.79 
 Kowloon West 21 8 13 1 
 New Territories East 12 4 8 0.76 
 New Territories West 13 7 6 0.36 
ST 

 
   

 283 57 NA 57 NA 
 1 11 11 NA NA 
 17 4 4 NA NA 
 890 4 4 NA NA 
 12 3 3 NA NA 
 Other¶ 16 16 NA NA 
*Values are no. patients except as indicated. Boldface indicate significance. NA, not applicable; IQR, interquartile range; ST, sequence type. 
†p values were calculated by 2 test or t-test where appropriate. 
‡Includes cerebrospinal fluid, joint fluid, and tissue. 
§A patient can have multiple symptoms and comorbidities. 
¶STs isolated from <2 patients, including ST3, ST7, ST10, ST19, ST28, and ST654 (2 isolates/ST) and 1 each of ST24, ST27, ST452, and ST739. 
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Figure 2. Whole-genome single-nucleotide polymorphism tree of group B Streptococcus isolates from patients, freshwater fish, and 
wet market environment in Hong Kong, China. The tree was rooted at midpoint. Demographics (including the week of isolate collection, 
hospital cluster, and source of isolate) and molecular characteristics (including STs, presence of antimicrobial resistance genes and 
virulence genes) of the isolates are indicated in the legend on the left side of the figure. ST283 highlighted in pink under column ST. 
Visualization of the tree was performed by using iTOL (https://itol.embl.de). ST, sequence type.
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According to the Hong Kong Observatory, the 
mean ambient temperatures were 29.7°C in Sep-
tember and 26°C in October 2021. September was 
one of the hottest months of the year, which con-
curred with previous findings of higher prevalence 
rates of GBS isolation from food animals and iGBS 
disease caused by ST283 in patients during the 
summer, resulting from the high mean tempera-
ture (>28°C) (10,12). CHP issued a special bulletin 
with regard to the ST283 upsurge, when a history of 
handling raw fish was noted. Consumption of raw 
fish from dining outlets could be ruled out because 
selling raw freshwater fish sashimi had been pro-
hibited in Hong Kong for >30 years (9). Two of the 
case-patients were chefs, 1 of whom recalled hav-
ing a minor puncture wound while cleaning grass 
carp ≈1 week before hospital admission. Another 
case involved a part-time fishmonger. Zoonotic 
Streptococcus iniae infection after handling raw fish, 
especially by persons with a puncture wound, was 
previously noted in Hong Kong (13,14). Thus, con-
tact with raw fish may also be a transmission route 
for iGBS infection. The CHP introduced public 
health measures to enhance proper handling of raw  
fish and advised persons to thoroughly cook fresh-
water fish (9).

Conclusions
We report a cluster of invasive GBS ST283 infections 
in nonpregnant adults in the late summer of 2021 and 
found the same ST in freshwater fish and environ-
mental samples in wet markets of Hong Kong dur-
ing that period. Because selling raw freshwater fish 
sashimi is prohibited locally, the main association of 
the upsurge was contact with or improper handling 
of freshwater fish, highlighting the zoonotic poten-
tial of GBS ST283 transmission through contact with 
freshwater fish.
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Mammarenaviruses are notable zoonotic patho-
gens. Several mammarenaviruses, including 

Lassa virus, Lujo virus, Junin virus, Machupo vi-
rus, Guanarito virus, and Chapare virus, are caus-
ative agents of severe viral hemorrhagic fevers (1). 
Mammarenaviruses are enveloped single-stranded 
RNA viruses classified in the genus Mammarenavi-
rus within the family Arenaviridae, along with genera 
Antennavirus, Hartmanivirus, Innmovirus, and Rep-
tarenavirus (2). The viral genome consists of 2 single- 
stranded ambisense RNA molecules, a small (S) seg-
ment (≈3,500 nt) that encodes the envelope glyco-
protein precursor and the nucleoprotein (NP), and a 
large (L) segment (≈7,200 nt) encoding the zinc bind-
ing matrix protein (Z) and the viral RNA-dependent 
RNA polymerase (2). 

On the basis of their genetic, antigenic, and geo-
graphic relatedness, mammarenaviruses are divided 
into 2 groups: the New World (NW) group, which 
includes viruses indigenous to the Americas, and 
Old World (OW) group, which includes viruses in-
digenous to Africa, such as Lassa fever virus and the 
ubiquitous lymphocytic choriomeningitis virus (3). 
Except for Tacaribe virus, discovered in 2 Artibeus 
bat species (4), the natural hosts of arenaviruses are 
rodent species of the family Muridae; members of the 
subfamily Murinae are reservoirs of OW viruses, and 
rodents of the subfamilies Sigmodontinae and Neotomi-
nae are natural hosts of NW viruses (2). 

The diversity of arenaviruses is widely recog-
nized to be the result of long-term coevolution with 
their natural hosts (3). However, with the increasing 
availability of molecular data from NW and OW vi-
ruses and their rodent reservoirs, the coevolutionary 
divergence hypothesis has been flanked by the evi-
dence of arenavirus evolution through host switch-
ing (5). Those findings, alongside the discovery of 
mammarenaviruses in additional mammals, such as 
shrews (Suncus murinus) (6), plateau pikas (Ochotona 
curzoniae), (7), and, more recently, Northern white-
breasted hedgehogs (Erinaceus roumanicus) (8), in-
dicate other potential mammarenavirus reservoirs. 
In this study, we describe the detection and genetic 
characterization of a novel mammarenavirus in Euro-
pean hedgehogs (E. europaeus) in Italy.

The Study
The study was performed on paired duodenal and 
liver samples collected in the Piedmont Region 
(Northwestern Italy) from 183 hedgehogs subjected 
to necropsy during 2018–2022. Of those, 146 animals 
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Mammarenaviruses are noteworthy zoonotic patho-
gens, and the main reservoirs are rodent species. We 
report the detection of a novel mammarenavirus in 6/183 
(3.3%) in necropsied European hedgehogs (Erinaceus 
europaeus) collected in Italy. The whole-genome se-
quence obtained for 4 strains revealed a marked genetic 
diversity but a monophyletic origin.
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were admitted to the Centro Animali Non Conven-
zionali of Turin University (Turin, Italy), whereas 37 
additional animals were hospitalized at La Ninna, a 
rehabilitation center (Cuneo Prefecture, Italy). Sam-
ples were collected by authorized veterinarians fol-
lowing routine procedures from dead animals before 
the design of the study, in compliance with the Ethical 
Principles in Animal Research. Thus, ethics approval 
by an Institutional Animal Care and Use Committee 
was not deemed necessary.

During necropsy, we froze liver, duodenum, 
brain, spleen, kidney, and lung samples and trans-
ported them to the Department of Veterinary 
Medicine of Teramo (Teramo, Italy). To perform  

virological investigations, we homogenized liver 
and intestinal samples (10% wt/vol) in Dulbecco 
modified Eagle medium and extracted total RNA 
from the supernatant of the homogenates us-
ing TRIzol LS (Thermo Fisher Scientific, https://
www.thermofisher.com). We conducted molecu-
lar screening by using genus-specific primers de-
signed to amplify a conserved ≈390 nt region of the 
L gene of Lassa virus and related OW arenaviruses 
(9). We detected viral RNA in intestinal and liver 
specimens of 6/146 (4.1%) animals (identifications 
nos. 622/19, 1175/19, 1277/19, 328/22, 403/22, and 
676/22), all rescued in Turin Prefecture from Cen-
tro Animali Non Convenzionali, whereas results 
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Figure 1. Municipalities of the 
Piedmont Region where hedgehogs 
were sampled in study of detection 
and genomic characterization of 
novel mammarenavirus in European 
hedgehogs, Italy. Inset shows location 
of Piedmont Region within Italy. CANC, 
Centro Animali Non Convenzionali.
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from all La Ninna samples were negative (0/37) 
(Figure 1). Sanger sequencing of the amplicons 
generated in diagnostic reverse transcription PCR 
showed the highest identities (76.5%–77.8% nt) to 
the Alxa arenavirus RtDs-AreV-IM2014 (GenBank 
accession no. KY43289), prototype of the species 
Mammarenavirus alashanense, detected in 2018 in 
rectal swab samples collected from 3-toed jerboas 
(Dipus sagitta), a rodent species living in the des-
erts of the Inner Mongolia Autonomous Region of 
China (10), and to Mecsek Mountains arenavirus 
MEMV/MR1/2025/HUN (OP191655), which was 
identified in 2023 in fecal samples from Northern 
white-breasted hedgehogs in Hungary (8).

We subjected all positive samples to a sequence-
independent enrichment protocol and sequenced 
them using the MinION Mk1C platform. We pre-
pared libraries using the PCR Barcoding Expansion 
Kit 1–12 and the Ligation Sequencing Kit (all Ox-
ford Nanopore Technologies, https://www.nano-
poretech.com). Using the metaviromic pipeline of 
Genome Detective (11), we generated arenavirus-
related contigs covering ≈80% of the complete L 
segment and ≈60% of the complete S segment from 
4 liver samples. We used a primer walking strategy 
with specific primers designed to close the gaps be-
tween noncontiguous sequences to reconstruct the 
complete sequences of 4 Erinaceus Europaeus arena-
virus (EEAV) strains designated EEAV/676/22/
IT (GenBank accession nos. PP934155 for L seg-
ment, PP934161 for S segment), EEAV/1277/19/
IT (PP934156 for L segment, PP934162 for S seg-
ment), EEAV/403/22/IT (PP934157 for L segment, 
PP934159 for S segment), and EEAV/1175/19/IT 
(PP934158 for L segment, PP934160 for S segment). 

The genome of the 4 strains showed the typical biseg-
mented structure in ambisense orientation (Figure 2). 
The L segment was 7,348 nt in length and contained 
2 open reading frames of 276 nt and 6,714 nt, encod-
ing the putative Z (91 aa) and L (2,237 aa) proteins, 
separated by a 205 nt noncoding region. As for other 
mammarenaviruses, in the Z protein, the N terminal 
myristoylation site for attachment of myristic acid 
(G2NKPTKVPSMQRT14), the centrally located RING 
domain (Y50LCL), and the 2 late domains P83[T/S]AP 
and P87PY, were conserved (12). Also, the N termi-
nal domain of the L protein contained the conserved 
active site motif characteristic of type II endonucle-
ases (E51, D89, E102, K115, D119, and K122) (13). The S seg-
ment was 3,568 nt long and contained 2 open reading 
frames of 1464 nt and 1818 nt, coding for the putative 
glycoprotein precursor (488 aa) and NP (606 aa) pro-
teins, with an intergenic region of 130 nt. On sequence 
analyses, the 4 EEAV strains shared 81.8%–93.9% nt 
identity in the S segment and 87.8%–93.5% nt iden-
tity in the L segment, indicating that they were vari-
ants of the same viral species. We compared deduced 
amino acid and nucleotide sequences with those of 
other representative mammarenaviruses. On pair-
wise sequence comparison, the 4 EEAVs were more 
closely related to the white-breasted hedgehog strain 
MEMV/MR1/2025/HUN (8), showing 73.2%–77.8% 
identity in the S segment (OP191656), 71.5%–72.0% 
in the L segment (OP191655), and 77.1%–78.9% in the 
NP amino acid sequence.

The cutoff values established by the International 
Committee on Taxonomy of Viruses (2) for arenavi-
rus classification at the species level are >80% nt iden-
tity in the S segment and >76% nt identity in the L 
segment, with <12% aa difference in the NP protein. 
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Figure 2. Schematic representation of the bisegmented genome organization of the Erinaceus Europaeus arenaviruses (EEAVs) 
detected in study of detection and genomic characterization of novel mammarenavirus in European hedgehogs, Italy, from 5′ to 3′ ends. 
A) The EEAV S genome segment (3,568 nt) coding for the putative GPC (1,464 nt) and NP (1,818 nt) proteins. B) The EEAV L genome 
segment (7,348 nt) encoding the putative Z (276 nt) and L proteins (6,714 nt). The proteins are shown in different shades of gray. Arrows 
indicate the direction of open reading frames. GPC, glycoprotein precursor; L, large; NP, nucleoprotein; S, small; Z, zinc-encoded matrix.
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Accordingly, the hedgehog arenaviruses of this study 
meet the species demarcation criteria for classification 
as a novel mammarenavirus species. On phylogenetic 
analyses based on the S and L segments (Figure 3), the 
EEAV strains formed an independent clade within 
the OW mammarenaviruses, apart from the Mecsek 
Mountains viruses (8).

By assessing additional organs of the 6 positive 
animals, we detected EEAV RNA in brain (100%, 
6/6), spleen (100%, 6/6), kidney (100%, 6/6) and 
lung (66.6%, 4/6) samples, suggesting systemic in-
fection. Formalin-fixed paraffin-embedded tissue 
sections of the same organs of the 183 necropsied an-
imals were also examined histologically. Overall, we 
observed no significant association between the his-
topathologic observed alterations and the presence 
of viral RNA, a feature consistent with the ability 
of arenaviruses to establish chronic infections with 
continuous virus production and little or no disease 
in their natural host (14).

Conclusions
This study extends the knowledge of genetic diversity, 
host range, and geographic distribution of mammare-
naviruses. Further investigations to establish whether 
hedgehogs represent underrecognized arenavirus res-
ervoirs will be pivotal. European hedgehog is a synan-
thropic animal that can play a role in the ecology of po-
tentially zoonotic viruses (15). Improved surveillance 
of at-risk persons, such as rescuers of ill or injured ani-
mals and operators of rescue centers, will be useful in 
investigating possible zoonotic exposure.
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Domestic cat hepadnavirus (DCH) is a novel mem-
ber of the genus Orthohepadnavirus, family Hepad-

naviridae, similar to the prototype species hepatitis B 
virus (HBV). The virus was first documented in 2018 
in Australia in a domestic cat with lymphoma; since 
then, the virus has been described in cats all over the 
world (1,2). The DCH genome is a circular, partially 
double-stranded DNA, ≈3.2 kb in length, containing 
2 large and 2 smaller open reading frames, encoding 
for the surface protein, the polymerase protein, the 
precore/core protein, and the X protein (1).

HBV infection is a global health challenge repre-
senting a major cause of chronic liver diseases in hu-
mans, including cirrhosis and hepatocellular carcino-
ma (2). Similarly, reports have correlated DCH with 
development of feline liver disease and identified 
the virus in cats with chronic hepatitis and cats with 
hepatocellular carcinoma (2–4), stimulating research 
to investigate the possible implications for feline 
health. Researchers have reported the virus, at a very 
low prevalence, also in dogs (5); however, studies  

assessing the susceptibility of other animal hosts to 
DCH or DCH-like viruses remain elusive.

The Iberian lynx (Lynx pardinus) is the most en-
dangered felid species in the world (6). By the early 
21st Century, Iberian lynx population was estimated 
to include 156 adult animals in Portugal and Spain 
(6). In response to those findings, conservation orga-
nizations launched projects focusing on both in situ 
and ex situ conservation programs, one of which was 
the European Commission’s EU LIFE-Nature and 
Biodiversity programme (7). Because of such efforts, 
the Iberian lynx census has increased considerably 
during the past decade, reaching >1,600 free-ranging 
lynxes in 2022. Amid the conservation activities sur-
rounding this species emerged investigations into the 
pathogens that could pose threats to these animals, 
such as SARS-CoV-2 and feline leukemia virus (8,9). 
We investigated the exposure of Iberian lynxes to 
DCH.

The Study
We performed a survey on liver samples collected 
from 191 Iberian lynxes subjected to necroscopy in 
2017–2023 throughout the Iberian Peninsula. Our 
screening also included 103 serum samples obtained 
from 100 lynxes affiliated with health programs in a 
14-year time frame spanning 2010–2023. Both liver 
and serum samples were available for 7 lynxes. We 
obtained all samples from serum and tissue banks 
at the Center for Analysis and Diagnosis of Wildlife 
(Andalusia, Spain) and stored them at −80°C before 
shipment to the Department of Veterinary Medicine, 
University of Bari (Bari, Italy) for the analyses. We 
homogenized (10% wt/vol) liver tissues in Dulbecco 
modified Eagle’s medium and extracted viral DNA 
from the supernatant of the homogenates and from 
the serum by using the IndiSpin Pathogen Kit (Indical 
Bioscience GmbH, https://www.indical.com). We 
screened DNA extracts for the presence of DCH by 
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We conducted a survey for domestic cat hepadnavirus, 
an analog of human hepatitis B virus, in the endangered 
felid species Iberian lynx. Results revealed specific anti-
bodies in 32.3% of serum samples and DNA in 0.5% of 
available liver samples. Phylogenetically, the virus seg-
regated apart from other Europe strains of the virus.
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using a quantitative PCR (10) and a qualitative PCR 
with panhepadnavirus primers targeting the poly-
merase ORF (11).

Our analyses revealed 1 (0.5%) of the 191 liver 
samples testing positive for viral DNA by qualita-
tive PCR; none of the serum samples contained vi-
ral DNA. We traced the DCH-positive sample to a 
7-year-old male Iberian lynx, raised in captivity in 
Andalusia in southern Spain (collection date March 
2021). Samples for the animal included 4 serum 

samples collected over a 5-year period, 2016–2020; 
screening showed DCH DNA in only the fourth se-
rum sample (collection date December 2020). We 
performed DNA enrichment for the DCH-positive 
liver sample (SPA/2022/Iberian lynx/296-23-81 
strain) by using a rolling circle amplification tech-
nique with a TempliPhi 100 amplification kit (GE 
Healthcare, https://www.gehealthcare.com). We 
used the amplification product as a template for 
amplifying DCH genome fragments in PCR. A total 
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Figure. Neighbor-joining 
phylogenetic tree based on the 
complete genome of domestic 
cat hepadnavirus (DCH) from a 
study of DCH infection in Iberian 
lynxes. We elaborated the tree 
by using the alignment of the 
full-length nucleotide sequence 
of the Iberian lynx DCH 
SPA/2022/Iberian lynx/296-23-
81 strain (black arrow; GenBank 
accession no. PP347721) 
generated in this study and the 
cognate sequences of DCH 
strains retrieved from GenBank 
(accession numbers shown). We 
constructed the tree by using the 
maximum-likelihood method, the 
Kimura 2-parameter model, a 
discrete gamma distribution and 
a proportion of invariant sites, 
and bootstrapping up to 1,000 
replicates. Bootstrap values 
>70% are shown. We used the 
Japanese Rara strain (GenBank 
accession no. LC685967), 
belonging to DCH genotype 
B, as an outgroup. Scale bar 
indicates number of nucleotide 
substitutions per site.
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of 500 ng of equimolar pooled PCR products made 
up the input for a library prepared using the Liga-
tion Sequencing Kit V14 (Oxford Nanopore Tech-
nology, https://nanoporetech.com), according to 
manufacturer’s guidelines. We performed sequenc-
ing by using flongle flow cell R10.4.1 adapted in the 
MinION Mk1C platform (Oxford Nanopore Tech-
nology) for 24 hours.

