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Archaea are a group of single-celled microorgan-
isms with distinct characteristics, and constitute 

1 of the 3 domains of life, along with bacteria and 
eukarya. Although they were thought to live only in 
extreme environments such as hot springs, archaea 
have emerged as important components of the hu-
man microbiome. Despite their potential importance 
to human health and disease, archaea are studied 
less than other members of the microbiome, such as 
bacteria and fungi. The human microbiome harbors 
a variety of archaeal species from different phyla (1). 
Archaeal representatives have been found in vari-
ous body sites, including the skin, the respiratory 
tract, the urogenital tract, and the gastrointestinal 
tract (2,3). Human-associated archaeal communities 
exhibit spatial patterns similar to those of bacteria; 
notable examples are the predominant signatures 
of ammonia-oxidizing Nitrososphaeria on the skin, 
methane-producing (methanogenic) Archaea in the 
urogenital and gastrointestinal tracts, and unknown 
Nanoarchaeota (formerly Woesearchaeota) in the  
respiratory tract (1–3).

Given that the gastrointestinal tract contains 
99% of all microbial biomass in the human body and 
serves as the gateway for numerous diseases, re-
search on human-associated archaea, as with bacte-
ria, has primarily focused on fecal samples. In human 
feces, the most prevalent (>90%) archaeal represen-
tatives are Methanobrevibacter smithii and Candidatus 
Methanobrevibacter intestini, (1,4,5). In particular, 
M. smithii is highly abundant, especially in persons 
emitting high levels of methane (6). Because many 
studies primarily concentrate on fecal samples rather 

than in vivo samples, and because of general method-
ological challenges associated with archaea detection 
(7,8), our understanding of the human archaeome (all 
archaea residing in the human body) still lacks com-
prehensive insights into diversity, taxonomic classi-
fication, and, importantly, the functional and mecha-
nistic roles of archaea.

Pathogenic Traits
Pathogenicity, the ability to cause disease in mul-
ticellular hosts, is widespread in various domains 
of life. In total, >1,500 human pathogenic bacterial 
species belonging to 10 phyla and 24 classes are 
known (9). The pure ratio observed in the bacte-
rial domain indicates that >16 archaeal pathogens 
should exist (10); however, despite individual case 
reports and possible correlations with certain poly-
microbial diseases (e.g., periodontitis), archaea are 
mostly considered nonpathogenic. No single repre-
sentative of archaea known to date possesses capa-
bilities consistent with Koch’s postulates, which has 
led to several discussions about possible reasons for 
that observation (10–13).

In theory, archaea have the prerequisites to 
evolve into pathogens because they are genetically 
and metabolically diverse, ubiquitous in the envi-
ronment, and able to conflict with close relatives by 
using compounds directed against archaea (10). It is 
possible that our limited ability to accurately recog-
nize them in disease conditions (not-yet-been-discov-
ered hypothesis) is the reason no archaeal pathogens 
have been identified (8,11). Other perspectives have 
proposed that archaeal pathogens might not exist, 
potentially because they use different cofactors than 
those found in eukaryotes (14) or are unable to use 
the organic resources of the host, which are typical-
ly exploited by bacterial pathogens on a large scale 
(metabolism hypothesis) (15; D.J. Harrison, master’s 
thesis, 2022, https://researchspace.auckland.ac.nz/
handle/2292/63414). Alternatively, some argue that 
pathogenesis in archaea does not exist because they 
do not possess the required virulence factor genes 
(gene-absence hypothesis) (D.J. Harrison, master’s 
thesis, 2022). Related hypotheses suggest that archaea 
cannot acquire virulence factors from bacteria or eu-
karyotes, possibly because their viruses and cell walls 
do not permit transfer between domains (virus hy-
pothesis) (10). All those hypotheses warrant discus-
sion. However, considering the huge lack of knowl-
edge regarding gene annotation (virulence factors 
might be present, but we cannot identify them; or the 
metabolic capacities of methanogenic archaea have 
not yet been fully assessed, and we do not understand 
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Archaea represent a separate domain of life, next to 
bacteria and eukarya. As components of the human mi-
crobiome, archaea have been associated with various 
diseases, including periodontitis, endodontic infections, 
small intestinal bacterial overgrowth, and urogenital tract 
infections. Archaea are generally considered nonpatho-
genic; the reasons are speculative because of limited 
knowledge and gene annotation challenges. Neverthe-
less, archaeal syntrophic principles that shape global mi-
crobial networks aid both archaea and potentially patho-
genic bacteria. Evaluating archaea interactions remains 
challenging, requiring clinical studies on inflammatory 
potential and the effects of archaeal metabolism. Es-
tablishing a culture collection is crucial for investigating 
archaea functions within the human microbiome, which 
could improve health outcomes in infectious diseases. 
We summarize potential reasons for archaeal nonpatho-
genicity, assess the association with infectious diseases 
in humans, and discuss the necessary experimental 
steps to enable mechanistic studies involving archaea.
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Archaea and Human Infectious Disease

their behavior in the host with respect to metabolites 
taken up), a more superficial view on the principles of 
bacterial pathogenic traits might be useful.

Several steps are necessary for bacterial patho-
genicity to develop: invasion, colonization, damage, 
and transmission (16) (Figure 1). Some of those traits 
overlap with archaeal characteristics, including ex-
posure to the host (archaea are commensals) and the 
ability to adhere to and colonize the host (archaea 
form biofilms and might be able to attach to surfaces 
through their adhesins). Furthermore, the immuno-
genic reaction is highly species-specific; immuno-
genic potential is low for Methanobrevibacter spp. but 
stronger for Methanosphaera spp. (17). Transmission to 
other hosts seems probable; Pausan et al. demonstrat-
ed that methanogens can survive extended periods 
under oxygenated conditions (18). Archaea can team 
up with bacterial pathogens in harmful groups that 
can enter hosts’ tissues and benefit from invasion or 
cause damage to the host. In this context, we should 
mention the keystone pathogen hypothesis (19), in 
which some microorganisms could orchestrate the 
microbiome toward a disease status even in low num-
bers. Indeed, their metabolic capacity at the end of the 
food chain, consuming fermentation waste products, 
indicates that methanogens can influence the entire 
microbiome; their extraordinarily strong pull toward 
methane production can result in a microbial commu-
nity optimized for fiber degradation and coping with 
B12 shortage (6).

Overall, the discussion on the potential of archaea 
for bearing pathogenic action at this stage remains 
highly speculative, underscoring the need for further 
research to elucidate their role in disease. We will 
address the different examples for infectious state in 
the human body that involve archaea and warrant  
deeper studies.

Potential Contribution to Infectious Diseases
The involvement of pathogenic bacteria in various in-
fectious diseases is often the focus of studies, but our 
understanding of the role of archaea in this context 
is still limited. Although no pathogenic archaea are 
known to date, the literature has presented some evi-
dence of links between archaea and various infectious 
diseases (4,20,21) (Figure 2).

Principles of archaeal syntrophy may play a role 
in shaping specific microbial networks that influence 
the overall condition but do not cause disease. Studies 
suggest that methanogenic archaea engage in a sym-
biotic relationship with bacteria; they use hydrogen 
(H2) and other byproducts of bacterial fermentation 
for methanogenesis, thereby reducing H2 pressure 

(1). In addition, they produce metabolites, including 
short-chain fatty acids or vitamins (e.g., formate, B12) 
(6) that could support the growth of both archaea and 
potentially pathogenic bacteria (1,4,21).

We will explore the potential role of archaea in 
human infectious diseases in the oral cavity, gastro-
intestinal tract, and urogenital tract. Archaea have 
also been detected in other parts of the body, such as 
the skin (22) and the respiratory tract (3). However, 
for both those sites, the information available is too 
sparse to elaborate on potential infectious traits.

Oral Cavity
A diverse microbial community thrives in the oral 
cavity; it includes various microorganisms, among 
which archaea, specifically the genus Methanobrevi-
bacter, should be emphasized. The archaea have been 
identified in both healthy and sick persons (1,4). Of 
note, the strain and species resolution of archaeal di-
versity associated with humans is only partially sat-
isfactory so far. Most of the studies we cite used 16S 
rRNA gene sequencing (partially with short reads), 
which does not allow differentiation of the major 
Methanobrevibacter species. Therefore, any subsequent 
information provided at the species level should be 
carefully scrutinized and requires reevaluation.

Periodontitis
Periodontitis is one of the most common bacterial 
infections in humans and the 6th most common dis-
ease worldwide (23). It is a complex dysbiotic disease  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024 1507

Figure 1. Cycle of pathogen actions. Triangles indicate 
pathogenic potentials for archaea. The other actions still require 
attention and strategic research. Figure created with BioRender 
(https://www.biorender.com).
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that develops over a longer timeframe and is the con-
sequence of destructive host immune response to 
pathogenic, biofilm-forming microorganisms (24). It 
is characterized by the gradual loss of bone, the devel-
opment of periodontal pockets, and the progressive 
decline in tooth function (25,26). Untreated periodon-
titis is recognized as a risk factor for life-threatening 
systemic diseases, such as endocarditis, atherosclero-
sis, and stroke. In addition, it is considered a co-factor 
for preterm birth (25).

Various microorganisms have been implicated in 
the onset of periodontitis, including different bacteria 
(e.g., Tannerella, Treponema, Prevotella, Fusobacterium), 
and potentially methanogenic archaea (25,26). In par-
ticular, M. oralis, M. smithii, and M. massiliense were 
identified in periodontitis patients within subgingival 
plaques and deep periodontal pockets (27). It has been 
shown that M. oralis is more prevalent and abundant 
in severe periodontitis but was not detected in healthy 
sites close-by and was not found after healing (27). 
Methanogenic archaea can comprise up to 18% of all 
community members in severe periodontitis (1,28,29).

Archaea have a completely different biology 
from bacteria. Most of the methods used in microbiol-
ogy and microbiome research have been developed to 

optimally study and analyze bacteria, which means 
archaeal signatures are overlooked in most studies, so 
knowledge about the involvement of archaea is very 
limited (8). To date, the microbiology of periodontitis 
has been poorly studied and often remains descrip-
tive. The reasons for the development of the various 
complex stages and disorders, and the influence of 
therapy and treatment, remain largely unexplored.

Endodontic Infection
Endodontic infection refers to a microbial infection 
that develops within the pulp of a tooth, the central 
part containing nerves, blood vessels, and connec-
tive tissues. Typically caused by bacterial invasion, 
such infections often stem from factors such as tooth 
decay, dental trauma, incorrect cavity preparation 
during dental procedures, or use of contaminated 
restorative materials. Bacteria can infiltrate the root 
canal primarily through caries, dental anomalies, lat-
eral canals, or damaged cementum. The predominant 
bacterial phyla identified in infected root canals are 
Firmicutes, Proteobacteria, Spirochaetes, Bacteroide-
tes, and Actinobacteria (30).

Efenberger et al. detected methanogenic archaea, 
especially M. smithii and M. oralis, in 85% of infected 
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Figure 2. Infectious diseases in 
areas of the body in which archaea 
may have an effect. Figure  
created with BioRender  
(https://www.biorender.com).
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pulp tissues using 16S rRNA gene sequencing. That 
finding suggests that archaea may play a role in the 
development of endodontic infection, potentially in 
collaboration with bacteria (30). Given that methano-
gens are involved in deep oral and dental infections, 
and considering the associated barrier breach, they 
could spread from that location to other closely lo-
cated body areas and possibly lead to brain and mus-
cular abscesses, as described in single cases (31). 

Tonsillar Phlegmon
Tonsillar phlegmon, a retropharyngeal abscess, 
mainly affects adolescents and young adults and 
is caused by an infection originating from the peri-
tonsillar space and the pharyngeal sphincter. The 
infection can spread to adjacent tissues and, if not 
treated promptly, this condition, which often in-
volves pathogens such as Streptococcus pyogenes and 
Fusobacterium necrophorum, can escalate and become 
a serious threat (32). 

Within tonsillar phlegmon, archaea, particularly 
M. smithii, may foster the growth of pathogenic bac-
teria through syntrophic interactions. In addition, ar-
chaeal methanogenesis activity, leading to methane 
(CH4) production, could contribute to radiologically 
visible gas in tonsillar phlegmon cases (32). Djemai 
et al. identified M. smithii using 16S rRNA gene se-
quencing with coexisting bacteria commonly found 
in M. smithii co-infections. Those bacteria belonged to 
enterobacterial and bacterial orders that include hy-
drogen producers. 

Gastrointestinal Tract
The gastrointestinal tract houses most of the microbes 
in our body, including a rich diversity of archaea. Pre-
dominant members of the gastrointestinal archaeome 
include M. smithii and Candidatus M. intestini, consti-
tuting >90% of the gut archaeome (4,5). Additional 
noteworthy members encompass M. stadtmanae, M. 
oralis, Methanosarcinales, Methanomassiliicoccales, 
and Haloarchaea (33–35).

Methanogenic archaea are known for performing 
methanogenesis, converting bacterial end products 
(hydrogen and carbon dioxide) into methane and ad-
enosine triphosphate (1,36). Methane travels through 
the gut and is expelled through flatus or enters the 
blood to eventually be excreted through the lungs; it is 
detectable in human breath (37). High methane breath 
levels (>5 ppm) were shown to correlate with a thou-
sandfold increase in Methanobrevibacter abundance 
in the gut (6). Therefore, methane production serves 
as a reliable biomarker for the presence of methano-
gens in the gut. Varied breath methane levels (and  

corresponding methanogen abundances) have been 
associated with diverse health conditions, including 
small intestinal bacterial overgrowth (SIBO) (4).

SIBO
SIBO is characterized by an overgrowth of bacteria, 
surpassing normal levels (>105 colony-forming units), 
in the small intestine (38). Usually, this overgrowth 
is caused by gram-negative anaerobic bacteria, mani-
festing by a hydrogen-positive breath test. In a sub-
stantial (30%) number of cases, the overgrowth of 
archaea was reported (as methane-dominant SIBO 
or intestinal methanogen overgrowth), recognized 
by the production of methane, instead of H2. Of note, 
SIBO is more prevalent in patients with inflammatory 
bowel syndrome than in healthy controls; a link with 
methanogen presence and constipation-type IBS has 
been established (39).

Madigan et al. suggested differing symptoms be-
tween SIBO caused by methanogens and that caused 
by hydrogen-producing bacteria (40). Methane-pro-
ducing SIBO, especially prevalent in older persons, is 
linked to a reduced incidence of vitamin B12 (cobala-
min) deficiency (38,41). Methanogens, which are able 
to produce cobalamin themselves (42), could help to 
make up for such a deficiency, which is in line with a 
previous study that showed that reduced vitamin B12 
uptake was associated with a high methanogen load 
in the gastrointestinal tract (6,40). Conversely, hydro-
genic SIBO is associated with higher occurrences of 
symptoms like diarrhea, cholecystectomy, diabetes, 
and Roux-en-Y gastric bypass surgery. Those distinc-
tions may arise from varying sensitivities of archaeal 
physiology to host factors, including gut anatomy, 
motility, luminal bile acid concentration, and the ca-
pacity to synthesize or salvage cobalamin from neigh-
boring microbiota or diet (40).

Urogenital Tract
The urogenital tract encompasses a system of organs 
integral to urinary and reproductive functions. This 
system comprises the kidneys, ureters, bladder, and 
urethra to form, transport, and eliminate urine. Fur-
thermore, it incorporates reproductive organs such 
as testes in male persons and the ovaries, uterus, and 
vagina in females (43). The urogenital microbiota con-
tribute to the maintenance of homeostasis in the uri-
nary tract by influencing the immune response; alter-
ations of the microbial communities are documented 
to be related to various diseases (44). The close prox-
imity of the urinary tract, vagina, and gastrointesti-
nal tract enables the transmission of microorganisms, 
including archaea, from feces to those regions, which 
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may contribute to infectious diseases such as urinary 
tract infections and vaginosis.

Urinary Tract Infections
Traditionally, urine was believed to be sterile; how-
ever, current understanding acknowledges the pres-
ence of a microbiome in the urogenital tract. This mi-
crobiome plays a crucial role in the pathophysiology 
of urinary tract infections (UTIs) and the maintenance 
of urinary tract health (44,45). UTIs commonly arise 
when microbes from the rectal area enter the urethra, 
migrating upward into the bladder or other areas of 
the urinary tract (46).

Various factors, including sexual activity, urinary 
tract abnormalities, a weakened immune system, 
catheter use, and hormonal changes, can elevate the 
risk of a UTI developing (48). Bacteria are typically 
associated with UTIs; however, M. smithii has also 
been identified as a component of the urinary micro-
bial community. Urine samples containing M. smithii 
have exhibited the presence of hydrogen-producing 
enterobacteria, including Escherichia coli and Klebsiella 
pneumoniae. The consistent co-occurrence suggests a 
potential role of M. smithii in supporting the dysbiosis 
by promoting the growth of enterobacteria, which are 
recognized agents of UTIs (45,46).

Vaginosis
Vaginosis refers to an imbalance in the vaginal micro-
biota, leading to discomfort and noticeable symptoms 
(48). The vagina typically hosts microbiota with lower 
diversity, predominantly consisting of lactobacilli. 
Vaginosis can arise as a result of changes in vaginal 
pH or transfer of fecal microbes from the gastrointesti-
nal tract to the vagina (48). Of note, M. smithii has been 
identified in patients with vaginosis, and its presence 
has been proposed as a potential biomarker for this 
condition (48). This association is plausible, consider-
ing that M. smithii is the most prevalent archaea found 
in the gastrointestinal tract (4). Some studies have 
faced challenges in detecting archaea in samples from 
both healthy and infected women (49). It has been sug-
gested that methanogens contribute to vaginal health 
(C.J. Neumann et al., unpub. data, https://www.
biorxiv.org/content/10.1101/2023.08.31.555744v1).

Methanogenesis by archaea is believed to play 
a role in maintaining the pH balance of the vaginal 
microbiome. Moreover, it helps prevent the accumu-
lation of acidic conditions that could disrupt the vagi-
nal microbiome (50). Although M. smithii might be 
among the usual vaginal microbiota, its specific con-
nection to vaginosis requires further investigations 
for a comprehensive understanding.

Conclusions
The literature demonstrates that archaea constitute 
active components within the human microbiome 
and are prevalent across a range of different body 
sites (2). Associations with various infectious dis-
eases, such as periodontitis and endodontic infec-
tions within the oral cavity, SIBO in the gastrointes-
tinal tract, and infections of the urogenital tract, have 
been reported (1,4). Although many of those reports 
are preliminary and do not fully resolve the archaeal 
components taxonomically, the genus Methanobre-
vibacter emerges as the most commonly observed 
archaea possibly linked to these infectious diseases 
(Figure 2; Appendix, https://wwwnc.cdc.gov/EID/
article/30/8/24-0181-App1.pdf).

Understanding the complexities of detoxifying mi-
crobial metabolic products, particularly in the context 
of methanogenesis, carries substantial implications 
for both pathogen growth and disease onset. The in-
teraction between archaea and bacteria in syntrophic 
relationships offers valuable insights into the dynam-
ics within microbial communities. It is essential to con-
duct a thorough investigation to reveal the complex 
mechanisms behind these connections, which could 
play a role in shifting the microbiome toward a dis-
eased state. Those experiments not only would shed 
light on potential disease mechanisms but also could 
open up paths for novel therapeutic approaches to ad-
dress microbial dysbiosis linked to conditions such as 
periodontitis and other diseases (50).

The extent to which interactions with archaea 
are beneficial, neutral, or pathogenic is not well un-
derstood. Furthermore, advancing research in hu-
man health demands an increased focus on clinical 
studies that consider the inflammatory potential of 
archaea. In addition, such studies should explore the 
influence of archaeal metabolisms and their prod-
ucts, including the effects of methane on the human 
body (1). Although archaea are generally consid-
ered nonpathogenic, they could have the potential 
prerequisites for pathogenesis. Various hypotheses, 
such as the not-yet-been-discovered, metabolism, 
gene-absence, and virus hypotheses, are proposed 
to explain the apparent absence of archaeal patho-
gens (8,10,11,16). However, because of limited 
knowledge, challenges in gene annotation, and the 
complex nature of archaeal behavior in host envi-
ronments, those hypotheses have not been proven. 
Although some pathogenic traits overlap between 
bacteria and archaea, the discussion of potential 
pathogenic action of archaea is ongoing and empha-
sizes the need for further research to understand 
their role in disease.
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To gain a more comprehensive understanding 
of the role of archaea in health and disease requires 
additional initiatives aimed at effectively character-
izing host-associated and disease-associated archaea. 
Despite the use of molecular biologic techniques in 
studying the archaeome, detecting archaea presents 
challenges primarily because standard protocols in re-
search and diagnostics that are optimized for bacteria 
prove suboptimal for archaea because of their diverse 
cell structure, physiology, and metabolic activity. 
Those distinctive features, coupled with inappropri-
ate protocols for sampling, DNA extraction, and PCR 
primer selection, create obstacles in visualizing, cul-
turing, or analyzing archaea. Moreover, the absence 
of extensive reference databases hinders a thorough 
evaluation of the acquired data. Compounding this 
challenge is the presence of a robust bacterial or host 
background, further complicating the detection and 
analysis of archaea (8). 

The limited availability of archaeal cultures  
hinders in-depth, mechanistic, physiologic and 
comprehensive analyses, including multiomics 
and interaction studies that could deepen our 
comprehension of archaea’s role in health and 

disease (Figure 3). According to the Global Cata-
log of Microorganisms (https://gcm.wdcm.org/
species?taxonid=2173), only a handful of host-as-
sociated archaeal isolates are publicly accessible in 
culture. Those isolates include 3 strains of M. oralis 
from the human oral cavity and subgingival plaque, 
along with 4 strains of M. smithii isolated from hu-
man feces and the large intestine. The limited avail-
ability of cultures presents a substantial hindrance 
to conducting thorough research. Publications do 
exist describing the successful isolation of various 
archaea from patients with diverse health condi-
tions (5), but there is currently no comprehensive 
culture collection for archaea. Establishing such 
a collection would be pivotal for advancing re-
search on the archaeome; we have established a 
cultivation pipeline for the enrichment and cultiva-
tion of methanogenic archaea in a highly efficient 
way (J. Duller, et al., unpub. data, https://doi.
org/10.1101/2024.04.10.588852).

Expanding our collection of human-derived iso-
lates is crucial for gaining deeper insights into the 
functions and roles of archaea, enabling functional 
analyses in disease models, and determining the  
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Figure 3. Exploration of analytical potentials using archaeal isolates to enhance understanding of the role of archaea in health and 
disease. Figure created with BioRender (https://www.biorender.com).
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effects of their structural elements and metabolites. 
Microorganisms within a microbiome network en-
gage in various interactions that affect each other and 
the health of the host. Understanding of such micro-
bial interactions beyond the bacterial sphere is essen-
tial for a more comprehensive grasp of disease mech-
anisms and the search for new diagnostic, preventive, 
and therapeutic strategies.
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Leptospirosis, one of the most common zoonoses 
worldwide, (1,2) is caused by Leptospira spp. In 

humans, its most severe, multiorgan, potentially fa-
tal form is known as Weil’s disease (3). Leptospira can 
also infect animals, such as cattle, sheep, cats, and 
dogs. Rodents are the reservoir for most Leptospira  

spp.; rodent kidneys can become colonized with Lep-
tospira and chronically shed the bacteria in urine. Ex-
cept for occupational or recreational exposure, lep-
tospirosis generally occurs in residents of marginal, 
rodent-infested areas, often in coastal regions of trop-
ical countries (3).

According to their ability to cause human dis-
ease, Leptospira bacteria were originally divided into 
fully pathogenic (P1), intermediate pathogenic (P2), 
and saprophytic or nonpathogenic (S1 and S2) sub-
clades; this phylogenetic separation is confirmed by 
genome sequencing (4,5). The pathogenic species, 
most commonly L. interrogans, can cause leptospiro-
sis and Weil’s disease, but the role of intermediate 
species in human illness is unclear (5). Intermediate 
Leptospira spp. have been discovered by environmen-
tal sampling of soil and water (5), but they have also 
been found in animals and humans, where they are 
thought to cause only mild, self-limited illness with-
out liver, kidney, or pulmonary involvement (5).

Leptospira infections are classically diagnosed by 
using the microscopic agglutination test (MAT) to de-
tect Leptospira-specific antibodies, but diagnosis often 
requires comparing titers of acute and convalescent 
serum samples. Culturing Leptospira for a definitive 
bacteriologic diagnosis is difficult and takes weeks 
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Leptospirosis is a common but underdiagnosed zoonosis. 
We conducted a 1-year prospective study in La Guaira 
State, Venezuela, analyzing 71 hospitalized patients who 
had possible leptospirosis and sampling local rodents 
and dairy cows. Leptospira rrs gene PCR test results 
were positive in blood or urine samples from 37/71 pa-
tients. Leptospira spp. were isolated from cultured blood 
or urine samples of 36/71 patients; 29 had L. interrogans, 
3 L. noguchii, and 4 L. venezuelensis. Conjunctival suf-
fusion was the most distinguishing clinical sign, many 
patients had liver involvement, and 8/30 patients with L. 
interrogans infections died. The Leptospira spp. found in 
humans were also isolated from local rodents; L. inter-
rogans and L. venezuelensis were isolated from cows on 
a nearby, rodent-infested farm. Phylogenetic clustering of 
L. venezuelensis isolates suggested a recently expanded 
outbreak strain spread by rodents. Increased awareness 
of leptospirosis prevalence and rapid diagnostic tests are 
needed to improve patient outcomes.
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to months. Therefore, Leptospira bacteria are usually 
detected by PCR of blood or urine samples and iden-
tified by sequencing the amplified genes and compar-
ing those sequences to known Leptospira spp. (6).

Venezuela is considered a moderate-incidence 
country for leptospirosis (7), but the true incidence 
is unknown because of a lack of clinical recognition 
of the disease and difficulties in laboratory diagnosis. 
To determine the presence of Leptospira spp., identify 
local strains, and evaluate leptospirosis incidence in 
Venezuela, we performed a prospective study in La 
Guaira, a small state on Venezuela’s Caribbean coast. 
Although the study was conducted in 2010–2011 and 
reporting delayed because of Venezuela’s economic 
situation, we believe the clinical leptospirosis data 
and epigenomic study of an intermediate Leptospira 
sp. outbreak remain relevant.

Methods

Ethics Approval
The Bioethics Commission of the Instituto Venezolano 
de Investigaciones Científicas, Caracas, Venezuela, 
approved the human study. The National Office of Bi-
ologic Diversity within the Venezuela Ministry for the 
Environment (Document 0264) and the Instituto Vene-
zolano de Investigaciones Científicas Commission on 
Animal Bioethics approved the capture of rodents. 

Study Area
We included patients with possible leptospirosis in La 
Guaira State, located on the northern Caribbean coast 
of Venezuela. La Guaira contains a shipping port and 
the nation’s principal airport and has a population of 
≈353,000. It is a beach resort for residents of Caracas 
but also contains low socioeconomic urban and ru-
ral areas. In the 1999 Vargas tragedy, mudslides de-
stroyed much of the infrastructure of La Guaira (for-
merly Vargas State), causing thousands of fatalities.

Patient Selection
We visited Dr. José María Vargas Hospital during 
March 2010–March 2011 and Dr. Rafael Medina Ji-
ménez Hospital during March–July 2010 and Febru-
ary–March 2011; visits were >2 times per week each. 
We reviewed diagnoses of new patients at admission 
and questioned hospital staff about new patients who 
had clinical symptoms suggestive of leptospirosis. In-
clusion criteria were residence or place of work in La 
Guaira and an initial evaluation that included >1 sign 
or symptom of leptospirosis as described by the World 
Health Organization (8): fever >38°C with unknown 
etiology for <21 days, fever with renal failure (anuria, 

oligouria, or elevated creatinine), abdominal or muscle 
pain, icterus, conjunctival suffusion, hypokalemia or 
hyponatremia, hemoptysis or pulmonary hemorrhage, 
or an initial diagnosis of hepatitis or dengue. After pa-
tients voluntarily signed an informed consent form, we 
interviewed those patients and collected their clinical 
histories and places of residence. We also consulted 
the physician’s notes. We excluded patients who were 
unable to complete the interview or provide adequate 
data. We enrolled a total of 71 patients from whom 
blood and urine specimens were obtained. Of those 71 
patients, 38 had serologic tests for dengue and 39 for 
hepatitis A or B. Frozen serum samples from some pa-
tients were subsequently tested for hepatitis viruses A 
and B by PCR (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/30/8/23-1562-App1.pdf). 

Leptospira Cultures
Leptospira were cultured at 28–30°C in liquid or semisol-
id Ellinghausen-McCullough-Johnson-Harris (EMJH) 
medium with 10% supplement and 50–100 mg/mL of 
5-fluorouracil for initial cultures (Appendix). All solu-
tions and media were prepared according to the World 
Health Organization technical manual (8).

Rodent Capture
We set up Sherman aluminum traps in urban areas 
close to the residences of patients who were PCR posi-
tive for Leptospira (Appendix). The species of captured 
rodents were determined by amplifying and sequenc-
ing a subunit of the cytochrome c oxidase gene (9).

Cow Samples
We collected blood with and without EDTA anticoag-
ulant from the caudal vein of 16 crossbred Bos taurus 
× Bos indicus (predominantly Bos taurus) dairy cows. 
Cows were 3–10 years of age and located on a farm 
in Miranda State, Venezuela, ≈30 km from La Guaira 
State (Appendix). We collected urine samples from 
the same cows after intramuscular injection of the di-
uretic furosemide (1 mg/kg). We cultured blood and 
urine samples and performed PCR for the Leptospira 
genes rrs (16S rDNA) and lipL32.

Passaging of Isolates in Hamsters
We intraperitoneally injected Leptospira isolates 
from second to fourth passages of liquid culture into 
4-week-old male Syrian golden hamsters (Mesocri-
cetus auratus). Sixteen days after injection, we eu-
thanized the hamsters and removed and macerated 
the kidneys. We placed the kidney tissue into EMJH 
medium to sediment and then inoculated culture  
medium with the supernatant.
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Molecular Detection of Leptospira
We amplified lipL32 (10) and regions V3–V6 of the rrs 
gene from isolated DNA by using PCR (11) (Appendix 
Table 1). We purified the rrs gene amplification prod-
ucts (QIAGEN, https://www.qiagen.com), which 
were then sequenced by Macrogen (https://www.
macrogen.com). We also sequenced the lig gene from 
a few specimens (12). We used the L. interrogans genes 
pntA, sucA, pfkB, tpiA, mreA, glmU, and caiB (13,14) for 
multilocus sequence typing (MLST). We performed 
variable-number tandem-repeat (VNTR) analysis of L. 
interrogans isolates as previously described (15).

MAT of Bovine Serum Samples
MATs were performed in the bacteriology laboratory 
of the Instituto Nacional de Investigaciones Agricolas 
according to 2003 Pan American Health Organization 
standards (https://www.paho.org/es/documentos/
leptospirosis-humana-guia-para-diagnostico-vigilan-
cia-control). MATs were considered positive when 
>50% of Leptospira bacteria were agglutinated.

Phylogenetic Reconstruction of  
L. venezuelensis Isolates
We used Velvet (16) for de novo assembly of genome 
contigs from sequencing reads of L. venezuelensis iso-
lates. We used cow isolate 201502610 (GenBank Biosam-
ple accession no. SAMEA5168082) as a reference to map 
reads from the other L. venezuelensis isolates (Appendix).

Statistics
We performed statistical analyses of patient signs and 
symptoms and clinical test values by using Stata 13 
(StataCorp LLC, https://www.stata.com). We did 
not adjust p values for multiple statistical testing.

Results

PCR and Cultures of Patient Specimens
Through twice-weekly visits to the 2 hospitals in La Gu-
aira state over a 1-year period, we identified 71 patients 
who met the inclusion criteria (Appendix Tables 2, 3). 
We PCR amplified the Leptospira rrs gene from blood 
samples of 17, urine samples of 22, and both blood and 
urine samples of 2 patients. We also cultured Leptospira 
bacteria from blood samples from 13, urine samples 
from 20, and both blood and urine samples from 3 pa-
tients (Appendix Table 4). Using PCR amplification of 
Leptospira rrs in either blood or urine samples as confir-
mation of leptospirosis, the sensitivity of the rrs gene for 
diagnosing leptospirosis was 46% for blood and 59% for 
urine specimens; both sample types had 100% specific-
ity. For lipL32 PCR amplification, sensitivity was 41% 
for blood, 35% for urine, and 70% when both blood and 
urine samples were tested; all samples had 100% speci-
ficity. For blood cultures, sensitivity was 43%, and speci-
ficity was 100%; for urine cultures, sensitivity was 59%, 
and specificity was 97%; for either positive blood or 
urine cultures, sensitivity was 95%, and specificity was 
97% (Table 1; Appendix Tables 4–6). The rrs gene was 
amplified from 2 patients who had negative Leptospira 
cultures: from a blood specimen of a patient with jaun-
dice and from the urine of a patient who died of severe 
pulmonary disease.

Initial diagnoses were similar for patients in this 
study who had positive or negative Leptospira PCR and 
were most commonly dengue, hepatitis, icteric hem-
orrhagic syndrome, febrile syndrome, or unknown. 
Leptospirosis was listed as an initial diagnosis for 6 pa-
tients from whom Leptospira spp. were isolated and for 
1 patient who had negative Leptospira cultures. Dengue 
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Table 1. Tests used for leptospirosis diagnoses in study of outbreak of intermediate species Leptospira venezuelensis spread by 
rodents to cows and humans in L. interrogans–endemic region, Venezuela* 

Diagnostic test† 
rrs PCR+, 
n = 37‡ 

rrs PCR–,  
n = 34‡ 

% Sensitivity 
(95% CI) 

% Specificity 
(95% CI) 

% PPV  
(95% CI) 

% NPV  
(95% CI) 

% Accuracy 
(95% CI) 

rrs PCR 
 Blood, + 17 0 46 (30–63) 100 (90–100) 100 (80–100) 63 (56–70) 72 (60–82) 
 Blood, – 20 34 NA NA NA NA NA 
 Urine, + 22 0 59 (42–75) 100 (90–100) 100 (85–100) 69 (61–77) 79 (68–88) 
 Urine, – 15 34 NA NA NA NA NA 
 Both, + 2 0 NA NA NA NA NA 
Culture 
 Blood, +  16 0 43 (27–61) 100 (90–100) 100 (80–100) 62 (55–68) 70 (58–81) 
 Urine, +  22 1 59 (42–75) 97 (85–100) 96 (76–99) 69 (60–77) 77 (66–87) 
 Either, + 35 1 95 (82–99) 97 (85–100) 97 (84–100) 94 (81–98) 96 (88–99) 
lipL32 PCR 
 Blood, + 15 0 41 (25–58) 100 (90–100) 100 (78–100) 61 (54–67) 69 (57–79) 
 Urine, + 13 0 35 (20–53) 100 (90–100) 100 (75–100) 59 (53–64) 66 (54–77) 
 Either, + 26 0 70 (53–84) 100 (90–100) 100 (87–100) 76 (65–84) 85 (74–92) 
*Diagnostic values were obtained for Leptospira cultures and PCR of Leptospira lipL32 and Leptospira rrs (16S rDNA) genes of blood and urine 
specimens from hospitalized patients. NA, not applicable; NPV, negative predictive value; PPV, positive predictive value; –, negative; +, positive.  
†Test results are shown for patients who had Leptospira detected in blood, urine, or either blood or urine. 
‡Total numbers of study patients who had the Leptospira rrs gene detected by PCR of either blood or urine samples. 
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was diagnosed in 3 patients and hepatitis in 4 patients 
who had positive Leptospira cultures; dengue was di-
agnosed in 5 patients and hepatitis in 4 patients who 
had negative cultures. Leptospira isolation was not cor-
related with seasonal variation in precipitation.

We compared PCR sequences of rrs with Gen-
Bank sequences by using BLAST (17). We identified 
29 sequences as L. interrogans, 3 as L. noguchii, and 4 
were 99% identical to the intermediate species L. lic-
erasiae and L. wolffi (Appendix Tables 7, 8); genome se-
quencing showed those 4 isolates belonged to a novel 
intermediate species that we then named L. venezuel-
ensis (18). The lig gene (12) was amplified by PCR from 
the urine of the culture-negative patient who died of 
pulmonary disease and was identified as belonging 
to L. interrogans by using BLAST. Patients who had 
positive tests for hepatitis or dengue and positive Lep-
tospira blood or urine cultures all grew L. interrogans 
and were assumed to be co-infected. Serum samples 
from L. venezuelensis–positive patients were negative 
for hepatitis viruses A and B (Appendix Table 9).

Clinical Characteristics
Patients who had PCR-amplified rrs were more likely 
to have conjunctival suffusion, dyspnea, cough, he-
moptysis, and myalgias (Figure 1; Appendix Tables 
10, 11). Eight (27%) of the 30 patients who had L. in-
terrogans infections died of their illness, whereas no 
deaths were recorded among the 34 patients who 
had no evidence of leptospirosis. Leptospirosis pa-
tients who died had more severe infections, with pul-
monary and renal involvement, than did those who 
survived (Figure 2; Appendix Tables 12, 13). Patients 
who died of leptospirosis had more hemoptysis but 
less abdominal pain and myalgias and also had high-
er mean urea and creatinine levels, higher leukocyte 
counts, higher percentages of neutrophils, and lower 
percentages of lymphocytes than those who survived.

Cultures from Captured Rodents
To delineate reservoir hosts for Leptospira, we cap-
tured 45 rodents from 27 communities where patients 
who had positive cultures resided. We captured 30 
Mus musculus mice and 11 Rattus rattus and 4 R. nor-
vegicus rats. We amplified the rrs gene by PCR and 
cultured Leptospira from kidney tissue samples from 
all 45 rodents; 36 (80%) isolates were L. interrogans, 
4 (9%) were L. noguchii, 3 (7%) were the intermediate 
species L. fainei, and 2 (4%) were L. venezuelensis. L. 
interrogans was isolated from all 3 rodent species, L. 
noguchii was isolated only from mice, and the inter-
mediate species L. fainei and L. venezuelensis were only 
isolated from R. rattus rats.

Leptospira in Cows on Nearby Farm
Leptospira spp. are known to infect cattle. In a prelimi-
nary study, we performed MATs on serum samples 
from 48 cows on 8 small farms in adjacent Miranda 
State. We found Leptospira-specific antibodies against >1 
Leptospira serovars in 2 animals from a single farm locat-
ed ≈30 km from where the leptospirosis patients in this 
study resided. We then obtained blood and urine speci-
mens from 16 cows randomly selected from that single 
farm and performed MATs against live antigens of 23 
Leptospira reference strains; 9 samples agglutinated >1 
serovar (Table 2; Appendix Table 14). Of those 9 cows, 8 
had urine positive for Leptospira rrs by PCR; 2 urine sam-
ples had positive cultures of L. interrogans, and 7 had 
positive cultures of L. venezuelensis. The cows that had 
L. venezuelensis–positive urine had MAT titers of 1:400 
to 1:800 against reference strain L. interrogans serovar 
Wolffi, serogroup Sejroe. The 2 L. interrogans–positive 
cows had high MAT titers for other serovars: 1:400 for L. 
hebdomadis (cow 5) and 1:400 for L. mini (cow 9). Cows 1 
and 8 were negative according to MATs and rrs PCR of 
their urine, but their blood samples were rrs PCR–posi-
tive. Urine of cow 8 grew L. interrogans, whereas urine 
of cow 1 grew L. venezuelensis (Table 2; Appendix Table 
14). Cow 11 had a MAT titer of 1:1,600 for L. interrogans 
serovar Bataviae and rrs-positive urine, but no Leptospira 
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Figure 1. Distinguishing clinical features of hospitalized 
patients in study of outbreak of intermediate species Leptospira 
venezuelensis spread by rodents to cows and humans in L. 
interrogans–endemic region, Venezuela. The most statistically 
different clinical symptoms are shown for hospitalized patients 
considered to have leptospirosis according to positive PCR for the 
Leptospria rrs gene in either blood or urine specimens compared 
with those without leptospirosis according to negative rrs PCR 
in both blood and urine samples. PCR primers for rrs amplify a 
region of the gene encoding 16S rRNA that is highly conserved 
in Leptospira (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/30/8/23-1562-App1.pdf). One patient whose urine culture 
grew L. venezuelensis was rrs PCR negative, and leptospirosis 
was not diagnosed (Appendix Table 9). Comparisons of all clinical 
features with 95% CIs were also determined (Appendix Tables 10, 
11). RRs and Pearson χ2 test p values were calculated by using 
Stata 13 (StataCorp LLC, https://www.stata.com). RR, risk ratio.
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spp. were isolated from either the blood or urine. L. ven-
ezuelensis isolates did not agglutinate with antiserum to 
common L. interrogans serovars, although antiserum to 
serovar Wolffi was not included.

Growth in Hamsters
We purified all Leptospira isolates by injecting early 
passage cultures into the peritoneal cavities of Syrian 

golden hamsters and performing necropsies 16 days 
after inoculation; 3 hamsters infected with L. inter-
rogans and 1 infected with L. noguchii died before 16 
days. We cultured aliquots of macerated kidney ex-
tracts from all inoculated hamsters and performed 
PCR to detect Leptospira rrs. In each case, sequences of 
rrs from the hamster kidney extracts were identical to 
the sequences from the corresponding original speci-
mens and also the Leptospira cultured from those ham-
ster kidney extracts.

Molecular Epidemiology of L. interrogans
Among the L. interrogans strains isolated from humans 
or rodents, 3 clusters had 7/7 identical MLST alleles; 
in each cluster, 2 patients resided in the same residen-
tial zone (Table 3). Of the 27 different MLST profiles, 
only 4 were present in the Leptospira PubMLST da-
tabase (https://pubmlst.org/organisms/leptospira-
spp), 2 of which (sequence types 27 and 50) were in 
clusters that had 7/7 identical alleles. Sequence types 
20 and 37 were clustered with strains that had 6/7 
identical alleles. VNTR clustering was not concordant 
with MLST clustering (Appendix Table 15). Two of 
the 3 L. interrogans strains isolated from cows had 
identical alleles in 4 VNTR loci (Appendix Table 16) 
but were not analyzed by using MLST.

New Intermediate Species of Leptospira
L. venezuelensis, isolated from 4 patients (Appen-
dix Table 9), 2 rodents, and 7 cows, is located on the 
phylogenetic tree within the Leptospira intermediate 
pathogen or P2 subclade (5). Three of the 4 patients 
infected with L. venezuelensis resided in the same mu-
nicipality; the fourth patient resided in an adjacent 
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Figure 2. Clinical features most strongly associated with fatal 
outcomes in study of outbreak of intermediate species Leptospira 
venezuelensis spread by rodents to cows and humans in L. 
interrogans–endemic region, Venezuela. Clinical features are 
shown for hospitalized patients who had positive PCR tests 
for the Leptospira rrs (16S rDNA) gene in blood or urine and 
either survived or succumbed to their illness. Laboratory units of 
measure are indicated on the x axis for each bar. Comparisons of 
all clinical features with 95% CIs were also determined (Appendix 
Tables 12, 13, https://wwwnc.cdc.gov/EID/article/30/8/23-1562-
App1.pdf). p values comparing creatinine, urea, and number 
of lymphocytes were obtained from Pearson χ2 tests. p values 
comparing percentages of patients with oliguria, hemoptysis, 
lipL32, and dyspnea were obtained from 2-tailed t-tests. All 
statistical calculations were performed by using Stata 13 
(StataCorp LLC, https://www.stata.com). RR, risk ratio.

 
Table 2. Analysis of blood and urine specimens from cows in study of outbreak of intermediate species Leptospira venezuelensis 
spread by rodents to cows and humans in L. interrogans–endemic region, Venezuela* 

Cow no. 
rrs PCR 

 
lipL32 PCR 

 
Serology 

 
Cultures Sequenced 

species†  Blood Urine Blood Urine MAT titer Serovar Blood Urine 
1 + –  – –  Negative NA  + – L. venezuelensis 
2 – –  – –  Negative NA  – – NA 
3 – +  – –  1:800 L. wolffii  – + L. venezuelensis 
4 – –  – –  Negative NA  – – NA 
5 – +  – +  1:400 L. hebdomadis  – + L. interrogans 
6 – –  – –  Negative NA  – – NA 
7 – +  – –  1:800 L. wolffii  – + L. venezuelensis 
8 + –  + –  Negative NA  + – L. interrogans 
9 – +  – +  1:400 L. mini  – + L. interrogans 
10 – –  – –  Negative NA  – – NA 
11 – +  – –  1:1,600 L. bataviae  – – NA 
12 – +  – –  1:800 L. wolffii  – + L. venezuelensis 
13 – +  – –  1:400 L. wolffii  – + L. venezuelensis 
14 – +  – –  1:800 L. wolffii  – + L. venezuelensis 
15 – –  – –  Negative NA  – – NA 
16 – +  – –  1:400 L. wolffii  – + L. venezuelensis 
*Results for MAT serology, cultures, and PCR of the Leptospira lipL32 and rrs (16S rDNA) genes from cultured isolates. MAT, microscopic agglutination 
test; NA, not applicable; –, negative; +, positive. 
†Leptospira spp. were determined by sequencing the PCR-amplified rrs gene. 
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district. This municipality was the most frequent 
residence of leptospirosis patients, home to 10 of 32 
patients with other Leptospira infections. Of the 2 rats 
infected with L. venezuelensis, 1 was trapped in the 
same municipality and the other in a nearby district.

Phylogenetic reconstruction of genomes from the 
6 sequenced L. venezuelensis isolates uncovered lim-
ited genetic diversity (Figure 3). The isolates from 
human, rodent, and bovine hosts all differed by <12 
single-nucleotide polymorphisms (SNPs), suggest-
ing a recent outbreak of a L. venezuelensis strain that 
was spread, presumably by rodents, to different host 
populations. The L. venezuelensis genome sequence 
data have been deposited in GenBank (Biosample 
accession nos. SAMEA5168082, SAMEA5168083, 
SAMEA5168130, SAMEA5168133, SAMEA5168318, 
SAMN06855518, SAMN39993761, SAMN39993762, 
and SAMN39993763).

Discussion
The true incidence of leptospirosis in La Guaira state 
has been unknown, likely because it has been difficult 
or impossible to diagnose and has not been consid-
ered by clinicians, even in patients with characteris-
tic signs and symptoms. Our prospective search for 
leptospirosis cases in La Guaira’s 2 hospitals during 
a 1-year period found rrs PCR evidence of Leptospi-
ra spp. in blood or urine specimens from 37 hospi-
talized patients, including 8 patients who died. We 
also cultured Leptospira from 36 patient samples. Two 
patients with positive rrs PCR had negative cultures, 
but 1 of those patients had an L. interrogans lig gene 
fragment amplified from their urine. The population 
of La Guaira is ≈353,000, corresponding to a border-
line high incidence of 10 leptospirosis cases/100,000 
population. However, this figure is almost certainly 
an underestimate because the study only included 
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Table 3. MLST of Leptospira interrogans isolates in study of outbreak of intermediate species L. venezuelensis spread by rodents to 
cows and humans in L. interrogans–endemic region, Venezuela* 

Isolates† 
MLST allele nos. 

ST‡ glmU pntA sucA tpiA pfkB mreA caiB 
Human 
 CAB-H41 1 1 2 1 7 7 8 NP* 
 CAY-U48 1 1 2 1 7 4 3 20 
 CAB-U03 1 1 2 2 7 4 3 NP 
 MAC-H04 1 1 2 2 7 4 5 NP 
 URI-U06 1 1 3 2 7 4 3 NP 
 URI-H01 1 1 3 2 7 4 3 NP 
 CLM-H09 1 1 3 2 4 7 5 NP 
 CLM-U30 1 3 2 2 4 4 19 NP 
 MAC-H63 1 3 2 2 7 7 19 NP 
 CAY-H65 1 3 3 1 4 5 5 NP 
 SOB-U13 1 12 3 3 10 4 5 NP 
 MAQ-U18 1 12 3 3 10 5 19 NP 
 CLM-U22 1 12 2 3 10 6 19 NP 
 CLM-U28 1 12 3 3 10 6 19 27 
 CLM-H08 1 12 3 3 10 6 19 27 
 GUA-H40 1 12 3 3 10 6 19 27 
 CLM-U45 3 3 3 2 4 5 5 NP 
 CLM-U47 3 3 3 3 4 5 5 37 
 NAG-U02 6 1 3 2 4 7 3 NP 
 CAY-U49 6 1 3 3 76 7 3 NP 
 CLM-U46 6 2 3 3 7 7 19 NP 
 CLM-U24 6 1 3 12 4 5 5 NP 
 GUA-H52 6 3 2 2 4 4 3 NP 
 GUA-H64 6 3 2 3 4 7 5 NP 
 CAB-U11 6 3 3 2 4 5 5 NP 
 GUA-H21 6 3 3 3 1 7 5 NP 
 CAO-U23 6 3 3 3 4 5 19 NP 
 MAQ-H53 6 8 2 2 9 7 5 50 
 MAQ-H60 6 8 2 2 9 7 5 50 
Rat 
 CLM-R09-A 1 1 2 2 7 4 8 NP 
 CLM-R11-A 1 1 3 3 4 6 19 NP 
 SOB-R13-B§ 1 12 3 3 10 6 19 27 
*Bold font indicates isolates that had identical profiles. MLST, multilocus sequence typing; NP, not present in database; ST, sequence type. 
†The first 3 letters for each isolate indicate the area of the patient’s residence or where the rodent was captured in the state of La Guaira, Venezuela: 
CAB, Caraballeda; CAO, Caruao; CAY, Carayaca; CLM, Catia La Mar; GUA, La Guaira; MAC, Macuto; MAQ, Maiquetia; NAG, Niguata; SOB, Soublette; 
or URI, Urimare. The fourth letter is H (isolated from human blood), U (isolated from human urine), or R (isolated from rat tissue). 
‡STs found in the Leptospira PubMLST database (https://pubmlst.org/organisms/leptospira-spp) (14). 
§Rat sequence shared an MLST profile for some alleles with human isolates CLM-U28, CLM-H08, and GUA-H40. 
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patients ill enough to require hospitalization and did 
not capture patients with less severe illness, who rep-
resent up to 90% of leptospirosis cases (2).

Leptospira spp. were isolated from the kidneys of 
all 45 rodents captured in the region. Leptospira spe-
cies distributions were similar in rodents and humans; 
most isolates were L. interrogans, which is globally the 
species most associated with severe human illness. L. 
venezuelensis was also isolated from 7 cows on a nearby 
farm, whereas L. interrogans was isolated from only 3 
cows on the same farm (Table 2; Appendix Table 14).

Leptospirosis is difficult to diagnose in a clini-
cally useful time frame, but rrs PCR of both blood and 
urine samples detected 37 cases. The most discrimi-
native clinical finding in patients was conjunctival 
suffusion (19), but Leptospira-positive patients also 
had more myalgias, dyspnea, cough, and hemoptysis 
than did hospitalized Leptospira-negative patients. L. 
interrogans was recovered from patients with the most 
severe cases, and 27% (8/30) of  L. interrogans–infect-
ed patients died. However, for patients with mild to 
moderate disease, the infecting species could not be 
distinguished by patient signs, symptoms, or labora-
tory values (Appendix Table 8).

The intermediate species L. fainei was isolated from 
the kidneys of 3/45 captured rodents. L. fainei has been 
reported to cause disease in humans (20) but was not 
isolated from any human patient or bovid in this study. 
L. venezuelensis is phylogenetically closer to other inter-
mediate species reported to cause human illness, such as 
L. liceraciae (21) and L. wolffi (22) and is phylogenetically 
close to Leptospira spp. isolated from environmental 
samples in Malaysia, Mayotte, and New Caledonia (5).

Few studies have been conducted to determine the 
phylogenetic relatedness of different strains of Lepto-
spira spp. isolated from a particular geographic region. 
L. interrogans isolates from this study had many MLST 
profiles, including clusters of profiles found in the Lep-
tospira PubMLST database (Table 3). MATs showed 
that serum samples from 3 cows each reacted to a dif-
ferent L. interrogans serovar, including 2 whose isolates 
had the same VNTR pattern (Appendix Tables 14, 16). 
The heterogeneity of L. interrogans strains suggests a 
long-term endemic presence in the local rodent pop-
ulation. In contrast, the genomes of 6 L. venezuelensis 
isolates differed by a maximum of 11 SNPs (Figure 3), 
suggesting an outbreak strain. Although only 6 of the 
13 L. venezuelensis isolates were sequenced, they were 
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Figure 3. Phylogenetic analysis of 
Leptospira venezuelensis isolates 
in study of outbreak of intermediate 
species L. venezuelensis spread 
by rodents to cows and humans 
in L. interrogans–endemic region, 
Venezuela. Branch length indicates 
the number of SNPs separating L. 
venezuelensis strains. Phylogenetic 
tree was reconstructed according 
to comparisons of whole-genome 
sequences from 6 L. venezuelensis 
strains isolated from hospitalized 
leptospirosis patients in La Guaira 
State on the Caribbean coast of 
Venezuela, from rodents captured 
near the residences of hospitalized 
leptospirosis patients, and from 
dairy cows on a farm 30 km away 
from La Guaira State. Human 
isolate CLM-50 was sequenced at 
both the Institute Pasteur in Paris, 
France, and the Institute Pasteur 
in Montevideo, Uruguay. Human 
isolate Uri-H27 was sequenced 
twice at the Institute Pasteur in 
Paris; the genome of the isolate 
after many passages in culture 
contained 3 SNPs that were not 
present in the same isolate from an 
earlier passage. Scale bar indicates 
number of SNPs per site. SNP, 
single-nucleotide polymorphism.
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obtained from a diverse sampling of hospitalized hu-
mans, rats captured in La Guaira, and cows on a farm 
30 km away from patient residences. Unless L. venezu-
elensis has a mutation rate even slower than slow-mu-
tating Mycobacterium tuberculosis (23), the low genetic 
diversity reflects a recently expanded bacteria popula-
tion. Greater genomic heterogeneity would be expect-
ed if L. venezuelensis evolved from a local environmen-
tal Leptospira sp. Instead, the close genomic similarity 
between isolates suggests a recent introduction of L. 
venezuelensis into the region, perhaps arriving with rats 
on a ship that docked in the port of La Guaira and then 
spread within the local rodent population.

Infections with intermediate clade Leptospira spp. 
have only rarely been associated with icteric human 
illness (6), but 3 of 4 patients from whom L. venezuelen-
sis was isolated were icteric, had liver aminotransfer-
ase values >250 (Appendix Table 9) and negative test 
results for hepatitis viruses A and B. Only 1 patient 
with L. venezuelensis infection was tested for dengue, 
but all 4 had platelet levels within reference ranges, 
which is uncharacteristic for acute dengue.

Although intermediate Leptospira spp. are thought 
to be incapable of surviving in an animal model, infec-
tion of rats has been reported for the intermediate spe-
cies L. licerasiae (24). We recovered all 13 L. venezuelensis 
isolates from hamster kidneys 16 days after intraperi-
toneal inoculation of low passage isolates, although 
later passages of the same isolates could not be recov-
ered from hamsters after high-dose intraperitoneal in-
fections (data not shown). The acquisition of SNPs and 
loss of virulence during in vitro passages of Leptospira 
isolates has been previously described (25,26).

Leptospira intermediate species are often isolated 
from environmental samples (5), but it seems unlikely 
that L. venezuelensis was an environmental or laboratory 
contaminant. The rrs PCR of the original human, bovine, 
and rodent specimens; the isolate cultures; and hamster 
infection studies were all performed separately before 
sequencing results were available, and the samples con-
taining L. venezuelensis were not temporally linked. The 
MAT titers of serum samples from L. venezuelensis–posi-
tive bovids all showed the same presumed cross-reac-
tion with L. interrogans serovar Wolffi, consistent with 
genomic evidence of an outbreak strain. Human disease 
causality could be confirmed by high or rising MAT ti-
ters in patient serum samples, but acute serum samples 
from 2 L. venezuelensis and 4 L. interrogans patients did 
not have titers >1:50, and convalescent patient blood 
samples were not collected.

In Argentina (27), L. wolffii was isolated from a pa-
tient who died of a severe respiratory syndrome, but 
PCR results suggested an L. interrogans co-infection. 

Similarly, 2 of the 4 L. venezuelensis–positive patients in 
this study had positive lipL32 PCR results (Appendix 
Table 9). The lipL32 primers were designed to amplify 
lipL32 from L. interrogans or other pathogenic Leptospi-
ra spp. but not from intermediate species, such as L. 
venezuelensis. Although the amplified lipL32 fragments 
were not sequenced, the 2 lipL32-positive patients 
could have been co-infected with L. venezuelensis and 
L. interrogans. Another patient from whom L. venezuel-
ensis was cultured had negative rrs PCR results in both 
blood and urine. The pathogenicity of this intermedi-
ate species could not be confidently evaluated from the 
4 L. venezuelensis–positive patients in this study.

In conclusion, an L. venezuelensis outbreak circu-
lating in rodents appears to have spread to cows in the 
region and also infected humans, in whom it might 
have caused febrile illness with hepatic involvement. 
Our findings indicate the need for increased aware-
ness of leptospirosis prevalence and characteristics in 
Venezuela and other tropical, rodent infested coastal 
regions and also indicates an urgent need for rapid 
point-of-care tests to diagnose leptospirosis and im-
prove patient treatment and outcomes.
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Histoplasmosis is an endemic fungal infection 
caused by Histoplasma capsulatum. In immu-

nocompetent persons, histoplasmosis is often as-
ymptomatic or localized to the pulmonary system. 
However, in immunocompromised persons, histo-
plasmosis can manifest in a progressive disseminat-
ed form that is an AIDS-defining illness. Even with 

prompt treatment, disseminated histoplasmosis has 
a high mortality rate (1,2). Given historically limited 
awareness of the disease and poor diagnostic capac-
ity, histoplasmosis has been underdiagnosed, and 
the true global burden remains unknown. Although 
well documented in much of the Americas, with re-
cent studies showing prevalence rates up to 30% in 
some areas of Central America (3), histoplasmosis is 
also considered endemic in parts of Africa and Asia, 
and expanding regions of endemicity have been rec-
ognized in the past decade (4). Given the potential ill-
ness and death from HIV-associated histoplasmosis, 
a critical need exists for improved diagnostics and 
treatments. 

In persons with HIV, histoplasmosis can be dif-
ficult to detect because the signs and symptoms of 
disseminated histoplasmosis closely mimic those of 
disseminated tuberculosis (TB), increasing risk of mis-
diagnosis and undertreatment, especially in regions 
where both diseases are endemic (5). Histopathology 
and culture provide the most accurate methods for 
diagnosing histoplasmosis, but resource-limited set-
tings often lack the personnel and laboratory infra-
structure to use these methods.

Enzyme immunoassays (EIAs), where available, 
have bridged this diagnostic gap by enabling detec-
tion of Histoplasma antigen in both urine and serum 
samples (6). The first EIA test, developed by Mi-
raVista Diagnostics (https://miravistalabs.com), is 
95% sensitive in urine samples (7), but this test is not 
a viable option for low- and middle-income countries 
because samples can be processed only at 1 reference 
laboratory in Indianapolis, Indiana, USA. Optimum 
Imaging Diagnostics (https://optimumimaging.
com) has also developed a urine histoplasmosis sand-
wich EIA using rabbit monoclonal antibodies that has 
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with HIV and symptoms consistent with histoplasmosis, 
Histoplasma antigenuria prevalence was 14% (95% 
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that persons with advanced HIV disease, inpatients, 
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atic approach to early detection of histoplasmosis using 
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a sensitivity of 92% and a specificity of 32% (8). The 
IMMY Alpha test (https://www.immy.com) is a US 
Food and Drug Administation–approved polyclonal 
antibody ELISA that has 62%–81% sensitivity and 
96%–97% specificity (7,9). IMMY subsequently devel-
oped the Clarus Histoplasma galactomannan assay, a 
monoclonal antibody test, for use on urine samples; 
sensitivity is 91% and specificity is 91% (7). Advent of 
urinary EIA screening tests might offer a feasible test-
ing strategy, especially in endemic settings, for earlier 
detection of active histoplasmosis infection than with 
other testing strategies (10). The historical absence of 
sufficiently sensitive rapid testing that can be rou-
tinely performed in resource-limited settings has led 
to a dearth of accurate prevalence data on the global 
burden of histoplasmosis. 

By performing this systematic review, we aimed 
to synthesize current research about the prevalence 
of Histoplasma antigens in urine (antigenuria) among 
persons living with advanced HIV disease world-
wide. Understanding the prevalence and burden 
of Histoplasma antigenuria might aid in developing 
screening and treatment algorithms to improve clini-
cal outcomes related to HIV-associated histoplas-
mosis. We registered our study at PROSPERO Inter-
national prospective register of systematic reviews 
(study identification CRD42023399523).

Methods

Eligibility Criteria
We included cross-sectional or cohort studies of 
adults living with HIV in whom Histoplasma antigen 
testing was performed. We included studies conduct-
ed in inpatient and outpatient settings that had both 
asymptomatic and symptomatic participants. We de-
fined symptomatic histoplasmosis as having >1 as-
sociated clinical signs and symptoms, such as fever, 
weight loss, night sweats, and respiratory symptoms. 
We excluded studies involving nonhuman subjects 
or persons <18 years old, non-Histoplasma studies, 
non–English-language studies, conference abstracts, 
reviews, case reports, and commentaries. 

Search Strategy
We conducted a systematic search of PubMed/Med-
line, Embase, and Scopus databases using PRISMA 
(Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses; https://www.prisma-state-
ment.org) guidelines for studies published during 
January 1, 1947–January 3, 2023 (Figure 1). Search 
terms included combinations of histoplasmosis, 
antigen detection, and HIV or advanced HIV. We  

updated the search on July 20, 2023 (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/30/8/23-
1710-App1.pdf). 

Data Collection
Three systematic review team members inde-
pendently assessed abstracts to select articles for 
full-text review based on specified criteria using 
Rayyan (https://www.rayyan.ai) and resolved dis-
agreements through discussion. For the full-text 
review, we used a Qualtrics form (https://www.
qualtrics.com) to abstract data. Three reviewers in-
dependently completed the form, and a fourth adju-
dicated discrepancies. Data abstracted were journal 
name and publication date, article title, first author 
name, study design, geographic location, setting (in-
patient or outpatient), clinical phenotype (i.e., screen-
ing among asymptomatic or symptomatic persons ac-
cording to study author definitions), age range, sex, 
percentage of participants on antiretroviral therapy, 
median CD4 count, active TB infection (presumed 
versus confirmed), type of Histoplasma antigen testing 
kit, other Histoplasma diagnostics employed, sample 
size, number of positive Histoplasma cases, percentage 
of participants with Histoplasma detected, and 95% 
CIs. We also reviewed treatment provided, prophy-
laxis, and clinical outcomes, but that information was 
not consistently available across studies. 

Outcome Measures
We assessed Histoplasma antigen prevalence among 
subgroups, including persons with HIV regardless 
of CD4 count, persons with advanced HIV disease 
(CD4 <200 or World Health Organization stage 3 or 
4), inpatients, outpatients, patients with symptoms of 
histoplasmosis (i.e., fevers, weight loss, night sweats, 
respiratory symptoms), and asymptomatic patients. 

Risk of Bias Assessment
We determined the risk for bias for cross-sectional 
studies using the Agency for Healthcare Research 
and Quality Methodology Checklist (Appendix Table 
2) and for cohort studies using the modified criteria 
of the Risk of Bias Assessment Tool for Nonrandom-
ized Studies (Appendix Table 3). The cross-sectional 
studies checklist assesses the presence, absence, or 
undetermined status of 11 items: sources of data, in-
clusion/exclusion criteria, time period, study popula-
tion selection, blinding, quality assurance of testing, 
reason for patient exclusion, missing data, confound-
ing, completeness of data collection, and follow-up 
for missing data (Appendix Table 5). The cohort 
study assessment tool rates risk for bias as low, high, 
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or unclear in 6 different domains: participant selec-
tions, confounding variables, measurement of expo-
sures, blinding of outcome assessments, incomplete 
outcome data, and selective outcome reporting. Three 
reviewers independently determined the risk for bias 
in each domain for each eligible study; a fourth re-
viewer identified and resolved any disagreements. 
We classified included studies at low risk of bias if >4 
of 6 domains were determined to be low. We classi-
fied remaining studies at high risk of bias. 

Effect Measures and Synthesis Methods
We calculated point estimates and 95% CIs for each of 
the study outcomes. We also stratified studies select-
ed for full review and data extraction for subgroup 
analyses on the basis of attributes (e.g., inpatient 
cohort vs. symptomatic cohort). If inpatient versus 
outpatient setting was not specified in an article, or 
if disaggregated data were not provided, we exclud-
ed those studies from the setting subgroup analysis. 

We included studies in the symptomatic cohort if 
they described participants with >1 clinical signs: fe-
ver, weight loss, night sweats, or respiratory symp-
toms. We grouped participants without any signs or 
symptoms at time of screening in the asymptomatic 
cohort. If cohorts included a mixture of symptom-
atic and asymptomatic participants, only those stud-
ies that provided disaggregated prevalence results 
stratified by symptom status were included in the 
subgroup analysis. We pooled estimates with 95% 
CIs based on subgroups for forest plots and summa-
ry tables. We used Microsoft Excel 2019 version 16.7 
(https://www.microsoft.com) when conducting 
analyses. We used the GRADE (Grading of Recom-
mendations, Assessment, Development, and Evalu-
ations) approach to assess the certainty of evidence 
by considering risk of bias, inconsistency, indirect-
ness, imprecision, and publication bias (11). Four 
levels of certainty ratings were possible: very low, 
low, moderate, and high. 
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Figure 1. PRISMA (Preferred 
Reporting Items for Systematic 
Reviews and Meta-Analyses) 
flow diagram for systematic 
review of prevalence of 
Histoplasma antigenuria in 
persons with HIV in Latin 
America and Africa. 
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Results

Study Selection
Through our database search we identified 1,294 titles. 
After deduplication, 877 titles remained for abstract 
review. Of the 877 abstracts reviewed, we excluded 
827 because they were not published in English (n = 
9), were case reports (n = 416) or systematic reviews (n 
= 38), did not have a study population with confirmed 
HIV infection status (n = 36), did not use Histoplasma 
antigen testing (n = 129), or did not report the percent-
age of the cohort that was Histoplasma antigen positive 
(n = 199). Of the remaining 50 publications available 
for full-text review, we excluded 35 (Figure 1). 

Study Characteristics
We included 15 articles published during 2012–2023 
covering 5,096 HIV-positive adults (cohort sizes 
35–4,453) undergoing urinary Histoplasma antigen 
testing. Eleven studies (n = 4,057/5,096 participants) 
were cross-sectional and the other 4 were prospective 

cohort studies (Table 1). Nine cross-sectional studies 
(2,753/5,096 participants) took place in sub-Saharan 
Africa; the remaining 2 were performed in Central or 
South America (2,343/5,096 participants) (Figure 2). 
No studies evaluated Histoplasma antigenuria preva-
lence in Asia, Europe, Australia, or North America. 
Ten of 15 studies (3,789/5,096 participants) focused 
specifically on populations with advanced HIV dis-
ease, whereas 5 studies included all persons with 
HIV, regardless of CD4 count or World Health Or-
ganization disease stage. Eight studies (3,631/5,096 
participants) described persons who initially sought 
treatment with symptoms, and 7 studies (1465/5096 
participants) focused on asymptomatic screening 
cohorts. Most studies were conducted in the outpa-
tient setting, but 8 recruited hospitalized patients 
(3,286/5,096 participants). The 15 included studies 
used a mixture of tools to identify Histoplasma anti-
genuria: 2 used MiraVista Histoplasma Quantitative 
EIA test, 4 used IMMY Alpha Histoplasma EIA, 7 
used IMMY GM Histoplasma EIA, 1 used Optimum 
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Table. Characteristics of Histoplasma urine antigen prevalence studies included in systematic review of prevalence of Histoplasma 
antigenuria in persons with HIV in Latin America and Africa* 

Reference Country 
Study 
design 

Study 
population† Clinical status Setting Test type‡ 

No. 
participants 

No. samples 
tested 

HUA 
positivity, % 

(14) Tanzania Cross-
sectional 

All HIV and 
non-HIV 

Symptomatic Inpatient MV EIA 628 628 1.1 

(15) Uganda Cohort Advanced HIV Asymptomatic Outpatient IMMY GM 
EIA 

388 388 1.0 

(16) Uganda Cohort Advanced 
HIV/meningitis 

Symptomatic Inpatient MV EIA 257 257 0.0 

(17) South 
Africa 

Cross-
sectional 

Advanced HIV Symptomatic Outpatient IMMY 
Alpha EIA 

34 17 23.5 

(18) South 
Africa 

Cross-
sectional 

Advanced HIV Asymptomatic Inpatient IMMY GM 
EIA 

189 189 5.8 

(19) Cameroon Cross-
sectional 

All HIV Asymptomatic Outpatient OIDx EIA 138 138 26.1 

(20) Ghana Cross-
sectional 

All HIV Asymptomatic Outpatient IMMY GM 
EIA + 

OIDx LFA 

150 107 5.6 

(21) Nigeria Cross-
sectional 

Advanced HIV Symptomatic Outpatient IMMY GM 
EIA 

213 41 7.3 

(22) Nigeria Cross-
sectional 

Advanced HIV Symptomatic Inpatient IMMY GM 
EIA 

988 988 7.7 

(23) Mexico Cohort Advanced HIV Symptomatic Inpatient IMMY 
Alpha EIA 

288 288 21.5 

(24) Brazil Cohort Advanced HIV Asymptomatic Inpatient IMMY 
Alpha EIA 

106 106 3.8 

(25) Colombia Cross- 
sectional 

Advanced HIV Symptomatic Inpatient IMMY 
Alpha EIA 

172 172 29.1 

(26) Colombia Cross-
sectional 

Advanced HIV Asymptomatic Outpatient CDC 
ELISA 

768 154 20.1 

(27) Panama, 
Honduras, 
Nicaragua 

Cross-
sectional 

All HIV Symptomatic Inpatient IMMY GM 
EIA 

4453 1343 20.0 

(28) Trinidad Cross-
sectional 

HIV Asymptomatic Outpatient IMMY GM 
EIA + 

OIDx LFA 

280 280 6.4 

*EIA, enzyme immunoessay; GM, galactomannan; HUA, histoplasma urine antigen; LFA, lateral flow assay. 
†All HIV refers to participants with HIV who were not stratified by CD4 or limited to CD4 counts <200, such as persons in advanced HIV cohorts.  
‡Test manufacturers and types: MV, MiraVista Diagnostics EIA (https://miravistalabs.com); IMMY Alpha and GM EIAs (https://www.immy.com); OIDx, 
Optimum Imaging Diagnostics LFA (https://optimumimaging.com). 
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Imaging Diagnostics Histoplasma Sandwich EIA, and 
1 used ELISA. 

Histoplasma Antigen Prevalence
Of 5,096 persons with HIV tested for Histoplasma an-
tigen in their urine from the 15 included studies, 11% 
(95% CI 11%–12%; n = 581) were antigen positive. 
Among persons with advanced HIV disease, preva-
lence of Histoplasma antigenuria was 13% (95% CI 12%–
14%; n = 483) (Figure 3). Among symptomatic persons 
with HIV, 14% (95% CI 13%–15%; n = 502) were antigen 
positive, whereas among asymptomatic persons, 5% 
(95% CI 4%–7%; n = 79) were Histoplasma antigen posi-
tive. Histoplasma antigen prevalence among inpatients 
with HIV was 13% (95% CI 12%–14%; 433/3,286) and 
among outpatients was 7% (95% CI 6%–9%; 111/1,549) 
(p<0.05). We also noted marked geographic variation, 
with the prevalence of both Histoplasma antigenuria 

and histoplasmosis ranging from 1% in Uganda to 
26% in Cameroon (Table; Figure 2). 

Risk of Bias in Studies
All of the included studies were observational in 
nature (Appendix Table 4). In the 2 cohort studies, 
we found uncertain risk of bias in the selective out-
come reporting and low risk throughout all other 
domains. We determined that all 13 cross-sectional 
studies defined their information sources, listed in-
clusion and exclusion criteria for participant selec-
tion, indicated at least the start date of the testing 
period, and specified populations. Two of 13 stud-
ies were blinded; the remaining 11 studies did not 
specify blinding. Six of 13 studies had persons ex-
cluded from analyses, often because the participant 
lacked urine samples. Seven studies addressed con-
founding variables such as TB or other opportunistic 
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Figure 2. Country-level Histoplasma antigenuria prevalence in systematic review of prevalence of Histoplasma antigenuria in persons 
with HIV in Latin America and Africa. Asterisks denote countries with studies that were done in advanced HIV populations, whereas solid 
colors denote countries with studies of participants with HIV screened for histoplasmosis irrespective of CD4 count. 

Figure 3. Forest plot of 
Histoplasma antigen prevalence 
among subgroups of interest in 
systematic review of prevalence of 
Histoplasma antigenuria in persons 
with HIV in Latin America and 
Africa. Error bars indicate 95% CIs.
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infections; the remaining 8 studies did not test par-
ticipants for confounding conditions. Furthermore, 
thorough analysis of bias risk is consistent with 
overall low risk of bias, although some categories of 
risk were unclear in individual studies. 

Discussion
From 15 studies that assessed the prevalence of His-
toplasma antigenuria among 5,096 persons with HIV, 
we identified 11% (95% CI 11%–12%) Histoplasma 
antigenuria prevalence among all persons with HIV 
and 13% (95% CI 12%–14%) among persons with ad-
vanced HIV disease. Among symptomatic persons 
with HIV, Histoplasma antigenuria prevalence was 
14% (95% CI 13%–15%), whereas among asymptom-
atic persons with HIV, prevalence was 5% (95% CI 
4%–7%). Taken together, those data help highlight 
populations that might benefit from systematic 
screening for histoplasmosis as part of an HIV pack-
age of care. Our analysis suggests that the highest 
yield screening programs would likely be among 
persons with advanced HIV disease, histoplasmo-
sis inpatients, and persons who have symptoms 
consistent with histoplasmosis. Whereas we noted 
general trends in Histoplasma antigenuria prevalence 
by population characteristics, in some individual 
studies, those trends did not hold true (e.g., low his-
toplasmosis prevalence among inpatients with ad-
vanced HIV). Various factors aside from inpatient/
outpatient status and presence of signs and symp-
toms might explain this variation, such as geograph-
ic location, underlying patient characteristics, and 
the nonspecific nature of symptoms associated with 
disseminated histoplasmosis that are shared with 
other conditions. Therefore, summary data must be 
considered in the context of the population charac-
teristics of individual studies. 

Our systematic review was limited by the mod-
est number of studies available, but the moderate 
size of our cohorts provided good precision around 
our prevalence estimates. Included prevalence stud-
ies came from just 6 countries in Central and South 
America and 9 in sub-Saharan Africa, but few stud-
ies from Asia, North America, Europe, and Australia 
have been published. In our analysis, we found only 
3 countries (South Africa, Nigeria, and Colombia) in 
which >1 antigen prevalence study had been con-
ducted. Prevalence of histoplasmosis transmission 
is classically thought to be associated with sources 
for local exposure, such as bat guano, poultry, caves, 
housing, construction, and certain occupations, al-
though persons not reporting those classic exposures 
can also manifest histoplasmosis. This duality under-

scores the importance of conducting regional preva-
lence studies to assess fluctuations in histoplasmosis 
prevalence. Prospective studies are needed to better 
understand disease prevalence and consider the ef-
fects of symptoms, CD4 count, coexisting TB infec-
tion, and TB diagnostics on recognizing the disease. 

The observational nature of all of the included 
studies and resulting selection bias limits the gen-
eralizability of our findings; inpatient studies might 
have excluded TB patients before enrollment. For 
example, in studies of identified Histoplasma antigen-
uria among only symptomatic inpatients, prevalence 
might have been higher than among inpatients in 
whom TB had not yet been excluded. In cohort stud-
ies, there might be a bias to include persons with con-
firmed histoplasmosis and consequentially report a 
higher prevalence of histoplasmosis compared with 
cross-sectional screening studies. Very few studies 
included TB diagnostics or consideration of coexist-
ing TB infection. The small number of studies and 
limited data also prevented any further subgroup 
analyses of Histoplasma antigenuria prevalence (e.g., 
by antiretroviral therapy status). Prospective clinical 
studies are needed to identify persons with advanced 
HIV disease who have asymptomatic Histoplasma an-
tigenuria, particularly those from geographic areas 
not represented by currently available data. 

Histoplasma antigenuria prevalence among as-
ymptomatic persons with HIV was 5%. The clinical 
significance of asymptomatic Histoplasma antigenuria 
among persons with HIV is unknown, and further re-
search is required to investigate whether antifungal 
therapy is required or a watch-and-wait policy along-
side antiretroviral therapy with immune reconstitu-
tion is sufficient among persons in that group. Those 
results could be false positives; they could indicate 
that patients with a low antigen burden who are un-
dergoing antiretroviral therapy might not require 
antifungal therapy; or they could represent early dis-
semination that would progress without antifungal 
treatment. 

Clinical studies and studies on the burden of 
histoplasmosis disease are hampered by a historical 
lack of histoplasmosis diagnostics. Although culture 
and histopathology are the most accurate methods 
for diagnosis, many resource-limited settings do not 
have the laboratory capacity or staffing to perform 
these tests. Furthermore, culture results require sev-
eral weeks, which is clinically impractical. Antigen 
detection assays for histoplasmosis have 95% sensi-
tivity (95% CI 94%–97%) and 97% specificity (95% CI 
97%–98%) and are found to be most accurate among 
persons with HIV in whom fungal burden is gen-
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erally highest (12). Access to point-of-care, rapid 
antigen assays that do not require laboratory infra-
structure would enable better characterization of 
histoplasmosis burden in limited resource settings, 
where the burden of advanced HIV disease is high-
est. Two companies, Optimum Imaging Diagnostics 
and MiraVista, have now produced lateral flow as-
says that have European Union CE marks, which 
indicates that a product has been assessed by the 
manufacturer and deemed to meet European Union 
safety, health, and environmental protection re-
quirements; however, those products have not been 
approved by the US Food and Drug Administration 
(7,12,13). Another company, IMMY, is developing 
a lateral flow assay, but it has not yet been tested 
clinically. Further development and testing of these 
assays is necessary. Beyond the role of antigen test-
ing to provide updated epidemiologic data, rapid 
antigen tests have the potential to improve clinical 
management among persons with advanced HIV 
disease and symptomatic histoplasmosis. If clinical 
trials demonstrate survival benefit from histoplas-
mosis screening and treatment among asymptom-
atic persons with advanced HIV disease, a rapid, 
point-of-care assay would be essential for diagnosis 
of cryptococcal diseases. 

G.H., J.G., and P.S. independently assessed abstracts to 
select articles for full-text review and along with R.R. 
resolved any disagreements. G.H., J.G., and P.S.  
independently completed the form and R.R. adjudicated 
discrepancies. G.H., J.G., and P.S. independently  
determined the risk of bias in each eligible study in each 
domain. R.R. identified and resolved any disagreements. 
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Azole resistance in Aspergillus fumigatus fungi has 
increased during the past 25 years. Increasing 

evidence documents that selection of azole-resistant 
A. fumigatus (ARAf) takes place in the environment 
(1,2). Investigations have been performed or initiated 
in several countries to investigate the relative contri-
butions of various environmental azole fungicide ap-
plications to selection for ARAf (3–5).

In Denmark during June–August 2009, ARAf was 
first found in 1/17 A. fumigatus isolates from hospi-
tal surroundings and 3/21 from a park in Copenha-
gen (6), but subsequent environmental soil and air 
samples collected during September–October 2013 
were negative for ARAf (7). That finding is somewhat 
in contrast to findings in clinical samples from Den-
mark. After the first isolation of TR34/L98H mutants 
in late 2007 and TR46/Y121F/T289A in 2012 (7–9), an 
increasing rate of ARAf of environmental origin from 
1.5% (2/133) in 2007–2009 to 3.6% (5/137) in 2018 
has been found in patients with cystic fibrosis (8,10). 
Moreover, during 2018–2020, the nationwide surveil-
lance of ARAf revealed a rate of 3.6% environmental 
ARAf among 1,083 patients (11).

Which environmental azole fungicide uses are 
potentially safe and which contribute mostly to the 
increasing proportion of ARAf is not clear. However, 
because selection of resistance through either emer-
gence of resistance in a susceptible isolate or favored 
growth of an already existing ARAf subpopulation 
requires A. fumigatus multiplication, azole residues in 
soils or plant debris where A. fumigatus fungi thrives 
are probably the biggest source for dissemination of 
ARAf. Prior studies have suggested that hot spots for 
ARAf include azole-treated flower bulb production 
(1), plant waste piles, and composting heaps (1,12), 
whereas cold spots probably include animal manure 
and grain (1,13) and arable farming (14,15), includ-
ing potato fields (3). However, variable findings have 
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Azole-resistant Aspergillus fumigatus (ARAf) fungi have 
been found inconsistently in the environment in Denmark 
since 2010. During 2018–2020, nationwide surveillance 
of clinical A. fumigatus fungi reported environmental 
TR34/L98H or TR46/Y121F/T289A resistance mutations 
in 3.6% of isolates, prompting environmental sampling 
for ARAf and azole fungicides and investigation for se-
lection of ARAf in field and microcosmos experiments. 
ARAf was ubiquitous (20% of 366 samples; 16% TR34/
L98H- and 4% TR46/Y121F/T289A-related mechanisms), 
constituting 4.2% of 4,538 A. fumigatus isolates. The 
highest proportions were in flower- and compost-related 
samples but were not correlated with azole-fungicide ap-
plication concentrations. Genotyping showed clustering 
of tandem repeat–related ARAf and overlaps with clini-
cal isolates in Denmark. A. fumigatus fungi grew poorly 
in the field experiment with no postapplication change 
in ARAf proportions. However, in microcosmos experi-
ments, a sustained complete (tebuconazole) or partial 
(prothioconazole) inhibition against wild-type A. fumiga-
tus but not ARAf indicated that, under some conditions, 
azole fungicides may favor growth of ARAf in soil.
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been reported for several settings, including green-
houses and strawberry crops (3,5,16).