We generated the complete DCH genome of the 
SPA/2022/Iberian lynx/296-23-81 strain (GenBank 
accession no. PP347721) measuring 3,184 bp in length. 
The Iberian lynx strain displayed 98.3% nucleotide 
identity to the Thailand strain CP87H_THA/2019 
(GenBank accession no. MT506044) and <96.5% nu-
cleotide identity to other DCH strains from Europe. 
On phylogenetic analysis, the strain SPA/2022/Ibe-
rian lynx/296-23-81 segregated with Thailand DCH 
strains within genotype A, into the distinct subtype 
A3, apart from other DCH strains from Europe, 
which segregated within either subtype A1 or sub-
type A2 (Figure).

We tested all serum samples at a dilution of 
1:100 by using 2 in-house ELISA assays, one based 
on the recombinant core (DCHcAg) antigen and one 
based on the surface (DCHsAg) antigen (12,13), to 
evaluate the serologic response against DCH. The 
4 serum samples collected at different points from 
the DCH-positive Iberian lynx reacted for DCHcAg 
IgG but not for DCHcAg IgM or DCHsAg IgG. Our 
testing detected viral DNA only in the last serum 
sample from the animal. That pattern is consistent 
with the status of HBV reactivation, characterized 
by a peak of viremia in persons with inactive in-
fection, wherein the virus is barely detectable in 
the serum although replicating in the liver (3). Our 
analysis also revealed DCHcAg IgG in 32 (32.3%) 
of 99 serum samples, with the highest detection 
rate in adult free-ranging lynxes (7/16, 43.8%), and 
no DCHcAg IgM. Only 10 (31.2%) of the 32 serum 
samples with DCHcAg IgG had also DCHsAg IgG, 
suggesting clearance from the infection. In humans, 
HBVcAg IgG is persistent and indicative of expo-
sure to HBV, regardless of the evolutive stage of the 
infection (14).

Conclusions
Our study results provide evidence for a wide circu-
lation of DCH in the Iberian lynx population, with 
a seroprevalence rate (32.3%) higher than those ob-
served in cats (25%) and dogs (10%) in Italy (12,13). 
We propose the need for additional studies to assess 
the effect of this virus on the health status of the Ibe-
rian lynx. Because cats are considered the primary 

reservoir of feline leukemia virus infection for the 
lynx population (9), it will be specifically important 
to investigate the role of domestic cats as a potential 
source of DCH infection for lynxes.

DCH appears to follow a pattern similar to that 
of HBV, presenting different types and subtypes 
based on nucleotide sequence diversity. In HBV, 
genotypes and subgenotypes might even play a cru-
cial role in clinical outcomes, influencing disease 
evolution and drug resistance (15). In our study, 
the Iberian lynx DCH strain did not segregate phy-
logenetically with other DCH strains from Europe 
detected in cats, raising questions as to the epidemi-
ology of DCH and whether DCH subtype A3 exists 
in feline populations across the Iberian Peninsula or 
whether it is a hallmark of the Iberian lynx popula-
tion. As more clinical and epidemiologic research on 
DCH unfolds, so might a greater understanding of 
whether different DCH types and subtypes exhibit 
phenotypic variations.

The viromes of closely related animal species, 
or even of species more distant in the evolution-
ary scale, are largely interconnected, with repeated 
events of interspecies transmissions and several ex-
amples of successful adaptation. Still, the patterns 
of infection and disease of viruses in a heterologous 
species remain unpredictable. The One Health mod-
el recommends intensifying the efforts in the study 
of animal pathogens to improve animal health and 
welfare and ensure animal conservation. This ap-
proach strongly applies to endangered animal spe-
cies such as Iberian lynx.
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Toxigenic Corynebacterium diphtheriae has re-
emerged in recent years and has been linked to 

several outbreaks worldwide. Most outbreaks oc-
curred in low-resource settings, and mortality rates 
have ranged from 0.5%–0.8% in the Rohingya popula-
tion in Bangladesh to 42.9% in infants in Nigeria (1,2). 
Higher mortality rates have been associated with poor 
vaccine coverage and nonavailability of antitoxin (3). 
Since June 2022, disease surveillance authorities in 
Europe have reported an increase in diphtheria cases, 
linked mainly to refugees from Syria and Afghanistan 
(4). Most centers reported primarily cutaneous cases, 
but 2 C. diphtheriae–related deaths from respiratory 
diphtheria occurred in Austria and Belgium (5,6).

In Basel, Switzerland, a cluster of diphtheria in-
fections occurred at a national asylum center in Au-
gust 2022 (7). After testing, contact precautions, vacci-
nation, and antimicrobial treatment and prophylaxis 

were implemented, the outbreak was controlled (8). 
Whole-genome sequencing (WGS) revealed the pres-
ence of 3 different sequence types (STs), 377, 384 and 
574, with relatedness identified among only some of 
the clinical isolates, suggesting that most were im-
ported to the asylum center. Other national asylum 
centers in Switzerland and Europe reported similar 
case clusters of  C. diphtheriae infection; some isolates 
were macrolide-resistant (9).

The Study
In October 2023, healthcare workers diagnosed 3 clin-
ical cases of diphtheria within 7 days at the Univer-
sity Hospital Basel and the St. Claraspital Basel (Basel, 
Switzerland). One patient with cutaneous diphtheria 
was homeless; the other 2 patients had no obvious 
risk factors. One of the 3 patients demonstrated signs 
of toxin-mediated disease.

Patient A, a 40-year-old homeless man, arrived 
at the hospital with painful, encrusted lesions on 
his head and forearm. Topical treatment resulted in 
improvement of the lesions, leading to the patient’s 
discharge. After his discharge, swab samples of the 
lesions grew toxigenic C. diphtheriae. Ten days later, 
the patient returned to the hospital and received an-
timicrobial treatment (Appendix Table, https://ww-
wnc.cdc.gov/EID/article/31/1/24-1138-App1.pdf). 
Pharyngeal swab samples for C. diphtheriae remained 
negative. The patient’s vaccination status was not 
known.

Patient B, a 78-year-old woman, visited the hospi-
tal with acute respiratory failure related to suspected 
pneumonia and underlying chronic obstructive pul-
monary disease. Hospital staff initiated antimicrobial 
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We report a cluster of infections with genetically related 
toxigenic Corynebacterium diphtheriae linked to an out-
break among asylum seekers in Switzerland that subse-
quently affected patients without known exposure. This 
discovery highlights the importance of rapid, interdisci-
plinary outbreak investigations and regular vaccination 
status assessment, especially in elderly populations with 
waning immunity.
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drug treatment and noninvasive ventilation. Bron-
choscopy showed abundant viscous mucus. The pa-
tient deteriorated rapidly and died within 24 hours. 
Laboratory investigations revealed C. albicans, inter-
preted as a colonizer, and toxigenic C. diphtheriae, 
cultured postmortem from the patient’s bronchial 
aspirate on nonselective media. Despite the absence 
of pseudomembranes, the clinical findings indicated 
toxin-mediated C. diphtheriae infection. Growth of C. 
diphtheriae in 1 of 2 blood cultures after 92 hours sup-
ported this suspected diagnosis. The patient’s vac-
cination status was not known. Antitoxin treatment 
was not administered because the patient died before 
laboratory findings were available.

Patient C, an 88-year-old man, visited the derma-
tology outpatient clinic for a chronic sacral ulcer. He 
transitioned to hospital care after a local biopsy re-
vealed growth of toxigenic C. diphtheriae. Subsequent 
pharyngeal swab samples remained negative. The 
patient improved after treatment with systemic anti-
biotics and local wound care. He reported receiving 
no diphtheria vaccine since one he received in 1969. 

His diphtheria antitoxin IgG level was <0.1 IU/mL, 
indicating waning immunity.

Patient A and C showed improved cutaneous le-
sions at time of discharge, and repeat swab samples 
remained negative, confirming clearance of C. diph-
theriae. After identifying C. diphtheriae, we cultured 
wound and pharyngeal swab samples on selective 
media (tellurite agar) and identified suspected colo-
nies by using matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry. We conducted 
C. diphtheriae toxin gene testing by using an in-house, 
real-time PCR (10).

We performed antimicrobial susceptibility test-
ing, DNA extraction, and sequencing (Appendix). 
Laboratory diagnosis, including PCR, is performed 
decentrally in Switzerland, and WGS is not performed 
routinely on a national level. Diphtheria diagnoses 
require notification to the Federal Office of Public 
Health. WGS is regularly conducted at our institution 
to analyze rare or multidrug-resistant bacteria as part 
of routine surveillance. Sequencing of the isolate of C. 
diphtheriae from patient A was not successful, but the 2 
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Figure. Sequencing data from study of 
toxigenic Corynebacterium diphtheriae 
infections in low-risk patients, Switzerland, 
2023. Maximum-likelihood single-nucleotide 
polymorphism (SNP) phylogeny (A) and SNP 
matrix (B) of C. diphtheriae isolates derived 
from patient B, patient C, and 5 asylum seekers 
(AS). Numbers at the tree nodes in panel 
A denote bootstrap values as percentages 
from 1,000 replicates; scale bar indicates 
substitutions per site. Matrix in panel B contains 
the pairwise number of SNP differences used 
to generate the tree. We used a 3-color scale, 
where blue represents lowest values, red 
highest values, and white intermediate values.
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clinical isolates from patient B and C revealed geneti-
cally identical (zero differences in single-nucleotide 
polymorphisms) strains of ST574. Both isolates were 
closely related (6–16 differences in single-nucleotide 
polymorphisms) to a cluster of strains derived from 5 
patients accommodated in a federal asylum center in 
Basel, Switzerland, in 2022 (Figure). 

Patient A was linked only temporally to the 2 
other cases. However, the genetic relatedness of the 
other strains prompted a joint outbreak investigation 
that involved public health authorities. Patients B and 
C had no epidemiologic link to each other or to previ-
ously diagnosed cases and reported no travel history 
or contact to other persons with compatible symp-
toms or considered at risk. Patients B and C received 
home care; however, no careworker was involved in 
the care of both patients. We determined no evident 
link between the home caregivers and the previous 
cases from 2022. We obtained respiratory swabs from 
3 nurses involved in home care and tested samples 
for C. diphtheriae; all tests were negative. Respiratory 
swab samples of 14 persons considered to be close 
contacts of patients B and C were also negative. We 
recommended postexposure chemoprophylaxis and 
vaccinations (if the last diphtheria vaccination was 
>5 years previously) to all contacts. The cantonal De-
partment of Health initiated an awareness campaign 
underlining the importance of vaccination regimens. 
Regional authorities subsequently initiated a national 
dialogue regarding migration health.

The close genetic relatedness of 2 strains of the C. 
diphtheriae in our study to previously isolated strains 
indicated a reintroduction of toxigenic strains to Eu-
rope by migration. Both patients with sequencing 
results had infections with isolates of ST574, the ST 
most commonly reported in Switzerland during an 
outbreak in 2022 (A. Hoefer et al., unpub. data).

We believe that ensuring early diagnosis of C. 
diphtheriae infections relies greatly on improving 
awareness among healthcare and laboratory person-
nel. In view of increasing antimicrobial resistance, 
susceptibility testing should be performed to ensure 
successful treatment. Confirmatory laboratory tests 
and antitoxin should be readily available, and health-
care workers should consider antibiotic postexposure 
prophylaxis for contact persons at risk.

The severity of disease in the cases we studied, 
leading to death in 1 patient, might indicate waning 
immunity and lack of catch-up vaccinations, particu-
larly in the elderly population. One report estimated 
full seroprotection against diphtheria to be 50% in 
the general population in England (11). Although the 
immunization status of patients A and B remained 

unclear, patient C had low antitoxin IgG levels, un-
derscoring the need for regular review of vaccination 
status and respective booster vaccinations to protect 
against toxin-mediated disease. We acknowledge 
limitations to our investigation of these patients, in-
cluding lacking WGS data for patient A, missing se-
rologic results for patients A and B, and the absence 
of Elek testing for all isolates.

Improving vaccination coverage among refugees 
remains challenging. Migrant populations are espe-
cially prone to receiving inadequate medical care. 
A recent meta-analysis reported a pooled vaccine-
coverage for diphtheria of ≈57% in migrant popula-
tions in Europe (12). Drawing from insights gained 
in Belgium (6), we believe that prioritizing access to 
comprehensive healthcare services for persons resid-
ing in challenging circumstances is a critical preven-
tative measure, not only to safeguard the well-being 
of these populations but also to uphold public health 
standards.

Conclusions
C. diphtheriae has emerged in populations usually not 
considered at risk. We advocate for increased aware-
ness among clinicians, public health authorities, and 
laboratory personnel, as well as healthcare structures 
enabling rapid, interdisciplinary outbreak investiga-
tion. Furthermore, given that C. diphtheriae infections 
can lead to potentially fatal outcomes, we recom-
mend a more comprehensive approach to assessing 
vaccination status, especially in elderly populations 
but even in segments of the population with no evi-
dent risk for exposure.
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Chronic wasting disease (CWD) is a prion dis-
ease of particular concern because of its un-

controlled contagious spread among various cer-
vid species in North America (https://www.usgs.
gov/media/images/distribution-chronic-wasting-
disease-north-america-0), its recent discovery in 
Nordic countries (1), and its increasingly uncertain 
zoonotic potential (2). CWD is the only animal pri-
on disease affecting captive as well as wild animals. 
Persistent shedding of prions by CWD-affected ani-
mals and resulting environmental contamination is 
considered a major route of transmission contrib-
uting to spread of the disease. Carcasses of CWD-
affected animals represent relevant sources of pri-
on infectivity to multiple animal species that can  

develop disease or act as vectors to spread infection 
to new locations.

Free-ranging deer are sympatric with multiple 
animal species, including some that act as predators, 
scavengers, or both. Experimental transmissions to 
study the potential for interspecies CWD transmis-
sions have been attempted in raccoons, ferrets, cattle, 
sheep, and North American rodents (3–7). Potential 
interspecies CWD transmission has also been ad-
dressed using transgenic (Tg) mice expressing prion 
proteins (PrP) from relevant animal species (8). Al-
though no reports of natural interspecies CWD trans-
missions have been documented, experimental stud-
ies strongly suggest the possibility for interspecies 
transmission in nature exists (3–7). Inoculation and 
serial passage studies reveal the potential of CWD 
prions to adapt to noncervid species, resulting in 
emergence of novel prion strains with unpredicted 
features (9–11).

Wild pigs (Sus scrofa), also called feral swine, are 
an invasive population comprising domestic swine, 
Eurasian wild boar, and hybrids of the 2 species 
(12). Wild pig populations have become established 
in the United States (Appendix Figure 1, panel A, 
https://wwwnc.cdc.gov/EID/article/31/1/24-
0401-App1.pdf), enabled by their high rates of fe-
cundity; omnivorous and opportunistic diet; and 
widespread, often human-mediated movement (13). 
Wild pigs scavenge carcasses on the landscape and 
have an intimate relationship with the soil because 
of their routine rooting and wallowing behaviors 
(14). CWD prions have been experimentally trans-
mitted to domestic pigs by intracerebral and oral ex-
posure routes (15), which is relevant because wild 
pigs coexist with cervids in CWD endemic areas 

Detection of Prions in Wild Pigs 
(Sus scrofa) from Areas with  

Reported Chronic Wasting  
Disease Cases, United States

Paulina Soto, Francisca Bravo-Risi, Rebeca Benavente, Tucker H. Stimming,  
Michael J. Bodenchuk, Patrick Whitley, Clint Turnage, Terry R. Spraker, Justin Greenlee,  

Glenn Telling, Jennifer Malmberg, Thomas Gidlewski, Tracy Nichols, Vienna R. Brown, Rodrigo Morales

168 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 1, January 2025 

DISPATCHES

Author affiliations: The University of Texas Health Science Center 
at Houston, Texas, USA (P. Soto, F. Bravo-Risi, R. Benavente, 
T.H. Stimming, R. Morales); Centro Integrativo de Biologia y  
Quimica Aplicada, Universidad Bernardo O’Higgins, Santiago, 
Chile (P. Soto, F. Bravo-Risi, R. Morales); US Department of  
Agriculture, Fort Collins, Colorado, USA (M.J. Bodenchuk,  
P. Whitley, C. Turnage, J. Malmberg, T. Gidlewski, T. Nichols,  
V.R. Brown); Colorado State University, Fort Collins, Colorado, 
USA (T.R. Spraker, G. Telling); US Department of Agriculture, 
Ames, Iowa, USA (J. Greenlee)

DOI: https://doi.org/10.3201/eid3101.240401

Using a prion amplification assay, we identified prions 
in tissues from wild pigs (Sus scrofa) living in areas of 
the United States with variable chronic wasting disease 
(CWD) epidemiology. Our findings indicate that scaveng-
ing swine could play a role in disseminating CWD and 
could therefore influence its epidemiology, geographic 
distribution, and interspecies spread.
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and reportedly prey on fawns and scavenge deer 
carcasses. Considering the species overlap in many 
parts of the United States (Appendix Figure 1, panel 
B), we studied potential interactions between wild 
pigs and CWD prions.

The Study
We screened pig tissues by using the protein misfold-
ing cyclic amplification (PMCA) technique (Appen-
dix). To screen for CWD and porcine-adapted CWD 
prions in wild pigs, we analyzed the sensitivity and 
specificity of PMCA to detect prions from different 

animal species. To evaluate, we first tested the PMCA 
efficiency of deer CWD prions in both deer and pig 
substrates. We found the in vitro replication of CWD 
prions was highly efficient in the deer substrate, 
and detectable even at high (10−11) dilutions in a first 
PMCA round (Appendix Figure 2). As a counterpart, 
we used a porcine-adapted PrPSc (scrapie isoform of 
infectious prion proteins) pool generated through >10 
PMCA rounds in Tg002 substrate (Appendix Figure 
3). That inoculum displayed limited PMCA seeding 
activity after 1 round, confirming the ability of our 
in vitro prion replication systems to discriminate  
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Figure 1. Prion detection using cervid-PMCA in wild pig tissues originating from a CWD-endemic region of Arkansas, USA, in a study 
of prions in wild pigs (Sus scrofa) from areas with reported chronic wasting disease cases. A) Experimental strategy depicting tissues 
analyzed in animals from this cohort and PMCA settings. B) Graphs representing percentage of detection per tissue. C) Details on the 
prion detection data displayed in panel B. CWD, chronic wasting disease; PMCA, protein misfolding cyclic amplification; PrP, prion 
proteins; RPLN, retropharyngeal lymph nodes; SMLN, submandibular lymph nodes; Tg, transgenic.
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between homologous (deer) and heterologous (por-
cine) PrPSc sources (Appendix Figure 2, panel A).

The specificity of our cervid and porcine PMCA 
systems was further confirmed when using the pig-
derived PMCA substrate (Appendix Figure 2, panel 
B). Specifically, although we detected no amplifica-
tion in the system when using the CWD seeds, the 
porcine-adapted PMCA product displayed great 
amplification. Overall, those results demonstrated 
that PMCA can be used to identify prions from deer 
and porcine sources, provide species specificity, and 
potentially enable tracking of the source of the infec-
tious agent in tissues collected from wild pigs.

We then investigated the interaction between 
wild pigs and CWD prions in tissues from animals 
trapped in areas with different CWD epidemiology. 
The first cohort of pigs (cohort 1) included animals 
trapped in Newton and Searcy Counties, Arkansas, 
USA, where CWD is endemic in free-ranging white-
tailed deer (Odocoileus virginianus) and elk (Cervus ela-
phus canadensis) (https://www.agfc.com/hunting/
deer/chronic-wasting-disease/cwd-in-arkansas). 
The tissues considered for this screening included 
retropharyngeal lymph nodes (RPLN) and subman-
dibular lymph nodes (SMLN) because those sites 
have been described to replicate prions shortly after 
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Figure 2. Prion detection using porcine-PMCA in wild pig tissues originating from a CWD-endemic region of Arkansas, USA, in a study 
of prions in wild pigs (Sus scrofa) from areas with reported chronic wasting disease cases. A) Experimental strategy depicting tissues 
analyzed in animals from this cohort and PMCA settings. B) Graphs representing percentage of detection per tissue. C) Details on the 
prion detection data displayed in panel B. PMCA, protein misfolding cyclic amplification; PrP, prion proteins; RPLN, retropharyngeal 
lymph nodes; SMLN, submandibular lymph nodes; Tg, transgenic.

https://www.agfc.com/hunting/deer/chronic-wasting-disease/cwd-in-arkansas
https://www.agfc.com/hunting/deer/chronic-wasting-disease/cwd-in-arkansas
http://www.cdc.gov/eid


Prions in Wild Pigs from Areas with CWD

infection in multiple animal species (Appendix). We 
also tested brainstem samples from the same ani-
mals. The first part of the screening involved the use 
of deer PrP substrate to assess for the potential ex-
posure of wild pigs to CWD prions. We analyzed all 
samples in duplicate. We were able to detect CWD 
seeding activity in several wild pig lymphoid tissues 
and a higher proportion in the SMLN (37.26%) com-
pared with RPLN (16.67%) (Figure 1). As expected, 
brains displayed a lower detection; just 14.90% of the 
specimens provided positive signals (Figure 1). We 
considered a tissue as positive for CWD prions if we 
noted positive signals in >1 of the 2 replicates. Along 
that line, a fraction (12.75%) of PMCA-positive SMLN 
tissues provided positive PMCA results in both rep-
licates, suggesting a higher concentration of CWD 

prions in SMLN than RPLN or brains (≈3%) (Figure 
1). Of note, the CWD infectivity titers in wild pig tis-
sues appeared to be limited because just a fraction of 
Tg1536 mice (expressing the deer prion protein) inoc-
ulated with selected specimens displayed subclinical 
prion infection (Appendix Table 1, Figure 4).

Screening of the same tissues using porcine-PM-
CA substrate provided a considerably lower number 
of positive results (Figure 2). Although 5.88% of wild 
pigs were porcine-PMCA positive at RPLNs, only 
1.96% were positive at SMLNs. Of note, none of the 
tissues that tested PMCA-positive using the porcine 
substrate provided positive signals in both replicates, 
suggesting low quantities of seeding-competent por-
cine prions (Figure 2). None of the brains from cohort 
1 provided PMCA seeding activities when the porcine  
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Figure 3. Prion detection using cervid-PMCA in wild pig tissues originating from a CWD-endemic region of Texas, USA, in a study of 
prions in wild pigs (Sus scrofa) from areas with reported chronic wasting disease cases. A) Experimental strategy depicting tissues 
analyzed in animals from this cohort and PMCA settings. B) Graphs representing percentage of detection per tissue. C) Details on the 
prion detection data displayed in panel B. CWD, chronic wasting disease; PMCA, protein misfolding cyclic amplification; PrP, prion 
proteins; RPLN, retropharyngeal lymph nodes; SMLN, submandibular lymph nodes; Tg, transgenic.
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substrate was used, thus confirming those results (Fig-
ure 2). Moreover, bioassays in Tg002 mice expressing 
the porcine prion protein resulted in no transmission 
(Appendix Table 2).

Next, we conducted a screening on a second co-
hort of animals (cohort 2) collected in Texas, USA. 
Pigs from cohort 2 were retrieved from counties 
where either no or low-prevalence CWD had been re-
ported in wild deer. The cervid-adapted PMCA anal-
ysis revealed that 15.79% of animals tested positive 
for CWD prions in RPLNs (Figure 3). Brains (13.16%) 
and SMLN (8.10%) were also positive, albeit in a 
lower percentage than for RPLN (Figure 3). Regard-
less, the overall proportion of PMCA-positive tissues 

was considerably lower compared with those found 
for cohort 1, in line with the low prevalence of CWD 
in free-ranging cervids in the Texas study region. In 
agreement with the presumably lower exposure of 
CWD prions for pigs from cohort 2, none of the tis-
sues provided PMCA-positive signals when evalu-
ated in the porcine PMCA system (Figure 4).

Conclusions
In summary, results from this study showed that 
wild pigs are exposed to cervid prions, although the 
pigs seem to display some resistance to infection via 
natural exposure. Future studies should address the 
susceptibility of this invasive animal species to the 
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Figure 4. Prion detection using porcine-PMCA in wild pig tissues originating from a CWD-endemic region of Texas, USA,  in a study of prions 
in wild pigs (Sus scrofa) from areas with reported chronic wasting disease cases. A) Experimental strategy depicting tissues analyzed in 
animals from this cohort and PMCA settings. B) Graphs representing percentage of detection per tissue. Grey samples are representative 
of no detection. C) Details on the prion detection data displayed in panel B. CWD, chronic wasting disease; PMCA, protein misfolding cyclic 
amplification; PrP, prion proteins; RPLN, retropharyngeal lymph nodes; SMLN, submandibular lymph nodes; Tg, transgenic.
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multiple prion strains circulating in the environment. 
Nonetheless, identification of CWD prions in wild pig 
tissues indicated the potential for pigs to move prions 
across the landscape, which may, in turn, influence 
the epidemiology and geographic spread of CWD. 
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Methicillin-resistant Staphylococcus aureus (MRSA) 
clonal complex (CC) 398 was initially found in 

animals but has since adapted to humans. Human-
adapted variants display tetracycline resistance, typi-
cally through the tetK gene, and possess virulence 
genes that enable human-to-human transmission (1). 
Some strains also produce Panton-Valentine leukoci-
din (PVL), a toxin absent in animal-associated CC398. 
Since 2005, PVL-positive CC398 MRSA has been re-
ported in East Asia and Europe (2,3). Early cases in Eu-
rope were recorded in Sweden and the Netherlands, 
followed by outbreaks in Denmark (3–5). With this 
study, we detected and characterized PVL-positive  
CC398 MRSA in the Czech Republic and compared 
our findings with international data to trace the evo-
lution of those strains.

The Study
During 2021–2023, we obtained MRSA isolates 
from 2 clinical laboratories in 2 regions of the 
Czech Republic. We included in our study only 
unique-patient isolates for that period. All 103 
MRSA isolates had limited patient information 
(specimen type and region) and were confirmed as 

mecA-MRSA by PCR targeting the SA-442 species-
specific fragment and the mecA gene (6,7). We as-
sessed CC398 affiliation and presence of the lukF/
lukS-PV gene by using PCR (8,9). We performed 
phenotypic detection of antibiotic resistance by us-
ing the disk-diffusion method and interpreted the 
results according to guidelines provided by the 
European Committee on Antimicrobial Suscepti-
bility Testing version 14.0 (10). We extracted DNA 
by using the NucleoSpin Microbial DNA isolation 
kit (Machery-Nagel, https://www.mn-net.com). 
Library preparation and whole-genome sequenc-
ing were outsourced to Eurofins (Stade, Germany), 
where Illumina NovaSeq6000 technology (https://
www.illumina.com) was used. Reads were quality 
trimmed and de novo assembled by using Shovill 
v1.0.4 (https://github.com/tseemann/shovill), 
and we assessed assembly quality by using QUAST 
v5.0.2 (https://quast.sourceforge.net).

We performed typing by using MLSTFinder 
v2.0.9 and spaTyper (Genomic Epidemiology Cen-
ter, http://www.genomicepidemiology.org) and 
identified resistance and virulence genes by using 
ResFinder 4.1 and VirulenceFinder v2.0.3 (Genomic 
Epidemiology Center) (identity >95%) and confirmed 
resistance genes by using CARD 3.2.9. (https://card.
mcmaster.ca). We characterized the genetic envi-
ronment of transposon Tn554 by using Bakta 1.9.1 
(https://bakta.computational.bio). To compare se-
quences, we used the National Center for Biotechnol-
ogy Information (NCBI) BLASTn tool (https://blast.
ncbi.nlm.nih.gov).

We constructed a single-nucleotide polymorphism–
based phylogeny by using Roary as previously pub-
lished (6) (Roary v3.13.0, Gubbins v2.4.1, and snp-dists 
v0.7.0; https://github.com) on all CC398 PVL-positive 
isolates retrieved from the RefSeq database (https://
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To trace evolution of Panton-Valentine leucocidin–positive 
clonal complex 398 methicillin-resistant Staphylococcus 
aureus (MRSA) in the Czech Republic, we tested 103 
MRSA isolates from humans. Five (4.9%) were Panton-
Valentine leucocidin–positive clonal complex 398, se-
quence types 1232 and 9181. Spread to the Czech Re-
public may result from travel to or from other countries.
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www.ncbi.nlm.nih.gov/refseq) as of March 2024 and 
from selected publications of interest from which data 
were not retrieved in the RefSeq database (1,4,5,11,12). 
We used iTOL v6 (https://itol.embl.de) to visualize 
phylogenetic trees. Raw data of the sequenced strains 
are available in GenBank (accession no. PRJNA1095719). 

We tested 103 human MRSA isolates from the 
Czech Republic; 5 (4.9%) isolates were identified 
as CC398 and PVL positive and 8 (7.8%) as CC398 
and PVL negative. All 5 PVL-positive isolates came 
from abscess swab samples; the average patient age 
was 27 years (range 18–45 years). Three patients 
were from outside the Czech Republic (2 from Asia, 
1 from Ukraine), and the other 2 were Czech na-
tionals with no known travel history. All 5 isolates 
showed identical phenotypes: resistant to cefoxitin, 
clindamycin, erythromycin, and tetracycline. Four 
isolates belonged to ST1232 with spa-type t034, and 
the fifth isolate was ST9181 (a single-locus variant of 
ST1232) with spa-type t571. spa-types t571 and t034 
are closely related. All isolates carried the SCCmec 
type V(5C2).

We analyzed the ermA and ant (9)-Ia genes as 
part of the Tn554 transposon on the PVL-positive 
isolates, which includes transposition-related genes 

tnpA, tnpB, and tnpC with the resistance genes ori-
ented in opposite directions (Figure). We identified 
the ermA gene by using ResFinder (sequence identi-
ty 95%) and CARD (sequence identity 85%). Align-
ment with the ResFinder reference (EU348758) 
revealed 21 nt differences compared with the refer-
ence from Streptococcus suis. BLASTn and BLASTp 
analyses showed 100% identity/coverage at nu-
cleotide and protein levels for ermA variants in 
PVL-positive ST1232 genomes, explaining the un-
detected ermA gene in some MRSA ST1232 studies 
despite reported phenotypic resistance (Appendix, 
https://wwwnc.cdc.gov/EID/article/31/1/24-
1323-App1.pdf).

We constructed a single-nucleotide polymor-
phism–based phylogenetic tree (Appendix Figure), 
incorporating PVL-positive isolates from the RefSeq 
database and major publications. We also included 
PVL-negative human and animal genomes from 
clades I, II-GOI, and IIa-GOI, positioning the 5 iso-
lates from the Czech Republic within evolutionary 
pathways of related isolates. The ST1232 genomes, 
including those from the Czech Republic, formed a 
subclade within II-GOI, emerging since 2013 as the 
main PVL-positive CC398 carriers.
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Figure. Schematic representation of the Tn544 transposon carrying the ermA and ant(9)-Ia genes representative of methicillin-resistant 
Staphylococcus aureus Panton-Valentine–positive clonal complex 398. The ermA gene sequence of the strains isolated from patients 
in the Czech Republic in 2023 align with the reference sequence of the ResFinder software (Genomic Epidemiology Center, http://www.
genomicepidemiology.org). The resistance genes ermA and ant(9)-Ia (arrows) are transcribed in different directions because they are located 
on different strands of the DNA. Q, query sequence; R, reference sequence; tnpA, transposase A; tnpB, transposase B; tnpC, transposase C.
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Conclusions
MRSA CC398 is commonly associated with livestock, 
characterized by tetracycline resistance (tetM) and 
lacking virulence factors such as immune evasion 
cluster and PVL. Human-origin MRSA often carries 
immune evasion cluster and PVL genes. We found 
4.9% PVL-positive CC398 isolates in the Czech Re-
public. However, the limited scope of our study (103 
isolates from 2 regions) suggests the need for a na-
tionwide survey to better assess PVL-positive CC398 
dissemination. A larger-scale study could determine 
if PVL-positive ST1232 is particularly associated with 
abscesses in younger patients, as seen in our study 
(average patient age 27 years). Various studies sug-
gest that those strains can cause infections in younger 
populations, as evidenced in Denmark, where ST1232 
infected both mothers and children, and in a Materni-
ty and Children’s Health Care Center in China, where 
ST1232 was the leading cause of skin and soft tissue 
infections (5,13).

The spread of PVL-positive MRSA CC398 strains 
could also be the result of travel to foreign countries 
and tourists visiting the Czech Republic. Of the pa-
tients that we report, 3 were foreigners: 2 from un-
specified countries from eastern Asia and 1 from 
Ukraine. As early as 2008, links with countries in Asia 
were noted (3).

ST1232 emerged as the new successful subclade, 
as described by Schouls et al. in a large genomic 
analysis of 4,991 MRSA strains, which showed that 
all previous PVL-positive CC398 strains belonged to 
ST398 and the more recent ones to ST1232 (12). That 
finding is also visible on our phylogenetic tree (Ap-
pendix Figure), on which the cluster of ST1232 iso-
lates, which encompassed the 5 isolated from the 
Czech Republic, emerged as a subclade of the clade 
II-GOI described by Price et al. (1).

Among the PVL-positive isolates, ST1232 dif-
fered from ST398 by the quasi-systematic presence 
of the tetK gene and by the chromosomal insertion 
of the Tn554 transposon. The ermA gene harbored 
multiple point mutations compared with other ermA 
sequences from S. aureus found in GenBank or with 
the reference sequence from an S. suis genome, used 
by ResFinder. 

A literature review revealed that, although all 
publications reported a macrolide–lincosamide–
streptogramin B phenotype using antibiograms or 
microdilution, few identified the genetic mechanisms 
of that resistance, especially with PCR. We recom-
mend using the primers from Koike et al. (14), which 
effectively detect the ST1232 ermA variant, and, if PCR 
for ermA is negative, checking primer efficiency and 

supplementing with phenotypic testing. For genomic 
analysis of whole-genome sequencing data, updating 
the resistance database would be useful because of 
additional resistances found in multidrug resistant, 
virulent PVL-positive CC398 isolates.

In summary, we report the presence of PVL- 
positive MRSA CC398 in the Czech Republic, ac-
counting for 4.9% of the MRSA isolates. We recom-
mend using whole-genome sequencing to differ-
entiate between human and animal strains, detect 
erythromycin-resistance genes, and rapidly identify 
sequence types. Comprehensive knowledge of the 
genetic and epidemiologic characteristics of ST1232 is 
essential for developing effective public health strate-
gies against PVL-positive CC398.
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etymologia revisited
Tularemia
[t-lə-rē-mē-ə]

An infectious, plaguelike, zoonotic disease caused by the bacillus 
Francisella tularensis. The agent was named after Tulare County, 

California, where the agent was first isolated in 1910, and Edward 
Francis, an Officer of the US Public Health Service, who investigat-
edthe disease. Dr. Francis first contracted deer fly fever from a patient 
he visited in Utah in the early 1900s. He kept a careful record of his 
3-month illness and later discovered that a single attack confers per-
manent immunity. He was exposed to the bacterium for 16 years and 
even deliberately reinfected himself 4 times.