On the basis of those findings, the Danish Minis-
try of Environment supported a research project about 
the presence and selection of ARAf in Denmark. The 
project included extensive environmental sampling 
with determination of azole-susceptible and -resis-
tant A. fumigatus and of azole concentrations; char-
acterization of resistance mechanisms and molecular 
genotypes to determine if resistant genotypes come 
from outside (by wind and goods) or multiply and 
expand in Denmark; and microcosmos and field ex-
periments investigating the potential of various azole 
fungicides to select for ARAf.

Materials and Methods

Environmental Hot Spot and Field-Experiment Sampling
We collected 366 samples (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/30/8/24-0096-App1.
pdf): agricultural fields (air and soil; n = 167, includ-
ing 40 samples obtained before/between/after azole 
spraying); park and private garden soil (n = 60); flow-
er and potatoes (n = 100); compost soil (from garden 
waste) and compost heaps from vegetable waste and 
garden waste (n = 20); animal manure heaps with 
straw or peat and associated stable bedding (n = 25); 
and wood paint–associated soil (n = 14). We sampled 
air (1 m3/sample) through a gelatin filter by using a 
Sartorius MD8 Airport Portable Sampler (https://
shop.sartorius.com). We placed the gelatin filter on 
yeast glucose chloramphenicol (YGC) agar and incu-
bated it 1 day at 37°C, 1 day at 50°C, and 1 day at 37°C, 
inspecting it daily. That procedure favored growth of 
A. fumigatus fungi over other molds, thereby enhanc-
ing A. fumigatus isolation in a pilot study. Solid sam-
ples (e.g., soil top 5 cm [5], compost, manure heap) 
were suspended in sterile water with 0.1% Tween 20 
(2.5 mL/g sample), vortexed, and allowed to settle 
for 10–15 minutes. We transferred ≈10 mL top fluid 
to a new tube, vortexed it, and cultured 500 µL or 250 
µL on YGC and on YGC supplemented with tebu-
conazole (3 mg/g agar [YGC-Teb]). We centrifuged 
the remaining fluid (3,000 rpm, ≈1,942 g, 10 minutes), 
discarded ≈8 mL supernatant, and resuspended the 
pellet in the remaining liquid followed by plating of 
500 µL on YGC and YGC-Teb. For air samples, we in-
cubated all plates as described above.

We isolated A. fumigatus fungi (maximum 30 iso-
lates/sample), subcultured, and identified by using 
macro- and micro-morphology and thermotolerance 
of 50°C supplemented with matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry  

(Bruker, https://www.bruker.com) and the online 
available spectrum database mass spectrometry 
imaging when needed (17,18). When we identified 
mixed TR34/L98H and TR46/Y121F/T289A muta-
tions, we attempted isolation from susceptibility plate 
wells containing voriconazole (favoring TR46/Y121F/
T289A) and posaconazole (favoring TR34/L98H).

Susceptibility Testing
Initially, A. fumigatus colonies on YGC-Teb under-
went azole-resistance screening (EUCAST E.Def 
10.1), followed by determination of MICs of itra-
conazole, posaconazole, isavuconazole, and vori-
conazole (EUCAST E.Def 9.3) if screening positive. 
Because of equal performance of YGC-TEB and 
E.Def 10.1, we subsequently omitted the E.Def 10.1 
screening step (19,20). We compared individual pro-
portions of ARAf pairwise by using a χ2 or Fisher 
exact test with the GraphPad Prism 9.3.1 program 
(https://www.graphpad.com).

Extraction and Concentration Determination of Azoles
We analyzed azole content as previously described 
for soil samples by using sonication/shaking-extrac-
tion and high-performance liquid chromatography–
tandem mass spectrometry analysis (21) with minor 
modifications: soil samples were sieved (2 mm) and 
homogenized manually; potted plant soil/root mix 
and freeze-dried potato peels were homogenized in 
a blender (Appendix Table 2). We prepared blank 
and control samples as well as calibration standards 
in a reference matrix (organically farmed soil or po-
tato peel), extracted, and analyzed together with 
each set of samples. When no matching reference 
matrix was available (potted plants, compost), we 
used standard addition.

Molecular Characterization of Azole  
Resistance Mechanisms
We sequenced the cyp51A gene, including promoter, 
as previously described for ARAf isolates and select-
ed susceptible A. fumigatus isolates (8,22) (Appendix 
Table 3). Azole-resistant isolates that were cyp51A 
wild-type underwent full-length hmg1 sequencing 
as previously reported (23), with some modifica-
tions (Appendix Table 4). We assembled sequences 
and compared them with appropriate reference se-
quences (cyp51A, GenBank accession no. AF338659; 
hmg1, GenBank accession no. Afu2g03700) by using 
CLC Main Workbench versions 22 and 23 (QIAGEN, 
https://www.qiagen.com). We reported only tan-
dem repeats in the promoter region (cyp51A only) 
and mutations leading to amino acid changes.
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https://wwwnc.cdc.gov/EID/article/30/8/24-0096-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/8/24-0096-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/8/24-0096-App1.pdf
https://shop.sartorius.com
https://shop.sartorius.com
https://www.bruker.com
https://www.graphpad.com
https://www.qiagen.com


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024 1533

 Azole-Resistant Aspergillus fumigatus, Denmark

Genotyping
We conducted genotyping by using the short tandem 
repeat A. fumigatus (STRAf) method with all 9 mic-
rosatellite markers as previously described (24) (Ap-
pendix Table 5). We performed genotype analyses 
by using BioNumerics versions 7 and 8 (bioMérieux, 
https://www.biomerieux.com), illustrated as mini-
mum spanning trees with default settings. We com-
pared the genotype to worldwide genotypes from the 
Czech Republic (n = 1), Australia (n = 2), China (n = 
8), the United Kingdom (n = 10), Cuba (n = 14), Swit-
zerland (n = 71), Germany (n = 100), the United States 
(n = 102), Belgium (n = 108), Norway (n = 209), Spain 
(n = 219), and the Netherlands (n = 615) (9), as well 
as addition genotypes not previously reported from 
Finland (n = 1), Austria (n = 3), and Sweden (n = 5).

Microcosmos Selection Experiments
For microcosmos experiments, we placed 4 g dry ster-
ile soil and 1 mL of 2–5 × 102 CFU/mL A. fumigatus 
solution (wild type, TR34/L98H, and TR46/Y121F/
T289A) in 0.85% NaCl in 25 mL glass vials. We in-
cluded sandy soil (total organic carbon content 0.92%) 
and a soil with high organic content (total organic car-
bon content 5.68%). The soils originated from fields 
organically farmed for 40 years (Svanholm Gods, 
Denmark). The microcosmos vials were initially in-
cubated at 10°C, 15°C, and 20°C and consecutively 
sampled for A. fumigatus and ARAf quantification 
(Appendix Figure 1). For selection experiments, we 
chose incubation at 20°C and added 100 µL azole fun-
gicide solution (tebuconazole [Folicur EW-250, 250 
g/L; Bayer]), prothioconazole [Proline EC-250, 250 
g/L; Bayer], mefentrifluconazole [Revysol, 100 g/L; 
BASF, https://agriculture.basf.com], or MilliQ water 
[control; Sigma Aldrich, https://www.sigmaaldrich.
com]) 2 days after inoculation in application con-
centrations of 2.5–2,500 mg/L and homogenized the 
content with an inoculation loop. Final wet-weight 
concentrations were 0.049–49 mg/kg (spike solution 
concentration × applied volume)/dry weight) (Ap-
pendix Table 6).

A. fumigatus and ARAf Quantification in  
Microcosmos by PCR
We extracted DNA from the microcosmos samples 
(≈250 mg) and the collected soil samples by using 
DNeasy PowerLyzer PowerSoil Kit (QIAGEN) and 50 
μL elution buffer. To quantify, we used quantitative 
PCR or droplet digital PCR (Appendix Table 7). For 
the first microcosmos experiments, the target was a 
multicopy internal transcribed spacer, and for subse-
quent experiments, we used primers and probes tar-

geting the cyp51A promoter able to distinguish TR34/
L98H and TR46/Y121F/T289A (Appendix Table 6). 
We ran controls for the standard curve and samples 
in triplicate.

Results

Environmental Sampling
Environmental sampling consisted of 366 samples 
and 4,538 A. fumigatus isolates (Table 1). In 2020, ARAf 
harboring TR34/L98H or associated variants (TR34/ 
T-67G/L98H or TR34/L98H/S297T/F495I), specifically, 
were found in all sample types and years, except 
1 potato field. In 2021 and 2022, A. fumigatus fungi 
harboring TR46/Y121F/T289A or associated variants 
(TR46/Y121F/T289A/S363P/I364V/G448S or TR46

3/
Y121F/M172I/T289A/G448S) were found in sam-
ples from fields, flowers/flower beds, compost, and 
stable bedding.

Agricultural Fields
ARAf was less common during 2020 (2.3%–7.7% of 
soil and air samples and 0.3%–1.7% of isolates) than 
during 2021–2022 (20%–21.6% of soil and air samples 
and 2.8%–6.6% of isolates). Most ARAf harbored 
TR34/L98H (25/32, 78%), whereas 1 harbored TR46/
Y121F/T289A and 1 harbored TR46/Y121F/T289A/
S363P/I364V/G448S (6% of ARAf). Air sampling was 
performed before (15 samples), during (29 samples), 
and after (19 samples) harvesting. The A. fumigatus 
counts were highest in samples taken during harvest 
(380 [13.1/sample]), compared with before harvest 
(28 [1.9/sample)] and after harvest (46 [2.4/sample]). 
Ten air samples (10/63 [15.9%]) contained ARAf, 8 
of which were taken during harvest (8/29 [27.6%]). 
Among 454 A. fumigatus air isolates, 4.6% were ARAf 
(including 3.7% TR34/L98H and 0.2% TR46/Y121F/
T289A).

Produce
Potatoes from supermarket potatoes (washed and 
bagged) contained very little A. fumigatus and no 
ARAf (Table 1). Potatoes from the farm shop and 
fields had some soil on the surface. All potato sam-
ples were positive for A. fumigatus fungi (2.4–15.9/
sample), and 25% (4/16) samples contained ARAf 
harboring TR34/L98H (3.1%–10.5% of isolates). Flow-
erpot soil samples from 3 flower types and nurseries 
contained high amounts of A. fumigatus fungi. ARAf 
was absent in cactus pot soil, whereas 25% (10/40) of 
samples from poinsettia and campanula contained 
ARAf (2.5%–4.8% of isolates), including TR34/L98H 
or TR34/L98H/S297T/F495I (21/27 ARAf isolates 
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during 2020–2021) and TR46/Y121F/T289A or TR46/
Y121F/T289A/S363P/I364V/G448S (3/14 ARAf iso-
lates during 2021). One ARAf harbored an F262 de-
letion within the sterol-sensing domain of Hmg1, 
which has previously been associated with azole MIC 
elevation (23). Last, air samples from a plant nursery 
contained few A. fumigatus fungi and no ARAf.

Flower beds
From flower beds sampled in 3 public parks and 2 
private gardens, 59/60 samples contained A. fumiga-
tus isolates (mean 24.6 isolates/sample). ARAf was 
found at all sites and in 30% of samples, ranging from 
5% (1/20) to 47% (7/15) among public parks and 50% 
(5/10) of samples from private gardens. TR34/L98H 

and TR34/T-67G/L98H were found in 85% of ARAf 
isolates and 3% of A. fumigatus isolates. TR46/Y121F/
T289A, TR46/Y121F/T289A/S363P/I364V/G448S, 
and TR46

3/Y121F/M172I/T289A/G448S found in 1 
park and both gardens constituted 0.5% of A. fumiga-
tus isolates and accounted for most ARAf (6/7 ARAf 
isolates) in the 2 private gardens.

Soil
Soil near painted allotment houses/terraces was 
sampled because runoff water from painted surfaces 
might contain azoles. All samples contained A. fumig-
atus isolates (mean 25.6 isolates/sample). Two sam-
ples were positive for ARAf (14.3% samples and 1.1% 
A. fumigatus isolates); 3/4 ARAf isolates harbored  

 
Table 1. Overview of Aspergillus fumigatus and ARAf showing total and TR34/L98H-related [TR34] and TR46/Y121F/T289A-related 
[TR46] isolates from the environment, Denmark, 2020–2022* 

Location (samples/sites), date 

Samples, no. (%) 

 

Isolates of Af and ARAf 
A. 

fumigatus ARAf TR34 TR46 
Af, no. 

(no./sample) 
ARAf, 

no. (%) 
TR34, 

no. (%) 
TR46, 

no. (%) 
Field soil (84/7)          
 Cereal and potato (44/5), 2020 43 (98) 1 (2.3) 1 (2.3) 2 

 
318 (7.2) 1 (0.3) 1 (0.3) 0 

 Cereal (40/2), 2022 May–Sep 40 8 (20) 5 (13) 1 (3)  360 (9.0) 10 (2.8) 7 (1.9) 1 (0.3) 
Field air (63/3) 

         

 Field air (26/1), 2020 23 (100) 2 (7.7) 2 (7.7) 0 
 

181 (7.0) 3 (1.7) 3 (1.7) 0 
 Field air (37/2), 2021 35 (95) 8 (21.6) 5 (13.5) 1 (2.7) 

 
273 (7.4) 18 (6.6) 14 (5.1) 1 (0.4) 

Vegetables (40/10), 2020 
         

 Potato-supermarkets (24/6) 7 (29) 0 0 0 
 

9 (0.4) 0 0 0 
 Potato-farm shop (8/2) 8 (100) 2 (25) 2 (25) 0 

 
19 (2.4) 2 (10.5) 2 (10.5) 0 

 Potato-field (Flakkebjerg) (8/2) 8 (100) 2 (25) 2 (25) 0 
 

127 (15.9) 4 (3.1) 4 (3.1) 0 
Flower-producers soil (50/3), 2020 and 2021 

        

 Poinsettia (20/2), Campanula (10/1),  
 2020 

30 (100) 8 (27) 6 (20) 0 
 

516 (17.2) 13 (2.5) 11 (2.1) 0 

 Cactus (10/1), 2020 10 (100) 0 0 0 
 

200 (20.0) 0 0 0 
 Poinsettia (10/1), 2021 10 (100) 2 (20) 2 (20) 1 (10) 

 
289 (28.9) 14† (4.8) 10 (3.5) 3 (1.0) 

Flower-producers air (10/1), 2021 9 (90) 0 0 0 
 

24 (2.4) 0 0 0 
Park & garden flowerbed soil (60/5), 2021 59 (98) 18 (30) 14 (23.3) 4 (6.7) 

 
1,476 (24.6) 52 (3.5) 44 (3.0) 8 (0.5) 

Allotment near soil (14/14), 2021          
 Allotment houses (14)† 14 (100) 2 (14.3) 2 (14.3) 0 

 
358 (25.6) 4† (1.1) 3 (0.8) 0 

Compost related (20/3), 2022 
         

 Recycle soil from garden waste (5) 5 (100) 4 (80) 4 (80) 0 
 

219 (43.8) 6 (2.7) 6 (2.7) 0 
 Compost heap garden waste (10) 10 (100)‡ 5 (NP) 5 (NP) 4 (NP) 

 
12‡ (100) 11 (92) 7 (58) 3 (25) 

 Compost heap vegetable production (5) 5 (100) 5 (100) 5 (100) 3 (60) 
 

21§ (100) 21 (100) 17 (81) 4 (19) 
Manure heaps from horses (12/2), 2022 

         

 Center 1 (7), 2022 Feb 5 3 (43) 3 (43) 0 
 

54 ((7.7) 14 (25.9) 14 (25.9) 0 
 Center 2 (5), 2022 Nov 3 0 0 0 

 
19 (3.8) 0 0 0 

Horse stable and beddings (13/1), 2022 
         

 Stable bedding with wheat (2) 2 0 0 0 
 

8 0 0 0 
 Stable bedding with barley (3) 3 2 1 1 

 
33 (11) 13 (39) 12 (36) 1 (3) 

 Stable bedding with peat (2) 1 1 1 0 
 

5 (2.5) 2 (40) 2 (40) 0 
 Fresh wheat (2) 2 0 0 0 

 
10 0 0 0 

 Fresh barley (2) 1 0 0 0 
 

5 0 0 0 
 Fresh peat (2) 1 0 0 0 

 
2 0 0 0 

Total (366) 334 
(91.0) 

73 
(20.0) 

60  
(16.0) 

15 
(0.04) 

 
4,538  
(12.4) 

188  
(4.2) 

157  
(3.5) 

21 
(0.5) 

*Darker red indicates increasing percentage. ARAf, azole-resistant A. fumigatus, NP, not possible to determine exact denominator because of 
uncountable number of colonies on the plate. 
†One ARAf from poinsettia harbored an Hmg1 F262-deletion and 1 from painted wood–related soil harbored an Hmg1 E306K alteration within the sterol- 
sensing domain. 
‡Plates were massively overgrown by Mucorales spp. From 5 samples, it was possible to perform A. fumigatus PCR and direct target gene sequencing 
yielding TR34/L98H, TR46/Y121F/T289A, or both. 
§Of >200 resistant colonies per sample (growing on tebuconazole containing agars), 21 individual colonies were selected for susceptibility testing and 
target gene sequencing. 
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TR34/L98H, and 1 harbored an Hmg1 alteration 
E306K in the sterol-sensing domain.

Compost
All compost soil samples contained A. fumigatus iso-
lates (mean 43.8 isolates/sample), and 4/5 samples 
contained ARAf isolates harboring TR34/L98H (2.7% 
of isolates). Investigation of garden waste heap sam-
ples was complicated by high contents of Mucorales 
interfering with A. fumigatus isolation. Consequently, 
it was only possible to isolate 12 individual A. fumiga-
tus isolates, 11 of which harbored TR34/L98H (n = 7), 
TR46/Y121F/T289A or TR46/Y121F/T289A/S363P/
I364V/G448S (n = 3), or F46Y/M172V/E427K (n = 
1) Cyp51A alterations. The samples from a vegetable 
composting heap all grew A. fumigatus fungi, ARAf, 
and TR34/L98H; and 3/5 samples also grew TR46/
Y121F/T289A or TR46/Y121F/T289A/S363P/I364V/
G448S. Moreover, many samples grew >200 colonies/
plate. Isolation from voriconazole/posaconazole sus-
ceptibility plate wells yielded 21 single ARAf isolates, 
of which 81% harbored TR34/L98H- and 19% TR46/
Y121F/T289A-related mechanisms. However, the 
true number of resistant isolates was probably higher 
because genotyping suggested mixed genotypes in 
isolates with a single resistance mechanism.

Manure Heaps and Stable Bedding
Of 12 manure heap samples, 8 contained A. fumiga-
tus isolates; the highest isolate numbers were in 
the 4–5-month-old manure heap at the center 1 (7.7  

isolates/sample vs. 3.8 isolates/sample at center 2 
with frequent emptying). ARAf isolates were found 
at center 1 (3/5 samples and 25.9% of isolates, all 
harboring TR34/L98H or TR34/T-67G/L98H) but not 
at center 2. Sampling of used stable bedding and the 
same unused material documented ARAf (TR34/L98H 
and TR46/Y121F/T289A) in stable bedding but not in 
unused straw or peat (Table 1).

Azole Fungicide
Concentrations in environmental samples were de-
termined for 8 azole fungicides (Appendix Table 8). 
Levels were generally low and without correlation to 
ARAf detection. Hypothesizing, that a selective fungi-
cide concentration should be at least one tenth of the 
mean MIC against wild-type A. fumigatus fungi, we 
found such concentrations for prothioconazole-des-
thio in 18 field soil samples (range 9.8–42.9 μg/kg), 
1 of which was ARAf positive; for metconazole (38.4–
135 μg /kg) in 4 potted plant samples, 3 of which con-
tained ARAf; and for difenoconazole (367–717 μg /
kg) in 4 field samples, none of which contained ARAf. 
In contrast, ARAf was found in 4 potato samples, 1 
cactus pot soil, 8 flower bed samples, 5 compost, and 
2 wood paint–associated samples with no or very low 
azole fungicide concentrations (25).

Molecular Characterization of A. fumigatus Isolates
Molecular analyses of the 194 resistant and 38 com-
parator study isolates demonstrated 139 microsatel-
lite genotypes (Table 2). A total of 103 genotypes were 

 
Table 2. Overview of Cyp51A and Hmg1 genotypes of azole-resistant Aspergillus fumigatus isolates, sorted by susceptibility 
classification, Denmark, 2020–2022 
Susceptibility classification and A. fumigatus protein alterations No. genotypes 
38 azole-susceptible comparator isolates: 20 Cyp51A wild types 37 
 6 F46Y/M172V/E427K  
 1 M172V  
 1 I242V  
 10 susceptible isolates, no Cyp51A profile, mixed genotypes  
18 azole-nonsusceptible isolates (9.3% of all nonsusceptible isolates);* 18 Cyp51A wild-types 18 
 11 Hmg1: Wild type  
 1 Hmg1: F262-DEL  
 1 Hmg1: W272L (and E105K)  
 1 Hmg1: E306K  
 3 Hmg1: E105K (outside the sterol-sensing domain)  
 1 Hmg1: S541G (outside the sterol-sensing domain)  
22 TR46 isolates (11.3%) 13 
 9 TR46/Y121F/T289A 7 
 10 TR46/Y121F/T289A/S363P/I364V/G448S† 5 
 3 TR46

3/Y121F/M172I/T289A/G448S‡ 1 
154 TR34 isolates (79.4%) 72 
 137 TR34/L98H 64 
 14 have a unique variant in the promotor (T-67G)§ 3 
 3 TR34/L98H/S297T/F495I¶ 1 
*Isolates that were resistant for >1 triazoles on >1 MIC determination. 
†From flower bed in a private garden in 2021, flower pot soil in 2021, green waste and garden waste compost heaps in 2022, and from field soil in 2022. 
‡From flower bed in another private garden in 2021. 
§From flower bed in a public park 2021, horse manure heap in 2022. 
¶From flower pot soil in 2021. 
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found among the resistant isolates and 37 genotypes 
among susceptible isolates. One genotype was shared 
among a susceptible and a nonsusceptible isolate 
(both wild-type cyp51A).

The TR34/L98H study isolates included 1 main 
cluster-1 of 34 TR34/L98H identical or closely relat-
ed isolates from 14 different sampling sites (Figure 
1). Other isolate clusters primarily reflect multiple 
isolates cultured from the same sites. Among the 
22 TR46-ARAf study isolates, 13 unique genotypes 
were found. One final comparison introduced 1,468 
worldwide genotypes from 16 countries (Figure 2). 
The genotypes from Denmark were widely distrib-
uted, corresponding to the worldwide diversity of 
genotypes. Most ARAf isolates were gathered in the 
top, except for all cluster-1 ARAf isolates, which were 
placed to the right.

Microcosmos Experiments for ARAf Selection
Wild-type A. fumigatus, TR34/L98H, and TR46/
Y121F/T289A failed to grow at 10°C but grew equal-
ly well to a maximum of 106–107 CFU/g in heat-ster-
ilized organic rich and sandy soil at 15°C and 20°C 
(Appendix Figures 1, 2). Sustained complete inhibi-
tion was found for wild-type A. fumigatus fungi but 
not ARAf at the highest tebuconazole concentration 
(≈49 mg/kg wet weight) (Figure 3). Prothioconazole 
conferred initial growth inhibition for all strains, 
but growth appeared on day 5 or 8 after application 
and reached the levels of the untreated controls for 

the TR34/L98H and TR46/Y121F/T289A strains but 
not for the wild type (Appendix Figure 3). In con-
trast, treatment with mefentrifluconazole inhibited 
growth during the entire microcosmos experiment 
except for a single replicate with TR34/L98H day 27 
(Appendix Figure 3).

Field Experiment for ARAf Selection
Of the prespraying and postspraying samples ob-
tained from untreated and azole-treated field sites 
(Table 3), all samples contained A. fumigatus iso-
lates (n = 360, mean 9 isolates/sample), but for 
all fields, numbers declined 2-fold over time. Ten 
(2.8%) ARAf isolates were found, 4 in unsprayed soil 
(4/167 = 2.4%) and 6 in treated soil (6/193 = 3.1%, 
p = 0.757). Seven harbored TR34/L98H, 4 found in 
untreated soil and 3 found after the first prothiocon-
azole spraying in Flakkebjerg. One harbored TR46/
Y121F/T289A and was found after the third tebu-
conazole spraying. Two isolates harbored Hmg1 al-
terations, of which the W272L alteration is situated 
within the sterol-sensing domain. Those 2 isolates 
were found after treatment with mefentriflucon-
azole and prothioconazole. Overall, the resistance 
percentage increased numerically (p>0.05) from 
2.5% before spraying to 6.3% in the first postspray-
ing samples and then declined by 2.5%, 1.9%, and 0 
in the remaining postspraying samples. The percent-
ages of ARAf harboring tandem repeat mechanisms 
followed the same pattern.

Figure 1. Minimum spanning 
tree of 232 Aspergillus fumigatus 
genotyped study isolates including 
741 Denmark background isolates 
(627 isolates from 326 patients and 
114 isolates from the environment) 
for study of environmental hot 
spots and resistance-related 
application practices for azole-
resistant A. fumigatus, Denmark, 
2020–2022. Colors emphasize 
isolates with environmental azole 
resistance mechanisms, TR34/
L98H (red) or TR46/Y121F/T289A 
(purple). With a few exceptions, 
all TR34/L98H and TR46/Y121F/
T289A reside on the left side of 
the tree. Moreover, several TR34/
L98H clusters include patient and 
environmental isolates, of which 
cluster 1 displays almost identical 
genotypes. 
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Discussion
Our study demonstrated that ARAf is extensively 
distributed in the environment in Denmark. ARAf 
was found in 20% of 366 samples, and 4.2% of 4,538 
investigated isolates were azole resistant, domi-
nated by TR34/L98H-related and, to a lesser extent, 
TR46/Y121F/T289A-related mechanisms. Although 
the study was not designed to capture longitudinal 
changes, 3 observations suggest that ARAf is increas-
ing in Denmark. First, although ARAf percentages 
were relatively low (0.3%–2.8%) among A. fumigatus 
isolates in agricultural soil samples from Denmark, 
they were higher than in studies conducted in 2010 
and 2013, where no ARAf was found among 113 A. 
fumigatus isolates from flower beds, potted plants, 
and conventional and organic fields (7). Second, the 
ARAf proportion was higher in field air in 2021 than 
in 2020 (p = 0.0202) and higher in field soil in 2022 
than in 2020 (p = 0.0127). Third, TR46/Y121F/T289A 
was found in multiple settings during 2021–2022 but 
not in 2020, despite a comparable number of sam-
ples. Those findings coincide with the first of sev-
eral isolations of TR46/Y121F/T289A from patients 
in Denmark in 2021 (M.C. Arendrup, unpub. data) 

since the initial finding of this genotype in a single 
patient in 2014 (7). Genotyping identified a nation-
wide cluster of TR34/L98H with wide geographic 
distribution across Denmark, including clinical and 
environmental isolates. That particular clone has re-
mained dominant among azole-resistant clinical iso-
lates from Denmark since 2018. Whether that trait of 
augmented mutation rate is a virulence factor and 
responsible for the relatively high prevalence among 
Denmark ARAf warrants further investigation, but 
it aligns with the observed increasing incidence. It is 
also of interest that that cluster is located quite dis-
tant from most other tandem repeat isolates, possi-
bly indicating that that clone has appeared through 
sexual recombination of unrelated strains.

The ARAf isolates were more closely related 
than the A. fumigatus–susceptible isolates. That 
finding suggests more recent ancestors and that the 
increasing environmental resistance rates are driv-
en mainly by factors favoring propagation of TR34/
L98H and TR46/Y121F/T289A genotypes already 
present over the susceptible population rather 
than induction of resistance in susceptible isolates  
from outside.

Figure 2. Minimum spanning 
tree of 1,042 Aspergillus 
fumigatus genotypes from 
Denmark (green, red, and 
purple) compared with 1,468 
genotypes from other countries 
(gray) as part of study of 
environmental hot spots and 
resistance-related application 
practices for azole-resistant 
A. fumigatus, Denmark, 
2020–2022. The isolates from 
other countries were mostly 
azole-resistant A. fumigatus 
and dominated by TR34/L98H 
(F. Hagen, Westerdijk Fungal 
Biodiversity Institute, pers. 
comm., 2024 Apr 28). Numbers 
of isolates from other countries: 
the Netherlands, n = 615; 
Norway, n = 209; Belgium, n = 
108; Germany, n = 100; Spain, 
n = 219; United States, n = 102; 
other, n = 115).
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Besides characterizing the prevalence of ARAf 
and relevant hot spots in Denmark, it was our inten-
tion to investigate potential links between the pres-
ence of azoles in the samples and ARAf. Azoles were 
found at low concentrations in most soil samples, in-
dicating persistence of azoles in the soils and a mea-
surable carryover concentration from season to sea-
son (data not shown). We saw no association between 
ARAf findings and azole concentration in any specific 
sample or across sample types, nor did we verify  

increasing resistance after azole spraying in wheat 
field trials, potentially because A. fumigatus growth 
was absent. In contrast, our microcosmos experiments 
suggested that azole fungicides may favor ARAf 
growth over wild-type A. fumigatus in soil. Few stud-
ies have been able to confirm a link between specific 
azole use and resistance in A. fumigatus (3). A study in 
China indicated a link between use of azoles in pad-
dy rice and resistance development, whereas a recent 
study in Switzerland found that azole resistance was  

Figure 3. Selective pressure of 
TBZ on Aspergillus fumigatus 
wild type (A, B), TR34/L98H 
(TR34) (C, D), and TR46/Y121F/
T289A (TR46) (E, F) in sandy 
soil (n = 1) in 2 independent 
microcosmos experiments as 
part of a study of environmental 
hot spots and resistance-related 
application practices for azole-
resistant A. fumigatus, Denmark, 
2020–2022. In experiment 1, in 
which 4 different concentrations 
of tebuconazole were used to 
spike the microcosmos: 2.5 
mg/L (red line), 25 mg/L (green 
line), 250 mg/L (orange line), 
and 2,500 mg/L (blue line), and 
growth was followed over 14 
days. Growth was quantified 
by measuring copies of the 
cyp51A promoter region by 
quantitative PCR. Growth was 
quantified from day −2 after 
azole application (the day of 
inoculation) for the untreated 
samples and from day 2 after 
azole application for the samples 
treated with TBZ. In experiment 
2, the effect of the 2,500 mg/L 
treatment was repeated, and 
growth was followed over 27 
days. Growth was quantified 
from the day of inoculation (2 
days before TBZ application) by 
measuring copies of the cyp51A 
promoter region by droplet  
digital PCR. The experiment 
with TR46/Y121F/T289A was in a 
different microcosmos trial than 
for wild type and TR34/L98H but 
followed the same protocol.  
TBZ, tebuconazole.
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neither associated with any specific agricultural prac-
tice nor with the presence of azole fungicides (26,27). 
The concentration of azoles in an environmental 
sample is a snapshot, which fails to provide informa-
tion about previous exposures, potentially relevant 
for resistance selection. Other factors may influence 
selection and presence of ARAf at the time of sam-
pling (e.g., soil type, temperature, humidity, competi-
tion from the indigenous microbial community, azole 
application concentration and subsequent kinetics of 
free and soil bound fractions, liquid manure applica-
tion, and amount of organic matter). Those factors 
complicate identification of safe and unsafe proce-
dures, particularly as the annual increase in ARAf ap-
pears to be well below 1% in Denmark, suggesting a 
slow and potentially fluctuating increase that is dif-
ficult to capture in light of the heterogeneity of envi-
ronmental samples.

We confirmed that the hot spots for ARAf are 
compost, flower beds, and flower production; but we 
also found ARAf in stables and horse manure heaps 
(1,3,28). Azoles are not used in parks, gardens, or sta-
bles. However, planting azole-treated bulbs and using 
compost soil based on azole-containing plant mate-
rial can turn flower beds and garden waste heaps into 
hot spots (29). Of note, the tulip cultivars found in the 
private gardens were old cultivars and the azole con-
tents were very low, suggesting that the ARAf found 
could reflect the general background ARAf popula-
tion combined with good growth conditions for A. 
fumigatus rather than a direct link to azole-treated 
bulb planting. In addition, our study findings suggest 
that it is plausible that use of azole-containing con-
ventional straw for stable bedding similarly can turn 

stable bedding and manure heaps into hot spots and 
thus reflect collateral damage associated with azole 
use elsewhere.

One limitation of our study is that the sensitivity 
for ARAf detection in a given sample and sample type 
will vary because of the variable number of A. fumiga-
tus in the environmental samples. Consequently, we 
cannot exclude that ARAf may be found in negative 
samples, in which A. fumigatus numbers were low. 
Yet it is plausible that such settings, because of the 
overall lower A. fumigatus prevalence, may contrib-
ute less to resistance selection and human exposure. 
Another limitation is that we did not have funding for 
whole-genome sequencing. However, microsatellite 
typing has been widely used and has a high discrimi-
native power, enabling us to compare with already 
published data.

In conclusion, our study and the available litera-
ture strongly suggest that the dual use of azoles in 
clinical medicine and for crop and material protection 
has introduced azole resistance in A. fumigatus, which 
challenges patient management. Isolates harboring 
environmental resistance mechanisms were found 
in every setting explored and expand the numbers, 
genotypes, and target gene variants found in ear-
lier studies. Because of a lack of fitness cost (30), the 
ARAf variants will remain even if use of azoles active 
against A. fumigatus is terminated. It seems advisable 
to avoid future dual use of agents used in human 
medicine, such as drug candidates olorofim and fos-
manogepix, which are threatened by new compounds 
developed for plant protection (31). Prioritizing the 
use of A. fumigatus active azole fungicides might  
potentially slow the rise in rates of resistance. 

 
 
Table 3. Azole-resistant A. fumigatus isolates found among A. fumigatus isolates obtained at each sampling date in 2 winter wheat 
fields testing different azole-fungicides applied 2 times for control of leaf diseases, Denmark, 2020–2022* 

Sample sites and treatments and doses 

Sampling related to spraying 
Before first 

spray 
Before second 

spray 
Week 3 after 
second spray 

Week 6 after 
second spray 

Week 10 after 
second spray 

Flakkebjerg      
 Untreated control field 0/8 0/10 0/10† 0/3† 0/2† 
 Prothioconazole 2 × 0.4 L/ha 0/29 3/12 0/16† 0/5† 0/6† 
 Tebuconazole 2 × 0.5 L/ha 1/16 0/11 0/13† 1/9† 0/9† 
 Mefentrifluconazole 2 × 0.75/ha 1/11 1/13 0/14† 0/5† 0/4† 
Fredericia      
 Untreated control field 0/12 0/6 1/6 0/9 0/3 
 Prothioconazole 2 × 0.4 L/ha 0/15 0/2 1/7 0/4 0/6 
 Tebuconazole 2 × 0.5 L/ha 1/13 0/7 0/3 0/9 0/12 
 Mefentrifluconazole 2× 0.75 L/ha 0/14 0/2 0/11 0/8 0/5 
ARAf isolates/A. fumigatus (per date) 3/118 4/63 2/80 1/52 0/47 
 Isolates w. TR34 or TR46, no. (%)  3 TR34 (2.5) 3 TR34 (4.8) 1 TR34(1.3) 1 TR46 (1.9) 0 

Isolates w. Hmg1 alterations 
 

1 Hmg1 E105K 
(1.6) 

1 Hmg1 E105K/ 
W272L (1.3) 

  

*Green indicates findings from untreated sites (before spraying or control sites); gray indicates findings from sprayed sites. Sampling dates in 2020 were 
May 15, May 30, Jun 20, Jul 11, and Aug 12 for Flakkebjerg and May 12, May 30, Jun 17, Jul 12, and Aug 8 for Fredericia. Boldface indicates resistant 
isolates. Af, Aspergillus fumigatus; ARAf, azole-resistant A. fumigatus.  
†Sites that received an additional tebuconazole third spray on June 19, 2022, to stop a rust disease outbreak. 
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Corynebacterium diphtheriae species complex (CdSC; 
also called cornyebacteria of the diphtheriae spe-

cies complex) include Corynebacterium diphtheriae and 
C. ulcerans, 2 potentially toxigenic and highly patho-
genic species for humans (1). Human corynebacterial 
infections can be potentially fatal if left untreated (2). 
Risk for infection is higher among immunocompro-
mised persons and socially disadvantaged persons. 
Socioeconomic challenges in particular are a major 
concern in French Guiana, a French overseas territory 
located in northeastern South America and covered 
by the Amazon Rain Forest (3).

The classical clinical manifestation of diphthe-
ria is a pseudomembrane in the upper respiratory 
airways (tonsils, pharynx, or larynx) that can cause 
possible fatal airway obstruction. Cutaneous forms 
are less severe but have been reported more fre-
quently than respiratory forms in recent studies (4); 
those forms play a key role in the transmission of C. 
diphtheriae. In addition, potentially serious system-
ic nontoxigenic infections have also been observed 
(5). The zoonotic species C. ulcerans can also occur 
as respiratory or cutaneous forms. The severity of 
the disease is mainly because of the production by 
toxigenic strains of the diphtheria toxin, which can 

cause systemic damages, particularly with cardiac 
and neurologic involvement (2).

In French Guiana, diphtheria infection might be 
suspected by physicians in the presence of a suggestive 
clinical picture. Diphtheria infection must be confirmed 
by a standard bacteriological examination. However, 
clinical diagnosis is not always easy, particularly in the 
case of the cutaneous form, because of its nonspecific 
manifestations (6) and the many differential diagnoses 
that exist, such as leishmaniasis or scabies (7). The di-
agnosis can therefore often be made by chance. In ac-
cordance with recommendations in France, all bacte-
riological diagnoses of CdSC must be supplemented by 
PCR testing for the diphtheria toxin gene, which is per-
formed at the National Reference Centre (NRC) in Paris 
and, since 2019, at the Cayenne Hospital Center (CHC) 
for all of French Guiana. Depending on the clinical man-
ifestations and the species and presence of the toxin, 
clinical management of diphtheria involves respiratory 
or wound isolation, antibiotic therapy, and vaccine up-
date, as well as screening and management of contact 
cases (8). If the toxin is present, administering diphthe-
ria antitoxin should be considered rapidly, depending 
on the symptoms (a supply is available at CHC) (8).

However, clinical management is complex in 
French Guiana because of the challenges in access to 
care and prevention for populations living in remote 
areas of the territory (9). Furthermore, availability of 
healthcare services remains inadequate, particularly 
in those remote areas (10). Although 80% of the popu-
lation lives in the coastal zone, where healthcare ser-
vices are concentrated (10,11), ≈60,000 persons live in 
isolation along the rivers and in areas of the Amazon 
Rain Forest in the interior of the territory (3).

Immunization is the most effective approach to 
prevent severe infections (5). According to available 
estimates, the diphtheria vaccination coverage rate 
for persons <18 years of age in French Guiana was 
63.4% in 2014. Given the absence of a large-scale vac-
cination campaign in the territory during 2014–2021 
and the delay in vaccination during the COVID-19 
pandemic, that rate will likely remain low (12,13).

Cases of corynebacterial human infections were 
rare in French Guiana until 2016; only 2 cases, both 

Human infections with Corynebacterium diphtheriae spe-
cies complex (CdSC) bacteria were rare in French Gui-
ana until 2016, when the number of cases diagnosed 
increased. We conducted an epidemiologic, multicenter, 
retrospective study of all human CdSC infections diag-
nosed in French Guiana during January 1, 2016–De-
cember 31, 2021. A total of 64 infectious episodes were 
observed in 60 patients; 61 infections were caused by C. 
diphtheriae and 3 by C. ulcerans. Estimated incidence 
increased from 0.7 cases/100,000 population in 2016 to 
7.7 cases/100,000 population in 2021. The mean patient 
age was 30.4 (+23.7) years, and male-to-female ratio 
was 1.7:1 (38/22). Of the 61 C. diphtheriae isolates, 5 
tested positive for the diphtheria toxin gene, and all re-
sults were negative by Elek test; 95% (61/64) of cases 
were cutaneous, including the C. ulcerans cases. The 
increase in reported human infections underscores the 
need to raise awareness among frontline healthcare 
practitioners to improve prevention.
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from nontoxigenic C. diphtheriae strains, an unspecified 
bacteremia form and an endocarditis, were described 
in this territory (14,15). Since 2016, however, physi-
cians and laboratories have reported an abnormally 
high number of these infections compared with pre-
vious years. To learn more about this emergence, our 
main objective was to describe sociodemographic, clin-
ical, and microbiological characteristics of those cases. 
The secondary objectives were to estimate the annual 
incidence of cases, to study the resistance phenotypes 
of the bacterial isolates, and to study the genetic diver-
sity of those isolates and potential links between cases.

Methods

Study Design and Settings
We conducted a retrospective and multicenter study 
in French Guiana, which covers an area of 83,846 
km2 and neighbors Brazil and Suriname. The private 
healthcare sector in French Guiana is limited; health-
care services are provided mainly by 3 hospital cen-
ters. CHC and Western Guianese Hospital Center 
(WGHC) are the 2 major healthcare centers (Figure 
1). A total of 16 Delocalized Centers for Prevention 
and Care (DCPCs), which are a hospital department 
of CHC (i.e., sharing the same medical tools and soft-
ware), oversee the primary care for persons in the Am-
azon areas of the territory. All samples collected in the 
DCPCs were sent to CHC, except samples from the 
DCPCs of Grand Santi, Apatou, Javouhey, and Awala 
Yalimapo, which were sent to WGHC by agreement.

Sociodemographic and Clinical Data Collection
We extracted all cases with a bacterial isolate belong-
ing to the CdSC, laboratory diagnosed in CHC or 
WGHC during January 1, 2016–December 31, 2021, 
using HEXALIS results-reporting software (AGFA 
Healthcare). We arbitrarily considered positive sam-
ples for the same patient as 2 distinct episodes when 
they were collected >6 months apart and after clini-
cal cure of the first episode or negative bacteriological 
control after >1 month of well-managed treatment.

We extracted patient sociodemographic and clini-
cal data using the medical monitoring software (Cora 
Systems) for CHC and WGHC (including DCPC). 
We excluded patients without any clinical informa-
tion found. Patients who objected to the use of their 
medical data in this study were secondarily excluded. 
We treated patient data that were not available in the 
medical records as unavailable data. For data describ-
ing patient progress, we considered patients who did 
not attend scheduled consultations as lost to follow-
up (and not as unavailable data).

Bacterial Isolation, Identification, and Toxigenicity  
and Antimicrobial Susceptibility Testing
We identified and cultivated bacteria at CHC and 
WGHC on Columbia horse blood agar plate (bio-
Mérieux) for 24 hours at 35°C–37°C. We performed 
bacterial identification by using Bruker matrix-
assisted laser desorption/ionization time-of-flight 
mass spectrometry. We routinely sent all CdSC iso-
lates to the NRC at the Institut Pasteur of Paris for 
further analysis.

At NRC, isolates were grown and purified on 
Tinsdale agar and characterized for pyrazinamidase, 
urease, nitrate reductase, use of maltose, and glyco-
gen fermentation (16). We used a 4-plex real-time 
PCR to detect the diphtheria toxin gene and confirm 
species (17). We assessed the phenotypic production 
of the toxin using a modified Elek test (18). We per-
formed antimicrobial susceptibility testing by disc 
diffusion (Bio-Rad Laboratories) and used E-test for 
MIC determination if deemed resistant on the basis of 
disk diffusion (Appendix, https://wwwnc.cdc.gov/
EID/article/30/8/23-1671-App1.pdf). 

Genome Sequencing and Phylogenetic Analyses
We performed genomic analyses at NRC using Illu-
mina technology and de novo assembly as previously 
described (16,19). We conducted the search for resis-
tance genes and tox gene integrity using diphtOscan 
(20). We defined multilocus sequence type (MLST) 
and core-genome MLST (cgMLST) genotypes using 
the Institut Pasteur CdSC database (https://bigsdb.
pasteur.fr/diphtheria). For C. diphtheriae isolates, we 
defined the sublineages (500 mismatches) and genetic 
clusters (25 mismatch threshold) groupings as previ-
ously proposed (19) (Appendix).

Statistical Analysis
We performed statistical analyses using Microsoft Ex-
cel and RStudio version 02.3 software. We expressed 
qualitative variables as numbers and percentages and 
distribution of quantitative variables as means and 
SDs. We calculated estimates of annual incidence per 
100,000 inhabitants on the basis of demographic data 
published annually by the French National Institute 
of Statistics and Economic Studies during 2016–2021 
(21–26) (Appendix).

Ethics Approval
In conformity with French legislation, this retrospec-
tive study not involving human persons adheres to 
the Reference Methodology MR-004, with CHC’s 
compliance commitment dated December 21, 2021. 
A privacy impact analysis was conducted; a study 
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summary is available on the Health-Data-Hub (no. 
F20220825152116). Its legal basis is a public inter-
est mission. Data were sourced from routine care 
patient medical files and anonymized. Regulatory 

steps were taken to inform patients and allow refusal  
 (Appendix). This approach was conducted in compli-
ance with regulations in Europe (https://www.cnil.
fr/fr/reglement-europeen-protection-donnees).

Figure 1. Geographic distribution of 64 cases of Corynebacterium diphtheriae species complex infections, French Guiana, 2016–2021. 
Inset map shows location of French Guiana in South America. DCPC, Delocalized Centers for Prevention and Care.
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Results

Included Bacterial Isolates and Associated  
Clinical Cases
For the study period, we identified 64 cases of bac-
terial isolates of CdSC isolated from 60 patients. No 
patients objected to the use of their data for the study, 
and none were excluded (Figure 2). We found 61 cases 
of C. diphtheriae, corresponding to 58 cutaneous forms 
and 3 noncutaneous forms (1 superinfection of chron-
ic nasal mucosal disease, 1 respiratory infection, and 
1 endocarditis), and 3 cases of C. ulcerans, all of which 
were cutaneous forms. Of the 60 patients, 2 had 2 
positive C. diphtheriae samples each, corresponding to 
unrelated cases of cutaneous infection, and 1 patient 
had 3 positive C. ulcerans samples, corresponding to 
3 different cases.

A total of 5 C. diphtheriae cases were tox-positive 
by quantitative PCR (qPCR) (8%; 5/64). However, 
they did not produce the diphtheria toxin; they were 
all negative by Elek’s test. Those 5 cases thus corre-
spond to nontoxigenic tox gene–bearing isolates.

Evolution of Estimated Incidence during Study Period
The number of annual cases has risen steadily. Only 
2 cases were diagnosed in 2016 and 2017, but in 2022, 
the number of annual cases reached 22. The estimated 
incidence has risen from 0.7 cases/100,000 inhabit-
ants/year in 2016 to 7.7 cases/100,000 inhabitants/
year in 2021 (Figure 3).

Epidemiology, Sociodemographics, and  
Medical History of Patients
In total, 80% (51/64) of the cases in our study were 
diagnosed in a DCPC by initial bacteriological sam-
pling, whereas the others were mainly geographi-
cally dispersed (Figure 1). Mean patient age was 30.4 
(+23.7) years (interquartile range 10.5–49.5) the male-
to-female ratio was 1.7:1 (38/22). Of the 55 patients 
for whom information was available, 19 (35%) did not 
have social security coverage at the time of care, and 3 
(5%) were homeless.

Of 58 patients with available data, 6 (10%) had a 
history of relative immunosuppression (diabetes, n = 
3; alcoholic cirrhosis, n = 2; panhypopituitarism, n = 
1). In addition, 10 (17%) were alcoholics, smokers, or 
polydrug addicts; 3 (5%) had a psychiatric pathology; 
and 8 (14%) had a chronic skin pathology that predis-
posed them to wounds or superinfections. Of 44 pa-
tients with available vaccination data, 29 (66%) were 
up-to-date with diphtheria vaccination at the time of 
infection (in accordance with French Public Health re-
quirements for diphtheria) (27).

Clinical Description of Cases Caused by C. diphtheriae
Among the 61 cases caused by C. diphtheriae, 58 were 
cutaneous infections and 3 noncutaneous infections. 
Of the 58 cutaneous infections, the infection oc-
curred on an existing wound in 23 (40%) persons: 6 
occurred in a chronic skin lesion (lasting >6 weeks) 
and 17 occurred in an acute lesion (lasting <6 weeks). 
The infections mainly involved the lower limbs (62%, 
36/58), followed by the head (12%, 7/58), the abdo-
men (7%, 4/58) and the upper limbs (2%, 1/58); 17% 
of cases extended to >2 areas of the body (10/58). In 
57% (33/58) of cases, several lesions were present; in 
25 cases, fibrinous involvement was described (56%, 
25/45; data were not available for 13 cases). One pa-
tient, in whom 2 cases of cutaneous infection were 
present, had a background of immunosuppression; 
those 2 cases occurred on a chronic cutaneous lesion.

Data regarding clinical management were avail-
able for 52 cases. For 6 (12%) cases, treatment consist-
ed only of simple dressing care. The 46 (88%) other 
cases were also treated by antibiotics; 40 were treated 
with amoxicillin (16 for 14 days, 16 for <10 days; data 
were not available for 8 cases), 2 were treated with 
azithromycin for 3 days, and 4 were treated with cip-
rofloxacin, pristinamycin, or ceftriaxone. One patient 
with multiple abscesses underwent surgery. The 5 
patients with tox-positive isolates had cutaneous in-
fection without toxic manifestations. No patients re-
ceived diphtheria antitoxin while results of the qPCR 
were pending because they had no signs of severity 
attributable to toxin expression. For the 58 patients 
with C. diphtheria cutaneous infections, the outcome 
was favorable for 22 persons, 4 were lost to follow-
up, and information was missing for 25. The clinical 
outcome was described as unfavorable for 7 patients 
(i.e., 1 patient died, 2 had a recurrence after 1 month, 
ulcerations were described as persistent despite well-
managed treatment for 2 others, and details were not 
available for 2 more). For 18 cases (44%, 18/41 with 
available data among the 58 C. diphtheriae cutaneous 
cases), an investigation was conducted into the case.

For the 3 noncutaneous infections, the first patient 
(68 years of age) had a lower respiratory infection; Staph-
ylococcus aureus, Pseudomonas aeruginosa, and Corynebac-
terium diphtheriae were also found in the bronchial aspi-
rate. The patient died of septic shock caused by Klebsiella 
pneumoniae. The second patient, a 2-year-old child with 
a polymalformative syndrome, had a diagnosis of endo-
carditis to C. diphtheriae (confirmed by blood sample and 
secondarily confirmed by cardiac biopsy). The third pa-
tient (72 years of age) experienced a nasal mucosal form 
(superinfection of a chronic injury confirmed by mucus 
sampling). For those last 2 patients, details on the nature 
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of the treatment were not available, but the clinical out-
come was favorable. The diphtheria vaccination status 
of those patients was unknown.

Three Cutaneous Cases Caused by C. ulcerans  
in 1 Patient
One patient (74 years of age), who did not live with 
pets, was up-to-date on diphtheria vaccination, and 
had an underlying chronic skin wound (lymphatic 
filariasis sequelae), experienced 3 unrelated cases at 
1-year intervals; eradication was monitored by sam-
ples collected 2 months after acute and treated cases. 
He had several lesions with fibrinous involvement lo-
cated in the lower limbs (2 cases) and in upper limbs (1 
case). Treatment consisted of amoxicillin for the first 
infection (unknown duration) and trimethoprim/sul-
famethoxazole (for 10 days) for the second one; treat-
ment for the last infection was not specified. The clin-
ical course was described as good for all infections. 
Investigation into the case was not documented. The 
3 C. ulcerans isolates belonged to the same genotype 
(sequence type [ST] 719) and were almost identical at 
the genomic sequence level (Appendix Figure).

Description of Coinfections
Of the 64 samples included, 61 (95%) were associat-
ed with bacterial co-infections. Among those 61 co-
infections, 44 (69%) isolates were associated with a  

Streptococcus sp., 45 (70%) with S. aureus, and 31 
(48%) with both of those 2 species; 15 (23%) were co-
infected with another bacterium. The 3 non–co-in-
fected cases corresponded to a blood culture sample 
and 2 cutaneous forms.

Genomic Epidemiology of Isolates
We studied the genomic diversity of 63 sequenced iso-
lates (1 C. diphtheriae isolate could not be sequenced). 
The phylogenetic structure of the C. diphtheriae iso-
lates from French Guiana formed 2 main lineages 
(Figure 4); 26 isolates corresponded to biovar Gravis 
(and its spuA marker gene) and 32 corresponded to 
biovar Mitis (16). Two isolates were biovar Belfanti 
(nitrate negative); for 1 of those, a disruptive muta-
tion on the narH gene involved in nitrate reduction 
was found.

For C. diphtheriae isolates, sublineage-level classi-
fication showed 16 distinct sublineages (SL; defined 
using the 500 cgMLST mismatch threshold) (Figure 
4). The most frequent SL was SL536 (6.6%, 11/63; 
all ST536). The other SLs had on average 3.3 isolates 
(SD 2.1). On the finer classification level, 26 genomic 
clusters were identified (defined using the 25 cgMLST 
mismatch threshold). One genomic cluster, GC295, 
was collected 9 times and belongs to the predomi-
nant SL536 (Figure 4). The 5 tox-positive isolates (but 
nontoxigenic because of a stop codon) belonged to 

Figure 2. Flowchart of cases included in retrospective study of infections with Corynebacterium diphtheriae species complex, French 
Guiana, 2016–2021.
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the same sublineage and genomic cluster (ST67, all 
biovar Mitis).

When reanalyzing 1,350 global C. diphtheriae iso-
lates (20), we found only 3 sublineages of this study 
were also observed outside of French Guiana: in met-
ropolitan France, Brazil, or Malaysia. At the genomic 
cluster level, only 1 French Guiana genotype (GC341) 
was also observed in metropolitan France, consistent 
with this patient having recently traveled there. Most 
isolates (41/63) were susceptible to all antimicrobial 
drugs tested (Appendix).

Discussion
We investigated 64 human cases of corynebacterial in-
fections in 60 patients observed during 2016–2021 in 
French Guiana and found none were toxigenic. Most 
cases were cutaneous, although 1 case of endocarditis 
was observed. Cases were diagnosed mainly in the 
DCPCs located throughout the remote Amazon ter-
ritories, where care can be difficult to perform. The in-
crease in cases during this period raises public health 
concerns, and several factors should be considered.

Bacteriological techniques for identifying iso-
lates evolved in French Guiana in 2016 with the intro-
duction of matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry. This tool has  

probably contributed to improved identification of co-
rynebacterial infections. In addition, the emergence of 
cases constituted a health signal. As a result, beginning 
in late 2018, healthcare professionals in French Guiana 
were taught by the territory’s infectiologists how to di-
agnose and manage diphtheria, in line with current na-
tional recommendations (8). That training might have 
contributed to improved detection of cases by clinicians. 
However, the increase in cases during 2018 when that 
additional measure had not yet been deployed argues 
in favor of an actual increase in incidence.

Several factors suggest that cases were still un-
derdiagnosed and therefore underestimated. First, 
the aspecific nature of cutaneous forms of infection, 
as confirmed in this study, means that clinicians 
might have missed diagnoses (6). In addition, nation-
al recommendations in France for the management of 
cutaneous wounds do not recommend bacteriological 
sampling (28), leading to a probable lack of screen-
ing for cutaneous forms. Finally, in 2020 and 2021, the 
COVID-19 pandemic affected access to healthcare in 
French Guiana because of repeated lockdowns and 
reorientation of medical care toward health crisis 
management (9). The number of cases was therefore 
probably underestimated during this period, despite 
the observed increase in incidence.

Figure 3. Temporal distribution of isolates corresponding to 64 clinical episodes of infection with Corynebacterium diphtheriae species 
complex in French Guiana, 2016–2021. Each box indicates 1 case; patient number labels (e.g., P1) indicate multiple cases in the same 
patient. EAI, estimated annual incidence (cases/100,000 population); NTTB, nontoxigenic tox-gene–bearing; PSE, population size 
estimation; Q, quarter.
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As discussed previously, cutaneous forms of 
CdSC infections can very easily go unnoticed, which 
raises several questions. The probable antimicrobial 
therapy recommended for managing skin wounds is 
a short treatment, usually <7 days, targeting Staph-
ylococcus and Streptococcus (28). The antimicrobial 
agents used, mainly amoxicillin/clavulanic acid, also 
correspond to the first-line treatment for diphtheria. 
However, the duration (7 days vs. 14 days as recom-
mended for diphtheria infections) (8) is insufficient 
to obtain optimal clearance (29,30). Furthermore, use 
of an antibiogram is crucial because of emerging an-
timicrobial resistance (12,16). We identified 4 multi-
drug-resistant isolates (including the same genomic 

context). Therefore, lack of diagnosis and appropri-
ate medical care exposes the risk for inadequate treat-
ment, which can lead to unfavorable wound progres-
sion, risk for recurrence, and community spread of 
the pathogen (23). Last, the lack of contact patient 
screening also likely affected risk for transmission 
(12,24,25). Here, we observed 20 genomic clusters 
(with >1 isolate), distributed in time or space, dem-
onstrating active transmission in the population. 
Furthermore, some inhabitants of French Guiana, 
particularly those living in remote areas, follow a 
cross-border lifestyle and are mobile in the territory, 
which, in addition to making care more complex, can 
contribute to spread (26).

Figure 4. Diversity of Corynebacterium diphtheriae isolates in retrospective study of infections with C. diphtheriae species complex, French 
Guiana, 2016–2021. Star in column 7 indicates narH gene was not complete. MLST, multilocus sequence type; ST, sequence type.
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All of those factors call for increased vigilance 
and a review of recommendations for screening and 
managing skin wounds, which should be adapted to 
the specific epidemiologic characteristics of French 
Guiana. In addition, taking better account of the 
risk for diphtheria when evaluating upper respira-
tory and systemic infections in French Guiana is key. 
Building and maintaining awareness of corynebacte-
rial infections among healthcare providers through-
out the territory is essential. In 2019, French Guiana 
began deploying mobile public health teams within 
the territory, but that effort was focused on the fight 
against the pandemic during 2020–2021 and could 
not fully contribute to the management of diphthe-
ria cases. Those mobile health teams will provide 
valuable assistance in the management of patients 
who are farthest from care and will conduct investi-
gations around cases using the go-to approach (i.e., 
teams going to the patient to provide care). Because 
of lacking human resources, qPCR cannot always be 
conducted at the CHC, extending the time taken to 
obtain results by 3 to 5 days after strains have been 
sent to Paris. Increasing the capacity of CHC to carry 
out routine toxin qPCR is therefore necessary. Last, 
increasing diphtheria vaccination coverage in French 
Guiana is key to combatting this problem effectively. 
Insufficient diphtheria vaccination coverage exposes 
the population at increased risk for circulation of 
toxigenic strains which could find a favorable niche. 
There are migratory flows in French Guiana from 
countries where diphtheria epidemics have been 
described (Brazil, Haiti, Dominican Republic) and 
where vaccination coverage is low (31). However, C. 
diphtheriae appears to have a phylogeographic struc-
ture represented by area-specific variants, and almost 
all isolates described in French Guiana have not been 
described elsewhere.

This study’s first limitation is that, because of its 
retrospective nature, a substantial amount of infor-
mation is lost. Moreover, data collection only con-
cerned the 2 main hospitals in French Guiana and did 
not include private laboratories or Center Hospital of 
Kourou, limiting its exhaustiveness and impact esti-
mates, even though no other cases were transmitted 
to the NRC during the study period.

In conclusion, nontoxigenic corynebacterial cuta-
neous infections have been increasingly diagnosed in 
French Guiana since 2016. A few severe forms have 
been described (i.e., endocarditis, surgical lesion). 
Given low vaccination coverage and the presumed 
chains of transmission, toxigenic isolates could find 
a favorable environment if introduced from oth-
er countries. These considerations call for regular  

training courses to raise awareness among frontline 
workers. In addition, reinforcing and adapting diag-
nostic and management recommendations in French 
Guiana is essential. Infection with members of the 
CdSC remains a public health issue, and increasing 
awareness among clinicians worldwide is necessary.
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Bluetongue virus (BTV) is an arthropodborne vi-
rus that can cause clinical disease and death in 

ruminants. All ruminants are susceptible to infection 
by BTV; infections in New World camelids have also 
been described (1–3). Other species, including hu-
mans, are not susceptible to infection, indicating that 
bluetongue (BT) is not a zoonosis.

BTV is transmitted by Culicoides spp. bit-
ing midges and has been historically present only  

between latitudes 35°S and 50°N (4,5). The BTV sero-
group consists of >30 serotypes, of which serotypes 
1–24 are notifiable to the World Organisation for 
Animal Health (WOAH). Since 1998, notifiable BTV 
serotypes 1–4, 6, 8, 9, 11, and 16 and nonnotifiable 
BTV serotypes 25 and 27 have been found in Europe 
and the Mediterranean Basin (6). In 2006, bluetongue 
virus serotype 8 (BTV-8) emerged in northwestern 
Europe, and the Netherlands was the first country 
where the virus infection was detected (7,8). After a 
major BT outbreak caused by BTV-8 in Europe dur-
ing 2006–2007, an emergency BTV-8 vaccine became 
available in 2008 (9,10). Many owners of cattle herds 
and small ruminant flocks participated in the volun-
tary vaccination program conducted by the govern-
ment of the Netherlands (11), resulting in a dramatic 
decline in the number of BTV clinical notifications to 
the Netherlands Food and Consumer Product Safety 
Authority (NVWA) in 2008. At the end of 2008, BTV 
antibodies were found in >80% of the susceptible host 
populations tested because of either natural infection 
or vaccination. No new infections were observed af-
ter 2009, and, after 3 years of screening for possible 
BTV circulation, the Netherlands regained its official 
BT-free status in February 2012. This BT disease–free 
status has been monitored annually according to Eu-
ropean Union (EU) regulation 1108/2008/EC and has 
been confirmed without interruption up to Decem-
ber 2022. However, because of the risk of introduc-
ing BTV-8 from neighboring countries, vaccination 
has been authorized and, therefore, some farmers still 
vaccinate their animals for BTV-8.

On September 3, 2023, clinical signs in sheep 
indicative of BT were notified to authorities in the 
Netherlands simultaneously by 2 veterinary prac-
tices located within the middle of the country. We 
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Since 1998, notifiable bluetongue virus (BTV) serotypes 
1–4, 6, 8, 9, 11, and 16 have been reported in Europe. 
In August 2006, a bluetongue (BT) outbreak caused by 
BTV serotype 8 began in northwestern Europe. The 
Netherlands was declared BT-free in February 2012, and 
annual monitoring continued. On September 3, 2023, 
typical BT clinical manifestations in sheep were notified 
to the Netherlands Food and Product Safety Consumer 
Authority. On September 6, we confirmed BTV infec-
tion through laboratory diagnosis; notifications of clinical 
signs in cattle were also reported. We determined the 
virus was serotype 3 by whole-genome sequencing. Ret-
rospective analysis did not reveal BTV circulation earlier 
than September. The virus source and introduction route 
into the Netherlands remains unknown. Continuous 
monitoring and molecular diagnostic testing of livestock 
will be needed to determine virus spread, and new pre-
vention strategies will be required to prevent BTV circu-
lation within the Netherlands and Europe.
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describe the questions raised and actions taken dur-
ing the first 3 weeks after the initial notified clinical 
case was confirmed as a BTV infection by laboratory 
diagnostic tests.

Methods

Sheep and Cattle Populations in the Netherlands  
and Clinical Examination
In 2022, the Netherlands had ≈1,080,631 sheep and 
≈1,596,894 dairy cattle >2 years of age, distributed 
among ≈31,000 sheep farms and 14,000 cattle herds 
(12,13). Farms that notified authorities of possible 
BT were visited by a veterinary team, specializing 
in small ruminants, who reviewed reported clinical 
symptoms and collected samples for BT diagnosis. 
In addition, several farms already confirmed as BTV-
positive were visited by Royal GD (formerly the Ge-
zondheidsdienst voor Dieren) personnel, who clini-
cally examined the sheep and cattle on those farms 
and described clinical signs.

Retrospective Study
We investigated whether the initial BT outbreak 
started in the area of the 4 BTV serotype 3 (BTV-
3)–confirmed sheep farms in central Netherlands or 
whether the outbreak began earlier than September. 
We screened bulk tank cow milk samples submitted 
during August 2023 for routine testing from all over 
the Netherlands to determine if BTV antibodies were 
present. Royal GD coordinates a national monitoring 
program for which ≈12,000 (90%) dairy cattle farm-
ers in the Netherlands submit monthly bulk tank 
milk samples. A total of 1,000 submitted milk samples 
were eligible for inclusion in the BTV screening.

We used identification and registration data 
from the Rijksdienst Voor Ondernemend Nederland 
(https://www.rvo.nl) to enable selection of dairy herd 
farms that did not purchase any cattle during the vec-
tor-active season (beginning in April 2023 until the start 
of the outbreak in September 2023) and only housed 
animals bred in the Netherlands. After applying the se-
lection criteria, we were able to use bulk milk samples 
from 7,900 dairy herds for the screening. The Nether-
lands is divided into 20 compartments as proposed in 
the EU Commission Decision 2005/393/EC. We ran-
domly selected 1,000 bulk milk samples to include all 20 
compartments (Appendix Figure 1, https://wwwnc. 
cdc.gov/EID/article/30/8/23-1331-App1.pdf), result-
ing in ≈50 sampled herds per compartment and en-
abling a 14% prevalence estimate with 95% confidence. 
On September 11, we presented the first preliminary 
results to the government of the Netherlands. On  

September 13, additional data on vaccination pur-
chases registered in the MediRund database (https://
www.medirund.nl) during 2019 through September 
2023 became available, and we combined those data 
with the results from the bulk milk screening.

BTV Genome Detection by PCR
We performed BTV-specific real-time reverse tran-
scription PCR (RT-PCR) as previously described (14). 
In brief, we extracted virus RNA from 200 µL of EDTA 
blood by using the Magnapure 96 robotic machine 
(Roche, https://www.roche.com) and MagnaPure 96 
DNA and Viral NA Small Volume Kit (Roche). For 
RT-PCR, we combined 5 μL eluted RNA and 15 μL 
LightCycler RNA Master HybProbe kit (Roche) re-
agent containing enzymes and BTV-specific primers 
and probe and loaded each reaction mixture per well 
into a 96-well plate. We amplified the resulting cDNA 
by using a LightCycler 480 II instrument (Roche) and 
LightCycler integrated software version 1.5.1, with-
out the external predenaturation step (14).

Serologic Analysis using Competitive ELISA 
We performed a competitive ELISA by using an ID 
Screen Bluetongue Competition ELISA kit (Innova-
tive Diagnostics, https://www.innovative-diagnos-
tics.com) according to the manufacturer’s protocol. 
This ELISA has a sensitivity and specificity of 100% 
for BTV-specific antibodies but cannot detect antibod-
ies generated against the genetically related epizootic 
hemorrhagic disease virus. We measured optical den-
sity at 450 nm by using a Multiskan FC instrument 
(Thermo Fisher Scientific, https://www.thermofisher. 
com) and MikroWin software version 5.09 (Labsis, 
https://labsis.de) and calculated the percentage in-
hibition by using the positive and negative controls 
supplied with the ELISA kit.

Whole-Genome Sequencing
We extracted RNA from EDTA blood and ampli-
fied BTV genome segments by using a sequence-
independent single-primer amplification approach. 
We performed first-strand cDNA synthesis by 
combining 5 µL RNA and Superscript III (Thermo 
Fisher Scientific) according to the manufactur-
er’s protocol and 2 μmol/L of the oligonucleotide 
5′-GTTTCCCAGTCACGATA(N9)-3̕. We incubated 
the mixture for 3 minutes at 95°C to denature double-
stranded virus RNA, then cooled on ice. We added 
the remaining reagents and incubated the reaction 
at 25°C for 5 minutes, 42°C for 50 minutes, and 70°C 
for 15 minutes, and then stored at 4°C. We performed 
second-strand synthesis by using Sequenase (Thermo 
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Fisher Scientific) according to the manufacturer’s 
protocol. We amplified the products by using Q5 
high-fidelity DNA polymerase (New England Bio-
labs, https://www.neb.com) according to the manu-
facturer’s guidelines, 2 µmol/L of oligonucleotide 
5′-GTTTCCCAGTCACGATA-3′, and the following 
cycle conditions: 94°C for 4 minutes; 68°C for 5 min-
utes; 35 cycles of 94°C for 30 seconds, 50°C for 1 min-
ute, and 68°C for 3 minutes; then 68°C for 5 minutes 
and cooling at 10°C. To enhance the number of vi-
rus sequence reads, we performed a size selection of 
>200 bp by using SPRIselect beads (Beckman Coulter 
Life Sciences, https://www.beckman.com) at a ratio 
of 100 µL sample to 80 μL beads. We barcoded ≈150 
ng cDNA from each sample by using the Native Bar-
coding Kit 96 V14 (Oxford Nanopore Technologies, 
https://www.nanoporetech.com) according to the 
manufacturer’s protocol and sequenced the cDNA by 
using a PromethION Flow Cell, R10 M version (Ox-
ford Nanopore Technologies). To align the reads, we 
applied Minimap 2 version 2.26 (15) against a custom 
BTV reference database to construct a draft genome 

by using reference-based mapping. We deposited the 
sequences into GenBank on September 26, 2023 (ac-
cession nos. OR603992–4001).

We conducted phylogenetic analysis separately 
for each genome segment sequence by using BLAST 
(https://blast.ncbi.nlm.nih.gov) and the alignment 
results of the top 15 sequences used for the analysis. 
In addition, we added genome segment (Seg)-2 refer-
ence strains and a selected number of closely related 
BTV-3 strains to the phylogenetic analysis (16). We 
aligned the sequences by using MAFFT version 7.475 
(17) and reconstructed the phylogeny by using max-
imum-likelihood analysis in IQ-TREE version 2.0.3 
(18) and 1,000 ultrafast bootstrap replicates (19). We 
visualized the tree by using the ggtree R package (20).

Antibody Detection in Bulk Tank Milk by Indirect ELISA
For the retrospective analysis of BTV antibodies in 
bulk milk, we used the ID Screen Bluetongue Milk 
Indirect ELISA (Innovative Diagnostics) accord-
ing to the manufacturer’s protocol; this ELISA uses 
the recombinant VP7 protein as the antigen and was  

Figure 1. Timeline of the initial bluetongue outbreak caused by BTV-3 in the Netherlands in September 2023. BTV, bluetongue virus; 
BTV-3, BTV serotype 3; EU, European Union; GD, Gezondheidsdienst voor Dieren; NVWA, Netherlands Food and Consumer Product 
Safety Authority; WBVR, Wageningen Bioveterinary Research; WGS, whole-genome sequencing.

 
Table 1. Average sequence coverage for each genome segment of 3 BTV-3 isolates in study of emergence of BTV-3 in the 
Netherlands, September 2023* 

Sample no. Ct value 
Average no. reads/nucleotide for each genome segment  

Seg-1 Seg-2 Seg-3 Seg-4 Seg-5 Seg-6 Seg-7 Seg-8 Seg-9 Seg-10 
23014055 23.3 431 898 548 1,386 642 2,570 664 4,311 1,905 200 
23014071 28.6 72 112 76 149 99 135 107 223 113 30 
23014098 25.2 217 313 228 470 192 488 258 630 283 45 
*Three blood samples from sheep were collected at 3 unrelated farms; isolated virus was subjected to whole-genome sequencing. All 10 RNA genome 
segments were sequenced. BTV-3, bluetongue virus serotype 3; Ct, cycle threshold; Seg, genome segment. 
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validated in the Netherlands in 2007 (21). To study 
herd prevalence of BTV-3 infections in 2023, we used 
the cutoff values described in the ELISA manual: sam-
ple/positive control (S/P) values of <30% were consid-
ered negative, S/P values of >30% to <40% were con-
sidered potential positives, and S/P values >40% were 
considered positive. Using those cutoff values, the test 
had a sensitivity of ≈95% and specificity of 100%.

Geographic Distribution of BTV Clinical Cases
We graphically displayed sheep and cattle densities 
in thematic maps of the Netherlands according to 

2-digit postal codes. We used BTV-confirmed clinical 
notifications of sheep and cattle cases until September 
29, 2023. We generated all maps by using Stata ver-
sion 17 (StataCorp LLC., https://www.stata.com).

Results

Timeline of Outbreak 
On September 3 and 4, 2023, NVWA was notified of 
clinical signs that were indicative of BTV infections at 
5 sheep farms in the central region of the Netherlands 
near the Loosdrechtse Plassen. Flocks were visited by 

Figure 2. Phylogenetic analysis of BTV-3 variant found in livestock in the Netherlands, September 2023. Trees were obtained by using 
the maximum-likelihood method. A) Initial phylogenetic comparison of genome segment 2 sequence of the emerging BTV-3/NET2023 
variant from the Netherlands with segment 2 sequences from notifiable BTV reference strain serotypes 1–24. B) Available and closely 
related genome segment 2 sequences from different BTV-3 strains selected for detailed phylogenetic analysis. Unrooted tree branches 
have bootstrap values indicated at the nodes. GenBank accession numbers are included in sequence names. Scale bars indicate 
nucleotide substitutions per site. BTV, bluetongue virus; BTV-3, BTV serotype 3.

 
Table 2. Percentage homology between BTV-3/NET2023 variant and closest isolates deposited in GenBank in study of emergence of 
BTV-3 in the Netherlands, September 2023* 
Segment Virus protein Highest % identity†  Isolate name GenBank accession no. 
Seg-1 VP1 97.69 BTV-8/2020_13 OQ860824.1 
Seg-2 VP2 98.09 BTV-3/ZIM2002/01 AJ585179.1 
Seg-3 VP3 98.30 BTV-5/O.aries-tc/ZAF/2011/Benoni_01012015 MG255451.1 
Seg-4 VP4 98.37 BTV-3/TUN2016/Zarzis MF124295.1 
Seg-5 NS1 98.42 BTV-1/ISR-2050/19 OM502356.1 
Seg-6 VP5 97.50 BTV-3/O.aries-tc/ZAF/2017/Smithfield_VR33 MG255623.1 
Seg-7 VP7 98.27 BTV-3/O.aries-tc/ZAF/2016/Waterval_Boven_VR22 MT028405.1 
Seg-8 NS2 97.69 BTV-2/O.aries-tc/ZAF/2017/Queenstown_VR18 MG255577.1 
Seg-9 VP6/NS4 97.43 BTV-4/SPA2003/03 KP821911.1 
Seg-10 NS3/NS3a 98.42 BTV-18/BT32/76 JX272448.1 
*BTV-3/NET2023 variant was isolated from sheep in the Netherlands in September 2023 and genome segments were compared with those of BTV 
isolates deposited in GenBank. BTV-3, bluetongue virus serotype 3; NS, nonstructural protein; Seg, genome segment; VP, virus protein. 
†Highest % identity (>97%) compared with BTV-3/NET2023.  

 

http://www.cdc.gov/eid
https://www.stata.com


RESEARCH

1556 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024

a team of veterinary specialists, and serum and EDTA 
blood samples were collected from the sheep and sent 
to the Netherlands National Veterinary Reference 
Laboratory for BTV at Wageningen Bioveterinary Re-
search (WBVR).

On September 6, we confirmed BTV infections by 
real-time RT-PCR and competitive ELISAs (Figure 1). 
Of the 7 blood samples taken from 5 sheep farms, 6 
samples from 4 different farms had BTV-positive RT-
PCR results; cycle threshold values were 23–31. BTV 
antibodies were found in blood samples from 5 of the 
6 PCR-positive sheep; blocking was >90% in competi-
tive ELISAs. We immediately reported the findings to 
the Ministry of Agriculture, Nature and Food Quality 
of the Netherlands, and requested new samples for 
confirmation and shipment to the EU Reference Lab-
oratory for BTV, Center for Animal Health Research, 
National Center for Agricultural and Food Research 
and Technology, in Madrid, Spain. In addition, us-
ing nanopore technology, WBVR conducted whole-
genome sequencing on the RT-PCR–positive samples. 
The first suspicion of BTV in cattle was also notified to 
the NVWA on September 6.

On September 8, three blood samples from sheep 
sampled at 3 unrelated farms showed sufficient  

sequence coverage per nucleotide (range 30–2,570 
reads) (Table 1) to reliably determine contig se-
quences for all 10 genome segments for those 3 
samples. Contig sequences derived from individual 
samples were 100% identical. Contigs represented 
full-length sequences of Seg-1–Seg-9, including the 
5′ and 3′ termini. Contigs of Seg-10 were incomplete 
and were completed by using Sanger sequencing, 
except for the ultimate 22 nt at the 3′ end, corre-
sponding to the amplification primer. Phylogenetic 
analysis of Seg-2, which encodes the serotype-dom-
inant VP2 protein, along with prototypic isolates of 
WOAH-notifiable BTV serotypes 1–24 identified 
the causative BT agent as BTV-3, which was des-
ignated as variant BTV-3/NET2023. Phylogenetic 
clustering of sequences was also observed with 
serotypes 13 and 16, confirming previous genetic 
analysis (Figure 2, panel A) (22). On the basis of the 
phylogenetic tree, WBVR announced that genotyp-
ing revealed the BT outbreak was caused by BTV-3 
because of the high homology with known serotype 
3 isolates. Detailed phylogenetic analysis showed a 
close relationship with Seg-2 from BTV-3 isolates 
from Italy and Tunisia (Figure 2, panel B). Phyloge-
netic analyses of other genome segments of BTV-3/

Figure 3. Clinical manifestations of bluetongue caused by bluetongue virus serotype 3 (BTV-3) variant infections in sheep and cattle in 
study of emergence of BTV-3 in the Netherlands, September 2023. A–C) Hypersalivation (A), erosion of the oral mucous membranes 
(B), and bleeding of the lips (C) were observed in sheep infected with the BTV-3 variant. D–F) Ulceration of the oral mucous membrane 
(D), crust formation at the nostrils (E), and necrosis of the teats (F) were detected in cattle infected with the BTV-3 variant. 

http://www.cdc.gov/eid
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NET2023 did not indicate a particular ancestor but 
had close identity (>97%) to genome segments of 
various other sequenced BTV isolates deposited in 
GenBank (Table 2).

On September 11, WBVR confirmed BTV in 
newly collected serum and EDTA blood samples 
from all 4 initially infected sheep farms and sent 
the samples to the EU Reference Laboratory for 
confirmation and serotyping by serotype-specific 
real-time RT-PCR. On September 14, the EU Ref-
erence Laboratory confirmed the results by using 
the WOAH-recommended RT-PCR test targeting 
Seg-10. RT-PCR specific for serotypes 3, 4, and 8 
clearly confirmed serotype 3, and the results were 
immediately forwarded to the Ministry of Agricul-
ture, Nature and Food Quality of the Netherlands  
and NVWA.

On September 19, the first suspicion of BTV in a 
goat was notified to the NVWA; specimens collected 
from 1 goat were positive for BTV by real-time RT-
PCR. In addition, BTV-3/NET2023 isolation from 
sheep EDTA blood from the initial 4 farms was suc-
cessful by using Culicoides-derived KC cells (23).

Clinical Manifestations in Sheep, Cattle, and Goats
BTV-3–infected sheep showed signs of fever, leth-
argy, hypersalivation, ulcerations and erosions of 
the oral and nasal mucous membranes, facial edema, 
lesions of the coronary band, lameness, and death 
(Figure 3). Several days after the initial outbreak con-
firmation in sheep, clinical signs were also reported 
in cattle. Clinical signs observed in cattle were fever, 
apathy, conjunctivitis, nasal discharge, erosions and 
crust formation on lips and nostrils, ulcerations and 
erosions of oral mucosa, edema of the nose, coronitis, 
and superficial necrosis of teats. The goat reported on 
September 19 showed signs of edema of the lips and 
fever (Appendix Figure 2).

After the outbreak began, the number of notifica-
tions increased rapidly for both sheep flocks and cat-
tle herds (Figure 4). The initial cases included 4 sheep 
farms. One week later (calendar week 36), a total of 25 
sheep flock and 12 cattle herd notifications were con-
firmed as BTV-3–positive by RT-PCR. In the second 
week (calendar week 37), the total number of positive 
suspicions increased to 18 sheep flocks and 55 cattle 
herds. In the third week (calendar week 38), the total 

Figure 4. Density of sheep or cattle per 2-digit postal code and number of confirmed cases of bluetongue virus serotype (BTV-3)–
positive flocks or herds in the Netherlands, September 2023. Gray shading indicates the density of animals. A–D) Distribution of sheep 
flocks infected with BTV-3. A) Initial 4 cases of BTV-3–infected sheep flocks notified on September 3, 2023. Confirmed sheep cases 
during calendar week 36 (B), calendar week 37 (C), and calendar week 38 (D). E–G) Distribution of cattle herds infected with BTV-3. 
Confirmed cases of infected cattle herds during calendar week 36 (E), calendar week 37 (F), and calendar week 38 (G).

http://www.cdc.gov/eid
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number of PCR-positive BTV-3–diagnosed flocks or 
herds increased to 324 sheep flocks, 61 cattle herds, 
and 1 goat herd. 