Tularemia occurs throughout North America, many parts of  
Europe, the former Soviet Union, the Peoples Republic of China, and 
Japan, primarily in rabbits, rodents, and humans. The disease is trans-
mitted by the bites of deerflies, fleas, and ticks; by contact with con-
taminated animals; and by ingestion of contaminated food or water.

Clinical manifestations vary depending on the route of  
introduction and the virulence of the agent. Most often, an ulcer is 
exhibited at the site of introduction, together with swelling of the 
regional lymph nodes and abrupt onset of fever, chills, weakness, 
headache, backache, and malaise.
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 Dorland’s illustrated medical dictionary, 31st edition. Philadelphia: 

Saunders; 2007; Benenson AS, editor. Control of communicable diseases 
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Malaria is the most common life-threatening 
tropical disease associated with fever among 

returned travelers from sub-Saharan Africa. During 
2010–2013, according to the World Malaria Report 
2023, the Comoros Islands reported a total of 144,546 
cases of Plasmodium falciparum infection and 1,571 cas-
es of P. vivax infection (1). Nevertheless, during 2014–
2022, only P. falciparum cases were reported, without 
P. vivax cases or mixed infections (1).

Data collected by the GeoSentinel Surveillance 
Network for 1,415 ill travelers returning from In-
dian Ocean islands during 1997–2010 indicated 
that the proportion of mosquitoborne infections 
(including malaria) was higher among travelers to 
the Comoros than among other travelers (2). At the 
same time, studies published in the past 10 years 
reported malaria cases exported from the Comoros 
to other countries during 1999–2021, mainly to ter-
ritories of France (France, Réunion, and Mayotte) 
and 1 case to Japan; the most common etiologic 
agent was P. falciparum (≈255 cases), followed by 
P. ovale (≈19 cases) and P. vivax (≈11 cases) (3–7). 
We report a case of fatal mixed Plasmodium malaria 

infection in a man who returned to Colombia from 
the Comoros in 2024.

On June 14, 2024, an otherwise healthy 50-year-
old male former military service member sought 
care at a primary care center in Bogotá (capital city 
of Colombia) after 7 days of fever (up to 39°C), 
chills, diaphoresis, myalgias, arthralgias, and head-
ache. He reported a 2-day history of epigastric pain, 
loose stools, and dark urine. His illness was consid-
ered an unspecific viral infection, and he was dis-
charged. His signs/symptoms had begun 10 days 
after he returned from Grande Comoroe Island, 
where he had stayed for 2 weeks while providing 
military training. Until his travel to the Comoros, 
he had not been in another P. vivax/P. falciparum–
endemic area in the previous 5 years. On June 15, 
2024, he was admitted to Hospital Militar Central, a 
reference military hospital in Bogotá, for a syncopal 
episode, disorientation, and jaundice. Physical ex-
amination revealed hypothermia, tachycardia with 
Kussmaul breathing, and reduced oxygen satura-
tion. The patient was jaundiced and stuporous with 
no bleeding.

Laboratory tests revealed leukocytosis, anemia, 
severe thrombocytopenia, malarial hepatopathy, renal 
impairment, metabolic acidosis, and hyperlactatemia 
(Table). Thick and thin blood smears showed P. falci-
parum (17,840 trophozoites/μL; parasitemia of 0.35%) 
with gametocytes and P. vivax (8,320 trophozoites/μL). 
Severe malaria was diagnosed, and treatment with in-
travenous artesunate was initiated (2.4 mg/kg) in ad-
dition to fluid resuscitation and invasive mechanical 
ventilation support. However, the patient experienced 

RESEARCH LETTERS

During 2014–2022, only Plasmodium falciparum malaria 
cases were reported in the Comoro Islands. We report 
a fatal case of mixed Plasmodium malaria infection in 
a traveler returning from the Comoros to Colombia in 
2024, highlighting the need to strengthen laboratory 
detection and identification of Plasmodium spp. in sub-
Saharan Africa.

 
Table. Laboratory parameters of man with mixed Plasmodium 
malaria who had returned to Colombia from the Comoro Islands, 
June 15, 2024 
Parameter Value (reference range) 
Leukocytes, 109 cells/L 28.3 (4.5–11.0) 
Neutrophils, 109 cells/L 19.2 (2.0–8.0) 
Lymphocytes, 109 cells/L 5.68 (0.9–4.5) 
Hemoglobin, g/dl 8.3 (12.1–16.6) 
Platelets, 109/L 12 (150–450) 
Aspartate aminotransferase, U/L 109 (0–40) 
Alanine aminotransferase, U/L 75 (0–41) 
Total bilirubin, mg/dL 8.9 (0.01–1.1) 
Conjugated bilirubin, mg/dL 7.0 (0.25–0.3) 
Unconjugated bilirubin, mg/dL 1.9 (0.25–0.8) 
Lactate dehydrogenase, U/L 918 (5–248) 
Urobilinogen, mg/dL 8 (0.1–1.8) 
Creatinine, mg/dL 2.92 (0.6–1.1) 
Urea nitrogen, mg/dL 97 (8–23) 
C-reactive protein, mg/dL 19.6 (0–0.5) 
pH 7.03 (7.35–7.45) 
Arterial partial pressure of carbon 
dioxide, mm Hg 

13 (29–31) 

Bicarbonate, mmol/L 3.4 (19–21) 
Lactate, mmol/L 17 (0.36–0.75) 
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2 episodes of cardiopulmonary arrest and died. Autop-
sy and histopathologic examination of heart and brain 
samples revealed multiple parasitic structures compat-
ible with Plasmodium trophozoites (Appendix Figures 
1, 2, https://wwwnc.cdc.gov/EID/article/31/1/24-
1491-App1.pdf). PCR performed on blood smears 
confirmed the presence of P. falciparum and P. vivax 
(Appendix). DNA gene fragments from the small sub-
unit rRNA 18S gene were sequenced from the positive 
specimens, and phylogenetic analyses positioned the 
obtained sequences in the same subclade as P. falci-
parum sequences detected in South Africa and as P. 
vivax sequences detected in Cameroon, Nigeria, China, 
and India (Figure; Appendix). Sequences were depos-
ited in GenBank (P. falciparum accession no. PQ408861, 
P. vivax accession no. PQ408862).

In the most recent study that used PCR to assess 
the distribution of Plasmodium spp. on Grande Co-
more Island, among 159 positive samples collected 
during 2012–2013, nearly all (98.11%) were positive 
for P. falciparum and only 1.25% were positive for 
P. vivax (8). At that time, the authors indicated that 
routinely, without PCR testing, the rapid diagnostic 
tests used in the Comoros were able to identify P. fal-
ciparum but no other Plasmodium spp. (8), which is in 
accordance with a recent published editorial that dis-
cusses the contemporary concern with regard to the 

need to re-evaluate the spread of P. vivax in sub-Sa-
haran Africa (9). The editorial mentioned that during 
2017–2021, among 1.57 billion malaria rapid diagnos-
tic tests purchased for use by sub-Saharan Africa na-
tional malaria control programs, 79.4% were focused 
on identifying P. falciparum and the remainder were 
combination tests lacking P. vivax specificity; thus, the 
predominant approach for malaria diagnosis across 
Africa was unable to specifically detect P. vivax (9). 
Our report highlights the value of strengthening lab-
oratory diagnostic tools with good performance for 
detecting and accurately identifying Plasmodium spp. 
in clinical settings and of conducting more genetic-
epidemiologic studies in the Comoros and other sub-
Saharan Africa countries.

Because the patient died, written consent inform for  
publication of this article was obtained from the  
patient’s wife.

The authors declare that they have no known competing 
financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.
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Figure. Phylogenetic tree of the 
DNA sequences of Plasmodium 
falciparum and Plasmodium vivax 
(red text) isolated from traveler 
returning to Colombia from the 
Comoros Islands, 2024, and 
compared with sequences reported 
from other countries. The red  
points on the tree represent 
bootstraps >80%.
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In November 2023, multiple outbreaks of equine 
encephalomyelitis were reported in the central 

Argentina provinces of Corrientes and Santa Fe and 
then in western Uruguay (Pan American Health 
Organization, pers. comm., email, 2023 Dec 19). On 
December 5, 2023, Western equine encephalitis virus 
(WEEV) was confirmed as the causative agent of an 
equine death from Salto Department, in northwest-
ern Uruguay (Figure 1). Through March 2024, this 
outbreak has extended across Uruguay and affected 
1,086 equines. We report the diagnosis and prelimi-
nary genomic analysis of WEEV on the basis of partial 
sequencing of the nonstructural protein (NSP) 4 gene 
that was conducted in the first case of the outbreak 
(November 28, 2023) and 7 additional cases during 
December 2023–February 16, 2024. 

We collected equine brain tissue samples from 5 
departments: Salto, Paysandú, Rio Negro, San José, 
1These first authors contributed equally to this article.
2These authors contributed equally to this article.

We report the genomic analysis from early equine cases 
of the Western equine encephalitis virus outbreak during 
2023–2024 in Uruguay. Sequences are related to a viral 
isolate from an outbreak in 1958 in Argentina. A viral ori-
gin from South America or continuous enzootic circula-
tion with infrequent spillover is possible.
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and Rocha (Figure 1). We conducted next-generation 
sequencing (NGS) on 3 of the partially sequenced sam-
ples and 3 additional samples by using the Illumina 
MiniSeq (Illumina, https://www.illumina.com), re-
vealing near-to-complete genomes ranging from 11436 
to 11508 nucleotides (Appendix Table, https://ww-
wnc.cdc.gov/EID/article/31/1/24-0915-App1.pdf). 
We conducted nucleic acid extraction by using DNA/
RNA Pathogen Miniprep Kit (Zymo Research, https://
www.zymoresearch.com) or the Tacomini Authomatic 
Nucleic Acid Extraction System (GeneReach Biotech-
nology, https://www.genereach.com) on samples and 
cerebrospinal fluid from dead or symptomatic horses, 
according to the manufacturer’s instructions. We per-
formed diagnostics by using a generic reverse tran-
scription nested or seminested PCR targeting a phy-
logenetically informative region of the NSP4 gene (1) 
as modified in previous publications (2). This protocol 
enabled us to accurately identify any member of the 
alphavirus genus by using Sanger sequencing of the 
PCR amplicons and further phylogenetic analysis.

Seminested amplicons (303 and 372 bp) were se-
quenced at Macrogen (Seoul, South Korea) and at the 
Departamento de Laboratorios de Salud Pública se-
quencing facility. NGS was performed by using the Vi-
ral Surveillance Panel from Illumina (Illumina), which 
enables whole-genome sequencing of high-impact  

viruses by using hybrid-capture enrichment. We 
aligned the sequences obtained with selected alpha-
virus sequences downloaded from GenBank by using 
Mafft software (3). We reconstructed phylogenies un-
der the maximum likelihood criterion by using Phy-
ML (https://github.com/stephaneguindon/phyml) 
and midpoint rooting. We calculated branch sup-
ports by using the approximate likelihood ratio test 
and we considered supports > 0.7 as significant (4). 
Phylogenetics trees inferred on NSP4 partial sequenc-
es (Figure 2, panel A) or on complete genomes (Fig-
ure 2, panel B) showed that sequences from Uruguay 
form a monophyletic group into the WEEV clade 
together with sequences from Brazil. The 2023–2024 
sequences (Uruguay and Brazil) were closely related 
to an old virus from Argentina isolated from a sick 
horse in 1958 in Córdoba (GenBank accession no. 
KT844543). Also related to the clade from Uruguay 
are 2 additional sequences from Argentina. The first 
is an isolate collected in 1933 from a horse from Bue-
nos Aires (accession no. KT844524), and the second 
isolate is from a Culex spp. mosquito collected in 1980 
in Chaco province (accession no. GQ287646). The 
outbreak sequences, together with the old sequences 
from Argentina, group independently from the North 
America sequences and do not fall into classifications 
proposed by previous publications (5,6). Of note, 

Figure 1. Location of samples 
analyzed in investigation of 
equine encephalomyelitis 
outbreak in Uruguay, 2023–
2024. Red dots indicate 
equine Western equine 
encephalomyelitis virus cases in 
Uruguay. Green dots represent 
sequences retrieved from 
GenBank that correspond 
with equine Western equine 
encephalomyelitis virus cases 
from Rio Grande do Sul, Brazil. 
Blue dots represent human 
cases. Inset map shows location 
of Uruguay in South America.
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the sequence from Uruguay retrieved from the 2009 
human case (accession no. HM640251.1) (7) was un-
related to the sequences recovered from the current 
outbreak and clusters into the B3 clade with United 
States sequences (Figure 2). The phylogenies inferred 
with both partial and complete sequences showed 
the same overall topology, reinforcing the usefulness 
of our approach for a sensitive, accurate, and rapid 
identification of the outbreak’s viral cause.

In Uruguay, early studies from the 20th Century 
reported the circulation of several encephalitic alpha-
viruses in adults and children by using hemagglutina-
tion inhibition or complement fixation tests (8). More 
recently, we used a plaque reduction neutralization 
assay to identify a seropositive horse from a sample 
collected in 2007 (9) and reverse transcription PCR 
followed by sequencing to diagnose the fatal human 
case that occurred in 2009 (7). In North America, there 
have been no reports of equine or human WEEV cases 
since 1998; however, WEEV was detected in mosquito 
vectors through 2008 (5).

The origin and rapid spread of this outbreak are 
concerning. The positions of the sequences found are 
related to an old virus strain from Argentina, which 

might imply the virus remained enzootic in the re-
gion for a long period. In addition, a continuous enzo-
otic WEEV circulation in the region, with rare events 
of spillover to equids and humans, should be consid-
ered as a potential origin. A highly rainy spring sea-
son and the extensive flooding in 2023 in central Ar-
gentina, Uruguay, and southern Brazil were followed 
by increased mosquito proliferation, especially of the 
flooding mosquito (Aedes albifasciatus), and are likely 
related to the 2023–2024 outbreak. This set of environ-
mental conditions, characteristics of vertebrate hosts 
(such as avian species because of their migratory pat-
terns and ecology), and vectors that drove this epi-
zootic outbreak need further investigation under a 
multidisciplinary approach. Field work is crucial to 
identifying the vertebrate hosts and the mosquito 
species acting as WEEV vectors in this region.
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Avian influenza viruses (AIVs) of the H5N1 sub-
type are a cause of concern because they are 

highly pathogenic in birds and various mammals. 
H5N1 AIVs have caused outbreaks in both wild and 
domestic avian species, leading to substantial bio-
diversity and economic losses from virus-induced 
deaths and culling interventions. Surveillance stud-
ies have shown an increased incidence of H5N1, par-
ticularly of clade 2.3.4.4b, in wild birds (1), which 
coincides with growing reports of infections in 
mammal hosts including skunks, raccoons, bears, 
and foxes (2). In such studies, affected animals were 
believed to be dead-end hosts, which is consistent 
with previous perceptions that AIV H5N1 exhibits 
no or poor transmissibility in mammals. That per-
ception changed in 2022, when outbreaks of H5N1 
clade 2.3.4.4b were reported in fur farms in Europe 
breeding minks and foxes (3,4) and in populations of 
pinnipeds (e.g., seals and sea lions) in South America 
(5). In early 2024, an outbreak of AIV caused by gen-
otype B3.13 H5N1, a descendant of H5N1 2.3.4.4b, 
was reported in dairy cattle in the United States (6). 
At the time, infection was also reported in cats, mice, 
and farm workers, but direct transmission from  

Recent outbreaks of influenza A(H5N1) have affected 
many mammal species. We report serologic evidence 
of H5N1 virus infection in horses in Mongolia. Because 
H3N8 equine influenza virus is endemic in many coun-
tries, horses should be monitored to prevent reassort-
ment between equine and avian influenza viruses with 
unknown consequences.
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cattle could not be confirmed. Cow-to-cow transmis-
sion was later confirmed by sequencing data and 
epidemiologic information.

Horses are natural hosts of equine influenza vi-
rus (EIV). Two subtypes of EIV have emerged, in-
cluding 2 H3N8 strains and 1 H7N7 strain. All EIVs 
are thought to have originated from AIVs. Here, we 
report serologic evidence of influenza A(H5N1) infec-
tion in horses in Mongolia. 

In surveillance studies during July 2021–October  
2023, we collected serum samples from 10 horses 
from 24 herds, 3 times per year. We recorded associ-
ated metadata including sex, approximate age, clini-
cal status, and main use of the horse, as well as loca-
tion of the herd. Fourteen herds were in the Ugiinuur 
area of Arkangai Province, a region that exhibits 
substantial wetlands and hosts a large population of 
migratory birds. The other 10 herds were in the Dash-
inchilen area of Bulgan Province and Burd soum of 
Uvurkhangai, a dry area near the Gobi Desert with 
low density of wild birds (Figures 1, 2). All horses 
were unvaccinated and clinically healthy at the time 
of sampling. The herders reported no history of respi-
ratory disease in the horses. 

We heat-inactivated serum samples (n = 2,160), 
treated them with receptor-destroying enzyme 
(Denka Company, https://www.denka.co.jp), and 
performed a screening ELISA assay using an IDEXX 
influenza A virus antibody test kit (IDEXX Labora-
tories, https://www.idexx.com) that detects anti-
bodies against IAV nucleoprotein. We further tested 
nucleoprotein-positive samples (n = 997) for the pres-
ence of antibodies against H5 subtype hemagglutinin 
using an ID Screen Influenza H5 Antibody Competi-
tion-FLUACH5 kit (Innovative Diagnostics, https://
www.innovative-diagnostics.com); 9 samples were 
positive, 8 doubtful, and 980 negative. We ruled out 
cross-reactivity against EIV as a cause of H5 positivity 

because 13 serum samples from horses experimental-
ly inoculated with different EIV antigens were nega-
tive (Appendix). To confirm the H5 ELISA results, we 
tested all doubtful and positive samples (n = 17) in 
virus neutralization assays using live virus A/chick-
en/England/053052/2021, clade 2.3.4.4b (Appendix). 
Two samples derived from working horses sampled 
in October 2021 in the Bulgan area, and in October 
2022 in Arkangai were positive, with a titer of 1:20. 
Serum samples from horses experimentally infected 
with EIV were negative in neutralization assays.