Retrospective Study
To investigate whether the BT outbreak began at the 
4 initially-infected sheep farms, we screened bulk 
tank milk samples submitted in August from cattle 
farms for routine BTV antibody testing. Of the 991 
bulk tank milk samples, 955 tested negative, 8 tested 
potentially positive, and 28 tested positive for BTV 
antibodies; antibody prevalence was 2.8% (95% CI 
1.9%–4.1%) (Table 3). However, 24 of 36 bulk tank 
milk samples showing potentially positive or posi-
tive results (67%) were from farms that had a proven 
history of animal vaccination against BTV-8. BTV 
antibodies that could not be linked to a recorded his-
tory of BTV vaccination were found in 12 of 991 bulk 
tank milk samples. However, the 12 antibody-posi-
tive herds were not clustered, and 7 of those 12 herds 
were located near the borders with Belgium and Ger-
many, suggesting a high likelihood that those farms 
in the Netherlands might have vaccinated their ani-
mals because of the presence of BTV-8 in Belgium 
and Germany (Figure 5). Altogether, no area in the 
Netherlands had a high seroprevalence for BTV an-
tibodies in August 2023 according to cow milk sam-
pling, and no BTV-specific antibodies were found 
in the region where the initial BTV notifications  

were made. Therefore, the 4 BT index cases occurred 
in the 4 initially affected sheep farms.

Discussion
We describe the actions taken after a novel BTV-3 
strain emerged in sheep and cattle in the Netherlands. 
Initially, sheep from 4 farms showed clinical signs of 
fever, lethargy, hypersalivation, ulcerations, erosions 
of the oral and nasal mucous membranes, or sudden 
death. The sheep were positive for BTV by real-time 
RT-PCR, and all but 1 showed seroconversion by us-
ing a competition ELISA. Whole-genome sequencing 
using nanopore technology showed the full virus ge-
nome sequence could be characterized quickly, and 
the generated nucleotide sequence of Seg-2 aligned 
with other BTV-3 sequences. We investigated BTV 
epidemiology during the month before the first cas-
es were reported in sheep by retrospectively testing 
bulk tank cow milk; however, either no high sero-
prevalence was observed or seropositive samples 
were found within the region where the initial cases 
were detected. A very low number of antibody-posi-
tive bulk milk samples (n = 12) were found that could 
not be linked to previous vaccination. It is possible 
that the cows from those herds were still vaccinated, 
but that possibility could not be substantiated on the 
basis of available data. In addition, those findings 
might have been false positives despite the high spec-
ificity of the ELISA (21). We concluded that a massive 

 
Table 3. Herd-level BTV antibody results for 991 cow bulk milk samples collected in August 2023 in study of emergence of BTV-3,  
the Netherlands* 

Compartment 
No. dairy 

herds 
No. herds 

tested 
No. negative bulk 

milk samples 

No. milk samples with potentially positive or 
positive result Antibody-positive 

milk samples, % 
(95% CI)† Total 

Evidence of BTV 
vaccination 

No evidence of 
BTV vaccination 

1 1,669 49 49 0 0 0 0 (0–5.9) 
2 678 49 49 0 0 0 0 (0–5.9) 
3 880 51 51 0 0 0 0 (0–5.7) 
4 1,040 49 48 1 0 1 2.0 (0.1–10.9) 
5 963 47 45 2 2 0 0 (0–6.4) 
6 352 49 49 0 0 0 0 (0–5.9) 
7 562 52 52 0 0 0 0 (0–5.6) 
8 1,332 50 49 1 1 0 0 (0–5.9) 
9 610 51 51 0 0 0 0 (0–5.7) 
10 546 48 47 1 0 1 2.1 (0.1–11.1) 
11 1,412 48 46 2 1 1 2.1 (0.1–11.3) 
12 942 50 49 1 0 1 2.0 (0.1–10.6) 
13 464 53 52 1 1 0 0 (0–5.6) 
14 162 48 44 4 2 2 4.3 (0.1–14.8) 
15 96 50 50 0 0 0 0 (0–5.8) 
16 457 47 46 1 1 0 0 (0–6.3) 
17 293 52 43 9 7 2 4.4 (0.1–15.1) 
18 778 52 47 5 5 0 0 (0–6.2) 
19 361 48 43 5 3 2 4.4 (0.1–15.1) 
20 145 48 45 3 1 2 4.3 (0.1–14.5) 
Total 13,742 991 955 36 24 12 1.2 (0.1–2.2) 
*Bulk milk samples were collected from dairy cattle herds in 20 compartments of the Netherlands in August 2023 and retrospectively analyzed to 
determine if BTV infections occurred before the detection of BTV-3 in sheep in September. BTV, bluetongue virus. 
†Determined for cows that had no evidence of vaccination against BTV.  
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spread of BTV did not occur before the first detection 
of BTV-3 in the sheep farms, which agrees with the 
findings of a retrospective analysis of 1,003 sheep 
serum samples from 89 flocks that indicated a 3.4% 
BTV herd prevalence in August (I.M.G.A. Santman-
Berends et al., unpub. data). As of March 12, 2024, 
animals from a total of 4,371 farms or holdings have 
been confirmed as BTV-3 positive by real-time PCR.

Early detection of diseases by clinical diagnosis 
remains challenging, especially for unpredicted non-
endemic diseases. BT displays a wide and nonspe-
cific spectrum of clinical manifestations in ruminants, 
such as fever, hypersalivation, lameness, edema, and 
sudden death. BT disease severity in sheep and cattle 
overlaps with several other endemic infections, such 
as orf, dermatophilosis, haemonchosis, pasteurellosis, 
strawberry footrot, and photosensitization, which are 
relevant, differentially diagnosed endemic conditions 
in sheep. Malignant catarrhal fever and photosensiti-
zation can cause signs similar to BT in cattle (24,25). 
Awareness of BTV-like symptoms by veterinarians is 
also of great importance for other notifiable diseases, 
such as foot-and-mouth disease, peste des petits ru-
minants, sheep and goat pox, and epizootic hemor-
rhagic disease, and should be notified to the official 
authorities when suspected.

During a BT outbreak, communication creates in-
creased awareness among veterinarians and farmers, 
which might lead to an increase in false BT notifica-
tions because of nonspecific clinical signs. Therefore, 
education and training of veterinarians and livestock 
farmers about the clinical manifestations of BT and 
other diseases remains critical, especially for notifi-
able diseases that have not occurred for an extended 
time, because many veterinarians might not have 
seen the clinical symptoms in their practice. Only a 
laboratory diagnosis can and should rapidly differen-
tiate between notifiable diseases to support a clinical 
diagnosis. Nevertheless, in the outbreak described in 
this study, the emerging BT disease was detected suc-
cessfully at an early stage.

The rapid spread of BTV after the initial emer-
gence shows that indigenous Culicoides spp. midges in 
the Netherlands are competent vectors for transmit-
ting BTV-3/NET2023. The BTV vector, the C. imicola 
midge, found predominantly in Africa and Asia, is not 
found in northwestern Europe, and BTV-6 introduc-
tion in the Netherlands in 2008 showed that the out-
break dies out when indigenous Culicoides spp. midg-
es are unable to effectively transmit the virus (26). 
BTV-3/NET2023 is the second BTV variant, after BTV-
8/NET2006, that has been successfully transmitted  

Figure 5. Geographic distribution of bulk milk samples in the Netherlands tested for bluetongue virus (BTV) antibodies in study of 
emergence of BTV serotype 3 in September 2023. Milk samples were collected in August 2023. Purple shading indicates locations of 
dairy cattle herds that had animals considered potential positive or positive for BTV-specific antibodies by using ELISA. A) Herds having 
evidence of vaccination in the previous 5 years. B) Herds having no evidence of vaccination in the previous 5 years.

http://www.cdc.gov/eid
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by indigenous biting midge species in northwestern 
Europe (27). BTV-8/NET2006 is transmitted by indig-
enous biting midge species of the C. obsoletus com-
plex, including C. obsoletus, C. scoticus, C. dewulfi, and 
C. chiopterus (28–30). Entomologic research is needed 
to identify the biting midge species involved in BTV-
3/NET2023 transmission.

The geographic origin and route of introduc-
tion of BTV-3/NET2023 into the Netherlands are 
unknown. Phylogenetic analysis of Seg-2 shows clus-
tering with other BTV-3 Seg-2 sequences, including 
geographically close BTV-3 variants. However, BTV-
3 has only been described in Europe in Sicily and 
Sardinia, Italy, and the few sequences available from 
those virus isolates show a relatively high variation 
compared with BTV-3/NET2023 sequences from the 
Netherlands. In addition, other genome segment se-
quences did not show high homology with sequences 
from different BTV-3 variants. Therefore, tracing the 
origin of BTV-3/NET2023 has been difficult. The seg-
mented genome of BTV enables reassortment, also 
known as antigenic shift, between variants, which 
further hampers unravelling the geographic source 
of BTV-3/NET2023. The virus was likely introduced 
into the Netherlands from a distant source because 
the neighboring countries Belgium and Germany 
have had BT-free status since June 2023. Although 
the source and route of BTV-3/NET2023 is unclear, 
yearly monitoring and the findings from this retro-
spective study indicate that virus circulation began in 
September 2023 within the Netherlands.

In conclusion, after a decade of having BT-free sta-
tus, the Netherlands saw BTV-3 emerge in 2023, caus-
ing clinical signs and death in sheep and cattle. The 
causative virus strain is designated BTV-3/NET2023. 
The source, geographic origin, and introduction route 
of BTV-3/NET2023 are unknown, but virus circulation 
has rapidly expanded. BTV-3/NET2023 is transmitted 
by indigenous biting midges, but the vector-competent 
midge species has not yet been identified. Continuous 
monitoring and molecular diagnostic testing of sheep, 
cattle, and goats will be needed to determine virus 
spread, and new vaccination and other prevention 
strategies will be required to prevent BTV circulation 
within the Netherlands and Europe.
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Mycobacterium kansasii, a slow-growing nontuber-
culous mycobacteria (NTM), can cause destruc-

tive pulmonary diseases in humans that cause simi-
lar clinical manifestations to those of M. tuberculosis 
pulmonary disease (1). In recent years, M. kansasii has 
become one of the most frequently reported NTMs in 
the world (2), but whether increasing notifications in 

some countries (3) reflects true increases in the inci-
dence of M. kansasii disease or improvements in labo-
ratory identification is not well understood.

Infection with M. kansasii has been predominantly 
reported in urban settings, in high-density and low-
income communities, and among gold miners (4). 
Despite recent reports of potential human-to-human 
transmission for other NTMs (5), M. kansasii lung dis-
ease has been generally assumed to be acquired from 
environmental sources (6). Nonetheless, the precise 
route of transmission is yet to be characterized. M. 
kansasii is ubiquitous in the environment; tap water 
is reported as a major reservoir (6). The waterborne 
acquisition of M. kansasii is enabled by its intrinsic 
resistance to disinfectants, acid, and heat (7); its abil-
ity to survive in oligotrophic water; and its ability to 
form pipe surface biofilms (8). In previous studies, M. 
kansasii has been isolated from the water distribution 
system in the same communities in which cases with 
M. kansasii disease arise (9). However, evidence on 
environmental acquisition on the basis of genotyping 
of clinical or environmental isolates has been limited.

We investigated the environmental acquisition of 
M. kansasii in the industrial city of Kaohsiung, located 
in southern Taiwan. Our earlier multicenter study re-
vealed that the number of patients with M. kansasii  
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Little is known about environmental transmission of Myco-
bacterium kansasii. We retrospectively investigated poten-
tial environmental acquisition, primarily water sources, of 
M. kansasii among 216 patients with pulmonary disease 
from an industrial city in Taiwan during 2015–2017. We 
analyzed sputum mycobacterial cultures using whole-ge-
nome sequencing and used hierarchical Bayesian spatial 
network methods to evaluate risk factors for genetic re-
latedness of M. kansasii strains. The mean age of partici-
pants was 67 years; 24.1% had previously had tuberculo-
sis. We found that persons from districts served by 2 water 
purification plants were at higher risk of being infected with 
genetically related M. kansasii isolates. The adjusted odds 
ratios were 1.81 (1.25–2.60) for the Weng Park plant and 
1.39 (1.12–1.71) for the Fongshan plant. Those findings 
unveiled the association between water purification plants 
and M. kansasii pulmonary disease, highlighting the need 
for further environmental investigations to evaluate the risk 
for M. kansasii transmission.
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pulmonary infection was nearly 5-fold higher in Kaoh-
siung than in Taipei in northern Taiwan (10). Higher 
humidity levels, warmer temperatures, and industrial 
areas with greater air pollution in Kaohsiung might ex-
plain this difference. We previously identified 2 spatial 
hotspots of high risk for M. kansasii infection in Kaoh-
siung by using clinical data collected from patients in 
all tertiary medical centers of the city (11). We hypothe-
sized that specific water supplies or heavy industrial ar-
eas might be associated with the risk for M. kansasii in-
fection. In this study, we extended the previous spatial 
analysis to include whole-genome sequencing (WGS) 
data of clinical M. kansasii isolates along with geograph-
ic information from patients, area-level industrializa-
tion, and water supply systems to comprehensively 
assess the risk and drivers of M. kansasii in Kaohsiung.

Methods

Study Participants
We included 302 patients >20 years of age who had 
newly diagnosed M. kansasii lung disease, consistent 
with American Thoracic Society/Infectious Diseases 
Society of America guidelines (12) from 1 tertiary 
medical center and its affiliated regional hospitals in 
Kaohsiung during 2015–2017. We conducted chart re-
views to collect clinical and demographic data from 
eligible persons.

Mycobacterial WGS
Of the 302 patients, we performed WGS on myco-
bacterial isolates from 243 patients with high-quality 
culture samples from pretreatment sputum or bron-
choalveolar lavage fluid. We performed sequencing 
in the Laboratory of Genomics and Bioinformatics 
Service at Texas A&M AgriLife (College Station, TX, 
USA) and constructed libraries by using the NEXT-
FLEX Rapid XP DNA-Seq Kit (Revvity, https://
www.revvity.com). We performed paired-end se-
quencing using the NovaSeq 6000 Sequencing System 
(Illumina, https://www.illumina.com) with a read 
length of 150 bp and anticipated minimum mean 
depth of coverage of 100×. We removed 22 samples 
with most reads from a species other than M. kansasii 
from analysis. One additional sample had a large de-
gree of nonmycobacterial reads, and 4 samples were 
from participants missing clinical or residential data. 
We excluded those from analysis, leaving 216 sam-
ples for our primary analysis.

Environmental Exposure Data
Our primary environmental exposure of interest was 
the water sources. We collected information on the 

service areas of water purification plants in Kaoh-
siung through the official website of Taiwan Water 
Corporation (13). In total, 5 water purification plants 
provide service to most households in Kaohsiung. 
Among those, Pingding is the largest by volume (44% 
of the total water supply from the 5 plants), followed 
by Chengcing (29%), Kaotan (12%), Fongshan (10%), 
and Weng Park (4%) (13). The water supply networks 
of those purification plants overlap; a single district 
often receives service from >1 water plant (Figure 
1). We identified areas of heavy industrial zoning in 
Kaohsiung and used a probabilistic approach to iden-
tify participants who had a high probability of work-
ing in 1 of those zones (Appendix, https://wwwnc.
cdc.gov/EID/article/30/8/24-0021-App1.pdf).

Data Analysis
We classified and filtered raw fastq reads using 
kraken2 (14) with a custom database, bracken (15), and 
ntm-profiler (16) (Appendix). We used Shovill (17) for 
de novo assembly using SPAdes (18). We aligned as-
semblies using ska (S.R. Harris, unpub. data, https://
www.biorxiv.org/content/10.1101/453142v1) to the 
M. kansasii strain ATCC 12478, and all had >90% ge-
nomic coverage of the reference. We identified and 
masked regions of horizontal sequence transfer us-
ing Gubbins (19) and constructed a recombination-
masked pairwise single-nucleotide polymorphism 
(SNP) distance matrix with snp-dists (20). We used 
this structure to create a phylogenetic tree with RAx-
ML-NG (21) using the M. kansasii strain FDA-ARGOS 
1615 as an outgroup, a generalized time reversible 
with gamma model of rate heterogeneity, and 50 
starting trees (25 random and 25 parsimony) and cal-
culated the transfer bootstrap expectation metric. To 
assess the association between genetic clade and wa-
ter purification plant, we used Pearson χ2 tests.

To assess the sensitivity of our phylogenetic 
analysis, we repeated the analysis with the addition 
of genomic sequences obtained from public sources 
and identified as obtained from outside of Taiwan. 
We used a list of available isolates (9) to download 
short-read sequences of 22 specimens from the Na-
tional Center for Biotechnology Information Se-
quence Read Archive database. We speciated and 
filtered the sequences with the same analysis pipe-
line as our samples from Taiwan and repeated phy-
logenetic analyses using a tree constructed from the 
combined sample sets.

To analyze factors affecting the genetic relatedness 
of M. kansasii strains between pairs of persons from 
the study sample, we used hierarchical Bayesian spa-
tial network methods implemented in the R package  
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GenePair (22). As opposed to standard regression 
modeling, GenePair methods are designed to account 
for correlation observed in dyadic data given that the 
same person is represented across multiple pairs (i.e., 
network dependence), spatial correlation between 
paired outcomes because of unmeasured transmis-
sion dynamics, and specific distributional features of 
genetic relatedness outcomes (23).

We modeled 2 outcomes of genetic relatedness: a 
binary outcome in which we classified pairs of strains 
as clustered or not based on a threshold SNP distance 
and a continuous measure of SNP distance between 
pairs of strains. For the binary outcome, the bimod-

al distribution of observed SNP distances between 
strains (Appendix Figure 1) suggested a threshold of 
<45 SNPs to classify pairs of strains as being within a 
cluster. In a sensitivity analysis, we also investigated 
a more conservative cutoff of <32 SNPs. We fit all 
models using Markov chain Monte Carlo sampling 
techniques and assessed convergence using trace 
plots and Geweke’s diagnostic for all relevant model 
parameters. When making statistical inference, we 
reported posterior means and 95% equal-tailed quan-
tile-based credible intervals.

Independent variables included the time between 
the date of each participant’s sputum collection in 

Figure 1. Spatial distribution of residential 
addresses of Mycobacterium kansasii 
isolates from patients, water purification 
plants, and corresponding supply zones 
in phylogeographic analysis of M. 
kansasii isolates from patients with M. 
kansasii lung disease in industrialized 
city, Taiwan. Spatial distribution is shown 
for purification plants in Weng Park (A), 
Kaotan (B), Fongshan (C), Chengcing (D), 
and Pingding (E). Cases are indicated by 
blue dots, plants by red dots, and supply 
zones by light blue regions. Gray lines 
represent the district boundaries.
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days, the combined age of both participants in years, 
the age difference between pairs of participants in 
years, whether both were male or female, whether ei-
ther person in the pair had cavitary disease on chest 
radiograph, geographic distance between participant 
households in kilometers, whether participant house-
holds were both supplied by the same water purifi-
cation plants, whether both participants resided in 
villages with a high degree of linkage to the 4 heavy 
industrial zones, and whether the patients had re-
ceived their diagnosis and been treated in the same 
hospital. We chose demographic and clinical vari-
ables included in the models a priori on the basis of 
clinical relevance. 

The study was approved by the institutional ethics 
committees of the participating hospitals (KMUHIRB-
F(I)-20210173, KMUHIRB-E(I)-20210380). The study 
funders had no role in the design and conduct of the 
study, the analysis and interpretation of data, or in the 
preparation, review, or approval of the manuscript.

Results

Demographics
Of the 216 cases with complete information, the mean 
patient age was 67 years (SD 17.6); 146 (67.6%) were 
men and 70 (32.4%) women (Table). Mean body mass 
index was 21 (SD 4.1). Of the 216 case-patients, 46 
(21.3%) were current smokers, 45 (20.8%) were ex-
smokers, and 125 (57.9%) had never smoked. On 
chest radiograph, 42 (20.1%) persons had consolida-
tion, 37 (17.1%) had fibrocavitary disease, 81 (38.8%) 
had nodular bronchiectasis, 3 (1.4%) had nodules, 1 
(0.5%) had fibrosis, and 52 (24.1%) had mixed image 
patterns. Tuberculosis had been diagnosed previous-
ly in 52 (24.1%) persons.

Sources of Residential Water Purification
Participant households were served by a median of 2 
(maximum 3) of 8 different water purification plants. 
Chengcinghu supplied 128 (59.3%) of participant 
households, Pingding supplied 84 (38.9%), Kaotan 
supplied 99 (45.8%), Fongshan supplied 70 (32.4%), 
Weng Park supplied 22 (10.2%), Lingkou supplied 4 
(1.9%), and Baolai and Lujhu each supplied 1 (0.5%) 
(Table; Figure 1).

Factors Associated with Genetic Relatedness between 
Pairs of Participants
Before analyzing genetic relatedness of M. kansa-
sii strains, we masked areas of horizontal sequence 
transfer as previously described. This process re-
duced the median number of SNPs per strain from 23 

(interquartile range [IQR] 537) to 13 (IQR 14.25). We 
constructed hierarchical Bayesian models to evaluate 
factors associated with being part of a genetic cluster 
(i.e., M. kansasii SNP distance between isolates of <45) 
as well as factors associated with continuous SNP 
distance. The model results (Figure 2) indicated that 
for each pair of participants, if both participant resi-
dences were supplied by the Weng Park water puri-
fication plant, their M. kansasii isolates had increased 
likelihood of being genetically clustered (odds ratio 
[OR] 1.81, 95% credible interval [CrI] 1.25–2.60), after 
adjusting for the other relevant factors. This finding 
was mirrored in the SNP model, where the SNP dis-
tances between the M. kansasii isolates of those pairs 
of persons were ≈12% smaller on average (risk ratio 
[RR] 0.88, 95% CrI 0.85–0.92). With a clustered model 
and a more conservative cutoff of 32 SNPs, the magni-
tude of the association was similar but not statistically 
significant (OR 1.54, 95% CrI 0.96–2.45) (Appendix 
Figure 2). We found a lower magnitude of associa-
tion for the Fongshan water purification plant with 
a clustering OR of 1.39 (95% CrI 1.12−1.71) and a RR 
of SNP distance of 0.96 (0.94–0.98). We observed an 
inverse but statistically insignificant association be-
tween linear spatial distance and odds of clustering; 
adjusted OR was 0.77 (95% CrI 0.20–2.88) for every 1 
km increase in spatial distance. Having a linkage to 
the same heavy industrial zone and sharing the same 
healthcare facility were not significantly associated 
with genetic relatedness, nor did they significantly 
alter the effect sizes for other variables in the model. 
Therefore, we removed those 2 variables from the fi-
nal multivariable models for parsimony.

The statistical models also provided an estimate 
of a spatially referenced random effect parameter for 
each person that described the participants’ residual 
(after adjustment for other factors) risk of being in-
fected with an M. kansasii isolate that was genetically 
similar to other participants in the study. We mapped 
posterior mean estimates for those parameters (Ap-
pendix Figure 3). From visual inspection, we noted no 
obvious areas of increased residual risk.

Tree Structure of M. kansasii Population
We created a maximum-likelihood phylogram that 
showed 3 main clades (Figure 3). Participants with 
residential water supplied by the Weng Park water 
purification plant were more likely to be in clade A. 
Of the 73 persons in clade A, 14 (19.2%) were supplied 
by Weng Park. Of 58  participants in clade B, 3 (5.2%) 
had water purified by Weng Park; 5 (6.1%) of 82 par-
ticipants in clade C had water purified by Weng Park 
(p = 0.008 for the association between genetic clade 
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and Weng Park). Participants supplied by the Fong-
shan water purification plant were more likely to be 
in clade B. Of the 58 participants in clade B, 27 (46.6%) 
were supplied by Fongshan. Of 73 participants in 
clade A, 15 (20.5%) were supplied by Fongshan; 27 
(32.9%) of 82 in clade C were supplied by Fongshan 
(p = 0.006 for the association between genetic clade 
and Fongshan). We conducted a sensitivity analysis 
that included an additional 22 publicly available M. 
kansasii isolates from outside Taiwan in the phyloge-
netic analysis. The resulting phylogeny revealed the 
3 major clades, which contained the same Taiwan 
samples as in the main analysis (Appendix Figure 4). 
Similarly, when we constructed a phylogeny of our 
samples from Taiwan without masking recombinant 
regions, the same clades were identified with identi-
cal members in clades A and B. Clade C in the phylog-
eny constructed without recombination masking con-
tained all of the samples seen in the primary analysis 
but also overlapped with 59 samples from clade B.

Discussion
Using densely sampled cases of M. kansasii infection 
from a tropical metropolitan city in southern Taiwan, 
we investigated environmental factors associated with 
genetic relatedness using WGS data. We found that 
pairs of persons with M. kansasii lung disease living in 
a district served by specific water purification plants 
(Weng Park and Fongshan) were at greater risk of be-
ing infected with genetically similar M. kansasii isolates. 
The association of smaller spatial distances between 
pairs of persons had a statistically significant trend to-
ward more genetically similar M. kansasii strains.

We previously conducted a spatial analysis of 
537 M. kansasii cases from 4 major tertiary hospitals in 
Kaohsiung and identified 2 suspicious spatial clusters 
(11). In this analysis, we found that the Weng Park and 
Fongshan water purification plants, both near 1 of the 
previously identified spatial hotspots, were associated 
with increased genetic relatedness among case pairs.

Weng Park, the water purification plant with the 
strongest signal of genetic relatedness (adjusted OR 
1.81, 95% CrI 1.25–2.60) among M. kansasii cases, ac-
counted for only 4% of the total water supply in the 
study area but was associated with 22 (10%) of the 
total 216 cases. We also observed that Weng Park 
was significantly associated with 1 major M. kansasii 
clade in our phylogenic analysis. Because water from 
different water plants mixed in underground water 
pipes, determining the source of supply for a particu-
lar household was difficult. Given the relatively low 
number of households supplied by Weng Park, the 
cases and households labeled as Weng Park might 
have also received their supply from other water 
plants, such as Kaotan and Pingding (Figure 1). The 
misclassification of water purification plants at the 
household level would lead us to underestimate the 
association between Weng Park and genetic related-
ness of M. kansasii among case pairs.

This study does not provide a mechanism for the 
association between Weng Park and Fongshan water 
plants and the genetic clustering of M. kansasii–infected 
cases. Each water plant applied different methods of 
water purification, resulting in differences in pH value 
or organic matter content that might affect the risk for 
contamination and growth of M. kansasii (6). Different 
sources of raw water might also potentially influence 
the microbiological ecology; a 2003 analysis found that 
water from Weng Park had substantially higher gener-
al hardness than other water plants, suggesting a high-
er contribution from underground water as the source 
(13). The presence of more sediment accumulation in 
pipelines from underground water than from surface 
water might accelerate biofilm development (24). As 

 
Table. Demographics of included population in study of 
phylogeographic analysis of Mycobacterium kansasii isolates from 
patients with M. kansasii lung disease in industrialized city, Taiwan* 
Characteristic Value 
Total no. participants 216 
Mean age, y (SD) 67.29 (17.59) 
Sex  
 F 70 (32.4) 
 M 146 (67.6) 
Mean body mass index (SD) 20.98 (4.14) 
Smoking status 
 Current smoker 46 (21.3) 
 Ex-smoker 45 (20.8) 
 Never smoked 125 (57.9) 
Chest radiograph findings 

 

 Consolidation 42 (20.1) 
 Fibrocavitary disease 37 (17.1) 
 Fibrosis 1 (0.5) 
 Nodular bronchiectasis 81 (38.8) 
 Nodule 3 (1.4) 
 Other† 52 (24.1) 
 Prior tuberculosis 52 (24.1) 
 Chronic obstructive disease 51 (23.6) 
Pulmonary disease  
 Bronchiectasis 35 (16.2) 
 Asthma 19 (8.8) 
 Pneumoconiosis 4 (1.9) 
 Lung cancer 9 (4.2) 
 Inhaled corticosteroid use 19 (8.8) 
Residential water purification plant‡  
 Baolai 1 (0.5) 
 Weng Park 22 (10.2) 
 Lingkou 4 (1.9) 
 Lujhu 1 (0.5) 
 Kaotan 99 (45.8) 
 Fongshan 70 (32.4) 
 Chengcinghu 128 (59.3) 
 Pingding 84 (38.9) 
*Values are no. (%) except as indicated. 
†Other patterns included mixtures of the aforementioned patterns. 
‡Participant residences may be supplied by >1 water purification plant. 
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an example of the effect of the water treatment and 
distribution system on NTM abundance, a previous 
study in the United States reported low NTM relative 
abundances in Mississippi River water, a source for the 
drinking water system, but high relative abundances 
in the distribution system and tap water (25). Further 
environmental samplings should be conducted to ex-
amine the distribution of M. kansasii isolates in differ-
ent water sources and plants, particularly Weng Park 
and Fongshan water plants.

Recent analyses of M. abscessus, another patho-
genic NTM, have suggested that transmission might 
occur from person-to-person, especially in cystic 
fibrosis patients who might attend the same clinic 
(5). Our study did not find a potential link between 
shared clinic visits and the genetic clustering of M. 
kansasii in the investigated cases by analyzing pairs of 
persons’ strains treated at the same hospital.

Although WGS has been widely applied to un-
derstand the transmission dynamics of M. tubercu-
losis, its application for studying NTM transmission 
including M. kansasii is still limited (9,26,27). The pop-
ulation structure and genomic diversity of M. kansasii 
on a global scale have been previously reported (28), 
but the genomic diversity over a well-defined geog-

raphy has not been characterized. We used the cutoff 
of 45 and 32 SNPs to define genetic relatedness on the 
basis of the empirical SNP distribution in our popu-
lation, but the relationship between those measures 
of genetic distance and transmission remains uncer-
tain. A major difference between M. tuberculosis and 
M. kansasii is that genomic recombination occurs fre-
quently in M. kansasii through distributive conjugal 
transfer (28). A recent study using 60 samples of M. 
kansasii from different provinces of China revealed 
that the pairwise SNP distance (after masking recom-
binant regions) of those isolates were all within 20 
SNPs and suggested a threshold of 4 SNPs to define 
clustering (29). Both that study and ours excluded re-
combinant regions using the same methods, further 
complicating the interpretation of our analysis in 
terms of transmission inference. In addition, selecting 
an effective threshold to cluster cases with a potential 
shared exposure site might be dependent on the local 
epidemiology and genetic diversity of the tested pop-
ulation. Along with this study, 2 other large analyses 
of clinical M. kansasii whole-genome sequences (9,29) 
showed that, after masking recombinant regions, the 
resulting sequences appeared to belong to homoge-
neous clusters with maximum SNP distances on the 

Figure 2. Associations of environmental and clinical risk factors with genetic relatedness based on pair-level data using hierarchical 
Bayesian regression models in phylogeographic analysis of Mycobacterium kansasii isolates from patients with M. kansasii lung disease 
in industrialized city, Taiwan. A) Odds ratios for pairs of M. kansasii isolates to be in a genetic cluster (using the single-nucleotide 
polymorphism [SNP] cutoff of 45). An odds ratio of >1 suggests that the risk factor was associated with genetic clustering. B) Risk ratios 
for increase in SNP distance between pairs of isolates. A risk ratio of <1 suggests that the risk factor was associated with a shorter 
pairwise SNP distance. The 3 smaller water purification plants (Lingkou, Baolai, and Lujhu) were not considered in the analysis as they 
together only provided service to 6 participants.
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order of 100 SNPs. The largest analysis to date created 
a phylogeny that estimated the most recent common 
ancestor of a global collection of clinical isolates to be 
timed to the early 1900s (9).

A major strength of this study is the combina-
tion of WGS and detailed spatial information on the 
environmental determinants of interest, including the 
water supply and heavy industrial zoning. The novel 
Bayesian hierarchical modeling approach correctly ac-
counts for the correlation of pairwise spatial-genetic 
data and the simultaneous adjustment for potential 

confounders. Previous studies on the transmission of 
M. kansasii have mostly applied conventional genotyp-
ing methodologies (e.g., restriction fragment length 
polymorphism or targeted PCR analysis) (30,31).

The first limitation of this study is that the M. 
kansasii isolates came from 1 major tertiary medical  
center and its affiliated hospitals (accounting for 
56% of all M. kansasii isolates from all major medical  
centers in Kaohsiung during the same period) (11). 
M. kansasii infection is not a notifiable disease in 
Kaohsiung, and thus the population coverage of this  

Figure 3. Maximum-likelihood phylogram of clinical Mycobacterium kansasii isolates from patients with M. kansasii lung disease in 
industrialized city, Taiwan. Phylogeny with major clades are labeled as A, B, and C; colored text indicates source of water for patient 
households.
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analysis is not comprehensive. The suboptimal 
population coverage posed a challenge in identify-
ing environmental exposures. Second, our analy-
sis revealed an association between certain water 
purification plants (Weng Park and Fongshan) and 
genetic relatedness, but the route of transmission 
cannot be confirmed without environmental sam-
pling. Weng Park only accounted for 10% of total 
cases and Fongshan accounted for 32% of cases. En-
vironmental determinants of most M. kansasii cases 
remain to be elucidated. Third, we only have crude 
(district-level) spatial coverage of the water purifi-
cation plants, and misclassification of water supply 
at the household level might well occur. Last, we 
used the residential address as the proxy for expo-
sure assessment, and we were not able to obtain de-
finitive workplace exposures.

In conclusion, our novel spatial phylogenetic 
analysis in a densely sampled, well-defined geogra-
phy revealed an independent association between 
certain water purification plants and the genetic relat-
edness of M. kansasii isolates. Our approach demon-
strated the utility of combining WGS sequencing and 
readily available clinical and environmental informa-
tion to obtain useful insights into the transmission of 
M. kansasii to trigger further environmental investiga-
tion and control measures.
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Rifampin-resistant tuberculosis (RR-TB) is a key 
contributor to global antimicrobial resistance; 

>400,000 persons had RR-TB in 2020, nearly 40% of 
whom probably died as a result (1). More than 57% 
of those who have RR-TB disease are not enrolled in 
RR-TB treatment, including those who are not treated 
for tuberculosis (TB) at all and those who are inap-
propriately given treatments for rifampin-susceptible 
TB (RS-TB) (1). For those who are enrolled in RR-TB 
treatment, recent advances, including 6-month oral 

regimens (2), have improved tolerability and in-
creased cure rates to >80%, but the need to identify 
drug resistance and direct patients with RR-TB down 
a second-line treatment pathway still complicates the 
diagnosis and treatment of TB.

Although tailored treatment remains a key pil-
lar in preventing antimicrobial-resistance in general, 
a lack of access to rapid drug-susceptibility testing 
(DST) for TB represents a critical issue in reduc-
ing inappropriate treatment, in which drugs for TB 
treatment are almost solely used for TB. The grow-
ing availability of novel drugs and drug candidates 
with low or no resistance (3,4) has enabled a pan-TB 
treatment approach, offering 1 universal treatment 
regimen and no requirement for DST before initiating 
treatment. The World Health Organization (WHO) 
target profile for a pan-TB regimen also calls for short 
duration and improved tolerability and forgiveness 
(i.e., ability to withstand nonadherence without nega-
tive consequences) compared with the current stan-
dard of care (5). Such a regimen has the potential 
to remove barriers to initiation of appropriate treat-
ment, improve treatment outcomes, and be effective 
and cost-effective (6). Although the regimen could be 
highly effective, the pan-TB approach requires that 
resistance to its component drugs is rare.

One concern about such a regimen is that wide-
spread use of new drugs could exert a selective pres-
sure that favors increases in resistance. Testing for 
both phenotypic and genotypic resistance to novel 
drugs remains limited and, because of technical dif-
ficulties, is likely to remain so in the near future (7). 
In the context of emerging resistance to a pan-TB regi-
men’s component drugs, continued use of the regi-
men without routine susceptibility testing could lead 
to resistance to multiple drugs in the regimen and 
poor clinical outcomes. In addition, use of current 
first-line drugs such as rifampin to retreat those with 
resistance to the pan-TB regimen could lead to the  
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New tuberculosis (TB) drugs with little existing antimi-
crobial resistance enable a pan-TB treatment regimen, 
intended for universal use without prior drug-suscepti-
bility testing. However, widespread use of such a regi-
men could contribute to an increasing prevalence of 
antimicrobial resistance, potentially rendering the pan-
TB regimen ineffective or driving clinically problematic 
patterns of resistance. We developed a model of mul-
tiple sequential TB patient cohorts to compare treatment 
outcomes between continued use of current standards 
of care (guided by rifampin-susceptibility testing) and a 
hypothetical pan-TB approach. A pan-TB regimen that 
met current target profiles was likely to initially outper-
form the standard of care; however, a rising prevalence 
of transmitted resistance to component drugs could 
make underperformance likely among subsequent co-
horts. Although the pan-TB approach led to an increased 
prevalence of resistance to novel drugs, it was unlikely 
to cause accumulation of concurrent resistance to novel 
drugs and current first-line drugs.
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development of TB strains simultaneously resistant to 
both pan-TB drugs and current first-line drugs, leav-
ing limited treatment options for affected persons.

Those resistance-related risks warrant particu-
larly careful consideration given that leading can-
didate regimens in development for the pan-TB 
indication share newer drugs such as bedaquiline 
and pretomanid with the regimens currently rec-
ommended for treating RR-TB (clinical trial nos. 
NCT05971602 [https://www.clinicaltrials.gov/
study/NCT05971602] and NCT06114628 [https://
www.clinicaltrials.gov/study/NCT06114628]) (8–
11). Although most TB, including most RR-TB, re-
mains susceptible to these new drugs, resistance has 
emerged quickly in some patient populations for 
whom they have been used. For example, in South 
Africa, an early adopter of bedaquiline for RR-TB 
treatment, as much as 8% of the 2017 RR-TB cohort 
also had bedaquiline resistance (12). Those data sug-
gest that resistance to some pan-TB regimen compo-
nents might be prevalent among patients with RR-TB 
by the time a pan-TB regimen becomes available and 
that similar emergence could occur among RS-TB if 
pan-TB regimens are not designed to guard against 
emergent resistance.

Evidence is limited on the pace of emerging re-
sistance or its effects on treatment outcomes, but an 
urgent need exists to anticipate pathways by which 
resistance could emerge. We used a modeling ap-
proach to explore the circumstances under which use 
of a pan-TB regimen could contribute to increasing 
resistance prevalence to new and existing drugs, pos-
ing resistance-related risks that could compromise 
the overall health benefit of a pan-TB strategy.

Methods
We developed a cohort model to evaluate clinical 
and drug-resistance outcomes over multiple succes-
sive cohorts of patients (Appendix Table 1, https:// 
wwwnc.cdc.gov/EID/article/30/8/24-0541-App1.
pdf) (Figure 1). We followed each cohort from the 
time of initial TB diagnosis, comparing a pan-TB 
strategy with current standards of care. 

Modeling of Drugs, Regimens, and Drug Resistance
We explicitly modeled 3 drug classes as compo-
nents of treatment regimens and drug-susceptibil-
ity phenotypes: rifamycins including rifampin (R), 
diarylquinolines including bedaquiline (B), and 
an additional unspecified novel drug (X) that is a 

Figure 1. Treatment pathways for new TB patients in study of potential of pan-TB treatment to drive emergence of novel resistance, 
comparing a pan-TB treatment scenario (A) with the standard-of-care scenario (B). Retreatment pathways are shown in Appendix Figure 
1 (https://wwwnc.cdc.gov/EID/article/30/8/24-0541-App1.pdf). BR-TB, diarylquinoline-resistant TB; RR-TB, rifampin-resistant TB; RS-TB, 
rifampin-susceptible TB; TB, tuberculosis; XR-TB, TB resistant to additional novel drug X; R DST, rifampin drug-susceptibility testing; B 
DST, diarylquinoline susceptibility testing; X DST, other novel drug (or drugs) susceptibility testing.
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component of RR-TB and pan-TB regimens. X was 
modeled on bedaquiline in its propensity to develop 
drug-resistance and the effects of that drug resis-
tance on treatment outcome. The standard-of-care 
regimen for treatment of RS-TB is denoted R but im-
plicitly includes additional drugs such as isoniazid, 
and the B- and X- containing regimen (BX) implicitly 
includes >1 additional novel drugs.

Phenotypes resistant to R, B, and X are shown as 
RR-TB, BR-TB, and XR-TB, respectively. Those phe-
notypic categories enable resistance to additional 
drugs whose resistance was not explicitly modeled; 
for example, RR-TB is usually isoniazid-resistant and 
may be fluoroquinolone-resistant, and XR-TB may be 
resistant to >1 components of the pan-TB regimen. We 
modeled resistance to each drug in simplified binary 
fashion, corresponding to accepted breakpoints for 
phenotypic resistance to rifampin and bedaquiline. 
We defined concurrent resistance both to R and to ei-
ther B, X, or both B and X as complex resistance in our 
model. We combined DST coverage and sensitivity to 
detect RR, BR, and XR phenotypes into probability-
of-resistance-detection parameters.

Initial Treatment Pathways
In the standard-of-care scenario, R was used to treat 
RS-TB. We assumed current levels of DST coverage 
for rifampin. BX was used for treatment of RR-TB, 
reflecting current WHO guidelines recommending 
BPaL(M) (13), and we assumed that future improve-
ments to the efficacy or safety of this regimen’s com-
ponent classes would be incorporated into future 
RR-TB regimens. We assumed that only a fraction of 
patients would undergo DST for B and X before RR-
TB treatment, estimated based on current fluoroqui-
nolone DST coverage. For patients with detected re-
sistance to rifamycins and >1 novel drugs (B or X), we 
assumed that an individualized second-line regimen 
would be constructed, with inclusion of either B or X 
(i.e., an X-based or B-based individualized regimen) 
if susceptibility to 1 of these drugs was retained and a 
conventional second-line regimen otherwise.

In the pan-TB scenario, we assumed use of the BX 
regimen for all new TB patients. In addition, no DST 
was conducted for any drugs before initial treatment.

Treatment Outcomes
We modeled 4 possible outcomes of TB treatment: 
durable cure, non-cure (i.e., treatment failure or re-
lapse) without acquisition of new resistance, non-
cure with acquisition of new resistance to some 
component of the treatment regimen, and death. 
Probabilities of cure accounted for nonadherence, 

the possibility of early treatment discontinuation, 
and the effects of any preexisting resistance (Appen-
dix Table 2); we separately estimated the likely out-
come for each possible combination of regimen and 
pretreatment resistance phenotype (Appendix Table 
3). Differences between regimens in terms of effica-
cy, duration of treatment, tolerability, and forgive-
ness correspond to a pan-TB target product profile 
developed by WHO (5), and we implicitly represent-
ed these factors as determinants of the proportion 
of patients durably cured on the basis of a previous 
study (14). For example, we implicitly represented 
the effect of poor treatment adherence attributable 
to low tolerability through a decreased probability 
of durable cure, dependent on regimen forgiveness. 
We assumed the same programmatic support across 
all regimens and did not explicitly consider regimen 
cost (including monitoring for side effects and other 
programmatic support) or ease of access to drugs, 
although those factors might be expected to have a 
differential effect on regimen use. We did not model 
rare acquisition of resistance to multiple regimen 
components during 1 treatment course.

Retreatment Pathways
For patients who did not recover or who relapsed af-
ter a first round of treatment, the selection of retreat-
ment regimens took into account the previous treat-
ment regimen, any previously known drug resistance 
and, potentially, the results of additional or repeat 
DST (Appendix Figure 1). In the standard-of-care sce-
nario, the mapping between known drug resistance 
and selected regimen was the same for retreatment as 
for initial treatment, but DST coverage for R (among 
patients not already known to have RR-TB) and for 
B and X (among patients with RR-TB) was higher in 
retreatment. In the pan-TB scenario, R was used as 
a retreatment regimen for patients with confirmed 
rifampin susceptibility, but BX continued to be the 
default regimen in retreatment for patients with no 
DST results. DST coverage for retreatment patients in 
the pan-TB scenario was the same as for new patients 
in the standard-of-care scenario. We also performed 
a sensitivity analysis where DST was performed at 
these levels for R but not for B or X and where DST 
coverage for R was 100%.

Time Approximation
To simulate the accumulation of resistance and its ef-
fect on outcomes over time, we extended the cohort 
model over multiple treatment cohorts representing 
successive generations of transmitted TB. Our rep-
resentation captured the number of generations of 
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transmission but ignored the (large variation in) cal-
endar time per generation. In estimating how trans-
mission from earlier cohorts contributed to a future 
cohort of new TB patients, we assumed that cohort 
sizes remained the same over time (i.e., an effective 
reproduction number of 1 in all scenarios). The dis-
tribution of resistance in each cohort (but not the ab-
solute size of the cohort) assumed that patients who 
had been unsuccessfully treated in previous cohorts 
had generated on average as much transmission after 
their initial diagnosis as before. Therefore, the initial 
drug-resistance composition of a given treatment co-
hort was a weighted average of the immediately pre-
ceding cohort at 3 different timepoints (at the start of 
treatment, after initial treatment, and after retreat-
ment) weighted by the proportion of the cohort still 
with TB at each of those timepoints. We modeled 10 
generations of new treatment cohorts.

Although our results can be loosely translated 
into calendar time (assuming, for example, that 1 
cohort generation of transmission corresponds to a 
serial interval of 1–2 years on average [15]), our es-
timation of timescales does not take into account the 
distributions of times to secondary case generation or 
to diagnosis, both of which can be highly varied and 
setting-dependent for TB (16–18). Overinterpretation 
of the generation time is inadvisable.

We assumed that 4% of cases in the first cohort 
were RR-TB (1), of which 2% were also resistant to 
B, on the basis of recent clinical data on bedaquiline 
resistance (12,19–21). Simultaneously, 0.2% of RS-TB 
cases had resistance to B, also assumed on the basis 
of clinical trial and surveillance data for bedaquiline 

(22,23). We assumed that initial prevalence of resis-
tance to X was zero. A sensitivity analysis considered 
higher baseline prevalence of BR (by the same relative 
factor among both RS-TB and RR-TB cases) to account 
for the possible accumulation of resistance between 
the present day and when pan-TB may become avail-
able in the future.

Parameter Uncertainty
Many of our parameter values had little data to in-
form them. As such, we selected wide uncertainty 
ranges on the basis of the range of estimates available 
in the literature. We assumed β distributions for all 
parameter values except the risk ratio describing the 
effect of existing resistance on further resistance ac-
quisition (Appendix Table 1), for which we assumed 
a uniform distribution because of the extremely high 
uncertainty and a desire to explore extreme values. To 
propagate uncertainty through the analysis, we cre-
ated 1,000 parameter sets simultaneously, indepen-
dently sampling from the distributions of all uncer-
tain parameters, and we reestimated the model with 
each of these parameter sets. We explored parameter 
extremes through 1- and 2-way sensitivity analyses.

Results

Model Approach
Over multiple cohorts of patients in both scenarios, 
the proportion of TB that was resistant to >1 modeled 
drug was projected to increase (i.e., the proportion of 
cases that was DS was projected to decrease) (Figure 
2). The change was estimated to be slightly faster in 

Figure 2. Prevalence of 
resistance phenotypes over 
multiple cohorts of TB treatment 
in study of potential of pan-TB 
treatment to drive emergence of 
novel resistance for standard-
of-care (A) and pan-TB (B) 
treatment scenarios. Shaded 
areas indicate 95% CIs. x-axis 
indicates scale indicates 
treatment generations. BR/XR, 
TB resistant to a diarylquinoline 
or novel drug X or both only; 
DS, drug-susceptible TB; RR, 
rifampin-resistant TB; RR+BR/
XR, TB resistant both to rifampin 
and to either a diarylquinoline, 
novel drug X, or both; TB, 
tuberculosis.
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the pan-TB scenario, such that by the 10th generation, 
only 61.0% (95% CI 42.3%–79.7%) of patients had no 
drug resistance under the pan-TB scenario, compared 
with 76.7% (95% CI 67.3%–86.0%) under the standard 
of care. However, those are proportion-based results 
and do not show changes in absolute TB incidence or 
drug-resistant TB incidence that may result from im-
proved regimens.

The drug resistance that initially emerged under 
the pan-TB scenario was primarily B or X mono-re-
sistance (mirroring the continued selection of R resis-
tance in the standard-of-care scenario), but over time, 
with DST-free use of the pan-TB regimen, simultane-
ous resistance to both B and X became more common 
(30.8% [95% CI 12.6%–48.9%] of all TB cases after 10 
cohorts of treatment) (Figure 2). We examined the 
routes by which patients with different resistance 
phenotypes arrive at their final treatment outcomes 
(Appendix Figure 2). 

Performance of Pan-TB versus Standard of Care
For a single cohort of patients, when sampling our 
uncertainty distributions for all parameters (includ-
ing initial prevalences of resistance) simultaneously, 
pan-TB was highly (85.9%) likely to result in more 
patients cured than the standard of care (Figure 3). In 
univariate analysis (fixing 1 parameter at an extreme 

of its uncertainty range while varying all others), the 
probability of standard of care outperforming pan-TB 
was observed to depend most heavily on the relative 
effectiveness of the pan-TB regimen compared with 
the standard of care in achieving durable cure among 
patients with DS-TB. The outperformance of the pan-
TB regimen compared with the standard of care, in an 
initial cohort of patients, was robust to variation in any 
single resistance-related parameter and to simultane-
ous variation in the prevalence of both R and B resis-
tance (Appendix Figure 3); however, assuming a high-
er prevalence of B resistance increased the sensitivity 
to other uncertain parameters (Appendix Figure 4).

Pan-TB Viability over Time
In addition to modeling the treatment outcomes of a 
single cohort with current levels of initial drug resis-
tance (Figure 3), we assessed how the effects of uncer-
tain model parameters can compound over multiple 
generations of transmission and treatment by com-
paring multiple generations of the standard of care 
to multiple generations of the pan-TB approach for 
each sampled set of parameters (Figure 4). We esti-
mated that the probability of pan-TB outperforming 
the standard of care in a patient cohort would drop 
to 38% within 10 generations (Figure 4, panel A) com-
pared with 86% in the initial patient cohort (Figure 3).

Figure 3. Univariate sensitivity 
analysis for initial TB treatment 
regimen comparison in study of 
potential of pan-TB treatment 
to drive emergence of novel 
resistance. Parameter sets are 
sampled with 1 parameter fixed 
at the extremes of its 95% CI. 
The outcome is the proportion 
of samples that result in more 
patients durably cured in the 
pan-TB scenario than the 
SoC scenario, within the first 
cohort of patients treated, 
and at current prevalence 
of resistance. Blue circles 
indicate use of upper bound 
of the parameter’s 95% CI; 
red circles indicate the lower 
bound. B, diarylquinolines; 
BX, diarylquinoline- and novel 
drug X–containing regimen; 
CFR, case-fatality ratio; DST, 
drug-susceptibility testing; R, 
rifamycins; re-treat, patients 
with previously treated TB; SoC, 
standard of care; X, additional 
novel drug X. 
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In sensitivity analyses that propagated uncertainty 
through multiple patient cohorts, the comparison be-
tween regimen outcomes in later cohorts remained 
sensitive to the regimens’ relative effectiveness for DS-
TB, but resistance-related parameters also increased 
in importance. The probability that the pan-TB regi-
men remained superior to the standard of care after 
10 generations could vary from 11% to 68% as a result 
of varying the per-treatment risk for acquired B resis-
tance and from 22% to 48% when varying the effects of 
that B resistance on efficacy. The durability of the pan-
TB approach was even more certain to be short when 
these 2 parameters were varied simultaneously (Figure 
4, panel B), when the corresponding parameters for 
both B and novel drug X were varied simultaneously 
(Appendix Figure 5), or when the rate of acquisition 
of resistance to novel drugs was increased (by extend-
ing the upper bound of the 95% CIs to 8%, as has been 
reported among RR-TB cohorts treated with bedaqui-
line, for example [13,24], and under programmatic con-
ditions for earlier regimens [25]) (Appendix Figure 6).

Emergence of Complex Resistance
The prevalence of concurrent, complex resistance 
both to R and to a novel drug (B, X, or both) increased 

at a similarly slow pace in both scenarios. The preva-
lence of complex resistance reached 6.0% (95% 2.3%–
9.8%) of all TB in the 10th treatment generation of the 
pan-TB scenario and 5.9% (95% CI 2.9%–9.0%) in the 
10th generation under the standard of care (Figure 
5, panel A). These trends in complex resistance were 
largely unaffected by the availability of R DST and B 
or X DST for retreatment patients in the pan-TB sce-
nario (Appendix Figure 7). The pan-TB scenario led 
to a higher prevalence of complex resistance than the 
standard of care when the acquisition rate of resis-
tance to novel drugs was low (such that much of the 
B resistance reflected selection among RR-TB before 
introduction of the pan-TB regimen) and the effect of 
that resistance on cure was high (Figure 5, panel B; 
Appendix Figure 8).

Discussion
Assuming that a pan-TB regimen was similarly ef-
ficacious against pan-susceptible TB as the current 
rifampin-susceptible TB regimen (leading to noninfe-
riority under optimal trial conditions) and also had 
a shorter duration and improved adherence (result-
ing in high effectiveness under real-world condi-
tions), we found that the pan-TB approach was very 

Figure 4. Sensitivity analysis for TB treatment regimen comparison after use in multiple patient cohorts in study of potential of pan-TB 
treatment to drive emergence of novel resistance. Comparison shows an outcome of proportion of patients durably cured in the 10th 
cohort when using either the pan-TB or the SoC approach for 10 cohorts. A) Univariate sensitivity analysis, sampling parameter sets 
with 1 parameter fixed at an extreme of its 95% CI, where blue circles indicate high parameter values and red circles low parameter 
values. B) Multivariate sensitivity analysis varying 2 resistance-related parameters simultaneously, where red indicates when pan-TB 
TB regimen performs better and blue when SoC regimen performs better. B, diarylquinolines; BX, diarylquinoline- and novel drug X–
containing regimen; CFR, case-fatality ratio; DST, drug susceptibility testing; R, rifamycins; re-treat, those with previously treated TB; 
SoC, standard of care; X, additional novel drug X.
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likely to outperform the standard of care when ini-
tially introduced, even with high levels of bedaqui-
line resistance in the population. As resistance to the 
pan-TB regimen accumulated (including resistance 
to multiple component novel drugs), the probability 
of outperformance declined rapidly. Still, the pan-TB 
approach was unlikely to cause accumulation of con-
current resistance to both novel and current drugs.

Our results affirm that introduction of a pan-TB 
regimen meeting current regimen-development tar-
gets is highly likely to initially improve population-
wide treatment outcomes, primarily as a result of 
improved outcomes for patients with DS-TB. How-
ever, our results also demonstrate the likelihood that, 
after several cycles of transmission, continued use of 
a single pan-TB regimen will no longer be viable be-
cause of emerging resistance, including resistance to 
multiple components of the pan-TB regimen. Some 
combination of regimen improvements and DST re-
introduction would be needed to maintain the im-
proved health outcomes that the pan-TB regimen had 
initially offered. Given a pipeline of more potent dia-
rylquinolines and novel drug classes (4), updating a 
pan-TB regimen to counteract this decline might be 
possible; however, further work is needed to compare 
the timescales of this emergence of resistance to those 

of regimen development and TB elimination and to 
understand the most effective responses to emerging 
resistance and their optimal timing.

Another potential concern about using novel 
drugs such as bedaquiline in all patients is that the 
broader population scale of acquired resistance might 
leave many patients without effective treatment op-
tions. We did not identify any clinical pathways by 
which this scenario was likely to occur. In our model, 
RR-TB was treated similarly in both scenarios (de-
pendent on DST coverage) and showed high enough 
rates of durable cure to cause preexisting RR-TB to 
decrease over time in the pan-TB scenario. Mean-
while, although we modeled retreatment with a rifa-
mycin-based regimen for a substantial proportion of 
RS-TB cases that were not cured with initial pan-TB 
regimen treatment (some of which had resistance to 
B, X, or both), we projected similar levels of complex 
resistance with this approach as with continued use 
of a rifamycin-based first-line regimen followed by 
use of novel drugs after selection of rifampin resis-
tance. This finding suggests that, even as resistance 
accumulated to components of a pan-TB regimen, 
most patients for whom the pan-TB regimen was inef-
fective would (once identified by DST) have existing 
rifamycin-based regimens as back-ups.

Figure 5. Prevalence of complex resistance to both R and a pan-TB treatment regimen component (B, X, or both) resulting from the 
pan-TB compared with standard-of-care scenario in study of potential of pan-TB treatment to drive emergence of novel resistance. A) 
Prevalence over treatment generations; B) probability that the pan-TB scenario leads to higher prevalence of complex resistance as 
a proportion of all TB after 10 cohorts. Red indicates when pan-TB regimen performs better (<50% probability of higher prevalence of 
complex resistance) and blue when SoC regimen performs better. B, diarylquinolines; SoC, standard of care; TB, tuberculosis. 
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In reality, many of the characteristics of future 
pan-TB regimens are unknown. Although the pan-
TB target regimen profile seeks to improve regimen 
duration, tolerability, and pharmacologic forgive-
ness, the effects of those improvements on adherence 
and ultimately effectiveness may be unpredictable 
and setting-dependent. Our model suggests that 
if the difference in effectiveness is small between a 
pan-TB regimen and the rifamycin-based alternative 
for treating RS-TB, then the health advantages of the 
pan-TB regimen will be smaller and contingent on 
maintaining a low prevalence of resistance to drugs 
in the pan-TB regimen. Moreover, even for a pan-TB 
regimen much more effective than the standard of 
care, unfavorable resistance-related regimen charac-
teristics could eventually threaten that effectiveness. 
For a pan-TB regimen to continue to achieve high 
rates of cure in the long term, it needs to be construct-
ed to guard against acquisition of resistance to all of 
its components or to ensure that regimen efficacy re-
mains high in the presence of any forms of resistance 
that are likely to emerge.

Our results are limited by a lack of data on ele-
ments of the pan-TB regimen, in particular around 
the acquisition and effect of resistance. Those data 
are limited for current novel drugs such as bedaqui-
line and are based entirely on assumptions for other 
drugs that may compose future pan-TB regimens. We 
also approximated as zero the probability of acquiring 
resistance to multiple regimen components during 1 
treatment course; however, there may be scenarios in 
which multiple drugs share resistance pathways and 
simultaneous acquisition is common. Further, our ap-
proach could be improved by the use of a transmission 
model, both for estimating the timescales of temporal 
trends and for estimating changes in absolute TB inci-
dence as a result of more effective regimens. Our focus 
on cycles of transmission and proportions of patients 
with resistance could have led to an overestimate in 
the absolute prevalence of resistance generated by the 
pan-TB regimen, given that we did not fully account 
for reductions in transmission or potential dispropor-
tionate removal of DS-TB because of successful cure. 
Furthermore, our results are based on target regimen 
profiles, which assume that pan-TB regimens will be 
more effective than existing DS-TB regimens. We as-
sume that if such regimens were available, they would 
be used at a minimum for patients with RR-TB, which 
leads to the counterintuitive standard-of-care scenario, 
where treatment outcomes for patients with RR-TB are 
better than for those with DS-TB.

Overall, we found that a pan-TB regimen adher-
ing to the current target regimen profile is unlikely 

to drive an increase in complex resistance to both 
novel and older TB drugs. However, pan-TB regi-
mens that are associated with both frequent acqui-
sition of resistance and large associated reductions 
in efficacy, as well as pan-TB regimens that only 
marginally outperform the existing standard of care 
when introduced, could have short-lived viability 
as pan-TB regimens, requiring either regimen re-
placement or reintroduction of DST to maintain the 
improved health outcomes that a pan-TB regimen 
would initially offer. As new regimens are scaled up, 
TB programs will need to ensure effective support 
for adherence and regimen completion, implement 
systems to identify and effectively treat patients 
who experience treatment failure or TB recurrence 
and conduct ongoing surveillance to track any rise 
in resistance to the new regimens.
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The SARS-CoV-2 pandemic reasserted the impor-
tance of epidemic preparedness and surveillance 

systems for infectious diseases (1). Informed respons-
es to public health challenges require that data be 
available to decision-makers in a timely manner for 
early interventions (1). However, traditional clinical 

based measures of disease incidence have limited use 
in providing early warnings. Relying on influenza-
like illness data is problematic because of difficulty 
distinguishing between infections ascribed to influen-
za A virus (IAV), influenza B virus, SARS-CoV-2, or 
respiratory syncytial virus (2). Virologic surveillance 
enables respiratory illness to be classified on the ba-
sis of etiologic agent. However, results are often slow, 
and interpretation must account for factors such as 
test-seeking behavior, accessibility of healthcare ser-
vices, severity of infection, diagnostic practices of 
healthcare providers, and hospital protocols. In addi-
tion, laboratory capacity may be exceeded, and test-
ing is expensive (3,4). 

Wastewater surveillance (WS) is shown to be a 
practical approach for disease surveillance at various 
spatial scales, offering effectiveness and economic 
advantage (5,6). WS for SARS-CoV-2 relies on quan-
tifying viral RNA shed in feces and has substantially 
increased in use since its implementation to track 
infections during the COVID-19 pandemic. Studies 
have found the concentration of SARS-CoV-2 RNA in 
municipal sewage covaries with the levels of disease 
circulating within the community served and can pre-
dict trends in clinical cases and hospitalizations (7,8). 
In addition, WS has the potential to be rapid; sample 
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Wastewater surveillance is an effective way to track the 
prevalence of infectious agents within a community and, 
potentially, the spread of pathogens between jurisdic-
tions. We conducted a retrospective wastewater surveil-
lance study of the 2022–23 influenza season in 2 com-
munities, Detroit, Michigan, USA, and Windsor-Essex, 
Ontario, Canada, that form North America’s largest cross-
border conurbation. We observed a positive relationship 
between influenza-related hospitalizations and the influ-
enza A virus (IAV) wastewater signal in Windsor-Essex (ρ 
= 0.785; p<0.001) and an association between influenza-
related hospitalizations in Michigan and the IAV wastewa-
ter signal for Detroit (ρ = 0.769; p<0.001). Time-lagged 
cross correlation and qualitative examination of wastewa-
ter signal in the monitored sewersheds showed the peak 
of the IAV season in Detroit was delayed behind Wind-
sor-Essex by 3 weeks. Wastewater surveillance for IAV 
reflects regional differences in infection dynamics which 
may be influenced by many factors, including the timing 
of vaccine administration between jurisdictions.
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processing, measurement, analysis, and dissemina-
tion of results took <6 hours in Windsor-Essex, On-
tario, Canada. Calls have been made to expand the 
scope of WS to include monitoring of IAV and other 
endemic respiratory pathogens that are underreport-
ed (9,10). Similar to SARS-CoV-2, IAV can be shed in 
feces (11), and recent studies have used WS to track 
IAV (12–14). However, more work needs to be done 
to validate WS compared with traditional surveil-
lance metrics. WS can be useful in measuring regional 
differences in infection dynamics and understanding 
how IAV and other pathogens spread across jurisdic-
tional boundaries.

The Detroit-Windsor metropolitan area, encom-
passing the cities of Detroit, Michigan USA, and 
Windsor-Essex, Ontario, Canada, is North America’s 
largest transborder conurbation and is the busiest 
cross-border region for trade between the United 
States and Canada, handling 42% of commercial traf-
fic between Ontario and Michigan and accounting for 
≈25% of total daily commercial traffic between the 
United States and Canada (15). The region is a major 
entry point for visitors, including >5,000 commuters 
from Windsor-Essex who cross the border daily for 
work (15,16). Detroit and Windsor-Essex represent 
government structures and public health jurisdic-
tions that adopted fundamentally different vaccina-
tion and mitigation strategies during the COVID-19 
pandemic. The cessation of COVID-19 pandemic 
mitigation strategies, such as masking and social dis-
tancing, affected the circulation of respiratory patho-
gens other than SARS-CoV-2, such as IAV. The end of 
those mitigation strategies resulted in a delayed start 
to the 2021–22 influenza season in Windsor-Essex, 
which coincided with the removal of mask mandates 
in Ontario in March 2022, and may have had a role 
in unusual patterns of influenza incidence during the 
2022–23 influenza season in Canada (17,18). Similarly, 
the 2021–22 influenza season in Michigan was mild, 
with an increase in influenza activity observed in No-
vember, followed by a decline in January 2022 and 
a subsequent rise in activity in March 2022. Trends 
in Michigan were similar to national trends; levels of 
influenza activity remained elevated through mid-
June 2022 (19,20). Those unusual patterns of influenza 
prompted this retrospective investigation comparing 
the incidence of influenza in Windsor-Essex with the 
incidence of influenza in Detroit. Our goal is to un-
derstand how jurisdictional differences in pandemic 
mitigation strategies and public health policy influ-
enced the timing of influenza seasons. 

The initial investigation into influenza hospital-
ization data for Windsor-Essex and Michigan through 

a visual inspection of the data showed a delay in the 
onset and peak of the 2022–23 influenza season in 
Michigan compared with Windsor-Essex. Because 
influenza incidence data (including hospitalizations) 
specific to Detroit are not publicly available and influ-
enza is an underreported disease, the trend observed 
through examination of clinical data may not be suffi-
cient to claim a delayed onset in the influenza season. 
Because WS is based on the aggregated waste of an 
entire community, it is anonymous and reflects popu-
lation level trends that could produce a more sensi-
tive and non-biased measure of influenza incidence to 
confirm trends in clinical data. Analysis of WS data, 
coupled with traditional measures of disease inci-
dence, will enable a more complete understanding of 
how differences in public health approaches in a di-
vided, yet contiguous, metropolitan area influenced 
the trajectory of the influenza season after COVID-19 
mitigation policy removal.

Methods

Sample Collection
During September 1, 2022–March 31, 2023, we collect-
ed composite (24-h) wastewater samples 3–5 days/
week from 2 different wastewater treatment plants 
that serve a resident population of ≈270,000 persons, 
≈50% of the regional population, located in Windsor-
Essex. In parallel, we collected composite samples 1 
day/week from the 3 interceptors terminating at the 
Water Resource Recovery Facility (WRRF) operated 
by the Great Lakes Water Authority (GLWA), located 
in Detroit (21) (Appendix, https://wwwnc.cdc.gov/
EID/article/30/8/24-0225-App1.pdf). The WRRF 
serves the entire city of Detroit and treats the waste of 
≈3 million people, 88% of the residents in the greater 
Detroit metropolitan area and approximately one 
third the population of Michigan (22).

Sample Processing 
We concentrated composite samples of raw wastewa-
ter by using filtration, then extracted RNA from the 
filters (Appendix). We used quantitative reverse tran-
scription PCR (qRT-PCR) to measure the concentra-
tion of IAV in wastewater samples (Appendix). The 
assay targeted RNA coding for the matrix protein 1 
(M1) of IAV by using primers and probes developed 
by the Centers for Disease Control and Prevention 
(23). We used a synthetic influenza H3N2 RNA (Twist 
Bioscience, https://www.twistbioscience.com) as a 
standard for comparison. We conducted qRT-PCR 
to measure the levels of pepper mild mottle virus  
(PMMoV) within the wastewater (Appendix); PMMoV  

Wastewater Surveillance for Influenza A Infection
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can indicate the presence of human fecal matter and 
is used to account for variability in wastewater flow 
or other physicochemical parameters influencing 
viral RNA concentration (24). We sequenced select 
IAV amplicons produced through qRT-PCR of RNA 
extracted from wastewater to validate the identity of 
the target (Appendix).

Clinical Data
We obtained influenza hospitalization data for 
Windsor-Essex through collaboration with the 
Windsor-Essex County health unit. Using Intel-
liHealth (https://intellihealth.moh.gov.on.ca) on 
April 17, 2024, we extracted data from the discharge 
abstract database and included hospitalization data 
from September 2022–March 2023. Influenza hospi-
talizations included hospital admissions where the 
main diagnoses had a code of J09, J100, J101, J108, 
J110, J111, or J118 from the International Classifica-
tion of Diseases, 10th Revision. Windsor-Essex hos-
pitalization data captured all local hospitalizations 
and included hospitalizations among all residents of 
Windsor-Essex County, regardless of where the hos-
pitalization occurred. We aggregated influenza hos-
pitalizations by epidemiologic week of initial admis-
sion and used hospitalizations per 100,000 persons 
in subsequent analysis. 

We collected influenza-related hospitalization 
data for Michigan from the Centers for Disease Con-
trol and Prevention’s influenza hospitalization sur-
veillance network (FluSurv-NET), which records 
laboratory-confirmed influenza-associated hospi-
talizations during the influenza season as cases per 
100,000 persons. We defined influenza-related hospi-
talization rates as the number of hospitalized persons 
who tested positive for influenza, of any subtype, 
through laboratory testing within the 14 days before 
or during hospitalization (25). Hospitalization data 
were available beginning in October 2022. Although 
hospitalization data were only available for Clinton, 
Eaton, Genesee, Ingham, and Washtenaw counties, 
those data are considered a statewide assessment of 
influenza for Michigan. Because the WRRF serves 
approximately one third of the state population, in-
fluenza-related hospitalization trends are likely to be 
reflected in IAV RNA concentrations at the WRRF.

Data Analysis and Visualization
We used R version 4.3.2 (The R Foundation for Sta-
tistical Computing, https://www.r-project.org) for 
data analysis, including the calculations of Kendall 
rank correlation coefficient (τ), Spearman rank cor-
relation coefficient (ρ), nonparametric measures of 

correlation, and nonparametric time lagged cross 
correlation (TLCC) by using the ccf_boot function in 
the R package funtimes (Functions for Time Series 
Analysis, https://cran.r-project.org/web/packages/
funtimes). We used Veusz version 3.6.2 (https://
veusz.github.io) for data visualization. By using a 
population-weighted mean, we combined IAV and 
PMMoV RNA concentration measurements from 
Windsor-Essex wastewater treatment facilities. We 
then used downsampling through blockwise averag-
ing to condense the data into a single measurement 
for each epidemiologic week; this process produced 
equally spaced data and enabled comparison with 
hospitalization data available in weekly reports (26). 
Blockwise averaging was not possible for IAV and  
PMMoV RNA concentration measurements of sam-
ples collected from the GLWA-WRRF because sam-
ples were collected weekly. No samples were collected 
from GLWA-WRRF interceptors during epidemio-
logic week 40 (October 2–8, 2022) and 48 (November 
27–December 3, 2022). We filled in the data from epi-
demiologic weeks 40 and 48 by using linear interpola-
tion before analysis. We used a population-weighted 
mean to combine the IAV and PMMoV signal for the 
3 interceptors that discharge to the GLWA-WRRF, 
which produced 31 measurements of IAV RNA and 
31 measurements of PMMoV RNA concentration for 
Detroit. All gene concentrations are reported as gene 
copies (gc) per liter. We produced normalized values 
for the IAV signal by taking the ratio of IAV M1 gene 
concentration to the concentration of PMMoV.

We used TLCC with Spearman rank correlations 
to determine if IAV wastewater signals were leading 
or lagging indicators of influenza-associated hospi-
talizations in Windsor-Essex and Michigan. TLCC 
relies on correlations between data series shifted 
relative to each other in time and can identify peak 
synchrony. We determined peak synchrony by the 
shift that produced the highest Spearman rank cor-
relation coefficient between the 2 timeseries. We also 
used TLCC to compare the IAV wastewater signal in 
Windsor-Essex to the IAV wastewater signal in De-
troit. We verified the nonnormal data by examining 
the quantile-quantile plots. We used nonparametric 
means of correlation, including Kendall rank cor-
relation coefficient and Spearman rank correlation 
coefficient, to quantify the association between the 
IAV signal in the wastewater and influenza hospi-
talizations in both Windsor and Detroit. Correla-
tions between influenza-related hospitalizations and 
wastewater signal in Detroit were based on 26 weeks 
of data because hospitalization data were not avail-
able until October 2022.

http://www.cdc.gov/eid
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Results

IAV M1 Gene Concentrations in Windsor-Essex
Trends in IAV M1 gene concentrations at the moni-
tored plants visually matched trends in influenza-
associated hospitalizations in Windsor-Essex for 
September 2022–March 2023 (Figure). The TLCC 
for Windsor-Essex showed that wastewater signal 
lagged new hospital admissions on an epidemiologic 
week basis (Table 1) and therefore did not provide 
lead-time. We observed a strong positive relationship 
between influenza-associated hospitalizations and 
the population-weighted mean IAV M1 gene concen-
tration (τ = 0.650, p<0.001; ρ = 0.785, p<0.001) (Table 
2). Signal normalization with PMMoV RNA concen-
trations did not improve the association between 
wastewater signal and influenza-associated hospi-
talizations (τ = 0.754, p<0.001; ρ = 0.630, p<0.001) or 
change peak synchrony (Tables 1, 2).

IAV M1 Gene Concentrations in Detroit
IAV M1 gene concentrations for metro Detroit closely 
matched the number of new influenza-related hospi-
talizations in Michigan from October 2022–March 2023 
(Figure). We observed a strong positive relationship 
between influenza-related hospitalizations and the 
population-weighted mean IAV M1 gene concentra-
tion for Detroit (τ = 0.616, p<0.001; ρ = 0.769, p<0.001) 
(Table 3). The nonparametric TLCC results showed 
the IAV wastewater signal from Detroit neither lagged 
nor led influenza-related hospitalizations in the state 
of Michigan, suggesting the IAV wastewater signal 

is concordant with influenza-related hospitalizations 
(Table 1; Figure). Normalization of IAV M1 gene con-
centrations with PMMoV RNA concentrations did not 
change the degree of association between the waste-
water signal and influenza-related hospitalizations 
for Michigan (τ = 0.559, p<0.001; ρ = 0.708, p<0.001) or 
change peak synchrony (Tables 1, 3).

Cross-Border Comparison of WS for IAV
The onset and peak of the 2022–23 IAV wastewater 
signal in Windsor-Essex was observed before the on-
set and peak of the IAV wastewater signal in Detroit 
(Figure). TLCC using Spearman rank correlations 
between the population-weighted weekly average of 
M1 gene concentrations in Detroit and Windsor-Essex 
showed the 2022–23 IAV wastewater signal in Detroit 
lagged the corresponding IAV wastewater signal in 
Windsor by ≈3 weeks (Table 1). Further comparison 
by using PMMoV-normalized, population-weighted, 
weekly averages of the wastewater signal corrobo-
rated the lag of ≈3 weeks between Windsor-Essex and 
Detroit (Table 1).

Discussion
Our study builds on a growing body of evidence 

that WS for IAV is highly concordant with the results 
of other disease incidence measures (13,28). During 
the 31-week period of retrospective analysis, influen-
za-related hospitalizations within Windsor-Essex and 
Michigan covaried with the concentration of IAV RNA 
measured in wastewater. However, the IAV signal 
was not a leading indicator of influenza incidence in 

Figure. Influenza-associated 
hospitalization rates and 
aggregate population-weighted 
wastewater concentrations 
for influenza A virus, by 
epidemiologic week, in Windsor-
Essex, Ontario, Canada, 
and Detroit, Michigan, USA, 
September 2022–March 
2023. The population-
weighted PMMoV normalized 
IAV concentration (lines) is 
superimposed over the rate of 
influenza-related hospitalizations 
(bars). DTW, Detroit wastewater; 
IAV, influenza A virus; PMMoV, 
pepper mild mottle virus; 
WEC, Windsor-Essex County 
wastewater.
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either community when analyzed on an epidemiologic 
week basis; wastewater signal either lagged or was 
synchronous with hospitalization data. Observation of 
synchronous or delayed wastewater signal is not with-
out precedent. Recent surveillance efforts have noted 
lagging wastewater signals (29). Other studies have 
cited the predictive ability of WS in the context of influ-
enza monitoring (13,14,30). In our study, application 
of blockwise averaging to produce average concentra-
tions of IAV RNA by epidemiologic week could have 
masked lead time within the data. 

Viral load in influenza patients may peak 1–2 
days after symptom onset on the basis of nose and 
throat swab testing results, and shedding may last 
6–7 days (31). A meta-analysis of challenge studies 
examining respiratory tract shedding found shed-
ding lasts an average of 4.8 days, and peak shed-
ding rates occur 2 days after exposure (32). A clini-
cal study reported that 41% of IAV-positive patients 
produced detectable levels of IAV RNA in their feces 
(11). Another study of hospitalized patients found 
that 47% of people infected with IAV shed IAV RNA 
in their feces (33). Because only some people shed 
IAV RNA in feces, incubation periods are short, and 
viral loads rapidly peak, WS loses its ability to pre-
dict influenza-associated hospitalizations when the 
temporal granularity of incidence data is limited. 
However, producing meaningful data through clini-
cal testing takes longer than results from WS. Case 
data obtained through laboratory-based virology 

are released weeks after testing occurs and are often 
subject to revision because results may reflect data 
compiled from multiple laboratories. WS can provide 
more timely measures of incidence because sample 
processing, RNA quantification, data analysis, and 
reporting are often completed the same day as sample 
collection in Windsor-Essex. WS can be considered de 
facto lead-time because data may be disseminated to 
public health officials well in advance of case data.

The utility of WS is not restricted to predictive 
ability. WS is an independent and sensitive measure 
of disease prevalence (34), enabling it to be used as 
an additional metric for trend comparison across ju-
risdictional boundaries, and it may be helpful when 
testing conventions and public health policies differ. 
Unlike WS, influenza cases and hospitalizations like-
ly represent only the most severe cases of influenza in 
which people sought medical testing and treatment, 
and they do not necessarily represent population-
wide trends. WS has the potential to aid in accurately 
tracking infection dynamics when testing capacity is 
limited or few patients seek medical care. 

In the case of Windsor-Essex and Detroit, the 
cross-border movement of persons and goods is vital 
to the region because of strong economy integration 
(35). Many people, such as healthcare and automotive 
workers, commute across the border daily to work in 
Michigan while living in Ontario (16). Almost 18,000 
people crossed into Windsor-Essex from Detroit  
daily over the course of our study, which suggests 

 
Table 1. Temporal shift at which peak synchrony was found between concentrations of influenza A in wastewater and influenza-
associated hospitalizations for Windsor-Essex, Ontario, Canada (September 2022–March 2023), and Detroit, Michigan, USA (October 
2022–March 2023)* 
Associations† Peak synchrony, wk Spearman ρ 
WEC M1:PMMoV and influenza-associated hospitalizations 1 0.797 
WEC M1 and influenza-associated hospitalization 1 0.841 
DTW M1:PMMoV and influenza-associated hospitalizations 0 0.708 
DTW M1 and influenza-associated hospitalizations 0 0.769 
WEC M1:PMMoV and DTW M1:PMMoV −3 0.642 
WEC M1 and DTW M1 −3 0.695 
*Peak synchrony was also found between Windsor-Essex and Detroit influenza A wastewater signals during September 2022–March 2023. Wastewater 
signals were shifted, and clinical metrics remained stationary. Positive values indicate a lagging wastewater signal and negative values indicate a leading 
wastewater signal. DTW, Detroit wastewater; M1, matrix 1 gene: PMMoV, pepper mottle mild virus; WEC, Windor-Essex County wastewater. 
†DTW M1, aggregate concentration of influenza A M1 gene (genome copies/mL) in DTW; DTW M1:PMMoV, concentration of influenza A M1 gene in 
DTW normalized to PMMoV (unitless); WEC M1, aggregate concentration of influenza A M1 gene in WEC (gc/L); WEC M1:PMMoV, concentration of 
influenza A M1 gene in WEC normalized to PMMoV concentration (unitless).  

 

 
Table 2. Unshifted correlations between influenza-associated hospitalizations and the aggregate population-weighted wastewater 
concentrations for influenza A virus in Windsor-Essex, Ontario, Canada, September 2022–March 2023* 

Associations† 
Statistical test results 

2-tailed 95% CI‡ 2-tailed p value Kendall τ Spearman ρ 
WEC M1 and influenza-associated hospitalization 0.650  0.482–0.772 <0.001 
WEC M1:PMMoV and influenza-associated hospitalizations 0.630  0.456–0.758 <0.001 
WEC M1 and influenza-associated hospitalization  0.785 0.589–0. 893 <0.001 
WEC M1:PMMoV and influenza-associated hospitalizations 0.754 0.538–0.877 <0.001 
*M1, matrix 1 gene: PMMoV, pepper mottle mild virus; WEC, Windor-Essex County wastewater. 
†WEC M1, aggregate concentration of influenza A M1 gene in WEC (gc/L); WEC M1:PMMoV, concentration of influenza A M1 gene in WEC normalized 
to PMMoV concentration (unitless). 
‡Estimation is based on Fisher r-to-z transformation; estimation of SE is based on the formula proposed by Fieller, Hartley, and Pearson (27). 
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the communities could have concurrent influenza 
seasons (Appendix Figure 1). Contrary to this expec-
tation, we observed the peak and onset of the 2022–23 
IAV wastewater signal in Detroit was delayed by ≈3 
weeks when compared with Windsor-Essex. An ex-
planation for this discrepancy could be the lingering 
effect of travel restrictions implemented during the 
COVID-19 pandemic, which limited travel between 
these interconnected cities (Appendix Figure 1). 
There was no restriction on trade or the commutes 
of essential workers, and testing requirements for 
cross-border travel ended in April 2022. The remain-
ing COVID-19 related travel restrictions were lifted at 
the start of October 2022, before the onset of the influ-
enza season. Despite the removal of restrictions, the 
number of people crossing into Windsor-Essex each 
day during the second half of 2022 was ≈25% less than 
the number of people crossing prior to the COVID-19 
pandemic (17,867 vs. 24,260) (Appendix Figure 2). 
The residual effect of border restrictions, evidenced 
by the suppressed cross-border traffic in the leadup 
to the 2022–23 respiratory season, shows that border 
restrictions could have played a role in the observed 
discrepancies between Windsor-Essex and Detroit.