Figure 1. Geographic location of sampling sites for study of influenza A(H5N1) spillover infections in horses, Mongolia. Red represents 
wetlands and yellow, dry areas. Inset shows location of study area in Mongolia. 

Figure 2. Typical ecosystems of sampling sites for study of 
influenza A(H5N1) spillover infections in horses, Mongolia. A) 
Arkangai Province, characterized by large wetlands. B) Bulgan 
Province, characterized by dry areas.
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Equids are clearly susceptible to infection by AIV 
H5N1. Abdel-Moneim et al. (7) described an outbreak 
of influenza in donkeys in Egypt in 2009; they isolated 
IAV H5N1 from nasal swabs and demonstrated that 
≈26% donkeys sampled had been infected. In addi-
tion, H5 antibodies were detected in wild asses (Equus 
hemonius hemonius) in Mongolia (8); of note, a protein 
microarray was used in that study and the levels of 
reactivity were low.

Our findings show that horses are susceptible to 
infection by H5N1 viruses and that spillover events are 
likely frequent, highlighting the potential emergence 
of IAVs by reassortment between H3N8 EIV (the circu-
lating subtype in horses) and H5N1 IAVs. The ecologic 
conditions for reassortment are met in North America; 
30% of the global horse population is located (9) there, 
EIV is endemic, avian influenza A(H5N1) clade B3.13 
is spreading in cattle, and contact rates between cows 
and horses are likely to be high in agricultural set-
tings. Consistent with our previous work showing that 
horses in Mongolia are commonly exposed to H3N8 
AIVs in the absence of disease outbreaks (10), our re-
sults suggest that H5N1 infections in horses are likely 
to be subclinical, posing challenges to virus detection. 
We recommend serologic surveys in premises that 
keep horses; such studies would aid early virus detec-
tion, provide a comprehensive picture of the changing 
ecology of IAVs, and inform the design of control mea-
sures to prevent influenza emergence.
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Nontyphoidal Salmonella enterica is a major cause 
of foodborne disease worldwide (1). Although a 

few serovars, such as Enteritidis and Typhimurium, 
produce most infections (2,3), uncommon serovars 
can cause clinical cases. Characterization may con-
tribute to early identification of emerging strains. 
We report a multiregional outbreak of salmonellosis 
caused by Salmonella Abony and characterization of 
clinical isolates collected during the outbreak. 

During January 19–March 16, 2024, two healthcare 
centers in Santiago, Chile, diagnosed 134 human sal-
monellosis cases: 29 at UC-Christus and 105 at Clínica 
Alemana. All isolates were submitted to Instituto de 
Salud Pública de Chile for serotyping; serovar Abony 
(antigenic formula 1,4,[5],12:b:e,n,x) was found in 
57% (56/97) of cases with culture (Appendix 1 Figure 
1, https://wwwnc.cdc.gov/EID/article/31/1/24-
1012-App1.pdf). Among those cases, 33 (58.9%) were 
in male patients and 23 (41.1%) in female patients; 40 
(71.4%) patients were <18 years of age, 17 (30.4%) re-
quired hospitalization, and 10 (17.9%) had bacteremia 
(Appendix 2 Table 1, https://wwwnc.cdc.gov/EID/
article/31/1/24-1012-App2.xlsx).

Whole-genome sequencing was performed for 
18 of 56 outbreak isolates, 13 from UC-Christus and 5 

from Clínica Alemana (Appendix 1 Figure 1). Isolates 
comprised 6 blood, 2 urine, and 10 feces samples. Hi-
erarchical clustering (HC) of global Salmonella Abony 
genomes identified 150 HC50 (<50 core genome mul-
tilocus sequence typing allele differences) clusters; 
outbreak isolates belonged to the HC50_20673 cluster 
(Appendix 1 Figure 2; Appendix 2 Table 2). That clus-
ter encompassed isolates from the United Kingdom, 
United States, Brazil, Nigeria, and France collected 
during 2008–2024. A core single-nucleotide polymor-
phism (SNP) phylogeny grouped all HC50_20673 ge-
nomes into 3 clades corresponding to 3 HC10 clusters 
(Figure 1). The genomes from Chile grouped within 
HC10_20673, differing by only 0–3 pairwise SNP dif-
ferences. That cluster also included 4 genomes from 
reference strain Salmonella Abony WDCM 00029 (4) 
(Figure 1; Appendix 2 Table 2). The 4 WDCM 00029 
genomes differed by 0–19 SNPs from the remaining 
HC10_20673 isolates and by 0–7 SNPs from the iso-
lates from Chile, indicating high relatedness (Appen-
dix 2 Table 3).

To confirm the high genomic similarity was not 
limited to the core genome, we calculated average 
nucleotide identity and alignment fraction for all 
HC50_20673 isolates using the WDCM 00029 ge-
nome provided by the American Type Culture Col-
lection (strain BAA-2162; https://www.atcc.org) 
(5) as the reference (Figure 2, panel A). Of note, 
isolates from Chile had median alignment fraction 
(97.85%) and average nucleotide identity (99.99%) 
values greater than those of the other HC10 clusters 
(p<0.0001) (Figure 2, panels B, C), in line with core 
SNP data and further suggesting an almost com-
plete genomic identity between WDCM 00029 and 
the outbreak genomes. We observed similar find-
ings when we included all HC10_20673 genomes, 
except WDCM 00029 genomes, in the analysis (Ap-
pendix 1 Figure 3).

According to official data requested from the 
Chile government (Appendix 1 Figure 4; Appendix 2 
Table 4), 287 Salmonella Abony isolates were collected 
during January 24–April 21 from 12 of 16 adminis-
trative regions of Chile, corresponding to infections 
occurring in persons 0–82 years old. Most (79.8%; 
229/287) isolates came from Región Metropolitana, 
and 57.5% (165/287) were obtained during February 
2024. Because we did not have additional epidemio-
logic information (e.g., food consumed), we did not 
investigate the source of the outbreak.

Previous studies from Brazil and Nigeria also 
reported human Salmonella Abony infections, and 
cases from Brazil were linked to consumption of 
food containing chicken meat (6,7). We found those 

A Salmonella enterica serovar Abony outbreak occurred 
during January–April 2024 in Chile. Genomic evidence 
indicated that the outbreak strain was a clone of refer-
ence strain WDCM 00029, which is routinely used in 
microbiological quality control tests. When rare or unre-
ported serovars cause human infections, clinicians and 
health authorities should request strain characterization.

http://www.cdc.gov/eid
https://doi.org/10.3201/eid3101.241012
https://wwwnc.cdc.gov/EID/article/31/1/24-1012-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/1/24-1012-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/1/24-1012-App2.xlsx
https://wwwnc.cdc.gov/EID/article/31/1/24-1012-App2.xlsx
https://www.atcc.org
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isolates also belonged to the HC10_20673 cluster 
and were closely related to WDCM 00029 genomes 
(1–9 core SNPs differences) (Figure 1; Appendix 
2 Table 3). One isolate from Brazil was resistant 
to third-generation cephalosporins because of a  
blaCMY-2–carrying IncI1 plasmid (Figure 1). More-
over, 2 isolates from Chile and 1 isolate from the 
National Center for Biotechnology Information 
Pathogen Detection database (https://www.ncbi.
nlm.nih.gov/pathogens; strain PNUSAS428168, 
SNP cluster PDS000001617.32) also carried IncI1 
and IncFII plasmids. Strain PNUSAS428168 har-
bored the qnrS1 gene involved in resistance to 
fluoroquinolones and blaCTX-M-15 gene involved in  

resistance to third-generation cephalosporins (Fig-
ure 1), highlighting the capacity of HC10_20673 Sal-
monella Abony to acquire plasmids conferring resis-
tance to first-line antibiotic drugs used for treating 
severe salmonellosis.

Salmonella Abony WDCM 00029 (also known 
as strains BAA-2162, NCTC 6017, CIP 80.39, CECT 
545, and DSM 4224, among others) is a strain with 
>80 years of history. Originally isolated from hu-
man feces in Hungary before 1940, it was part of 
Fritz Kauffmann’s collection and was later de-
posited in different culture collections (4,5,8). 
WDCM 00029 is widely used as a control strain 
for testing culture media performance, detailed in  

Figure 1. Phylogenetic analysis of Salmonella enterica serovar Abony from an outbreak caused by a WDCM 00029 Clone, Chile, 
2024. A core SNP maximum-likelihood phylogenetic tree was constructed by using RAxML version 8 (https://github.com/stamatak/
standard-RAxML) and genomes of Salmonella Abony isolates from the HC50_20673 cluster with the ATCC 6017 genome as the 
reference (Enterobase Barcode SAL_BA5138AA; Sequence Read Archive accession no. SRR1786283). The tree was constructed 
by using the Enterobase pipelines refMasker, refMapper, refMapperMatrix, and matrix_phylogeny, which together masked repeated 
regions, tandem repeats, and CRISPR regions in the reference genome, aligned genomes to reference, called nonrepetitive core SNPs, 
and built the maximum likelihood tree. Metadata regarding HC10 clusters (<10 allele differences) include isolation source, collection 
year, country of origin, antibiotic drug resistance genes (AMRFinderPlus version 3.12.8; database version 2024-05-02.2; https://www.
ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder), and plasmid replicons (ABRicate version 1.0.1, https://github.com/
tseemann/abricate; PlasmidFinder database, updated June 4, 2024). Red arrows indicate the WDCM 00029 genomes found in the 
public databases (Enterobase, https://enterobase.warwick.ac.uk/species/index/senterica; National Center for Biotechnology Information 
Sequence Read Archive, https://www.ncbi.nlm.nih.gov/sra) that were made public in 2013 (accession no. SRR955283), 2016 (accession 
no. SRR1815498), 2019 (accession no. SRR8599079), and 2021 (accession no. SRR15145673). Asterisks (*) in the collection year 
column indicate that information was missing. The figure was made by using iTOL version 6.9 (https://itol.embl.de). ATCC, American 
Type Culture Collection; cgMLST, core genome multilocus sequence typing; CRISPR, clustered regularly interspaced short palindromic 
repeats; SNP, single-nucleotide polymorphism.
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pharmacopeial texts from the United States,  
Europe, and Japan that are accepted by the Inter-
national Council of Harmonization (9,10). Accord-
ingly, WDCM 00029 is sold by many suppliers as 
certified lyophilized or ready-to-use reference ma-
terial for quality control of food, water, and envi-
ronmental testing (Appendix 2 Table 5).

In summary, evidence suggests the 2024 Salmo-
nella Abony outbreak in Chile was caused by con-
tamination of an unknown vehicle with the widely 
used WDCM 00029 reference strain. Our findings 
raise concerns about safety of bacterial quality con-
trol strains. When rare or unreported serovars cause 
human infections, clinicians and health authorities 
should request strain characterization.
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Católica de Chile (approval no. 240422008) and Comité Ético 
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Figure 2. Whole-genome comparisons of Salmonella enterica serovar Abony from an outbreak caused by a WDCM 00029 clone, Chile, 
2024. A) Example whole-genome comparison between Salmonella Abony WDCM 00029 (genome provided by ATCC; strain BAA-2162) 
and an isolate from the HC10_20673 cluster (strain SAbH24_18) from Chile, or the most closely related isolate (strain 201808966) 
outside the HC10_20673 cluster (mean difference to HC10_20673 isolates: 73 SNPs). Red lines connect regions of genome identity 
between each pair of compared genomes, with color indicating the percent identity. The red vertical arrow points to a region of difference 
between the compared genomes. B, C) Truncated violin plots of AF (B) and ANI (C) to the WDCM 00029 genome of the Salmonella 
Abony isolates (n = 18 genomes) from Chile and other isolates from the same HC50 cluster (HC10_142933 and HC10_165393; n = 12 
genomes). In the violin plots, black horizontal lines represent medians and dotted lines represent 25% and 75% quartiles. Differences 
between the median values were assessed by using Mann-Whitney tests. AF and ANI calculations were made with FastANI version 1.34 
(https://github.com/ParBliSS/FastANI). AF, alignment fraction; ANI, average nucleotide identity; ATCC, American Type Culture Collection; 
SNP, single-nucleotide polymorphism.
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Protothecosis is an uncommon disease caused 
by the unicellular microalga Prototheca spp., de-

scribed in humans and animals and associated with 
systemic disease, cutaneous lesions, or both (1,2). Pro-
totheca spp. has been identified as the cause of cutane-
ous lesions and in 1 case of disseminated neurologic 
disease in cats (2–4). Diagnosis of protothecosis can 
be challenging and usually is based on observation of 
the organism in tissues and body fluids (5). Culturing 
or PCR is required for a definitive diagnosis and spe-
cies identification (2,4).

A 5-year-old female Birman cat, spayed and 
maintained indoors, was referred to our veterinary 
hospital for a 1.5-month history of uveitis in the right 
eye. Neuro-ophthalmic evaluation revealed that the 
right eye was blind and had severe signs of uveitis, 

1These first authors contributed equally to this article.

We identified Prototheca spp. microalga in ocular sam-
ples of a cat in Spain with nontreatable endogenous 
endophthalmitis. Within 2 years, the eye lesions pro-
gressively worsened and neurologic signs appeared, 
suggesting systemic spread of the infection. On multitar-
get sequence analysis, the feline pathogen could not be 
assigned to any known Prototheca species.
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whereas the left eye was unaffected. Ultrasound ex-
amination showed exudative retinal detachment in 
the right eye, confirming irreversible blindness. At 5.5 
months, clinical signs of uveitis appeared also in the 
other eye (Figure, panel A). At the 6.5-month follow-
up, the aqueous flare in the left eye worsened (Figure, 
panel B). We obtained an aqueous humor sample and 
a vitreous sample for cytologic examination, which 
revealed a mixed inflammatory process and the pres-
ence in the vitreous of structures morphologically 
compatible with algae of the genus Prototheca spp. 
(Appendix Figure 1, panel A, https://wwwnc.cdc.
gov/EID/article/31/1/24-1198-App1.pdf). Antifun-
gal therapy with itraconazole (5 mg/kg 2×/d) was 
initiated at 10.5 months and stopped voluntarily by 
the owner at 14.5 months. At the 16.5-month follow-
up, the cat was completely blind, and the clinical 
signs had worsened with the development of corneal 
macro-deposits (Figure, panels C, D). At 17.5 months, 

we observed 2 episodes of neurologic clinical signs, 
including vestibular signs, ataxia, and disorientation. 
At 19.5 months, the owner reported that the cat had 
lost her hearing. At 21.5 months, the cat’s neurologic 
status further deteriorated, with the onset of seizures 
and prolonged anorexia. At this point, the owner opt-
ed for the humane euthanasia of the cat but did not 
give consent for a full-body necropsy.

The eyes of the cat were submitted for biopsy. The 
samples had been frozen before fixation and autoly-
sis had occurred, so histopathologic investigations 
were challenging because of artifacts. Nevertheless, 
diffuse exudate was visible throughout all the ocular 
structures (Appendix Figure 1, panel B). We observed 
karyorrhectic remnants and microorganisms within 
the axial cornea (Appendix Figure 1, panel C). In ad-
dition, the lens capsule was ruptured, and we noted 
the presence of intra-lenticular microorganisms and 
hypermature cataract formation (Appendix Figure 

Figure. Clinical course of bilateral endogenous endophthalmitis in 5-year-old female Birman cat evaluated by slit-lamp biomicroscopic 
examination, Madrid, Spain. A) Digital photograph of both eyes demonstrating bilateral uveitis at 5.5 months after initial visit to clinic. B) 
Slit-lamp biomicroscopic image (original magnification ×10) of the left eye, demonstrating a marked flare (yellow arrows) at 6.5 months 
after initial clinical signs. C, D) At 16.5 months, the right eye (C) (original magnification ×10) and left eye (D) (original magnification ×16) 
were imaged by slit-lamp biomicroscopic examination, revealing corneal endothelial macrodeposits of undefined origin, presumed to be 
the result of Prototheca spp. invasion. Scale bars indicate 5 mm.

http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/31/1/24-1198-App1.pdf
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1, panel D). The microorganisms exhibited a mark-
edly periodic acid-Schiff–positive and Alcian blue– 
negative membrane. Results of PCR analysis for Cryp-
tococcus spp. were negative and, on the basis of the 
morphology and staining characteristics, we suspect-
ed a diagnosis of Prototheca spp. infection.

The ocular samples tested positive for Prototheca 
spp. in PCR tests that used 3 primer sets (Appendix 
Table 1) and amplified a 1,800-bp sequence of the 18S 
rDNA, a 630-bp sequence of 28S rDNA, and a 650-
bp sequence of the cytochrome B gene. We depos-
ited the nucleotide sequences in GenBank (accession 
nos. PQ111814 [18S rDNA sequence], PQ122806 [28S 
rDNA sequence], and PQ115153 [cytochrome B gene 
sequence]). We conducted multitarget sequence and 
phylogenetic analysis by using the sequences gener-
ated in this study and cognate sequences retrieved 
from the National Center for Biotechnology Informa-
tion database (Appendix Figure 2). The 18S rDNA, 
the 28S rDNA, and the cytochrome B gene sequences 
shared the highest nucleotide identity with Prototheca 
lentecrescens PK1 (GenBank accession nos. MZ198751 
[86.0%], OK236514 [84.8%], and MW701399 [83.5%]) 
(Appendix Table 2). The feline Prototheca strain was 
segregated in a separate branch within the maximum- 
likelihood phylogenetic tree, diverging from other 
Prototheca species, thereby supporting the hypoth-
esis of a distinct phylotaxonomic status for the strain 
SPA/2024/cat/259 (Appendix Figure 2).