Another potential cause of the timing differ-
ence in the influenza seasons between Detroit and 
Windsor-Essex could be pandemic mitigation strat-
egies, such as mask mandates and social distancing 
guidance. Ontario was slower to implement a mask 
mandate but kept the mandate in place much longer 
than Michigan did. Michigan lifted all masking re-
quirements on June 22, 2021, whereas Ontario ended 
its mask mandate 272 days later, on March 21, 2022 
(36,37). Michigan ending the mask mandate early 
could have enabled the circulation of influenza in De-
troit before the 2022–23 respiratory season, increasing 
levels of natural immunity in Michigan. However, 
clinical data and wastewater surveillance in Windsor-
Essex show that influenza was circulating in Wind-
sor-Essex in spring 2022 (Appendix Figure 3). 

Differences in influenza immunization campaigns 
might also explain the differences in influenza season 
onset between Detroit and Windsor-Essex. Influenza 

vaccines could have played a role in determining the 
effective reproduction number for IAV in the 2022–
23 season. Preliminary research showed the vaccine 
effectiveness (VE) in Canada against IAV subtype 
H3N2 was 54% for people <65 years of age (17). H3N2 
was the dominant IAV subtype, representing ≈95% of 
cases (17), in contrast with the limited sequencing re-
sults of a selection of amplicons (Appendix Figure 4). 
Similar estimates of VE for this cohort were produced 
for Wisconsin (60%) (38) and across the United States 
(51%) (39). Michigan and Ontario use similar vac-
cines, with a focus on administering quadrivalent-in-
activated influenza vaccines to the population (40,41). 
Although inoculation with some vaccine types, such 
as live attenuated vaccines, is associated with viral 
shedding, it is unlikely to contribute to wastewater 
signals (42). Because VE and vaccine type were simi-
lar between Michigan and Ontario, the differentiating 
factor could be inoculation timing. Influenza vaccine 
distribution in Michigan typically begins earlier than 
Ontario, with inoculations happening as early as July. 
By November 2022, a total of 2,632,430 Michigan resi-
dents were vaccinated (≈25% of the population) (43). 
Inoculation efforts in Ontario began later, and vac-
cines were not made available to all residents until 
November (44). Mass influenza inoculation efforts in 
Ontario began after IAV RNA concentration started 
increasing in the wastewater, signaling the start of 
the influenza season. Vaccination campaigns were 
already well under way in Michigan when the IAV 
RNA concentration began to increase in wastewater. 
We speculate that people from Ontario were less like-
ly to have vaccine-induced immunity than those from 
Michigan early in the season, potentially contributing 
to the earlier peak in Windsor-Essex wastewater IAV 
signal. However, it is unclear if the timing of vaccine 
campaigns contributed to the observed difference be-
tween the Michigan and Ontario influenza seasons. 
Additional factors, including socio-economic status 
(45), access to healthcare, racial demographics (46), 
population age structure (47), and virus–virus in-
teractions (48) could have contributed to the differ-
ences. Population-level administration schedules for  

 
Table 3. Unshifted correlations between influenza-associated hospitalizations in Michigan, USA, and the aggregate population-
weighted wastewater concentrations for influenza A virus in Detroit, MI, USA from October 2022–March 23* 

Associations† 
Statistical test results 

2-tailed 95% CI‡ 
2-tailed 
p value Kendall τ Spearman ρ 

DTW M1 and influenza-associated hospitalizations 0.616  0.415 0.759 <0.001 
DTW M1:PMMoV and influenza-associated hospitalizations 0.559  0.341 0720 <0.001 
DTW M1 and influenza-associated hospitalizations  0.769 0.535 0.893 <0.001 
DTW M1:PMMoV and influenza-associated hospitalizations 0.708 0. 433 0.863 <0.001 
*DTW, Detroit wastewater; M1, matrix 1 gene: PMMoV, pepper mottle mild virus.  
†DTW M1, aggregate concentration of influenza A M1 gene (genome copies/mL) in DTW; DTW M1:PMMoV, concentration of influenza A M1 gene in 
DTW normalized to PMMoV (unitless). 
‡Estimation is based on Fisher r-to-z transformation; estimation of SE is based on the formula proposed by Fieller, Hartley, and Pearson (27). 
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seasonal influenza vaccines merit further investiga-
tion; those schedules help determine when herd im-
munity is reached and if herd immunity is reached 
before the spread of illness within a community. 

The first limitation of our study is that WRRF 
does not serve the Michigan counties where  
FluSurv-NET–participating hospitals are located. 
However, both the hospitalization data garnered 
from FluSurv-Net and wastewater data can be con-
sidered a proxy for statewide incidence. All influen-
za-associated hospitalizations were included in this 
dataset, for both Michigan and Windsor-Essex, even 
though the WS focused only on IAV. Our analysis 
could have been affected by focus on IAV, despite its 
dominance in the 2022–23 influenza season (17). Not 
all hospitalizations recorded in the Windsor-Essex 
data were laboratory confirmed cases of influenza. 
The temporal resolution of sample collection at the 
WRRF was limited, and weekly sampling might have 
failed to capture variability in the wastewater signal. 
Finally, the wastewater treatment plants monitored 
in both Windsor-Essex and Detroit, although serving 
representative populations, do not encompass all the 
residents and could have failed to capture variability 
in IAV wastewater signal.

In conclusion, our study demonstrates how 
wastewater surveillance can shed light on regional 
differences that may have otherwise gone unnoticed, 
or remain unvalidated, because of the inherent limi-
tations of traditional metrics to capture population-
wide trends. Future studies investigating influenza 
vaccine administration schedules should incorporate 
WS as an independent metric of disease incidence. 
WS can potentially provide more timely measures of 
incidence, rather than waiting for the release of labo-
ratory testing. The utility of WS as a predictive met-
ric, and as a metric for trend comparison across ju-
risdictional boundaries with different approaches to 
vaccination and collecting disease incidence metrics, 
demonstrates its usefulness when testing conventions 
and public health policies differ.
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etymologia revisited
Malaria
[mə-lar′e-ə]

Malaria, “bad air” in Italian, was blamed for the 
deaths of >1,000 workers digging the Erie Canal 
in 1819. Work on the canal continued in winter, 
when the swamp was frozen over (and, although 
the vector was not known at the time, mosquitoes 
were dormant). Malaria, caused by parasites of the 
genus Plasmodium and usually transmitted by the 
bite of infected Anopheles mosquitoes, is endemic in 
many warm regions. Charles Louis Alphonse Lav-
eran discovered the protozoan cause of malaria in 
1880. The Office of Malaria Control in War Areas, 
which was established in 1942 to control malaria 
and other vectorborne diseases in the southern 
United States, evolved into what is today the  
Centers for Disease Control and Prevention.

Source: 
Dorland’s illustrated medical dictionary. 30th ed. Philadel-
phia: Saunders; 2003; cdc.gov; and wikipedia.org
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COVID-19 has spread worldwide since December 
2019. Among the mutated variants, some were 

designated by the World Health Organization as 
variants of concern because of their transmissibility 
or virulence (1). On November 26, 2021, the Omicron 
variant was designated as one such variant of concern 
(2). The first case caused by the Omicron variant was 
detected in November 2021 in South Africa, and the 
variant quickly spread worldwide, including to Japan 

(3). In Japan, the proportion of the Omicron variant 
among detected in SARS-CoV-2 isolates rose sharply 
in late December 2021, reached almost 100% in Janu-
ary 2022, and remained almost 100% throughout our 
study period (4).

In Japan, public health centers and hospitals 
mandatorily registered the number of COVID-19 
cases and the characteristics of those cases at diag-
nosis (e.g., date of symptom onset and severity) on 
the Health Center Real-time Information-sharing Sys-
tem on COVID-19 (HER-SYS), a national surveillance 
system. Public health centers next conducted epide-
miologic investigations based on information in HER-
SYS. HER-SYS did not require mandatory follow-up 
of the details of the clinical course (e.g., medical in-
tervention, hospitalization, and death) and therefore 
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To determine the characteristics of pediatric patients 
0–19 years of age who died after onset of SARS-CoV-2 
infection in Japan during January 1–September 30, 
2022, we reviewed multiple sources. We identified 62 
cases, collected detailed information from medical re-
cords and death certificates, and conducted interviews, 
resulting in 53 patients with detailed information for our 
study. Among 46 patients with internal causes of death 
(i.e., not external causes such as trauma), 15% were 
<1 year of age, 59% had no underlying disease, and 

88% eligible for vaccination were unvaccinated. Non-
respiratory symptoms were more common than respira-
tory symptoms. Out-of-hospital cardiac arrest affected 
46% of patients, and time from symptom onset to death 
was <7 days for 77%. Main suspected causes of death 
were central nervous system abnormalities (35%) and 
cardiac abnormalities (20%). We recommend careful 
follow-up of pediatric patients after SARS-CoV-2 infec-
tion during the first week after symptom onset, regard-
less of underlying diseases.
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could not collect accurate information about severe or 
fatal cases.

After the Omicron variant was first detected, in 
2022, the number of pediatric COVID-19 patients in-
creased dramatically. According to national data, by 
December 2021 the number of SARS-CoV-2–positive 
patients 0–19 years of age was 240,000 (0–9 years, 
84,000; 10–19 years, 156,000); during January–Septem-
ber 2022 (the Omicron variant period), the number 
increased to 4.8 million (0–9 years, 2.4 million; 10–19 
years, 2.4 million) (5). The trend of increasing pediat-
ric patients, including those hospitalized as Omicron 
began to spread, was also observed in South Africa 
(6,7). Although the number of reported deaths among 
patients 0–19 years of age was only 3 in 2020–2021, 
starting in January 2022 the number increased as the 
number SARS-CoV-2–positive patients 0–19 years of 
age increased (5). 

In general, SARS-CoV-2 infections in children are 
considered to be less severe than those in adults, and 
deaths among children are rare (8). Few studies have 
reported the details of fatal cases in children after 
SARS-CoV-2 infection, such as clinical courses lead-
ing to death and causes of death, especially during 
the Omicron variant period. Therefore, we aimed to 
determine the characteristics of fatal cases in children 
after SARS-CoV-2 infection during that period. How-
ever, we could not determine the exact number or the 
details, including cause of death (COD), based on the 
national surveillance system. Thus, we identified fa-
tal cases in children through multiple sources and de-
scribe the overall characteristics and clinical courses, 
categorized by suspected COD, for pediatric patients 
after SARS-CoV-2 infection during the Omicron vari-
ant period. Our field investigation was conducted un-
der the stipulations of the Infectious Diseases Control 
Law; therefore, ethics approval was not needed for 
our study.

Materials and Methods
In Japan, the Ministry of Health, Labour and Welfare 
(MHLW) and the National Institute of Infectious Dis-
eases conducted an enhanced epidemiologic investi-
gation in cooperation with academic societies (Japan 
Pediatric Society, The Japanese Society of Intensive 
Care Medicine, and the Japanese Association for 
Acute Medicine). They investigated fatal cases after 
SARS-CoV-2 infection in patients 0–19 years of age (fa-
tal pediatric cases) under the Act on the Prevention of 
Infectious Diseases and Medical Care for Patients with 
Infectious Diseases (Infectious Diseases Control Law).

To determine the actual number and character-
istics of the cases, we collected information on fatal 

pediatric cases from the MHLW, local governments, 
public health centers, HER-SYS, academic societies, 
and the media. A case was defined as a fatal case oc-
curring after SARS-CoV-2 infection in a young patient 
0–19 years of age whose date of symptom onset or 
death was during January 1–September 30, 2022. The 
diagnosis of SARS-CoV-2 infection was based on PCR 
or antigen test results. Because our study was based 
on a public health response requiring rapid results, 
the study period was set until the end of September 
2022. We collected cases without considering the du-
ration from day of symptom onset to day of death 
because we assessed patients, including those with a 
long-time course, from symptom onset to death.

During August–December 2022, the research staff 
of the National Institute of Infectious Diseases col-
lected epidemiologic data from local health authori-
ties, and 2 or 3 staff members, including at least 1 pe-
diatrician, visited the hospitals where the patients died 
(field investigation). We also obtained descriptions of 
epidemiologic investigations conducted by the public 
health centers. We collected data on the characteristics 
of the patients from medical records and death certifi-
cates of the hospital where the patients died and from 
records of epidemiologic investigations conducted by 
the public health centers. We collected information on 
patient age, sex, body weight, height, gestational age, 
physical handicap, SARS-CoV-2 vaccination history 
of parents and patients, underlying diseases, clinical 
courses comprising data on the diagnostic examina-
tion, date of symptom onset, date of admission, date of 
first consultation, date of cardiopulmonary arrest, date 
of death, symptoms/findings, out-of-hospital cardiac 
arrest, suspected infection source, pathogen detected 
in blood culture, imaging findings, treatment, and sus-
pected COD. We did not perform additional testing to 
determine the suspected COD, which we classified as 
internal or external; we defined internal COD as death 
caused by disease excluding trauma and external COD 
as death caused by trauma. Our classification was in-
tended to distinguish between internal and external 
COD for which the association with SARS-CoV-2 in-
fection was considered low (e.g., death caused by in-
cidental trauma after SARS-CoV-2 infection). We also 
divided the internal COD into central nervous system 
(CNS) abnormalities, cardiac abnormalities, respirato-
ry abnormalities, other, and unknown. We determined 
those categorizations by comprehensively reviewing 
medical records, death certificates, and our physician 
interviews. Next, we conducted descriptive epidemiol-
ogy of the characteristics of the patients and calculated 
the median and interquartile range (IQR) for the num-
ber of days from symptom onset to cardiopulmonary 

http://www.cdc.gov/eid
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arrest and for the number of days from symptom onset 
to death. To test for goodness of fit in selected variables, 
we performed χ2 or Fisher exact tests. To compare in-
tervals between symptom onset and first consultation, 
cardiopulmonary arrest, or death among different ini-
tial CODs, we next performed the log-rank test. For all 
statistical tests we used R 4.3.1 (The R Foundation for 
Statistical Computing, https://www.r-project.org). 
For some cases, we could not describe the details of pa-
tients because of privacy reasons.

Results
We identified 62 cases. Symptom onset or diagnosis 
of the first fatal pediatric case occurred in epidemio-
logic week 1 of 2022 (January 3–9), and subsequent 
cases occurred continuously (Figure 1). The number 
of cases increased on week 28 (July 11–17) and peaked 
during week 33 (August 15–21). The number of fatal 
cases seemed to be in line with the reported number 
of COVID-19 patients of all ages (9).

Of the 62 cases, we could not conduct field inves-
tigations for 5 (8%) and were unable to obtain permis-
sion to publish data from the hospital for 4 (6%). We 
thus describe the remaining 53 cases. Among suspect-
ed CODs, 46 (87%) were internal and 7 (13%) were 
external. The 46 internal COD cases were further di-
vided (Figure 2).

Fatal Pediatric Cases with Internal CODs 
Among the 46 patients with internal COD, most were 
5–11 years of age, but deaths per 100,000 persons were 

highest among those <1 year of age (Appendix Ta-
ble, https://wwwnc.cdc.gov/EID/article/30/8/24-
0031-App1.pdf). Seven patients were <1 year of age (3 
were <6 months of age), which was the highest num-
ber by age. No underlying diseases were noted for 
27 patients, whereas some underlying diseases were 
noted for 19 patients. At the time of investigation, 24 
(52%) patients were eligible for vaccination against 
SARS-CoV-2 because they were >5 years of age. 
Among them, 21 (88%) had received no vaccination, 
but the other 3 (13%) patients who were >12 years 
of age had received first and second vaccine doses, 
and their dates of symptom onset were >3 months af-
ter the date of their last vaccination. The suspected 
source of infection for 21 (46%) patients was within 
the family.

Before hospital admission, nonrespiratory symp-
toms were more common than respiratory symp-
toms (Figure 3). The most frequent suspected CODs 
were CNS abnormalities (e.g., acute encephalopa-
thy), followed by cardiac abnormalities (e.g., acute  
myocarditis) and respiratory abnormalities (e.g., 
acute pneumonia). We did not find any instances of 
multisystem inflammatory syndrome in children. 
Among patients without underlying disease, the 
most common suspected COD was CNS abnormali-
ties for 11, followed by cardiac abnormalities for 5; 
there were no cases of respiratory abnormalities. 
The number of deaths confirmed in the emergency 
department before the patient could be admitted 
to hospital was 19, and the number after admission 

Figure 1. Number of reported fatal 
cases after COVID-19 among 61 
children 0–19 years of age, by week 
of symptom onset or diagnosis, 
Japan, January–September 2022, 
and number of reported COVID-19 
cases among patients of all ages. 
Excludes 1 patient for whom 
date of symptom onset and date 
of diagnosis of COVID-19 were 
unknown. Date of symptom onset 
for the 61 pediatric patients was 
January 1, 2022 (epidemiologic 
week 52, 2021) through September 
30, 2022 (epidemiologic week 39, 
2022). Bars denote the number of 
reported fatal pediatric cases (left 
axis); line denotes the numbers 
of COVID-19 patients of all 
ages reported by the Ministry of 
Health, Labour and Welfare (right 
axis). Scales for the y-axes differ 
substantially to underscore patterns 
but do not permit  
direct comparisons.
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was 27. Forty-six percent of patients died of out-of-
hospital cardiac arrest. The proportion of out-of-
hospital cardiac arrest caused by CNS abnormalities 
was significantly lower than that not caused by CNS 
abnormalities (p = 0.02), whereas the proportion of 
out-of-hospital cardiac arrest caused by cardiac ab-
normalities did not differ significantly from that not 
caused by cardiac abnormalities (p = 0.26).

We collected data on blood examinations, drugs, 
and treatment for 27 hospitalized patients (Tables 1, 
2). We excluded patients with external COD, those 
who died before they could be admitted, and those 
with out-of-hospital cardiac arrest (because the results 
of blood examinations in patients with cardiopulmo-
nary arrest were extreme and reflected cardiac arrest 
and not a disease condition). D-dimer levels were 
high. Among patients for whom blood cultures were 
positive, we determined that for 1 patient, the patho-
gen detected from blood culture potentially contrib-
uted to death, whereas for the remaining patients, it 
was difficult to evaluate whether the pathogen affect-
ed death. Autopsies were performed for 7 patients, of 
which 2 showed no abnormalities, 2 showed evidence 
of pathology, and 3 showed inconclusive evidence.

CNS Abnormalities 
Of the 16 cases, CNS abnormalities were observed 
most often among patients 5–11 years of age, where-
as none were observed in patients <1 year of age (Ta-
ble 3). The most frequent clinical sign/symptom was 
fever, followed by disturbance of consciousness, sei-
zure, nausea or vomiting, and headache, which are 

typically associated with acute encephalopathy. Di-
gestive symptoms (e.g., stomachache and diarrhea) 
developed in a few patients. Acute encephalopathy 
affected 12 (75%) patients, intracranial hemorrhage 
in 1 (6%), and other conditions in 3 (19%). Among 
the 12 patients with acute encephalopathy, hemor-
rhagic shock and encephalopathy syndrome (HSES) 
was suspected for 5 (42%), encephalopathy with 
acute fulminant cerebral edema was present in 1 
(8%), and unclassifiable encephalopathy was pres-
ent in 6 (50%).

Among 11 patients for whom time from symp-
tom onset to cardiopulmonary arrest was <5 days, 
6 (55%) had cerebral edema and 3 (27%) had rap-
idly progressing cerebral herniation. Of the 5 pa-
tients for whom the interval was >10 days, 4 (80%) 
showed a flat electroencephalogram in the first 4 
days after symptom onset. Of the 16 patients who 
died of CNS abnormalities, 2 died before and 14 
died after hospitalization.

Cardiac Abnormalities
The most frequent symptom was fever, followed by 
nausea or vomiting, loss of appetite, consciousness 
disturbance, and cough (Table 4). Out-of-hospital 
cardiac arrest affected 67% of the 9 patients with car-
diac abnormality, higher than the 19% of patients for 
which the suspected COD was CNS abnormalities, 
although no significant difference was noted in the 
number of days from symptom onset to first consul-
tation between the patients who died of cardiac ab-
normalities versus CNS abnormalities (p = 0.1). The 

Figure 2. Patient selection in study of fatal SARS-CoV-2 infection among children, Japan, January–September 2022. CNS, central 
nervous system.
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number of days from symptom onset to cardiopul-
monary arrest and death for all patients was <7 days, 
whereas no difference in intervals was noted between 
CNS abnormalities (p = 0.6) and cardiac abnormali-
ties (p = 0.1). Clinical acute myocarditis was detected 
in 8 of the 9 patients.

Fatal Pediatric Cases with External Causes of Death 
Of the 7 patients with an external COD, 2 were <5 
years of age and 5 were >5 years of age. External 
CODs included unexpected accidents such as drown-
ing and suffocation but not traffic accidents, fires, poi-
soning, or disasters. Some patients were suspected of 
experiencing consciousness disturbance before the 
external COD.

Discussion
In our descriptive study, to present the overall char-
acteristics and clinical course after SARS-CoV-2 in-
fection, we investigated not only internal CODs but 
external CODs. Our study included 62 fatal pediatric 
cases for which dates of symptom onset and death 
were January 1–September 2022. The most common 
patient age was <1 year, similar to the trend reported 
for a prior study in the United States (10). More than 
half of the patients whose COD was internal had no 
underlying disease, and most were unvaccinated. 
CNS abnormalities comprised the highest number 
of suspected CODs, followed by cardiac abnormali-
ties. We observed that nearly 80% of the patients died 
and 85% had cardiopulmonary arrest within 7 days 

of first symptoms, regardless of the suspected COD. 
That finding was consistent with that of a previous 
survey of deaths among children and young persons 

 
Table 1. Results of blood examinations, drugs, and treatments after hospitalization for 27 patients in study of fatal SARS-CoV-2 
infection among patients 0–19 years of age, Japan, January–September 2022* 
Blood examinations at admission† No. patients Median (IQR) Reference range 
Leukocytes, no./L 12 9,200 (6,270–14,450) 4,100–16,300 
Neutrophils, % 11 65.7 (32.6–76.0) 18–94 
Lymphocytes, % 11 27.0 (11.4–32.3) 18–82 
Hemoglobin, g/dL 12 13.4 (12.8–14.5) 11.5–14.4 
Hematocrit, % 12 41.2 (38.9–44.6) 34.5–43.0 
Platelets, 104/L 12 19.4 (15.0–25.7) 18.0–51.0 
PT-INR  5 1.32 (1.23–1.60) 0.75–1.15 
Fibrinogen, mg/dL 6 186 (144–244) 200–400 
D-dimer, ng/dL 5 39.3 (27.3–79.7) 0.15–1.0 
Albumin, g/dL 10 4.6 (4.1–4.8) 3.6–4.7 
Total bilirubin, mg/dL 7 0.31 (0.30–0.80) 0.3–0.9 
Alanine aminotransferase, U/L 12 47 (25.5–274.5) 9–28 
Aspartate aminotransferase, U/L 12 61 (42–322) 24–38 
Lactate dehydrogenase, U/L 11 397 (254–738) 175–320 
Creatine kinase, U/L 10 83.5 (62–201) 46–230 
C-reactive protein, mg/dL 12 0.31 (0.11–0.47) 0.0–0.3 
Sodium, mmol/L 12 137 (135–142) 137–144 
Potassium, mmol 12 4.5 (3.7–5.3) 3.6–4.7 
Glucose, mg/dL 9 171 (138–236) 70–200 
Blood urea nitrogen, mg/dL 12 15.9 (13.8–19.5) 6.6–19.6 
Creatinine, mg/dL 12 0.61 (0.42–1.38) 0.25–0.34 
Lactate, mmol/L 9 4.8 (4.2–9.7) 0.5–2.0 
*Reference ranges are for persons 6 years of age. IQR, interquartile range; PT-INR, prothrombin time international normalized ratio. 
†Excludes patients who died before admission to the hospital and those with out-of-hospital cardiac arrest. 

 

Figure 3. Distribution of symptoms before admission or death in 
outpatient settings in study of fatal SARS-CoV-2 infection among 
children, Japan, January–September 2022 (n = 46). Data account 
for multiple symptoms in some patients.
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in England after SARS-CoV-2 infection during March 
2020–February 2021, which reported that the time in-
terval between a positive SARS-CoV-2 test and death 
in 84% for those dying of COVID-19 was within 7 
days (11). Several patients in our study were trans-
ferred to the hospital soon after rapid illness progres-
sion and received intensive care but did not recover. 
Follow-up of pediatric cases in an out-of-hospital set-
ting is crucial for the first 7 days after symptom onset.

We found more patients without than with un-
derlying disease. Earlier reports, before the advent 
of the Omicron variant, indicated that deaths caused 
by COVID-19 tend to occur in those with underlying 
disease (11,12). A study conducted in South Korea, 
which included the Omicron variant period, showed 
that more than half of the patients <18 years of age 
who died had no underlying disease, which was simi-
lar to our finding (13). In addition, the proportion of 
nonrespiratory symptoms was higher than that of re-
spiratory symptoms (Figure 3). The COVID-19 regis-
try survey conducted by the Japan Pediatric Society 
during the very early Omicron variant phase (January 
1–February 20, 2022) reported that among 1,058 pedi-
atric patients with COVID-19, respiratory symptoms 
such as cough and runny nose were common (14), 
which differed from our findings, possibly because of 
differences in illness severity or in the study period 

and population. Our study showed the value of con-
sidering nonrespiratory symptoms (e.g., neurologic 
and digestive) as critical signs during the Omicron 
variant period.

Regarding vaccination, among the 46 case-patients 
with internal COD, 52% of the patients in our study 
were eligible for vaccination; among them, 13% had 
received 2 doses of vaccine. All vaccinated patients 
were >12 years of age. In Japan, vaccination against 
SARS-CoV-2 for those >12 years of age started in June 
2021, that for children 5–11 years of age started in Feb-
ruary 2022, and that for those 6 months to 4 years of 
age started in October 2022. Thus, in our study, pa-
tients >5 years of age were eligible for vaccination 
before disease onset. The percentage of children 5–11 
years of age who had received >1 vaccine was 22.5% 
as of September 30, 2022, which was higher than the 
13% of children in our study who had undergone vac-
cinations (15). Prior studies showed that COVID-19 
vaccines for children 5–11 years of age could prevent 
severe COVID-19, including that caused by the Omi-
cron variant (16–18). Although the lower proportion of 
persons vaccinated in our study population compared 
with the general population might have affected their 
deaths, we could not evaluate the effect of vaccination 
because we collected data on fatal cases only. Further-
more, caution is necessary when applying the results 

 
Table 2. Results of examinations, drugs, and treatments after hospitalization for 27 patients in study of fatal SARS-CoV-2 infection 
among patients 0–19 years of age, Japan, January–September 2022* 
Result No. (%) patients 
Pathogen detected in blood culture†  
 Streptococcus spp. 2 (7) 
 Escherichia spp. 1 (4) 
 Fusobacterium spp. 1 (4) 
Chest CT findings‡  
 Ground-glass opacity 5 (21) 
 Consolidation 5 (21) 
 Pleural effusion 1 (4) 
Brain CT findings§  
 Cerebral edema 14 (40) 
 Loss of gray-white matter differentiation 7 (20) 
 Intracranial hemorrhage 3 (9) 
 Hydrocephalus 3 (9) 
 Congenital abnormalities 3 (9) 
Drug†  
 Inotrope 16 (59) 
 Steroid 14 (52) 
 Antiviral  12 (44) 
Treatment†  
 Mechanical ventilation 23 (85) 
 Extracorporeal membrane oxygenation 5 (19) 
 Targeted temperature management 4 (15) 
 Blood transfusion 13 (48) 
 Immune globulin 4 (15) 
 Dialysis 3 (11) 
 Plasmapheresis 1 (4) 
*CT, computed tomography. 
†Includes multiple pathogens, drugs, and treatments. 
‡Includes multiple findings; 24 cases involving chest CT are included. 
§Includes multiple findings; 35 cases involving head CT are included. 
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of our study to the general population because of the 
low proportion of vaccinated patients.

Among the 16 patients with CNS abnormalities, we 
collected data for 12 with acute encephalopathy. Among 
them, 5 patients had HSES, and 1 had encephalopathy 
with acute fulminant cerebral edema, which might be 
remarkable. In general, the most common type of en-
cephalopathy is acute encephalopathy with biphasic 
seizures and late reduced diffusion, followed by clini-
cally mild encephalitis/encephalopathy with a revers-
ible splenial lesion and HSES (19,20). HSES is a rare type 
of encephalopathy with a high mortality rate. It is as-
sociated with cytokine storms with disseminated intra-
vascular coagulation and multiple organ failure at the 
time of initial examination (21,22). In a prior study, en-
cephalopathy with acute fulminant cerebral edema was 
reported to be relatively common among COVID-19 
patients, and a type of encephalopathy in which initial 
examinations (e.g., blood tests and computed tomogra-
phy of the head) showed only minor abnormalities and 

then rapid progression was reported (21,23). Other re-
ports, which might include this particular encephalopa-
thy, suggested that encephalopathy results in severe 
sequelae or fatal outcomes (23–26). The Japanese Soci-
ety of Child Neurology and the Research Committee 
on Acute Encephalopathy conducted an epidemiologic 
investigation that suggested that acute encephalopathy 
associated with COVID-19 had a poor clinical outcome 
and was more severe than acute encephalopathy associ-
ated with other viruses (23,27). In our study, frequency 
of out-of-hospital cardiac arrest was significantly lower 
among patients who died of CNS abnormalities than 
among those who died of causes other than CNS ab-
normalities, whereas the intervals between symptom 
onset and cardiopulmonary arrest or death did not dif-
fer between patients who died of cardiac abnormalities 
or CNS abnormalities. Illness of pediatric patients who 
died of CNS abnormalities was assessed as less severe 
at the time of arrival, but both conditions worsened rap-
idly. For some patients, electroencephalogram was flat, 

 
Table 3. Characteristics of 16 patients for whom central nervous system abnormalities were suspected of causing death in study of 
fatal SARS-CoV-2 infection among patients 0–19 years of age, Japan, January–September 2022* 
Characteristics Value 
Age group, y  
 0 0 
 1–4 5 (31) 
 5–11 9 (56) 
 12–19 2 (13) 
Sex  
 M 8 (50) 
 F 8 (50) 
Underlying disease  
 Yes 5 (31) 
 No 11 (69) 
Vaccination  
 None 11 (69) 
 Ineligible 5 (31) 
Symptoms/signs  
 Fever 14 (88) 
 Disturbance of consciousness 13 (81) 
 Seizure 11 (69) 
 Nausea/vomiting 8 (50) 
 Headache 6 (38) 
OHCA  
 Yes 3 (19) 
 No 13 (81) 
Days from symptom onset to first consultation 
 0–2 16 (100) 
 >3 0 
 Median (IQR) 0.5 (0–1.0) 
Days from symptom onset to cardiopulmonary arrest 
 0–4 11 (69) 
 5–9 0 
 >10 5 (31) 
 Median (IQR) 2.0 (1.0–12.0) 
Days from symptom onset to death 
 0–4 9 (56) 
 5–9 0 
 >10 7 (44) 
 Median (IQR) 3.5 (2.0–14.5) 
*Values are no. (%) patients except as indicated. OHCA, out-of-hospital cardiac arrest; IQR, interquartile range. 
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which meant irreversible neurologic damage, within a 
few days after symptom onset. The irreversible neuro-
logic damage might be one of the reasons why patients 
with neurologic complications are at risk of dying. 
Therefore, clinicians should be aware that COVID-19 
may cause acute encephalopathy that leads to irrevers-
ible neurologic damage and that acute encephalopathy 
can rapidly progress to death even if the patient receives 
intensive care.

Among the strengths of our study is that we de-
tected fatal pediatric cases for which outcomes were 
not reported to HER-SYS because we could collect 
cases from multiple sources. In addition, we could 
describe the details of the cases by suspected COD, 
which were not collected by HER-SYS. The insights 
provided by our study differ greatly from those that 
would be obtained from a database study.

The first limitation of our study was that we might 
not have captured all characteristics during the Omi-
cron variant period because it concluded while the epi-
demic was still ongoing. Second, we did not examine 
the causal relationship between SARS-CoV-2 infection 

and death. Through review of medical records, death 
certificates, and our physician interviews by pediatri-
cians, we were able to determine whether SARS-CoV-2 
infection was an underlying COD. We determined 
that SARS-CoV-2 infection contributed to most of the 
deaths. However, there were a few cases in which 
underlying disease potentially contributed more to 
death than did SARS-CoV-2 infection. It was difficult 
to accurately evaluate the extent to which SARS-CoV-2 
infection affected death in cases for which autopsies 
or examinations such as imaging and blood examina-
tions could not be performed. Therefore, determining 
whether SARS-CoV-2 infection was the underlying 
COD was challenging. Third, cases might have been 
underreported because case detection was based on 
voluntary reporting. If a physician determined that 
there was no association between SARS-CoV-2 in-
fection and death, the case might not have been re-
ported. Encephalopathy or carditis might be more 
likely to have been reported, whereas reporting of 
deaths caused by trauma or exacerbation of underly-
ing diseases after SARS-CoV-2 infection might be less  

 
Table 4. Characteristics of 9 patients for whom cardiac abnormalities were suspected as cause of death in study of fatal SARS-CoV-2 
infection among patients 0–19 years of age, Japan, January–September 2022* 
Characteristic Value 
Sex  
 M 2 (44) 
 F 7 (56) 
Underlying disease  
 Yes 4 (44) 
 No 5 (56) 
Vaccination  
 None 4 (44) 
 2 doses 1 (11) 
 Ineligible 4 (44) 
Symptoms/signs  
 Fever 7 (78) 
 Nausea/vomiting 4 (44) 
 Loss of appetite 3 (33) 
 Disturbance of consciousness 2 (22) 
 Cough 2 (22) 
OHCA  
 Yes 6 (67) 
 No 3 (33) 
Days from symptom onset to first consultation 
 0–2 7 (78) 
 3–6 2 (22) 
 >7 0 
 Median (IQR) 1.0 (0–2.0) 
Days from symptom onset to cardiopulmonary arrest 
 0–2 4 (44) 
 3–6 5 (56) 
 >7 0 
 Median (IQR) 4.0 (2.0–4.0) 
Days from symptom onset to death 
 0–2 4 (44) 
 3–6 5 (56) 
 >7 0 
 Median (IQR) 4.0 (2.0–5.0) 
*Values are no. (%) except as indicated. Age distribution could not be shown because it could lead to the identification of specific persons. OHCA, out-of-
hospital cardiac arrest; IQR, interquartile range. 
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likely. However, the study conducted in Korea showed 
similar epidemiologic trends, such as in the number 
of deaths and the age of patients, which support the 
results of our study (13). Fourth, collection of all data 
was not always possible because of missing data. Last, 
diagnosis, examination, and treatment might differ be-
cause they were conducted at different hospitals.

In conclusion, the most common COD among fa-
tal pediatric SARS-CoV-2 cases in this study was CNS 
abnormalities, followed by cardiac abnormalities. For 
pediatric patients, clinicians should pay attention 
not only to respiratory signs/symptoms but also to 
nonrespiratory signs/symptoms. In addition to ad-
dressing signs/symptoms, clinicians should carefully 
observe pediatric patients during at least the first 7 
days from onset of COVID-19 regardless of under-
lying diseases because most pediatric patients who 
died rapidly progressed to death within that period.
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Bacterial zoonoses cause severe febrile illness in 
East Africa (1). Patients with bacterial zoonotic 

diseases can have nonspecific febrile illnesses that 
are difficult to diagnose clinically or in the laboratory 
because many of the pathogens are fastidious or non-
culturable. Previous studies have used serologic or 
molecular methods to confirm leptospirosis, Q fever, 
spotted fever group rickettsioses (SFGR), and typhus 
group rickettsioses (TGR) among febrile participants 
at hospitals in East Africa (2–5). We previously eval-
uated participants from 2 cohort studies of febrile 
inpatients in northern Tanzania by using paired mi-
croscopic agglutination test (MAT) and PCR for lep-
tospirosis, and by using paired immunofluorescence 
antibody (IFA) test for SFGR, TGR, and Q fever (6–9). 

In those cohort studies from 2007–2008 and 2012–
2014, the estimated prevalence of acute leptospirosis 
was 8.8% (2007–2008) and 1.8% (2012–2014), acute 
SFGR prevalence 8.8% (2007–2008) and 8.9% (2012–
2014), and acute Q fever prevalence 4.7% (2007–2008) 
and 8.1% (2012–2014) (7,8). Acute TGR was evaluated 
in 1 of the cohorts, and 2 confirmed infections were 
identified among 450 febrile participants (6).

PCR on acute samples and serologic testing of 
acute and convalescent samples are currently the most 
common methods to confirm diagnosis of several 
bacterial zoonoses (10). However, PCR and serology 
both target known pathogens and neither can iden-
tify potential novel pathogens. To characterize novel 
tickborne pathogens, the Bacterial Diseases Branch,  

Metagenomic Detection of Bacterial 
Zoonotic Pathogens among Febrile 

Patients, Tanzania, 2007–20091

Robert J. Rolfe, Sarah W. Sheldon, Luke C. Kingry, Jeannine M. Petersen,  
Venance P. Maro, Grace D. Kinabo, Wilbrod Saganda, Michael J. Maze, Jo E.B. Halliday,  

William L. Nicholson, Renee L. Galloway, Matthew P. Rubach, John A. Crump

Author affiliations: Duke University Department of Medicine  
Division of Infectious Diseases and International Health, Durham, 
North Carolina, USA (R.J. Rolfe, M.P. Rubach, J.A. Crump);  
Centers for Disease Control and Prevention, Fort Collins,  
Colorado, USA (S.W. Sheldon, L.C. Kingry, J.M. Petersen); 
Kilimanjaro Christian Medical Centre, Moshi, Tanzania (V.P. Maro, 
G.D. Kinabo, M.P. Rubach, J.A. Crump); Kilimanjaro Christian 
Medical University College, Moshi (V.P. Maro, G.D. Kinabo,  
J.A. Crump); Mawenzi Regional Referral Hospital, Moshi  
(W. Saganda); University of Otago Department of Medicine, 
Christchurch, New Zealand (M.J. Maze); University of Glasgow 
School of Biodiversity, One Health and Veterinary Medicine, 

Glasgow, Scotland, UK (J.E.B. Halliday); Centers for Disease 
Control and Prevention, Atlanta, Georgia, USA (W.L. Nicholson,  
R.L. Galloway); Duke-National University of Singapore  
Programme in Emerging Infectious Diseases, Singapore  
(M.P. Rubach); Duke University Global Health Institute, Durham 
(M.P. Rubach, J.A. Crump); Centre for International Health,  
University of Otago, Dunedin, New Zealand (J.A. Crump)

DOI: https://doi.org/10.3201/eid3008.240529

1Preliminary results of this study were presented at the 72nd 
American Society of Tropical Medicine and Hygiene Annual 
Meeting; October 18–22, 2023; Chicago, Illinois, USA.

Bacterial zoonoses are established causes of severe febrile 
illness in East Africa. Within a fever etiology study, we applied 
a high-throughput 16S rRNA metagenomic assay validated 
for detecting bacterial zoonotic pathogens. We enrolled 
febrile patients admitted to 2 referral hospitals in Moshi, 
Tanzania, during September 2007–April 2009. Among 788 
participants, median age was 20 (interquartile range 2–38) 
years. We performed PCR amplification of V1–V2 variable 
region 16S rRNA on cell pellet DNA, then metagenomic 

deep-sequencing and pathogenic taxonomic identification. 
We detected bacterial zoonotic pathogens in 10 (1.3%) 
samples: 3 with Rickettsia typhi, 1 R. conorii, 2 Bartonella 
quintana, 2 pathogenic Leptospira spp., and 1 Coxiella bur-
netii. One other sample had reads matching a Neoerhlichia 
spp. previously identified in a patient from South Africa. Our 
findings indicate that targeted 16S metagenomics can iden-
tify bacterial zoonotic pathogens causing severe febrile ill-
ness in humans, including potential novel agents.
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Division of Vector-Borne Diseases, National Cen-
ter for Emerging and Zoonotic Infectious Diseases, 
Centers for Disease Control and Prevention (CDC; 
Fort Collins, CO, USA), developed a 16S rRNA 
metagenomics assay to evaluate samples for known 
and novel tickborne and other zoonotic pathogens 
(11). The assay accurately differentiated and identi-
fied Anaplasma, Bartonella, Borrelia, Coxiella, Ehrlichia, 
Leptospira, and Rickettsia bacteria (11). CDC tested 
spiked healthy human blood and water specimens, 
and the assay readily identified zoonotic pathogens 
among commensal and background organisms com-
monly amplified when targeting 16S (11). In spiked 
blood specimens, the assay demonstrated equivalent 
analytic sensitivity to reverse transcription PCR (RT-
PCR) but showed some loss of sensitivity when speci-
mens were spiked with multiple pathogenic species 
(11).

In this study, we leveraged that high-throughput 
16S rRNA metagenomic assay to interrogate venous 
blood cell pellets for a broad range of bacterial zoo-
notic pathogens in a febrile patient study cohort. We 
assessed whether 16S interrogation could provide in-
sights into causes of febrile illness by detecting novel 
or under-appreciated pathogens or by genotypic 
characterization of pathogens already known to cause 
disease in the study area, such as SFGR and TGR.

Methods

Study Procedures and Participants
We performed a prospective cohort study that enrolled 
pediatric and adult medical patients admitted with fe-
ver to 2 referral hospitals in Moshi, Tanzania, duing 
September 2007–April 2009 (4–6,12,13). In brief, infants 
and children >2 months and <13 years of age admitted 
to the pediatric ward were eligible if they had a his-
tory of fever in the previous 48 hours, an axillary tem-
perature >37.5°C, or a rectal temperature of >38.0°C. 
Adolescents and adults >13 years of age who were 
admitted to the adult medicine ward were eligible to 
participate if they had an oral temperature >38.0°C.

A clinical officer performed a standardized clini-
cal history and physical examination and recorded vi-
tal signs. Collected demographic and clinical informa-
tion included sex, age, and rural or urban residence. 

We drew venous blood samples in EDTA tubes 
within 24 hours of hospital admission and fraction-
ated samples by centrifugation into plasma and cell 
pellets. We fractionated blood collected into red 
top plain tubes into serum, first by gravity on the 
bench top, then by centrifugation. We performed 
complete blood counts by using Cell-Dyn 3500 au-

tomated hematology analyzer (Abbott Laboratories,  
https://www.abbott.com). We asked participants to 
return 4–6 weeks after enrollment to provide a conva-
lescent serum sample. We stored the resulting serum, 
plasma, and cell pellets at −70°C. We shipped cell pel-
lets on dry ice to CDC for 16S metagenomic analysis. 
The pellets remained frozen at −70°C after collection 
and did not go through freeze–thaw cycles until test-
ing. CDC performed testing in 3 different sequencing 
runs during August 5–December 20, 2021.

We used serology and PCR testing to determine 
patients’ HIV status. We performed serologic testing 
by using 2 rapid antibody tests on whole blood, Ca-
pillus HIV-1/HIV-2 (Trinity Biotech PLC, https://
www.trinitybiotech.com) and Determine HIV-1/2 
Ag/AB Combo (Abbott Laboratories). After March 
4, 2008, we replaced the Capillus test with the SD 
Bioline HIV 1/2 Test version 3.0 (Abbott Laborato-
ries). When rapid test results were discordant, we 
tested the sample by using Vironostika Uni-Form 
HIV II plus O Ab ELISA (bioMérieux, https://www.
biomerieux.com). If the ELISA was positive, we used 
Genetic Systems HIV-1 Western blot kit (Bio-Rad 
Laboratories, https://www.bio-rad.com) as a con-
firmatory test. We obtained HIV-1 RNA by using the 
Abbott m2000 System RealTime HIV-1 assay (Ab-
bott Laboratories) to diagnose acute HIV infection 
in seronegative adults and for early HIV diagnosis 
in infants (6,12).

As described previously (4,6–9), we shipped se-
rum and plasma on dry ice to CDC’s Bacterial Special 
Pathogens Branch, Division of High-Consequence 
Pathogens and Pathology, for MAT for pathogens 
that cause leptospirosis. We shipped samples to 
CDC’s Rickettsial Zoonoses Branch, Division of Vec-
tor-Borne Diseases, for IFA serologic analyses for 
pathogens that cause Q fever, SFGR, and TGR. 

CDC performed Leptospira real-time PCR on 
samples from participants with serologically con-
firmed or probable leptospirosis and on participants 
who died before providing a convalescent serum 
sample (9). In that population of febrile participants, 
cases of confirmed acute leptospirosis were defined 
by a >4-fold increase in MAT titer or detection by 
real-time PCR; cases of probable leptospirosis had a 
reciprocal MAT titer >800 and evidence of exposure 
to pathogenic leptospires as a reciprocal MAT titer 
>100 (5). For seropositive cases, we defined the pre-
dominant reactive serogroup as the serovar with the 
highest MAT titer.

We defined cases of confirmed acute Q fever as ac-
tive fever and a >4-fold increase in reciprocal IFA titer 
to the C. burnetii phase II antigen. We defined serologic 
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evidence of Q fever exposure as a case with an IFA ti-
ter >1,000 to phase I antigen; for patients who did not 
meet the case definition of a serologic diagnosis, we 
considered >64 to phase II antigen in either acute or 
convalescent sample as confirmed acute Q fever (4). 

We defined confirmed acute SFGR and TGR cases 
as presence of fever and >4-fold rise in IFA titer to R. 
conorii for SFGR or R. typhi for TGR. For patients who 
did not meet the case definition for confirmed acute 
SFGR or TGR, we defined an IFA titer >64 for R. cono-
rii as exposure for SFGR and titer of >64 for R. typhi as 
exposure for TGR (4).

16S rRNA Metagenomic Assay
We performed metagenomic 16S rRNA testing by 
using previously outlined methods (1). In brief, we 
extracted DNA from cell pellets by using the MagNA 
Pure 96 instrument (Roche, https://www.roche.com) 
and the DNA and Viral NA Small-Volume kit with 
the associated DNA Blood SV 3.1 extraction protocol 
(Roche) using input and elution volumes of 100 µL. To 
perform multiplex sequencing on the 788 samples, we 
amplified the V1–V2 region of the 16S rRNA and add-
ed dual Nextera XT indices by using the XT Index Kit 
v2, sets A–D (Illumina, https://www.illumina.com) 
to the V1–V2 amplicons. We quantified, normalized 
to a final concentration of 4 nM, and pooled resulting 
libraries to enable sequencing of 384 samples in each 
Illumina MiSeq run. We also included DNA extrac-
tion controls, PCR controls, and internal sequencing 
controls in each run (8). Pooled libraries had a final 
contration of 12.5 pM with 12.5 pM PhiX (10%), which 
we then sequenced by using MiSeq v2 (500 cycle) re-
agent kit and MiSeq sequencer (Illumina).

Bioinformatic Analysis, Taxonomic Prediction,  
and Phylogenetic Analysis
We performed bioinformatic data processing as pre-
viously described (11). We demultiplexed sequence 
reads into individual samples, then used internal 
MiSeq software to remove the adaptor and indices. 
We used Kraken 0.10.5 (14) and the MiniKraken da-
tabase (https://ccb.jhu.edu/software/kraken) to 
assign taxonomic predictions to quality-trimmed, 
merged reads. We mapped reads from samples with 
a MiniKraken taxonomic prediction of Anaplasma, 
Bartonella, Coxiella, Ehrlichia, Leptospira, or Rickett-
sia to reference sequences by using CLC Genomics 
Workbench (QIAGEN, https://www.qiagen.com), 
and tested by BLASTn (https://blast.ncbi.nlm.
nih.gov). We did not perform further analyses for 
reads with taxonomic predictions to other genera, 
including commensal and background organisms  

identified in control specimens (i.e., Enterobactera-
les). We constructed phylogenetic trees in MEGA 
version 10.0.5 (15) by using the maximum-likelihood 
method and Kimura 2-parameter model with 1,000 
bootstrap replicates.

Statistical Analyses
We performed descriptive data analysis in propor-
tions. We described continuous variables as median 
and interquartile range (IQR). We performed statisti-
cal analyses in R version 4.0.1 (The R Foundation for 
Statistical Computing, https://www.r-project.org) 
using the tableone and tidyverse packages (16,17). We 
predicated sample size on participant accrual during 
the parent study enrollment period (12,13).

Ethics Considerations
This study was approved by the Kilimanjaro Chris-
tian Medical University College Heath Research Eth-
ics Committee (clearance certificates 133 and 138), 
the Tanzania National Institute for Medical Research 
Ethics Coordinating Committee (clearance certificates 
NIMR/HQ/R.8a/Vol.IX/439 and NIMR/HQ/R.8a/
Vol.IX/473), and the Institutional Review Board at 
Duke University Medical Center (protocol nos. 8397 
and 8400). CDC acknowledged the study protocol 
through deferral to the Duke University Medical Cen-
ter Institutional Review Board. 

Written informed consent was obtained from 
all participants. A parent or legal guardian pro-
vided consent for participants <18 years of age. In 
addition to consent for study participation, which 
included permission for future not yet determined 
analyses on stored blood for HIV research, written 
informed consent was also obtained from partici-
pants for a data and sample repository for future, 
unspecified research.

Results
Among 788 febrile illness participants who had a cell 
pellet available for testing and available sociodemo-
graphic data, the median age was 20 (IQR 2–38) years, 
239/744 (32.1%) were HIV-infected, 384/766 (50.1%) 
were male and 382/766 (49.9%) female, and 314/664 
(47.3%) lived in an urban setting. Ten (1.3%) partici-
pants had 100% sequence identity match in BLASTn 
for a bacterial zoonotic pathogen detected in cell pellets 
via 16S metagenomic sequencing: 3 R. typhi matched 
accession no. NC_017066.1, one R. conorii matched 
accession no. NC_003103.1, two Bartonella quintana 
matched accession no. AP019773.1, one Leptospira borg-
petersenii matched accession no. NZ_CP026671.1, one 
L. kirschneri matched accession no. CP092660.1, and 
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one C. burnetii matched accession no. CP014563.1; one 
sample had reads matching an uncultured and un-
named Neoehrlichia sp. previously identified in a pa-
tient from South Africa (18). Of the 10 participants with 
a detected bacterial zoonotic pathogen, 5 (50.0%) were 
male and 5 (50.0%) female; median age was 41 (IQR 
32–56) years. One of the 2 participants with detected B. 
quintana was HIV-infected (Table 1). Symptom onset 
varied from 3–40 days before enrollment, and 7 (70%) 
patients had symptoms for <7 days. For the 10 samples 

with detected bacterial zoonotic pathogens, we used 
BLASTn for taxonomic prediction, read counts, and 
abundance relative to all other bacterial taxa detected 
by 16S in clinical samples (Table 2).

We created a phylogenetic tree for the identified 
Candidatus Neoehrlichia spp. (Figure 1). A 1,467-bp 
16S sequence amplified from a bone marrow aspirate 
from a patient from South Africa (GenBank accession 
no. OP208838) matched 100% over the 296-bp V1–V2 
target sequence amplified in this study (18).

 
Table 1. Organisms and patient characteristics in a study of metagenomic detection of bacterial zoonotic pathogens among febrile 
patients, Tanzania, 2007–2009* 

Organism 
detected 

Patient 
age, 
y/sex 

Rural 
res. 

Illness 
onset, 

d Symptoms 

  Serologic testing 

Results 
Cell count, × 103/µL Leptospira 

MAT 
Q fever 

IFA 
Rickettsia 

IFA WBC† Plat. ALC 
Bartonella 
quintana 

10/M Y 4 Fever, 
dyspnea, 

convulsions 

11.9 89 2.59  Acute and 
convalescent 

ELISA 
screen 

negative 

Acute and 
convalescent 

Probable 
acute 

leptospirosis‡ 
B. quintana 47/M§ N 40 Fever, 

cough, 
hemoptysis, 

dyspnea, 
weight loss 

18.4 124 1.55  ND ND ND NA 

Coxiella 
burnetii 

22/M Y 2 Fever, 
rigors 

4.6 93 1.92  Acute only 
 

ND Acute only Probable 
acute 

leptospirosis‡ 
Leptospira 
borgpetersenii 

43/F Y 4 Fever, 
rigors, 

emesis, 
headache 

4.2 85 0.33  Acute and 
convalescent 

ELISA 
screen 

negative 

Acute and 
convalescent 

Confirmed 
acute 

leptospirosis‡ 

L. kirschneri 60/F N 3 Fever, 
emesis, 

headache 

5.4 114 0.52  Acute only ND Acute only NA 

Rickettsia 
conorii 

70/M Y 7 Fever, 
rigors, 

dyspnea, 
diarrhea, 
headache 

15.1 118 1.77  ND ND ND NA 

Rickettsia 
typhi 

36/M Y 14 Fever, 
rigors, 

headache, 
nuchal 
rigidity, 
dysuria 

6.6 52 0.92  Acute only ND Acute only Exposure to 
SFG 

Rickettsia 
and typhus 

group 
Rickettsia 

R. typhi 77/F N 3 Fever, 
rigors 

4.5 97 0.35  Acute and 
convalescent 

ELISA 
screen 

negative 

Acute and 
convalescent 

Confirmed 
acute SFGR 

R. typhi 31/F Y 30 Fever, 
rigors, 

emesis, 
headache 

7.2 148 0.66  Acute and 
convalescent 

ELISA 
screen 

negative 

Acute and 
convalescent 

Confirmed 
acute SFGR; 
exposure to 
typhus group 

Rickettsia 
Neoehrlichia 
spp. 

40/F N 3 Fever, 
rigors, 

hemoptysis, 
diarrhea, 
emesis, 

headache 

3.0 25 0.65  ND ND ND NA 

*Most patients were HIV-negative; 1 patient with B. quintana was HIV-infected. ALC, absolute lymphocyte count; IFA, immunofluorescence assay; MAT, 
microscopic agglutination testing; NA, not applicable; ND, not done; Plat., platelets; res., resident; SFG, spotted fever group; SFGR, spotted fever group 
rickettsioses; WBC, white blood cells (leukocytes). 
†Based on MAT results. 
‡Leptospira PCR was not performed for this sample. 
§HIV-positive patient. 

 

http://www.cdc.gov/eid


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024 1603

Zoonotic Pathogens among Febrile Patients

We created a phylogenetic tree to compare the 
16S V1–V2 of the Rickettsia sequences from this cohort 
to sequences from closely related Rickettsia species 
(Figure 2). The sequence from the study sample with 
R. conorii aligned 100% with R. conorii strain Malish 

(GenBank accession no. NC_003103.1) and was dis-
tinct from R. africae (accession no. NC_012633.1). The 
3 R. typhi sequences all aligned 100% with R. typhi 
(accession no. NC_017066.1) and were distinct from 
R. prowazekii (accession no. NC_017049.1). The V1–V2 

 
Table 2. Metagenomic sequencing results used for detection of bacterial zoonotic pathogens among febrile patients, Tanzania,  
2007–2009* 

Organism 

V1–V2 
sufficient for 
species ID 

MiniKraken 
taxonomic 
prediction† 

BLASTn taxonomic prediction (% 
identity)‡ 

Sequence 
in 

database 
Read 
count 

% 
Abundance 

Bartonella quintana Y B. quintana B. quintana AP019773.1 (100) Y 4,730 98.21 
B. quintana Y B. quintana B. quintana AP019773.1 (100) Y 3,568 38.60 
Coxiella burnetii Y C. burnetii C. burnetii CP014563.1 (100) Y 1,795 47.97 
Leptospira 
borgpetersenii 

Y L. borgpetersenii L. borgpetersenii CP047520.1 (100) Y 18,903 94.41 

L. kirschneri Y Leptospira spp. L. kirschneri CP092660.1 (100) N 28,008 99.32 
Rickettsia conorii Y Rickettsia spp. R. conorii MG564258.1 (100) N 159 28.29 
R. typhi Y Rickettsia typhi R. typhi LS992663.1 (100) Y 429 47.72 
R. typhi Y Rickettsia typhi R. typhi LS992663.1 (100) Y 7,274 82.02 
R. typhi 
 

Y Rickettsia typhi R. typhi LS992663.1 (100) Y 9,527 83.16 

Candidatus 
Neoehrlichia spp. 

Y Anaplasmataceae, 
Ehrlichia 

ruminantium, 
Ehrlichia 

Uncultured Candidatus Neoehrlichia sp. 
SA1 OP208838.1 (100) 

N 40,238 98.56 

*ID, identification; V1–V2, variable regions 1 and 2. 
†Johns Hopkins University Center for Computational Biology (https://ccb.jhu.edu/software/kraken).  
‡National Center for Biotechnology Information taxonomy and accession nos. from BLASTn (https://blast.ncbi.nlm.nih.gov). 

 

Figure 1. Phylogenetic tree for Candidatus Neoehrlichia spp. identified during metagenomic detection of bacterial zoonotic pathogens 
among febrile patients, Tanzania, 2007–2009. Bold text indicates the sequence from this study. Numbers in parentheses indicate 
GenBank accession numbers. A 1,467-bp 16S sequence amplified from a bone marrow aspirate from a patient from South Africa 
(GenBank accession no. OP208838) matched 100% over the 296-bp variable regions 1 and 2 target sequence amplified in this study 
(18). Scale bar indicates nucleotide substitutions per site.
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16S target is not sufficient to differentiate between R. 
conorii subspecies heilogjiangensis and R. japonica, nor 
among R. rickettsia, R. peacockii, R. philipii, and R. slo-
vaca. However, that target is sufficient to differenti-
ate between R. conorii and R. africae because 2 single-
nucleotide differences are expected between those 
strains and R. africae has a TTT insertion.

We detected Leptospira from 2 patients in the  
cohort. The phylogenetic tree comparing the 16S 

V1–V2 of the Leptospira sequences from this cohort to 
sequences from closely related species showed 1 L. 
kirshneri detection related to GenBank accession no. 
CP092660.1 and 1 L. borgpetersenii detection related to 
accession no. NZ_CP026671.1 (Figure 3).

We compiled serologic and PCR results of the 10 
participants with bacterial zoonotic pathogen–posi-
tive samples (Table 1). Of those participants, 5 did not 
have serologic testing performed for the pathogen  

Figure 2. Phylogenetic tree of Rickettsia spp. sequences detected in metagenomic analysis of bacterial zoonotic pathogens among 
febrile patients, Tanzania, 2007–2009. The tree compares sequences from the 16S variable regions 1 and 2 (V1–V2) of the Rickettsia 
cohort from this study (bold text) to sequences from closely related Rickettsia species. Numbers in parentheses indicate GenBank 
accession numbers. The sequence from the study sample with R. conorii aligned 100% R. conorii strain Malish (accession no. 
NC003103.1) and was distinct from R. africae (accession no. NC012633.1). All 3 R. typhi strains from this study aligned 100% with R. 
typhi reference strain (accession no. NC017066.1) and were distinct from R. prowazekii (accession no. NC017049.1). The V1–V2 16S 
target is not sufficient to differentiate between R. conorii subsp. heilogjiangensis and R. japonica, or between R. rickettsia, R. peacockii, 
R. philipii, and R. slovaca. However, the V1–V2 16S target is sufficient to differentiate between R. conorii conorii and R. africae because 
2 single-neucleotide differences would be expected between R. conorii conorii and R. africae and a TTT insertion in R. africae. Scale 
bar indicates nucleotide subsitutions per site.
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identified by 16S; 1 participant with detected B. quintana 
had serologic testing consistent with probable acute 
leptospirosis. The participant with L. borgpetersenii 16S 
detection had serologic testing consistent with acute 
leptospirosis and seroconverted to serogroup Mini, 
represented in the MAT panel by serovar Georgia. Real-
time PCR Leptospira testing was not performed on sam-
ples from either of those participant. Two participants 

with R. typhi 16S detection had serologic evidence of 
exposure to typhus group Rickettsia, and 1 had serologic 
evidence of exposure to both spotted fever group Rick-
ettsia and typhus group Rickettsia (Table 1).

Discussion
Metagenomic sequencing on venous blood cell pellets 
from patients admitted with febrile illness in Tanzania 

Figure 3. Phylogenetic tree of Leptospira sequences detected in metagenomic analysis of bacterial zoonotic pathogens among febrile 
patients, Tanzania, 2007–2009. The tree compares sequences from the 16S V1–V2 of the L. kerchnerii and L. borgpetersenii cohort 
from this study (bold text) to sequences from closely related Leptospira species. Numbers in parentheses indicate GenBank accession 
numbers. Scale bar indicates nucleotide subsitutions per site.
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generated several noteworthy findings, including de-
tection of fleaborne or louseborne zoonotic pathogens, 
B. quintana and R. typhi; genetic confirmation of R. 
conorii in a febrile human from Tanzania, where spot-
ted fever group Rickettsia is a common cause of febrile 
illness; and description of a potentially novel agent of 
neoehrlichiosis. 

Identification of B. quintana and R. typhi, both 
considered reemerging pathogens (19), are notable 
for northern Tanzania. In a study on Rickettsia, Bar-
tonella, and Yersinia detected in fleas in 3 countries 
in Africa, R. typhi DNA was detected in 2 (2%) of 94 
fleas collected in Tanzania, but Bartonella was not de-
tected (20). However, multiple Bartonella species have 
been detected in fleas and small mammal samples in 
northern Tanzania (21). Despite those documented 
detections in fleas in Tanzania, the body louse is con-
sidered the primary vector for B. quintana (22). Con-
sistent with the established clinical epidemiology of 
bartonellosis caused by B. quintana, 1 of the 2 B. quin-
tana cases detected in our cohort occurred in an HIV-
infected participant.

Detection of R. conorii in this cohort are a substan-
tial public health finding because SFGR is a common 
cause of severe febrile illness in East Africa. Serologic 
testing is unable to distinguish among SFGR patho-
gens, including between R. conorii and R. africae (23). 
In a previous report, R. africae was detected from a 
patient with an eschar after travel to Tanzania (24). 
However, after comprehensive literature searches in 
multiple databases, extensive gray literature search-
ing, and consultation with a reference librarian, we 
found no other examples of molecular detection of R. 
conorii in Tanzania. Genomic detection of R. conorii, 
the causative agent of Mediterranean spotted fever, 
is notable because R. conorii causes a more severe dis-
ease than R. africae and sometimes is fatal (25). De-
tection of R. conorii as a causative agent of SFGR in 
Tanzania is consistent with detections elsewhere in 
East Africa, including an R. conorii detection by PCR 
in a traveler returning to Japan from Kenya (26) and 
a report of fatal SFGR infection in Kenya in which the 
Rickettsia species was not identified (27). SFGR caused 
by R. conorii in East Africa is also supported by a do-
mestic animal sampling study in which R. conorii sub-
sp. israelensis was identified in domestic animals in 
Kenya and in ticks at slaughterhouses in Nairobi and 
Mombasa (28). Previous research in northern Tanza-
nia has shown that SFGR is endemic (4,8). The iden-
tification of R. conorii as one of the agents of SFGR in-
creases the severity profile of this disease in Tanzania 
and supports the need for advances in diagnostic test-
ing for SFGR. In addition to the implications for SFGR 

disease burden due to severity and potential death, 
this finding also has implications for targeting disease 
prevention measures because R. conorii transmission 
would likely occur via Rhipicephalus ticks that infest 
canines, but R. africae transmission to humans would 
likely occur via Amblyomma ticks that infest cattle or 
other livestock (29,30).

The specimen with MiniKraken taxonomic pre-
dictions of Anaplasmataceae, Ehrlichia ruminantium, 
and Ehrlichia (Table 2) showed 100% sequence iden-
tity to a recently published novel Candidatus Neoeh-
rlichia sp. sequence derived from a case of febrile 
illness in an immunocompetent child from South Af-
rica who lived on a farm but had no reported tick bite 
(18). The 16S sequence from the patient from South 
Africa showed 100% identity to a 345-bp partial V3-
V4 16S sequence (GenBank accession no. KT895260) 
derived from the blood culture of an patient from 
Austria with travel history to Tanzania who did not 
recall a tick bite during her trip but did have skin 
contact exposure to a prosimian (31). Those 2 Candi-
datus Neoehrlichia species infections and ours high-
light the organism as a potential cause of a febrile 
illness in Africa. Further research is needed to deter-
mine illness severity, potential reservoirs, and geo-
graphic distribution.

Detection of pathogenic Leptospira spp. and C. 
burnetii is consistent with our prior work describing 
leptospirosis and acute Q fever as relatively common 
causes of febrile illness in northern Tanzania (4,5). 
Genetic characterization of both Leptospira spp. and 
C. burnetii associated with severe febrile illness in 
northern Tanzania are nonetheless notable findings 
and could aid in future studies investigating source 
attribution via genomic methods.

The participant with L. borgpetersenii serocon-
verted to serogroup Mini represented by serovar 
Georgia in the MAT panel. Few human leptospiro-
sis infections in Tanzania have been genotypically 
characterized as Leptospira and our case had a com-
bination of species and serogroup conversion (32). L. 
kirschneri was also detected from a febrile participant 
recruited in northern Tanzania during a 2012–2014 
study. That participant seroconverted to serogroup 
Sejroe (9). Combined molecular and serologic data 
indicate multiple circulating Leptospira serovars in 
a small number of positive samples over 2 time pe-
riods. Leptospira diversity likely indicates complex 
transmission ecology in Tanzania with multiple se-
rovars co-circulating in diverse hosts and circulating 
serovars changing over time (33).

One limitation of our study is that sensitivity of 
V1–V2 16S metagenomics was previously determined 

http://www.cdc.gov/eid
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to be equivalent to that of RT-PCR in whole blood (11). 
However, the blood cell pellets used in this study repre-
sent a fraction of whole blood, a specific specimen type 
that has not been previously evaluated. In addition, al-
though the overall percentage of samples positive by 
16S metagenomics low (1.2%), that value was higher 
than the percentage (0.6%) of positive samples report-
ed in a previous study that screened >10,000 specimens 
submitted for tickborne illness in the United States (11). 
Both studies relied on screening residual specimens; 
thus, the proportion of participants in whom bacterial 
sequencing detected a zoonotic pathogen does not give 
accurate indicators of disease prevalence.

In conclusion, by using targeted V1–V2 16S metage-
nomic testing among participants with febrile illness 
in Tanzania, we detected genera and some species of 
bacterial zoonoses that are of clinical and public health 
concern in northern Tanzania. The genetic confirma-
tion of R. conorii detected here more broadly expands 
our understanding of the species responsible for SFGR 
in Tanzania and East Africa. 16S rRNA metagenomics 
also confirmed typhus group Rickettsia, Leptospira, and 
C. burnetii as causes of severe febrile illness in northern 
Tanzania. The assay also detected Bartonella and identi-
fied a potentially novel agent of neoehrlichiosis in sub-
Saharan Africa. We demonstrated that metagenomic ap-
proaches can improve the etiologic and epidemiologic  
understanding of febrile illness. Although the over-
all low number of detections might preclude the 16S 
rRNA platform from being a standalone surveillance 
approach, our study highlights that this sequence-based 
approach provides genetic epidemiologic insights that 
can inform and optimize disease surveillance and pre-
vention strategies.
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SARS-CoV-2, a member of the family Coronaviri-
dae, is a positive-sense, single-stranded RNA (ss-

RNA) virus that has an ≈30-kb genome (1). During 
the COVID-19 pandemic, SARS-CoV-2 has caused ≈7 
million deaths (2) and infected multiple mammalian 
species (3). Concerns have arisen regarding reverse 
zoonosis, during which the virus spills back from 
humans to animals, potentially leading to emerg-
ing new variants (3). High SARS-CoV-2 seropreva-
lence rates have been reported in white-tailed deer  

(Odocoileus virginianus) in the United States and 
Canada (4–7). Infected deer shed virus and transmit 
it to other deer; several lineages have been found to 
be similar to human SARS-CoV-2 genomes, raising 
the possibility of reverse zoonosis (6,7). This find-
ing highlights the need to monitor wildlife, includ-
ing deer, to understand whether those animals might 
serve as reservoirs for SARS-CoV-2 and pose a risk 
for transmission to other species (8).

Limited data exist on deer susceptibility to SARS-
CoV-2 infection in Europe. As of 2021, surveillance re-
ports from the United Kingdom, Austria, and Germa-
ny have not found evidence of SARS-CoV-2 exposure 
in fallow deer (Dama dama), red deer (Cervus elaphus), 
roe deer (Capreolus capreolus), or sika deer (C. nippon) 
(9,10). Whether infections are rare or nonexistent in 
those deer species remains uncertain. Although inter-
actions between wild deer and humans might be low, 
angiotensin converting enzyme 2 (ACE2), a receptor for 
SARS-CoV-2, is expressed in bronchiolar epithelium of 
several deer species (11), suggesting that those species 
might be susceptible to SARS-CoV-2 infection (12). We 
conducted a SARS-CoV-2 surveillance study on a wild, 
free-ranging population of fallow deer in Europe’s larg-
est urban park in Dublin, Ireland, during 2020–2022. We 
used quantitative reverse transcription PCR (qRT-PCR) 
and neutralization assays to detect SARS-CoV-2 virus in 
deer tissue and serum samples; in addition, we assessed 
the ability of ancestral and Omicron variants to infect 
fallow deer lung tissue and tracheal explants.

Methods

Study Area and Population
The study population of fallow deer is located in 
Phoenix Park, a 707-hectare urban park in Dublin  
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SARS-CoV-2 can infect wildlife, and SARS-CoV-2 variants 
of concern might expand into novel animal reservoirs, po-
tentially by reverse zoonosis. White-tailed deer and mule 
deer of North America are the only deer species in which 
SARS-CoV-2 has been documented, raising the question 
of whether other reservoir species exist. We report cases 
of SARS-CoV-2 seropositivity in a fallow deer population lo-
cated in Dublin, Ireland. Sampled deer were seronegative 
in 2020 when the Alpha variant was circulating in humans, 
1 deer was seropositive for the Delta variant in 2021, and 
12/21 (57%) sampled deer were seropositive for the Omi-
cron variant in 2022, suggesting host tropism expansion 
as new variants emerged in humans. Omicron BA.1 was 
capable of infecting fallow deer lung type-2 pneumocytes 
and type-1–like pneumocytes or endothelial cells ex vivo. 
Ongoing surveillance to identify novel SARS-CoV-2 reser-
voirs is needed to prevent public health risks during hu-
man–animal interactions in periurban settings.
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(data from the Ireland Office of Public Works, https://
www.gov.ie/en/organisation/office-of-public-
works); a resident population of ≈600 free-ranging 
fallow deer exists in the park (13). The park receives 
up to 10 million visitors per year, and, since 2013, visi-
tors have repeatedly been documented hand-feeding 
the deer population (13). The number of park visi-
tors observed within 250 meters of deer herds during 
weekend observations was always >10 persons per 
deer group during 2019–2022: mean 19.7 (SD 14.7) 
persons in summer 2019, mean 21.9 (SD 22.8) in sum-
mer 2020, mean 15.7 (SD 18.0) in summer 2021, and 
mean 11.67 (SD 9.24) in summer 2022 (13). Phoenix 
Park is a critical site for biodiversity, supporting 50% 
of the wild mammal species found in Ireland and 
≈40% of bird species (data from the Ireland Office 
of Public Works); mammals include badgers (Meles 
meles) and red foxes (Vulpes vulpes). Park visitors can 
bring their dogs into the park grounds, in most cases 
leashed, although unleashed dogs are permitted ex-
cept during the deer fawning season.

The behavior of the deer and their interactions 
with humans have been extensively characterized, 
and >80% of the population has been identified by 
using ear tags (14). Areas of the park accessible to the 
public are used by 86% of the deer; of those, 24% have 
a high contact rate with humans that includes taking 
food (consistent beggars), 68% display intermediate 
deer–human contact rates (occasional beggars), and 
8% systematically avoid any interactions with hu-
mans despite living in areas open to the public (rare 
beggars). The remaining 14% (avoiders) avoid areas 
of the park accessible to humans (13,15). The inter-
action categories are defined on the basis of begging 
rank, which is a scale of most to least likely to beg 
according to previously generated models of begging 
behavior (Appendix 1, https://wwwnc.cdc.gov/

EID/article/30/8/23-1056-App1.pdf) (13). Deer are 
culled annually by professional deer stalkers over 
the winter period; the deer stalkers aim to maintain a 
population that mimics a natural structure.

Sample Collection and Storage
Culling of fallow deer occurred on November 2 
and 25, 2021, and February 16, 2022; in addition, we 
collected archived serum samples from November 
2020 (Appendix 2 Table 1, https://wwwnc.cdc.gov/
EID/article/30/8/23-1056-App2.xlsx). We collected 
retropharyngeal lymph nodes, palatine tonsil, naso-
pharyngeal mucosa and cecal content within 1 hour 
after death and blood samples immediately after 
death. We chose the sampling strategy according to 
the highest viral loads reported from experimental 
infection of white-tailed deer (7). We did not collect 
nasopharyngeal swab samples from the deer; we 
elected to directly sample nasopharyngeal mucosal 
tissues postmortem. We stored tissue samples and 
cecal content at −80°C before RNA extraction and 
serum samples at −20°C.

SARS-CoV-2 Surrogate Virus Neutralization Test
We performed SARS-CoV-2 surrogate virus neutral-
ization tests (sVNTs) on deer serum samples by us-
ing the Genscript cPass SARS-CoV-2 sVNT Kit (Ge-
nescript, https://www.genscript.com) according to 
the manufacturer’s instructions (Appendix 1). We 
screened serum samples in duplicate within each as-
say and performed 2 independent assays, expressing 
results as percent neutralization.

Nucleic Acid Extraction and SARS-CoV-2 qRT-PCR
We isolated total RNA from tissues by homogenizing in 
TRIzol, extracting the aqueous layer, and then using the 
RNeasy Mini Kit (QIAGEN, https://www.qiagen.com)  

 
Table. Profiles and SARS-CoV-2 PCR status of seropositive fallow deer in study of SARS-CoV-2 seropositivity in urban population of 
wild fallow deer, Dublin, Ireland, 2020–2022* 
Animal code Sample date Age, y/sex  Neutralization, %† Tissue PCR Cecal content PCR Begging category‡ 
18_B_2021 2021 Nov 25 4/M 30 ND ND Unranked 
4_C_2022 2022 Feb 16 1/M 39 ND ND Occasional 
5_C_2022 2022 Feb 16 6/F 33 ND ND Occasional 
6_C_2022 2022 Feb 16 <1/M 32 ND ND Unranked 
7_C_2022 2022 Feb 16 1/M 42 ND ND Occasional 
10_C_2022 2022 Feb 16 8/F 34 ND ND Occasional 
12_C_2022 2022 Feb 16 2/M 34 ND ND Unranked 
15_C_2022 2022 Feb 16 3/F 31 ND ND Occasional 
16_C_2022 2022 Feb 16 3/M 34 ND ND Consistent 
19_C_2022 2022 Feb 16 7/M 34 ND ND Unranked 
21_C_2022 2022 Feb 16 5/M 34 ND ND Consistent 
23_C_2022 2022 Feb 16 5/M 34 ND ND Unranked 
31_C_2022 2022 Feb 16 1/M 32 ND ND Unranked 
*SARS-CoV-2 seropositive fallow deer sampled in February 2022 (n = 21) were PCR negative for the SARS-CoV-2 envelope gene in all samples tested 
(retropharyngeal lymph nodes, nasopharyngeal mucosa, palatine tonsil, and cecal content). ND, not detected. 
†SARS-CoV-2 surrogate virus neutralization test was used to determine % neutralizing antibodies in deer serum samples. 
‡Begging ranks were occasional or consistent beggars or unranked. Unranked indicates the deer were untagged.  
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https://wwwnc.cdc.gov/EID/article/30/8/23-1056-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/8/23-1056-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/8/23-1056-App2.xlsx
https://wwwnc.cdc.gov/EID/article/30/8/23-1056-App2.xlsx
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according to the manufacturer’s instructions. We 
spiked the tissue RNA samples with 1 µg MS2 bac-
teriophage RNA as an extraction control. We isolated 
RNA from cecal content samples as previously de-
scribed (Appendix 1) (16) and spiked those samples 
with 100 µL of murine hepatitis virus (4.22 × 107 50% 
tissue culture infectious dose [TCID50]/mL) as extrac-
tion controls. We performed qRT-PCR on an ABI 7500 
Real-Time PCR System (Thermo Fisher Scientific, 
https://www.thermofisher.com) by using Taqman 
Fast Virus 1-Step Master Mix (Thermo Fisher Scien-
tific) and specific oligonucleotide primer and probe 
sequences and thermocycling conditions (Appendix 1 

Table). We used EURM-019, a synthetic SARS-CoV-2 
ssRNA obtained from the European Commission 
Joint Research Centre (https://joint-research-centre.
ec.europa.eu), as a standard for SARS-CoV-2 enve-
lope (E) gene quantification. We analyzed all samples 
and controls in triplicate.

Cell Culture, SARS-CoV-2 Pseudovirus,  
and Infectious Virus Neutralization Test
We propagated untransfected Vero E6 cells (Ameri-
can Type Culture Collection, https://www.atcc.org) 
and Vero E6 cells transiently expressing an untagged 
transmembrane protease, serine 2 (TMPRSS2) cDNA 

Figure 1. SARS-CoV-2 neutralizing antibodies found in serum samples from fallow deer in an urban deer population located in 
Dublin, Ireland, 2020–2022. A) Serum samples collected in November 2020 (n = 28); B) samples from November 2021 (n = 25); C) 
samples from February 2022 (n = 21). Serum samples were collected from wild fallow deer and screened in duplicate for SARS-CoV-2 
neutralizing antibodies by using the Genscript cPass SARS-CoV-2 surrogate virus neutralization test (Genescript, https://www.genscript.
com). Deer identification numbers are shown on the x axes for each year. Dotted lines indicate a cutoff of 30% neutralization. Red dots 
indicate serum samples that had >30% neutralization and were considered seropositive for SARS-CoV-2. Data are presented as mean 
percent neutralization calculated from duplicate wells from 2 independent assays.

http://www.cdc.gov/eid
https://www.thermofisher.com
https://joint-research-centre.ec.europa.eu
https://joint-research-centre.ec.europa.eu
https://www.atcc.org
https://www.genscript.com
https://www.genscript.com
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expression vector (Sino Biological, https://www.
sinobiological.com) as previously described (17). We 
generated SARS-CoV-2 pseudoviruses bearing spike 
proteins from Alpha, Delta, Omicron BA.1, and Omi-
cron BA.2 variants (InvivoGen, https://www.invi-
vogen.com) as previously described (18). In brief, we 
co-transfected 293T cells with plasmids encoding an 
HIV-1 provirus expressing luciferase (pNL4-3-Luc-R-
E; National Institute for Biologic Standards and Con-
trol, https://nibsc.org) and either vesicular stomati-
tis virus glycoprotein, SARS-CoV-2 spike protein, or 
a no E control. We harvested supernatants 48 and 72 
hours after transfection, filtered them through a 0.45- 
µm filter, and stored them at −80°C.

We propagated SARS-CoV-2 strain 2019-nCoV/
Italy-INMI1 (European Virus Archive Global, https://
www.european-virus-archive.com; GenBank accession 

no. MT077125.1) in Vero E6 cells as previously described 
(17). We performed TCID50 assays of Vero E6 cells in 
quadruplicate and determined infectious titers as pre-
viously described (19). We isolated SARS-CoV-2 Omi-
cron BA.1 (GenBank accession no. ON350968, passage 
2) from a SARS-CoV-2–positive nasopharyngeal swab 
sample obtained during the All Ireland Infectious Dis-
ease Cohort Study (P.W.G. Mallon et al., unpub. data, 
https://doi.org/10.1101/2021.02.09.21251402) and am-
plified the virus on Vero E6/TMPRSS2–expressing cells 
obtained from the Centre For AIDS Reagents at the Na-
tional Institute for Biologic Standards and Control (20).

We incubated individual pseudoviruses or infec-
tious viruses with deer serum samples at a 1:1 ratio 
for 1 hour at 37°C and then titrated the viruses on 
Vero E6/TMPRSS2 cells. For pseudovirus infections, 
we lysed the cells after 48 hours by using Passive  

Figure 2. Infectivity of SARS-CoV-2 pseudoviruses after incubation with SARS-CoV-2–positive serum samples from wild fallow 
deer, Dublin, Ireland, 2020–2022. Spike proteins were from Alpha (A), Delta (B), Omicron BA.1 (C), and Omicron BA.2 (D) variants 
of concern. SARS-CoV-2 pseudoviruses bearing spike proteins from different variants of concern were incubated with 5 deer serum 
samples at a 1:1 ratio in triplicate and then used to infect Vero E6/TMPRSS2 cells. Identification numbers of deer are indicated. Controls 
were virus incubated in triplicate at a 1:1 ratio with culture medium. Relative light units from a luciferase reporter were used to calculate 
percentage infectivity relative to the untreated control virus. Data are from 2 independent experiments with 3 biologic replicates per 
experiment. Error bars indicate SDs. NE, no envelope naked pseudovirus control; NS, not significant; UF, uninfected cells.

http://www.cdc.gov/eid
https://www.sinobiological.com
https://www.sinobiological.com
https://www.invivogen.com
https://www.invivogen.com
https://nibsc.org
https://www.european-virus-archive.com
https://www.european-virus-archive.com
https://doi.org/10.1101/2021.02.09.21251402
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Lysis Buffer (Promega, https://www.promega.com) 
and quantified luciferase activity by using a TriStar2 
LB 942 Multimode Reader (Berthold Technologies, 
https://www.berthold.com). We expressed infectiv-
ity as relative light units, minus the no-E control sig-
nal, relative to the virus only control. For infectious 
virus assays, we scored the cytopathic effect 48 hours 
after infection and calculated TCID50 (19). To differ-
entiate between cytopathic effect and cytotoxicity fol-
lowing incubation with serum samples, we titrated 
each serum sample alone on Vero E6/TMPRSS2 cells 
and scored cytotoxicity 48 hours after inoculation; we 
only scored dilutions that had no visible cytotoxic ef-
fect (i.e., rounded or detached cells) in TCID50 assays.