Disseminated Prototheca infection already has 
been reported in a cat with central nervous system 
signs and a suspected diagnosis of multifocal lym-
phoma; however, in other reports, feline prototheco-
sis has been associated with cutaneous or subcutane-
ous lesions (2–4). In our case, the cat had a history 
of chronic glucocorticoid administration for intestinal 
disease, which probably triggered immune suppres-
sion in the animal. In addition, the cat had received 2 
fecal transplants, which might be a potential source of 
infection. Also, previous studies have indicated that 
the Birman breed is highly susceptible to certain in-
fectious diseases, including chlamydophilosis, cryp-
tococcosis, feline infectious peritonitis, and Tritricho-
monas fetus infection (6–9). However, we could not 
identify the primary source of the infection because 
this microalga can be found in multiple environmen-
tal sources. Another limitation of our study was that 
we could not isolate the Prototheca strain in vitro to 
assess its cultural properties. 

In conclusion, we describe a novel candidate Pro-
totheca species invading the ocular tissues of a cat, 
a rare clinical manifestation in felids. Our findings 
also extend the knowledge of the genetic diversity of  

Prototheca spp. in animals, a piece of valuable infor-
mation for pathogens with zoonotic potential.
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Outbreaks of superficial skin infections caused 
by the emergent dermatophyte Trichophyton 

indotineae (Trichophyton mentagrophytes genotype 
VIII) were reported in southern Asia starting in 2014 
(1–4). Typically, T. indotineae infections initially in-
volve the groin (tinea cruris) and respond poorly to 
treatment, resulting in widespread lesions affecting 
multiple body sites. Many isolates exhibit in vitro  

resistance to terbinafine, and most infections are 
clinically resistant to that drug (1–5). Infections 
spread easily from person to person (1–8), and some 
reports suggest sexual transmission (9).

T. indotineae is endemic across Asia, but cases 
have been reported worldwide (4), including in Eu-
rope (5–7), Canada (8), and the United States (9). 
Mounting evidence suggests infection acquisition 
and transmission outside original areas of endemicity 
(5,7,9,10). Occasional cases of T. indotineae infection 
have been reported from the United Kingdom (10). 
We describe all cases of T. indotineae identified at the 
UK National Mycology Reference Laboratory (MRL) 
during a 7-year period.

We reviewed laboratory records from August 
2017–July 2024 for dermatophytes identified as T. 
indotineae. When available, we extracted clinical 
and epidemiologic data from requisition forms. 
Dermatophyte identification was determined by 
whole-genome sequencing (WGS) or internal tran-
scribed spacer sequencing, combined with pheno-
typic identification (Appendix Table, https://ww-
wnc.cdc.gov/ EID/article/31/1/24-0923-App1.
pdf). Isolates received after 2021 were identified 
using phenotypic features alone. A key defining 
microscopic feature was abundant fusiform to cla-
vate, thin smooth-walled macroconidia with an 
acute apical tip, as well as other macroscopic and 
microscopic characteristics (Appendix Figure 1). 
We performed susceptibility testing by broth mi-
crodilution according to Clinical and Laboratory 
Standards Institute standards (Appendix). In the 
absence of an established clinical breakpoint for 
terbinafine, we used an MIC of >0.5 mg/L to iden-
tify non–wild-type isolates.

The first WGS-confirmed case we noted was 
from October 2018. In nearly half (42.7%, 67/157) of 
identified cases, the groin, buttocks, and thighs were 
directly involved, and neighboring body sites (abdo-
men and back) were implicated in another 18 cases 
(Table 1). Most (84.7%) patients had links to endemic 
areas, including South Asian ethnic background (n = 
97), recent travel to the Indian subcontinent or Middle 
East (n = 41), or both (n = 36). Household spread was 
noted in 5 cases (Appendix Table).

Before 2023, most (27/36) cases were identified in 
London, which was the most affected city according 
to total case numbers. Since 2023, increasing numbers 
of cases were found in an additional 27 cities in the 
United Kingdom and Ireland, and isolate numbers 
outside London exceed those in London (Appendix 
Figure 3). From 2018 to 2019, the prevalence of T. in-
dotineae in the United Kingdom increased from 2% to 

We describe 157 cases of Trichophyton indotineae infec-
tion in the United Kingdom, mostly in patients linked to 
southern Asia. T. indotineae is spreading in the United 
Kingdom and accounts for 38% of dermatophyte isolates 
referred to the UK National Mycology Reference Labo-
ratory. Clinicians should suspect T. indotineae in tinea 
corporis cases.
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7% of all dermatophyte isolates referred to the MRL. 
This prevalence remained largely stable during 2019–
2023 (range 5%–12%). Of note, T. indotineae comprised 
38% of all dermatophyte isolates received by the MRL 
in 2024 up to July (Figure). 

Antifungal susceptibility data for terbinafine 
were available for 124/157 isolates, and in vitro 
resistance (MIC >0.5 mg/L) was documented in 
92/124 (74.2%) cases, in keeping with previous re-
ports (1,2,4,5). Of the 108 isolates in our study, 14% 
displayed MICs >0.5 mg/L to itraconazole; howev-
er, a breakpoint for itraconazole with T. indotineae 
is lacking. Fifty (31.8%) of 157 cases had document-
ed treatment failure, 34 (21.7%) cases had terbin-
afine failure, and 7 (4.5%) cases had poor response 
to itraconazole.

In this study, London had the highest caseloads 
before 2023, likely because of absolute population 
numbers, comprehensive travel links to the Asian 
subcontinent through major London airports, and 
enhanced access to private dermatology clinics. The 
largely stable prevalence from 2019 through 2023 is 
probably because of COVID-19 prevention measures, 
which reduced population mixing and subsequent 
spread of T. indotineae. Our findings suggest that 
infections were acquired either directly in southern 
Asia and imported into the United Kingdom or from 
contacts with recent travel to such areas.

The first limitation of this study is underestima-
tion of T. indotineae prevalence because of limited 
awareness among medical practitioners and micro-
biology laboratorians, likely misidentifications in 
routine laboratories, lack of commercial methods 
for rapid and accurate identification, and difficulties 
in obtaining skin scrapings from patients impeding 
laboratory identification of causative agent. Second, 
probable regional differences exist in awareness and 
identification capacity driven by regional prevalence 
and likelihood of prior encounter. Third, we do not 
have clinical information on dose or duration of terbi-
nafine therapy for most patients with reported treat-
ment failures; thus, we are unable to link treatment 
failure to elevated MIC values. Finally, only a propor-
tion of T. indotineae isolates had genetic confirmation 
of identity. Despite our confidence in our methods, 
the identification of some cases by phenotypic meth-
ods alone could lead to some misidentification of spe-
cies within the T. mentagrophytes species complex.

In conclusion, we show that T. indotineae was 
introduced into the United Kingdom from endemic 
areas and is spreading substantially. On the basis of 
current trends, we predict T. indotineae will rapidly 

 
Table. Characteristics of the 157 proven cases of in an 
investigation of spread of antifungal-resistant T. indotineae 
infection, United Kingdom, 2017–2024* 
Characteristics No. (%), n = 157 
Patient age range, y  
 1–10 4 (2.5) 
 11–20 13 (8.3) 
 21–30 37 (23.6) 
 31–40 42 (26.8) 
 41–50 26 (16.6) 
 51–60 18 (11.5) 
 61–70 13 (8.3) 
 71–80 4 (2.5) 
Anatomic site affected†  
 Buttock, groin, gluteal fold,  perineum, thigh 67 (42.7) 
 Back, abdomen, torso, trunk, breast, chest 18 (11.5) 
 Legs, feet, knee, toenail 14 (8.9) 
 Arms, hands, axilla 6 (3.8) 
 Face, neck, head 6 (3.8) 
 Unknown 53 (33.8) 
Geographic location  
 London 73 (46.5) 
 England outside London 54 (34.4) 
 Wales 8 (5.1) 
 Scotland 19 (12.1) 
 Republic of Ireland 3 (1.9) 
Travel history‡  
 Yes 41 (26.1) 
 No or unknown 116 (73.9) 
Patient links to endemic area  
 Yes 133 (84.7) 
 No 12 (7.6) 
 Unknown 12 (7.6) 
Identification method  
 Phenotypic only 114 (72.6) 
 Molecular ITS or WGS 43 (27.4) 
Antifungal susceptibility testing  
 Terbinafine, >0.5 mg/L 92 (58.6) 
 Terbinafine, <0.5mg/L 32 (20.4) 
 Terbinafine, not tested 33 (21.0) 
 Itraconazole, >05 mg/L 16 (10.2) 
 Itraconazole, <0.5 mg/L 92 (58.6) 
 Itraconazole, not tested 49 (31.2) 
*Detailed case listings and definitions are provided (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/31/1/24-0923-App1.pdf). 
†Multiple sites reported in some cases; therefore, total >157 cases. 
‡Travel to India, Bangladesh, Pakistan, Sri Lanka, UAE, Nepal. 

 

 

Figure. Numbers and percentages of isolates per year in study 
of spread of antifungal-resistant Trichophyton indotineae, 
United Kingdom, 2017–2024. Numbers of isolates of T. 
indotineae and all other dermatophyte species annually are 
referred to the UK National Mycology Reference Laboratory. 
Numbers above bars indicate percentages of all referrals that 
were T. indotineae.

http://www.cdc.gov/eid
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become the predominant cause of tinea corporis in 
the United Kingdom. Clinicians and microbiology 
laboratorians should recognize this fungus as a pre-
dominant cause of tinea corporis.
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Vancomycin-resistant Staphylococcus aureus (VRSA) is 
a rare but serious public health concern. We describe 
a VRSA case in North Carolina, USA. The isolate from 
the case belonged to the USA600 lineage and clonal 
complex 45. No transmission was identified. Confirmed 
VRSA cases should include a thorough investigation 
and public health response.
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On December 3, 2021, the Centers for Disease  
Control and Prevention (CDC) confirmed a 

vancomycin-resistant Staphylococcus aureus (VRSA) 
isolate from a resident of North Carolina, USA. That 
isolate represented the 16th confirmed VRSA case 
identified in the United States (1,2). Although no 
transmission was identified in previous cases, CDC 
recommends a public health response to each con-
firmed case because of the potential for transmission 
and the serious clinical implications of widespread 
vancomycin resistance in S. aureus (3).

The patient was a 55-year-old man with a history 
of diabetes mellitus, hypertension, arthritis, pulmo-
nary disease, peripheral vascular disease, methicillin-
resistant S. aureus (MRSA), and vancomycin-resistant 
enterococci (VRE). The patient resided in a skilled 
nursing facility (SNF) for the 28 days before the in-
cident specimen was collected. In the 60 days before 
specimen collection, the patient had acute care hos-
pital (ACH) and SNF admissions, received care for a 
nonhealing foot wound at a wound care clinic (WCC), 
and received 5 antimicrobial agents, including vanco-
mycin. The patient was in a private room and on con-
tact precautions during all facility admissions for the 
12 months before the positive VRSA identification. 
Cultures from the patient’s nonhealing foot wound, 
which was suspected of being infected, yielded the 
incident specimen.

The suspect isolate underwent species confirma-
tion, vancomycin resistance screening, and antimi-
crobial susceptibility testing (4) by the North Caro-
lina State Laboratory for Public Health (Appendix, 
https://wwwnc.cdc.gov/EID/article/31/1/24-

1573-App1.pdf). CDC performed short-read whole-
genome sequencing and genome assembly, staphy-
lococcal cassette chromosome mec and protein A 
(spa) typing, multilocus sequence typing, and whole- 
genome multilocus sequence typing.

The confirmed VRSA isolate demonstrated re-
sistance to vancomycin (MIC 64 µg/mL by gradient 
diffusion, 128 µg/mL by broth microdilution) (4). 
Whole-genome sequencing analysis identified the 
presence of mecA and vanA genes. The vanA gene is 
likely plasma-encoded on the basis of the similarity 
of its genomic context to other plasmid-encoded vanA 
genes in publicly available data. Typing results indi-
cated the isolate was spa type t1081, staphylococcal 
cassette chromosome mec type V, and sequence type 
45, belonging to the USA600 lineage and clonal com-
plex 45 (CC45/USA600) (5) (Figure).

We conducted site visits to the ACH, WCC, and 
SNF that provided care to the patient during the 60 
days before collection of the positive specimen. We 
identified minimal infection prevention and control 
gaps at the ACH and WCC; at the SNF, we observed 
inappropriate use or absence of personal protection 
equipment, low adherence to hand hygiene, poor 
wound care technique, inability to outline cleaning 
and disinfection protocols, and crowded/cramped 
spaces with minimal access to hand hygiene stations 
(e.g., lack of handwashing sinks and alcohol-based 
hand sanitizers). The SNF had no dedicated infection 
preventionist.

We defined contacts as persons having extensive 
or moderate interaction (3) with the patient or the pa-
tient’s environment during the 60 days before the spec-

Figure. Whole-genome multilocus sequence typing for identification and characterization of VRSA, North Carolina, USA, 2021. 
Unweighted pair group method with arithmetic mean dendrogram shows the relationship of VRSA16 and previously sequenced VRSA 
genomes from US patients; sequence data for VRSA 12 (CC5/PFGE type unknown), VRSA 13 (CC30/USA1100), and VRSA 14 
(CC5/USA100) were not available. Date of isolation (year), PFGE type (also known as USA type), and geographic location of each 
VRSA isolate are indicated. Scale bar indicates the whole-genome multilocus sequence typing allelic distance. PFGE, pulsed-field gel 
electrophoresis; VRSA, vancomycin-resistant Staphylococcus aureus.
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imen collection date. We collected screening specimens 
from the nares, axilla, groin, and wounds (if present) 
of contacts using 1 ESwab (COPAN, https://www.co-
panusa.com) per site, with the exception of the axilla 
and groin, which could be combined. We identified 
115 contacts: 83 staff from the ACH and WCC, 12 SNF 
staff, 16 SNF residents, and 4 patient household mem-
bers. No ACH or WCC patient contacts were identi-
fied. We collected 228 specimens from 110 contacts: 
83 ACH and WCC staff, 23 from the SNF (9 staff and 
14 residents), and 4 household members. Among 224 
screening specimens (109 nares, 109 axilla/groin, and 
6 wound) that met acceptance criteria from 109 con-
tacts, no VRSA was isolated. After 49 days in the ACH 
and beginning 1 week after completion of treatment 
for VRSA with meropenem and daptomycin, the pa-
tient had negative serial cultures over the next 3 weeks 
collected from the nares, axilla, groin, and wound and 
was discharged back to the SNF.

Since VRSA was identified in the United States 
in 2002, confirmed cases are uncommon. The case re-
ported here is notable for its location in the southern 
United States and belonging to the globally distrib-
uted CC45. In contrast to prior VRSA cases (1,6) with 
strains primarily associated with healthcare (5), CC45 
circulates in both healthcare facilities and communi-
ty settings (7). Similar to prior cases (2), this patient 
had multiple underlying conditions and a history 
of MRSA and VRE, supporting the hypothesis that 
VRSA resulted from conjugal transfer of the vanA 
gene from VRE to MRSA (8).

As for other VRSA investigations (6), we did not 
identify transmission, which is notable here given the 
identified infection prevention and control gaps. One 
possible explanation for the lack of transmission is 
that MRSA isolates harboring the vanA gene (VRSA) 
may be less fit or less transmissible. At least 1 labora-
tory study showed reduced fitness of VRSA isolates 
after vancomycin exposure (9), which might have 
contributed to the lack of transmission here.

In conclusion, emergence of this unique VRSA 
strain highlights the potential for emergence of oth-
er novel transmissible strains. Although the lack of 
transmission is reassuring, continued vigilance and 
investigation for all confirmed cases is paramount 
given the potential for vancomycin resistance to 
emerge in different S. aureus lineages, thereby result-
ing in novel strains that are more fit and thus more 
transmissible.
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Under ideal conditions, the efficacy of a single 
dose of measles vaccine is ≈85% when ad-

ministered to a 9-month-old child and 90%–95% 
when administered to a 12-month-old child. The 
World Health Organization recommends the vac-
cine should be given in 2 doses and at a minimum 
vaccination coverage of 95% for each country (1). 
However, despite high vaccine efficacy under trial 
conditions and the widespread use of the 2-dose 
schedule worldwide, vaccine effectiveness is lower 
and much more variable in practice (2). Indeed, it 
has been shown that responses to measles vaccines 
vary among persons and some vaccinated children 
are unable to produce the immune responses nec-
essary for protection against measles (3). The im-
mune response to measles vaccination is thought to 
be influenced by various host factors, including an-
tibodies acquired through maternal antibody trans-
fer, host-specific genetic factors, HIV infection, 
malnutrition, and other forms of immunosuppres-
sion (4). The measles vaccine failure rate is ≈10% in 

developed countries but can be >30% in resource-
limited countries (3,5).

Numerous difficulties, such as geographic inac-
cessibility of certain areas, have been cited as factors 
favoring the persistence of measles in many coun-
tries in Africa (Republic of Congo Ministry of Health 
and Population, unpub. data). Those factors could 
have a substantial effect on the ability to eliminate 
measles from the continent. The Republic of Congo 
is part of the World Health Organization’s strategic 
plan to eliminate measles in Africa and has imple-
mented a multiyear plan to fight against measles, 
mumps, and rubella as one of its strategic objectives. 
The country has introduced the combined measles/
mumps/rubella vaccine, which is administered in 
2 doses to children, 1 dose at 9 months and 1 dose 
at 15 months of age (Republic of Congo Ministry of 
Health and Population, unpub. data). Despite those 
efforts, measles continues to circulate, prompting 
multiple large-scale vaccination campaigns. Recent 
surveillance data has shown a considerable propor-
tion of measles cases among vaccinated persons. The 
detection of infection among persons assumed to be 
vaccinated could pose a challenge to the country’s 
efforts to eliminate the disease. 