SARS-CoV-2 Superlineages Circulating during  
Sampling Months
We performed SARS-CoV-2 whole-genome sequenc-
ing of human clinical samples collected in Ireland as 
described previously (21), covering 1-month periods 
concurrent with the deer culling dates; human se-
quences were downloaded from GISAID (https://
www.gisaid.org). We assigned lineages by using the 
Pangolin application version 4.3 and Pangolin data 
version 1.20 (https://github.com/cov-lineages/pan-
golin) and assigned superlineages by using the most 
recent common ancestors of SARS-CoV-2 variants 
B.1, B.1.177, B.1.1.7 (Alpha), P.2 (Zeta), B.1.617.2 (Del-
ta), B.1.1.529.1 (Omicron BA.1), B.1.1.529.2 (Omicron 
BA.2), and B.1.1.529.3 (Omicron BA.3). For graphical 
representations, we sampled 108 genomes propor-
tionally to their superlineage frequencies from all 3 
sampling periods.

We aligned multiple sequences of the SARS-CoV-2 
genome sequences from humans with a GenBank ref-
erence sequence (accession no. MN908947) by using 
the MAFFT program and FFT-NS-I algorithm (22). We 
inferred a phylogenetic tree by aligning sequences (n = 
109) by using the program RAxML (https://antonelli-
lab.github.io/raxmlGUI) and a general time-reversible 
substitution model and estimated branch support by 
using 100 bootstrap replicates.

SARS-CoV-2 Infection of Tracheal Explants  
and Precision Cut Lung Slices
We generated precision cut lung slices (PCLSs) and 
tracheal explants from 2 SARS-CoV-2–seronega-
tive fallow deer and inoculated the tissues with ei-
ther SARS-CoV-2 Italy-INMI-1 (ancestral virus) or 
Omicron BA.1 strains (Appendix 1). For tracheal in-
fections, we added 100 μL virus (Italy-INMI-1 titer, 
3.9 × 105 TCID50/mL; Omicron BA.1 titer, 1.3 × 103 
TCID50/mL) to the epithelial surface of tracheal tis-
sue; for PCLS infections, we added 500 μL virus and 
500 μL culture medium to each well containing lung 
tissue. We infected tissue with each virus variant in 
triplicate. We removed virus 24 hours after inocula-
tion, washed the tissue in phosphate-buffered saline, 
replenished the culture medium, and cultured the tis-
sue for another 48 hours. Then, we fixed tissue with 
10% neutral-buffered formalin.

Immunohistochemistry to Detect SARS-CoV-2 Antigen
To evaluate SARS-CoV-2 expression profiles, we im-
munohistochemically stained formalin-fixed, paraf-
fin-embedded tissue sections (Appendix 1) by using 

Figure 3. Infectivity of SARS-CoV-2 infectious viruses after incubation with SARS-CoV-2–positive serum samples from wild fallow 
deer, Dublin, Ireland, 2020–2022. Deer serum samples were incubated with infectious SARS-CoV-2 ancestral strain Italy_INMI1 (A) or 
Omicron BA.1 (B) and then used to infect Vero E6/TMPRSS2 cells. Identification numbers of deer are indicated. Cytopathic effect was 
calculated as TCID50, as previously described (19). Data are from 2 independent experiments with 8 biologic replicates per experiment. 
p values were calculated by using 1-way analysis of variance (Appendix 2 Tables 2, 3, https://wwwnc.cdc.gov/EID/article/30/8/23-1056-
App2.xlsx). Error bars indicate SDs. NS, not significant; TCID50, 50% tissue culture infectious dose.

http://www.cdc.gov/eid
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mouse monoclonal IgG1 antibody against SARS-
CoV-2 spike protein (GeneTex, https://www.gene-
tex.com) and the EnVision Flex kit (Agilent Technolo-
gies Inc., https://www.agilent.com). We scanned the 
slides by using the Aperio AT2 digital slide scanner 
and reviewed images by using Aperio ImageScope 
12.4 software (both Leica Biosystems, https://www.
leicabiosystems.com).

Statistical Analyses
We expressed in vitro results as means +SD, ex-
cept as indicated, and analyzed data by using 
1-way analysis of variance in Prism 9.0 (GraphPad, 
https://www.graphpad.com). We estimated indi-
vidual begging behavior as previously described 
(Appendix 1) (13).

Results

SARS-CoV-2–Seropositive Fallow Deer
Using an sVNT specific for SARS-CoV-2, we screened 
serum samples from fallow deer culled in November 
2020 (n = 28), November 2021 (n = 25), and Febru-
ary 2022 (n = 21) for SARS-CoV-2 neutralizing anti-
bodies. All deer culled in November 2020 had sVNT 
neutralization cutoff values of <30% and were con-
sidered seronegative. All deer, except 1 from the 
November 2021 cull, were also seronegative. Deer 
no. 18_B_2021, culled on November 25, 2021, had 
an sVNT neutralization value of 30% and was con-
sidered seropositive. Twelve of 21 (57%) deer culled 
in February 2022 had neutralization values >30% 
and were considered seropositive for SARS-CoV-2 
(Table; Figure 1). SARS-CoV-2 seropositive animals 
ranged from <1 (fawn) to 8 years of age and were 
from various subherds within the park (Table). Of 
the 13 seropositive deer, 10 (77%) were male and 3 
(23%) female (Table).

SARS-CoV-2 Pseudovirus and Infectious  
Virus Neutralization
To confirm the ability of sVNT-positive deer serum 
samples to neutralize SARS-CoV-2 pseudovirus and 
infectious virus, we selected 4 serum samples with 
the highest sVNT neutralization titers from the Feb-
ruary 2022 cull together with a seropositive sample 
from the November 2021 cull (deer no. 18_B_2021). 
All SARS-CoV-2–seropositive serum samples from 
2022 neutralized pseudoviruses bearing Alpha, Delta, 
Omicron BA.1, and BA.2 spike proteins, whereas the 
sample from deer no. 18_B_2021 only significantly 
inhibited pseudovirus containing the BA.2 spike pro-
tein (Figure 2). None of the 5 serum samples neutral-
ized vesicular stomatitis virus glycoprotein from an 
unrelated pseudovirus construct. Using infectious an-
cestral SARS-CoV-2 (Italy-INMI1) and Omicron BA.1 
viruses, we observed significant inhibition of the an-
cestral virus by 3 of 5 serum samples and Omicron 

Figure 4. Begging behavior of deer sampled to detect SARS-CoV-2 neutralizing antibodies in study of SARS-CoV-2 seropositivity in 
urban population of wild fallow deer, Dublin, Ireland, 2020–2022. A) November 2020; B) November 2021; C) February 2022. Dotted 
lines indicate a cutoff of 30% neutralization of SARS-CoV-2 by serum antibodies; >30% neutralization was considered SARS-CoV-2 
seropositive. Red dots indicate occasional beggars; most deer were either consistent or occasional beggars. 

Figure 5. Example of fallow deer–human interaction in study 
of SARS-CoV-2 seropositivity in urban population of wild fallow 
deer, Dublin, Ireland, 2020–2022. Photograph by Bawan Amin, 
University College Dublin, July 2018.

http://www.cdc.gov/eid
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BA.1 by all 5 serum samples tested (Figure 3; Appen-
dix 2 Tables 2, 3).

Fallow Deer qRT-PCR Negative for SARS-CoV-2
All animals were PCR negative for the SARS-CoV-2 E 
gene in tissues collected during November 2021 and 
February 2022, regardless of serum status (Table; Ap-
pendix 1 Table). SARS-CoV-2 ssRNA controls were 
amplified in all assays, indicating the qRT-PCR am-
plified the SARS-CoV-2 E gene correctly.

Begging Behavior of SARS-CoV-2 Seropositive Deer
Most sampled deer were consistent or occasional 
beggars (Figure 4) (13). Of the seropositive animals 

sampled during February 2022, 7/12 (58%) were 
consistent or occasional beggars; the remaining 6 
seropositive deer from both 2021 and 2022 were un-
ranked, indicating they were either not tagged or 
tagged without an assigned rank, as in the case of a 
fawn (deer no. 6_C_2022). However, the fawn’s moth-
er is a documented consistent beggar; therefore, it is 
possible that this fawn came in contact with humans 
while following its mother. Beggars took various 
foodstuffs from humans (Figure 5) (13). The sampled 
deer represented the entire fallow deer population in 
terms of begging rank (Figure 6), begging category 
(Figure 7), and age and sex classes (Figure 8). We at-
tempted to link begging rank to serum status by us-
ing a regression model that had the year of study and 
begging rank as predictors and serum status as the re-
sponse variable. Although we observed a positive re-
lationship between the variables, not enough power 
was achieved for a significant p value, because many 
seropositive animals were untagged.

SARS-CoV-2 Superlineages Circulating  
in Human Population 
The SARS-CoV-2 genome sequences (n = 5,012) 
from human clinical samples obtained during No-
vember 2020 (n = 224), November 2021 (n = 2,883), 
and February 2022 (n = 1,905) enabled the examina-
tion of variants circulating in the human population 
during the fallow deer cull periods (Figure 9). The 
genome sequences from clinical samples showed a 
clear demarcation between different variant waves 
and nonoverlapping phylogenetic relationships 
among the lineages identified during the 3 deer 
sampling periods. During the first sampling period 
(November 2020), B.1 and B.1.177 were the main 
lineages circulating among the population in Ire-
land; Alpha and Zeta variants were detected dur-
ing this month, and the Alpha variant was predom-
inant during the following months (P.W.G. Mallon, 

Figure 7. Begging category 
proportions in study of SARS-
CoV-2 seropositivity in urban 
population of wild fallow deer, 
Dublin, Ireland, 2020–2022. A) 
Total fallow deer population; B) 
fallow deer sampled for SARS-
CoV-2 serum antibodies.

Figure 6. Deer begging rank distributions in study of SARS-CoV-2 
seropositivity in urban population of wild fallow deer, Dublin, 
Ireland, 2020–2022. Mirror density plot was generated to compare 
begging rank distributions (Appendix 1, https://wwwnc.cdc.gov/
EID/article/30/8/23-1056-App1.pdf) for the whole deer population 
(black shading) and sampled deer (gray shading). 

http://www.cdc.gov/eid
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et al., unpub. data). During November 2021, the 
Delta variant was the main circulating variant for 
the entire month, whereas in February 2022, Omi-
cron variants BA.1 and BA.2 were the main variants 
detected; Omicron BA.3 was detected at the end of 
February 2022.

Fallow Deer Trachea and Lung Tissues  
Infected by SARS-CoV-2
Two board-certified pathologists (J.P.C. and A.F.) re-
viewed the tissue slides without having prior knowl-
edge of sample treatment and assessed the presence 
or absence of SARS-CoV-2 staining and the likely 

Figure 8. Deer age and sex 
structure in study of SARS-
CoV-2 seropositivity in urban 
population of wild fallow deer, 
Dublin, Ireland, 2020–2022. A) 
Female deer; B) male deer. 

Figure 9. Phylogenetic analysis of SARS-CoV-2 superlineages circulating in humans during deer sampling months in study of SARS-
CoV-2 seropositivity in wild fallow deer, Dublin, Ireland, 2020–2022. We analyzed SARS-CoV-2 whole-genome sequences from human 
clinical samples collected in Ireland covering months corresponding to the deer culling dates (November 2020, November 2021, and 
February 2022). Branch lengths in the phylogenetic tree (left panel) show the number of base substitutions per site. Colors indicate 
different SARS-CoV-2 variants. Pangolin lineages are shown with corresponding major circulating variants for each cull month. Location 
of dots shown for each cull month (right 3 panels) corresponds to the sampling date in each month (horizontal axis) and the phylogenetic 
position within the tree panel (vertical axis). 

http://www.cdc.gov/eid
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cells showing immunoreactivity. Tracheal epithelium 
inoculated with Italy-INMI1 (ancestral SARS-CoV-2), 
but not Omicron, was antigen-positive in 2 of 3 exper-
imental replicates from 1 deer (Figure 10). In contrast, 
in lung tissue, cells morphologically consistent with 
type 2 pneumocytes and elongated cells representing 
type 1 pneumocytes or endothelial cells were immu-
noreactive in all 3 replicates from animals inoculated 
with Omicron BA.1, but not Italy-INMI1 (Figure 11). 
No immunoreactivity was observed in tracheal or 
lung tissue stained with the IgG control or in mock-
infected tissue (Figure 11). We attempted to confirm 
infection by using qRT-PCR for the SARS-CoV-2 E 
gene 24–72 hours postinfection but were unable to 
distinguish between residual input virus and de novo 
virus released from infected PCLSs.

Discussion
The World Health Organization, World Organisation 
for Animal Health, and Food and Agriculture Orga-
nization of the United Nations have emphasized the 
need to monitor SARS-CoV-2 in wildlife because of 
the potential establishment of animal reservoirs and 
possible generation of novel variants (23). Minimiz-
ing transmission between humans and wildlife has 
also been emphasized, including educating the public 
about the risks of contact with wild animals (24).

White-tailed deer and mule deer are the only deer 
species reported to be susceptible to SARS-CoV-2 in-
fection (5,24). White-tailed deer shed infectious virus, 
leading to deer-to-deer and deer-to-human transmis-
sion (7,25). Other mammal species capable of trans-
mitting SARS-CoV-2 are mink, raccoons, dogs, cats, 
ferrets, hamsters, mice, Egyptian fruit bats, and deer 
mice (3). In contrast to white-tailed and mule deer, fal-
low deer (both Dama dama and D. mesopotamica) are a 

monophyletic clade within Old World deer (26). Hu-
man interactions with the fallow deer population in 
Phoenix Park have increased since 2013 because of 
higher social media visibility of the deer in the Park 
and the animals’ willingness to take food from humans 
(13). During the COVID-19 pandemic, human–deer in-
teractions rose in 2020 because of increased park us-
age for recreation during lockdown, but interactions 
returned to prepandemic levels by summer 2021 (27). 

We identified 13 seropositive deer that showed 
34% mean SARS-CoV-2 neutralization in the sVNT; 
the highest neutralization was 42%. Although this 
sVNT has not been specifically validated for deer spe-
cies, the same sVNT has been used to report neutral-
ization levels approaching 80%–90% for white-tailed 
deer (4), and the assay has been assessed in other 
species susceptible to SARS-CoV-2 infection, such as 
hamsters, mink, ferrets, and cats (28). In this study, 
SARS-CoV-2 neutralization levels using pseudovi-
ruses were higher than those from the Genescript 
sVNT assays used for serum samples from February 
2022 and the positive serum sample from November 
2021 (deer 18_B_2021). The serum sample from deer 
18_B_2021 significantly inhibited the BA.2 pseudo-
virus. All serum samples were capable of neutralizing 
infectious Omicron BA.1, but only 3 of 5 significantly 
neutralized infectious virus strain Italy_INMI1. 

Because the sVNT uses the SARS-CoV-2 spike pro-
tein from the ancestral virus, it is possible that more 
seropositive serum samples might have been detected 
if the sVNT had incorporated later mutated variants 
(29). This sVNT result, together with other studies, 
suggests the sVNT should be interpreted qualitatively 
rather than quantitatively (28). The sVNT specifically 
detects SARS-CoV-2 neutralizing antibodies and has 
no cross-reactivity with other human coronaviruses or  

Figure 10. SARS-CoV-2 infection 
of tracheal explant in study of 
SARS-CoV-2 seropositivity in 
urban population of wild fallow 
deer, Dublin, Ireland, 2020–2022. 
Tracheal explants from 2 SARS-
CoV-2–seronegative deer were 
inoculated with SARS-CoV-2 
Italy-INMI1 and stained by using 
immunohistochemistry. Control 
sections were stained with IgG 
only or mock infected. A) Arrows 
indicate SARS-CoV-2 Italy-
INMI1 antigen immunoreactivity 
in tracheal epithelium; B) no 
immunoreactivity was observed 
after staining with the IgG control. 
Scale bars indicate 60 μm. 

http://www.cdc.gov/eid


RESEARCH

1618 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024

respiratory viruses or Middle East respiratory syn-
drome coronavirus (28) except SARS-CoV, which is 
closely related antigenically to SARS-CoV-2, according 
to cPass SARS-CoV-2 sVNT Kit documentation (Ge-
nescript). During the fallow deer sampling period, no 
evidence of SARS-CoV circulation existed in Ireland. 
However, although respiratory disease was not ob-
served in the study population, cross-reactivity with 
other animal coronaviruses in the sVNT, including 
bovine coronavirus, is possible but has not been evalu-
ated. It is unclear whether bovine coronavirus is circu-
lating in this population (30), but other respiratory vi-
ruses have a low seroprevalence in deer in Ireland (31).

SARS-CoV-2–seropositive deer in this study were 
mainly occasional beggars, which reflected the beg-
ging category distribution of the entire deer popula-
tion (13). We only sampled 2 rare beggars or avoiders 
in this study, likely because of their contact avoidance 
with humans and, therefore, their lower likelihood 

of being culled, which agrees with previous studies 
that shyer animals evade observation and trapping 
(13,32). Overall, 77% of seropositive deer were male, 
consistent with the hypothesis of anthroponosis, be-
cause male deer are more likely to beg for food (13).

During the 3 sampling periods, diverse  
SARS-CoV-2 variants circulated in the human popu-
lation (22; A.M. Rice et al., unpub. data, https:// 
doi.org/10.1101/2023.05.11.23289783). Because of the 
high frequency of interactions with humans, it is likely 
that the fallow deer population was exposed to SARS-
CoV-2 through human contact. Although the February 
2022 deer sampling period coincided with circulation 
of the Omicron variant within the human population, 
it is not possible to definitively state to which subvari-
ant the seropositive deer in this study were exposed or 
whether SARS-CoV-2 transmission occurred between 
deer. SARS-CoV-2 surveillance studies in Europe have 
not sampled animals after 2021 or studied deer that had  

Figure 11. SARS-CoV-2 Omicron BA.1 infection of ex vivo lung tissue in study of SARS-CoV-2 seropositivity in urban population of wild 
fallow deer, Dublin, Ireland, 2020–2022. Precision cut lung slices were collected from 2 SARS-CoV-2–seronegative deer and inoculated 
with SARS-CoV-2 Omicron BA.1; sections were stained by using immunohistochemistry. Control sections were stained with IgG only or 
mock infected. A) Deer 1; B) deer 2. Arrows in first and middle panels indicate Omicron BA.1 immunoreactivity in cells morphologically 
consistent with type 2 pneumocytes. Third panel indicates no immunoreactivity after staining with the IgG control. No immunoreactivity 
was observed in the mock-infected tissues for either animal. Scale bars indicate 60 μm.
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defined interactions with humans (9,10). Our study 
highlights the need for ongoing SARS-CoV-2 surveil-
lance in animals, particularly as novel variants of con-
cern are still emerging (23).

We showed that fallow deer PCLS tissue sup-
ported SARS-CoV-2 infection with Omicron BA.1 but 
not the ancestral virus. Omicron-positive cells were 
observed in PCLS tissue 72 hours after infection, and 
those cells expressed ACE2 (11). Whether other recep-
tors, such as TMPRSS2, are necessary for SARS-CoV-2 
infection in fallow deer remains unknown. Infected 
cells were observed in tracheal epithelium from 1 of 
2 animals inoculated with ancestral SARS-CoV-2 but 
not Omicron. The reasons for differences in tissue 
distribution are unclear, and further studies will be 
needed to determine tissue distribution at different 
timepoints after infection (33,34).

None of the deer sampled in this study were 
PCR positive for SARS-CoV-2, and no clinical signs 
were observed. However, because of the short dura-
tion of viral replication compared with the extended 
persistence of antibodies in white-tailed deer (>13 
months), we were more likely to detect seropositive 
animals than those shedding virus (35). Although an 
annotated fallow deer genome is not available, ACE2 
residues binding SARS-CoV-2 spike protein are con-
served across cervids and have high homology to 
human ACE2 (36). Moreover, deer species for which 
ACE2 sequences are not available, including D. dama, 
are also likely to have conserved key ACE2 residues 
(36). Our findings suggests that the SARS-CoV-2 
Omicron variant might infect fallow deer lung tissue 
in contrast to ancestral SARS-CoV-2, highlighting the 
importance of ongoing deer surveillance.

In conclusion, we report SARS-CoV-2 seroposi-
tivity in fallow deer in Ireland. In February 2022, 
Omicron was the dominant variant in humans, and 
57% of fallow deer were also seropositive for SARS-
CoV-2. Ongoing surveillance to identify novel reser-
voirs of SARS-CoV-2 and other zoonotic pathogens 
is needed to prevent ecologic public health risks for 
human–animal interactions in periurban settings.

Acknowledgments
We thank the University College Dublin Veterinary  
Medicine Containment Level 3 Laboratory and its  
managers, Stephen Gordon, John Browne, and Bridget 
Hogg, for assisting with this study; Marc Farrelly, Tiffany 
Morey, and Christopher Evans for technical assistance; 
Jane Fauli for providing visitor numbers to the Phoenix 
Park; Bawan Amin for the use of the photograph in Figure 
3; and the Office of Public Works, Ireland, for providing 
access to the Phoenix Park deer.

This study was funded by a Wellcome Trust Institutional 
Strategic Support Fund Grant through the University  
College Dublin (grant no. R22631). S.O.R. is the recipient  
of an Irish Research Council, Government of Ireland  
postgraduate scholarship (no. GOIPG/2019/4432).

About the Author
Dr. Purves is a postdoctoral research assistant in the  
Veterinary Sciences Centre at the University College 
Dublin. His research interests focus on virus persistence in 
the environment and animal reservoirs and on One Health 
research approaches.

References 
  1. V’kovski P, Kratzel A, Steiner S, Stalder H, Thiel V.  

Coronavirus biology and replication: implications for  
SARS-CoV-2. Nat Rev Microbiol. 2021;19:155–70.  
https://doi.org/10.1038/s41579-020-00468-6

  2. World Health Organization. WHO COVID-19 dashboard 
[cited 2023 Jul 21]. https://covid19.who.int

  3. European Centre for Disease Prevention and Control.  
SARS-CoV-2 in animals: susceptibility of animal species,  
risk for animal and public health, monitoring, prevention 
and control. February 28, 2023 [cited 2023 Jul 21].  
https://www.ecdc.europa.eu/en/publications-data/ 
sars-cov-2-animals-susceptibility-animal-species-risk-animal-
and-public-health

  4. Chandler JC, Bevins SN, Ellis JW, Linder TJ, Tell RM, 
Jenkins-Moore M, et al. SARS-CoV-2 exposure in wild 
white-tailed deer (Odocoileus virginianus). Proc Natl Acad 
Sci USA. 2021;118:e2114828118. https://doi.org/10.1073/
pnas.2114828118

  5. Hale VL, Dennis PM, McBride DS, Nolting JM, Madden C,  
Huey D, et al. SARS-CoV-2 infection in free-ranging  
white-tailed deer. Nature. 2022;602:481–6. https://doi.org/ 
10.1038/s41586-021-04353-x

  6. Martins M, Boggiatto PM, Buckley A, Cassmann ED,  
Falkenberg S, Caserta LC, et al. From deer-to-deer:  
SARS-CoV-2 is efficiently transmitted and presents broad  
tissue tropism and replication sites in white-tailed deer.  
PLoS Pathog. 2022;18:e1010197. https://doi.org/10.1371/
journal.ppat.1010197

  7. Palmer MV, Martins M, Falkenberg S, Buckley A,  
Caserta LC, Mitchell PK, et al. Susceptibility of white-tailed  
deer (Odocoileus virginianus) to SARS-CoV-2. J Virol. 
2021;95:e00083-21. https://doi.org/10.1128/JVI.00083-21

  8. World Organisation for Animal Health. OIE statement on 
monitoring white-tailed deer for SARS-CoV-2. December 3, 
2021 [cited 2023 Jul 21]. https://www.woah.org/en/ 
oie-statement-on-monitoring-white-tailed-deer-for-sars-cov-2

  9. Holding M, Otter AD, Dowall S, Takumi K, Hicks B,  
Coleman T, et al. Screening of wild deer populations for 
exposure to SARS-CoV-2 in the United Kingdom, 2020–2021. 
Transbound Emerg Dis. 2022;69:e3244–9. https://doi.org/ 
10.1111/tbed.14534

10. Moreira-Soto A, Walzer C, Czirják GÁ, Richter MH,  
Marino SF, Posautz A, et al. Serological evidence that  
SARS-CoV-2 has not emerged in deer in Germany or  
Austria during the COVID-19 pandemic. Microorganisms.  
2022;10:748. https://doi.org/10.3390/microorganisms 
10040748

http://www.cdc.gov/eid
https://doi.org/10.1038/s41579-020-00468-6
https://covid19.who.int
https://www.ecdc.europa.eu/en/publications-data/
https://doi.org/10.1073/pnas.2114828118
https://doi.org/10.1073/pnas.2114828118
https://doi.org/
https://doi.org/10.1371/journal.ppat.1010197
https://doi.org/10.1371/journal.ppat.1010197
https://doi.org/10.1128/JVI.00083-21
https://www.woah.org/en/
https://doi.org/
https://doi.org/10.3390/microorganisms


RESEARCH

1620 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024

11. Lean FZX, Cox R, Madslien K, Spiro S, Nymo IH, Bröjer C, 
et al. Tissue distribution of angiotensin-converting enzyme 2 
(ACE2) receptor in wild animals with a focus on artiodactyls, 
mustelids and phocids. One Health. 2023;16:100492.  
https://doi.org/10.1016/j.onehlt.2023.100492

12. Zhang Y, Wei M, Wu Y, Wang J, Hong Y, Huang Y, et al. 
Cross-species tropism and antigenic landscapes of circulating 
SARS-CoV-2 variants. Cell Rep. 2022;38:110558.  
https://doi.org/10.1016/j.celrep.2022.110558

13. Griffin LL, Haigh A, Amin B, Faull J, Norman A, Ciuti S. 
Artificial selection in human–wildlife feeding interactions.  
J Anim Ecol. 2022;91:1892–905. https://doi.org/10.1111/ 
1365-2656.13771

14. Amin B, Jennings DJ, Smith AF, Quinn M, Chari S,  
Haigh A, et al. In utero accumulated steroids predict neonate 
anti-predator response in a wild mammal. Funct Ecol. 
2021;35:1255–67. https://doi.org/10.1111/1365-2435.13790

15. Griffin LL, Haigh A, Conteddu K, Andaloc M, McDonnell P,  
Ciuti S. Reducing risky interactions: identifying barriers to 
the successful management of human–wildlife conflict  
in an urban parkland. People Nat. 2022;4:918–30.  
https://doi.org/10.1002/pan3.10338

16. Grierson SS, McGowan S, Cook C, Steinbach F, Choudhury B.  
Molecular and in vitro characterisation of hepatitis E virus 
from UK pigs. Virology. 2019;527:116–21. https://doi.org/ 
10.1016/j.virol.2018.10.018

17. Purves K, Haverty R, O’Neill T, Folan D, O’Reilly S,  
Baird AW, et al. A novel antiviral formulation containing 
caprylic acid inhibits SARS-CoV-2 infection of a human 
bronchial epithelial cell model. J Gen Virol. 2023;104:001821. 
PubMed https://doi.org/10.1099/jgv.0.001821

18. Fletcher NF, Meredith LW, Tidswell EL, Bryden SR, 
Gonçalves-Carneiro D, Chaudhry Y, et al. A novel antiviral 
formulation inhibits a range of enveloped viruses. J Gen  
Virol. 2020;101:1090–102. https://doi.org/10.1099/
jgv.0.001472

19. Reed LJ, Muench H. A simple method of estimating fifty  
percent endpoints. Am J Hyg. 1938;27:493–7. https://doi.org/ 
10.1093/oxfordjournals.aje.a118408

20. Matsuyama S, Nao N, Shirato K, Kawase M, Saito S,  
Takayama I, et al. Enhanced isolation of SARS-CoV-2 
by TMPRSS2-expressing cells. Proc Natl Acad Sci USA. 
2020;117:7001–3. https://doi.org/10.1073/pnas.2002589117

21. Reynolds LJ, Gonzalez G, Sala-Comorera L, Martin NA, 
Byrne A, Fennema S, et al. SARS-CoV-2 variant trends in 
Ireland: wastewater-based epidemiology and clinical  
surveillance. Sci Total Environ. 2022;838:155828.  
https://doi.org/10.1016/j.scitotenv.2022.155828

22. Katoh K, Rozewicki J, Yamada KD. MAFFT online service: 
multiple sequence alignment, interactive sequence choice 
and visualization. Brief Bioinform. 2019;20:1160–6.  
https://doi.org/10.1093/bib/bbx108

23. World Health Organization. Joint statement on the  
prioritization of monitoring SARS-CoV-2 infection in wildlife 
and preventing the formation of animal reservoirs. March 
7, 2022 [cited 2023 Jul 21]. https://www.who.int/news/
item/07-03-2022-joint-statement-on-the-prioritization-of-
monitoring-sars-cov-2-infection-in-wildlife-and-preventing-
the-formation-of-animal-reservoirs

24. World Organisation for Animal Health. SARS-COV-2 in 
animals—situation report 11. March 31, 2022 [cited 2023 Jul 
21]. https://www.woah.org/app/uploads/2022/04/ 
sars-cov-2-situation-report-11.pdf

25. Pickering B, Lung O, Maguire F, Kruczkiewicz P, Kotwa JD, 
Buchanan T, et al. Divergent SARS-CoV-2 variant emerges in 
white-tailed deer with deer-to-human transmission.  
Nat Microbiol. 2022;7:2011–24. https://doi.org/10.1038/
s41564-022-01268-9

26. Pitra C, Fickel J, Meijaard E, Groves PC. Evolution and  
phylogeny of old world deer. Mol Phylogenet Evol. 
2004;33:880–95. https://doi.org/10.1016/j.ympev.2004.07.013

27. Griffin LL, Nolan G, Haigh A, Condon H, O’Hagan H,  
McDonnell P, et al. How can we tackle interruptions to 
human–wildlife feeding management? Adding media 
campaigns to the wildlife manager’s toolbox. People Nat. 
2023;5:1299–315. https://doi.org/10.1002/pan3.10499

28. Embregts CWE, Verstrepen B, Langermans JAM,  
Böszörményi KP, Sikkema RS, de Vries RD, et al. Evaluation 
of a multi-species SARS-CoV-2 surrogate virus neutralization 
test. One Health. 2021;13:100313. https://doi.org/10.1016/ 
j.onehlt.2021.100313

29. Tan CW, Chia WN, Zhu F, Young BE, Chantasrisawad N, 
Hwa SH, et al. SARS-CoV-2 Omicron variant emerged  
under immune selection. Nat Microbiol. 2022;7:1756–61. 
https://doi.org/10.1038/s41564-022-01246-1

30. Dastjerdi A, Floyd T, Swinson V, Davies H, Barber A, 
Wight A. Parainfluenza and corona viruses in a fallow deer 
(Dama dama) with fatal respiratory disease. Front Vet Sci. 
2022;9:1059681. https://doi.org/10.3389/fvets.2022.1059681

31. Graham DA, Gallagher C, Carden RF, Lozano JM, Moriarty J, 
O’Neill R. A survey of free-ranging deer in Ireland for  
serological evidence of exposure to bovine viral diarrhoea 
virus, bovine herpes virus-1, bluetongue virus and  
Schmallenberg virus. Ir Vet J. 2017;70:13. https://doi.org/ 
10.1186/s13620-017-0091-z

32. Biro PA, Dingemanse NJ. Sampling bias resulting from  
animal personality. Trends Ecol Evol. 2009;24:66–7.  
https://doi.org/10.1016/j.tree.2008.11.001

33. Bagato O, Balkema-Buschmann A, Todt D, Weber S,  
Gömer A, Qu B, et al. Spatiotemporal analysis of  
SARS-CoV-2 infection reveals an expansive wave of  
monocyte-derived macrophages associated with vascular 
damage and virus clearance in hamster lungs. Microbiol 
Spectr. 2024;12:e0246923. https://doi.org/10.1128/ 
spectrum.02469-23

34. Lean FZX, Lamers MM, Smith SP, Shipley R, Schipper D, 
Temperton N, et al. Development of immunohistochemistry 
and in situ hybridisation for the detection of SARS-CoV  
and SARS-CoV-2 in formalin-fixed paraffin-embedded 
specimens. Sci Rep. 2020;10:21894. https://doi.org/10.1038/
s41598-020-78949-0

35. Hamer SA, Nunez C, Roundy CM, Tang W, Thomas L,  
Richison J, et al. Persistence of SARS-CoV-2 neutralizing 
antibodies longer than 13 months in naturally infected,  
captive white-tailed deer (Odocoileus virginianus), Texas. 
Emerg Microbes Infect. 2022;11:2112–5. https://doi.org/ 
10.1080/22221751.2022.2112913

36. Lopes LR. Cervids ACE2 residues that bind the spike  
protein can provide susceptibility to SARS-CoV-2.  
EcoHealth. 2023;20:9–17. https://doi.org/10.1007/ 
s10393-023-01632-z

Address for correspondence: Nicola F. Fletcher, Rm 228, 
Veterinary Sciences Centre, University College Dublin, Belfield, 
Dublin D04 W6F6, Ireland; email: nicola.fletcher@ucd.ie

http://www.cdc.gov/eid
https://doi.org/10.1016/j.onehlt.2023.100492
https://doi.org/10.1016/j.celrep.2022.110558
https://doi.org/10.1111/
https://doi.org/10.1111/1365-2435.13790
https://doi.org/10.1002/pan3.10338
https://doi.org/
https://doi.org/10.1099/jgv.0.001821
https://doi.org/10.1099/jgv.0.001472
https://doi.org/10.1099/jgv.0.001472
https://doi.org/
https://doi.org/10.1073/pnas.2002589117
https://doi.org/10.1016/j.scitotenv.2022.155828
https://doi.org/10.1093/bib/bbx108
https://www.who.int/news/item/07-03-2022-joint-statement-on-the-prioritization-of-monitoring-sars-cov-2-infection-in-wildlife-and-preventing-the-formation-of-animal-reservoirs
https://www.who.int/news/item/07-03-2022-joint-statement-on-the-prioritization-of-monitoring-sars-cov-2-infection-in-wildlife-and-preventing-the-formation-of-animal-reservoirs
https://www.who.int/news/item/07-03-2022-joint-statement-on-the-prioritization-of-monitoring-sars-cov-2-infection-in-wildlife-and-preventing-the-formation-of-animal-reservoirs
https://www.who.int/news/item/07-03-2022-joint-statement-on-the-prioritization-of-monitoring-sars-cov-2-infection-in-wildlife-and-preventing-the-formation-of-animal-reservoirs
https://www.woah.org/app/uploads/2022/04/
https://doi.org/10.1038/s41564-022-01268-9
https://doi.org/10.1038/s41564-022-01268-9
https://doi.org/10.1016/j.ympev.2004.07.013
https://doi.org/10.1002/pan3.10499
https://doi.org/10.1016/
https://doi.org/10.1038/s41564-022-01246-1
https://doi.org/10.3389/fvets.2022.1059681
https://doi.org/
https://doi.org/10.1016/j.tree.2008.11.001
https://doi.org/10.1128/
https://doi.org/10.1038/s41598-020-78949-0
https://doi.org/10.1038/s41598-020-78949-0
https://doi.org/
https://doi.org/10.1007/
mailto:nicola.fletcher@ucd.ie


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024 1621

In the United States, as in many countries, conve-
nience sample serosurveillance studies (e.g., in 

blood donors) have demonstrated that most of the 
population has SARS-CoV-2 antibodies from vaccina-
tion, infection, or both (1–3). Therefore, continued sur-
veillance using serologic tests requires robust detec-
tion of first infections in vaccinated persons (infection 
after vaccination) and reinfections to yield meaningful 
estimates of infection incidence. Serologic detection of 
nucleocapsid antibodies has been a critical tool to de-
tect previous SARS-CoV-2 infection and discriminate 
between vaccine- and infection-induced antibody re-
activity in the context of spike-based vaccines.

The National Blood Donor Cohort (NBDC), a lon-
gitudinal study sponsored by the Centers for Disease 
Control and Prevention (CDC), was conducted in part-
nership with the 2 largest US blood collectors (Vitalant 
and the American Red Cross) and their central testing 
laboratory Creative Testing Solutions (M. Stone et al., 
unpub. data). We classified participating donors into 
4 groups on the basis of infection and vaccination sta-
tus as of mid-2021: not previously infected or vacci-
nated, previously infected, previously vaccinated, or 
both previously infected and vaccinated. An earlier 
iteration of this program (the National Blood Donor 
Serosurvey) conducted serial monthly cross-sectional  
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Nucleocapsid antibody assays can be used to estimate 
SARS-CoV-2 infection prevalence in regions implementing 
spike-based COVID-19 vaccines. However, poor sensitiv-
ity of nucleocapsid antibody assays in detecting infection 
after vaccination has been reported. We derived a lower 
cutoff for identifying previous infections in a large blood do-
nor cohort (N = 142,599) by using the Ortho VITROS Anti-
SARS-CoV-2 Total-N Antibody assay, improving sensitivity 
while maintaining specificity >98%. We validated sensitiv-
ity in samples donated after self-reported swab-confirmed 

infection diagnoses. Sensitivity for first infections in unvac-
cinated donors was 98.1% (95% CI 98.0–98.2) and for in-
fection after vaccination was 95.6% (95% CI 95.6–95.7) 
based on the standard cutoff. Regression analysis showed 
sensitivity was reduced in the Delta compared with Omi-
cron period, in older donors, in asymptomatic infections, 
<30 days after infection, and for infection after vaccination. 
The standard Ortho N antibody threshold demonstrated 
good sensitivity, which was modestly improved with the 
revised cutoff.
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serosurveys during July 2020–December 2021 (4–6) 
to provide population-weighted seroprevalence esti-
mates. However, because vaccination rates increased 
in 2021, the percentage of donations with vaccine-
induced, infection-induced, or both vaccine-induced 
and infection-induced spike antibody reactivity ap-
proached 95%, and rates of infection-induced N an-
tibody reactivity exceeded 75% in the United States 
by the end of 2022 (1,7), thus diminishing the value 
of cross-sectional serosurveillance. Important objec-
tives of the NBDC included continued monitoring 
of SARS-CoV-2 infection incidence and vaccine- and 
infection-induced seroprevalence in the context of en-
demic SARS-CoV-2 transmission and increasing fre-
quency of infection after vaccination and reinfections 
(M. Stone et al., unpub. data).

Several studies have suggested that the sensitivity 
of nucleocapsid antibody serologic tests for detecting 
previous SARS-CoV-2 infection is reduced in vaccinat-
ed persons compared with unvaccinated persons (8–10; 
H.J. Whitaker et al., unpub. data, https://doi.org/ 
10.1101/2021.10.25.21264964). Significantly reduced nu-
cleocapsid antibody reactivity has been reported in pre-
viously vaccinated persons with PCR-confirmed infec-
tions compared with infections in unvaccinated persons 
(H.J. Whitaker et al., unpub. data). Moderna mRNA 
vaccine trial data showed lower rates of nucleocapsid 
antibody seropositivity after PCR-confirmed infection 
among vaccine recipients compared with placebo re-
cipients (40.4% vs. 93.4%) (8). A blunted nucleocapsid 
antibody response for infection after vaccination, and 
consequently reduced sensitivity of nucleocapsid an-
tibody serology, may result from suppression of viral 
replication attributable to existing spike antibodies and 
an associated anamnestic response (11). In addition, 
studies relying on nucleocapsid IgG detection (12) may 
be confounded by rapidly waning antibodies below the 
limit of detection (i.e., seroreversion) (13–16).

We previously demonstrated good performance 
of the Ortho VITROS Anti-SARS-CoV-2 Total N An-
tibody (Ortho nucleocapsid antibody) assay (Quidel 
Ortho, https://www.quidelortho.com) and Roche 
Elecsys NC Anti-SARS-CoV-2 (Roche nucleocapsid 
antibody) assay (Roche, https://www.roche.com) for 
serosurveillance applications, without differentiating 
infections in vaccinated and unvaccinated persons 
(17). In this study, to increase sensitivity while main-
taining high specificity for serologic detection of infec-
tion after vaccination, we derived a revised reactive 
versus nonreactive cutoff for those assays. In addition, 
for the Ortho nucleocapsid antibody assay we sought 
to validate the sensitivity of both the manufacturer’s  
recommended and our revised cutoff for identifying 

first infections in vaccinated and unvaccinated do-
nors who self-reported swab-confirmed infections. 
We then assessed factors influencing detection of nu-
cleocapsid antibodies and assessed the durability of 
antibody detection after primary infection.

Materials and Methods

Study Population
We identified repeat blood donors from 2 national 
blood collection organizations (Vitalant and Ameri-
can Red Cross) who had known prior SARS-CoV-2 in-
fection and COVID-19 vaccination status determined 
during June 2020–July 2021, when all donations were 
tested for SARS-CoV-2 antibodies and donors report-
ed vaccination status at the time of donation. Eligible 
donors were those presenting >2× during the screen-
ing period and meeting all blood donor eligibil-
ity criteria. The NBDC includes 142,599 repeat blood 
donors. We based eligibility screening on donations 
tested with Ortho VITROS Anti-SARS-CoV-2 (spike)  
antibody assay and Roche nucleocapsid antibody 
assay, and we retained all spike antibody–reactive 
samples (5,6,18,19). During follow-up from July 2021 
through December 2022, we identified donation spec-
imens in real time and stored them frozen at –20°C. 
In 2022, we tested 1 donation specimen per donor per 
quarter by using the Ortho VITROS Anti-SARS-CoV-2 
IgG Quantitative Test and the Ortho nucleocapsid 
antibody assay at Creative Testing Solutions and Vi-
talant Research Institute. We captured self-reported 
vaccination status at each donation as part of routine 
donation procedures. We invited all cohort donors to 
respond to electronic surveys on vaccination history, 
infection history, and clinical outcomes of infections; 
the overall response rate was 46.5%. NBDC seroprev-
alence estimates have been published (1).

Analysis and Statistical Methods
We conducted all analyses by using the SAS System 
version 9.4 (SAS Institute, https://www.sas.com). In 
total, we conducted 6 specific statistical analyses.

Derivation of Revised Nonreactive versus Reactive  
Cutoff for Ortho Nucleocapsid Antibody Assay
To detect infections serologically with optimal sensi-
tivity, we derived a revised cutoff by using receiver 
operating characteristic (ROC) curve analysis (Appen-
dix, https://wwwnc.cdc.gov/EID/article/30/8/24-
0659-App1.pdf). We consequently defined gray zone 
reactivity as reactivity above the revised threshold 
and below the standard threshold (0.395<signal-to-
cutoff ratio [S/CO]<1.0).

http://www.cdc.gov/eid
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Effect of Vaccination Status on Nucleocapsid  
Antibody Reactivity
To assess whether first infections after vaccination 
were associated with reduced postinfection nucleo-
capsid antibody reactivity compared with first infec-
tions in unvaccinated donors, we evaluated Ortho 
nucleocapsid antibody assay reactivity distributions 
after infection in 2 groups: serologically identified 
putative first infections, defined as the first donation 
sample for each donor in which nucleocapsid anti-
body reactivity was above the revised cutoff, among 
all donors in the NBDC; and first survey-reported 
swab-confirmed infections. For the first group, we 
based vaccination status on self-report at the time of 
donation. For the second group, we defined swab-
confirmed infections as infections confirmed by 
viral antigen or PCR testing or by physician diag-
nosis (presumed positive swab-based test) and vac-
cination status at the time of infection on survey-re-
ported vaccinations. For both groups, we stratified 
donation samples by vaccination status (vaccinated 
vs. unvaccinated) at the time of infection and by pe-
riod (the Delta variant era, July–December 2021, vs. 
the Omicron era, January–December 2022 [20]) and 
stratified them further by quarter. We calculated the 
proportions of donation samples with reactivity in 
the gray zone for each group.

Sensitivity of Manufacturer’s Recommended and  
Revised Cutoffs for Detection of First Infections
To validate sensitivity, we identified survey-report-
ed swab-confirmed first SARS-CoV-2 infections. We 
classified an infection as occurring in an unvaccinated 
donor if the donor had not reported any vaccination 
before the date of diagnosed infection, and we de-
fined an infection as infection after vaccination if it 
occurred >14 days after completion of an approved 
primary vaccination series (1 dose of the J&J/Jans-
sen vaccine [https://www.jnj.com] or 2 doses of ei-
ther the Pfizer-BioNtech [https://www.pfizer.com] 
or Moderna [https://www.modernatx.com] mRNA 
vaccines). For cases to be included in this analysis, >1 
donation sample had to have been collected 14–180 
days after diagnosis with no prior nucleocapsid an-
tibody reactivity above the standard cutoff. We iden-
tified a total of 2,751 swab-confirmed first infections 
in unvaccinated donors and 8,187 swab-confirmed 
first infections that were infection after vaccination. 
For a secondary, more restrictive analysis, we only 
included infection after vaccination if a postvaccina-
tion spike antibody–reactive, nucleocapsid antibody–
nonreactive sample had been collected before infec-
tion, demonstrating vaccine-induced spike antibodies 

seroconversion in the absence of infection-induced  
nucleocapsid antibodies. We excluded infections oc-
curring after only 1 mRNA vaccination dose or <14 
days after completion of a vaccination series. We 
identified 5,079 infection after vaccination cases for 
this analysis. We included only 1 postinfection sam-
ple per case in either analysis.

We estimated the sensitivity of both the manufac-
turer’s recommended and our revised cutoffs on the 
Ortho nucleocapsid antibody assay in first donation 
samples after swab-confirmed infection, stratified by 
vaccination status of the donor at the time of infection. 
In addition, we stratified infections according to the 
variant era (Delta period vs. Omicron period), donor 
age (<65 years vs. >65 years), and whether the infec-
tion was associated with >1 self-reported symptom. 
We defined sensitivity as the proportion of samples 
that were reactive and calculated 95% CIs by using 
the Wilson score method. We assessed differences in 
sensitivity for different strata by using the binomial 
exact test. We assessed differences in sensitivity as-
sociated with different cutoffs computed on the same 
stratum by computing a p value for the difference in 
the Youden’s J statistic associated with each cutoff.

Factors Associated with Nucleocapsid Antibody 
Seroconversion after Swab-Confirmed Infection
We performed bivariate and multivariable logistic 
regression to assess the effect of vaccination status, 
timing of sample collection relative to infection, do-
nor demographics (age and sex), presence of symp-
toms, and variant era on nucleocapsid antibody de-
tection. We included samples collected <14 days or 
>180 days after swab-confirmed infection because 
the model adjusted for time from infection to sam-
ple collection. We computed unadjusted odds ratios 
(ORs) and adjusted odds ratios (aORs) from logistic 
regression. After assessing ORs, we combined the 
vaccination status and timing variables for the mul-
tivariable regression.

Durability of Nucleocapsid Antibody Detection
We assessed durability of nucleocapsid antibody de-
tection after primary infection in unvaccinated and 
vaccinated donors by examining the proportion of 
primary infections detectable by time from swab-
confirmed infection to sample collection (0–13, 14–30, 
31–60, 61–90, 91–180, 181–365, and >365 days). To ac-
count for multiple observations per time bin per do-
nor, we weighted observations so that donors were 
equally weighted within each time bin, regardless of 
the number of observations. We computed 95% CIs 
by using the Wilson score method.

http://www.cdc.gov/eid
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Effect of Adjustment for Nucleocapsid Antibody  
Sensitivity on Seroprevalence Estimates
To assess the potential effect of imperfect sensitivity 
and specificity on estimates of infection rates among 
vaccinated persons, we compared adjusted and un-
adjusted estimates of the proportion of vaccinated do-
nors (not previously infected) who experienced infec-
tion after vaccination during 3 periods in the NBDC: 
quarter (Q) 2 2021–Q1 2022, Q1–Q2 2022, and Q2–Q3 
2022. We cannot estimate the proportion of infections 
that were asymptomatic from survey data because di-
agnostic testing is largely driven by the presence of 
symptoms; therefore, for the purposes of this model, 
we used an estimated proportion of infections after 
vaccination that are asymptomatic of 32.4% (21). We 
then adjusted for a weighted average of symptomatic- 
and asymptomatic-specific sensitivity estimates and 
for specificity estimated using prepandemic samples. 
We computed the adjusted proportion of persons in-
fected during each period by using the estimator de-
rived by Rogan and Gladen (22), and we based 95% 
CIs on parametric bootstrapping (10,000 iterations) of 
the proportion of tests that were reactive, sensitivity, 
and specificity (treated as binomially distributed and 
incorporating the uncertainty arising from limited 
sample size).

Ethics Considerations
All blood donors consented to use of deidentified, 
residual specimens for further research purposes. 
Consistent with the policies and guidance of the Uni-
versity of California–San Francisco Institutional Re-
view Board, Vitalant Research Institute self-certified 
the use of deidentified donations in this study as not 
meeting the criteria for human subjects research. CDC 
investigators reviewed and relied on this determina-
tion as consistent with applicable federal law and 
CDC policy. The donor surveys conducted by Vital-
ant Research Institute and American Red Cross were 
conducted under protocols supervised and approved 
by the Advarra and American Red Cross institutional 
review boards, respectively, and linked to biospeci-
mens in deidentified form.

Results

Revised Cutoff for Detecting Previous Infection  
with Ortho Nucleocapsid Antibody Assay
The nonreactive versus reactive threshold on the 
Roche nucleocapsid antibody cutoff index that maxi-
mized Youden’s J statistic was >0.205, and this opti-
mized cutoff was used in defining cases for the Ortho 
ROC curve analysis. The ROC-optimized threshold 

on the Ortho nucleocapsid antibody assay was S/CO 
>0.395, which had a sensitivity of 98.7% and a speci-
ficity of 98.7% in the Ortho optimization sample set. 
The area under the ROC curve was 0.994 (Appendix).

Effect of Vaccination Status on Nucleocapsid  
Antibody Reactivity
We calculated distributions of Ortho nucleocapsid 
antibody assay S/COs in first longitudinal samples 
with reactivity above the revised cutoff (S/CO ≥0.395 
[i.e., putative first infections]) from previously unin-
fected donors (based on negative Ortho nucleocapsid 
antibody results [S/CO <0.395] in all previous longi-
tudinal samples), by vaccination status and variant 
era (Figure 1). 

During the Delta era, 35.2% of serologically iden-
tified infections after vaccination showed gray zone 
reactivity (0.395<S/CO< 1.0) compared with 7.5% of 
serologically identified primary infections in unvac-
cinated donors, declining to 3.8% for infections after 
vaccination and 2.7% for primary infections in un-
vaccinated donors by Q4 2022 (Omicron period Q4) 
(Figure 1, panel A). Among survey respondents with 
swab-confirmation infection, we did not observe a 
similar increased proportion of gray zone nucleocap-
sid antibody reactivity in the Delta period; most had 
reactivity above the standard cutoff (Figure 1, panel 
B). The donation specimens (Figure 1, panel B) corre-
spond to the specimens used in assessing sensitivity 
for the 2 cutoffs.

Sensitivity for Detection of Swab-Confirmed  
Primary Infections
Overall sensitivity of the Ortho nucleocapsid anti-
body assay manufacturer’s cutoff was 98.1% (95% CI 
98.0%–98.2%) for detection of first infections in un-
vaccinated donors and 95.6% (95% CI 95.6%–95.7%) 
for detection of first infections after vaccination (Ta-
ble). Sensitivity was increased when using the re-
vised cutoff, to 98.4% (95% CI 98.4%–98.5%) in unvac-
cinated donors and to 97.0% (95% CI 96.9%–97.0%) 
for infections after vaccination. Although sensitivity 
is necessarily increased by reducing the cutoff from 
the manufacturer’s suggestion, Youden’s J index is 
not statistically improved by the reduced cutoff (p 
= 0.13 based on a 1-tailed test). Sensitivity for detec-
tion of infection after vaccination using the standard 
cutoff was higher during the Omicron era (96.0% 
[95% CI 95.9%–96.0%) than the Delta era (93.9% [95% 
CI 93.5%–95.4%]; p = 0.001) and was higher for de-
tecting symptomatic than asymptomatic infections 
after vaccination (96.2% [95% CI 96.1%–96.2%] vs. 
90.1% [95% CI 88.5%–91.7%]; p<0.0001). A secondary  
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sensitivity analysis using a more restrictive case defi-
nition of infection after vaccination, which required 
spike antibody seroconversion after vaccination, 
showed similar patterns (Appendix Table 1).

Factors Associated with Nucleocapsid Antibody  
Seroconversion after Swab-Confirmed Infection
On first samples collected after first swab-confirmed 
infection, bivariate logistic regression showed that 
infection during the Delta era, age <65 years, female 
sex, symptomatic infection, being unvaccinated at the 
time of infection, longer time between vaccination 
and infection, and longer intervals between infection 
and sample collection were all statistically significant-
ly associated with increased probability of detection 
(Figure 2; Appendix Table 2). Of note, the percentage 
detected in all time to sample categories, other than 
donation samples collected <14 days postinfection 
(dpi) (48.9%), ranged from 87.7% to 98.1%.

In multivariable logistic regression, infection 
during the Delta period (vs. Omicron period) re-
mained statistically significant, but the direction of 
effect changed to reduced detection (aOR 0.80 [95% 
CI 0.66–0.98]) from increased detection in bivariate 
analysis (OR 1.51 [95% CI 1.28–1.78]), possibly be-
cause variant era (calendar time) is also strongly as-
sociated with vaccination status. Younger age groups 
had higher odds of detection than donors >65 years 
of age, whereas donor sex was not significantly as-
sociated with detection in the multivariable analysis. 
Asymptomatic infection was significantly associated 
with reduced detection (aOR 0.46, 95% CI 0.37–0.57). 
Being vaccinated at the time of infection significantly 
reduced detection compared with being unvaccinated 
(aORs <1), with the exception of primary vaccination 
<30 days before infection, which was not statistically 
significant. Vaccination reduced detection compared 
with no vaccination, and more recent receipt of ei-
ther a primary vaccination series (31–180 days before  

infection) or a booster vaccination (<30 days or 31–180 
days before infection) was associated with reduced 
odds of detection than when infections occurred >180 
days since the most recent vaccine. Compared with 
sample collection 31–90 dpi, sample collection <14 
days (aOR 0.04 [95% CI 0.03–0.05]) and 14–30 days 
(aOR 0.34 [95% CI 0.28–0.40]) after infection were 
associated with greatly reduced detection, whereas 
sample collection 3–6 months (aOR 1.79 [95% CI 1.40–
2.28]) or >7 months (aOR 2.19 [95% CI 1.44–3.35]) af-
ter infection were associated with increased detection 
(Figure 2; Appendix Table 2).

Durability of Nucleocapsid Antibody Detection
Nucleocapsid antibody reactivity was detected in 
less than half of specimens collected <14 dpi, >80% 
of specimens collected 14–30 dpi, and >90% of speci-
mens collected >90 dpi in donors who were vaccinat-
ed and unvaccinated at the time of infection. We ob-
served no decline in percentage detected in later time 
bins, including >1 year postinfection. The proportion 
detected was slightly lower in vaccinated donors and 
for asymptomatic infections at all times after infection 
(Figure 3).

Effect of Adjustment for Nucleocapsid Antibody  
Sensitivity on Seroprevalence Estimates
Estimates of the proportion of vaccinated donors who 
had become infected in each time period (using the 
nucleocapsid antibody test), adjusted for sensitivity 
and specificity, and assuming that 32.4% of infec-
tions were asymptomatic, differed little from unad-
justed estimates. Adjusted estimated infection rates 
increased in each period by 0.2–0.9 percentage points, 
or proportionally by 1.5%–4.0% (Appendix Table 3).

Discussion
Despite reports of sensitivity as low as 40% for se-
rologic detection of infection after vaccination (8), 

 
Table. Sensitivity of SARS-CoV-2 nucleocapsid antibody assay for detection of first infections in unvaccinated and vaccinated donors, 
United States, July 2021–December 2022* 

Characteristic 

Sensitivity for detection of first infections in 
unvaccinated donors 

  

Sensitivity for detection of first infections in 
vaccinated donors 

No. 
donors 

Manufacturer’s 
cutoff,† % (95% CI) 

Revised cutoff,‡ 
% (95% CI) 

No. 
donors 

Manufacturer’s 
cutoff,† % (95% CI) 

Revised cutoff,‡ 
% (95% CI) 

Overall 2,751 98.1 (98.0–98.2) 98.4 (98.4–98.5) 
 

8,187 95.6 (95.6–95.7) 97.0 (96.9–97.0) 
Delta: Jul–Dec 2021 1,343 98.4 (98.2–98.5) 98.5 (98.4–98.6) 

 
1,349 93.9 (93.5–94.4) 95.3 (94.9–95.6) 

Omicron: Jan–Dec 2022 1,408 97.9 (97.7–98.0) 98.4 (98.3–98.5) 
 

6,838 96.0 (95.9–96.0) 97.3 (97.3–97.4) 
Age <65 y 2,225 98.2 (98.1–98.2) 98.4 (98.4–98.5) 

 
5,194 96.2 (96.1–96.3) 97.3 (97.2–97.3) 

Age >65 y 526 97.9 (97.5–98.3) 98.5 (98.2–98.8) 
 

2,993 94.7 (94.5–94.9) 96.5 (96.4–96.6) 
Symptomatic§ 2,430 98.4 (98.3–98.4) 98.7 (98.7–98.8) 

 
7,416 96.2 (96.1–96.2) 97.5 (97.5–97.6) 

Asymptomatic§ 208 96.6 (95.0–98.3) 96.6 (95.0–98.3)   627 90.1 (88.5–91.7) 91.2 (89.8–92.6) 
*Proportion reactive in the first sample collected after reported swab-confirmed infection, collected 14 to 180 days postinfection. 
†Signal-to-cutoff ratio >1.000. 
‡Signal-to-cutoff ratio >0.395. 
§Symptomatic or asymptomatic status could not be ascertained for all infections because of incomplete survey responses. 
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our findings demonstrate sensitivity for detection of 
swab-confirmed first infections >98% among unvac-
cinated persons and >95% among vaccinated persons 
and supports use of the manufacturer’s recommend-
ed cutoff for identifying previous infections in vac-
cinated and unvaccinated persons. Timing of sample 
collection after infection affected sensitivity (we ob-
served poorer sensitivity <30 dpi); thus, timing of 
sample collection must be considered when interpret-
ing previous reports.

In our validation of sensitivity for detection of first 
infections, the number of infections in vaccinated do-
nors greatly exceeded those in unvaccinated donors in 
the study period, a function of high donor vaccination  

rates. This finding demonstrates the importance of 
sensitive detection of infection after vaccination in 
SARS-CoV-2 serosurveillance programs.

The revised cutoff for the Ortho nucleocapsid anti-
body assay offered minimal improvement in sensitiv-
ity to detect infection after vaccination compared with 
the manufacturer’s cutoff. Our ROC analysis equally 
weighted sensitivity and specificity, an approach ap-
propriate for surveillance applications, but potentially 
less appropriate for clinical applications prioritizing 
specificity. The revised cutoff was not associated with 
a statistical improvement in Youden’s J statistic and 
only minimally increased sensitivity. The effect of ad-
justing seroprevalence estimates in vaccinated NBDC 

Figure 1. Nucleocapsid antibody 
signal intensity distributions 
observed in vaccinated and 
unvaccinated blood donors after 
primary SARS-CoV-2 infection, 
United States, July 2021–
December 2022. A) Reactivity of 
putative serologically identified 
infections at the first longitudinal 
sample showing reactivity above 
the reduced cutoff (gray zone 
reactivity, S/CO ratio>0.395<1), 
by vaccination status and variant 
era (6,555 unvaccinated donors 
[left] and 22,217 vaccinated 
donors [right]). B) Reactivity 
at the first sample collected 
after self-reported swab-
confirmed infection (14–80 days 
postinfection), by vaccination 
status and variant era (2,751 
unvaccinated donors [left] and 
8,187 vaccinated donors [right]). 
Vertical dashed lines indicate 
the gray zone of nucleocapsid 
antibodies. Q1, January–March 
2022; Q2, April–June 2022; 
Q3, July–September 2022; Q4, 
October–December 2022. S/CO, 
signal-to-cutoff ratio. 
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 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024 1627

SARS-CoV-2 Infection in Blood Donors

Figure 2. Factors influencing nucleocapsid antibody seroconversion after swab-confirmed first SARS-CoV-2 infections among 
vaccinated and unvaccinated blood donors, United States, July 2021–December 2022. ORs and 95% CIs from logistic regression are 
shown. In the multivariable regression model (adjusted ORs), the categories for certain variables have been grouped together; the 
vaccination status at the time of infection and timing of most recent vaccine before infection were combined in the vaccination status or 
timing variable, and in the variable for time from infection to tested sample, the groups for samples collected 7–12 months and >1 year 
postinfection were combined. Number of samples in each group, the proportion of nucleocapsid antibody–reactive samples, and ORs 
are shown in Appendix Table 2 (https://wwwnc.cdc.gov/EID/article/30/8/24-0659-App1.pdf). OR, odds ratio; ref, referent.

donors for sensitivity and specificity was modest (Ap-
pendix Table 3), not exceeding a proportional effect of 
4% on point estimates. This finding indicates that the 
standard assay cutoff for infection after vaccination de-
tection performed sufficiently.

Recent receipt of primary or booster vaccina-
tions reduced the likelihood of nucleocapsid anti-
body seroconversion after infection. Multivariable 
regression showed that recent receipt of an addi-
tional vaccine (booster) dose was associated with 
reduced detection, but the timing of primary vac-
cination relative to infection affected detection less. 
A study in Japan showed similar results, indicating 
reduced sensitivity to detect infection within 1–2 
months of a third mRNA COVID-19 vaccine dose 
(sensitivity 78%) but high sensitivity for infections 
occurring >3 months after the second or >4 months 

after the third dose (23). The Moderna vaccine trial 
data (8) were selected for infections after vaccination 
occurring soon after vaccination and were collected 
relatively soon after infection, likely contributing 
to poor sensitivity in that study (8). Our data con-
firmed relatively poor sensitivity in specimens col-
lected within 1 month of infection.

Because much of the lack of detection observed in 
our study occurred at times soon after infection, a lon-
gitudinal cohort study probably would detect many 
of the infections missed at the first postinfection spec-
imen at later timepoints using specimens from those 
persons. Despite some waning of nucleocapsid anti-
body levels after infection, longer-term durability of 
antibody detection >1 year after infection confirmed 
earlier findings by our group of robust durability of 
detection using nucleocapsid direct antigen sandwich 

http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/30/8/24-0659-App1.pdf


RESEARCH

1628 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024

assays(13).We observed substantially reduced detec-
tion in the first month after infection, especially dur-
ing the first 14 days, when <50% of recently infected 
persons demonstrated nucleocapsid antibody sero-
conversion but observed very good detection at later 
timepoints. Nucleocapsid IgG assays used in numer-
ous serosurveillance studies (14, 24–28) show more 
rapid waning in antibody signal than nucleocapsid 
total Ig assays (13) and thus require adjustments for 
seroreversion in estimating cumulative incidence (14). 
So-called direct immunoassays (i.e., antigen sandwich 
format total Ig assays), are more sensitive to increas-
ing antibody affinity than IgG assays, which probably 
explains the more durable reactivity associated with 
antibody maturation and persistence postinfection 
despite waning in IgG concentrations (29). Although 
rapidly waning IgG assays may be less appropriate for 
serosurveillance aimed at documenting cumulative  
incidence than total Ig assays, they may have advan-
tages for detecting reinfections based on antibody 
boosting and as correlates of protection (30).

A limitation of this study was that the case defini-
tion of infection in the validation data was based on 
self-reported diagnosed infection, without active sur-
veillance of the cohort for asymptomatic infection. As a 
result, most of survey-reported swab-confirmed infec-
tions in the validation set were associated with COV-
ID-19 symptoms (92%). In contrast, a meta-analysis of 
Omicron infections estimated that 32.4% of infections 
were asymptomatic (31). This limitation may result in a 
slight upward bias in our overall sensitivity estimates. 
However, we found that adjusting for sensitivity to 
detect symptomatic and asymptomatic infection after 
vaccination had a modest effect on seroprevalence es-
timates. A further limitation is that blood donors are 
not fully representative of the general population; they 
generally are healthier and more likely to be vaccinat-
ed and to receive additional doses (1,32). Furthermore, 
vaccination and infection history were self-reported 
in donor surveys and not confirmed by healthcare 
records; only 46.5% of cohort participants responded 
to surveys and could be included in this study, which 
may have resulted in a biased sample.

Our study demonstrates that detection of first 
SARS-CoV-2 infections using the Ortho nucleocapsid 
total Ig antibody assay was robust in vaccinated and 
unvaccinated donors, indicating overall sensitivities 
>95%. We also found good durability of nucleocap-
sid antibody detection for up to >1 year after infec-
tion. Seroprevalence studies using this assay can ac-
curately estimate the proportion of persons who have 
been infected with SARS-CoV-2 >1 times. Several 
factors affect the likelihood of nucleocapsid antibody 

Figure 3. Sensitivity of nucleocapsid antibody serologic tests 
by time from swab-confirmed infection to sample collection 
in vaccinated and unvaccinated blood donors, using the 
manufacturer’s recommended cutoff, United States, July 2021–
December 2022. The percentage of donors showing reactivity 
in first or subsequent samples after swab-confirmed infection is 
shown. A) Reactive proportions stratified by vaccination status 
at the time of infection. B) Infections in unvaccinated donors 
stratified by reported symptoms. C) Reactive proportions in 
unvaccinated donors with swab-confirmed infections stratified 
by reported symptoms. To account for multiple observations 
per time bin, observations were weighted so that donors were 
equally weighted within each time bin, regardless of the number 
of observations. Error bars indicate median and maximum 
durations of follow-up for each group.
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seroconversion after first infection, including receipt 
of primary and additional vaccinations, sampling 
shortly after infection, and asymptomatic infection, 
although the effect of these factors was relatively 
small. Revising the cutoff improved sensitivity only 
modestly; therefore, use of the manufacturer’s recom-
mended cutoff is likely appropriate for most serosur-
veillance studies.
This article was preprinted at https://www.medrxiv.org/
content/10.1101/2024.05.23.24307822v1.
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Human respiratory syncytial virus (HRSV) is a 
leading cause of acute lower respiratory tract in-

fection in children, elderly, and immunocompromised 
persons. In 2023, the US Food and Drug Administra-
tion and the European Medicines Agency approved  

the first HRSV vaccines (1,2). Simultaneously, a 
monoclonal antibody was approved for widespread 
use in infants and not limited to high-risk and prema-
ture children (3). The availability of HRSV immuni-
zation highlights the role of molecular epidemiology  
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A globally implemented unified phylogenetic classifica-
tion for human respiratory syncytial virus (HRSV) below 
the subgroup level remains elusive. We formulated glob-
al consensus of HRSV classification on the basis of the 
challenges and limitations of our previous proposals and 
the future of genomic surveillance. From a high-quality 
curated dataset of 1,480 HRSV-A and 1,385 HRSV-B ge-
nomes submitted to GenBank and GISAID (https://www.
gisaid.org) public sequence databases through March 

2023, we categorized HRSV-A/B sequences into lineag-
es based on phylogenetic clades and amino acid mark-
ers. We defined 24 lineages within HRSV-A and 16 within 
HRSV-B and provided guidelines for defining prospective 
lineages. Our classification demonstrated robustness in 
its applicability to both complete and partial genomes. 
We envision that this unified HRSV classification pro-
posal will strengthen HRSV molecular epidemiology on 
a global scale.
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as a tool to monitor their efficacy. Standards for 
HRSV nomenclature for sharing of viral isolates and 
sequences in databases have been published (4). Nev-
ertheless, a standardized HRSV phylogenetic classifi-
cation system has yet to be defined and implemented.

In 2022, HRSV was designated as Orthopneumovi-
rus hominis species within the Pneumoviridae family. 
Below species level are 2 antigenic groups, known as 
HRSV subgroup A (HRSV-A) and B (HRSV-B), that 
were previously referred to as subtypes (4–6). With-
in each subgroup, genotypes were initially defined 
based on statistically supported phylogenetic clades 
inferred with the second hypervariable region of the 
G gene (Figure 1, panels A, B) (7). The G gene, encod-
ing the attachment glycoprotein, exhibits the highest 
genetic and antigenic variability. Of note, the gene 
has undergone a duplication of a 72-nt fragment in 
HRSV-A and 60-nt fragment in HRSV-B (Figure 1, 
panel B) (8,9).

To identify emerging genotypes, researchers have 
used genetic distances between phylogenetic clades 
and distinctive genetic features, accompanied by 
variable nomenclature based on the gene (GA1–GA7 
in HRSV-A and GB1–GB4 in HRSV-B), country and 

subgroup (SAB1–SAB4 for South African genotypes 
in HRSV-B), or city and province (NA1–NA2 [Niiga-
ta] and ON1 [Ontario] in HRSV-A, BA1–BA9 [Buenos 
Aires] in HRSV-B) (7–16). Since 2020, alternative phy-
logenetic reclassifications have been proposed; Goya 
et al. established a hierarchical classification system 
for HRSV phylogenies, comprising genotypes, sub-
genotypes, and lineages, using the G gene (17). That 
framework enabled laboratories without capacity 
for whole-genome sequencing to conduct molecular 
epidemiology studies. Independently, Ramaekers et 
al. (18) proposed reclassifications into lineages and 
Chen et al. (19) into genotypes using complete HRSV 
genomes. Those approaches support comprehensive 
monitoring of viral evolution across all genes, includ-
ing the F gene encoding the fusion protein, a crucial 
target for monoclonal antibodies and the foundation 
of approved HRSV vaccines (Figure 1, panel A). Of 
note, challenges in HRSV molecular epidemiology 
persisted within the reclassification-defined catego-
ries because of reliance on genetic or patristic distanc-
es between tree tips or nodes.

The milestones achieved in HRSV interventions 
have renewed interest in addressing the challenge of 
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Figure 1. The structure and 
genome of human respiratory 
syncytial virus (HRSV). A) 
Schematic of the HRSV 
virion structure detailing the 
location of structural proteins. 
B) Schematic of the HRSV 
genome organization with 
the approximated location 
of genes highlighted; the 
exact location slightly differs 
between subgroups and 
strains. The location of the 
second hypervariable region 
in the G gene, used originally 
for molecular epidemiology 
classification, is detailed. Red 
arrow in panel B indicates 
location of the G gene 72-nt 
duplication in HRSV-A and 60-nt 
duplication in HRSV-B. Figure 
created with BioRender  
(https://www.biorender.com). 
F, fusion glycoprotein; G, 
attachment glycoprotein; L, large 
polymerase protein; M, matrix 
protein; M2, M2 protein; N, 
nucleocapsid; NS, nonstructural 
protein; ORF, open reading 
frame;  P, phosphoprotein; SH, 
small hydrophobic protein.
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classifying HRSV below the subgroup level. Those 
advances prompted establishment of the HRSV Ge-
notyping Consensus Consortium (RGCC), formed by 
HRSV and virus evolution experts aiming to provide 
standardized criteria for harmonizing global HRSV 
molecular surveillance efforts. We present a novel 
framework for HRSV classification below the sub-
group level, based on current knowledge of HRSV 
diversity and evolution, focused on practical imple-
mentation for molecular epidemiology.

Methods

HRSV Sequences Dataset
We downloaded HRSV complete genomes from the 
National Center for Biotechnology Information Vi-
rus (https://www.ncbi.nlm.nih.gov/labs/virus) and  
GISAID EpiRSV (https://www.gisaid.org) databases 
through March 11, 2023, using a filter for sequence 
length >14,000 nt, obtained from human hosts and 
including the year and country of the sample collec-
tion (Appendix 1 Figure 1, https://wwwnc.cdc.gov/
EID/article/30/8/24-0209-App1.pdf). We reserved 
sequences containing nucleotide ambiguities, indicat-
ing inadequate sequencing depth, for epidemiologic 
analysis but excluded them from formal lineage defi-
nition (Appendix 1).

We aligned sequences with MAFFT version 
7.490, and inspected and corrected alignment artifacts 
with Aliview version 1.28 (https://ormbunkar.se/
aliview), mainly in the G gene (20,21). We trimmed 
alignment ends to encompass complete genomes 
from the first codon of the first gene (NS1) to the last 
codon of the last gene (L). We considered partial ge-
nomes if the lack of sequence was within 50 nt of the 
genome ends. We used RSVsurver (https://rsvsurv-
er.bii.a-star.edu.sg) to identify and remove genomes 
with nucleotide insertions or deletions causing frame-
shift in any open reading frame. After alignment 
trimming, detection of identical sequences prompted 
redundancy removal using BBmap (https://jgi.doe.
gov/data-and-tools/software-tools/bbtools), result-
ing in the final set of 1,538 HRSV-A and 1,387 HRSV-B 
genomes (Appendix 1 Figure 1).

Phylogenetic Analysis
We constructed maximum-likelihood phylogenetic 
trees with IQ-TREE version 2.2.0 (http://www.iqtree.
org) (Appendix 1). We considered monophyletic 
clades statistically supported when SH-aLRT value 
was >80% and UFBoot2 value was >90% (22,23) (Ap-
pendix 1). We assessed temporal signal with TempEst 
version 1.5.3 (http://tree.bio.ed.ac.uk/software/

tempest), and we inferred molecular-clock phylog-
enies with TreeTime (https://github.com/neherlab/
treetime) (24).

We inferred the ancestral sequence reconstruc-
tion using Augur bioinformatic toolkit version 
23.1.0 (https://docs.nextstrain.org/projects/augur/
en/23.1.0) (25). We assessed recombination events by 
alignment-based method using RDP4 (http://web.cbio.
uct.ac.za/~darren/rdp.html) and phylogenetic-based 
TreeKnit (https://pierrebarrat.github.io/TreeKnit.jl)  
(Appendix 1). We inferred the amino acid substitu-
tions linked to the clades in the tree using Augur and 
automated the initial screening of lineages with Auto-
lin (26). We manually curated amino acid comparison 
among monophyletic clusters to rectify conflicts arising 
from internal (nested) lineages and the confirmation of 
the lineage-defining amino acids in >90% of the clade’s 
sequences. Results are available at https://github.com/
rsv-lineages/Classification_proposal.

Results 

Baseline Agreements on the HRSV  
Classification Definition
Our proposed classification establishes HRSV lin-
eages for viruses below subgroup level. Studies have 
shown that HRSV phylogenetic trees constructed 
with complete genomes exhibit superior resolution 
(17–19). Therefore, we defined a classification system 
based on maximum-likelihood phylogenetic trees in-
ferred from complete HRSV genomes. The maximum-
likelihood algorithm formulates hypotheses about 
the evolutionary relationships among sequences; the 
implementation within IQ-TREE dealing with large 
datasets makes it particularly well suited to assert 
HRSV genomic phylogeny including sequences col-
lected >50 years ago (22). We defined complete HRSV 
genomes to the nucleotide sequences spanning from 
the first codon of the first gene (NS1) to the last co-
don of the last gene (L). We considered almost-com-
plete genomes if the sequence information gaps were 
within a 50-nt window at the genome ends. To define 
lineages, we only used genomes without nucleotide 
ambiguities (in accordance with the IUPAC code for 
nucleotide degeneracy).

Genomic Dataset Used for Lineages Definition
Applying the established baseline agreements, we 
gathered 1,538 HRSV-A and 1,387 HRSV-B high-qual-
ity genomes from public databases. The dataset re-
vealed a limited global HRSV genomic surveillance; 
<20 genomes deposited annually through 2007 (Fig-
ure 2, panel A; Appendix 1 Figure 2). Since 2008, the 
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number of genomes and representation of countries 
improved; a surge occurred after 2021, probably driv-
en by expansion of viral genomics since the SARS-
CoV-2 pandemic and the approval of the HRSV pro-
phylactic treatments (Figure 2, panel A; Appendix 1 
Figure 2). Considering delays in genome deposition 
in public databases, the number of genomes in 2022 
may be higher than those used in this study. Regard-
ing geographic representation, 9 countries (Australia, 
United Kingdom, New Zealand, United States, Ar-
gentina, Kenya, Morocco, Netherlands, and Brazil) 
submitted >100 genomes; only the United Kingdom 
achieved uninterrupted surveillance since 2008, but 
Australia deposited the most genomes globally (Fig-
ure 2, panel B).

Accurate Root Placement in HRSV Phylogenetic Trees
We reconstructed maximum-likelihood phylogenetic 
trees for the HRSV-A and HRSV-B datasets. We used 
2 approaches to root the trees: the use of an outgroup, 
a conventional method for inferring the tree root us-
ing sequences known to be evolutionarily distant; 
and phylodynamic analysis, integrating temporal 
and phylogenetic patterns in virus evolution (Ap-
pendix 1). Both approaches consistently identified 
the same root for each subgroup cluster (Appendix 

1 Figure 3). Phylodynamic analysis also identified 
58 outlier sequences for HRSV-A and 2 for HRSV-B 
that were excluded from lineage designation. The fi-
nal dataset considered for lineage designation com-
prised 1,480 HRSV-A and 1,385 HRSV-B genomes 
(Appendix 2 Table, https://wwwnc.cdc.gov/EID/
article/30/8/24-0209-App2.xlsx).

HRSV Lineage Definition
We defined HRSV lineage as a statistically supported 
monophyletic cluster comprising >10 sequences and 
characterized by >5 aa substitutions, compared to the 
parental lineage. The lineage-defining amino acids, 
present in >90% of the sequences within the clade, 
may be found in any of the viral proteins.

Phylogenetic classifications vary among viral spe-
cies aiming to define clusters reflecting the heteroge-
neity of the viral population, considering each virus 
unique evolutionary characteristics and using arbitrary 
thresholds for long-term applicability (27–29). Inherent 
bias exists in any classification system because of avail-
ability and spatiotemporal representation sequences. 
Therefore, our HRSV lineage definition did not in-
clude criteria of sequences from different outbreaks or 
countries to enable early detection of novel lineages. 
However, we propose establishing a threshold of >10  
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Figure 2. The global HRSV genomics surveillance landscape. HRSV genomes from GenBank and GISAID (https://www.gisaid.
org) databases through March 11, 2023, that met inclusion criteria used for classification are shown by year of sample collection and 
subgroup (A) and by country of origin (B). HRSV, human respiratory syncytial virus.

https://wwwnc.cdc.gov/EID/article/30/8/24-0209-App2.xlsx
https://wwwnc.cdc.gov/EID/article/30/8/24-0209-App2.xlsx
http://www.cdc.gov/eid
https://www.gisaid.org
https://www.gisaid.org


Classification of Respiratory Syncytial Virus

genomes for defining a lineage to monitor HRSV 
strains circulating within communities.

We observed the presence of distinctive signa-
ture amino acids shared by sequences of a phyloge-
netic clade in comparison to the parental lineage is 
a simple method to identify a new lineage. Methods 
(i.e., average nucleotide genetic distances, average 
patristic distances, or patristic distances between 
nodes) need phylogenies with complete datasets to 
define new categories, becoming complex with rap-
id increases of available sequences (16–19). In our 
proposal, we initially screened different amino acid 
thresholds in an automated manner, ranging from 
1–10 lineage-defining amino acids (Appendix 1). 
The number of small lineages decreased as the num-
ber of lineage-defining amino acids increased, and 5 
amino acids resulted in an intermediate complexity 
of lineages defined for both HRSV subgroups. Fur-
thermore, we proposed that the lineage-defining 
amino acids should be conserved in >90% of the 
genomes within a clade, considering the potential 
reversion in some of the genomes within highly 
mutated hotspot sites. We acknowledged that oth-
er numbers of genomes or amino acids thresholds 
could be useful, but we emphasized that the key to 
establishing a global consensus is clear operational 
guidelines and a robust classification, 2 aspects that 
our proposal fulfills.