We hypothesized that vaccinated persons who 
tested positive for measles were not seroconverting. 
As part of routine measles surveillance activities, we 
determined the IgG seroconversion rates of vacci-
nated persons with confirmed measles. Using ELI-
SAs, we analyzed a cohort of 191 patients who were 
IgM-positive for measles virus during 2020–2022 
and who had a history of vaccination (>1 vaccine 
dose). We determined serologic differences between 
the last vaccination date and the date of illness on-
set that were >2 months apart. The significance level 
was set at p<0.005.

The median patient age was 4 (interquartile range 
2–7) years; children <5 years of age accounted for 101 
(52.9%) patients, and that age group showed a signifi-
cant difference in IgG seroconversion rate (p<0.0001) 
(Table). For most patients, the median interval be-
tween the date of disease onset and date of last vac-
cination was 23 (interquartile range 4–53) months; 
most (n = 111 [58.1%]) patients had an interval of 2–48 
months. The overall seroconversion rate was 38.7% 
(p<0.0001). Among patients who received 1 dose of 
vaccine, only 57 (38%) seroconverted (p<0.0001), and 
we did not observe a significant difference in sero-
conversion among patients who received >2 doses 
(p = 0.1221). Among persons who received >2 doses 
of vaccine, only 41.5% seroconverted compared with 
58.5% who remained IgG negative (Table).

We report a low (38.7%; p<0.0001) level of IgG serocon-
version in patients who were positive for measles virus 
IgM in the Republic of Congo, despite a history of vac-
cination. Considering this country’s recurring measles 
epidemics, more effective immunization strategies, in-
cluding vaccine delivery methods, are needed to prevent 
measles outbreaks.

http://www.cdc.gov/eid
https://doi.org/10.3201/eid3101.240911


198 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 1, January 2025

RESEARCH LETTERS

We also estimated the effect of the interval be-
tween the date of disease onset and date of last vacci-
nation on IgG production. A longer interval increased 
the IgG production rate, although the number of 
persons who produced IgG was significantly lower 
(p<0.0001) (Table).

Our findings revealed a high number of patients 
who only received 1 dose of measles vaccine, indi-
cating a need to reinforce the booster and postvac-
cination follow-up system for vaccinated children. 
Overall, a relatively low rate of IgG seroconversion 
was observed in both single- and double-dose vac-
cine recipients. Similar results were observed in Tur-
key, where low IgG seroconversion against measles 
virus was observed in children >9 months of age (6). 
Reasons for the low number of persons who under-
went IgG seroconversion after receiving >2 vaccine 
doses remain unclear. This finding might be linked 
to problems with the cold chain system of trans-
port and storage or exposure of vaccines to light, 
because the measles vaccine is photosensitive; thus, 
inadequate training of personnel might be partially 
responsible for low seroconversion numbers (7). In 
large-scale vaccination campaigns, persons who do 
not seroconvert could be vaccine nonresponders (8). 
IgG levels have also been shown to decrease below 
the protective threshold in persons 10–14 years of 
age who received their 2 doses of vaccine at 8 and 18 
months of age (9).

In conclusion, considering the recurring measles 
epidemics in the Republic of Congo, the findings 
from this study raise many questions about the ef-
fectiveness of the country’s measles vaccination 

strategy. Effective administration of vaccines and 
immunization strategies are needed to prevent out-
breaks and might be more effective than vaccination 
campaigns that interrupt measles virus transmission 
during ongoing outbreaks.
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Since 2022, clade 2.3.4.4b highly pathogenic avian 
influenza (HPAI) viruses of the H5N1 subtype 

have caused an increasing number of outbreaks in 
mammals worldwide (1). Since spring 2024, outbreaks 
of H5N1 clade 2.3.4.4b viruses have occurred in dairy 
cows in the United States, leading to the transmission 
of the virus to dairy farm workers, likely through 
close contact with infected cows or milk (2,3). Those 
events have raised concerns that H5N1 clade 2.3.4.4b 
viruses may further adapt to humans. Indeed, some 
current mammal H5N1 clade 2.3.4.4b isolates already 
carry adaptive mutations associated with enhanced 
binding to mammalian entry receptors, increased vi-
ral polymerase activity in mammalian cells, or escape 
from the recently identified BTN3A3 restriction fac-
tor (1,2,4). However, for sustained human-to-human 
transmission, HPAI H5N1 must overcome additional 
host barriers, including human myxovirus resistance 
protein 1 (MxA). 

MxA is an interferon-induced innate immune 
protein that suppresses replication of zoonotic influ-
enza A viruses (IAVs) (5,6). Previous studies have 
demonstrated that human-adapted IAVs, such as the 
pandemic H1N1 virus A/Hamburg/4/2009 (pH1N1), 
evade MxA restriction through adaptive amino ac-
ids in the viral nucleoprotein (NP) (7). In contrast, 
MxA escape-mediating amino acids are absent in 
avian IAVs, such as the human HPAI H5N1 isolate 
A/Thailand/1(KAN-1)/2004 and the current mam-
mal H5N1 clade 2.3.4.4b isolates (Appendix Figure, 
https://wwwnc.cdc.gov/EID/article/31/1/24-1236-
App1.pdf). We used a risk assessment approach to 
investigate whether human MxA restricts zoonotic in-
fections with mammalian H5N1 clade 2.3.4.4b isolates.

We determined the antiviral activity of MxA 
against HPAI H5N1 clade 2.3.4.4b A/blue fox/
Finland/2023AI06876_071/2023 (blue fox H5N1) 
and A/white mink/Finland/2023AI08543_363/2023 
(white mink H5N1) isolated from fur farms in Finland, 
A/cat/Poland/2023AI06401/2023 isolated from a fa-
tally infected domestic cat in Poland (cat H5N1), and 
A/bovine/Texas/24–029328–01/2024 (bovine H5N1) 
isolated from a dairy cow in Texas, United States. Hu-
man pH1N1 and the prototypical H5N1 HPAI KAN-1 
isolated from a human served as controls. 1These first authors contributed equally to this article.

We show that human myxovirus resistance protein 1 
(MxA) suppresses replication of highly pathogenic avi-
an influenza A(H5N1) viruses isolated from mammals in 
vitro and in MxA-transgenic mice. However, H5N1 can 
evade MxA restriction through replacement of individual 
viral polymerase complex components from a human-
adapted MxA-resistant strain in vitro.
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Figure 1. In vitro testing of replication of mammalian influenza A(H5N1) clade 2.3.4.4b isolates against human MxA. MDCK cells 
overexpressing MxA (MDCK-MxA) or antivirally inactive MxAT103A (MDCK-MxAT103A) were infected with an influenza A isolate at a 
multiplicity of infection of 0.001; viral titers were determined at the indicated time points. A) Pandemic H1N1. B) KAN-1 H5N1. C) White 
mink H5N1. D) Blue fox H5N1. E) Cat H5N1. F) Bovine H5N1. Data are mean ± SD of n = 3 independent experiments. Dashed line 
indicates detection limit. hpi, hours postinfection; MxA, human myxovirus resistance protein 1. 

Figure 2. In vitro testing of bovine influenza A(H5N1) restriction through replacement of individual viral polymerase complex components 
from a human-adapted MxA-resistant strain. A) HEK293T cells were transfected with expression plasmids encoding the indicated pH1N1 
or bovine H5N1 polymerase subunits PB2, PB1, PA, and NP together with expression plasmids encoding antivirally active MxA or the 
inactive MxAT103A variant. After 24 hours, we determined the relative polymerase activity as the ratio of MxA to MxAT103A. Data are mean ± 
SD of n = 4 independent experiments. B) HEK293T cells were transfected with expression plasmids encoding the pH1N1, KAN-1 H5N1, 
or bovine H5N1 polymerase subunits PB2, PB1, and PA together with the respective NP. After 24 hours, we determined the polymerase 
activity in presence of the indicated MxA/Mx1 variant, normalized to a transfection control, and calculated relative to the empty vector 
control. Data are mean ± SD of n = 4 independent experiments. We used 2-tailed t-tests for statistical analysis. MxA, human myxovirus 
resistance protein 1; NP, nucleoprotein; PA, polymerase; PB, polymerase basic; pH1N1, pandemic H1N1.
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Consistent with the lack of MxA resistance- 
mediating amino acids in NP (Appendix Figure), vi-
ral growth of KAN-1 and all H5N1 clade 2.3.4.4b iso-
lates was suppressed in MDCK cells overexpressing 
antivirally active human MxA (MDCK-MxA), where-
as the viruses replicated to peak titers of 5 × 106 to 4 × 
108 PFU/mL in cells expressing the inactive MxAT103A 
variant (MDCK-MxAT103A) (Figure 1). Replication of 
pH1N1 was slightly decreased in MDCK-MxA cells 
(Figure 1). 

To assess the importance of MxA in controlling 
zoonotic HPAI H5N1 infections in vivo, we intra-
nasally inoculated C57BL/6 (B6) mice that lacked 
a functional Mx protein, as well as human MxA–
transgenic mice (hMxAtg/tg), with pH1N1, KAN-1, or 
mammalian H5N1 clade 2.3.4.4b isolates (Appendix 
Figure). At 3 days postinfection, pH1N1 reached 
similar lung titers in B6 and hMxAtg/tg mice, whereas 
viral replication of KAN-1 was >3,000-fold lower in 
the lungs of hMxAtg/tg mice than in B6 mice. Of in-
terest, viral replication of mammalian H5N1 clade 
2.3.4.4b isolates was reduced 10-fold to 100-fold in 
hMxAtg/tg mice, depending on the strain used (Ap-
pendix Figure). Despite those differences, infected 
hMxAtg/tg mice appeared clinically healthy without 
any signs of disease, compared with infected B6 
mice, which exhibited lethargy, ruffled fur, and a 
hunched posture.

In the past, some pandemic IAV strains over-
came MxA restriction by reassortment of avian 
IAV surface proteins with mammal-adapted NP or 
polymerase components (8). We assessed whether 
replacement of NP or one of the polymerase com-
ponents (polymerase basic [PB] 1 or 2 or polymerase 
acidic [PA]) would render the otherwise MxA-sen-
sitive H5N1 HPAI polymerase complex MxA-resis-
tant. After reconstituting bovine H5N1 polymerase 
complex with bovine H5N1 NP in the presence of 
MxA, we observed a strong suppression of the viral 
polymerase activity (Figure 2, panel A). However, 
we no longer detected that inhibitory effect of MxA 
when bovine H5N1 polymerase was reconstituted 
with pH1N1 NP. Conversely, the MxA-resistant 
pH1N1 polymerase complex was rendered MxA 
sensitive when reconstituted with the bovine H5N1 
NP. Individual exchange of the remaining poly-
merase components showed that MxA restriction 
was partially overcome by a human-adapted PA but 
not by PB2 or PB1 (Figure 2, panel A). However, in 
contrast to NP (Appendix Figure), no MxA resis-
tance amino acids are known in PA. Finally, because 
partial MxA resistance can be acquired in intermedi-
ate hosts expressing antivirally active Mx1 proteins 

(7,9), we determined the antiviral activity of cow, 
swine, and ferret Mx1 proteins against different vi-
ral polymerase complexes. Using HPAI H5N1 virus 
polymerase complexes, we observed a suppressive 
effect of bovine and, to some extent, swine Mx1 that 
was not observed for the MxA-resistant pH1N1 
polymerase complex. Ferret Mx1 had no antiviral 
activity (Figure 2, panel B).

Our data show that human MxA restricts current 
mammalian H5N1 clade 2.3.4.4b isolates. However, 
because this MxA-mediated restriction was less pro-
nounced in hMxAtg/tg mice, we speculate that adapta-
tions in the viral polymerase, including PB2E627K and 
PB2M631L within the PB2 627 domain, have enabled the 
viruses to partially outpace MxA-mediated restric-
tion (10). Given the ongoing circulation of bovine 
H5N1 in dairy cattle expressing antivirally active 
Mx1, increased surveillance could identify the poten-
tial emergence of MxA escape variants and provide 
early warning for possible future human-to-human 
transmission of these viruses.
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Latin America, including Ecuador, is in the midst 
of a record surge in dengue cases, causing an in-

creased public health burden. With >1,000 deaths on 
the continent in 2024, the need to curb dengue virus 
(DENV) transmission is greater than ever before (1).

Until recently, little was known about which fe-
brile illnesses are transmitted within Putumayo, an 
area of dense rainforest in the Amazon basin that 
spreads across the border between Ecuador and Co-
lombia (2). In Putumayo, as well in many other regions 
to which malaria, other febrile illnesses, and now 
dengue are endemic, resources are extremely lim-
ited, and reaching a confirmed diagnosis can be chal-
lenging. Until the turn of the millennium, registered 
cases of acute fever in rural tropical areas of Ecuador 
were predominantly attributed to malaria. However, 
in the past 2 decades, focus has shifted to DENV as 
the primary etiology of febrile illness, a phenomenon 
observed in many parts of the world (3). The recent 
establishment of Hospital San Miguel, a second-
ary-level-of-care, nongovernmental organization– 
run hospital within Putumayo brought new resources 

Latin America is experiencing an unprecedented den-
gue outbreak, causing an increased health burden. We 
document the cocirculation of dengue viruses 1–4 in Pu-
tumayo, a remote, underserved region at the border be-
tween Ecuador and Colombia. Dengue circulation in this 
largely unexplored territory represents a threat to public 
health in Putumayo and neighboring areas.
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to this area, enabling increased recognition of DENV 
as a cause of febrile illness.

During April–December 2023, as part of a malaria 
screening study (P22080M), we tested 293 community 
residents alongside the Putumayo River; none tested 
positive for malaria. To determine recent infection with 

DENV, we also tested symptomatic and asymptomatic 
persons with a rapid diagnostic test (RDT) for DENV 
nonstructural protein 1 (NS1), IgM, and IgG. In addi-
tion, we tested symptomatic patients experiencing fe-
ver in our hospital with the same RDT for DENV. Most 
samples were also tested by ELISA and quantitative 

Figure 1. Cocirculation of 4 dengue virus serotypes in Putumayo Amazon Basin, 2023–2024. A) Location of Putumayo, Sucumbíos 
Province, Ecuador, South America; B) location of study area; C) representation of dengue virus serotype abundance.  

Figure 2. Maximum-likelihood phylogenetic tree with bootstrap values to assign specific genotypes in study of cocirculation of 4 dengue 
virus serotypes, Putumayo Amazon Basin, 2023–2024. Putumayo samples are shown in red.

http://www.cdc.gov/eid
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reverse transcription PCR for DENV. In addition, some 
samples positive for DENV by quantitative reverse 
transcription PCR were selected for full viral genome 
sequencing. We derived phylogenetic trees using the 
maximum-likelihood method to determine the DENV 
genotype. This research was reviewed and approved by 
the ethical committee of the Universidad San Francisco 
de Quito: Hospital San Miguel P22080M and A2CARES 
2017-0159M.

Within 1 year, we tested 204 samples collected in 
Putumayo for the presence of DENV with NS1/IgM/
IgG RDTs, resulting in 89 samples positive for NS1, 
IgM, or both. Within those 89 samples, we identified 
all 4 serotypes of DENV (Figure 1).

Most patients for whom DENV-1 (n = 18) infec-
tion was identified were asymptomatic. Those who 
tested positive for DENV-2 (n = 10) were predomi-
nantly patients who sought care in our outpatient 
department demonstrating classical signs and symp-
toms of dengue. Phylogenetic analysis identified 7 
DENV-1 samples as genotype V (Figure 2), which 
predominates in Brazil and most likely has its origins 
in Asia (4). The absence of symptoms in most patients 
with this genotype suggests that its transmission 
can go unnoticed for longer periods. Phylogenetic 
analysis of DENV-2 (n = 7) identified genotype III, or 
Southern Asian-American genotype (Figure 2), which 
has been evolving in the Americas for >4 decades.

We identified 1 case each of DENV-3 and DENV-
4, both in symptomatic patients. Phylogenetic analy-
sis of DENV-3 genotype III and of DENV-4 demon-
strated genotype II (Figure 2).

Our results show that concurrent transmission of all 
4 DENV serotypes is present in this largely unexplored 
territory with extreme environmental and human migra-
tion pressures. The high burden of dengue and different 
serotypes and genotypes of DENV mean that popula-
tions are more vulnerable to severity given the known 
immune interactions among cross-reactive responses 
for different serotypes (antibody enhancement of den-
gue) (5). Cross-border activities mean virus flows across 
countries and goes under the radar of health systems.

Unquestionably, further exploration of the dy-
namics and epidemiology of DENV in remote areas 
in Ecuador and elsewhere is of utmost importance 
for prompt public health responses and clinical 
management of severe cases. The cocirculation of 4 
serotypes of DENV can represent a potentially great 
threat to public health within Putumayo and neigh-
boring areas.

This research was funded by the Centers for Research in 
Emerging Infectious Diseases, National Institute of Allergy 

and Infectious Diseases (grant no. 1U01AI151788).
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To the Editor: We read with interest the article 
by Castilletti et al. that showed prolonged shed-
ding of Oropouche virus (OROV) in various body 
fluids (1). In addition, the authors isolated OROV 
from semen of 1 patient. The findings of that report 
coincide with multiple relevant findings, includ-
ing our similar observation and findings of OROV-
specific IgM in 6 of 68 newborns with microcephaly 
(2) and of OROV vertical transmission resulting in 
fetal death (3).