HRSV Lineage Nomenclature
We defined the lineage nomenclature integrating 
the HRSV subgroup letter and ascending ordinal 
numbers, separated by dots to represent nested lin-
eages (Figure 3, panels A, B; Figure 4, panels A, B). 
Furthermore, we assigned a distinct nomenclature to 
the 72-nt (24-aa) G-gene duplication within HRSV-A 
and 60-nt (20-aa) G-gene duplication within HRSV-B. 
Those genetic events are epidemiologically relevant, 
because only viruses with G-gene duplication have 
been detected since 2017 (30–33). To track those vi-
ruses, we used the alias D, specifically A.D (histori-
cally, ON1 genotype) for HRSV-A and B.D (histori-
cally, BA genotype), for HRSV-B and nested lineages 
with increasing ordinal numbers. In summary, letters 
A and B indicate the HRSV subgroup at the begin-
ning of the lineage name, C is unused, and D serves 
as an alias for 72-nt and 60-nt duplication within the 
G gene. In addition, aliases starting from E are limited 
to 3 numerical levels of nested lineages, preventing 
indefinite accumulation of numbers. For example, 
B.D.4.1.1 lineage has descendant lineages named 
B.D.E.1–B.D.E.4 instead of B.D.4.1.1.1–B.D.4.1.1.4, 
where E represents 4.1.1 (Figure 4, panels A, B). The 
nomenclature is based on the tree topology, reflecting 
the order of the nodes from the root to the tips, but it 
is unrelated to the sequence collection date or date of 
the most recent common ancestor of the lineage.
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Figure 3. Human respiratory 
syncytial virus A lineage 
classification. A) HRSV-A 
maximum-likelihood 
phylogenetic tree (1,480 
sequences), colored by 
lineage classification. 
Black star indicates A.D 
lineage, defined by the 
72-nt duplication in the G 
gene. Scale bar indicates 
substitutions per site. B) 
Simplified scheme of the 
lineage designation to highlight 
the presence of nested 
lineages. The amino acid 
changes in the F glycoprotein 
are listed next to lineage name 
and colored according to their 
location in the fusion protein. 
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To remain functional, a nomenclature system 
requires periodic updates as new lineages emerge. 
Therefore, we have established 2 open repositories on 
GitHub containing definitions of each lineage, signa-
ture mutations, and representative sequences. The re-
positories are available at https://github.com/rsv-lin-
eages/lineage-designation-A and https://github.com/ 
rsv-lineages/lineage-designation-B; they are intended 
to provide up-to-date definitions and serve as a plat-
form for discussion and designation of novel lineages.

Lineages within the HRSV-A and HRSV-B Rooted Trees
We reconstructed ancestral sequences at the root of 
the phylogenetic trees. Although the sequences are 
not biologically real, they served as surrogate pa-
rental lineages during initial classification. Identify-
ing monophyletic clusters with >10 sequences and 
>5 aa changes compared with the reconstructed root 
sequence, we defined 3 HRSV-A lineages (A.1–A.3) 
and 4 HRSV-B lineages (B.1–B.4). We were unable 
to classify 2 sequences, EPI-ISL-15771600_USA_1956 
(GISAID) and MG642074_USA_1980 (GenBank), per-
haps because they belong to underrepresented ex-
tinct lineages.

We further analyzed the first lineages in an itera-
tive manner to identify nested lineages; as a result, 

we identified a total of 24 lineages within HRSV-A, 
and 16 within HRSV-B (Figures 3, 4). Close to the 
root of the HRSV-B tree, extinct lineages were un-
derrepresented, comprising <10 sequences but fea-
turing >5 distinct amino acids (B.1, B.3, B.4). Despite 
the low number of sequences, we included them as 
lineages to trace evolutionary branches that gave rise 
to currently circulating lineages. In addition, A.D.2 is 
slightly below the sequence threshold; nonetheless, 
we kept the lineage category to emphasize the com-
mon ancestor among A.D.2.1 and A.D.2.2.

We scrutinized the presence and absence of the 
duplication in the G gene across each tree. Although 
patterns were mostly as expected with a single his-
torical duplication event, some genomes within the 
clade with the duplication in G lacked the duplica-
tion. The dispersed association of these sequences in 
the phylogenetic tree, rather than the monophyletic 
cluster we expected, suggests the virus did not lose 
the nucleotide duplication (Appendix 1 Figure 4). In-
stead, similar read length to the duplication region of 
certain short-read next-generation sequencing tech-
nologies potentially masked the presence of the du-
plication when used in the consensus genome assem-
bly with reference sequences that do not possess the 
nucleotide duplication. Therefore, we recommend 
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Figure 4. Human respiratory 
syncytial virus B lineages 
classification. A) HRSV-B 
maximum-likelihood phylogenetic 
tree (1,385 sequences), colored 
according to lineage classification. 
Black star indicates B.D lineage, 
defined by the 60-nt duplication in 
the G gene. Scale bar indicates 
substitutions per site. B) Simplified 
scheme of the lineage designation 
to highlight the presence of nested 
lineages. The amino acid changes 
in the F glycoprotein are listed 
next to lineage name and colored 
according to their location in the 
fusion protein. 
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using such data with quality filtered reads of a length 
>150 nt to avoid this problem.

Lineage-defining amino acids were present in 
all HRSV proteins, primarily identified within the G 
protein (Tables 1, 2). Also, the lineage-defining amino 
acids at polymerase L protein were noteworthy, con-
tributing to the distinction of 21 of 24 HRSV-A lin-
eages and 15 of 16 HRSV-B lineages (Tables 1, 2). Of 
interest, the F protein contributed to define 14 lineag-
es in HRSV-A and 13 in HRSV-B (Figure 3, panel B; 
Figure 4, panel B). The G and F surface glycoproteins 
are likely under selection pressure from antibody-
mediated immunity and exhibit a robust phyloge-
netic signal (18,31). Whereas the G protein displays 
substantial nucleotide and amino acid sequence 
plasticity, the F protein experiences strong negative 
selection, likely attributed to functional or structural 
constraints (34). For instance, the fusion peptide is the 
only region in F without lineage-defining amino acids 
(Figure 3, panel B; Figure 4, panel B). Although the 
low diversity of the F protein is promising for HRSV 
interventions, monitoring the F protein during global 
implementation is essential to estimate the antigenic 
impact of amino acid substitutions.

Using G and F Sequences with the HRSV  
Lineage Classification System
The main challenge for global expansion of HRSV 
genomics is the absence of a cost-effective, globally  
standardized and validated methodology for se-
quencing, in contrast to SARS-CoV-2 or influenza 
virus (35,36). In addition, limited funding and infra-
structure cause some laboratories to prefer sequenc-
ing the G gene only (37–39). Although we highly rec-
ommend using complete genomes for HRSV lineage 
assignment to ensure the maximum accuracy of the 
classification and monitor the amino acid changes in 
all viral proteins, partial genomes covering the G and 
F genes can be used because overall they reproduce 
the topology of the HRSV tree (17,18). We do not rec-
ommend the use of smaller G gene regions such as 
the second hypervariable region (250-nt length at the 
3′ gene end) (Figure 1) that was used historically for 
molecular epidemiology because previous reports 
showed a decreased phylogenetic signal (17). The 
use of G, F, or both genes for lineage classification 
should rely on phylogenetic associations with refer-
ence sequences. Of note, using only G and F genes is 
inadequate for defining novel lineages because of the 
inability to detect lineage-defining amino acids across 
all viral proteins. Our analysis showed minimal mis-
classification (1.2%) in HRSV-A and none in HRSV-
B when using only the G gene (Appendix 1 Figure 

5). However, the G ectodomain alone resulted in an 
18.86% misclassification rate for HRSV-A and none 
for HRSV-B. The F gene alone had misclassification 
rates of 38.18% for HRSV-A and 1.23% for HRSV-B 
because of polytomies affecting lineage assignments 
within A.D.1 and A.D.5. Combining G and F gene 
fragments reduced misclassification to 0.07% for 
HRSV-A and none for HRSV-B, indicating that this 
approach provides optimal resolution for both sub-
groups (Appendix 1 Figure 5).

Prospective HRSV Lineage Assignment and Definition
Assigning sequences to the existing lineag-
es can be automated using online tools such as  
NextClade (https://clades.nextstrain.org) (40), ReSVi-
dex (https://cacciabue.shinyapps.io/resvidex_wg),  
INSaFLU (https://insaflu.insa.pt) (41), or UShER 
(https://usher.bio) (42). However, to define a novel 
lineage, we encourage users to follow our guidelines 
(Appendix 1), available on GitHub (https://github.
com/orgs/rsv-lineages/repositories). We anticipate 
new lineages of HRSV-A/B will continue to emerge, 
and we envision updating our proposed nomencla-
ture to incorporate new lineages. We encourage re-
porting of new HRSV lineages at the RGCC GitHub 
page as an issue within the corresponding repository 
for HRSV-A/B. The RGCC study group will evalu-
ate the newly proposed lineage and update reference 
alignments if confirmed.

 Importantly, assigning the lineage of a query se-
quence does not require the use of complete genomes 
or the absence of nucleotide ambiguities; rather, it re-
quires a supported association within a phylogenetic 
clade. However, defining a new lineage requires the 
use of complete genomes without ambiguities, be-
cause amino acid characterization of all viral proteins 
is essential.

Molecular Epidemiology of HRSV with  
Proposed Classification
We described the HRSV molecular epidemiology in-
cluding all available genomes, even those previously 
discarded during the dataset curation. We analyzed 
the seasonality of lineages using a dataset comprising 
2,277 HRSV-A and 2,058 HRSV-B genomes, revealing 
notable co-circulation and lineage replacement over 
time (Figure 5). In HRSV-A, A.1 and A.2 lineages are ex-
tinct: the last detected sequences of A.1 were collected 
in 1995 and of A.2 in 2015. Since 2011, A.D and nested 
lineages continue to circulate; A.D.2.2 and A.D.4 were 
detected in 2013, indicating rapid divergence of the 
HRSV-A viruses with the 72-nt duplication in G gene. 
In HRSV-B, lineages B.1, B.2, B.3, and B.4 exhibited  
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strong lineage replacement (Figure 5). Although the 
B.D lineage with a 60-nt duplication in the G gene (B.D 
lineage) was detected in 1999, complete genomes be-
came available in 2005 (8). By 2009, only B.D and nest-
ed lineages were detected, and since 2017, only B.D.4 
and nested lineages have been observed.

HRSV lineages may have been underrepresented 
before the COVID-19 pandemic because of limited 
genomic surveillance. However, our classification 
system allows for updates if prepandemic genomes 
meeting lineage criteria are shared. Some lineages, 
such as A.D.3.1, A.D.5.2, and A.D.5.3 in HRSV-A and 
B.D.E.1 and B.D.E.3 in HRSV-B, appear to be exclu-
sive to the postpandemic period, although most of 
their lineage-defining amino acid were present in pa-

rental prepandemic strains. For instance, A.D.5.2 was 
recognized as a distinct lineage with the emergence 
of the C26Y substitution in M2–2, whereas other sig-
nature amino acids were present in a 2019 parental 
lineage genome (GenBank accession no. MZ515825). 
Detection of postpandemic lineages does not contra-
dict studies reporting no new post-pandemic geno-
types because those studies relied on earlier classifi-
cation systems (43–46). The possibility that these new 
lineages circulated before the pandemic depends on 
the deposition of genomes.

Some of the lineages were detected in specific 
countries (Appendix 1 Figure 6). For example, A.D.1 
descendant lineages, A.D.5.3 and most of B.D.E.4 
cases were identified in Australia or New Zealand.  
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Figure 5. Temporal distribution of HRSV-A and HRSV-B lineages. A total of 2,744 HRSV-A genomes and 2,443 HRSV-B genomes 
available in public databases through March 2023 were included. HRSV, human respiratory syncytial virus.
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Contemporary lineages such as B.D.4.1.1 and descen-
dants B.D.E.1 and B.D.E.3, predominantly consisted 
of sequences from the United Kingdom. Global ge-
nomic surveillance bias presents a major confound-
ing factor in lineage geodetection; for instance, most 
of the earliest lineages were detected in the United 
States, the principal contributor of HRSV genomes 
until 2007 (Appendix 1 Figures 2, 6).

Discussion 
Consensus classification of HRSV below the subgroup 
level has been a challenge for multiple decades. Col-
laboratively, the HRSV molecular evolution research 
community, along with experts in the evolution of 
other respiratory viruses, have worked toward es-
tablishing a unified global classification system in 
the initiative HRSV Genotyping Consensus Consor-
tium (RGCC). Our proposal categorizes HRSV-A/B 
sequences into lineages based on phylogenetic as-
sociations and amino acid markers, relying on com-
plete genomes. Partial or low-quality genomes can 
be assigned to the existing lineages, emphasizing the 
robustness of this system. We developed standard 
guidelines for lineage definition and assignment and 
created online resources for updates, ensuring long-
term utility. Defining a viral category below species 
through a phylogenetic-based classification is chal-
lenging; the system must exhibit reproducibility, bal-
ance complexity, and be updatable to capture the level 
of heterogeneity useful for viral surveillance. Our pro-
posal addresses those requirements comprehensively.

HRSV is not an emerging virus; it generates an-
nual outbreaks with co-circulation and replacement 
in the prevalence of its antigenic subgroups. Although 
some HRSV genomes were collected from clinical 
samples >50 years ago, the largest increase in the num-
ber of genomes has occurred since 2021. A limitation 
of our definition is the uncertainty of the antigenic ef-
fect of individual amino acid substitutions on lineages. 
Hence, whole-genome surveillance together with the 
study of lineage-phenotype association are essential, 
as observed in genetic and antigenic characterization 
in influenza to estimate the effectiveness of immuniza-
tion (47). In 2023, recombinant F protein vaccines were 
approved; as their implementation progresses, we 
will learn how the vaccines affect viral evolution. We 
expect our unification proposal for the phylogenetic 
classification of HRSV to support spatiotemporal com-
parative lineage surveillance and detection of emerg-
ing lineages. In addition, we anticipate studies of as-
sociation between lineages and the severity of HRSV 
disease, as well as associations of particular lineages 
with patients’ demographic characteristics.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2024.02.13.24302237v1.
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etymologia revisited
Enterocytozoon bieneusi 
[′entərəˌsaitə′ӡu:ən bıə′nəʊsı]

From the Greek  en’tĕr-ō-sī’tōn (intestine), kútos (vessel, cell), and zō’on (animal), 
and the surname Bieneus, in memory of the first infected patient whose case 

was reported in Haiti during 1985. Enterocytozoon bieneusi, a member of the wide-
ranging phylum Microsporidia, is the only species of this genus known to infect 
humans. Microsporidia are unicellular intracellular parasites closely related to 
fungi, although the nature of the relationship is not clear.

E. bieneusi, a spore-forming, obligate intracellular eukaryote, was discovered 
during the HIV/AIDS pandemic and is the main species responsible for intestinal 
microsporidiosis, a lethal disease before widespread use of antiretroviral therapies. 
More than 500 genotypes are described, which are divided into different host- 
specific or zoonotic groups. This pathogen is an emerging issue in solid organ trans-
plantation, especially in renal transplant recipients.
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Rabies, a viral disease that causes encephalitis, is 
consistently deadly in exposed humans who are 

not vaccinated or promptly treated with postexpo-
sure prophylaxis (PEP). Rabies was recognized in 
Egypt around 2300 BCE (1), and a written account of 
the disease was included in the Laws of Eshnunna 
in Mesopotamia (2). From that region, rabies spread 
to Europe and then to Africa, following patterns 
of human colonization (3). In 1768, rabies was de-
scribed in the Americas, occurring as an epizootic in  
Boston (E.C. Ramsey, honors thesis, Macalester 

College, 2017, https://digitalcommons.macalester.
edu/cgi/viewcontent.cgi).

Rabies virus (RABV) is transmitted through the bite 
of an infected animal, which inoculates the virus at the 
bite site. The virus travels from the inoculation site to the 
central nervous system (CNS), where it multiplies and 
migrates to the salivary glands, after which another ani-
mal or human can be inoculated through a bite. RABV 
modifies the behavior of its host, which becomes excep-
tionally aggressive, thus increasing the odds of conflict 
and biting (4). Once clinical signs appear in an infected 
host, fatality is nearly always certain (5). The primary 
mechanism of lethality involves direct targeting of the 
CNS via mechanisms that remain poorly defined (6). 

RABV belongs to the genus Lyssavirus, which also 
includes Lagos bat virus, Mokola virus, Duvenhage 
virus, European bat virus 1 and 2, and Australian bat 
lyssavirus, among others (7). The primary viral reser-
voirs are members of the orders Carnivora (e.g., dogs) 
and Chiroptera (bats), whereas humans are dead-end 
hosts (8). Compared with other lyssaviruses, RABV 
is by far the most commonly reported (9), causing 
≈59,000 human deaths annually (10), >99% of which 
are associated with dog-mediated transmissions (9). 
In rare human cases, rabies has been transmitted 
through non–bite-associated processes, such as organ 
transplants and laboratory exposures (11,12). 

Rabies has 2 major epidemiologic cycles: the ur-
ban cycle, in which dogs are the major reservoirs, 
and the sylvatic cycle, in which wild animals are the  
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Rabies, a viral disease that causes lethal encephalitis, 
kills ≈59,000 persons worldwide annually, despite avail-
ability of effective countermeasures. Rabies is endemic 
in Kenya and is mainly transmitted to humans through 
bites from rabid domestic dogs. We analyzed 164 brain 
stems collected from rabid animals in western and east-
ern Kenya and evaluated the phylogenetic relationships 
of rabies virus (RABV) from the 2 regions. We also ana-
lyzed RABV genomes for potential amino acid changes 
in the vaccine antigenic sites of nucleoprotein and glyco-
protein compared with RABV vaccine strains common-
ly used in Kenya. We found that RABV genomes from 
eastern Kenya overwhelmingly clustered with the Africa-
1b subclade and RABV from western Kenya clustered 
with Africa-1a. We noted minimal amino acid variances 
between the wild and vaccine virus strains. These data 
confirm minimal viral migration between the 2 regions 
and that rabies endemicity is the result of limited vaccine 
coverage rather than limited efficacy.
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primary reservoirs (13). The urban cycle predomi-
nates in Africa, Asia, and Central and South America 
(13). The United States and some countries in Europe 
have used oral rabies vaccine programs to substan-
tially reduce the sylvatic cycle (14). Nonetheless, ra-
bies remains a global public health and veterinary 
challenge, particularly in developing countries (15).

RABV can be categorized into 2 major phyloge-
netic groups: bat-related and dog-related. Bat-related 
RABV is confined to the New World, but dog-related 
RABV is globally distributed (16–18). The dog-related 
group segregates into 6 distinct clades, which are des-
ignated as Africa-2, Asian, Africa-3, Arctic-related, 
Cosmopolitan, and Indian subcontinent (19). Three 
of those clades, Cosmopolitan (Africa-1 and Africa-4 
subclades), Africa-2, and Africa-3, are found in Afri-
ca (2,20). The Cosmopolitan clade has >22 subclades 
that are widely distributed in >100 countries (9). The 
grouping of those clades is greatly affected by physi-
cal barriers that restrict gene flow (21). The Africa-1a 
subclade dominates in northern and eastern Africa, 
and Africa-1b predominates in central, eastern, and 
southern Africa. Africa-1c circulates in Madagascar, 
and Africa-4 was recently discovered in northern Af-
rica (22). The Africa-2 clade predominantly circulates 
in West Africa, but the Africa-3 clade is sustained 
through a sylvatic cycle in South Africa (19,22).

Kenya has a >100-year history of rabies; the first case 
was reported in 1912 (23). Despite successful control ef-
forts in the past, the disease has remained endemic be-
cause of challenges in sustaining vaccination programs 
(24,25). The number of human deaths attributable to 
rabies in Kenya is unknown (23), but some studies re-
port estimates of >2,000 per year and others as low as 
523 (26,27); the highest incidences have been reported in 
western and eastern Kenya (23). The main source of hu-
man rabies is the domestic dog (28). However, those hu-
man deaths are unjustifiable considering the availability 
of effective mass dog vaccination and therapeutic PEP 
for persons bitten by rabid animals (25,29). Kenya has 
an ambitious plan to end human rabies deaths by 2030; 
that plan combines mass dog vaccination and prompt 
provision of PEP to affected humans (26). Unfortunate-
ly, only 5% of health facilities have PEP, and mass dog 
vaccination has fallen short of the target (25,26). 

RABV, a negative-stranded RNA virus with a ge-
nome size of ≈12 kilobases, encodes 5 proteins: nu-
cleoprotein (N), matrix protein (M), phosphoprotein 
(P), glycoprotein (G), and large (L) protein or poly-
merase (30,31). The N, P, and L proteins comprise the 
ribonucleoprotein (RNP) complex and the M and G 
proteins are involved in virus assembly and budding 
(32). The N gene is responsible for transcription and 

replication and shows antigenic variation that is used 
for strain discrimination (7,33,34–36). Since the 1880s, 
when Louis Pasteur developed a RABV vaccine (37), 
vaccination has played a crucial role in controlling 
rabies through production of neutralizing antibodies 
against the RNP and G antigens (38,39). G and N are 
crucial components for rabies vaccine effectiveness 
(38,39), and monitoring antigenic variations between 
vaccine strains and the G and N genes of circulating 
wild strains can help determine whether the existing 
vaccine strains remain effective (33,40). We assessed 
genetic diversity of wild RABV strains collected from 
2 rabies hotspots in Kenya to inform current and fu-
ture vaccination and PEP efforts.

Methods

Study Areas and Sample Cohort 
Veterinary technicians collected postmortem brain 
stems from suspected rabid animals in Kenya’s Siaya 
County, in the western region, and Makueni County, 
in the eastern region (Figure 1). Sample collection was 
approved by the Kenya Medical Research Institute’s Sci-
entific and Ethical Research Unit under a rabies surveil-
lance protocol (no. KEMRI/SERU/CGHR 046/3268).

We used Anigen Rapid Rabies Ag Kits (BioNote 
Inc., https://www.bionote.co.kr) to confirm RABV at 
the collection sites. That assay has a sensitivity of 92% 
(95% CI 85.9%–95.6%) and specificity of 100% (95% CI 
93.4%–100%) compared with the reference standard 
fluorescent antibody test and is recommended for 
confirming clinical rabies cases in animals (41). We 
collected a total of 164 RABV-positive brain stems. 
We transported brainstems to the laboratory in liq-
uid nitrogen and stored at −80°C until we performed 
nucleic acid purification.

Nucleic Acid Isolation
We used the Bullet Blender (Next Advance, https://
www.nextadvance.com) to homogenize ≈20 mg 
brainstem with 3-mm ceramic beads in TRIzol re-
agent (Thermo Fisher Scientific, https://www.ther-
mofisher.com). We cooled samples at room tempera-
ture before centrifuging at 12,000 × g for 3 minutes at 
4°C. We used 200 μL of the aqueous phase to extract 
nucleic acids by using MagMAX CORE Purification 
Kit (ThermoFisher Scientific), then eluted extracted 
nucleic acids in a total volume of 60 µL.

Molecular Detection of RABV by qRT-PCR
We used quantitative reverse transcription PCR 
(qRT-PCR) to screen nucleic acids for RABV by 
 targeting the large (L) gene using forward  
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primer 5′-GGTTTCCGGDGCYGTDCCTC-3′, reverse 
primer 5′-CCTAGGGGAGACYTTGCCRT-3′ prim-
er, and a 6FAM-CCCGTCAYATAGGGT CRGCT-
CARGGGC–BBQ probe. The qRT-PCR reaction com-
prised 4 μL of the nucleic acid, 10 μL of 2x SensiFAST 
Master mix (Meridian Bioscience, https://www.merid-
ianbioscience.com), 0.8 μL forward and reverse primer 
mix at a concentration of 10 μM each, 0.4 μL of TaqMan 
QSY probe (Applied Biosystems/Thermo Fisher Scien-
tific) at a concentration of 10 μM, 3.4 μL of nuclease-free 
water, 0.4 μL RiboSafe RNase inhibitor (Thermo Fisher 
Scientific), and 0.2 μL reverse transcriptase. We used an 
ABI 7500 (Applied Biosystems) for amplification using 
a reverse transcription cycle at 45°C for 10 minutes and 
95°C for 3 minutes to inactivate the reverse transcrip-
tase, followed by 40 cycles of 95°C for 30 seconds and 
60°C for 1 minute. Each reaction included a positive 

control of a known RABV-positive sample and PCR wa-
ter as a nontemplate negative control.

Whole-Genome Sequencing
We used the TURBO DNase kit (ThermoFisher Sci-
entific) to deplete extracted nucleic acids of host 
genomic DNA. We used sequence-independent, 
single-primer amplification to amplify viral RNA as 
previously described (42), with subsequent modifi-
cations (43). We then reversed transcribed the first 
cDNA strand by using the LunaScript RT Super-
Mix kit (New England Biolabs, https://www.neb.
com) and the JH17N8 primer (5′-GTTTCCCAGTAG-
GTCTCNNNNNNNN-3′), which contained a de-
generate 8-mer sequence at the 3′ end. We generated 
the second cDNA strand by amplification using NEB 
Next Ultra II Q5 master mix (New England Biolabs) 
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Figure 1. Geographic distribution of rabies virus from a study of 
genomic sequence alignment of wild and vaccine strains, Kenya. 
Red dots on callout maps indicate study sample collection sites in 
Siaya County in western and Makueni County in eastern Kenya. 
The 2 counties are 540 miles apart and separated by complex 
natural barriers, such as the floor of the Great Rift Valley, 6 lakes 
along the valley’s floor, the Aberdares and Nandi escarpment to 
the east, and the Lake Victoria to the west. Red asterisks indicate 
major cities or towns.

https://www.meridianbioscience.com
https://www.meridianbioscience.com
https://www.neb.com
https://www.neb.com
http://www.cdc.gov/eid


Geographic Distribution of Rabies Virus, Kenya

with 10 μM of a specific primer JHP21 (5′-GTTTC-
CAGTAGGTCTC-3′) and the following thermal cy-
cling regimen: 1 cycle of 94°C for 3 minutes, 25°C for 
30 seconds, 72°C for 1 minute, followed by 35 cycles 
of 94°C for 30 seconds, 55°C for 30 seconds, and 72°C 
for 1 minute. We included a final extension step of 
72°C for 1 minute, followed by cooling to 4°C. We 
purified the synthesized dsDNA by using Agen-
court AMPure XP beads (Beckman Coulter, https://
www.beckmancoulter.com), which we then used to 
prepare sequence libraries using the Colibri ES DNA 
Library preparation kit (ThermoFisher Scientific). 
We quantified libraries by using a Qubit dsDNA 
HS Assay kit (Invitrogen/Thermo Fisher Scientific) 
and measured the average library size on the 4200 
TapeStation System (Agilent Technologies, https://
www.agilent.com). We adjusted the pooled library 
to 4 nM concentration and then denatured with 0.2 
normal sodium hydroxide and further diluted to 9.5 
pM. We spiked 5% of PhiX v3 Control Library (Il-
lumina, https://www.illumina.com) into the pool 
and sequenced the library in pairs using 600 cycles 
v3 on the Miseq or P3 reagents on the NextSeq 2000 
platform (Illumina).

Genome Assembly, Clade Classification,  
and Phylogenetic Reconstruction
We assessed the quality of the raw sequences in 
FastQC v0.12.1 (https://github.com/s-andrews/
FastQC/releases) and then processed by using 
the ngs_mapper pipeline (https://github.com/ 
VDBWRAIR/ngs_mapper), which removes  
low-quality reads (<Q20), failed reads, sequenc-
ing adapters, and short reads (<50 nt) by using  
trimmomatic v0.35 (https://github.com/usadellab/ 
Trimmomatic/releases) and cutadapt v1.9.1 
(https://gensoft.pasteur.fr/docs/cutadapt/1.9.1/
index.html). We then mapped the filtered reads 
against a RABV genome from Tanzania (GenBank 
accession no. KY210291) that had the closest homol-
ogy to our sample sequences by using bwa v0.7.12 
(https://github.com/lh3/bwa/releases). We used 
Samtools v0.1.19 (https://sourceforge.net/projects/
samtools/files/samtools/0.1.19) to create pileups 
from the read alignments and the consensus genome 
and generated a variant call format file and coverage 
visualizations by using several Python scripts (Py-
thon Software Foundation,  https://www.py-
thon.org) housed within the pipeline.

To determine whether the generated whole ge-
nomes add value to genomes generated from the N 
and G genes, we used the RABV-GLUE tool (http://
rabv-glue.cvr.gla.ac.uk) to assign the RABV to major 

and minor clades. Further classification of the whole 
genomes into lineages was performed using MAD-
DOG (44).

To establish the phylogenetic relationships be-
tween RABV from Kenya in the context of Africa, we 
obtained a comprehensive subset of curated, annotat-
ed, and published RABV datasets from Africa from 
the Bacterial and Viral Bioinformatics Resource Cen-
ter (BV-BRC; https://www.bv-brc.org). We aligned 
the complete RABV polyprotein, the entire N protein, 
and the entire G protein of the study genomes and 
context samples in CLC Genomics workbench ver-
sion 8.5.1 and the Muscle plugin (QIAGEN, https://
www.qiagen.com). To avoid using sequences from re-
combinations, we ran the aligned sequences in GARD 
software (Datamonkey, https://www.datamonkey.
org) by using the Hyphy package (Datamonkey). We 
performed phylogenetic inference by using the max-
imum-likelihood method in IQ-TREE version 2.2.0 
(http://www.iqtree.org) and nucleotide substitution 
models built into ModelFinder in IQ-TREE. We eval-
uated node support with a combination of approxi-
mate likelihood tests and ultrafast bootstraps with 
1,000 replicates, each computed in IQ-TREE (45). We 
visualized and annotated the resulting phylogenetic 
trees by using FigTree version 1.4.2 (http://tree.bio.
ed.ac.uk/software/Figtree).

Analysis of Amino Acid Variation at RABV  
Vaccine Target Sites
To identify amino acid variations at the N and G vac-
cine target sites of the study genomes and the vaccine 
strains, we performed sequence alignment of the G (n 
= 142) and N (n = 144) proteins by using CLC Genom-
ics Main Workbench (QIAGEN). We aligned study 
sample sequences to 3 commonly used RABV vaccine 
strains: Pitman-Moore (PM; GenBank accession no. 
DQ099525), Pasteur virus (PV; GenBank accession no. 
M13215), and challenge virus standard (CVS; acces-
sion no. AF406696 for N and AF406694 for G).

Results

Study Sample Demographics
Domestic dogs contributed most (65%) study sam-
ples, followed by cows (18%), and goats (14%). Oth-
er species accounted for only 1% of samples (Ap-
pendix 1 Table 1, https://wwwnc.cdc.gov/EID/
article/30/8/23-0876-App1.xlsx)

RABV Geographic Restriction in Kenya
Of the 164 brainstems collected, 144 samples with 
genome lengths ranging from 10,024 to 11,923 nt 
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were used for whole-genome analysis. From whole-
genome sequences, we also extracted 142 N and 144 
G genes for single-gene analysis. By RABV-GLUE, 
all genomes belonged to the Cosmopolitan clade, 
either Africa-1a (71/144) or Africa-1b (73/144)  
subclades. Further interrogation of the clades using 
the MAADOG lineage typing tool revealed 14 dis-
tinct lineages, 8 in western Kenya and 6 in eastern 

Kenya, including 1 unclassified lineage in eastern 
Kenya (Figure 2).

We accessed the BV-BRC database on November 
18, 2022, and retrieved 378 RABV polyproteins, 1,500 
N, and 130 G sequences that met our inclusion criteria. 
We used RABV sequences from the study strains and 
strains subsampled from Africa to construct whole-
genome phylogenetic trees (Appendix 2 Figures     
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Figure 2. Phylogenetic tree of virus genomes from a study of geographic distribution of rabies virus and genomic sequence alignment of 
wild and vaccine strains, Kenya. The tree was constructed from whole-genome sequences by using MAD DOG (44). All genomes were 
of Cosmopolitan clade, subclades Africa-1a or Africa-1b, and were further delineated into a total of 14 distinct lineages, 8 from western 
Kenya and 5 in eastern Kenya. One lineage from eastern Kenya was unclassified. Scale bar indicates nucleotide substitutions per site.
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1–3, https://wwwnc.cdc.gov/EID/article/30/8/23-
0876-App2.pdf) and individual G and N gene trees 
(Appendix 2 Figures 4, 5). We compared the phyloge-
netic trees constructed using a relatively new method 
of whole-genome sequencing (has only few sequenc-
es in literature) with those generated from the old 
method of individual G and N genes analysis that has 
been the basis of RABV phylogeography. Both meth-
ods identified only the Cosmopolitan clade in our 
study genomes (Appendix 2 Figures 2, 4, 5). In addi-
tion, western Kenya samples (97.2%) branched with 
the Cosmopolitan Africa-1a subclade, and eastern 
Kenya samples (95.7%) branched with Cosmopolitan 
Africa-1b subclade (Appendix 2 Figures 2, 4, 5). Only 
2 western Kenya genomes clustered with the Africa-
1b subclade (Appendix 2 Figure 1) and only 3 eastern 
Kenya genomes clustered with the Africa-1a subclade 
(Appendix 2 Figure 3).

Within the Africa-1b subclade, the eastern Kenya 
samples appeared to have 2 distinct clusters, 1 major (n 
= 63) and 1 minor (n = 8) (Appendix 2 Figure 1). In both 
clusters, the study samples branched with Tanzania 
genomes. The western Kenya genomes (n = 69) were 
more homogeneous (Appendix 2 Figure 3). We depos-
ited raw sequence data from this study in the National 
Center for Biotechnology Information (NCBI; https://
www.ncbi.nlm.nih.gov) Sequence Read Archive (Bio-
Project nos. OR256801 and OR270967–1061). 

Comparison of Circulating Wild RABV and  
Vaccine Strains
Compared with sequences of the commonly used 
RABV vaccine strains in Kenya (PM, PV, and CVS), we 
noted no amino acid substitutions at the antigenic sites 
of the G gene, located between amino acids 20–439 
(Appendix 1 Table 2). However, sequence homology 
outside the antigenic sites varied from 92.2% for PM to 
93.3% for CVS and 93.0% for PV. In contrast, 2 study 
samples, Kenya/SIA-CAN-018/2021 and Kenya/SIA-
BOV-007/202, were variant at antigenic site II of the 
N gene, in which alanine was substituted by valine at 
position 315 (A315V), but the 3 vaccine strains and all 
the other study samples had alanine in that position. In 
addition, although all the study samples, PM, and CVS 
had valine at position 379 of antigenic site III, PV was 
variant with alanine (V379A). Outside the antigenic 
sites of the N gene, sequence homology ranged from 
98.45% to 99.11% for PM, 97.78% to 98.67% for CVS, 
and 97.56% to 98.23% for PV.

Discussion
In this study, we used samples collected from 2 geo-
graphically isolated counties, Siaya in western Kenya 

and Makueni in eastern Kenya. We chose those 2 
counties because they continuously report the high-
est rabies incidences in humans (23). Of the 164 brain-
stem study samples, 107 were from domestic dogs 
(Appendix 1 Table 1). Moreover, the other 57 samples 
came from animals with a history of having been bit-
ten by a rabid dog, underscoring the role domestic 
dogs play in rabies transmission.

Previous phylogenetic studies, performed using 
single G and N genes, have indicated that RABV in 
Africa falls into several regional groups and that vi-
ruses from eastern Africa are genetically distinct from 
those in the western, central, and southern parts of 
the continent (21). Before this study, NCBI included 
43 RABV sequences from Kenya (46–48). In a previ-
ous study (46), N and G genes from RABV samples 
obtained during an outbreak of rabies in African wild 
dogs in Kenya and Tanzania appeared to be identical. 
The authors concluded that the outbreak was most 
likely caused by a viral variant frequently found in 
domestic dogs in Kenya and Tanzania. A subsequent 
study that used N and G gene sequences reported ex-
istence of 2 Cosmopolitan subclades (47), namely Af-
rica-1a and Africa-1b. Subsequent research revealed 
predominance of Africa-1a in western Kenya, but Af-
rica-1b was more commonly observed in the eastern 
part of the country (48).

We added 144 whole-genome sequences from this 
study to the NCBI Sequence Read Archive. We used 
those genomes to further characterize the diversity 
of RABV from eastern and western Kenya. We also 
determined whether available rabies vaccines would 
confer protection. Our study confirms the inferences 
of previous research that shows an apparent geo-
graphic isolation between the RABV strains in east-
ern and western Kenya (48). Of the 3 major clades of 
RABV found in Africa, only the Cosmopolitan clade 
was detected by whole genomes (Appendix 2 Figures 
1–3) and individual N and G genes (Appendix 2 Fig-
ures 4, 5). Predominantly, RABV from eastern Kenya 
clustered with the Africa-1b subclade, whereas RABV 
from western Kenya clustered with the Africa-1a sub-
clade. That geographic isolation is probably because 
of the multiple landscape features that would restrict 
free movement of animals between the regions (Fig-
ure 1), thus promoting localized viral evolution. Simi-
lar geographic restriction has also been observed in 
raccoon-mediated rabies in the eastern United States 
(49). Outlier Africa-1b genomes that were in west-
ern Kenya (n = 2), and Africa-1a genomes (n = 3) 
that were in eastern Kenya indicate that geographic 
isolation is not absolute in the country (Appendix 2  
Figures 1–3).
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We found that RABV strains in western Kenya 
were closely related to each other and dissimilar 
from other Africa-1a subclade members in neigh-
boring countries (Appendix 2 Figures 1–3). For ex-
ample, the closest genome that was clearly distinct 
from the Kenya 1a subclade was from Sudan. Those 
observations suggest that the members of the Afri-
ca-1a circulating in Kenya have evolved separately, 
most likely from northern, central, and western re-
gions of Africa. The other likely explanation is un-
dersampling given that our study samples were 
collected in 2021 and 2022, but the other Africa-1a 
subgenomes were collected during 1986–2015. The 
Africa-1b genomes from Kenya were less homoge-
neous and branched into 2 groups: a major group 
of 63 genomes that clustered together and a minor 
group of 8 genomes that clustered with genomes 
that had been collected previously from Kericho and 
Nakuru, Kenya. However, using the MADDOG lin-
eage typing tool, the western Kenya 1a subclade that 
was apparently homogeneous revealed 8 lineages, 
and the eastern Kenya subclade 1b segregated into 
5 lineages (Figure 2), indicating that RABV accumu-
lates mutations through the course of transmission. 
The finding of Africa-1b in Nakuru and Kericho, lo-
cales that are close to western Kenya, indicates an 
ongoing encroachment of the 1b subclade into west-
ern Kenya.

Several strains of RABV are used to manufacture 
vaccines (38). The choice of vaccine strain for use in 
a geographic region is informed by factors such as 
the circulating wild variants and species of animals 
being vaccinated (50). Live attenuated vaccines are 
given orally and are used in wild carnivores. Inac-
tivated vaccines are used in humans and domestic 
animals, including dogs and cats. From the RABV 
genomes in our study, we evaluated whether the 
currently used RABV vaccines would confer protec-
tion (Appendix 1 Tables 2, 3). In Kenya, the avail-
able vaccines are derived from the PM, CVS, and PV 
RABV strains. An amino acid sequence alignment 
and comparison of the G sequences of the study ge-
nomes and the vaccine strains revealed 100% homol-
ogy to the vaccine antigenic sites (Appendix 1 Table 
2). A similar alignment and comparison using the N 
gene revealed a V315A replacement at antigenic site 
II in only 2 study samples. In addition, all the study 
samples and PM and CVS strains had valine at posi-
tion 379 of antigenic site III, but the PV was variant 
with V379A (Appendix 1 Table 3). Although those 
replacements are too infrequent to effect vaccine ef-
ficacy, they raise concerns of potential cumulative 
changes that could eventually alter vaccine efficacy 

and underscore the need for continued monitoring 
of such changes.

In conclusion, we used whole-genome sequenc-
ing to define the genetic diversity of RABV in Kenya. 
Our data demonstrated the presence of localized vi-
ral lineages and limited viral migration between the 
2 study regions. In addition, obtained data suggest 
that rabies endemicity is due to limited vaccine use 
because the sequences of the study strains do not 
greatly diverge from current vaccine strains. Moving 
forward, similar studies should expand to the other 
regions of Kenya to determine the generalizability of 
our findings. Nonetheless, the viral migration across 
the regions, though limited, reinforces the need for 
cross-county rabies surveillance systems in Kenya. 
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Prion diseases, or transmissible spongiform en-
cephalopathies, result from the misfolding of a 

host’s endogenous prion protein and the accumula-
tion of the misfolded form of the prion protein (PrPSc) 
(1). Accumulation of PrPSc is associated with neurode-
generation and spongiform lesions that invariably kill 
the host (1). Prion diseases affect mammals: scrapie 
in sheep, chronic wasting disease (CWD) in cervids, 
bovine spongiform encephalopathy in cattle, and 
Creutzfeldt-Jakob disease in humans (2). The hall-
mark of transmissible spongiform encephalopathies 
is that the misfolded protein itself, devoid of the nu-
cleic acid that drives viruses and bacteria (1), is able to 
transmit prion disease between animals (3).

 CWD was first identified in mule deer and black-
tailed deer in 1967 (4). CWD has spread in cervids 
across North America and has been detected interna-
tionally (5). Within a species, prion diseases can oc-
cur as strains. Phenotypic features that can be used 
to differentiate strains may include host susceptibil-
ity based on prion protein sequence, incubation pe-
riods, age at clinical onset, tissue tropism, histologic 
patterns of PrPSc accumulation, biochemical and bio-
logical properties of PrPSc, and range of susceptible 
species (6–9). Strain properties can be further differ-
entiated by using rodent models (10). Although spe-
cies outside the cervid family are susceptible to CWD 
(11–17), there is no evidence that the disease has been 
transmitted to humans (18).

Speculation about the origin of CWD has often 
implicated the classical scrapie agent of sheep (19–
22), which is effectively transmitted to white-tailed 
deer intracranially and oronasally (23–25). That ex-
perimental disease, hereafter referred to as WTD 
scrapie, is lymphotropic (23,24), which means it is 
associated with environmental contamination and 
horizontal transmission (26–28) and could enable 
spread of the WTD scrapie agent in the cervid popu-
lation (29–31).

Our purpose with this study was to examine the 
potential for white-tailed deer to transmit the WTD 
scrapie agent to other deer via oronasal exposure and 
to compare the disease phenotype to that of the CWD 
agent. We discovered that although differences exist 
between the WTD scrapie agent and the CWD agent in 
white-tailed deer, the presence of lymphoid involve-
ment suggests that environmental contamination is 
highly likely. As the geographic distribution and dis-
ease incidence of CWD in white-tailed deer increases, 
information about the potential role of scrapie in the 
burgeoning CWD epidemic could assist in mitigation 
efforts. Our animal experiment was approved by the 
National Animal Disease Center Institutional Animal 
Care and Use Committee.
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White-tailed deer are susceptible to scrapie (WTD scra-
pie) after oronasal inoculation with the classical scrapie 
agent from sheep. Deer affected by WTD scrapie are 
difficult to differentiate from deer infected with chronic 
wasting disease (CWD). To assess the transmissibil-
ity of the WTD scrapie agent and tissue phenotypes 
when further passaged in white-tailed deer, we orona-
sally inoculated wild-type white-tailed deer with WTD 
scrapie agent. We found that WTD scrapie and CWD 
agents were generally similar, although some differenc-
es were noted. The greatest differences were seen in 
bioassays of cervidized mice that exhibited significantly 
longer survival periods when inoculated with WTD scra-
pie agent than those inoculated with CWD agent. Our 
findings establish that white-tailed deer are susceptible 
to WTD scrapie and that the presence of WTD scra-
pie agent in the lymphoreticular system suggests the 
handling of suspected cases should be consistent with 
current CWD guidelines because environmental shed-
ding may occur.

http://www.cdc.gov/eid
https://doi.org/10.3201/eid3008.240007


RESEARCH

Materials and Methods
Our study population comprised 3 white-tailed deer 
that were homozygous for glutamine at codon 95 and 
glycine at codon 96 (QQ95/GG96) of the PRNP gene. 
To enable comparison of WTD scrapie with CWD by 
the assays used in this study, we used samples from a 
deer experimentally inoculated with the CWD agent 
(National Animal Disease Center [NADC] identifica-
tion [ID] 1548); the deer was of the same genotype 
and inoculated by the same route as the 3 deer in our 
study population. 

We oronasally inoculated deer with 1 mL of a 10% 
wt/vol brainstem homogenate in phosphate-buffered 
saline (PBS) from a white-tailed deer (NADC ID 18, 
publication ID 9 [23]) in which classical scrapie had 
developed (isolate no. 13-7 ARQ/ARQ [32]) after oro-
nasal inoculation. We conducted antemortem rectal 
biopsies 17 months after inoculation. Animal care-
takers observed the deer daily and euthanized them 
when they exhibited clinical signs (e.g., weight loss, 
hair loss, excessive salivation, diarrhea, and progres-
sive weakness). We performed necropsies on the eu-
thanized deer and collected the following samples: 
whole brain, cerebrospinal fluid, brainstem, spinal 
cord (cervical, thoracic, and lumbar segments), dorsal 
root ganglia, eyes, turbinate, nerves (optic, trigemi-
nal, sciatic), lymph nodes (retropharyngeal, prescap-
ular, mesenteric, popliteal), thymus, thyroid gland, 
trachea, esophagus, foregut (rumen, reticulum, oma-
sum, abomasum), jejunum, ileum, cecum, recto-anal 
mucosa–associated lymphoid tissue, kidney, adrenal 
gland, liver, urine, spleen, lung, skin, and muscles 
(tongue, masseter, heart, diaphragm, triceps brachii, 
biceps femoris, psoas major, bladder). We collected 
2 sets of tissue samples, froze 1 set, and collected 
the other in 10% formalin and embedded it in par-
affin wax. We stained or immunolabelled embedded 
samples for microscopy and immunohistochemistry. 
Frozen samples of brainstem and retropharyngeal 
lymph node underwent enzyme immunoassay. We 
performed Western blots on brainstem, retropharyn-
geal lymph node, and cerebrum samples and further 
evaluated brainstem samples by dot blot PrPSc confor-
mational stability assay and mouse bioassay.

For genotyping of the white-tailed deer, we 
extracted DNA before conducting PCR. We com-
bined the DNA samples with PCR mix (5× buffer, 
deoxynucleotide triphosphates, primer #1, primer 
#2, dimethyl sulfoxide, Herculase II Fusion DNA 
polymerase [https://www.agilent.com], and dou-
ble-distilled water) in a thermal cycler (Applied 
Biosystems, https://www.thermofisher.com) as 
previously described (33). We modified the program 

slightly from those previously described: 95°C for 5 
minutes, 40 cycles of 95°C for 20 seconds, 54°C for 
20 seconds, 72°C for 1 minutes, followed by 72°C for 
7 minutes, and held at 4°C until samples were re-
moved. We purified the PCR products by using Am-
icon Ultra Filters (30 kDa) (Sigma Aldrich, https://
www.sigmaaldrich.com) according to manufacturer 
instructions. We ran the samples on an agarose gel 
(1%) and DNA sequenced them.

The enzyme immunoassay kit that we used is 
commercially available (HerdChek, IDEXX Labo-
ratories Inc., https://www.idexx.com), and we fol-
lowed manufacturer instructions to screen for PrPSc 
in the cerebrum, brainstem, retina, and retropharyn-
geal lymph nodes. We determined the negative cutoff 
threshold by using the negative control provided in 
the kit. We considered values above the optical den-
sity threshold positive. We quantified the misfolded 
prion protein in brainstem samples by making 2-fold 
dilutions to compare relative prion loads for cer-
vidized mouse bioassays (Table 1).

We processed frozen tissues as 20% wt/vol pro-
tein homogenates by using PBS for Western blotting in 
a Bead Mill 24 homogenizer (Fisher Scientific; https://
www.fishersci.com). Samples were digested by pro-
teinase K (PK; 1 mg/mL) (Invitrogen, https://www.
thermofisher.com) for 1 hour at 37°C with agitation 
(500 rpm), followed by reaction neutralization with 
Pefabloc (100 mg/mL) (Roche Diagnostics GmbH, 
https://www.roche.de) and incubation for 20 minutes 
at room temperature. We completed immunodetec-
tion of the misfolded prion protein on the cerebrum 
(frontal cortex), cervical spinal cord, retina, and ret-
ropharyngeal lymph nodes. Because of lack of tissue 
availability of the brainstem at the obex, we used cer-
vical spinal cord. We prepared samples with lithium 
dodecyl sulfate sample buffer and 2-mercaptoethanol 
before loading them onto commercial-grade 12% SDS-
PAGE (sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis) gel and running for 45 minutes at 200 
V in MOPS SDS running buffer (Invitrogen) with Nu 
PageTM Antioxidant (Invitrogen) in the center cham-
ber. We then transferred the gel to a polyvinylidene 
difluoride membrane and blocked with 3% bovine se-
rum albumin in Tris-buffered saline with 0.05% Tween 
20. We then probed blots with mouse monoclonal an-
tibodies against the prion protein: 6H4, SHA31, 12B2, 
and P4, all at 1:10,000 dilution (0.1 µg/mL). The C-
terminal antibody 6H4 recognizes amino acids PrP-Ov 
148-156/PrP-Bov 155-163 (Prionics, https://www.pri-
onics.com), and the SHA31 C-terminal antibody recog-
nizes amino acids 144–155 (Bertin Bioreagent, https://
www.bertin-bioreagent.com) of the prion protein. On 
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the N-terminal of the prion protein, antibody 12B2 tar-
gets amino acids PrP-Ov 89-107/PrP-Bov 97-115 (Wa-
geningen Bioveterinary Research, https://www.wur.
nl) and antibody P4 targets amino acids PrP-Ov 93-99 
(R-Biopharm AG, https://r-biopharm.com). We used 
an antimouse biotinylated sheep secondary antibody 
at a 1:400 dilution (Cytiva, https://www.cytivalife-
sciences.com) and a conjugated streptavidin-horserad-
ish peroxidase at a 1:10,000 dilution (Cytiva) for am-
plification and signal detection. We incubated primary 
antibodies overnight in 4°C and the subsequent anti-
bodies for 1 hour each at room temperature. Visualiza-
tion was achieved by using electrochemiluminescence 
(Thermo Fisher Scientific, https://www.thermofisher.
com and an iBright 1500 (Invitrogen). We used Page 
Ruler Plus prestained protein ladder (Thermo Fisher 
Scientific) to demark relative weights.

For immunohistochemistry, we used 4-microm-
eter paraffin-embedded tissue sections, stained the 
tissues with hematoxylin and eosin, and used an 
automated Ventana Discovery XT staining machine 
(Roche Diagnostics, https://diagnostics.roche.com) 
for microscopic analysis of misfolded prion protein 
staining. After deparaffinization and rehydration, we 
treated samples with 98% formic acid for 5 minutes 
and then performed antigen retrieval at 121°C for 20 
minutes by using Diva Decloaker (Biocare Medical, 
https://biocare.net). We then probed tissue sections 
with the primary antibody F99/97 and took images 
with a Nikon Eclipse 55i microscope (https://www.
nikonusa.com) by using Infinity Analyze software 
(Lumera, https://www.lumenera.com).

We completed bioassays in cervidized mice 
(Tg12 [34]) that received inoculum from the brain-
stem of deer 1 (WTD scrapie P2; n = 15). For com-
parison, we inoculated brainstem from first-passage 

WTD scrapie agent into cervidized mice and derived 
from the same deer used for inoculation in this study 
(WTD scrapie P1; n = 25). We inoculated another 
group of cervidized mice with brainstem from a 
white-tailed deer with CWD (WTD CWD, n = 9); the 
mice were anesthetized and intracranially inoculat-
ed with 20 µL of 1% wt/vol brainstem homogenate 
in PBS. After inoculation, we monitored the mice for 
clinical signs, then euthanized and necropsied them 
until study completion.

We conducted a conformational stability assay of 
the misfolded prion protein by using 96-well plates 
and 5–50 µg of tissue homogenates from white-tailed 
deer. We denatured tissue homogenates in 0–5.5 M 
guanidine hydrochloride G7294 (GdnHCl) (Sigma 
Aldrich, https://www.sigmaaldrich.com) at room 
temperature for 1 hour. We then filtered the samples 
on Amersham Protran nitrocellulose membrane 
(Cytiva) with a Bio-Dot Microfiltration apparatus 
(Bio-Rad Laboratories, https://www.bio-rad.com), 
followed by 2 PBS washes and air drying of the 
membrane for 1 hour. We then incubated them with 
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Table 1. Two-fold dilutions of brainstem inoculum in cervidized 
mice inoculated with WTD deer scrapie agent, passage 1 or 2, 
compared with WTD CWD agent* 
Weight/ 
volume, % WTD CWD 

WTD scrapie agent 
Passage 1 Passage 2 

10 3.847 3.758 4 
5 3.721 3.395 4 
1 3.657 1.973 3.784 
0.50 3.828 1.363 3.291 
0.25 3.643 0.674 2.74 
0.125 3.224 0.432 1.808 
0.0625 2.354 0.244 1 
0.031 1.345 0.138 0.439 
*The optical density of brainstem samples after 2-fold dilutions to compare 
relative load of misfolded prion protein in the inoculum (1% wt/vol) of 
cervidized mice (Tg12). CWD, chronic wasting disease; WTD, white-tailed 
deer. 

 

 
Table 2. Misfolded prion protein presence and accumulation in multiple tissues from 3 white-tailed deer with white-tailed deer scrapie* 
Identification  Deer 1 Deer 2 Deer 3 
Animal data    
 Genotype (95/96)† QQ/GG QQ/GG QQ/GG 
 Incubation period, mo after inoculation 25.6 21 25.8 
EIA OD    
 Brainstem 4 3.26 1.79 
 Cerebrum 4 Not detected  Not detected 
 Retina 4 Not detected Not detected 
 Retropharyngeal lymph nodes 4 4 4 
Spongiform lesion on brainstem + + + 
Immunohistochemistry    
 Antemortem rectal biopsy (17 mpi) + Insufficient  + 
 Brainstem + + + 
 Cerebrum + Not detected Not detected 
 Retina + + + 
 Retropharyngeal lymph nodes + + + 
 Palatine tonsil + + + 
*EIA OD, enzyme immunoassay optical density. 
†Homozygous for glutamine at codon 95 and glycine at codon 96 (QQ95/GG96) of the PRNP gene. 
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PK (5 µg/mL) in cell lysis buffer (50 mM Tris-HCl, 
pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 
0.5% Igepal CA-630 [https://www.sigmaaldrich.
com]) for 1 hour at 37°C. We inactivated digestion 
with PK with 2 mM phenylmethylsulfonyl fluoride. 
Denaturation of the membrane took 10 minutes in 
3 M guanidine thiocyanate in Tris-HCl (pH 7.8) at 
room temperature. After 4 PBS washes, we blocked 
membranes with 5% nonfat milk in in Tris-buffered 
saline with 0.05% TWEEN 20 for 1 hour, then probed 
at 4°C overnight with SHA31 (Bertin Technolo-
gies, https://www.bertin-technologies.fr) diluted 
1∶5,000, followed by horseradish peroxidase–con-
jugated goat antimouse IgG secondary antibody. 
We used ECL Plus (Pierce ECL Plus Western Blot-

ting Substrate [Thermo Fisher Scientific]) to develop 
the membranes, a ChemiDoc imager (Bio-Rad) to 
take the images, and AzureSpot Pro analysis soft-
ware (Azure Biosystems, https://azurebiosystems.
com) to complete the signal analysis. We completed 
analysis on 3 biological replicates. We normalized 
absolute densitometric values by defining the small-
est mean of each sample as 0 and largest mean as 
1. To produce denaturation curves, we plotted rela-
tive levels of the undenatured PrPSc, referred to as 
Fapp (apparent fractional change of unfolded PrPSc), 
as a function of GdnHCl concentration. We used a 
nonlinear least-square 4-parameter sigmoidal dose-
response regression with the half maximal dena-
turation concentration, [GdnHCl]1/2, calculated by 
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Figure 1. Immunohistochemistry demonstrating misfolded prion protein in white-tailed deer oronasally inoculated with white-tailed deer 
scrapie (WTD scrapie) agent in study of scrapie versus chronic wasting disease (CWD) in white-tailed deer. A) Vacuolation in the dorsal 
motor nucleus of the vagus in the brain stem at the level of the obex of each deer. B–D) Misfolded prion protein in the dorsal motor 
nucleus of the vagus in the brain stem at the level of the obex (B), palatine tonsil (C), and retropharyngeal lymph node (D) of each deer. 
E–H) Neurotropism of the scrapie form of the prion protein for retinal ganglion cells with scrapie agent (closed arrowheads) and not 
CWD (open arrowhead). E) Sheep scrapie retina; F) WTD scrapie, passage 1, retina; G) WTD scrapie, passage 2, retina; H) WTD CWD, 
retina. Hematoxylin and eosin staining; original magnification ×10 for panels A–D, ×20 for panels E–H. GCL, ganglion cell layer; INL, 
inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
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using Graphpad Prism software (https://www.
graphpad.com). We used the Student t-test to assess 
the statistical significance of [GdnHCl]1/2.

Results
Of the 3 wild-type (QQ95/GG96) white-tailed deer 
oronasally inoculated with brainstem homogenate 
from a deer that succumbed to no. 13-7 classical scra-
pie, all either exhibited clinical signs (excessive saliva-
tion, hair loss, and weight loss) and were euthanized 
or found dead 21–25.8 months after inoculation (Ta-
ble 2). Enzyme immunoassays performed on central 
nervous and lymphoreticular system tissues (Table 
2) indicated that all 3 deer were positive for PrPSc in 
the brainstem. Deer 1 (optical density [OD] 4.00) and 
2 (OD 3.26) had relatively more PrPSc, indicated by 

greater optical density than in deer 3 (OD 1.79) in the 
brainstem. Regardless, all white-tailed deer had 4.0 
PrPSc in the retropharyngeal lymph nodes. Only deer 
1 was positive in the cerebrum and retina (OD 4.00).

Immunohistochemistry indicated spongiform le-
sions and misfolded prion protein accumulation in the 
dorsal motor nucleus of the vagus in the brainstem at 
the level of the obex in all 3 white-tailed deer inocu-
lated with WTD scrapie (Figure 1, panels A, B). PrPSc 
accumulation was also detected in the palatine tonsils 
and retropharyngeal lymph nodes of each deer (Figure 
1, panels C, D). Only deer 1 exhibited strong immuno-
labelling for misfolded prion protein in the retina (Fig-
ure 1, panel G). That deer also had the greatest level 
of spongiform lesions and misfolded prion protein ac-
cumulation in the dorsal motor nucleus of the vagus in 
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Figure 2. Epitope mapping on Western blots with antibodies that progress toward the N-terminal of the prion protein in study of 
scrapie versus CWD in white-tailed deer. C-terminal antibodies 6H4 (A) and SHA31 (B) were used to probe brain and lymphoid tissue 
(representative samples). C) Material from the second passage of WTD scrapie and CWD, both responsive to probing by the N-terminal 
antibody 12B2. D) WTD scrapie material showing no or low affinity to the N-terminal antibody P4. Cbrum, cerebrum; CWD, chronic 
wasting disease; P1, first passage; rpln, retropharyngeal lymph node; sc, cervical spinal cord; WTD, white-tailed deer.
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the brainstem at the level of the obex. The PrPSc in the 
retina of deer 1 was abundant in the retinal ganglion 
cells (Figure 1, panel G), similar to that in the retinas of 
white-tailed deer (Figure 1, panel F) and sheep (Figure 
1, panel E) inoculated with the no. 13-7 classical scra-
pie isolate from sheep. That finding differs from that 
of white-tailed deer with CWD, in which the retinal 
ganglion cells generally lack that type of accumulation 
(Figure 1, panel H). Deer 2 and 3 exhibited minimal im-
munolabelling for PrPSc in the retina (Table 2). Because 
staining was limited to the optic disk and plexiform 
layers in those deer, evaluation of retinal ganglion cells 
for PrPSc could not be completed.

Molecular profile differences were reported for 
tissues from white-tailed deer with first-passage WTD 
scrapie because brainstem was CWD-like (relatively 
higher kDa) and cerebrum was scrapie-like (relatively 
lower kDa) (23). Western blots were performed to eval-
uate whether the molecular profile differences would 
persist. Epitope mapping using different antibodies 
enabled assessment of approximate PK cleavage sites. 
When we used C-terminal antibodies (6H4 or SHA31), 
the molecular profile of the tissues from second-pas-
sage WTD scrapie was similar to that of the inoculum 
as well as tissues from white-tailed deer with CWD 
(Figure 2, panels A, B). When we used N-terminal an-
tibody 12B2, the inoculum was nonreactive, but CWD 
and second-passage WTD scrapie isolates appeared 
similarly reactive (Figure 2, panel C). However, an-
tibody P4 recognized an epitope further toward the 
N-terminal than 12B2, enough to distinguish between 
CWD and second-passage WTD scrapie isolates. Al-
though the signal from white-tailed deer CWD cervical 

spinal cord remained strong, signals from WTD scra-
pie isolates were either greatly reduced or completely 
absent when probed with P4 (Figure 2, panel D).

To identify potential strain differences, we inoculat-
ed cervidized mice (Tg12) with brainstem material (Ta-
ble 1). We compared incubation periods of Tg12 mice 
inoculated with second-passage WTD scrapie agent 
(WTD scrapie P2; n = 15) with incubation periods of 
those inoculated with brainstem material from first-pas-
sage WTD scrapie agent (WTD scrapie P1; n = 25) and 
CWD agent. The incubation period in mice inoculated 
with brainstem from deer 1 (WTD scrapie P2) was simi-
lar to that in mice inoculated with WTD scrapie P1 (Fig-
ure 3). The average incubation time in mice inoculated 
with WTD scrapie P2 was 322 days after inoculation and 
did not differ significantly from that in mice inoculated 
with WTD scrapie P1 (340 days after inoculation). The 
incubation periods in mice inoculated with either WTD 
scrapie P1 or P2 differed significantly (p<0.0001) from 
those in mice inoculated with CWD agent, for which av-
erage incubation period was 199 days after inoculation 
(WTD CWD, n = 9). Attack rates for the 3 cohorts of mice 
were high (94%–100%). We performed conformational 
stability assays to determine if phenotypic differences 
between WTD scrapie passages and CWD were asso-
ciated with differences in resistance of PrPSc to increas-
ing concentrations of denaturant. After denaturation 
by guanidine hydrochloride, there was no difference in 
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Figure 3. Survival curves for cervidized mice (Tg12) inoculated 
with brain material from white-tailed deer with CWD, passage 1 
WTD scrapie agent, and passage 2 WTD scrapie agent in study 
of scrapie versus CWD in white-tailed deer. Incubation periods of 
mice inoculated with WTD scrapie agent were similar, whereas 
those inoculated with CWD were significantly shorter. CWD, 
chronic wasting disease; WTD, white-tailed deer.

Figure 4. Denaturation curves comparing the conformational stability 
of scrapie (misfolded) form of prion protein (PrPSc) in the cervical 
spinal cords of white-tailed deer with passage 2 WTD scrapie agent, 
passage 1 WTD scrapie agent, and CWD agent in study of scrapie 
versus CWD in white-tailed deer. The PrPSc conformational stability of 
like tissues did not differ significantly. CWD, chronic wasting disease; 
Fapp, apparent fractional change of unfolded PrPSc; GdnHCl, 
guanidine hydrochloride; M, molar; WTDsc-p1, passage 1 WTD 
scrapie; WTDsc-p2, passage 2 WTD scrapie.
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the conformational stability of the misfolded prion pro-
tein from the cervical spinal cords of white-tailed deer 
with second-passage WTD scrapie, first-passage WTD 
scrapie, or CWD (Figure 4). Therefore, molecular and 
mouse bioassay differences are not associated with dif-
ferences in the conformational stability of PrPSc.

Discussion
Our study demonstrates that the WTD scrapie agent 
can be efficiently transmitted to wild-type white-tailed 
deer (Figure 5). After oronasal inoculation with the 
WTD scrapie agent, all 3 wild-type (QQ95/GG96) 
white-tailed deer displayed clinical signs and were 
positive for PrPSc in multiple nervous and lymphore-
ticular tissues (100% attack rate). Spongiform lesions, 
PrPSc accumulation, and molecular phenotypes of 
second-passage WTD scrapie were similar to those of 
the WTD scrapie inoculum. White-tailed deer are sus-
ceptible to infection with scrapie agents from various 
sources (23–25,35). Even when white-tailed deer at the 
lowest risk for CWD infection (SS96) (33,36,37) were 
exposed to classical sheep scrapie, they all succumbed 
to the disease (23–25). Unlike the initial passage of 
WTD scrapie agent in white-tailed deer (23), all brain 
tissues from our study exhibited a consistent molecu-
lar profile, probably because of the WTD scrapie agent 
stabilizing on the white-tailed deer PrP and differential 
neural prion selection (38). Further studies are needed 
to investigate the role that PRNP polymorphisms play 
in the disease progression of WTD scrapie in white-
tailed deer (8,39,40).

WTD scrapie remains different from CWD on sec-
ond passage in white-tailed deer. WTD scrapie differs 
from CWD in that WTD scrapie PrPSc accumulates in 
the retinal ganglion cells (Figure 1, panels E–G), has 
a shorter PK-resistant core (Figure 2, panels C, D), 
and has longer incubation periods in mice (Figure 3). 
Those differences did not result from differences in 
genotype (41), PrPSc conformational stability (Figure 
4), or relative quantity of PrPSc in the inoculum (Table 
1, 1% wt/vol) (42). Although many CWD strains in 
cervids have been characterized (5), none are able to 
address the longstanding hypothesis that classical 
sheep scrapie may be the origin of CWD in cervids 
(43). Our evidence suggests that WTD scrapie differs 
from CWD in white-tailed deer. Nevertheless, our ev-
idence is limited to 2 experimental passages and the 
genotypes of deer used for those passages because 
genotype can affect prion transmission characteristics 
(7,8,25,44). Evaluating how the scrapie agent evolves 
in white-tailed deer requires subsequent passages in 
white-tailed deer of varying genotypes.

WTD scrapie has not been detected in wild or 
farmed cervids. If WTD scrapie were to be detected in 
cervids, management would remain consistent with 
current measures for CWD. WTD scrapie, like CWD, is 
lymphotropic. Lymphotropism occurs early in disease 
progression before neuroinvasion and indicates that 
the animal is shedding PrPSc into its environment and 
contaminating it (26–28). Although the WTD scrapie 
agent propagates effectively on white-tailed deer PrP, 
the only reported cases have been through experimental  
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Figure 5. Summary of inoculum data, corresponding attack rates, and cervidized mice bioassays in study of scrapie versus chronic 
wasting disease in white-tailed deer. A, alanine; dpi, days postinoculation; G, glycine; Q, glutamine; R, arginine; S, serine.
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exposure. Because of the National Scrapie Eradication 
Program in 2001, cases of classical scrapie in farmed sheep 
have dramatically dropped and no case of classical scra-
pie has detected in the United States since January 2021 
(https://www.aphis.usda.gov/sites/default/files/
scrapie-quarterly-report-june-2024.pdf). The potential 
for zoonoses of cervid-derived PrPSc is still not well under-
stood (6,18,45–47); however, interspecies transmission  
can increase host range and zoonotic potential (48–50). 
Therefore, to protect herds and the food supply, sus-
pected cases of WTD scrapie should be handled the 
same as cases of CWD.
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Since its emergence in Europe during October 
2020, highly pathogenic avian influenza (HPAI) 

A(H5N1) clade 2.3.4.4b virus has frequently spilled 
over into diverse mammal hosts globally. In North 
America, natural H5N1 infections have occurred in 
several bear species, including American black bears 
(Ursus americanus), Asiatic black bears (U. thibetanus), 
grizzly bears (U. arctos horribilis), and Kodiak brown 
bears (U. a. middendorffi) (1). Infections with influ-
enza A(H1N1) viruses have been reported in captive 
sloth bears (Melursus ursinus) and Asiatic black bears 
(2,3) and in giant pandas (Ailuropoda melanoleuca) (4). 
Detection of hemagglutination inhibition antibodies 
against H3 and H6 subtype influenza viruses also 
suggested previous natural exposure to influenza vi-
ruses of avian origin (4). Seroconversion after natural 
exposure to bird influenza viruses has been docu-
mented in the Barent Sea polar bear subpopulation 
(2010–2011) (5) and brown bears in Alaska (2013–
2016) (6) but not in the southern Beaufort Sea polar 

bear subpopulation (2013–2016) (7). Polar bears are 
a threatened species under the US Endangered Spe-
cies Act. We report and describe an infection by HPAI 
H5N1 virus in a free-ranging polar bear found dead 
in Alaska, USA, during 2023. 

The Study
The North Slope Borough Department of Wildlife 
Management (NSB DWM) in Alaska conducts wild-
life health research and maintains community-based 
harvest monitoring programs for marine mammals, 
including polar bears. The Alaska Office of the State 
Veterinarian conducts surveillance for notifiable in-
fectious diseases in wildlife. After detecting HPAI 
H5N1 in birds of prey and a red fox (Vulpes vulpes) in 
April 2022, the Office of the State Veterinarian initiat-
ed collaborative surveillance testing with NSB DWM 
for avian influenza in birds and other wildlife. In Au-
gust 2023, community members reported a dead polar 
bear without obvious external injuries near Point Bar-
row, Alaska (71°23′N, 156°28′W). At the NSB DWM 
laboratory in Utqiagvik, Alaska, we conducted a post-
mortem examination of the bear. The bear was young 
and male, 120 cm in body length, and in moderate to 
advanced decomposition. Body condition was fair 
to poor, with no back or visceral fat. Gross findings 
were multiple 1–3-cm ulcerative skin lesions around 
the left eye and oral commissure, liver and lung con-
gestion, moderate sanguinal pericardial and cavitary 
effusion, cerebral swelling and congestion, and emp-
ty stomach. We collected postmortem tissue samples 
of the heart, lung, trachea, spleen, liver, kidney, ad-
renal gland, skin, skeletal muscle, mesenteric lymph 
node, pancreas, tongue, esophagus, stomach, small 
intestines, and brain (cerebrum) and fixed them in 
10% neutral buffered formalin for 2 weeks. Histology  
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Consultation Services (https://histocs.com) pro-
cessed the tissue for routine histopathologic examina-
tion by staining with hematoxylin and eosin. We also 
collected oral, nasal, rectal, and brain swab samples 
and placed them in 2-mL cryovials, which we stored 
for 2 weeks at −50°C and shipped to the Alaska Envi-
ronmental Health Laboratory in Anchorage, Alaska. 
Their personnel placed pooled swab specimens into 
brain–heart infusion broth. The primary histopatho-
logic finding was a granulocytic and mononuclear 
meningoencephalitis with microgliosis, neuronal ne-
crosis, neuronophagia, vasculitis, and parenchymal 
rarefaction (Figure, panel A). Other findings were 
pulmonary edema, focal lipid pneumonia, and mul-
tifocal ulcerative dermatitis. 

Pooled swab specimens tested negative for the in-
fluenza virus matrix gene by PCR at the Washington 
Animal Disease Diagnostic Laboratory (Pullmans, 
WA, USA), which is a National Animal Health Labora-
tory Network facility. The root cause of negative PCR 
results is unclear because subsequent sequence analy-
sis did not indicate assay failure. However, because of 
the cerebral lesions, we sent scrolls of formalin-fixed 
paraffin-embedded cerebral tissue to the Athens Dis-
ease Diagnostic Laboratory, University of Georgia 
(Athens, GA, USA), for immunohistochemistry to de-
tect influenza A by using an influenza A virus poly-
clonal antibody (Abcam, https://www.abcam.com). 
Influenza A virus antigen was detected in cytoplasm 
of neurons and nuclei of microglial cells (Figure, pan-
el B). We also sent scrolls of formalin-fixed paraffin-
embedded cerebral tissue to the National Veterinary 
Services Laboratories (Ames, IA, USA), for molecu-
lar confirmation and virus genome characterization. 
HPAI virus genotype A3, a fully Eurasian influenza 
virus, was identified; this genotype was initially 
detected in Alaska in April 2022 and was the most 
frequently detected genotype in Alaska during Au-
gust–December 2023. Reported markers for mammal  

adaptation were not identified. We deposited full 
genome sequences for the polar bear virus (A/polar 
bear/Alaska/23–0381234/2023) in GenBank (acces-
sion nos. PP820319–26) and GISAID (https://www.
gisaid.org; accession no. EPI_ISL_18976667).

This detection of HPAI virus was in the southern 
Beaufort Sea subpopulation, 1 of 19 circumpolar polar 
bear subpopulations. During July–August 2023, three 
short-tailed shearwater seabirds (Ardenna tenuirostris) 
that tested positive for HPAI H5N1 clade 2.3.4.4b were 
found dead near Point Barrow, where the polar bear in 
this study was found. The shearwaters’ virus genotype 
shared 9 common single-nucleotide polymorphisms 
(SNPs) with the polar bear virus and was representa-
tive of the virus circulating in that area at the time rath-
er than a direct source of the polar bear infection. In 
addition, in August 2023, a small mortality event from 
avian influenza occurred among common murre sea-
birds (Uria aalge) in Dillingham Census Area in Alaska; 
that virus genotype also shared 8–9 common SNPs, fur-
ther supporting regional virus circulation. Polar bears 
are primarily dependent on seals as a food source but 
will prey on birds and eggs; thus, virus exposure from 
consumption of infected birds is possible, but infection 
via an olfactory route cannot be excluded (8). 

Support does not exist for ongoing HPAI virus–as-
sociated illness and death in free-ranging polar bears 
in Alaska’s North Slope Borough; in 2023, swab speci-
mens from 3 other dead polar bears tested negative for 
influenza virus by PCR (Appendix, https://wwwnc.
cdc.gov/EID/article/30/8/24-0481-App1.pdf). As for 
black bears with HPAI H5N1 virus infections (9), brain 
lesions were the major histopathologic findings in this 
case. It is not unexpected for clade 2.3.4.4b virus–in-
fected mammals with neurologic signs to have respi-
ratory samples test negative (10), possibly because of 
different exposure routes, such as digestive, olfactory, 
or respiratory routes (8). The HPAI H5 goose/Guang-
dong lineage has been shown to be more neuropatho-

Figure. Histologic analysis of brain 
tissue from a dead free-ranging 
polar bear infected with highly 
pathogenic avian influenza virus 
A(H5N1) clade 2.3.4.4b, Alaska, 
USA. A) Hematoxylin and eosin 
staining of brain tissue section 
showing meningoencephalitis. 
Arrow indicates mixed 
inflammatory cells within and 
around blood vessels and 
hypertrophied vascular endothelial 
cells. Star indicates necrotic 
neurons and increased number of 
microglial cells within the parenchyma. Original magnification ×400. B) Arrow indicates influenza A virus within the neuronal perikaryon (red 
staining) observed by immunohistochemistry of formalin-fixed paraffin-embedded brain sections. Original magnification ×400.
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genic than other influenza A viruses in mammals (8), 
including the H5N1 clade 2.3.4.4b virus (11,12). 

Other notable findings in this case were pulmo-
nary edema, lipid pneumonia, and ulcerative skin 
lesions. Pulmonary edema as a gross lesion and on 
histologic analysis was a consistent finding in 3 do-
mestic cats with H5N1 clade 2.3.4.4b infections (13) 
but has been infrequently reported in wild meso-
carnivores (10). Lipid pneumonia was documented 
in subsistence-harvested polar bears in the southern 
Beaufort Sea and is considered unrelated (D. Rotstein, 
unpub. data). Ulcerative skin lesions not caused by 
trauma are rarely documented in subsistence-har-
vested southern Beaufort Sea polar bears (R. Stim-
melmayr, unpub. data); those lesions have not been 
reported in terrestrial mammals infected with the H5 
clade 2.3.4.4b lineage (10) but have been reported in 
pinnipeds infected with H3N8 virus (14). 

Conclusions
Genome analysis of influenza viruses originating 
from wildlife in Alaska has shown both unreassorted 
and reassorted viruses. HPAI virus genotype A3 was 
likely introduced into Alaska via the East Asia–Aus-
tralia Flyway as early as November 2021 (15) and has 
been detected in a few backyard premises; in many 
wild birds, including California condors (Gymnogyps 
californianus) in Arizona; and several mammals (red 
fox, fishers, martens, racoons, and brown bears) along 
the Pacific Flyway.

In the Arctic, wildlife and other wild subsistence 
foods play a pivotal role in the health, well-being, and 
food security of northern indigenous communities. 
Therefore, subsistence harvesting of animals infected 
with HPAI viruses, including polar bears, poses a 
zoonotic risk and affects traditional food safety and 
food security. Continued community and hunter-
based participation in wildlife health surveillance is 
key to detecting emerging pathogens and other One 
Health issues in the Arctic.
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From the Greek micro- (small) and -bios (life), micro-
biota was coined in the late 19th Century to denote the 

microorganisms residing in a specific environment. Dur-
ing the 20th Century, microbiota became more specifi-
cally associated with the microorganisms inhabiting the 
human body. Today, the term encompasses the collective 
genetic material of microorganisms, spanning viruses, 
archaea, bacteria, and fungi, and the intricate ecosystems 
of microorganisms, including commensal, symbiotic, and 
pathogenic ones, that exist within or on the human body 
or other environmental niches. Exploring microbiota and 
its implications in various aspects has rapidly gained mo-
mentum as a dynamic field of research.

The term microbiome was defined by Whipps and col-
leagues in 1988 as the collective genomes of microorgan-
isms. However, Joshua Lederberg (Figure), a US molecular 
biologist, played a pivotal role in coining the term as we 
know it today. His journey from a precocious young sci-
entist to a Nobel laureate and advocate for ethical science 
reflects the interconnectedness of language, curiosity, and 
scientific discovery. Lederberg’s fascination with science 

also extended to writing science fiction, using the genre 
to explore complex scientific concepts through imagina-
tive storytelling. In fact, microbiome is a combination of 
microbe and biome (bi- [life] + -ome [mass]) to describe 
the microbial ecosystem, which encompasses not only ge-
nomes but also the broader microbial environment. Micro-
biome, born from the fusion of linguistic roots and a thirst 
for knowledge, continues to shape our understanding of 
the microbial world and its profound impact on human 
health and biology.
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On May 12, 2023, Colorado Parks and Wild-
life (Denver, CO, USA) received a report of an 

≈1-year-old free-ranging female mountain lion (Puma 
concolor) with signs of severe hind leg ataxia and pa-
resis. The lion had been observed in a residential area 
of Douglas County, Colorado, USA (Appendix Figure 
1, https://wwwnc.cdc.gov/EID/article/30/8/24-
0411-App1.pdf). The animal was reluctant to rise and 
had markedly decreased capacity to move or bear 
weight on the hind end (Video, https://wwwnc.
cdc.gov/EID/article/30/8/24-0411-V.htm). The ani-
mal appeared depressed but was still responsive to 
stimuli. Wildlife officers tranquilized the animal and 
then euthanized it by gunshot to the chest to prevent 
destruction of neurologic tissues. We conducted a 
postmortem investigation including necropsy, histo-
pathology, immunohistochemistry, molecular diag-
nostics, and metatranscriptome sequencing to inves-
tigate potential causes of the disease.

The Study
Prenecropsy radiology revealed no skeletal abnormali-
ties to explain the clinical signs observed. Necropsy 

results indicated poor body condition and mild bruis-
ing at the torso and limbs. The stomach contained only 
pine needles. Histopathology demonstrated severe 
nonsuppurative meningoencephalomyelitis (Appen-
dix). The leptomeninges were multifocally and mark-
edly expanded by lymphocytes and histiocytes in both 
brain and spinal cord (Figure 1). Virchow-Robin peri-
vascular spaces were expanded by dense cuffs of lym-
phocytic to lymphohistiocytic infiltrates up to 20 cell 
layers thick in nearly all regions of the brain (Figure 1, 
panels A–C) and spinal cord. Inflammation was large-
ly restricted to the leptomeninges and gray matter, and 
only minimal in the white matter (Figure 1, panels A, 
B). Affected sections also demonstrated scattered neu-
ronal necrosis, gliosis, and loose glial nodules (Figure 
1, panels B, E, G), partially leading to an irregular ar-
chitecture (Figure 1, panel G). The cerebellar cortex 
showed no indication of inflammation or degenerative 
process (Figure 1, panel I)

Initial diagnostic tests did not detect feline panleu-
kopenia virus, canine distemper virus, West Nile virus, 
Toxoplasma gondii, influenza A virus, rabies virus, or fe-
line infectious peritonitis virus in the central nervous 
system (Appendix Table 1). We used pooled brain and 
spinal cord tissue to extract total RNA (Appendix), then 
conducted metatranscriptome sequencing to obtain se-
quence fragments (reads). We used those fragments to 
de novo assemble a single contiguous sequence (con-
tig) with homology to known sequences of rustrela 
virus (RusV). The contig represented the whole viral 
genome and matched RusV reference strains. We sub-
mitted the annotated RusV genome sequence to the In-
ternational Nucleotide Sequence Database Collabora-
tion (https://www.insdc.org; accession no. PP025855). 

We adapted real-time reverse transcription PCR 
primers and probe for RusV (1) by using degenerate  
bases for consensus homology to the Colorado moun-
tain lion–derived sequence and European RusV se-
quences (Appendix Table 2). Those adapted methods  
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showed RusV RNA in a pooled sample of brain and 
spinal cord from the mountain lion, with a cycle 
threshold value of 20.3.

RusV (Rubivirus strelense), a member of the fam-
ily Matonaviridae, was recently identified as the cause 
of staggering disease (1), a usually fatal neurologic 

syndrome in cats. Since the 1970s, staggering disease 
has been documented in domestic cats in Europe, 
predominantly in Sweden and Austria (2–6). Affected 
cats show a consistent combination of histologic le-
sions and clinical signs, including hind limb ataxia 
or paresis, and nonsuppurative meningoencephalitis 

Figure 1. Histology of brain and 
spinal cord used to detect rustrela 
virus (RusV) in wild mountain lion 
(Puma concolor) with staggering 
disease, Colorado, USA. RusV 
RNA was detected by RNAscope 
Reagent Kit-Red (Advanced 
Cell Diagnostics/bio-techne, 
https://www.bio-techne.com) in 
situ hybridization. All sections 
demonstrate artifactual clefting 
of the neuropil due to freezing 
of the tissue postmortem. A) 
Cerebral cortex with perivascular 
cuffing and mild gliosis of the 
white and gray matter; boxes 
indicate detailed areas in panel 
B. Scale bar indicates 2.5 mm. 
B) The white matter (left panel) is 
minimally affected by perivascular 
lymphohistiocytic infiltrates (bold 
arrow), compared with the gray 
matter (right panel), also showing 
gliosis (asterisk). Scale bar 
indicates 100 µm. C) Midbrain 
affected by perivascular cuffing. 
Scale bar indicates 50 µm. D) 
Midbrain showing chromogenic 
labeling (fast red) of RusV in 
neuronal cell bodies (slender arrow) 
and in the neuropil (inlay). Scale 
bar indicates 50 µm. E) Spinal 
cord with 3 motor neurons showing 
variable degree of degeneration/
necrosis and also gliosis (asterisk). 
Scale bar indicates 50 µm. F) 
Spinal cord with affected motor 
neurons with RusV RNA detection. 
Scale bar indicates 50 µm. G) 
Hippocampus exhibiting irregular 
architecture of the granule layer 
and gliosis (asterisk). Scale bar 
indicates 50 µm. H) Hippocampus 
with numerous RusV RNA signals 
in neurons of the granule cell layer 
in areas with or without irregular 
architecture. Scale bar indicates 50 
µm. I) Cerebellum, no indication for 
inflammation or any degenerative 
process. Scale bar indicates 50 µm. 
J) Cerebellum with abundant RusV 
RNA labeling in Purkinje cells. 
Scale bar indicates 50 µm. A–C, E, 
G, I) Hematoxylin-eosin staining; D, F, H, I) RNAscope in situ hybridization with probes against the nonstructural protein–coding region 
of RusV, counterstained with Mayer’s hematoxylin.

Rustrela Virus in Wild Mountain Lion, USA
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restricted to the gray matter but not affecting white 
matter or the cerebellar cortex (1,4,5). A similar syn-
drome was reported in cats from Alabama, USA, in 
1979 but the etiology remained obscure (7). In Ger-
many, RusV has been detected in a broad range of zoo 
animals with neurologic disorders, including lions 
(Panthera leo) (8–11).

Because initial diagnostic tests were negative 
in this case, and history, histopathology, and meta-
transcriptome sequencing suggested staggering 
disease, we sent tissue samples and sequence data 
from the mountain lion to the Friedrich-Loeffler-
Institut (Greifswald-Insel Riems, Germany) for ad-
ditional analyses. To demonstrate an association 
between the lesions and the virus, we used previ-
ously developed in situ hybridization methods for 
RusV (1,6) (Appendix), which demonstrated RusV 
RNA in all regions of the brain and nearly all lev-
els of the spinal cord, irrespective of an inflamma-
tory reaction. Only lumbosacral nerve roots (cauda 
equina) tested negative. RusV-specific RNA local-
ized in neuronal cell bodies (Figure 1, panels D, F, 
H, J), disseminated within the neuropil of the gray 
matter (Figure 1, panel D, inlay) and, to a lesser 
extent, in the white matter. We found particularly 
abundant or large, dot-like signals in the granule 
cell layer of the hippocampus (Figure 1, panel H), 
and in Purkinje cells of the cerebellum (Figure 1, 

panel J), similar to findings from staggering disease 
cases in cats from Europe (4).

The overall architecture of the viral genome of the 
novel RusV from Colorado matched those of known 
RusV (Appendix Figure 2). The mean pairwise nucle-
otide identity between the novel RusV sequence and 
sequences from Germany was 69.9% and between 
sequences from Austria and Sweden was 68.9%; the 
sequences from Europe shared 76.7% identity among 
each other (Figure 2, panel A). The mean pairwise ami-
no acid identities of the nonstructural and structural 
polyproteins ranged from 75.6% to 78.1% between 
the novel RusV sequence and the sequences from Eu-
rope (Figure 2, panel A). The genetic diversity was not 
equally distributed over the genome; part of the prote-
ase and the intergenic region showed especially high 
levels of sequence variations (Appendix Figure 2).

We performed phylogenetic analysis to compare the 
RusV sequence from Colorado with appropriate refer-
ence strains using an amino acid alignment of the struc-
tural polyprotein (Appendix). Those findings suggested 
classification of the novel RusV as a member of the fam-
ily Matonaviridae, genus Rubivirus, placing it basal to the 
known RusV sequences detected in Germany, Sweden, 
and Austria (Figure 2, panel B). The basal position of the 
novel RusV in relation to all other known RusV is also 
supported by phylogeny based on the whole-genome 
nucleotide sequence (Appendix Figure 3). 

Figure 2. Sequence similarity and phylogenetic position of RusV in wild mountain lion (Puma concolor) with staggering disease, 
Colorado, USA. A) Mean pairwise sequence identity between the novel Colorado RusV and RusV sequences from Germany, Austria, 
and Sweden. Pairwise identity was based on nucleotide sequence alignments of the full genome or amino acid alignments of the nsPP 
and sPP. B) The sPP amino acid sequences of appropriate references from rubiviruses (circle) or currently unclassified matonavirids 
(square) were aligned with the novel RusV (pentagon). Phylogenetic tree was calculated using IQ-TREE (http://www.iqtree.org). Host 
species are depicted as silhouettes. For RusV, the potential reservoir (dark) and spillover hosts (light) are depicted. Scale bar indicates 
substitutions per site. nsPP, nonstructural polyprotein; sPP, structural polyprotein.
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Conclusions
Our results demonstrate the presence of a RusV vari-
ant in North America that is divergent from those 
previously described from Europe. The clinical signs, 
histologic lesions, and infected target cells observed 
for the wild mountain lion in Colorado, USA, meet 
the case definition for staggering disease. A causative 
role for RusV is likely, further supporting previous 
work identifying RusV as the causative agent of stag-
gering disease in domestic cats from Austria, Swe-
den, and Germany (1,6), and in lions from zoologic 
collections in Germany (10).

This report is limited to a single case of stagger-
ing disease in Colorado. To determine whether RusV 
is enzootic in this region, we recommend further in-
vestigations, including retrospective RusV testing 
of tissues from feline encephalitis cases of unknown 
causes in North America. Surveillance for RusV in 
small rodents might identify a local reservoir host 
because rodents of the genus Apodemus have been 
identified as likely RusV reservoir hosts in Europe 
through real-time reverse transcription PCR and se-
quencing of mice brain tissues (1,8,9,12,13). Although 
Apodemus mice are not indigenous to North America, 
several genera of small rodents are found throughout 
Colorado (14,15) and could serve as candidates for 
further screenings. In addition, future studies should 
consider that the zoonotic potential of RusV has not 
been determined.

Of note, a remarkably broad range of other mam-
malian RusV hosts has been identified in Germany, 
including equids, mustelids, rodents, and marsupials 
(8,9,11,12), raising concerns about a zoonotic poten-
tial of RusV (8,9). Given the wide host range of the 
virus in Europe, RusV should be considered as a pos-
sible cause for neurologic diseases in all mammal spe-
cies in North America. 
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The 2013 guidelines outlined by the Centers for 
Disease Control and Prevention indicate in cases 

where hepatitis B surface antibody (anti-HBs) titers 
fall below the cut off value of 10.0 mIU/mL, admin-
istration of booster vaccinations is generally not re-
quired, barring certain exceptions, such as immuno-
compromised persons (1). This recommendation is 
based on the understanding that exposure to hepa-
titis B virus (HBV) typically triggers B lymphocytes, 
culminating in the production of adequate antibody 
levels within a short timeframe. However, the effec-
tiveness of this antibody response following HBV ex-
posure depends on the persons immune status. The 
primary goal in managing chronic hepatitis B is to 
achieve an undetectable hepatitis B surface antigen 
(HBsAg) level. Cases where seroconversion from 
HBsAg to anti-HBs occurs is considered a functional 
cure, although, the risk for de novo reactivation per-
sists and is not eliminated (2).

Isolated hepatitis B core antibody (anti-HBc) 
positivity, defined as antigen negative, anti-HBs 
negative, and anti-HBc positive, is considered a 
risk factor for occult HBV infection (3) and de novo 
HBV reactivation (4), indicating 2 distinct patho-
genic pathways. The first scenario involves HBsAg 

negativity resulting from treatment or spontaneous 
resolution, without subsequent seroconversion to 
anti-HBs. The second scenario occurs when anti-HBs 
levels decline below the threshold of detection after 
initially testing positive. When anti-HBs levels de-
cline, exposure-induced boosting is expected to pro-
vide a preventive effect. 

We describe the case of a patient with HIV whose 
anti-HBs titers declined below the threshold of detec-
tion after an initial confirmation of anti-HBs positiv-
ity. The patient’s medications were changed from 
bictegravir/emtricitabine/tenofovir alafenamide 
(B/F/TAF) to cabotegravir/rilpivirine (CAB/RPV). 
His HBsAg positivity recurred, and he reverted to be-
ing an HBV carrier. 

Ethics approval was granted by the ethics board 
of the Institute of Medical Science, University of To-
kyo (approval no. 2022-48-1128). The patient gave 
consent for publication in accordance with the poli-
cies of Emerging Infectious Diseases and the Interna-
tional Committee of Medical Journal Editors.

The Case
A 52-year-old man with HIV had contracted an 
acute HBV infection 15 years earlier. Antiretroviral 
therapy (ART) consisting of tenofovir disoproxil 
fumarate/emtricitabine (TDF/FTC) and lopinavir/
ritonavir (LPV/RTV) was initiated at the time, and 
the acute hepatitis rapidly improved. The patient’s 
liver enzymes normalized 2 months after beginning 
ART, and he tested negative for HBV DNA and HB-
sAg 4 months after beginning ART (Table 1). Anti-
HBs titers were detected at 2.03 IU/mL 9 months af-
ter beginning ART, and it was believed that his acute 
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hepatitis B did not transition into a chronic HBV in-
fection. His anti-HBs titers were again detected at 
18.6 IU/mL 6 years after the initial diagnosis of the 
acute HBV infection. There was no reactivation of 
HBV while on stable ART containing TDF/FTC or 
TAF/FTC. Two years after the confirmation of sero-
conversion, his anti-HBs levels decreased below the 
cutoff value but remained around 8.0 mIU/mL. He 
tested positive for anti-HBc. 

After 14 years of ART, the patient expressed a 
preference to change to a long-acting injectable ART. 
We considered 3 additional factors before making 
this medication change: the patient did not become 
an HBV carrier after his acute hepatitis B diagnosis, 
his HBsAg and his HBV DNA had remained unde-
tectable for >10 years, and his anti-HBs had declined 

only after initial positive confirmation. His hepatitis B 
core-related antigen, which is shown to remain posi-
tive longer than HBsAg and HBV DNA in acute hepa-
titis B infections (5,6), was negative. After a 1-month 
lead-in with oral CAB/RPV, his ART was changed to 
an injectable CAB/RPV. 

The patient’s liver enzyme levels increased to 
alanine aminotransferase (ALT) 103 U/L (reference 
range 4–44 U/L) 4 months after switching to CAB/
RPV. Both his HBsAg and HBV DNA tested posi-
tive again, while the level of anti-HBs decreased to 
nearly zero (Table 2). The probability of reinfection 
with a novel HBV strain was considered low because 
his sexual partner was on ART containing tenofovir 
during this period and the patient denied any other 
potential exposures. The patient’s CD4 count was 512 

 
Table 1. Laboratory values over time of a person in Japan with HIV after diagnosis of an acute HBV infection, from diagnosis to 12 
years* 

Category 
Time from HBV diagnosis 

0 mo 1 mo 3 mo 9 mo 5 y 6 y 8 y 12 y 
ART regimen NA TDF/FTC+LPV/RTV TDF/FTC TDF/FTC TDF/FTC TDF/FTC TDF/FTC B/F/TAF 
Laboratory values         
 Anti-HBs, IU/mL† 20.8 0.00 N/A 2.03 N/A 18.6 8.55 9.34 
 HBsAg, mIU/mL‡ 119,533 68,065 552 0.00 0.00 0.00 0.00 0.00 
 Anti-HBe, inhibition %§ Negative Negative Negative Negative Negative NA NA NA 
 HBeAg, S/CO¶ 1,840 1,290 2.5 Negative Negative NA NA NA 
 HBV DNA, log copies/mL >8.8 6.8 3.8 ND ND ND NA ND 
 ALT, U/L 418 937 8 17 23 17 57 66 
 Total bilirubin, mg/dL 0.3 0.5 0.5 0.5 0.7 0.3 0.4 0.4 
 HBcrAg, log U/mL# NA NA NA NA NA NA NA Negative 
*ALT, alanine aminotransferase; anti-HBe, hepatitis B e-antibody; anti-HBs, hepatitis B surface antibody; ART, antiretroviral therapy; B/F/TAF, 
bictegravir/emtricitabine/tenofovir alafenamide; HBcrAg, hepatitis B core-related antigen; HBeAg, hepatitis B e-antigen; HBsAg, hepatitis B surface 
antigen; HBV, hepatitis B virus; LPV/RTV, lopinavir/ritonavir; mIU, milli-IU; NA, not applicable; ND, not detected; RPV, rilpivirine; S/CO, signal-to-cutoff 
ratio; TDF/FTC, tenofovir disoproxil fumarate/emtricitabine. 
†Cutoff value 10 IU/mL. 
‡Cutoff value 10 mIU/mL. 
§Cutoff value 50% inhibition. 
¶Cutoff value 1.0 S/CO. 
#Cutoff value 3.0 log U/mL. 

 

 
Table 2. Laboratory values over time of a person in Japan with HIV 2 years before changing ART regimen to CAB/RPV and the period 
while on CAB/RPV, showing HBV reactivation in month 4* 

Category 
Time from ART change 

–2 y 0 mo 1 mo 2 mo 4 mo 6 mo 8 mo 10 mo 14 mo 
ART regimen B/F/TAF CAB/ 

RPV oral 
CAB/RPV 
injectable 

CAB/RPV CAB/RPV CAB/RPV CAB/RPV CAB/RPV B/F/TAF 

Laboratory values          
 Anti-HBs, IU/mL† N/A 6.57 5.65 8.78 0.20 0.20 0.00 0.13 0.00 
 HBsAg, mIU/mL‡ 0.00 0.00 0.00 0.00 816 90,332 124,890 143,785 131,765 
 Anti-HBe, inhibition %§ NA NA NA Negative 6.16 31.1 54.4 56.0 55.3 
 HBeAg, S/CO¶ NA NA NA Negative 60.5 404 680 835 915 
 HBV DNA, log copies/mL ND NA NA NA 3.9 NA NA NA 8.2 
 ALT, U/L 66 25 0 25 103 158 40 32 27 
 Total bilirubin, mg/dL 0.4 0.6 0.5 0.6 0.5 0.6 0.6 0.7 0.4 
 HBcrAg, Log U/mL# NA NA Negative NA NA NA NA NA >7.1 
*ALT, alanine aminotransferase; anti-HBe, hepatitis B e-antibody; anti-HBs, hepatitis B surface antibody; ART, antiretroviral therapy; B/F/TAF, 
bictegravir/emtricitabine/tenofovir alafenamide; CAB, cabotegravir; HBcrAg, hepatitis B core-related antigen; HBeAg, hepatitis B e-antigen; HBsAg, 
hepatitis B surface antigen; HBV, hepatitis B virus; NA, not applicable; ND, not detected; RPV, rilpivirine. 
†Cutoff value 10 IU/mL. 
‡Cutoff value 10 mIU/mL. 
§Cutoff value 50% inhibition. 
¶Cutoff value 1.0 S/CO. 
#Cutoff value 3.0 log U/mL. 
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cells/μL, indicating sufficient immune function. The 
patient’s liver enzymes returned to within reference 
ranges 4 months later, whereas the HBsAg and HBV 
DNA remained elevated. The patient’s ART regimen 
was switched to B/F/TAF 14 months after the change 
to CAB/RPV because of concerns of a concurrent 
chronic HBV infection. 

We cloned 2 full-length HBV isolates and deter-
mined the genome sequences from serum samples 
obtained at 2 intervals: the first after 4 months of treat-
ment with CAB/RPV, coinciding with the re-positiv-
ity of HBsAg, and the second 14 months after treat-
ment with CAB/RPV (Appendix, https://wwwnc. 
cdc.gov/EID/article/30/8/24-0019-App1.pdf). Our ge-
nomic analysis revealed identical clones of genotype A2, 
and we observed no increases in mutations after reacti-
vation (Table 3). Of note, E164V was identified within 
the S region and is recognized as a vaccine-escape muta-
tion (Appendix Figure) (7). No drug resistance–associ-
ated mutations were observed in the polymerase region.

There are multiple explanations for the re-emer-
gence of HBsAg in this case. The mostly likely ex-
planation is our patient did not attain a functional 
cure of HBV. The reduction in HBsAg might have 
been because of ART containing TDF/FTC or TAF/
FTC instead of acquired immunity against HBV, im-
plying that anti-HBs levels were inadequate. After 
switching to CAB/RPV, the drugs no longer sup-
pressed HBV. The exposure to reactivated HBV did 
not adequately boost the anti-HBs levels, which lead 
to breakthrough reactivation. Another potential ex-
planation is a de novo reactivation of HBV indepen-
dent of switching to CAB/RPV. However, we were 
unable to find documented cases of de novo HBV 
reactivation among persons on stable ART or with 
a stable immune status. Furthermore, whereas de 
novo HBV reactivation typically leads to severe hep-
atitis (8), our patient remained asymptomatic, with 
only a marginal elevation in transaminase levels.

E164V in the S region is known as a vaccine-escape 
mutation and is frequently identified in patients with 
occult HBV infection or de novo HBV reactivation  

(9,10). Cases of breakthrough infection are extremely 
rare worldwide, and it is not clear whether a single 
mutation is responsible for immune escape. In pa-
tients with occult HBV infection, escape mutations 
other than E164V are typically detected alongside 
other mutations (10,11).

HBV reactivation has been reported in patients 
with low CD4 counts (12,13). Cases have also been re-
ported of HBV DNA detection at very low levels with 
negative HBsAg after switching to ART regimens 
without anti-HBV drugs (14). Our patient had a suf-
ficient CD4 count for immunity and a history of anti-
HBc and anti-HBs positivity, and still we found his 
HBV reactivated with re-emergence of HBsAg. We 
expect our patient will undergo the seroconversion of 
HBsAg again with ART containing F/TAF. Nonethe-
less, ART without tenofovir or lamivudine is not an 
option for this patient in the future.

Conclusions
Below the cutoff value, the preventive effect of anti-
HBs may not be sufficient to prevent reactivation. 
Vaccination may be beneficial for patients with iso-
lated anti-HBc positivity, even if their anti-HBs levels 
have declined since their initial anti-HBs positivity 
was confirmed (15). For many years, ART containing 
tenofovir or lamivudine has been widely used world-
wide; however, providers are increasingly using ART 
regimens that do not include anti-HBV drugs. Health-
care providers must consider the potential scenario 
where the detection of anti-HBs might be a conse-
quence of HBV suppression through ART contain-
ing anti-HBV drugs and not indicative of a functional 
cure. Switching to ART regimens without anti-HBV 
drugs should be approached with caution.

Nucleotide sequence data are registered in the GenBank 
database (accession nos. LC789983 and LC789984).

Author contributions: project design, E.A.; manuscript 
drafting, E.A.; clinical course review, E.A., M.S., and H.Y.; 
manuscript revision, E.A., M.S., and H.Y.; patient  

 
Table 3. Results of HBV DNA genome analysis on HBV strain isolated during hepatitis B reactivation in a person with HIV after 
changing antiretroviral therapy regimen to cabotegravir/rilpivirine* 

Category 
Region 

S gene P gene Pre-S1/pre-S2/S X gene Precore/core 
Position 155–835 2307–3221, 1–1623 2854–3221, 1–835 1374–1838 1814–2458/1901–2458 
Size, bp 681 2538 1203 465 645 
Mutations      
 Vaccine-escape E164V NA NA NA NA 
 Drug-resistant NA ND NA NA NA 
 Promoter NA NA NA NA ND 
 Other NA NA ND ND T1858C,† T1674C† 
*The full length of the HBV isolate was 3,221 bp. HBV, hepatitis B virus; NA, not applicable; ND, not detected.  
†These mutations are typically observed in genotype A2. 
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Influenza D virus (IDV) was initially isolated in 2011 
from a pig with influenza-like symptoms (1). IDV 

has been identified globally in various species, in-
cluding humans, without respiratory disease associa-
tion according to serologic data (2,3) and sequencing 
from nasal washes (4). Cattle are the main IDV reser-
voir worldwide, including in France (5). Sow herds 
in France have tested positive for IDV antibodies, but 
IDV has not been isolated (6). We describe detection 
of IDV in fattening pigs in France and the accompa-
nying genetic data for the swine origin IDV strain.

The Study
The sampled farm houses both pigs and cattle and is 
in the Brittany region of France. The pig herd opera-
tion is a farrow-to-finish system with 2 distinct barns: 
the first barn houses the sows and growing pigs in 
the nursery sectors and some of the fattening rooms 
(B1), and the other barn serves as the primary fatten-
ing barn (B2) (Figure 1). The pig herd had onset of 
chronic respiratory disorders that affected pigs in the 
nursery and fattening stages. The respiratory symp-
toms included sneezing and coughing.

A livestock veterinarian sampled tracheobron-
chial secretions from 7 fattening pigs (16 weeks of 
age) in October 2022. Pooled samples were submit-
ted to the PathoSense laboratory (Ghent University, 
Merelbeke, Belgium) for sequencing (Oxford Nano-
pore Technologies, https://nanoporetech.com), 
which yielded results suggestive of an IDV infection. 
We then confirmed the presence of IDV genome in 
the tracheobronchial secretions by polymerase ba-
sic 1–gene qualitative reverse transcription PCR, as 
previously described (1). We successfully propagated 
strain D/swine/France/29-220655/2022 on swine 
testis cells. We confirmed viral growth by using poly-
merase basic 1–gene qualitative reverse transcription 
PCR and hemagglutination activity on chicken red 
blood cells (6).

We visited the farm in December 2022 to collect 
information about the layout and management. Our 
visit enabled us to assess the presence and spread of 
IDV in the pig barns. Because B2 had side air inlets 
close (7–10 m) to the bull shelter, we hypothesized 
that IDV was transmitted from the bovine reser-
voir to fattening pigs either through this air intake 
or from clothing and equipment used between both 
livestock sectors. We were unable to restrain the 
bulls for sampling, but the breeder emphasized the 
occurrence of respiratory signs, specifically cough-
ing, in young bull calves. Those signs developed 
shortly after the arrival of the bull calves at 6 months 
of age. Because the calves originated from Pays de 
la Loire, the region with the highest serologic IDV 
prevalence in cattle and small ruminants in France 
(7), we considered a link between the signs and an 
IDV infection. We collected nasal swabs and blood 
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samples from 30 pigs with influenza-like illness: 
10 pigs from the nursery at 10 weeks of age (B1), 
10 pigs from fattening at 15 weeks of age (B2), and 
10 pigs from fattening at 25 weeks of age (B2). The 
25-week-old pigs were from the same group as the 7 
pigs sampled in October that were IDV positive. IDV 
genome was not detected in nasal swab samples. 
We tested for IDV antibodies in serum by using a 
hemagglutination inhibition assay and used the D/
swine/France/29-220655/2022 strain as an antigen 
(8). The results indicated that the pigs exposed to 

IDV in October 2022 had seroconverted (Table), sug-
gesting IDV spread within the group. In the nursery 
(B1), 10% of the serum was positive for IDV antibod-
ies, indicating that IDV might also have circulated in 
the B1 facility among piglets or farrowing sows. The 
sows would have transmitted some passive immu-
nity to piglets, and that immunity could be detected 
at the end of the postweaning period.

We sequenced the isolated D/swine/France/ 
29-220655/2022 strain (Appendix, https://wwwnc.
cdc.gov/EID/article/30/8/24-0089-App1.pdf) and 
conducted phylogenetic analysis. Our analysis re-
vealed that the hemagglutinin-esterase fusion (HEF) 
sequence of D/swine/France/29-220655/2022 classi- 
fied within the D/660 lineage. This lineage is close-
ly related to contemporary bovine IDV strains in 
Italy but distantly related to recent bovine strains 
in France, which belong to the D/OK lineage (Ap-
pendix Figure). Whole-genome phylogeny also clas-
sified D/swine/France/29-220655/2022 within the 
D/660 lineage, again showing proximity to Italian 
bovine IDV strains (Figure 2, panel A). However, 
individual analysis of the 6 internal genomic seg-
ments revealed that 1 segment, the nucleoprotein-
encoding gene, belonged to the D/OK lineage rather 
than D/660. This analysis indicated that D/swine/
France/29-220655/2022 is a reassortant strain (Fig-
ure 2, panel B).

When aligned to the 151 publicly available IDV 
HEF amino acids sequences, D/swine/France/ 
29-220655/2022 contained 2 unique mutations in 
the receptor binding site (RBS), A236V/A252V and 
R268K/R284K. We based amino-acid coordinates  
on previously published data (9) or GenBank multi-
sequence alignment and translation to proteins (Fig-
ure 3, panel A). Those mutations are located close to 
the 230 helix and the 270 loop, which are essential 
structures forming the IDV HEF RBS open channel 
(9). Hydrophobicity is increased by the A252V muta-
tion and can potentially change HEF RBS affinity to 
different receptors (Figure 3, panel B) without chang-
ing the global 3D structure of the protein.

Conclusions
In our study, we isolated a swine IDV strain in France, 
confirming serologic proof of IDV circulation in pig 

Figure 1. Schematic of a mixed pig and beef farm where influenza 
D virus was detected in pigs, France. Numbers of pigs in B1: F, 
n = 120 gilts; G + I, n = 160 sows and a few males; N, n = 960 (2 
groups of 480 pigs, 5 and 10 weeks of age). Numbers of pigs in 
B2: F, n = 1,440 (3 groups of 480 pigs of 15, 20, and 25 weeks of 
age). F, fattening; Fw, farrowing room; G, gestation room;  
I, insemination room; N, nursery; Q, quarantine.

 
Table. Hemagglutination inhibition test results for the detection of influenza D virus antibodies against D/swine/France/29-
220655/2022 in serum sampled from pigs housed on a mixed pig and beef farm in France, December 2022* 
Growth stage, location Age of pigs, wk No. pigs sampled HI titer range (mean)† Positivity, % 
Nursery, B1 10 10 <10–20 10 
Fattening, B2 15 10 <10–10 0 
Fattening, B2 25 10 20–160 (66) 100 
*B1, nursery barn; B2, primary fattening barn; HI, hemagglutination inhibition.  
†Positive threshold = 20. 
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livestock (6). When considering the epidemiologic  
investigation of the mixed pig and beef farm, we be-
lieve there was a transmission of IDV from bulls to 
pigs. The D/swine/France/29-220655/2022 strain 
displayed an HEF associated with the D/660 clade. 
The D/660 clade has become increasingly prevalent 
in Europe since 2019, after a decline in the previ-
ously dominant D/OK clade (10–12). In addition, we 
found that D/swine/France/29-220655/2022 was 
a reassortant strain that included a nucleoprotein 
gene from the D/OK lineage. This reassortant strain 
likely emerged in bovine species before transmis-
sion to swine. Reassortment could have taken place 
in bulls housed in the assembly center before being 
dispatched to fattening farms, or in a farrowing farm 
that delivered animals to the study farm. Either case 

would imply co-circulation of D/660 and D/OK 
clades at some point in France, similar to other Eu-
ropean countries (11,12). Because other reassortant 
strains belonging to D/660 but displaying D/OK 
genes have been isolated from cattle in Italy (10), the 
reassortant IDV might have been imported.

Of interest, D/swine/France/29-220655/2022 
HEF exhibited 2 unique mutations (A252V and R284K) 
located in the RBS. The HEF receptor-binding cavity 
is known to form an open channel between the 230 
helix and 270 loop that could be responsible for IDV 
broad-cell tropism (9). By increasing HEF RBS hydro-
phobicity, an A252V mutation might have promoted 
virus binding to pig cell receptors and subsequent 
uptake, demonstrating an adaptation to the pig host. 
Single-point mutations related to hydrophobicity 

Figure 2. Maximum-likelihood influenza D virus phylogenetic trees displaying the isolated D/swine/France/29-220655/2022 strain (blue 
text) recovered from pigs at a mixed pig and beef farm in France. A) Whole-genome coding sequences phylogeny. B) Nucleoprotein 
coding sequences phylogeny. Numbers along branches indicate IQ-TREE2 (http://www.iqtree.org) ultra-fast bootstraps branch support. 
Scale bar indicates substitutions per site.
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changes, such as threonine to isoleucine, in RBS were 
shown to enable adaptation to new hosts in influenza 
C viruses, which also could be the case for IDV HEF 
(13). The reported mutations might have contributed 
to the spread of the virus among pigs within the fat-
tening unit, as shown by the serologic data.

Our case shows that IDV can be transmitted from 
bovines to swine and adapt to its new host through 
potential specific mutations enhancing intraspecies 
transmission. This adaptation process is similar to 
findings from a previous study (14). Replicating such 
a pig–calves IDV transmission experiment by using 
a strain such as D/swine/France/29-220655/2022 
could help validate our findings. The proliferation 
and spread of IDV in swine could be an issue for 

animal health. Surveillance for IDV should be incor-
porated with influenza A virus surveillance, partic-
ularly in mixed pig and beef herds or in pig herds 
situated near bovine livestock.
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Figure 3. Alignments of 
hemagglutinin-esterase fusion protein 
sequences and structure prediction 
of the receptor-binding site of the 
influenza D virus strain recovered 
from swine in France. A) HEF 
sequence alignment and 2D structure 
prediction. From top to bottom: amino 
acid coordinates based on previously 
published research (9), amino acid 
coordinates based on GenBank 
MSAA and translation to protein, 
HEF domain based on previously 
published research (9), HEF 
sequence logo based on amino acid 
occurrence in the 151 HEF sequence 
alignment, HEF consensus sequence 
and percentage of amino occurrence 
in the 151 HEF sequence alignment, 
and representative HEF sequences 
from the D/660 lineage and their 
predicted secondary structures. Blue 
highlights indicate residues involved 
in α-helices and green highlights 
residues involved in β-strands. Red 
(A236V/A252V) and orange (R268K/
R284K) underlines or arrows indicate 
unique mutations identified in D/
swine/France/29-220655/2022. B) 
Predicted RBS structure of D/swine/
France/29-220655/2022 compared 
with the closely related D/bovine/
Italy/7368/2022. Blue colors on 
the protein 3D structures depict 
low hydrophobicity and red colors 
depict high hydrophobicity. HEF, 
hemagglutinin-esterase fusion; 
MSAA, multisequence alignment; 
RBS, receptor-binding site.
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Cholera outbreaks affect communities that lack 
access to safe water and adequate sanitation (1). 

Spatiotemporal clustering patterns of cholera indi-
cate a high risk of transmission to the neighboring 
households of new cases (2,3). Case-area targeted 
interventions (CATI), consisting of early, multisec-
toral response within a 100–500-meter radius around 
case-households, have been proposed to attenuate 
clustered transmission (4). CATIs, driven by water, 
sanitation, and hygiene interventions, played a major 
role in response strategies in Haiti and Yemen, and 
CATIs including oral cholera vaccination helped sup-
press outbreaks after vaccination campaigns in Cam-
eroon (5,6). In the Democratic Republic of the Congo 
(DRC), health officials evaluated water, sanitation, 
and hygiene targeting strategies within 500 meters 
around households with cholera cases (7). In Kalemie, 
DRC, and N’Djamena, Chad, researchers estimated a 

200-meter zone of increased risk of infection around 
cholera cases in the first 5 days (2). As CATIs become 
part of routine practice (4,5), more insight is needed 
in delineating the spatiotemporal risk zones required 
to achieve a substantive effect on transmission.

In Uvira, a city in eastern DRC affected by pro-
tracted conflict, population displacement, and flood-
ing, cholera is endemic, and stable transmission is 
punctuated by seasonal outbreaks (8). Citywide in-
terventions include an ongoing piped water supply 
program with household tap installation beginning 
in late 2019 (9) and mass vaccination in mid-2020 
(10). Using an enhanced surveillance system with 
rapid diagnostic testing (RDT), we investigated the 
location, timing, and prediction of clusters to iden-
tify outbreaks earlier and trigger early response. We 
estimated the extent of spatiotemporal zones of in-
creased risk around cases as a proxy for the ideal 
radius of CATIs.

The Study
We analyzed suspected cases of cholera during 
2016–2020 in patients at cholera treatment centers 
managed by the Uvira Health Zone. Beginning in 
April 2016, rectal swab samples were collected from 
suspected cases and RDT tested (Crystal VC O1/
O139; Arkray Inc., https://www.arkray.co.in) after 
a 6-hour enrichment in alkaline peptone water. We 
classified cases by avenue of residence (i.e., enu-
meration areas of mean size 1,177 [range 180–5,711] 
based on 2017 population sizes) (town of Uvira cen-
sus data, 2018, unpub. data). We used 2 methods to 
evaluate spatiotemporal clustering. The space–time 
scan statistic describes local clustering, where cas-
es exceed expected density within a given area, to 
identify spatiotemporal clusters and assign relative 
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risk comparing observed versus expected cases in-
side and outside the cluster (11). To assess capacity 
for early detection of outbreaks, we simulated real-
time detection by scanning prospectively (using few 
cases) and compared the delay with retrospective 
scanning (using more cases). We calculated the pro-
portion of years that avenues were included in clus-
ters during 2016–2020. The tau statistic (τ) describes 
global clustering, or the overall tendency for cases to 
occur near other cases in time and space (12), by us-
ing a relative risk of an individual in the population 
within a given distance band (i.e., 100–150 meters) 
from an incident case,  compared with the risk for any 
individual in the population, becoming a potentially 
transmission-related case. This statistic suggests the 
geographic and temporal extents of increased infec-
tion risk. We defined the high-risk and elevated-risk 
zones as the radius where the moving average’s low-
er 95% CI (high risk) and point estimate (elevated 
risk) cross 1.0 for ≥30 consecutive meters. We based 
the main analyses on enriched RDT-positive cases. 
We conducted sensitivity analyses using suspected 
cases, and given the use of enumeration areas, using 
simulated household locations (Appendix, https://
wwwnc.cdc.gov/EID/article/30/8/23-1137-App1.

pdf). We carried out analyses in R software v.4.1.2 
(The R Foundation for Statistical Computing, 
https://www.r-project.org) by using the rsatscan 
v.1.0.5 (combined with SaTScan v.10.0.2) and IDSpa-
tialStats v.0.3.12 packages. 

Among 5,447 suspected cases, 3,456 (63.4%) were 
tested and 1,493 (43.2%) were RDT positive. We de-
tected 26 significant spatiotemporal clusters (Table). 
Mean cluster radius was 652 (range 308–1582) meters, 
mean size was 20 (range 4–48) cases, and mean dura-
tion was 24.8 (range 1–58) days. Clustering occurred 
in similar locations annually (Figure 1). The first day 
of a retrospectively detected cluster usually anticipat-
ed a seasonal outbreak within 1 week, except for 2016 
and 2017, when few cases were RDT tested (Figure 2, 
panel A). The median delay to the early outbreak sig-
nal was 1 day (interquartile range 0–3, maximum 23 
days), and median size at signal detection was 3 cases 
(interquartile range 2–7, maximum 21 cases). Large 
clusters persisted across 2016–2020 and overlapped 
with major rivers in north-central and southern  
Uvira (Figure 2, panel B). We observed no changes in 
cluster locations in 2019, after household tap imple-
mentation began (Figures 1, panels D, E). Sensitiv-
ity analysis of suspected cases found more clusters  

 
Table. Statistically significant spatiotemporal clusters of RDT-positive cholera cases detected through annual scanning at the avenue 
level, Uvira, Democratic Republic of the Congo, 2016−2020* 

Year No. 
Cases observed: 

expected 
Population 

at risk RR† 
Cluster radius, 

meters 
Cluster start 

date  
Cluster 

duration, d 
Signal 

delay, d‡ 
Size at signal, 

no. cases 
2016 1 20:1 30,553 20.9§ 1,140 Aug 5 18 8 11 

2 28:3 34,232 10.5§ 497 Jun 25 48 0 2 
3 17:1 30,758 13.8§ 717 Jul 22 23 5 12 
4 15:1 31,240 11.9§ 758 Jun 29 23 1 4 
5 4:0 6,579 344.4§ 376 Apr 9 1 0 3 
6 14:2 30,082 8.8§ 668 Jul 21 30 0 3 
7 9:1 27,452 12.6¶ 368 Jul 26 14 3 4 

2017 1 48:4 51,012 13.0§ 811 Aug 7 40 2 2 
2 32:2 43,992 16.4§ 657 Aug 20 23 1 13 
3 32:4 49,794 7.7§ 880 Aug 23 44 0 2 
4 13:1 51,016 16.4§ 378 Dec 24 7 0 2 
5 12:2 50,635 7.6¶ 368 Aug 23 15 12 2 

2018 1 20:1 28,884 26.6§ 1,116 Oct 26 13 6 9 
2 11:1 31,204 22.7§ 475 Feb 13 7 0 3 
3 8:0 25,148 40.6§ 662 Aug 28 3 0 4 
4 7:0 17,345 18.6¶ 308 Nov 10 10 1 3 

2019 1 23:1 33,751 18.6§ 743 Sep 10 18 1 7 
2 21:3 33,162 9.0§ 755 Sep 7 35 0 12 
3 12:1 16,210 12.3§ 309 Apr 27 29 1 2 
4 11:1 16,495 13.2§ 527 Sep 7 24 0 2 
5 6:0 15,001 27.8¶ 368 Jun 30 6 0 2 

2020 1 42:6 60,378 7.8§ 1,048 Jul 29 58 2 3 
2 27:3 42,423 8.7§ 599 Jul 15 46 23 21 
3 17:1 56,029 19.1§ 1,582 Feb 20 9 0 2 
4 30:5 63,207 6.5§ 343 May 30 46 2 6 
5 32:6 63,593 5.8§ 501 Jun 1 55 4 6 

*RDT, rapid diagnostic test; RR, relative risk.  
†p values indicate the statistical significance of clusters derived from Monte Carlo simulations. 
‡Signal delay indicates the number of days between retrospective detection date with all available data and the earliest prospective detection date.  
§p<0.001.  
¶p<0.05. 
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(n = 32) in similar locations with similar mean radii 
(668 [range 331–1,557] meters), larger mean size (42 
[range 6–130] cases), and longer duration (27.8 [range 
1–59] days) (Appendix Table 2, Figure 5).

In 2016–2020, within 5 days after cases began, 
the high-risk zone extended to 1,105 meters, and 
risk remained elevated up to 1,665 meters (maxi-
mum moving average τ = 1.8, 95% CI 1.4–2.3) (Fig-
ure 3, panel A). During days 1–4, which is more 
realistic for response, risk zones remained similar 
(Figure 3, panel D). In 2020, the high-risk zone ex-
tended to 585 meters and risk remained elevated up 
to 1,915 meters (τ = 1.8, 95% CI 1.0–2.9) (Figure 3, 
panel B). During days 1–4, the risk zones were 425 
meters (high risk) and 1,915 meters (τ = 1.7, 95% 
CI 1.1–2.6) (Figure 3, panel E). Results were similar 
when we used simulated household locations (dur-
ing days 0–4) with a moving average τ≥2.0 at 75–275 
meters (τ = 2.4, 95% CI 1.7–3.3) and high-risk zone 
radius (1,415 meters) (Appendix Table 1, Figure 4).  

Annual results showed lower high-risk (425 meters, 
except 2017, when it was 875 meters) and elevated 
(1,125–1,485 meters) zone ranges and no discernable 
changes after 2019, when household tap implemen                               
tation began (Appendix Figure 6). Using suspected 
cases from 2020, the trends remained similar (Figure 
3, panels E, F).

Conclusions
We detected spatiotemporal clustering of cholera out-
breaks during 2016–2020 in Uvira, DRC, that could in-
form early mitigation of seasonal outbreaks. The clus-
tering methods produced aligned results compatible 
with a high-risk radius of ≤500 meters, as previously 
used for CATI in DRC (7,13) and similar to clustering 
in Matlab, Bangladesh, and coastal Sabah, Malaysia  
(500 meters, ≈5 days after cases began) (3,14). For 
RDT-positive cases within 5 days after cases began, 
we estimated a 1,105-meter high-risk radius, show-
ing that a ≤1,000-meter risk window is optimal. Scan  

Figure 1. Spatial distribution of spatiotemporal clusters of rapid diagnostic test–positive cholera cases at the avenue level, Uvira, 
Democratic Republic of the Congo, 2016−2020. A) 2016; B) 2017; C) 2018; D) 2019; E) 2020; F) 2016–2020. Clusters have a relative 
risk >1 (p<0.05). The sizes of the light blue circles depict the spatial radius and the numbers of cases are shown inside the circles.

http://www.cdc.gov/eid
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statistics detected a similar mean cluster radius of 650 
meters. The simulated real-time scanning usually sig-
naled an outbreak with a 1-day median delay, which 
would enable early control.

We used enriched RDT-positive cases to in-
crease specificity, but among study limitations is that 
we relied on medically attended cases at a cholera  
treatment center, biasing toward severely dehydrat-
ed case-patients and against milder cases. The spatial 
resolution misses case-pair distances <420 meters, 
where 5% of distances fell, although simulation of 

household locations showed similar trends with even 
higher (τ) across smaller radii. Circular scan statistics 
have reduced sensitivity to outline the shape of ellip-
tical clusters (potentially along Uvira’s coastline), but 
detection appeared unaffected (11).

Conspicuously, the clusters endured annually and 
overlapped with Uvira’s 3 major rivers. According  
to surveys in 2016, 2017, and 2021, households in 
those clusters commonly use rivers as a primary water 
source (K. Gallandat et al., unpub. data) because piped 
water has remained inconsistent (15). Combined with 

Figure 2. Epidemic curve and 
cluster persistence in study 
of spatiotemporal modeling 
of cholera, Uvira, Democratic 
Republic of the Congo, 
2016−2020. A) Epidemic curve 
shows weekly numbers of RDT-
positive cholera cases based 
on week of onset and start 
dates of 26 clusters (red vertical 
lines). B) Cluster persistence 
within avenues for RDT-positive 
cases showing the number of 
years affected by clustering 
within avenues and proximity to 
rivers (blue lines, top to bottom: 
Kalimabenge River, Mulongwe 
River, Kanvinvira River). Blue 
triangles indicate cholera 
treatment center (top) and  
unit (bottom). RDT, rapid 
diagnostic test.

http://www.cdc.gov/eid
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the high population density and inadequate sanita-
tion, close-contact, fecal–oral transmission is ampli-
fied, producing recurrent clustering. Preventive mea-
sures, including piped water and vaccination, could 
be reinforced in cluster locations. CATI could address 
containment for new cases in less affected areas to 
prevent larger outbreaks. Because lakeside cities like 
Uvira may regularly seed regional outbreaks, targeted 
disease control strategies may bring substantial public 
health benefits.

Acknowledgments
We thank the Uvira Health Zone and cholera treatment 
center/unit (CTC/CTU) collaborators for the support  
provided to testing and data collection, often under  
difficult circumstances. We thank John Giles for  
advice on implementing the IDSpatialStats package.  
Last, we thank the patients who participated in the  
main study.

All data and code produced are available online at 
https://github.com/ruwanepi/Uvira_spatiotemporal.

R.R. is funded by a Doctoral Foreign Study Award from 
the Canadian Institutes of Health Research (award no. 
DFS-164266). The trial on which this study sources its data 
was co-funded by the French Agency for Development 
(ref. no. EVA/364-2015) and the Veolia Foundation  
(ref. no. 13/14 HD 1123). 

Ethics approval was provided by the London  
School of Hygiene and Tropical Medicine (#10603-5) 
and the University of Kinshasa School of Public  
Health (#ESP/CE/173B/2022) as an amendment to  
the primary study for which the cholera case data  
was collected (9).

About the Author
Dr. Ratnayake is an infectious disease epidemiologist with 
a background in public health in humanitarian crises. 

Figure 3.Moving average estimates for RDT-positive and suspected cholera cases in study of spatiotemporal modeling of cholera, 
Uvira, Democratic Republic of the Congo, 2016−2020. Moving average estimates of (relative risk) and 95% CIs (shading) are shown 
with point estimates (dashed horizontal lines) for days 0–4 (panels A–C) and days 1–4 (panels, D–F), for RDT-positive cases (orange) 
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Neisseria gonorrhoeae infections represent an urgent 
public health threat, compounded by the alarm-

ing surge in strains resistant to ceftriaxone, the last 
line of defense for gonorrhea treatment (1). Before 
2015, ceftriaxone resistance and treatment failures 
were sporadically reported globally. However, since 
2015, the ceftriaxone-resistant FC428 clone carrying 
the mosaic penA-60.001 allele, initially identified in 
Japan (2), has spread nationally and internationally. 
Given this context, the World Health Organization’s 
global surveillance of gonococcal antimicrobial resis-
tance (AMR) needs to urgently expand internation-
ally to provide essential data for developing effective 
management guidelines and public health policies (3). 

The Asia-Pacific region, housing two thirds of 
the world’s population and 10 of the least developed 
countries (4), is recognized as a regional hotspot for 
the emergence and spread of AMR. Indeed, recent 
evidence indicates that AMR in gonococci typically 
originates in an area the World Health Organization 
has deemed the Western Pacific Region before sub-
sequently spreading internationally (5). Understand-
ing the prevalence and dissemination of FC428-like 

Schoostrains in the Asia-Pacific region is therefore 
crucial for studying their origins and implementing 
measures to curtail their ongoing global spread. Our 
study offers a comprehensive analysis of the global 
spread of the ceftriaxone-resistant FC428-like strains, 
with a focus on prevalence, genetic diversity, and 
geographic distribution.

The Study
We acquired a sample library of FC428-like strains, in-
corporating data from our previously published effort 
(6), publicly available worldwide information collected 
over an 8-year period (7), and previously unpublished 
data from a comprehensive surveillance program in 
China conducted during 2019–2021 (National Center 
for Biotechnology Information Sequence Read Archive 
accession no. PRJNA560592). We identified 214 FC428-
like strains across 14 countries (Appendix Table, Fig-
ure, https://wwwnc.cdc.gov/EID/article/30/8/24-
0139-App1.pdf), most from Asia (186 strains), followed 
by Europe (21 strains), Oceania (4 strains), and North 
America (3 strains), suggesting circulation in the Asia-
Pacific region (Figure 1). The prevalence of FC428-like 
strains has continuously increased during 2015–2022 
(Figure 1, panel A), possibly because of an actual in-
crease in cases but also potentially because of advance-
ments in sequencing technology and increased use of 
more straightforward AMR tests. In a surveillance ini-
tiative for FC428-like strains, researchers determined 
minimal inhibitory concentrations for ceftriaxone (8). 
In another study, researchers categorized isolates as 
ceftriaxone susceptible or ceftriaxone resistant accord-
ing to the latest clinical breakpoints (version 14.0) from 
the European Committee on Antimicrobial Suscepti-
bility Testing (9). Based on those breakpoints, ceftri-
axone resistance is defined as a MIC of ≥0.25 mg/L. 
Antimicrobial susceptibility analysis on 210 strains 
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revealed that 195 (92.86%) displayed a ceftriaxone-
resistant phenotype, and 15 strains exhibited suscep-
tibility. Caution is warranted when interpreting the 
clinical relevance of ceftriaxone resistance with penA-
60.001. We classified 211 FC428-like strains (3 strains 
lacking sequence information) into 23 multilocus se-
quence typing sequence types (STs) (Appendix Table). 
ST1903 was predominant (44.08%, 93/211), followed 
by ST13871 (10.90%, 23/211), ST1600 (7.11%, 15/211), 
ST7365 (6.64%, 14/211), ST8123 (5.69%, 12/211), and 
ST7363 (5.21%, 11/211).

We obtained whole-genome sequence data from 
either our previously unpublished dataset or those 
we downloaded from public databases (Appendix 
Table). We extracted total genomic DNA from each 
bacterial isolate by using the QIAamp DNA Mini Kit 
(QIAGEN, https://www.sigmaaldrich.com) and pre-
pared libraries for sequencing by using the Nextera 
XT DNA Library Preparation Kit (Illumina, https://
www.illumina.com). We used the Illumina NovaSeq 
6000 platform to execute sequencing. As of November 
23, 2023, we could identify only 158 (73.83%) of the 214 
FC428-like strains on the basis of available whole-ge-
nome sequencing data. The Asia-Pacific region hosted 
the most FC428-like strain genomes (86.08%, 136/158). 
We linked the remaining 22 strains, isolated from out-
side the Asia-Pacific region, to infections associated 
with travel or contact history in that region, suggesting 
a potential epidemiologic link. We generated a concat-
enate superset of single-nucleotide polymorphisms to 
measure genetic variations, following previously de-
scribed methods (6). We then constructed a maximum-
likelihood phylogenetic tree based on genomewide 
single-nucleotide polymorphisms by using PhyML 
3.0. We conducted a whole-genome phylogenetic 
analysis, categorizing 158 strains into 2 major lineages 
and 10 distinct clades (Figure 2). Lineage A accounted 
for 51.9% (82/158), comprising clade 1, primarily iso-
lated in Japan, and clade 2, mainly composed of FC428-
like strains isolated in China. Lineage B consisted of 8 
clades isolated from 12 different countries, but primar-
ily from Cambodia and Vietnam. FC428-like strains 
from Europe, Oceania, and North America appeared 
interspersed in the lineage B phylogeny, suggest-
ing multiple introductions of FC428-like strains into  
those countries.

Strains from different countries exhibited di-
verse STs, suggesting a common ancestry for these 
FC428-like strains that subsequently disseminated 
and evolved in other areas. China and Cambodia 
displayed the richest variety of sequence types. The 
diversity within the FC428-like population mirrors 
the global population, indicating potential multiple 

sources for lineages found within regional collections. 
Traditional sequence types have evolved further into 
FC428-like strains, particularly those susceptible to 
ceftriaxone, through the acquisition of penA-60.001 
and homologous recombination of the core genome, 
resulting in the emergence of new clones with in-
creased resistance. Those events lead to development 
of new clones at the global level, followed by the ero-
sion of signals of clonality through recombination 
and, in some identifiable cases, the formation of new 
clonal clusters.

Figure 1. Global dissemination of ceftriaxone-resistant  
N. gonorrhoeae FC428-like strains. A) Trends in the prevalence 
of FC428-like strains from global and Asia-Pacific regions 
during 2015–2022. B) Number of FC428-like strains identified 
across 14 countries.
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To mitigate the effect of newly emerged and 
future clones, additional research is required to un-
derstand the evolutionary mechanisms involved in 
the emergence of the new N. gonorrhoeae lineages 
that contribute to global dissemination over rela-
tively short timeframes. Large-scale genomic data 
provide valuable insights into the identification 
and characterization of FC428-like strains, enhanc-
ing our understanding of their global distribution 
and associated epidemiologic links. The strains 
forming lineage B phylogeny are sourced primar-
ily from Cambodia and Vietnam, again highlight-
ing distinct epidemiologic links (10,11). This re-
inforcing evidence strengthens the argument for  
the interconnectedness of FC428-like strains across 
different regions and underscores the signifi-
cance of international travel and contact in their  
dissemination.

Conclusions
Effective disease control measures are crucial for ad-
dressing N. gonorrhoeae infections, given the substan-
tial increase in identifying persons with ceftriaxone-
resistant FC428-like strains observed globally over 
the past decade (12). This study provides insights 
into the prevalence, genetic diversity, and geographic 
distribution of these strains, contributing to a collec-
tive understanding of the current state of AMR in N. 
gonorrhoeae and the strategies needed to address this 
pressing public health issue.

Ceftriaxone resistance mediated by the penA-
60.001 allele has been increasing, emphasizing the 
need for closer attention to identifying and surveil-
ling of FC428-like strains. How, then, do we tackle the 
threat of ceftriaxone-resistant FC428-like strains? First, 
in addition to continuing to use antimicrobial sus-
ceptibility testing methods to detect novel resistance  

Figure 2. Phylogenetic analysis of globally disseminated gonococcal FC428-like strains from a study of the surge in ceftriaxone-
resistant Neisseria gonorrhoeae FC428-like strains in the Asia-Pacific region, 2015−2022.. MLST, multilocus sequence typing; ST, 
sequence type.
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mechanisms, we recommend expanding access to mo-
lecular diagnostics (13) to provide routine ceftriaxone-
resistant testing as a minimum for all persons investi-
gated for gonorrhea. Tailoring regimens on the basis 
of individual resistance profiles could maximize thera-
peutic efficacy while minimizing the risk of contribut-
ing to further resistance. Second, governments in the 
Asia-Pacific region should build on existing networks 
and local public health laboratories to expand capac-
ity for ongoing surveillance and contribute data to 
the global fight against AMR (3). Deploying genomic 
AMR surveillance as a leapfrog technology (1,14), skip-
ping over the targeted-molecular expansion of isolate-
based phenotypic surveillance, can differentiate be-
tween strains within closely related clades dominating 
in specific countries, enabling detailed transmission 
mapping surpassing limitations of standard typing 
methods. Third, creating an enabling environment 
supported by appropriate resourcing is essential to 
fostering multisectoral partnerships to drive innova-
tive solutions delivered through responsive and well-
resourced health services. Finally, a regionally coordi-
nated effort, driven by clear targets and sustainability, 
and built on a framework that facilitates communica-
tion and governance, will strengthen the fight against 
the global dissemination of ceftriaxone-resistant N. 
gonorrhoeae FC428-like strains.
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2023PT31004), and the Fundamental Research Funds for 
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Enterovirus D68 (EV-D68) has emerged as a major 
public health concern because of its association 

with outbreaks of severe acute respiratory illness 
(SARI), acute flaccid myelitis (AFM), and acute flac-
cid paralysis (AFP), particularly among children and 
persons with underlying respiratory conditions (1). 
The virus was discovered in 1962 in California, USA, 
in 4 children with SARI (2); originally named Fermon 
virus, it was later reclassified under enterovirus spe-
cies D and serotype 68 (3). Before 2014, EV-D68 was 
reported only sporadically; a total of 699 confirmed 
cases in Europe, Africa, and southeast Asia were 
reported during 1970–2013 (4). However, in recent 
years, a notable increase in the frequency and scale 
of EV-D68 outbreaks has been observed, prompting 

heightened surveillance and public health responses. 
In 2014, a large outbreak of EV-D68 infection that was 
associated with severe respiratory illness (5) and, in 
some cases, neurologic complications such as AFP 
occurred in the United States and in other parts of 
the world (6). More than 2,000 cases of EV-D68 in-
fection were reported in 20 countries during that 
period (2). After the 2014 outbreak, other waves of 
EV-D68 infections were observed in 2016, 2018, and 
2022; outbreaks were reported in several parts of the 
world, including the countries Sweden (7), Japan (8),  
and Finland (9).

In Senegal, few EV-D68 infection cases were de-
tected in 2014 (10). In 2016, an outbreak of novel sub-
clade B3 infections in outpatients with influenza-like 
illness and AFP (11) were reported. Since 2016, the 
virus has been detected sporadically through com-
munity surveillance of respiratory infections until 
December 2023, when a notable upsurge of EV-D68 
infections in pediatric inpatients occurred. We re-
port on an outbreak of severe EV-D68 infections in 
pediatric patients in Dakar, Senegal, and describe the 
clinical characteristics of EV-D68 cases identified in  
this outbreak.

The Study
In 2015, in collaboration with Senegal’s Ministry of 
Health, the Institut Pasteur of Dakar initiated in hos-
pital-based surveillance of SARI in referral hospitals 
in the capital of Dakar through its National Influenza 
Centre (NIC) and its Unit of Epidemiology Clinical 
Research and Data Sciences (Figure 1) to enable the 
Ministry of Health to quickly detect and alert any of 
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In December 2023, we observed through hospital-based 
surveillance a severe outbreak of enterovirus D68 infec-
tion in pediatric inpatients in Dakar, Senegal. Molecular 
characterization revealed that subclade B3, the domi-
nant lineage in outbreaks worldwide, was responsible 
for the outbreak. Enhanced surveillance in inpatient 
settings, including among patients with neurologic ill-
nesses, is needed.

http://www.cdc.gov/eid
https://doi.org/10.3201/eid3008.240410


DISPATCHES

1688 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024

abnormal health event. As part of this routine surveil-
lance, which falls within the scope of the Sentinel Syn-
dromic Surveillance in Senegal’s network activities, 
we collected swab samples (nasopharyngeal, oro-
pharyngeal, or both) from hospitalized patients with 
SARI and promptly transported the specimens at a 

controlled temperature (4°C–8°C) to NIC to screen 
for respiratory pathogens, as detailed by Jallow et al. 
(12). We then typed all enterovirus-positive samples 
by using 1-step real-time reverse transcription PCR 
(rRT-PCR) by using primers and a probe specific to 
EV-D68, as previously described (10). We genetically 

Figure 1. Referral hospitals 
contributing to the hospital-
based surveillance of severe 
acute respiratory infection (red 
circles), Dakar, Senegal, 2023. 
Inset map show study area  
in Senegal.

Figure 2. Weekly distribution of EV-D68 in patients with acute respiratory infection, Dakar Senegal, 2023. Bars represent the number 
of samples tested for each epidemiologic week. Line indicates number samples positive for EV-D68. Scales for the y-axes differ 
substantially to underscore patterns but do not permit direct comparisons. EV-D68, enterovirus D68; ILI, influenza-like illness; SARI, 
severe acute respiratory illness.

http://www.cdc.gov/eid
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characterized all EV-D68 isolates by using whole-
genome sequencing on an Illumina sequencing plat-
form (https://www.illumina.com) with the Twist 
Respiratory Virus Research Panel (Twist Biosciences, 
https://www.twistbioscience.com), as previously 
described (12). This study was conducted as part of 
SARI hospital-based surveillance with approval from 
the National Ethical Committee of Senegal’s Ministry 
of Health.

In December 2023, NIC noticed an increase in the 
positivity rate of enterovirus (0% in January, 1.1% 
from February to November, and 6.9% in December) 
in SARI samples, even though the number of speci-
mens tested monthly remained relatively unchanged. 
The typing of enterovirus-positive samples identi-
fied EV-D68 as the predominant virus implicated in 
this upsurge of cases. Of the 2,986 nasopharyngeal 
samples from patients with influenza-like illness and 

Figure 3. Maximum-likelihood 
phylogenetic tree based on the 
nucleotide sequences of major 
capsid protein gene region of 
enterovirus D68 from Senegal (red 
text) and reference sequences. 
Tree was constructed by using 
IQ-TREE2 2.0.6 (http://www.
iqtree.org) and visualized by using 
Figtree 1.4.4 (http://tree.bio.ed.ac.
uk/software/figtree). Statistical 
significance was tested by using 
1,000 bootstrapping replicates. 
Software was used to define the 
correct model used. Tree is rooted 
by the Fermon strain. Scale bar 
indicates substitutions per site.
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SARI collected at the different sentinel sites during 
January–December 2023, a total of 45 (1.5%) tested 
positive for enterovirus (Appendix, https://wwwnc.
cdc.gov/EID/article/30/8/24-0410-App1.pdf). We 
detected EV-D68 in 20 (44.4%) of the enterovirus-
positive specimens, and most cases (8 [40%]) were 
recorded during epidemiologic week 50 (Figure 2). 
The proportion of specimens in which EV-D68 was 
detected increased from 0.04% during February–Sep-
tember (1/2,338) to 0.7% in November (2/295) and 
5.8% in December (17/291). The 20 patients in whom 
EV-D68 was detected were all children <6 years of 
age (median age 2 years); 65% (13/20) of cases were 
in girls and 35% (17/20) in boys. Almost all children 
with confirmed EV-D68 infection (18/20 [90%]) were 
inpatients with SARI who had been admitted to 2 re-
ferral hospitals, Roi Baudouin hospital (11 [55%]) in 
a suburb of Dakar and Albert Royer Children’s Hos-
pital (7 [35%]) in Dakar. The primary reason for hos-
pitalization was bronchiolitis for 30% (6/20), acute 
bronchitis for 10% (2/20), pneumonia for 30% (6/20), 
and asthma exacerbation for 20% (4/20). One patient 
was found to have an underlying medical condition 
(prematurity). Nearly half (9 [45%]) of children with 
confirmed EV-D68 infection needed supplemental ox-
ygen. The common clinical characteristics at the time 
of admission were cough (15 [75%]), breathing diffi-
culties (15 [75%]), fever (9 [45%]), wheezing (5 [25%]), 
tachypnea (4 [20%]), rhinitis (3 [15%]), and apnea (2 
[10%]). Although EV-D68 can cause AFM and other 
neurologic complications, children infected with EV-
D68 during this outbreak had no neurologic symp-
toms, unlike those described in reports from Europe 
(13) and the United States (Colorado) in 2014 (14).

Eight children were co-infected with rhinovirus 
(6 children), bocavirus (1 child), or human meta-
pneumovirus (1 child). We also encountered mixed 
infections with Haemophilus infuenzae (2 children) and 
Streptococcus pneumoniae (2 children).

For the molecular characterization, we suc-
cessfully obtained 14 complete EV-D68 genomes 
and deposited them into GenBank (accession nos. 
PP838726–39). We initially used the enterovirus on-
line genotyping tool (https://www.rivm.nl/mpf/
typingtool/enterovirus) for genotype predictions 
of EV-D68 strains. The genotyping tool classified all 
EV-D68 sequences into the sub-genogroup B3. We 
undertook phylogenetic analysis to further confirm 
this assignment. The maximum-likelihood phylo-
genetic tree based on major capsid protein gene re-
gion sequences clearly shows that all EV-D68 strains 
from this outbreak belonged to the B3 lineage, which 
has been the main subclade of EV-D68 circulating in  

Senegal since 2016 (Figure 3). However, this B3 lin-
eage circulated at a very low level in 2022, when the 
A2 subclade emerged and was the dominant strain. 
By using BLAST (https://blast.ncbi.nlm.nih.gov), we 
found that the B3 strains from our study were closely 
related to B3 strains of EV-D68 that circulated in the 
United States (Maryland) in 2022 (15), showing nucle-
otide similarity of 97.8%–99.37%.

One limitation of this study is that almost all cases 
of EV-D68 were detected on the basis of samples col-
lected from only 2 referral hospitals in Dakar, which 
might not reflect the actual incidence of EV-D68 infec-
tion for this outbreak. Therefore, active surveillance 
in inpatient settings across more areas would prob-
ably give a more accurate picture of EV-D68 infection 
in Senegal. Despite this limitation, our study identi-
fied an outbreak of EV-D68 in Senegal in real-time, 
whereas all previous cases were identified in retro-
spective studies.

Conclusions
We observed a sudden onset of an EV-D68 outbreak 
in Dakar that was exceptionally intense and lasted 
from epidemiologic weeks 48 through 52 of 2023. The 
outbreak was caused by the B3 lineage, which has 
been circulating in Senegal since 2016, and all infected 
patients were children <6 years of age, most of whom 
required hospitalization. Given the ability of EV-D68 
to cause AFM and AFP, this upsurge of EV-D68 in-
fections in pediatric inpatients underscores the need 
for enhanced surveillance in inpatient settings across 
more areas, including collecting respiratory speci-
mens from patients with neurologic illnesses. 
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Mycoplasma pneumoniae is a major cause of respi-
ratory tract infections, particularly in children 

and young adults. M. pneumoniae accounts for 10%–
30% of community-acquired pneumonia (1). Mac-
rolides are the primary treatment, but since 2000, 
macrolide-resistant M. pneumoniae (MRMP) strains 
have increased substantially, especially in Asia (2,3). 
However, a global study indicated a decline in M. 
pneumoniae detections during 2017–2021, which 
researchers attributed to the impact of nonphar-
maceutical COVID-19 measures on M. pneumoniae 
transmission (4). 

In Taiwan, MRMP prevalence rose from 12.3%–
24% before 2017 to 54%–88% during 2017–2020 (5–7). 
Multilocus sequence typing (MLST) is a valuable tool 
for epidemiologic surveillance, offering high discrim-
inatory ability to identify the shift of circulating strain 
types (8–10). We used MLST to analyze the genetic 

diversity and macrolide resistance prevalence of M. 
pneumoniae in hospitalized children in Taiwan during 
2017–2023. This study was approved by the institu-
tional review board of Show Chwan Memorial Hos-
pital (approval nos. 1051007 and 1091104).

The Study
Our study spanned 2 phases: phase 1 was March 
2017–June 2019, and phase 2 was March 2020–Decem-
ber 2023. After obtaining the necessary consent, we 
enrolled children <18 years of age at 4 central hospi-
tals in Taiwan: Show Chwan Memorial Hospital (739 
beds), Chang Bing Show Chwan Memorial Hospital 
(946 beds), Jen-Ai Hospital (644 beds), and Chung 
Shan Medical University Hospital (1,023 beds). We 
enrolled children with acute respiratory tract infec-
tions who tested M. pneumoniae IgM–positive via 
Biocardä (AniBiotech, https://anibiotech.fi). We col-
lected nasopharyngeal or oropharyngeal swab speci-
mens, stored them, and cultured for M. pneumoniae. 
We performed MLST typing on positive cultures con-
firmed by PCR as true M. pneumoniae infections. 

We cultured specimens in SP-4 medium and 
incubated at 37°C in 5% CO2 for 14 days (11). We 
used the QIAamp DNA Blood Mini Kit (QIAGEN, 
https://www.qiagen.com) to extract DNA and con-
firmed M. pneumoniae by real-time PCR targeting the 
repMp1 gene (12). We further analyzed M. pneumoni-
ae isolates, including single-base mutations in the 23S 
rRNA gene and MLST on the basis of 8 housekeeping 
genes (8). We used goeBURST software (https://phy-
loviz.readthedocs.io/en/latest/data_analysis.html) 
to explore relationships among sequence types (STs).

Among 770 nasopharyngeal or oropharyn-
geal samples collected during the study period, 
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Before the COVID-19 pandemic, Mycoplasma pneu-
moniae infections emerged during spring to summer 
yearly in Taiwan, but infections were few during the pan-
demic. M. pneumoniae macrolide resistance soared to 
85.7% in 2020 but declined to 0% during 2022–2023. 
Continued molecular surveillance is necessary to moni-
tor trends in macrolide-resistant M. pneumoniae.
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209 (27.1%) were confirmed M. pneumoniae cases. 
By comparing the annual and seasonal distribu-
tion of M. pneumoniae respiratory tract infections, 
we noted significant yearly differences (p<0.001) 
and an outbreak that occurred during 2017–2018 
(Table 1). Seasonal prevalence also varied signifi-
cantly (p<0.001); average positivity rates were 30% 
in spring, 41.6% in summer, 18.1% in autumn, and 
22.1% in winter. M. pneumoniae was detected year-
round, but primarily during March–August (Figure 
1, panel A). During the COVID-19 pandemic, detec-
tion rates notably declined. 

Among the 209 M. pneumoniae–positive isolates, 
74 (35.4%) were macrolide-resistant. Annual resis-
tance rates ranged from 12.5% in 2017 to 85.7% in 
2020, then dropped to 18.2% in 2021 and 0% in 2022 
and 2023 (Figure 1, panel B). Among macrolide-re-
sistant isolates, 72 (97.3%) had the A2063G mutation, 
and 2 (2.7%) had the A2063T mutation.

We submitted all 209 confirmed M. pneumoniae 
strains for molecular analysis, and 155 were identi-
fied by MLST, revealing 12 different STs (Appen-
dix Table). ST3 was the most prevalent at 38.2%, 
followed by ST17 at 19.1%. However, 54 (25.8%) 
strains could not be successfully genotyped due to 
the failure of amplification and sequencing of the 
pgm locus. Of the 74 macrolide-resistant isolates, 
the leading STs were ST3 (49%) and ST17 (8%), 
but ST3 was the most common in MRMP during 
2017–2019 (Figure 2, panel A). Among 135 macro-
lide-susceptible isolates, ST33 (33%), ST17 (25%), 
and ST9 (3%) were predominant (Figure 2, panel 
B). ST17 was more common in macrolide-suscepti-
ble than in macrolide-resistant isolates (p = 0.003), 
and ST3 was more prevalent in macrolide-resistant 
isolates (p = 0.002). However, we found no correla-
tion between the dynamic proportion of macrolide 
resistance and ST3, although a notable percentage 
of macrolide-resistant strains within ST3 were de-
tected during 2017–2019 (Table 2).

We identified 2 clonal complexes (CCs) in the 
goeBURST analysis (Figure 2, panel C), which in-
cluded data from 140 strains. Of those 2 CC clusters, 
most (96%) STs belonged to CC1, which included the 
most frequently detected STs, ST3 and ST17. CC2 
comprised 5 (4%) strains and included 2 STs, ST33 
and ST26.

Conclusions
During 2017–2023, we observed changes in M. pneu-
moniae infection rates, alterations in STs, and shifts in 
antimicrobial resistance. Nonpharmaceutical inter-
ventions during the pandemic mitigated the transmis-
sion of respiratory pathogens besides SARS-CoV-2 
(13). In our study, we noted a substantial decrease in 
M. pneumoniae detection during 2021, and no positive 
cases were recorded during June 2021–February 2022, 
coinciding with the height of the pandemic period in 
Taiwan, a finding that aligns with those reported in a 
global survey (4).

MRMP infections have increased greatly world-
wide, particularly in the Western Pacific region (14). 
In Taiwan, prior studies noted a substantial rise in 
macrolide resistance rates from 12%–24% during 
2011–2016 to 54%–88% during 2017–2020 (5–7). How-
ever, in our study, MRMP prevalence decreased rap-
idly to 0%–18.2% during 2021–2023. During the 2011–
2012 outbreak in Japan, the MRMP detection rate 
soared to 90% (9). After that outbreak, the number 
of MRMP strains decreased, reaching 14.3% in 2018, 
whereas China and South Korea continued to report 
high resistance rates from 2014 to 2018 (10,15).

ST3 within CC1 is a globally successful clone and 
was prevalent in Japan, China, South Korea, Cuba, 
Germany, and Taiwan at rates from 30% to 70% dur-
ing 2002–2022 (Appendix Figure). A previous study 
in Taiwan showed high macrolide resistance rates for 
ST3 (93.5%) and ST17 (82.1%) (7). In contrast, ST17 was 
more common among the macrolide-susceptible cas-
es in our study and had a resistance rate of only 15%. 

 
Table 1. Annual and seasonal distribution of macrolide-resistant Mycoplasma pneumoniae infections among children before and 
during the COVID-19 pandemic, Taiwan, 2017–2023* 

Year 
No. positive cases (%) 

p value† Total no. cases Spring, Mar–May Summer, Jun–Aug Autumn, Sep–Nov Winter, Dec–Feb 
2017 67 (43.23) 13 (30.23) 9 (21.43) 21 (65.63) 24 (63.16) <0.001 
2018 54 (58.06) 17 (65.38) 18 (81.82) 4 (57.14) 15 (39.47) 0.010 
2019 17 (38.64) 4 (14.29) 13 (81.25) ND ND NA 
2020 21 (16.80) 8 (61.54) 7 (41.18) 6 (12.50) 0 <0.001 
2021 10 (13.33) 10 (24.39) 0 0 0 0.016 
2022 16 (11.59) 11 (28.21) 2 (12.50) 3 (4.05) 0 0.002 
2023 24 (17.14) 5 (13.51) 13 (37.14) 3 (9.38) 3 (8.33) 0.008 
Total 209 (27.14) 68 (29.96) 62 (41.61) 37 (18.14) 42 (22.11) <0.001 
p value‡ <0.001      
*The study period ended December 2023. NA, not applicable; ND, no data. 
†p value by Fisher exact test to examine the relationship between season and infection. 
‡p value by Χ2 test to examine the relationship between year and infection. 
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Recent data indicate shifts in M. pneumoniae sequence 
types: in Japan, ST3 and ST14 were largely replaced 
by ST7 and ST33 in 2018–2019, reducing macrolide re-
sistance by 11.3% (9). However, South Korea did not 
have a notable decrease in its macrolide resistance rate 
(78.5%) during 2019–2020, and ST3 remained domi-
nant (10). Our findings show no substantial shifts in 
ST distribution in Taiwan but a notable change in the 
ratio of macrolide-resistant to macrolide-susceptible 

within ST3, possibly reducing the overall resistance 
rate (Table 2).

The first limitation of our study is that an 8-month 
gap in data collection occurred during July 2019–Febru-
ary 2020, which might have caused a slight underesti-
mation of cases. Second, we only enrolled patients who 
tested positive for M. pneumoniae IgM, which might un-
derestimate the actual number of M. pneumoniae infec-
tions. We did not investigate the clinical manifestations 

Figure 1. Dynamic distribution of macrolide-resistant Mycoplasma pneumoniae infections among children before and during the 
COVID-19 pandemic, Taiwan, 2017–2023. A) M. pneumoniae infections were detected throughout the year, primarily from March to 
August. An M. pneumoniae outbreak occurred during 2017–2018. The M. pneumoniae detection rate substantially declined during the 
COVID-19 pandemic, 2021–2022. Light gray background represents 770 IgM-positive participants; dark gray background represents 
209 cases confirmed by culture and PCR. Blue shading indicates timeframe of nonpharmaceutical interventions during the COVID-19 
pandemic. B) Among 211 isolates, macrolide resistance was observed in 74 (35.1%) isolates. The resistance rate was 12.5% in 2017, 
increased to 48.3% in 2018, and to 62.5% in 2019, and reached 85.7% in 2020. Subsequently, the rate decreased to 18.2% in 2021 and 
dropped to 0% in 2022 and 2023.

http://www.cdc.gov/eid
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in patients who tested IgM-negative. Third, although 
the trend toward resistant strains was evident, the abso-
lute number of resistant strains was small. Fourth, some 
strains failed at the pgm locus, and on the basis of other 
known loci, those strains are most likely to be either ST3 
or ST17. That issue might have been to the result of low 

bacterial loads and fragile DNA that hindered the suc-
cessful amplification of the 1,072-bp pgm locus via nest-
ed PCR. Recent advances have made whole-genome 
sequencing a promising tool for future M. pneumoniae 
research, especially in identifying genotypes linked to 
macrolide resistance or virulence.

Figure 2. Relationships 
between year of isolation, ST, 
and genotype distribution in 
a study of macrolide-resistant 
Mycoplasma pneumoniae 
infections among children 
before and during the COVID-19 
pandemic, Taiwan, 2017–2023. 
A) Macrolide-resistant M. 
pneumoniae isolates (n = 
74) and 5 identified STs: 
ST3, ST17, ST26, ST33, and 
ST36. Macrolide resistance 
substantially decreased after 
2021. ST3 was the predominant 
strain in macrolide-resistant 
isolates, especially during 2017–
2019. B) Macrolide-susceptible 
M. pneumoniae isolates (n = 
135) and 10 identified STs: ST3, 
ST17, ST9, ST5, ST12, ST20, 
ST30, ST33, ST39, and ST46. 
ST17 was the predominant 
strain during 2017–2019. ST3 
was the most common strain 
and was distributed across 
all years. C) The relationship 
between M. pneumoniae CC 
and ST depicted by goeBURST 
(https://phyloviz.readthedocs.
io/en/latest/data_analysis.html). 
The data, comprising 144 strains 
from Taiwan (2017–2023) and 
previously reported STs (shown 
in gray) from PubMLST (https://
pubmlst.org), demonstrate the 
genetic relationships within 
the dataset analyzed by the 
goeBURST algorithm. The size 
of each circle is proportional to 
the number of isolates for each 
ST, and most STs belonged to CC1, including the leading 2 STs, ST3, and ST17. Green sections indicate M. pneumoniae strains could 
not be successfully identified using multilocus sequence typing. CC, clonal complex; NT, nontypable; ST, sequence type.

 
Table 2. Distribution of macrolide susceptibility of sequence type 3 and 17 isolates in a study of macrolide-resistant Mycoplasma 
pneumoniae infections among children before and during the COVID-19 pandemic, Taiwan, 2017–2023 

Macrolide susceptibility 
Year, no. (%) isolates 

2017 2018 2019 2020 2021 2022 2023 
Sequence type 3 

       

 Resistant 6 (50) 17 (70.8) 13 (72.2) 0 0 0 0 
 Susceptible 6 (50) 7 (29.2) 5 (27.8) 0 6 (100) 3 (100) 17 (100) 
 Total no. isolates 12 24 18 0 6 3 17 
Sequence type 17 

       

 Resistant 0 3 (21.4) 1 (14.3) 2 (66.7) 0 0 0 
 Susceptible 14 (100) 11 (78.6) 6 (85.7) 1 (33.3) 2 (100) 0 0 
 Total no. isolates 14 14 7 3 2 0 0 
 

http://www.cdc.gov/eid
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In conclusion, M. pneumoniae respiratory tract 
infections in Taiwan exhibit seasonality, and preva-
lence decreased after the COVID-19 pandemic. Si-
multaneously, MRMP incidence experienced a sharp 
decline after 2021. Although ST3 remains the most 
prevalent M. pneumoniae strain and is associated with 
macrolide resistance, global data still lack evidence 
of correlation between STs and macrolide resistance. 
Thus, continued molecular surveillance is necessary 
to monitor those trends.
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Group B Streptococcus (GBS) is a major cause of 
life-threatening neonatal infections and bovine 

mastitis (1). The GBS population is composed of host-
specialist lineages, such as sequence type (ST) 17, and 
host-generalist lineages, such as ST23 (2). ST103 is 
common among bovine GBS (bGBS) in Europe (3,4), 
Colombia (5), and China (6); reports of human GBS 
(hGBS) ST103 are rare and mostly limited to Asia 
(7–9). This difference may reflect limitations to host 
or geographic range or may be attributable to surveil-
lance efforts. We investigated the molecular epidemi-
ology of GBS STs in humans and cattle in Brazil.

The Study
We extracted genomic DNA from hGBS (carriage n 
= 416, disease n = 39) and bGBS (milk n = 151, en-
vironment n = 5) isolates collected in Brazil during 
1978–2021 (Table 1) by using the DNeasy Blood & 
Tissue Kit (QIAGEN, https://www.qiagen.com). We 

generated whole-genome sequences at the Wellcome 
Sanger Institute (Hixton, UK; https://www.gbsgen.
net) or at MicrobesNG (Birmingham, UK; https://
microbesng.com) by using the Illumina NovaSeq 
platform (https://www.illumina.com). We used the 
sequences to predict ST, capsular types, antimicro-
bial resistance (AMR), and surface protein profiles 
(Alpha, Alp1, Alp2/3, Rib, Srr1, Srr2, pilus islands 
PI1, PI-2A1, PI-2A2, and PI-2B, and HvgA) with GBS 
Typer version 1.0.11 (https://github.com/sanger-
bentley-group/GBS-Typer-sanger-nf), and to detect 
scpB gene carriage by using BLASTn (https://blast.
ncbi.nlm.nih.gov) and GenBank reference sequence 
AF327852.1. We performed whole-genome align-
ment by using Snippy v4.6.0 (https://github.com/
tseemann/snippy) and constructed a phylogenetic 
tree with RAxML as implemented in Gubbins version 
3.3.1 (https://github.com/nickjcroucher/gubbins).

We included only GBS isolates assigned to ST103 
in this study. Of the 611 isolates tested, 67 (11%) iso-
lates belonged to ST103 (17 hGBS isolates, 1990–2020; 
50 bGBS, 1999–2021) (Table 2), which showed that 
ST103 hGBS circulated in Brazil in parallel with bGBS 
well before it was reported elsewhere (7–9). In ac-
cordance with previous studies (2,4), ST103 isolates 
mostly belonged to serotype Ia, with 1 exception 
(hGBS, serotype II), which was also the only ssr1-
negative isolate (Figure 1). Although rare, capsular 
switching can occur in GBS and may impair the effec-
tiveness of future polysaccharide vaccines (10).

The core-genome phylogeny showed 10 clusters, 
largely representing either host or, for bGBS, farm 
of origin, and 3 singletons (Figure 1). Some bGBS 
(clusters D and E) were more closely related to hGBS 
(clusters B, C, and F) than to other bGBS (clusters G, I, 
and J) (Figure 1). The hGBS were distributed across 4 
clusters and 3 singletons. Clusters B (n = 2 isolates), C  
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Group B Streptococcus sequence type 103 is known 
primarily as a bovine mastitis pathogen. In Brazil, it has 
circulated in cattle and humans since the 1990s. It lacks 
scpB and, in humans, was found only among carriage 
isolates. Bovine–human interspecies transmission may 
have contributed to its evolution and spread.
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(n = 2), and F (n = 8) formed a clade with bGBS clus-
ters D and E and were detected throughout the pe-
riod studied (1990–2020) (Figure 1). Cluster H (n = 2), 
which is located on a long branch in the phylogeny, 
included 2 historical strains isolated in 1990 from hu-
man oropharynx samples.

Some accessory genome traits were consistent 
across the entire phylogeny, whereas others differed 
between or within host species. All isolates carried 
pilus island PI-2B, as previously decribed (2,4). All 
hGBS and bGBS isolates lacked the scpB gene, which 
encodes C5a peptidase and is crucial for GBS adhe-
sion and invasion of human cells (11). The absence 
of scpB gene may explain why ST103 was only found 

among carriage isolates in humans, although a larg-
er sample size or in vitro studies would be needed 
to provide statistical or mechanistic support for  
that hypothesis.