Using real-time reverse transcription PCR (RT-
PCR), we detected OROV infection in a male patient 
returning to the Netherlands from Cuba in August 
2024 (4). We also detected OROV seroconversion 
by using in-house methods and excluded dengue 
virus infection. The patient recovered without com-
plications and agreed to donate follow-up samples 
(i.e., urine, blood, feces, and semen). OROV ge-
nome was still detectable by real-time RT-PCR in 
all samples except feces up to 32 days after symp-
tom onset, which is longer than was generally de-
scribed (5) before the article published by Castilletti 
et al. (1). RT-PCR cycle threshold (Ct) values in all 
specimens gradually increased, and thus viral load 
reduced over time. Urine and semen samples ob-
tained 17 and 32 days after symptom onset had the 
lowest Ct values (Ct 21.8 for urine and 25.5 for se-
men on day 17, and 24.7 for urine and 29.8 for semen 
on day 32), but virus culture was unsuccessful. We  

obtained near full-length genomes from serum, 
urine, and semen at both time points by using am-
plicon-based Nanopore sequencing (6) (GenBank 
accession nos. PQ572768–PQ572779). Moreover, the 
partial sequence obtained from the later semen sam-
ple contained 2 single-nucleotide polymorphisms in 
the large segment, which may indicate prolonged vi-
rus replication in the immune-privileged testis.

The increasing evidence that OROV infection 
during pregnancy can affect fetal development is con-
cerning. Although sexual transmission of OROV has 
yet to be fully studied, our findings, along with those 
of Castilletti et al., indicate potential. However, the 
outbreak, although slowing, is still ongoing in Cen-
tral and South America.
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To the Editor: We read with interest about the 
leprosy case in central Florida, USA, described by 
Bhukhan et al. (1). We report a similar case of lep-
rosy (also known as Hansen disease), diagnosed in 

a 55-year-old female patient in northern Florida, that 
exhibited tuberculoid features. Mycobacterium leprae 
was detected by PCR in multiple biopsied lesions, 
confirming the diagnosis.

The patient manifested multiple macules and 
patches with central clearance and erythematous 
borders without hypoesthesias on the right arm 
and shoulder (Figures 1, 2). She denied having fe-
ver, chills, or abdominal pain but reported right 
knee pain and swelling, suggestive of arthritis, 
which is not uncommon in patients with leprosy. 
We prescribed monthly doses of 600 mg rifampin, 
400 mg moxifloxacin, and 100 mg minocycline. We 

Figure 1. Leprosy lesions in a 55-year-old female patient in north Florida, USA. Multiple hypopigmented plaques with erythematous 
borders appeared along the right posterior forearm (A), right forehead (B), right trapezius (C), and left posterior forearm (D).

Figure 2. Histologic analysis of 
skin biopsies from a 55-year-
old female patient with leprosy 
in north Florida, USA. Skin 
biopsies from right proximal 
ventral forearm (A) and left distal 
dorsal forearm (B) underwent 
hematoxylin and eosin staining. 
Arrows indicate areas of dermal 
granulomatous inflammation. 
Original magnification ×100.
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added methotrexate and low-dose prednisone to 
the patient’s regimen to treat new neuropathy of 
the hands and possible leprosy reactions, according 
to recommendations from the National Hansen’s 
Disease Program. After >1 year of treatment, she 
remains on methotrexate, moxifloxacin, rifampin, 
and minocycline. Her lesions have resolved except 
for 1 on her right forearm, which also appears to  
be improving.

Contact with armadillos (2), the Eurasian red 
squirrel (3), and amoebae in soil (4) have been linked 
to leprosy. This patient previously lived in a house 
with a tree rat infestation in the attic, but it is un-
known if tree rats carry leprosy. The patient works in 
finance and denies participating in any outdoor occu-
pational or recreational activities. She did not report 
travel to a leprosy-endemic area; exposure to soil, 
armadillos, or squirrels; contact with someone who 
had been to a disease-endemic area; or contact with a 
person who had a confirmed case of leprosy. Because 
some patients with leprosy do not report traditional 

risk factors, it is possible that other exposure sources 
or zoonotic reservoirs are yet to be discovered.

References
  1. Bhukhan A, Dunn C, Nathoo R. Case report of leprosy in 

central Florida, USA, 2022. Emerg Infect Dis. 2023;29: 
1698–700. https://doi.org/10.3201/eid2908.220367

  2. Truman RW, Singh P, Sharma R, Busso P, Rougemont J, 
Paniz-Mondolfi A, et al. Probable zoonotic leprosy in the 
southern United States. N Engl J Med. 2011;364:1626–33. 
https://doi.org/10.1056/NEJMoa1010536

  3. Avanzi C, Del-Pozo J, Benjak A, Stevenson K, Simpson VR, 
Busso P, et al. Red squirrels in the British Isles are infected with 
leprosy bacilli. Science. 2016;354:744–7. https://doi.org/ 
10.1126/science.aah3783

  4. Lahiri R, Krahenbuhl JL. The role of free-living pathogenic 
amoeba in the transmission of leprosy: a proof of prin-
ciple. Lepr Rev. 2008;79:401–9. https://doi.org/10.47276/
lr.79.4.401

Address for correspondence: Austin B. Auyeung, HCA North  
Florida Hospital, Internal Medicine Residency, 6500 W  
Newberry Rd, Gainesville, FL 32605-4392, USA; email:  
austin.auyeung@hcahealthcare.com

Originally published
in June 2020

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

etymologia revisited
Scrapie
[skra′pe]

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

(1732 in England) and the first whose transmissibility was demonstrated 
by Cuille and Chelle in 1936. The name resulted because most affected 
sheep develop pruritis and compulsively scratch their hides against fixed 
objects. Like other transmissible spongiform encephalopathies, scrapie 
is associated with an alteration in conformation of a normal neural cell 
glycoprotein, the prion protein. The scrapie agent was first described as a 
prion (and the term coined) by Stanley Prusiner in 1982, work for which 
he received the Nobel Prize in 1997.
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Hansen’s Disease:  
A Complete Clinical Guide
Patricia D. Deps, editor; Springer Nature Switzerland 
AG, Cham, Switzerland, 2023; ISBN: 978-3-031-30892-
5; Pages: 340; Price: US $139.99 (hardcover)

Hansen’s Disease: A Complete 
Clinical Guide is an excel-

lent resource for one of the most 
disabling and neglected tropical 
diseases, Hansen’s disease (lep-
rosy). The book is an easy-to-
read yet powerful resource for 
patient care, public health plan-
ning, and future directions for 
Hansen’s disease research.

The journey of disease recog-
nition, failures, frustrations, and 
breakthroughs in the management of Hansen’s disease 
are very well presented. The metabolic, genetic, and im-
munological mechanisms in susceptibility to leprosy are 
of particular interest. The new and advanced methods 
of detection and identification of Mycobacterium leprae 
and Mycobacterium lepromatosis are valuable. The book 
has a comprehensive differential diagnosis for skin le-
sions that might mimic leprosy lesions and includes 
high quality-colored images and figures.

The consequence of co-infection and immuno-
suppression with other tropical diseases and tuber-
culosis is described. Various ocular manifestations 
of Hansen’s disease that might not be recognized as 
typical, which includes chronic iridocyclitis that al-
most exclusively occurs in multibacillary disease, are 
highlighted, in addition to the more known cutane-
ous and neurologic manifestations of leprosy. The di-
agnostic section of the book includes high resolution 
ultrasound and radiologic images.

Hansen’s Disease: A Complete Clinical Guide also fo-
cuses on the complications and disabilities caused by 
Hansen’s disease and the associated stigma and psy-
chosocial aspects experienced by patients. The book 

includes a story from the second author, who has had 
Hansen’s disease himself, to emphasize the role of 
healthcare providers in addressing those aspects of 
the disease.

Immunoprophylaxis with the bacillus Calmette-
Guérin vaccine and chemoprophylaxis with rifampin 
are needs in endemic areas that might provide hope 
of transmission interruption. Those needs will also 
aid in reaching the World Health Organization’s goal 
of Hansen’s disease eradication.

Because the readers of Hansen’s Disease: A Complete 
Clinical Guide are mostly outside the United States, the 
book did not highlight valuable resources for clinicians 
in the United States. The National Hansen’s Disease Pro-
gram is the epicenter of Hansen’s disease care, research, 
and information in the United States. The program re-
views tissue biopsies, provides free medications to pa-
tients, and offers guidance and support to clinicians.

An amazing and demanding amount of work 
was put into writing Hansen’s Disease: A Complete 
Clinical Guide. This book serves as a complete ref-
erence for Hansen’s disease and appeals to most 
healthcare providers, especially internists, der-
matologists, ophthalmologists, neurologists, and 
radiologists because they are on the frontline of 
Hansen’s disease care and should consider leprosy 
when evaluating patients. Early diagnosis is neces-
sary to minimize the risk of transmission and long-
term disabilities.
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Predictions of future technological advances and 
their effects on public health have often been the 

subject of speculative fiction. Writers and artists alike 
have tried to guess what the future of disease preven-
tion and treatment will be like and the effects that 
new discoveries will have on the population. Specu-
lations often range from bleakly dystopian, in which 
pathogens wipe out millions of people, restructuring 
society; to wildly utopian, in which humans win what 
those artistic visionaries saw as a war against illness 
and disease. The promise of a utopian future was evi-
dent during the 1900 Paris Exposition.

The Exposition Universelle of 1900 was held in 
Paris, France, from April through November. Also 
known as the 1900 Paris Exposition, that world’s fair 
was a celebration of the artistic and technological  

advances of the past century and an exhibition to pre-
dict and inspire future developments. The fair show-
cased several technological advances, such as the Rue 
de l’Avenir, an electrical-powered moving sidewalk, 
and the Palais de l’électricité, a building decorated 
with electrical lightbulbs. More than 50 million peo-
ple visited that exposition (the population of France 
at that time was around 40 million).

In 1900, Armand Gervais et Cie, a toy company that 
manufactured novelties, commissioned the illustrator 
Jean-Marc Côté to create a series of postcards celebrat-
ing the exposition. The cards were printed but never 
sold during the fair because of the death of Armand 
Gervais and the folding of his company. Seemingly lost 
forever, the cards were eventually acquired in the 1920s 
by a Parisian antique dealer. Over subsequent decades, 
the cards made their way to the shop Editions Renaud 
on the Left Bank and were sold to novelist Christopher 
Hyde. In 1978, Hyde shared the postcards with popu-
lar science fiction novelist Isaac Asimov.   

Jean-Marc Côté (18..–19..), La Chasse aux Microbes (The Hunt for Germs) (1900). From the series France En L'an 2000 France in 
the Year 2000 (XXI century). Ink on paper cards. Dimensions not specified. Public domain image.
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Côté’s postcards, France En L’An 2000 (France 
in the Year 2000), presented somewhat whimsical 
predictions of scientific advances by the year 2000. 
Those illustrations were an inspiration for Asimov’s 
1986 book Futuredays: A Nineteenth Century Vision of 
the Year 2000, in which the postcards were first pub-
lished. Asimov discussed the fantastic nature of the 
illustrations while contrasting the farfetched pre-
dictions, such as the card, Ariel Firemen, on which 
winged fire fighters extinguish a building fire, with 
the surprisingly accurate ones like A Torpedo Plane, on 
which pilots fire missiles from an airplane. 

This month’s cover highlights Côté’s postcard 
Chasse aux Microbes (The Hunt for Germs). It depicts 
2 scientists examining monstrous-looking microbes. 
One scientist studies the creatures under a micro-
scope, which is rigged to project an enlarged image 
of what he sees on a screen. The second scientist, who 
has used a large syringe to extract liquid from a jug 
and place a sample on the slide, leans toward the im-
age, perhaps unsure whether to recoil or keep star-
ing. It is also plausible that some might see the im-
age differently and imagine that the scientist with the 
syringe is poised to inject an antimicrobial agent onto 
the projected image.

Although Côté may have missed the mark when 
predicting just how far instrumentation would even-
tually advance, he was correct when predicting that 
we would be able to project micrographic images in 
such a fashion that we could study them in detail. 
Asimov noted that Côté’s postcards were partially 
inspired by the illustrated works of the science fic-
tion writer Jules Verne (1828–1905). In 1879, Verne 
published a science fiction novel, The 500 Million of the 
Begums (or alternatively The Begum’s Millions),  which 
speculated about advances for preventing antimicro-
bial resistance through rigorous hygiene practices.

The Begum’s Millions tells the story of a French 
doctor and a German chemist, heirs of a fortune, who 
used their newfound wealth to build model cities in 
America. The chemist created a city of industry called 
Steel City, while the doctor established France-Ville, a 
city built on the principles of hygiene and the pursuit 
of a healthy lifestyle. Verne described the denizens of 
France-ville as having an imperative: “To clean, clean 
ceaselessly, to destroy as soon as they are formed 
those miasmas which constantly emanate from a hu-
man collective, such is the primary job of the central 
government.” That dedication to hygiene granted the 
residents of France-Ville a utopian level of health, 
while Steel City inevitably destroyed itself.

The theme of human relationships with microbial 
pathogens would be repeated through science fiction 

forever after. Inspired by Verne’s writings, Côté’s 
France En L’An 2000 predicted a year 2000 full of won-
der and hope, in which deep sea divers play croquet 
at the bottom of the sea and scientists battle microbes 
revealed on a projector screen. The reality is more 
stark. According to the Centers for Disease Control 
and Prevention, in the United States, more than 2.8 
million antimicrobial-resistant infections occur annu-
ally, resulting in more than 35,000 deaths. Antimicro-
bial resistance is a high priority global health threat, 
associated with nearly 5 million deaths worldwide 
in 2019, according to a 2022 article published in The 
Lancet. Historic and contemporary artistic and liter-
ary works of speculative fiction may inspire new pub-
lic health strategies for containing and responding to 
public health threats, including the global problem of 
antimicrobial resistance.
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Upcoming Issue

Complete list of articles in the January issue at  
https://wwwnc.cdc.gov/eid/#issue-318

•  National Surveillance of Human Ehrlichiosis 
Caused by Ehrlichia ewingii, United States, 
2013–202

•  Short-lived Neutralizing Antibody 
Responses to Monkeypox Virus in  
Smallpox Vaccine–Naive Persons after 
JYNNEOS Vaccination

•  Reemergence of Echinococcus granulosus 
Infections after 2004 Termination of Control 
Program in Magallanes Region, Chile

•  Seoul Orthohantavirus Infection and 
Subsequent Guillain-Barré Syndrome in 
Traveler Returning from Kenya, 2022

•  East African Origin of SAT2 Topotype XIV 
Foot-and-Mouth Disease Virus Outbreaks, 
Western Asia, 2023

•  Borrelia spielmanii–Associated 
Neuroborreliosis in Patient Receiving 
Rituximab, Belgium

•  Acute Q Fever Patients Requiring Intensive 
Care Unit Support in Tropical Australia, 
2015–2023

•  Sin Nombre Virus as an Unlikely Reverse 
Zoonotic Threat

•  Detection of Mycoplasma phocimorsus in 
Woman with Tendinous Panaritium after  
Cat Scratch, Denmark

•  Venezuelan Equine Encephalitis Virus 
Infection in Nonhuman Primate,  
Guatemala, 2023

•  Acute Encephalopathy Associated with 
Human Adenovirus Type 14 Infection in 
7-Year-Old Girl, Japan

•  Zika Virus Infection in Pregnant Traveler 
Returning to Denmark from Phuket, 
Thailand, 2024

•  Burkholderia pseudomallei Sequence Type 
46 Transmission from Asia to Australia

•  Ixodes scapularis Tick Parasitizing Dog in 
Dawson County, Montana, USA, 2023

•  Infection by Tick-Borne Bacterium 
Candidatus Midichloria Associated with  
First Trimester Pregnancy Loss,  
Tennessee, USA

•  Ending Epidemics: A History of Escape  
from Contagion

•  2000 Years of Pandemics: Past, Present, 
and Future, 1st Edition
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Article Title
Pneumococcal Septic Arthritis among Adults, France, 2010–2018

CME Questions
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1. Which of the following statements regarding 
population characteristics in the current study of 
pneumococcal septic arthritis (PSA) is most accurate?
A. Approximately 3% of cases of invasive pneumococcal 

disease (IPD) were classified as PSA
B. Men experienced PSA at twice the rate of women
C. Over 80% of cases of PSA were aged older than  

65 years
D. Age had no effect on the prevalence of PSA

2. Which of the following statements regarding clinical 
characteristics of patients with PSA in the current 
study is most accurate?
A. The number of native joint infections (NJIs) was 

similar to the number of periprosthetic joint  
infections (PJIs)

B. Fever was the most common presenting symptom
C. The median delay in diagnosis of PSA was 11 days
D. The most common anatomic site of PSA was  

the knee

3. Which of the following statements regarding 
laboratory findings among patients with PSA in the 
current study is most accurate?
A. Over 80% of patients with PSA had pneumococcal 

bacteremia
B. 90% of Streptococcus pneumoniae isolates were 

susceptible to penicillin
C. 70% of S. pneumoniae isolates were serotypes not 

covered by PCV13 or PPSV23
D. None of the S. pneumoniae isolates was resistant to 

all β-lactams

4. Which of the following statements regarding 
treatment and outcomes of PSA in the current study is 
most accurate?
A. The most commonly used antibiotic class was third-

generation cephalosporins
B. Treatment duration for PJI and NJI was similar
C. 30% of patients with PSA underwent surgery
D. The mortality rate was ≈9%
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Article Title

Rickettsia sibirica mongolitimonae Infections in 
Spain and Case Review of the Literature

CME Questions
1. In the CRETAV sample in the current  
study, what approximate percentage of  
all tick-borne rickettsial infections were due to 
Rickettsia sibirica mongolitimonae between 2007  
and 2024?
A. 9% in 2007 to 15% in 2024
B. 38% in 2007 to 37% in 2024
C. 12% in 2007 to 42% in 2024
D. 29% in 2007 to 17% in 2024

2. Which of the following demographic statements 
regarding the CRETAV sample with R. sibirica 
mongolitimonae is most accurate?
A. The cohort was equally divided among women  

and men
B. The mean age of patients was 24 years
C. Most cases occurred in March and April
D. Only one in 5 patients remembered a tick bite

3. What was the most common symptoms of R. sibirica 
mongolitimonae infection in the current study?
A. Eschar
B. Fever
C. Lymphangitis
D. Generalized maculopapular rash

4. What is the treatment of choice for R. sibirica 
mongolitimonae that was universally effective in the 
CRETAV cohort in the current study?
A. Azithromycin
B. Meropenem
C. Cephalexin
D. Doxycycline
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