The Alpha protein gene was absent in clusters 
nearest to the tree root, regardless of host, year or, for 
bGBS, farm of isolation, suggesting that the element 
was acquired later by the diverged subpopulation 
(clusters A–F). By contrast, the lactose operon was 
consistently present in all bGBS but not in all hGBS, 
suggesting either multiple loss or acquisition events 
in those host-associated clusters. The ability to fer-
ment lactose, as mediated by the Lac.2 operon, drives 
GBS adaptation to the bovine udder (2). Presence  

 
Table 1. Origin of GBS isolates recovered from human and bovine samples submitted to whole-genome sequencing, Brazil* 
Host Clinical source Region Collection year ST103 GBS Non-ST103 GBS 
Human† Anovaginal carriage‡ Rio de Janeiro 1979–2021 14 329 
 Oropharynx§ Rio de Janeiro 1978–2014 2 8 
 Umbilical swab Rio de Janeiro 2001 0 1 
 Semen Rio de Janeiro 2017–2018 1 61 
 Urine Rio de Janeiro 1990–2019 0 16 
  São Paulo 2009 0 3 
  Porto Alegre 2006 0 5 
  Cuiabá 2009 0 2 
 Invasive disease specimens¶ Rio de Janeiro 1990–2021 0 13 
Bovine Milk Rio de Janeiro# 1987–2007 17 38 
  Minas Gerais** 1996–2021 6 51 
  São Paulo†† 1987–2021 23 16 
 Farm environment Minas Gerais‡‡ 2010 4 1 
*GBS, group B Streptococcus; ST, sequence type.  
†Human isolates were epidemiologically unrelated. 
‡Anovaginal carriage: anovaginal specimens collected from pregnant women between the 35th and 37th gestational weeks during routine antenatal care. 
§Oropharynx: throat swab. 
¶Invasive disease specimens: blood, cerebrospinal fluid, cerebrospinal fluid, bronchoalveolar lavage, peritoneal fluid, bone, abscess. 
#Isolates represent 18 farms and 53 cows. 
**Isolates represent 21 farms and 46 cows. 
††Isolates represent 6 farms and 21 cows. 
‡‡Isolates represent 1 farm and 5 environmental samples. 

 

 
Table 2. Distribution of group B Streptococcus ST103 isolates from human and bovine samples, Brazil* 
Host Sample No. isolates Accession nos. (ENA/GenBank) 
Human Anovaginal 14 ERR9738291†, ERR9738561†, ERR9738563†, ERR9738359†, ERR9738596†, 

ERR9738481, ERR9738404†‡, ERR9738442†, ERR9738474, ERR9738564, 
ERR9738631, ERR9738643, ERR9937783†, ERR9937793 

 Oropharynx 2 ERR9738674, ERR9738675 
 Semen 1 ERR9738366 
Bovine Milk 46 ERR9738322, ERR9937866, ERR9937886, ERR9937890, ERR9937910, 

ERR9937940, ERR9738322, ERR9937792, ERR9937904, ERR9937944, 
ERR9937946, ERR9937948, ERR9937950, ERR9937952, ERR9937954, 
ERR9937956, ERR9937966, ERR9937968, ERR9937970, ERR9937972, 
ERR9937974, ERR9937976, ERR9937978, ERR9937980, ERR9937936, 
ERR9937703, ERR9937937, ERR9937705, ERR9937707, ERR9937939, 

BioProject ID: PRJNA1086968 (JBBHGR000000000, JBBHGQ000000000, 
JBBHGP000000000, JBBHGO000000000, JBBHGN000000000, 
JBBHGM000000000, JBBHGL000000000, JBBHGK000000000, 
JBBHGJ000000000, JBBHGI000000000, JBBHGH000000000, 
JBBHGG000000000, JBBHGF000000000, JBBHGE000000000, 

JBBHGD000000000, JBBHGC000000000) 
 Farm environment 4 ERR9937891, ERR9937699, ERR9937892, ERR9937893 
*ST103 identified from 619 human and bovine isolates collected in Brazil during 1978–2021. All ST103 isolates were negative for scpB. All bovine isolates 
were lactose fermenting, as were 8 human isolates from anovaginal samples. All but 1 isolate belonged to serotype Ia. ENA, European Nucleotide 
Archive; ST, sequence type. 
†Human isolates positive for lactose fermentation. 
‡Human isolate belonging to serotype II. 
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of Lac.2 and the phenotypic ability to ferment lactose 
are relatively rare in human isolates (4,12). In our 
study, all bGBS and almost half of hGBS (n = 8, 47%) 
were able to ferment lactose, suggesting bovine-to-
human transmission with subsequent loss of Lac.2 in 
the absence of selective pressure for its maintenance 
in the human niche. This finding contrasts with an 
earlier study, which suggested a human origin of bo-
vine ST103 (3). In-depth analysis of the evolution of 
this clade using a larger collection of isolates across 
a broad geographic range would be needed to deter-
mine the timing and direction of host jumps.

We observed the greatest variability in accessory 
genome content in AMR genes. In bGBS, tetO was 
the most common resistance gene, followed by tetM, 
but never in combination. In hGBS, AMR genes were 
rarely found (Figure 1); this finding is in contrast to 
many other human-associated GBS lineages, which 
have a high prevalence of tetracycline resistance 
genes (13). In addition to tetO, bGBS clusters D and E 
also carried ermB and aadE on a variant of ICESag37 
(OP508056), an integrative conjugative element as-
sociated with AMR and virulence genes, with a me-
dian nucleotide similarity of 86% (Figure 2). Overall, 
prevalence of AMR genes was higher in bGBS than 
in hGBS (88% vs. 17.6% of isolates carrying >1 AMR 
gene). Sampling bias might have contributed to this 
finding; several herds were represented by multiple 

isolates, which formed monophyletic clusters with 
homogeneous AMR profiles, as expected based on 
contagious transmission of bGBS within dairy herds. 
Nevertheless, we detected AMR in bGBS in every 
single herd, and AMR prevalence in bGBS would 
still be higher than in hGBS if each herd was repre-
sented by a single isolate, indicating a true biologic 
effect. The high prevalence of AMR among bGBS 
may be driven by the overuse of antimicrobial drugs 
in dairy herds in emerging economies like that of 
Brazil (1), where macrolides, tetracycline, and ami-
noglycosides are among the most commonly used 
antimicrobial drugs for treatment and prevention of 
clinical mastitis (14).

Vaccination is desirable to prevent hGBS and 
bGBS disease without reliance on antimicrobial 
drugs, but no human or bovine vaccines are li-
censed yet. Promising candidates for a human ma-
ternal vaccine include both polysaccharide-protein 
conjugate and protein subunit strategies. Surveil-
lance of capsular types and surface proteins of 
emerging GBS lineages, including in low- and mid-
dle-income countries, is crucial to inform vaccine 
design, which can impair vaccine effectiveness. In 
our study, all ST103 strains were associated with 
serotype Ia and PI-2B, Srr1, and Alpha surface pro-
teins, which are among the most immunogenic vac-
cine targets (15).

Figure 1. Phylogeny of group B Streptococcus isolates belonging to ST103 recovered from cattle and human populations in Brazil, 
1990‒2021. The tree was built based on single-nucleotide polymorphisms extracted from an alignment outside recombination 
regions, created by mapping reads of each isolate to the sequence of the ST103 reference strain GBS85147 (GenBank accession no. 
CP010319.1). Scale bar indicates substitutions per site. AMR, antimicrobial resistance; neg, negative; pos, positive; ST, sequence type.
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Conclusions
GBS is a multihost pathogen, able to adapt to differ-
ent niches. The phylogeny of ST103 and the presence 
of the lactose operon in hGBS suggest that interspe-
cies transmission (bovine-to-human) might have 
contributed to the evolution of ST103 in Brazil. In 
addition, our results suggest that the presence of the 
pilus variant PI-2B and absence of the scpB gene are 
common markers of ST103 in Brazil, irrespective of 
host species. The lack of scpB may limit the virulence  

of GBS ST103 in humans, which in turn may have 
contributed to its underreporting, especially in 
countries or studies that focus on clinical isolates. 
Additional studies at population and mechanistic 
level would be needed to fully understand the ori-
gin, evolution, epidemiology, and virulence poten-
tial of this emerging clade, but our results show that 
ST103 is more common in hGBS than previously de-
scribed and that it has been circulating in Brazil at 
least since the 1990s. 

Figure 2. Alignment of nucleotide 
sequences of bovine group B 
Streptococcus isolates belonging 
to ST103 collected in Brazil 
with ICESag37, an integrative 
conjugative element associated 
with antimicrobial resistance and 
virulence genes. A) Sequence 
alignment for cluster D isolates 
(n = 12). B) Sequence alignment 
for cluster E isolates (n = 7). The 
analysis used Easyfig version 2.2 
to perform BLASTn (https://blast.
ncbi.nlm.nih.gov) comparisons 
between isolates in clusters D 
and E against the reference 
ICEsag37 (GenBank accession 
no. OP508056). Arrows indicate 
mobility genes and conjugal 
transfer proteins (red), repA 
initiator genes (purple), critical 
site-specific recombinase (blue), 
antibiotic resistance genes 
(green), and other ICE genes 
(orange). Aminoglycoside genes 
normally found in ICESag37 
(ant(6–1a) and aph(3-III)) are 
missing from the bovine isolates.
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Each year in Taiwan, hantaviruses cause 0–4 hu-
man cases of hemorrhagic fever with renal syn-

drome (HFRS) (1). Rattus norvegicus rats are a notable 
local reservoir host for Seoul virus (SEOV), a hanta-
virus causing HFRS, but SEOV also is found in other 
rat species, such as Rattus rattus, R. flavipectus, and R. 
losea (2). Humans can be exposed to hantaviruses by 
inhaling aerosolized virus from rodent urine or feces 
or by being bitten by an infected rodent (3). SEOV is 
not known to spread from person to person. 

Rodent-to-rodent transmission occurs through 
biting or scratching or by exposure from contami-
nated materials, such as bedding (4). Vertical trans-
mission is less likely because rodent progeny are pro-
tected by maternal antibodies (5). Since 2013, human 
hantavirus infections transmitted by pet rats have 
been reported in countries in Europe and the United 
States (6,7). In the Netherlands, quantitative reverse 
transcription PCR (RT-PCR) testing revealed 12.2% 
positivity among feeder rats not linked to human 
SEOV cases (8). The feeder rodent industry involves 
cultivating and selling live and frozen rats and mice, 

primarily as food for reptiles and birds of prey. Al-
though hantavirus infections have occurred in labo-
ratory workers working with rats, little information 
has existed about hantaviruses in workers at feeder 
rodent breeding farms (9). 

In October 2022, hantavirus infection in a man in 
his 30s (case-patient A) was reported to the Taiwan 
Centers for Disease Control (TCDC; Taipei, Taiwan); 
diagnosis was confirmed by a 4-fold increase in se-
rum IgG from acute- to convalescent-phase serum 
samples. Initially, the patient manifested fever, gen-
eralized malaise, and clinically confirmed coagulop-
athy and acute renal failure. Upon learning that he 
worked at a feeder rodent breeding farm, our team 
sought source and other epidemiologic data to help 
prevent disease transmission. Because our outbreak 
investigation involved a notifiable disease, the study 
was exempt from institutional review board approv-
al. We obtained approval from the Institutional Ani-
mal Care and Use Committee at the National Taiwan 
University College of Medicine and College of Public 
Health (approval no. 20220344). 

The Study
At the time of disease diagnosis, the farm employed 
5 workers (including case-patient A) and had ≈12,000 
feeder mice (Mus musculus) and 2,200 feeder rats (R. 
norvegicus) (Appendix, https://wwwnc.cdc.gov/
EID/article/30/8/23-0875-App1.pdf). The owner 
had introduced no new rodents since 2017. The 
breeding room in the farm building was an enclosed 
space (Figure 1). Feeder mice and rats were housed 
in different racks (Figure 2). Workers were required 
to wear face masks and gloves when working, but no 
protocol existed for hand hygiene.

Recurrent Occupational Hantavirus 
Infections Linked to Feeder Rodent 

Breeding Farm, Taiwan, 2022
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We trapped wild rodents during November 
5–9, 2022, ≈18 days after the initial case-patient 
was reported. Fourteen traps around the farm cap-
tured 5 wild rats, all R. tanezumi. We also randomly 
tested 40 feeder mice and 8 feeder rats (Appendix); 
3 feeder R. norvegicus rats (37.5%) tested positive 
for hantavirus IgG, whereas all the feeder mice and 
wild rats tested negative (Table). The owner agreed 
to humane killing of all feeder rats on the farm on 
November 19, but the mice colony was not eradi-
cated, and unused bedding and feed were retained. 
The rat colony was not replenished until February 
2023, after later diagnosis of a second worker, case-
patient B. 

The other 4 workers on the farm reported no 
hantavirus symptoms during interviews. We also col-
lected and tested blood samples. On the basis of IgM 
and IgG findings, previous infection wasindicated in 
1 worker; results for other workers were negative. 

We began wild rodent control using rodenticide 
and traps on November 9. The rack and floor were 
disinfected with 5,000 ppm bleach; rat tubs were 
washed, disinfected, and stored. The enclosed breed-
er room showed no signs of wild rat activity. Cracks 
noted in storage rooms for rat feed and bedding were 
sealed. Thereafter, the owner used bleach to clean 
used rodent tubs (5,000 ppm) and the racks and floor 
(1,000 ppm). 

Figure 1. Floor plan of feeder 
rodent breeding farm and locations 
where positive feeder rodents 
were captured in study of recurrent 
occupational hantavirus infections 
at the farm, Taiwan.  

Figure 2. Racks (A) and tubs (B) used at a rodent breeding farm linked to study of recurrent occupational hantavirus infections, Taiwan.
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On January 15, 2023, fever and retro-orbital pain 
developed in case-patient B, who worked at the farm 
but had tested negative in November 2022. Blood 
tests revealed thrombocytopenia and elevated liver 
enzyme levels. We diagnosed case-patient B with 
hantavirus infection on the basis of a positive IgM 
titer and a 4-fold rise in IgG titer from acute- to con-
valescent-phase serum samples. RT-PCR showed 
hantavirus RNA in her blood. Genomic sequencing 
data submitted to GenBank (accession no. OR734632) 
matched with the SEOV nucleoprotein gene. 

The farm had ≈12,000 feeder mice and no feeder 
rats when the second investigation began on Febru-
ary 10, 2023. We placed 91 traps around the farm 
and neighborhood and captured 8 wild rats; 1 R. 
norvegicus rat tested positive for hantavirus IgG. We 
conducted wild rodent control in the neighborhood 
and discussed with the farm owner the importance 
of hand hygiene measures and using personal protec-
tive equipment (PPE).

Conclusions
We identified recurrent hantavirus infections in 2 
workers on a feeder rodent breeding farm, even 
though all feeder rats were humanely killed after 
the first case had been reported. Previous laboratory 
studies showed that rodents can transmit the virus 
horizontally through infected bedding (5). Because 
the colony received no additional rodents from 2017 
through the end of our testing, the breeder room is 
enclosed, and we found no signs of wild rat activ-
ity, we suspect that the virus was introduced to the 
breeder colony by infected bedding or feed and then 
spread through biting and scratching. 

The duration between last exposure and onset of 
symptoms in case-patient B was 8 weeks. Given in-
cubation for SEOV infection can take up to 8 weeks, 
case-patient B might have become infected before the 
infected feeder rats were killed but not diagnosed 
because of the long incubation period. However, we 
cannot exclude possible infection from wild rodents 
or remaining contaminated bedding and feed (2). 

Hantavirus infection has been associated with oc-
cupational exposure. Several high-risk occupational 
fields have been identified, including agriculture, for-
estry, biology fieldwork, and laboratory work (10,11). 
Wearing appropriate PPE is crucial because of poten-
tially severe or fatal outcomes. According to the US 
Office of Animal Care and Use of the National Insti-
tutes of Health, rodent facilities should classify their 
activities as low, moderate, or high risk, and work-
ers should match appropriate PPE use with risk level 
(12). Rodent breeding farms should regularly monitor 

colony animals for hantavirus infection and maintain 
ongoing pest control to minimize presence of wild ro-
dents. Staff should wear gloves when handling live 
or frozen rodents, used bedding, and soiled cages. 
Proper handwashing should promptly follow glove 
removal. In a zoonotic outbreak, personnel should 
wear PPE such as respirators, gloves, washable cov-
eralls, and appropriate footwear. Regular disinfection 
with bleach or other commercial disinfectants that 
can effectively kill enveloped viruses is also crucial to 
prevent environmental contamination (13).

HFRS symptoms include fever, headache, muscle 
aches, and abdominal pain. One study in the United 
States showed that only 41% of hantavirus case-pa-
tients developed an acute illness (14). HFRS can man-
ifest in various nonspecific ways, so knowledge of 
potential animal or environmental exposure is crucial 
for identifying hantavirus disease in workers. 

Among limitations of this study, we did not test 
feeder rat organ tissues for hantavirus with RT-PCR, 
so we were unable to compare viral sequences from 
case-patients and rats. Also, because we did not test 
environmental samples, such as bedding and feed, 
we obtained no direct evidence of virus origin. Final-
ly, we did not test feeder rodents after case-patient B 
was diagnosed. 

In summary, our findings emphasize that rodent 
breeding facilities should implement preventive mea-
sures such as disinfection protocols and use of PPE. 
Those actions would lower risk for hantavirus infec-
tions among persons working around infected rodents. 
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Table. Results of diagnostic testing of rodents for Seoul virus, by 
date trapped, in study of recurrent occupational hantavirus 
infections linked to feeder rodent breeding farm, Taiwan* 

Species 
No. IgG-positive/no. tested (%) 

2022 Nov 5–9 2023 Feb 11–13 
Feeder rodents     

Mus musculus 0/40 (0) NA 
Rattus norvegicus 3/8 (37.5) NA 

Wild rodents     
Rattus tanezumi 0/5 (0) NA 
Rattus norvegicus NA 1/3 (33.3) 
Suncus murinus NA 0/5 (0) 

*NA, not applicable. 
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Since October 2020, highly pathogenic avian influenza 
A(H5N1) virus has been responsible for over 70 mil-
lion poultry deaths and over 100 discrete infections in 
many wild mesocarnivore species. In 2022, research-
ers detected an HPAI A(H5N1) outbreak among New 
England harbor and gray seals that was concurrent 
with a wave of avian infections in the region. As harbor 
and gray seals are known to be affected by avian influ-
enza A virus and have experienced previous outbreaks 
involving seal-to-seal transmission, they represent a 
pathway for adaptation of avian influenza A virus to 
mammal hosts that is a recurring event in nature and 
has implications for human health.

In this EID podcast, Dr. Wendy Puryear, a virologist at 
The Cummings School of Veterinary Medicine at Tufts 
University, discusses the spillover of highly pathogenic 
avian influenza A(H5N1) into New England seals in the 
northeastern United States.
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Crimean-Congo hemorrhagic fever (CCHF),
caused by CCHV virus (CCHFV), is an emerging 

disease that has been listed by the World Health Or-
ganization as a priority pathogen (1). Including non-
invasive samples such as saliva and urine in testing 
can improve the current CCHF diagnostic algorithm. 
The World Health Organization has emphasized in-
vestigating the usefulness of alternative, noninvasive 
sample types, such as urine and oral fluid, for diag-
nosing and monitoring CCHF. For this study, we ana-
lyzed the utility of saliva and urine samples for labo-
ratory diagnosis of CCHF by comparing real-time 
reverse transcription PCR (rRT-PCR) results for seri-
ally collected saliva, urine, and serum samples from 
CCHF patients in Iran. To provide additional infor-
mation about the kinetics of CCHFV, we investigated 
the presence of RNA and antigen in saliva, urine, and 
serum samples, and IgM in serum samples. Ethics 
committees of the Zahedan University of Medical Sci-
ences approved this study (IR.zaums.REC.1397.425). 

The Study
We collected serum, saliva, and urine samples from 
22 CCHF patients in Iran in 2018. Fourteen (63.6%) 

patients were male; mean age was 30.59 (SD = 12.83) 
years. We extracted viral RNA by using the QIA-
GEN QIAamp Viral RNA Mini Kit (https://www.
qiagen.com) and the Fast-Track Diagnostics CCHF 
rRT-PCR (Siemens, https://www.siemens.com). 
We detected CCHFV IgM using a Vector-Best Vec-
toCrimean-CCHF IgM Kit and antigens using a 
Vector-Best CCHFV-antigen ELISA Kit (https://
en.vector-best.ru). We performed all experiments in 
a Biosafety Level 2-plus laboratory. We used Graph-
Pad PRISM software (https://www.graphpad.com) 
for data analysis. 

We subjected serum, saliva, and urine samples 
from the 22 CCHF patients to rRT-PCR to identify 
CCHFV RNA, antigen ELISA for antigens, and IgM 
ELISA for IgM. We tested 39 serum, 37 saliva, and 42 
urine samples using rRT-PCR and detected CCHFV 
RNA in all 3 types of samples but with different de-
tection rates and time frames. Overall, 35/39 (89.74%) 
serum samples tested positive. We detected CCHFV 
RNA in 2 serum samples as early as day 0 and 1 se-
rum sample as late as day 41. Overall, 25/37 (67.57%) 
saliva samples tested positive. We detected CCHFV 
RNA as early as day 2 in 2 saliva samples and as late 
as day 13 in 1 saliva sample. Only 3/42 (7.14%) urine 
samples tested positive (Figure 1). We detected viral 
RNA as early as day 1 in 1 urine sample and as late as 
day 10 in 1 urine sample. 

For further analysis, we categorized positive sam-
ples by days after symptom onset into 4 groups: 0–4, 
5–9, 10–14, and ≥15 days (Table). In serum samples, 
the rRT-PCR positivity rate was high through day 
14: 100% on days 0–4, 90.9% on days 5–9, and 100% 
on days 10–14. The positivity rate decreased substan-
tially thereafter to 25% during days ≥15. rRT-PCR 
positivity rate for saliva samples gradually increased 
from 55.6% on days 0–4 to 83.3% on days 10–14; we 
observed no positive results during days ≥15. Rate of 
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positivity in urine samples was very low during the 
first 2 weeks of the disease, and we observed no posi-
tive samples during days ≥15. 

We tested 21 serum, 39 saliva, and 42 urine sam-
ples using Vector-Best CCHFV-antigen ELISA. Eight 
(38.10%) of 21 serum, 2/39 (5.13%) saliva, and 0/42 
(0.0%) urine samples tested positive for CCHFV anti-
gen (Figure 2). We detected CCHFV antigen as early 
as day 0 in 1 serum sample and as late as day 5 in 1 
serum sample. In contrast, we detected CCHFV anti-
gen in only 2 saliva samples on days 5–9, and no urine 
samples tested positive for CCHFV antigen. Antigen 
ELISA results were 100% positive in serum samples 
through day 5 of disease onset but declined substan-
tially after that (Table). 

We analyzed 35 serum samples using a Vector-
Best VectoCrimean-CCHF IgM kit. Of those serum 
samples, 22 (62.85%) were positive. On day 2, 1 serum 
sample tested positive for CCHFV IgM; by day 6, all 
22 serum samples had tested positive for CCHFV IgM 
(Figure 3). The IgM positivity rate using CCHFV-IgM 
ELISA increased substantially during days 5–9 and 
reached 100% by days 10–14. We tested no samples 
for IgM during days ≥15 (Table). 

Our results showed that serum provides most 
suitable sample type for identifying CCHFV RNA. 
From highest to lowest, rRT-PCR positivity rates were 
89.74% in serum, 67.57% in saliva, and 7.14% in urine. 
In line with our results, 1 study (2) identified CCH-
FV RNA in blood, saliva, and urine samples; highest 

Figure 1. Results of Crimean-Congo 
hemorrhagic fever virus real-time 
reverse transcription PCR testing for 
serum (A), saliva (B), and urine (C) 
samples from 22 Crimean-Congo 
hemorrhagic fever patients in Iran, by 
days after onset of symptoms. Weak 
positive, cycle threshold (Ct) 31–36; 
moderate positive, Ct 21–30; strong 
positive, Ct ≤20. 

Table. Positivity rate for Crimean-Congo hemorrhagic fever virus by real-time reverse transcription PCR and ELISA in serum, saliva, 
and urine samples from patients in Iran 
Days after disease 
onset 

PCR-positive samples (%) Antigen ELISA–positive samples (%) IgM ELISA–positive 
serum samples (%) Serum Saliva Urine Serum Saliva Urine 

0–4 20/20 (100) 5/9 (55.6) 1/12 (8.3) 7/7 (100) 0/9 (0) 0/11 (0) 6/18 (33.3) 
5–9 10/11 (90.9) 15/19 (78.9) 1/20 (5) 1/6 (16.7) 2/20 (10) 0/21 (0) 12/13 (92.3) 
10–14 4/4 (100) 5/6 (83.3) 1/7 (14.3) 0/4 (0) 0/7 (0) 0/7 (0) 4/4 (100) 
≥15 1/4 (25) 0/3 (0) 0/3 (0) 0/4 (0) 0/3 (0) 0/3 (0) Not tested 

 CCHFV in Serum, Saliva, and Urine
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positivity was observed in blood (100%, n = 8/8), fol-
lowed by saliva (83%, n = 5/6) and urine (66%, n = 
2/3). Similarly, another study (3), from Kosovo, iden-
tified CCHFV RNA in 66.66% of serum and 42.85% of 
urine samples from CCHF patients. In a study from 
India (4), viral RNA was detected in blood and urine 
samples, but the viral load in urine was lower. In a 
study conducted in Spain (5), viral RNA was detected 
in different sample types, including serum, saliva, 
and vaginal secretions, but not in urine. In our study, 
we detected viral RNA on different days after the on-
set of disease in all 3 evaluated sample types, but the 
widest diagnostic window (days 0–41) was related to 
serum samples. The study from Spain (5) also showed 
that CCHFV RNA can be detected in plasma samples 
through day 20 after onset of the disease. As in our re-
view, the study from Kosovo (3) reported the lengthy 
persistence (36 days) of viral RNA in serum. 

We detected CCHFV antigen in serum and saliva 
but not urine samples. Although viral antigen was 
detectable in serum and urine samples, the positivity 
rate was much lower compared with the rate when 
tested for viral RNA. Only 38.1% of serum samples 

and 5.13% of saliva samples were positive for CCHFV 
antigen, supporting results from other studies sug-
gesting the lower sensitivity of antigen ELISA com-
pared with rRT-PCR testing (6,7). 

The genetic diversity of CCHF viruses can negative-
ly affect the results of rRT-PCR (8). Therefore, targeting 
IgM along with viral RNA can be helpful to increase 
the sensitivity of the diagnosis. In our study, IgM was 
detectable in serum from the second day of the disease 
and, from day 6 onward, all serum samples were posi-
tive for IgM. Of note, CCHFV antibodies cannot be de-
tected in fulminant CCHF patients (9,10). Therefore, in-
terpretation of serologic tests should be considered in 
the context of the patient’s clinical and laboratory data. 

Conclusion
This study showed that CCHF virus can be identified 
in serum, saliva, and urine samples. However, for 
laboratory diagnosis of acute CCHFV infection, the 
best sample type was serum and the best target was 
viral RNA. Between saliva and urine as noninvasive 
samples, saliva might be the more suitable option for 
genome identification. 

Figure 2. Results of Crimean-Congo 
hemorrhagic fever virus antigen ELISA 
testing for serum (A), saliva (B), and 
urine (C) samples from 22 Crimean-
Congo hemorrhagic fever patients in 
Iran, by days after onset of symptoms. 
Weak positive, optical density (OD) 
<1; moderate positive, OD 1–3; strong 
positive, OD >3. 
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Highly pathogenic avian influenza (HPAI) virus-
es cause high mortality rates in wild birds and 

farmed poultry, and their potential for adaptation to 
humans remains a major pandemic threat (1). In 2021, 
a notable increase in avian influenza activity occurred, 
driven by the emergence of influenza A(H5N1) clade 
2.3.4.4b viruses (2,3). Suspected mammal-to-mam-
mal transmission during outbreaks among seals and 
minks led to concerns regarding the escalation of risk 
to humans (4–7). In 2024, the virus was identified in 
dairy cows in the United States (8), and exposure to 
infected cows has resulted in transmission to humans 
(9). To prepare for possible additional human cases, 
we developed an internally controlled, dual-target 
H5 subtyping quantitative reverse transcription PCR 
(qRT-PCR) based on primer–probe sequences from 
the World Health Organization (10). We evaluated 
this qRT-PCR by using synthesized nucleic acids, 
cultured avian and human virus isolates, and clinical 
upper respiratory specimens collected from patients 
with influenza A virus infection.

The Study
We identified previously published primer–probe sets 
from the World Health Organization that target dif-
ferent regions of the influenza A(H5) hemagglutinin  

(HA) gene for combination into a dual-target H5 
subtyping qRT-PCR (Appendix Table 1, https:// 
wwwnc.cdc.gov/EID/article/30/8/24-0785-App1.
pdf) (10). We introduced minor sequence changes to 
account for recent clade 2.3.4.4b diversity, and simul-
taneously, to limit primer–probe complexity (Table 
1). We evaluated these primers and probes against 
complete North American H5 clade 2.3.4.4b HA gene 
sequences in the GISAID database (https://www. 
gisaid.org) during January 1, 2022–May 29, 2024, and 
found that 99.8% (5,975/5,987) of sequences aligned 
with a maximum of 1 mismatch to primer–probe set 1 
and 97.7% (5,972/5,990) aligned with a maximum of 
1 mismatch to primer–probe set 2 (Appendix Tables 
2, 3). We observed no primer–probe mismatches com-
pared with the influenza A H5 sequences obtained 
from persons with H5 infections in the United States 
(4 persons as of May 29, 2024) (Appendix Tables 4, 
5). We combined the primer–probe sets in multiplex 
with primers–probes for the influenza A matrix (M) 
gene for pan–influenza A detection and with prim-
ers–probes for RNase P as an internal control (11).

We determined the 95% lower limit of detec-
tion (LLOD) by using single-stranded DNA (ssDNA) 
encoding the H5 target sequences from HPAI virus 
clade 1 (GenBank accession no. JQ966928, A/con-
dor/Guangdong/139/2003 [H5N1]) (12) and clade 
2.3.4.4b (GenBank accession no. OP499866, A/red-
tailed hawk/Kansas/W22–198/2022 [H5N1]) viruses 
(Appendix Table 6). The primer–probe target regions 
of this clade 2.3.4.4b H5 sequence are identical to 
the recent H5 sequences from dairy cows and hu-
mans. We combined the 2 clade 1 ssDNA targets at 
equal copy numbers; we did the same with the clade 
2.3.4.4b ssDNA targets. We also combined these H5 
clade mixes at equal copy numbers with ssDNA en-
coding the pan–influenza A M gene target. We then 
diluted the clade 1 ssDNA mix and clade 2.3.4.4b ssD-
NA mix to 2, 1, and 0.5 copies/μL in pooled influenza  
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A–negative eluates extracted from clinical upper re-
spiratory specimens. We then performed the H5 sub-
typing qRT-PCR (Appendix). We tested 20 replicates 
at each level for both mixes. The 95% LLOD for the 
H5 target was 2.5 copies/μL (95% CI 1.8–5.3 copies/
μL) for the clade 1 ssDNA mix and <0.5 copies/μL 
(we were unable to calculate 95% CI) for the clade 
2.3.4.4b ssDNA mix.

We also evaluated the H5 subtyping multiplex 
qRT-PCR by using genomic RNA from a clade Eur-
Asian non-goose/GuangDong (Gs/Gd) isolate, Kil-
bourne F181, A/duck/Singapore/645/1997 (H5N3). 
We assigned this genomic RNA an estimated con-
centration in copies/μL by using the clade 2.3.4.4b 
ssDNA as standard curve, then diluted it to 2, 1, and 
0.5 copies/μL in pooled influenza A–negative elu-
ates. We tested 20 replicates at each level. The 95% 
LLOD for the H5 target was 0.6 copies/μL (95% CI 
0.5–0.7 copies/μL). In addition, we tested 10-fold se-
rial dilutions from 4.6 to 0.6 log10 copies/mL of the 
Kilborne F181 genomic RNA in duplicate (Appendix 
Figure), which indicated 0.97 reaction efficiency for 
the H5 target.

We then evaluated the H5 subtyping qRT-PCR 
by using genomic RNA from additional H5 viruses, 
including 5 low pathogenicity avian influenza non-

Gs/Gd isolates from the United States (Table 2). We 
tested each eluate in duplicate. Although we detected 
H5 RNA in all reactions, the difference in mean cycle 
threshold (Ct) values between the H5 and pan–influ-
enza A (M gene) targets varied widely (range 0.6–9.9 
cycles). Testing the H5 primer–probe sets individu-
ally revealed that the US non-Gs/Gd genomic RNAs 
were detected only by primer–probe set 1. The A/
mallard/Minnesota/16-041335-3/2016 (H5N2) elu-
ate showed the greatest Ct difference, consistent with 
the highest number of H5 primer–probe mismatch-
es in primer–probe set 1 (9 mismatches) (Appendix  
Tables 5, 6).

To determine specificity, we tested genomic RNA 
from cultured human and avian virus isolates encod-
ing non-H5 HA genes (Table 3). We detected the pan–
influenza A target in all eluates; median Ct value was 
17.3 (range 13.6–20.7). We did not detect the H5 target 
in any eluates.

We performed further specificity experiments 
by using residual upper respiratory swab sam-
ples in viral transport media submitted for clini-
cal respiratory virus testing. We conducted this 
work with Stanford Institutional Review Board 
approval (protocol no. 68234); individual consent 
was waived. We evaluated 100 samples collected 

 
Table 1. Primers and probes used in study of multiplex dual-target reverse transcription PCR for subtyping avian influenza A(H5) virus* 
Target Name Sequence, 5′ → 3′ Final concentration 
A(H5) FluA_H5_v4_1F TACCAGATACTGTCAATTTATTCAAC 400 nM 

FluA_H5_v4_1R GTAACGACCCATTGGAGCACATCC 400 nM 
FluA_H5_v4_1Prb.FAM FAM-CTGGCAATC/ZEN/ATGRTRGCTGGTCT-3IABkFQ 200 nM 

   
FluA_H5_v4_2F TGGGTACCATCATAGCAATGAGCA 400 nM 
FluA_H5_v4_2R AACTCCCTTCCAACTGCCTCAAA 400 nM 

FluA_H5_v4_2Prb.FAM FAM-TGGGTACGC/ZEN/TGCGGACAAAGAATCCA-3IABkFQ 200 nM 
A (M) Pan-FluA-F GACCRATCCTGTCACCTCTGAC 400 nM 

Pan-FluA -R AGGGCATTYTGGACAAAKCGTCTA 400 nM 
Pan-FluA -prb_Q705 Q705-TGCAGTCCTCGCTCACTGGGCACG- BHQ-3 200 nM 

Human 
RNase P 

RNase P Fwd AGATTTGGACCTGCGAGCG 100 nM 
RNase P Rev GAGCGGCTGTCTCCACAAGT 100 nM 

RNase P Probe CF560 CF560-TTCTGACCTGAAGGCTCTGCGCG-BHQ-1 50 nM 
*H5 probes were purchased from Integrated DNA Technologies (https://www.idtdna.com). The probes contain the internal quencher, ZEN, in addition to 
the 3′ Iowa BHQ FQ (3IABkFQ) (proprietary to Integrated DNA Technologies). Influenza A (M) and human RNase P probes were purchased from 
Biosearch Technologies (https://www.biosearchtech.com). Bold type indicates mixed bases. BHQ, Black Hole Quencher; CF560, CalFluor 560; FAM, 6-
carboxyfluorescein; M, matrix gene; Q705, Quasar 705. 

 

 
Table 2. Avian influenza A(H5) virus genomic RNA used to evaluate inclusivity in study of multiplex dual-target reverse transcription 
PCR for subtyping avian influenza A(H5) virus* 

Genome Clade 
GenBank 

accession no. H5 Ct M Ct 
Ct 

difference 
Kilbourne F181, A/duck/Singapore/645/1997 (H5N3) EA-non-Gs/Gd NA 18.3 17.7 0.6 
A/quail/California/14-012546-1/2014 (H5N8) Am-non-Gs/Gd NA 22.9 19.0 3.9 
A/mallard/Minnesota/16-041335-3/2016 (H5N2) Am-non-Gs/Gd MH546659 32.1 22.3 9.9 
A/emperor goose/Alaska/17-004479-1/2016 (H5N2) Am-non-Gs/Gd MH546451 26.8 23.3 3.6 
A/glaucous-winged gull/Alaska/16-041335-19/2016 (H5N2) Am-non-Gs/Gd MH546475 23.3 21.8 1.5 
A/northern pintail/Alaska/16-041335-5/2016 (H5N2) Am-non-Gs/Gd MH546883 20.9 19.1 1.9 
*Kilbourne F181 genomic RNA was obtained from BEI Resources (https://www.beiresources.org). Am-non-Gs/GD A(H5) genomic RNA was obtained from 
the US Department of Agriculture. The genomic RNA from these influenza A(H5) viruses was diluted 1:10 buffer AVE plus carrier RNA (QIAGEN, 
https://www.qiagen.com) and tested in duplicate. Ct values are means. Am-non-Gs/Gd, non-goose/GuangDong from the United States; Ct, cycle 
threshold; EA-non-Gs/Gd, Eurasian non-goose/GuangDong; M, matrix gene; NA, not available. 
 

PCR for Subtyping Avian Influenza A(H5) Virus

http://www.cdc.gov/eid


DISPATCHES

1712 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024

during the 2022–2023 respiratory virus season that 
were positive for influenza A by using routine clini-
cal methods (98 by using Hologic Panther Fusion 
[Hologic, https://www.hologic.com] and 2 by us-
ing Cepheid GeneXpert [Cepheid, https://www.
cepheid.com]), including 29 known co-infections 
(13 respiratory syncytial virus [RSV], 7 rhinovirus, 
3 adenovirus, 3 human metapneumovirus, 1 para-
influenza-3, 1 parainfluenza 4, and 1 with both RSV 
and rhinovirus). In addition, we tested 55 upper re-
spiratory samples collected in April 2024 that were 
negative for influenza A, influenza B, RSV, para-
influenza virus 1–4, rhinovirus, adenovirus, and 
human metapneumovirus on the Panther Fusion 
by using the H5 subtyping qRT-PCR. We extracted 
total nucleic acids from 400 µL and eluted them in 
60 µL buffer AVE on the BioRobot EZ1 (Qiagen) by 
using the EZ1 virus mini kit 2.0, according to the 
manufacturer’s recommendations. We detected the 
pan–influenza A target in 97.0% (97/100) of the in-
fluenza A–positive samples; median Ct value was 
24.1 (range 12.6–37.7). All 3 of the samples that 
were not detected in the pan–influenza A channel 
of the H5 multiplex had detectable RNase P (Ct val-
ues of 22.5, 18.7, and 20.8), indicating adequate ex-
traction and the absence of inhibitors. The original 
influenza A Ct values (Panther Fusion) for those 3 
samples were 41.4, 38.0, and 38.2. Upon repeat test-
ing, influenza A RNA was detected only in the sam-
ple with the lowest original Ct value for influenza 
A (Ct 34.8) by the H5 multiplex. None of those influ-
enza A–positive samples had detectable H5 RNA. 
Of the respiratory virus panel negative samples, 
all had detectable RNase P; median Ct value was 
23.9 (range 17.7–29.8). None of the panel negative 
samples had detectable H5 RNA.

Conclusions
HPAI H5 viruses, particularly clade 2.3.4.4b viruses, 
pose an emerging pandemic threat. This internally con-
trolled dual-target influenza A(H5) qRT-PCR demon-
strated high analytical performance and could be used 
to directly test samples from patients with suspected 
HPAI A(H5) virus infection or as a secondary test to 
subtype known influenza A–positive samples after rou-
tine respiratory virus testing. The dual-target design 
reduces the likelihood of false negatives, as evidenced 
by detection of low pathogenicity avian influenza H5 
viruses with substantial target mismatch. However, 
continuous sequence surveillance and updating of the 
primer–probe sets will be required to ensure that this 
assay accounts for ongoing viral evolution (13).
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In 2010, a new methicillin-resistant Staphylococcus 
aureus (MRSA) clone, belonging to the clonal com-

plex (CC) 913, Panton-Valentine leukocidin (PVL)–
negative, staphylococcal cassette chromosome mec 
type IV, was isolated from Bedouin children in Israel 
(1). In 2012, isolates of CC913 were further analyzed, 
and their spa type was revealed as t991. Four t991 iso-
lates were identified in hospitals across Israel, indi-
cating the spread of the clone to communities beyond 
the Bedouin population in southern Israel (2). In 2015, 
a total of 12 t991 isolates were obtained from 280 pa-
tients (3), and in 2019, a total of 6 t991 isolates were 
obtained from 112 patients (4), mainly from children.

Since 2015, MRSA isolates of spa type t991 have 
emerged to become one of the main lineages in hos-
pitals and health maintenance organizations in Israel. 
However, despite its significance, comprehensive 
characterization of spa type t991 clone is lacking. We 
explore its genomic context and antibiotic profile in 
this study.

The Study
 During 2012–2020, the S. aureus national reference 
laboratory of Israel received a total of 4,646 MRSA 
isolates, obtained from skin and soft tissue infec-
tions (SSTIs), that were classified into 284 different 
spa types. Types t002, t008, and t032 were the most 
prevalent; t002 comprised 25% of total MRSA SSTI 

isolates, t008 comprised 15%, and t032, 5%. During 
that period, the proportion of t991 MRSA gradually 
increased to 13% of total MRSA SSTI isolates, where-
as the leading spa types in MRSA SSTIs (t002 and 
t008) remained stable (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/30/8/23-0981-App1.
pdf). During that period, 689 S. aureus samples of 
spa type t991, mecA-positive, PVL-negative, were 
received at the S. aureus national reference labora-
tory (Appendix). Most of the samples (406, 70%) 
were isolated from SSTIs; 66% isolates were from 
patients <5 years of age (p = 0.0001), whereas 4% 
were isolated from patients >60 years of age. In ad-
dition, most patients resided in localities associated 
with Arab and Orthodox Jewish populations (5). The 
number of t991 MRSA isolates from SSTI and blood 
increased dramatically, from 5 in 2012 to 180 in 2019 
and 146 in 2020 (https://microreact.org/project/
r4dFwJGXudh3gfyWtE1f87-t991final) (Figure 1).

We conducted whole-genome sequencing on 20 
t991 MRSA isolates that were selected (Appendix 
Table), along with 3 t991 MRSA isolates from Germa-
ny (6,7). The isolates clustered into 4 separate clades 
(Figure 2). Clade A consisted of the 3 t991 isolates 
from Germany and is 130 whole-genome multilocus 
sequence typing (wgMLST) alleles distant from the 
first isolate of clade B, which consisted of 7 isolates 
from patients who lived in the Negev and were ad-
mitted to the same hospital. Clade C consisted of 5 
isolates from patients residing in the Jerusalem dis-
trict. Clade D consisted of 8 isolates, 7 of which were 
from Orthodox Jewish patients.

We tested 116 t991 MRSA isolates for phenotypic 
susceptibility by using the broth microdilution meth-
od (Figure 3). Isolates from patients living in Arab 
localities were more resistant to erythromycin and 
chloramphenicol, whereas those isolated from pa-
tients living in Jewish localities showed higher resis-
tance to gentamicin, ciprofloxacin, levofloxacin, and 
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moxifloxacin (Appendix Figure 2). That tendency was 
statistically significant for chloramphenicol (p = 0.01) 
and gentamicin (p = 0.01).

We found 9 antimicrobial resistance (AMR) deter-
minants, 8 AMR genes and 1 point mutation, among 
the 20 t991 MRSA sequences (Figure 4). Overall,  

Figure 1. t991 MRSA isolates 
isolated from blood and SSTIs 
among patients in Israel 
during 2012–2020. Left y-axis 
represents number of t991 
isolates isolated and right y-axis 
represents the relative part 
from total MRSA SSTI or blood 
isolates. MRSA, methicillin-
resistant Staphylococcus aureus; 
SSTI, skin and soft tissue 
infection.

Figure 2. Phylogenetic relationships 
between 23 t991 MRSA genomes 
isolated in Israel and Germany. The 
figure shows a minimum spanning 
tree, created in Bionumerics software 
(https://www.bionumerics.com), 
based on 3,904 wgMLST allele IDs 
of sequenced t991 MRSA isolates. 
Each node represents an isolate; 
numbers along branches connecting 
nodes indicate the numbers of allelic 
differences between isolates. The 
isolates are further divided into 4 
clades (A–D). MRSA, methicillin-
resistant Staphylococcus aureus; 
wgMLST whole-genome multilocus 
sequence typing.

ST913-IVa-t991 MRSA, Israel
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correlation between genotype prediction based on 
WGS and phenotypic AMR was 99% with a sensitivity 
of 94% and specificity of 100%. All discrepancies were 
associated with an absence of resistance determinant 
among phenotypically resistant isolates. No data for 
quinolone resistance genes or mutational resistance 
were predicted by the BioNumerics (https://www.
bionumerics.com) or AMRFinder (https://github.
com/ncbi/amr/releases/tag/amrfinder_v3.10.21) 
algorithms. In addition, we did not test phenotypic 
resistance against mupirocin.

We compared virulence profiles of 20 WGS t991 
isolates with 3 t991 isolates from Germany, communi-
ty-acquired MRSA USA300, and USA400 (8) as a ref-
erence using the functional genotyping tool of Bionu-
merics version 8.0. The main difference in virulence 
gene profile is reflected in the group of genes associat-
ed with adherence (Appendix Figure 3). In addition, 
virulence profiles can be grouped into 6 patterns on 
the basis of the presence of specific adherence factor 
genes in the genomes (Appendix Figure 4). We found 
no correlation between virulence profile and AMR, 
age, sex, residence location, or association with 1 of 
the genomic clades.

Next, to assess the genetic relationship of t991 
isolates to other MRSA strains circulating worldwide, 
we created GrapeTree on the pubMLST site (https://
pubmlst.org/organisms/staphylococcus-aureus) 
based on wgMLST data of representative local MRSA 
t991 strain (SA14675) along with 37,883 S. aureus glob-
al isolates (Appendix Figure 5) (9). The closest node to 
strain SA14675 is at a distance of 74 wgMLST alleles 
and is composed of 7 isolates. The next closest node is 
at a distance of 1,486 wgMLST alleles and composed 
of isolates that belong mainly to CC1.

Conclusions
Most t991 cases were isolated from young patients 
who live in strictly Orthodox and Arab localities. A 
possible explanation for this phenomenon is a simi-
lar lifestyle of the 2 sectors, characterized by over-
crowding and large families. Regarding the evolution 
of this clone and its spread into the population, this 
strain appears to have evolved by multiple different 
genetic events. This assumption is supported by sev-
eral findings. First, t991 MRSA isolates demonstrated 
classification into 4 distinct clades on the basis of geo-
graphic location and sectoral association; we noted 
genetic variation and weak clonality evident from the 
considerable distances between nodes, even within 
the same clade. Second, antibiotic resistance patterns 
vary between isolates obtained from patients who 
live in Jewish and Arab localities (Appendix Figure 

2). Finally, spa type t991 composition is very short; it 
consists of 3 repeats (07-33-23) and can be formed as 
a result of genetic rearrangement of numerous MRSA 
strains harboring longer spa type repeats in which the 
repeats of spa type t991 from a part of their repeat suc-
cession. Worldwide phylogenetic analysis indicates 
that t991 MRSA stands out as a distinct emerging 
lineage because it appears considerably distant from 
most strains included in the GrapeTree (Appendix 
Figure 5).

Phenotypic AMR data for global isolates were 
available for 2 isolates (7,10). One isolate obtained 
in Kuwait was resistant to erythromycin, clindamy-
cin, trimethoprim, and fusidic acid (10), and the 

Figure 3. Percentage of resistant isolates to antibacterial agents 
among 116 t991 MRSA isolates from Israel tested for antimicrobial 
susceptibility using the broth microdilution method. MRSA, 
methicillin-resistant Staphylococcus aureus. 
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other was isolated in Germany from a refugee 
from Syria (7) and was resistant to erythromycin, 
clindamycin, and tetracycline. Out of the 116 tested 
t991 isolates, none showed resistance to tetracycline 
by antimicrobial susceptibility. For 2 isolates, we 
observed phenotypic resistance for erythromycin 
and chloramphenicol without prediction of AMR 
determinant. Close inspection of those isolates re-
vealed they were actually positive for ermC and cat, 
and their sequences were fragmented into multiple 
contigs. Consistent with previous publications (10–
12), all isolates tested, except for the strain from 
the Syria refugee (7), were positive for eta, a toxin 
responsible for skin infections seen mainly among 
young patients (3,4,7). Those findings are in accor-
dance with the observation that t991 MRSA is pre-
dominantly isolated from children.

In conclusion, our study shows the emergence of 
t991 MRSA in Israel. These strains affect mainly pe-
diatric populations, and a geographic distribution is 
limited mainly to the Middle East. The epidemiologic 
and genomic information our research provides will 
assist further investigation on the origin and dissemi-
nation of this clone.
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Pasteurellaceae bacteria have been identified in 
many vertebrates as members of the microbiota 

but can occasionally cause human infections (1). Cur-
rently, the family Pasteurellaceae contains 34 genera 
and 105 species (https://pasteurellaceae.eu). Few ac-
quired antibiotic resistances are reported (occasionally 
β-lactamases, macrolides, tetracyclines, or fluoroqui-
nolones), but recently some strains were reported to 
have multidrug resistance profiles (2–4). We describe a 
new bacterium belonging to the Pasteurellaceae family 
isolated from positive blood cultures of a septic patient.

A 74-year-old woman was admitted January 2022 
to the emergency department at the Limoges teaching 
hospital in France. She reported complaints of an oc-
clusive syndrome with nausea, vomiting, and fever. 
She was previously diagnosed in 2015 with an adeno-
carcinoma of the small intestine with metastases in the 
lungs and liver with biliary compression. After multi-
ple chemotherapies and surgeries, she was diagnosed 
with severe bacteremia of digestive origin (Figure). A 
metallic biliary prosthesis through a biliary drain was 
placed in December 2021. No documentation of any 
contact with farm animals or pets was reported.

We conducted an abdominal computed tomogra-
phy scan that detected a hepatic lesion with a hetero-
geneous hypodense area of the tip of the VI segment 
of the liver on the path of the biliary drain, suggest-
ing a biloma. Laboratory results showed evidence of 
possible infection with a total leukocyte count of 24.4 
× 109 leukocytes/L (reference range 3.78–9.42 × 109 
leukocytes/L) and a C-reactive protein result of 150 
mg/L (reference range <5 mg/L). Two blood cul-
tures were collected, and we initiated empiric antibi-
otic therapy with ceftriaxone-metronidazole (Figure). 
Four blood culture bottles, aerobic and anaerobic in-
cubation detected growth after 16 hours of incuba-
tion. A Gram stain of the positive bottles showed a 
short gram-negative rod (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/30/8/23-1651-App1.
pdf). Small, bright colonies grew in a 5% CO2 atmo-
sphere on blood agar and PolyVitex plates (bioMéri-
eux, https://www.biomerieux.com) after 24 hours of 
incubation at 35°C (Appendix Figure 1). We attempted 
bacterial identification by using matrix-assisted laser 
desorption/ionization time-of-flight mass spectrom-
etry (bioMérieux) and did not match any known bac-
terial species. We determined MICs by using E-tests 
(bioMérieux) on Mueller Hinton agar with 5% horse 
blood (bioMérieux) for amoxicillin/clavulanic acid, 
piperacillin/tazobactam, cefotaxime, levofloxacin, and 
trimethoprim/sulfamethoxazole, according to phar-
macokinetic-pharmacodynamic EUCAST breakpoints 

RESEARCH LETTERS

We report discovery of a new bacterial genus and species 
of the family Pasteurellaceae by using phylogenetic and 
metabolic analysis. The bacterium, Emayella augustorita, 
was isolated from blood cultures of a patient in France 
diagnosed with an adenocarcinoma of the intestines and 
who was treated with a biliary prosthesis placement.

Figure. Timeline of main events for case report on the isolation of Emayella augustorita, a novel bacterium of the Pasteurellaceae family 
recovered from a patient with sepsis, France. E. coli, Escherichia coli; E. faecalis, Enterococcus faecalis; K. variicola, Klebsiella variicola; 
S. gallolyticus, Streptococcus gallolyticus.
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(https://www.eucast.org). No phenotypic resistance 
was detected (Table). The patient’s successive blood 
cultures became negative, but her general status wors-
ened, leading to death in February 2022 (Figure).

Sanger sequencing of the whole 16S rRNA gene 
(Genbank accession no. OR046993) did not show suf-
ficient identification (94.78% similarity with Pasteurel-
la oralis). A 16S phylogenetic tree confirmed the result 
but also emphasized the wrong affiliation of genera 
in this family (Appendix Figure 2). Because of the low 
identity percentage (<97%), we conducted whole-
genome sequencing by using the Ion GeneStudio 
S5 Plus platform (ThermoFisher Scientific, https://
www.fishersci.com), as previously described (5). The 
genome size was 2.68 Mbp, and the total DNA gua-
nine and cytosine mol% content was 45.3 mol%. An-
notation identified 2462 coding sequence, 45 tRNA, 
and 6 rRNA. No resistance genes were detected 
(Appendix). We identified the type strain as LIM206 
(Genbank accession no. JAWHQP010000000).

A phylogenetic tree based on single nucleotide 
polymorphisms comparison between whole genomes 
of different Pasteurellaceae species showed LIM206 
was placed on a separate branch from all other genera. 
The average nucleotide identity between LIM206 and 
the closest members that shared a phylogenetic branch 
was 73.48% with Actinobacillus succinogenes, 74.09% 
with Basfia succiniciproducens, 72.13% with Lonepinella 
koalarum, 73.20% with Mesocricetibacter intestinalis, and 
72.13% with Pasteurella bettyae (Appendix Figure 3). 
Results of those combined analyses suggested LIM206 
belonged to a new species and a new genus of Pasteu-
rellaceae. We conducted multilocus sequence analysis 
on 16S rRNA, infB, recN, rpoA, and rpoB genes accord-
ing to previous recommendations (6,7) (Appendix). 
LIM206 was separated from existing genera of Pasteu-
rellaceae and closely linked to A. succinogenes and B. 
succiniciproducens (Appendix Figure 4). To confirm the 
new genus, we conducted amino acid identity analy-
sis and found a maximum amino acid identity value 
of 77.67% with Basfia succiniciproducens (Appendix 
Figure 5). This identity value was considered below 
the genus identity threshold of ≈83% compared to 
other Pasteurellaceae genera. 

We compared the biochemical characteristics of 
LIM206 to those of different species of the Pasteurel-
laceae family (Appendix Table 1). We detected the 
presence of urease activity, the acidification of l-arab-
inose and d-xylose, and the absence of acidification of 
d-mannitol and d-trehalose, which are not frequently 
observed in Pasteurellaceae. Those characteristics are 
absent in the genetically closest species (8,9).

In conclusion, we report the description of a 
new genus and species of the Pasteurellaceae family 
found in blood cultures of a septic patient in France 
followed for metastatic adenocarcinoma of the intes-
tines. We derived the genus name Emayella from the 
word enamel; the species name augustorita is in refer-
ence to the Roman name of Limoges. The bacterium is 
a short gram-negative coccoid to rod shape. It is cata-
lase negative, oxidase positive, nonmotile, fermenta-
tive, capnophilic, and nonhemolytic. The bacterium 
does not require β-nicotinamide adenine dinucleo-
tide or hemin-factors for growth. 
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Highly pathogenic avian influenza A(H5N1) virus 
was detected in US domestic dairy cattle in late 

March 2024, after which it spread to herds across multi-
ple states and resulted in at least 3 confirmed human in-
fections (1). Assessment of milk from infected dairy cows 
indicated that unpasteurized milk contained high levels 
of infectious influenza virus (2; L.C. Caserta et al., un-
pub. data, https://doi.org/10.1101/2024.05.22.595317). 
Exposure of dairy farm workers to contaminated un-
pasteurized milk during the milking process could lead 
to increased human H5 virus infections. Such infections 
could enable H5 viruses to adapt through viral evolu-
tion within humans and gain the capability for human-
to-human transmission.

1These first authors contributed equally to this article.

Examining the persistence of highly pathogenic avian 
influenza A(H5N1) from cattle and human influenza 
A(H1N1)pdm09 pandemic viruses in unpasteurized milk 
revealed that both remain infectious on milking equip-
ment materials for several hours. Those findings high-
light the risk for H5N1 virus transmission to humans from 
contaminated surfaces during the milking process.

Figure 1. Illustration of milking unit surfaces tested in a study of 
persistence of influenza H5N1 and H1N1 viruses in unpasteurized 
milk. Before attaching the milking unit (claw), a dairy worker disinfects 
the teat ends, performs forestripping of each teat to detect abnormal 
milk, and then wipes each teat with a clean dry towel. Workers then 
attach the milking unit to the cow teats. A pulsation system opens and 
closes the rubber inflation liner (at left) around the teat to massage 
it, mimicking a human stripping action. A vacuum pump is controlled 
by a variable speed drive and adjusts the suction to allow milk to flow 
down a pipeline away from the cow into a bulk tank or directly onto a 
truck. Additional sources of exposure to humans include handling of 
raw unpasteurized milk collected separately from sick cows or during 
the pasteurization process. Schematic created in BioRender (https://
www.biorender.com).
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The milking process is primarily automated and 
uses vacuum units, commonly referred to as clusters 
or claws, which are attached to the dairy cow teats to 
collect milk (Figure 1) (3). However, several steps in 
the milking process require human input, including 
forestripping, whereby workers manually express 
the first 3–5 streams of milk from each teat by hand. 
Forestripping stimulates the teats for optimal milk let-
down, improves milk quality by removing bacteria, 
and provides an opportunity to check for abnormal 
milk. The forestripping process can result in milk splat-
ter on the floor of the milking parlor and surrounding 
equipment and production of milk aerosols. 

After forestripping, each teat is cleaned and dried 
by hand before the claw is installed. During milking, 
a flexible rubber inflation liner housed within the 
stainless-steel shell of the claw opens to enable the 
flow of milk and closes to exert pressure on the teat 
to stop the flow of milk (Figure 1). When the flow of 
milk decreases to a specific level, the claw automati-
cally releases (3), at which point residual milk in the 
inflation liner could spray onto dairy workers, equip-
ment, or the surrounding area. Of note, milking often 
takes place at human eye level; the human workspace 
is physically lower than the cows, which increases the 
potential for infectious milk to contact human work-
ers’ mucus membranes. No eye or respiratory protec-
tion is currently required for dairy farm workers, but 
recommendations have been released (4).

 Influenza virus persistence in unpasteurized 
milk on surfaces is unclear, but information on virus 
persistence is critical to understanding viral exposure 
risk to dairy workers during the milking process. 

Therefore, we analyzed the persistence of infectious 
influenza viruses in unpasteurized milk on surfaces 
commonly found in milking units, such as rubber in-
flation liners and stainless steel (Figure 1). 

For infectious strains, we used influenza A(H5N1) 
strain A/dairy cattle/TX/8749001/2024 or a surro-
gate influenza A(H1N1)pdm09 pandemic influenza 
virus strain, A/California/07/2009. We diluted virus 
1:10 in raw unpasteurized milk and in phosphate-
buffered saline (PBS) as a control. As described in pri-
or studies (5–7), we pipetted small droplets of diluted 
virus in milk or PBS onto either stainless steel or rub-
ber inflation liner coupons inside an environmental 
chamber. We then collected virus samples immedi-
ately (time 0) or after 1, 3, or 5 hours to detect infec-
tious virus by endpoint titration using a 50% tissue 
culture infectious dose assay (7). To mimic environ-
mental conditions within open-air milking parlors in 
the Texas panhandle during March–April 2024, when 
the virus was detected in dairy herds, we conducted 
persistence studies using 70% relative humidity. 

We observed that the H5N1 cattle virus remained 
infectious in unpasteurized milk on stainless steel and 
rubber inflation lining after 1 hour, whereas infectious 
virus in PBS fell to below the limit of detection after 
1 hour (Figure 2, panel A). That finding indicates that 
unpasteurized milk containing H5N1 virus remains 
infectious on materials within the milking unit. To as-
sess whether a less pathogenic influenza virus could 
be used as a surrogate to study viral persistence on 
milking unit materials, we compared viral decay be-
tween H5N1 and H1N1 in raw milk over 1 hour on rub-
ber inflation liner and stainless-steel surfaces (Figure  

Figure 2. Viral titers in a study of persistence of influenza H5N1 and H1N1 viruses in unpasteurized milk on milking unit surfaces. A) Viral titers 
of bovine A(H5N1) virus diluted 1:10 in unpasteurized milk or PBS and deposited as ten 1-mL droplets onto the indicated surfaces. Droplets 
were recovered immediately after deposition (time 0) or after 1 hour of aging at 70% relative humidity (RH) at 21°C. Colored dots indicate 
measurements for each droplet; error bars indicate SD. Horizontal dotted lines indicate the theoretical limits of detection. B) Comparison of 
log decay values of H5N1 and H1N1 viruses in unpasteurized milk at 70% RH for 1 hour on rubber inflation liners and stainless steel. Decay 
was calculated as a ratio of the viral titer at time 0 divided by the titer after 1 hour. Colored symbols indicate measurements for each droplet. 
Horizonal lines indicate median values. C) Viral titers of the H1N1 virus diluted 1:10 in unpasteurized milk on the 2 surfaces at 70% RH for 0, 
1, 3, or 5 hours at 23.6°C–25°C. Each symbol is a replicate of >2 biologic replicates using 2 distinct lots of unpasteurized milk performed in 
triplicate. Virus titer was calculated using the traditional TCID50 assay on MDCK cells. Colored dots indicate measurements for each droplet; 
error bars indicate SD. Horizontal dotted lines indicate the theoretical limits of detection. All raw data are available at https://doi.org/10.6084/
m9.figshare.c.7242034.v1. PBS, phosphate buffered saline; TCID50, 50% tissue culture infectious dose. 

http://www.cdc.gov/eid
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2, panel B). The 2 viruses had similar decay rates on 
both surfaces, suggesting that H1N1 can be used as 
a surrogate for H5N1 cattle virus in studies of viral 
persistence in raw milk. Further experiments examin-
ing H1N1 infectiousness over longer periods revealed 
viral persistence in unpasteurized milk on rubber in-
flation liner for at least 3 hours and on stainless steel 
for at least 1 hour (Figure 2, panel C). Those results in-
dicate that influenza virus is stable in unpasteurized 
milk and that influenza A virus deposited on milking 
equipment could remain infectious for >3 hours.

Taken together, our data provide compelling evi-
dence that dairy farm workers are at risk for infection 
with H5N1 virus from surfaces contaminated during the 
milking process. To reduce H5N1 virus spillover from 
dairy cows to humans, farms should implement use 
of personal protective equipment, such as face shields, 
masks, and eye protection, for workers during milking. 
In addition, contaminated rubber inflation liners could 
be responsible for the cattle-to-cattle spread observed on 
dairy farms. Sanitizing the liners after milking each cow 
could reduce influenza virus spread between animals 
on farms and help curb the current outbreak.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2024.05.22.24307745v1.
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Panton-Valentine leucocidin (PVL)–producing Staph-
ylococcus aureus (PVL-SA) is typically associated 

with skin and soft tissue infections, such as abscesses (1). 
Transmission occurs between persons in close contact, 
often causing clusters of community-onset infections, 
especially within families (1). PVL-SA contains the 
genes lukS and lukF, which encode 2 toxin components 
capable of forming a pore-like octamer on neutrophil 
membranes, leading to cell lysis, local inflammation, and 
tissue damage (2). Because staphylococci colonize the 
nares, pharynx, and skin, infection reemergence occurs 
in the case of abrasions or wounds, enabling PVL-SA to 
cross the skin barrier. Topical decolonization of the skin 
and other body sites during or after acute PVL-SA infec-
tions is part of the therapy (3). In this article, we describe 
the successful decolonization of a family in Germany, 
comprising 2 adults and 2 children, who experienced 
severe recurrent PVL-SA infections and multiple unsuc-
cessful decolonization attempts with increased hygiene 
measurements over an extended period. 

The consultant laboratory for methicillin-resistant 
staphylococci in veterinary practice and clinic (CL-MRS-
VPC), located at the institute of microbiology and epizo-
otics, Freie Universität Berlin, was contacted in January 
2022 because a family affected by severe repeated soft 
tissue infections caused by PVL-SA had undergone 3 
unsuccessful decolonization attempts. Everyone in the 
family had experienced multiple (5–15/person) skin 
abscesses caused by PVL-SA since 2017. The 3 unsuc-
cessful ambulatory decolonization attempts of the fam-
ily were performed by the University Hospital in Bonn, 
Germany, according to a standard protocol (Charité, 
https://hygiene.charite.de/forschung/arbeitsgrup-
pen/ag_pvl_bildender_staphylococcus_aureus). A re-
view and assessment of possible reinfection sources by 
the clinicians led to the initial sampling of 2 household 
cats. Samples from both cats (oral, nasal, inguinal, peri-
anal, and rectal) were screened at CL-MRS-VPC.

We cultured all swab samples as previously de-
scribed (4). We identified the S. aureus isolates by us-
ing matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (Bruker, https://www.
bruker.com). We conducted antimicrobial susceptibil-
ity testing by using the VITEK2 system (bioMérieux, 
https://www.biomerieux.com) and Clinical and Lab-
oratory Standards Institute clinical breakpoints (5). We 
used PCR on the S. aureus isolates recovered to detect 
PVL-encoding genes (lukF and lukS) (6). We isolated 
methicillin-susceptible S. aureus (MSSA) from the oral 
cavity and nostrils of both cats. Cat 1 was confirmed as 
a carrier of PVL-positive MSSA, and cat 2 carried PVL-
negative MSSA (Table; Figure). We further investigat-
ed whether the feline MSSA strains were circulating in 
the family by conducting whole-genome sequencing of 
both feline strains and PVL-positive and PVL-negative 
MSSA strains obtained from samples of the human 
family members (Table).

We performed a de novo assembly of the paired-
end reads and annotated the resulting genomes as 
previously described (7). We generated an alignment 
of the maximum common genome from the study set 
to identify single-nucleotide polymorphisms (SNPs). 
The SNP analyses showed close clonal relation-
ships of both the PVL-MSSA, assigned to sequence 
type 8 (range 10–12 SNPs), and the PVL-negative 
MSSA strains, assigned to sequence type 45 (range 
1–7 SNPs), isolated from human and feline samples. 
The lukS and lukF genes of the PVL-MSSA isolate 
shared 100% nucleotide sequence identity and cov-
erage with the corresponding genes in strain USA300 
FPR3757 (GenBank accession no. 87125858), an epi-
demic clone of community-acquired methicillin-re-
sistant S. aureus (8).1These authors contributed equally to this article.

Continued detection of Panton-Valentine leukocidin–
positive Staphylococcus aureus in samples from a fam-
ily with severe repeated skin infections and their pet cat 
suggests transmission between the family and the cat. 
Decolonizing the pet led to successful elimination of the 
bacteria from the household. Clinicians should consider 
pet cats as possible reinfection sources.

http://www.cdc.gov/eid
https://doi.org/10.3201/eid3008.231255
https://hygiene.charite.de/forschung/arbeitsgruppen/ag_pvl_bildender_staphylococcus_aureus
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https://www.biomerieux.com
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According to regulations in Germany for research 
with animal subjects, attempts to decolonize cats by 
using amoxicillin/clavulanate do not need approval 
(Landesamt für Gesundheit und Soziales, Berlin, pers. 
comm., letter, 2023 Feb 6). We performed an initial at-
tempt to decolonize the cats on the basis of antimicrobi-
al susceptibility testing results involving oral adminis-
tration of amoxicillin/clavulanate for 10 days (Figure). 
The decolonization attempt was accompanied by hand 
washing and isolation of the cats indoors.

Samples from cat 2 were negative for S. aureus 
after 10 days, but cat 1, which was PVL-SA–posi-
tive, required a second course of antimicrobial drugs 

(Figure). Because cat 1 refused oral administration of 
antimicrobial drugs for the second decolonization, a 
14-day course of amoxicillin was administered paren-
terally. Swab samples from cat 1 taken on days 58 and 
79 after the second decolonization yielded negative 
results (Figure). A fourth attempt to decolonize the 
entire family was conducted in parallel and was suc-
cessful, according to samples taken from the family 1 
week, 3 months, and 6 months after decolonization.

When recurrent PVL-SA–associated soft tissue 
infections occur within a family and increased hy-
giene measures and decolonization attempts are re-
peatedly unsuccessful, clinicians should consider that 

 
Table. Antimicrobial susceptibility testing results of Staphylococcus aureus isolates recovered from a family who had repeated soft-
tissue infections caused by Panton-Valentine leukocidin–producing S. aureus and their pet cats* 
Isolate IMT51844 IMT51843 IMT51535 IMT51669 IMT51533 IMT51534 IMT51668 IMT51681 
Source Child Parent Cat 2 Cat 2 Cat 1 Cat 1 Cat 1 Cat 1 
Sample site Nose Inguinal Mouth Nose Mouth Nose Nose Nose 
Date 2021 Nov 2021 Nov 2022 Mar 2022 Mar 2022 Mar 2022 Mar 2022 Mar 2022 Mar 
ST 45 8 45 45 8 8 8 8 
PVL – + – – + + + + 
Antimicrobial drug MIC, µg/mL        
 CIP  0.12 16 0.12 0.25 16 16 16 16 
 ENR  0.12 4 0.12 0.12 4 4 4 4 
 MAR  0.25 16 0.25 0.25 16 16 16 16 
 GEN  1 0.25 0.5 1 0.25 0.25 1 0.25 
 SXT  0.06/1.19 0.06/1.19 0.06/1.19 0.06/1.19 0.06/1.19 0.06/1.19 0.06/1.19 0.06/1.19 
 TET  0.25 32 0.5 1 64 32 32 64 
 DOX  0.5 4 0.5 0.5 4 4 4 4 
 PEN  0.03 0.03 0.03 0.03 0.03 0.06 0.06 0.06 
 AMP  0.12 0.12 0.25 0.12 0.12 0.12 0.25 0.25 
 AMC  0.25/0.12 0.25/0.12 0.25/0.12 0.25/0.12 0.25/0.12 0.25/0.12 0.25/0.12 0.25/0.12 
 OXA  0.12 0.25 0.12 0.25 0.25 0.25 0.5 0.25 
 ERY  1 >64 0.5 0.5 >64 32 >64 >64 
 CLI  0.25 0.25 0.25 0.25 0.12 0.12 0.25 0.12 
*AMC, amoxicillin/clavulanate; AMP, ampicillin; CIP, ciprofloxacin; CLI, clindamycin; DOX, doxycycline; ENR, enrofloxacin; ERY, erythromycin; GEN, 
gentamicin; MAR, marbofloxacin; OXA, oxacillin; PEN, penicillin; PVL, Panton-Valentine leukocidin; ST, sequence type; SXT, 
sulfamethoxazole/trimethoprim; TET, tetracycline; +, positive; –, negative. 

 

Figure. Timeline and overview of a successful decolonization attempt of 2 household cats colonized with methicillin-susceptible 
Staphylococcus aureus, Germany. The family suffered from repeated soft-tissue infections caused by PVL-SA. Cat 1 was colonized with 
PVL-SA; cat 2 was colonized with PVL-negative SA. Decolonization period A consisted of oral administration of amoxicillin/clavulanic 
acid for 10 days. Decolonization period B consisted of parenteral administration of amoxicillin for 14 days. 1, initial screening for SA; 2, 
start of decolonization period A; 3, screening results at day 7 of decolonization period A; 4, screening results at day 10 of decolonization 
period A; 5, start of decolonization period B; 6, screening result of cat 1 during decolonization period B; 7, screening results on day 58 
from the start of decolonization period A; 8, screening results on day 79 from the start of decolonization period A. Red text indicates 
positive for PVL-SA; blue text indicates positive for PVL-negative S. aureus. Figure created with Biorender (https://www.biorender.com; 
license BW 27.06.2023). Enrichment: Neg, negative for S. aureus; Pos, positive; Positive, positive for PVL-SA after enrichment step in 
liquid medium; PVL, Panton-Valentine leukocidin; PVL-SA, PVL-positive S. aureus.

http://www.cdc.gov/eid
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pets may be involved in the transmission circle. Be-
cause the close phylogenetic relationship of the hu-
man and feline isolates in this case strongly suggested 
transmission, our findings highlight the importance 
of considering colonized or infected pets as a poten-
tial source of reinfection for humans during S. aureus 
decolonization attempts, as previously reported (9,10). 
In such cases, cat decolonization attempts require an-
timicrobial drugs that are well tolerated and approved 
as first-line treatments in veterinary medicine. Fea-
sibility of treatment and animal welfare of the feline  
outpatients should be taken into consideration.

Access to the genome alignment study set generated can 
be found at https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA859770.
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A woman in South Korea who underwent a colonoscopy 
for occasional gastrointestinal discomfort had 4 adult 
flukes of Echinostoma cinetorchis showing 37 collar 
spines around the oral sucker recovered from the ter-
minal ileum through the ascending colon. Partial gene 
sequencing showed high identity with E. cinetorchis.
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Echinostomes are zoonotic intestinal flukes infect-
ing birds and mammals worldwide (1,2). Adult 

echinostomes generally inhabit the small intestines of 
the definitive host and attach to the mucosal surface, 
causing pathological changes that include inflamma-
tion of the mucosa, bleeding, and ulceration (1). Echi-
nostoma cinetorchis infects humans, dogs, cats, rodents, 
chickens, and ducks in South Korea, Japan, China, 
Taiwan, and Vietnam (1,2). The second intermediate 
hosts—that is, the source of infection for definitive 
hosts—include freshwater snails, fish, and amphib-
ians (1). Human E. cinetorchis infection has been rela-
tively rare and reported in only a few patients who 
had abdominal pain, diarrhea, weakness, and weight 
loss (1,3). We report the case of a woman in South Ko-
rea infected with E. cinetorchis whereby adult flukes 
were recovered through colonoscopy and identified 
by morphologic and molecular analyses.

A 69-year-old woman with occasional gastroin-
testinal discomfort, indigestion, constipation, and di-
arrhea visited Dr. Song Jeong-Gil's Internal Medicine 
Clinic, Pyeongtaek, Gyeonggi, South Korea, in October 
2023. Laboratory examinations revealed overall blood 

counts, liver function markers, renal function indica-
tors, and lipid profiles were within reference ranges. Fe-
ces examination revealed negative results for protozoa  
and helminths.

Colonoscopy showed 4 actively motile adult 
trematodes in the mucosa of the ileum, cecum, and 
ascending colon (Figure 1, panel A). A physician re-
moved the worms with grasping forceps and trans-
ferred them to the MediCheck Research Institute, 
Korea Association of Health Promotion (Seoul, South 
Korea), for morphologic and molecular identification. 
Two of the 4 worms were intact, and the remaining 
2 were broken during the clipping of the worms. Re-
searchers observed the intact worms by using a light 
microscope after fixation with 10% formalin under 
coverslip pressure and stained with acetocarmine 
(Figure 1, panels B, C).

The worms were elongated and spindle-shaped, 
measuring ≈6.75 mm in length and 2.25 mm in width 
(both average measurements at the ovarian level. The 
worms had 37 collar spines (Figure 1, panel B), of 
which 24 were arranged in a single row, consisting of 6 
corners and 6 laterals on each side, and the additional 

Figure 1. Analysis of a worm 
identified as Echinostoma 
cinetorchis removed during 
colonoscopy from a 69-year-
old woman in South Korea. A) 
Colonoscopy image showing a 
moving trematode in the mucosa 
of the descending colon. B) 
Whole body of the worm. Scale 
bar = 0.6 mm. C) Head part of 
the worm showing collar spines 
(37 in total number) on the head 
collar around the oral sucker, by 
which it could be morphologically 
identified as a 37-collar-spined 
echinostome. Scale bar = 0.1 
mm). O, ovary; OS, oral sucker; 
T, testis; VS, ventral sucker. 

http://www.cdc.gov/eid
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13 dorsal spines were arranged in 2 alternating rows. 
The vitellaria were follicular and distributed mainly in 
lateral fields from the posterior margin of the ventral 
sucker to the posterior end of the body. One or both 
testes were absent in 3 of the 4 specimens (1 specimen 
had 2 testes), unlike other echinostome species, which 
usually have 2 testes. Intrauterine eggs (n = 10) were 
yellowish and operculated, measuring an average of 
110 μm in length and 63 μm in width. The patient was 
prescribed a single dose of praziquantel (10 mg/kg).

We preserved the 2 broken worms in 70% ethanol 
for molecular studies. We isolated genomic DNA from 
the worm segments by using the DNeasy Blood and 
Tissue kit (QIAGEN, https://www.qiagen.com). We 
partially amplified (398 bp) the NADH dehydrogenase 
1 (ND1) regions by using the standard PCR protocol 
with GenomicsOne 5X PCR Premix (GenomicsOne, 
https://www.donginbio.com) and 10 pmol of forward 
and reverse primers to detect Echinostoma spp. (4). We 
directly sequenced the PCR product at Macrogen Inc. 
(Seoul, Korea). Sequencing revealed 99.7% identity of 
our specimens (GenBank accession no. PP338757) with 

the sequences of E. cinetorchis deposited in GenBank 
(accession no. KU519289) (Figure 2, panel A). We ob-
tained phylogenetic trees based on sequences of par-
tial cytochrome c oxidase subunit 1 mitochondrial 
gene (CO1) (185 bp) and internal transcribed spacer 
(ITS) region (ITS1–5.8S-ITS2) (657 bp). Our sample for 
CO1 (accession no. PP710359) was 95.7% identical to 
E. cinetorchis (accession no. MT577587) (Figure 2, panel 
B), and our sample for the ITS region (accession no. 
PP683096) was 98.3% identical to E. cinetorchis (acces-
sion no. MT577832) (Figure 2, panel C).

In South Korea, few human infection cases with 
E. cinetorchis have been identified through adult 
worm recovery by purging with magnesium sulfate 
or through gastrointestinal endoscopy (1,3). Our di-
agnosis of E. cinetorchis infection was determined by 
adult worm recovery through colonoscopy, followed 
by morphologic and molecular analyses. Most adult 
echinostomes, such as Isthmiophora hortensis, reside in 
the upper portion of the small intestine or occasion-
ally in the pyloric area of the stomach (5–10). In com-
parison, 2 endoscopy cases of E. cinetorchis infection 

Figure 2. Phylogenetic trees of a worm identified as Echinostoma cinetorchis removed during colonoscopy from a 69-year-old woman 
in South Korea (bold text). Trees were based on nucleotide sequences of the NADH dehydrogenase 1 gene (A), cytochrome c oxidase 
subunit 1 mitochondrial gene (B), and internal transcribed spacer region (C) of the worm in comparison with various echinostome species 
deposited in GenBank (accession numbers shown), inferred by the neighbor-joining method (1,000 bootstrap replications) using the 
Geneious Prime Program 2023.1.2. (Geneious, https://www.geneious.com). Echinoparyphium aconiatum (NADH dehydrogenase 1 and 
cytochrome c oxidase subunit 1 mitochondrial genes) and Echinoparyphium sp. (internal transcribed spacer) were used as the outgroups. 
Scale bars indicate evolutionary distance.
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(3), including our case, have identified the presence 
of worms in the colon. This unique location of echi-
nostome flukes in humans might be a distinguishing 
feature for E. cinetorchis infection.

Freshwater snails are first as well as second in-
termediate hosts for E. cinetorchis (1). Large-sized 
snail species in particular (e.g., Cipangopaludina) and 
freshwater fish are potential sources of human infec-
tions. Our patient reported that she had sold snails 
and freshwater fish on the street and often consumed 
them raw or undercooked. Thus, the infection source 
for our patient might have been 1 or both kinds of 
intermediate hosts.

In countries where human echinostome infec-
tions are found, physicians should include echino-
stomiasis among the differential diagnoses of dis-
eases causing nonspecific gastrointestinal problems. 
Public education regarding the hazards associated 
with consuming raw or undercooked snails or fish 
in these regions also would be useful in reducing E. 
cinetorchis infections.
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Vibrio mimicus bacteria are native to aquatic en-
vironments but have the potential to cause dis-

eases in animals and humans, such as gastroenteritis  

Vibrio mimicus bacteria have caused sporadic cases and 
outbreaks of cholera-like diarrhea throughout the world, 
but the association of lineages with such events is unex-
plored. Genomic analyses revealed V. mimicus lineages 
carrying the virulence factors cholera toxin and toxin co-
regulated pilus, one of which has persisted for decades 
in China and the United States.
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and cholera-like diarrhea (1). In Vibrio cholera bacte-
ria, the main toxigenic factor is cholera toxin (CTX), 
which is encoded by ctxA and ctxB genes and is 
part of the bacteriophage CTXФ. The acquisition of 
CTXФ phage by V. cholerae bacteria was associated 
with the toxin coregulated pilus (TCP), which is in-
volved in intestinal colonization and aggregation. 
This virulence factor is encoded in an operon in the 
Vibrio pathogenicity island 1 (VPI-1), and tcpA is the 
main structural subunit of that pilus. In addition to 
TCP, VPI-1 also harbors the acfA-D operon, which 
also plays a role in colonization (2).

In 2004, the largest documented foodborne out-
break of V. mimicus occurred in Thailand, in which 
306 persons experienced symptoms including diar-
rhea, abdominal pain, and vomiting (3), but the viru-
lome associated with these strains was not verified. In 

2010, in the United States, a cluster of severe diarrheal 
diseases was caused by V. mimicus strains carrying 
CTX (4). In 2019, V. mimicus bacteria caused a seafood-
associated outbreak in Florida (USA), in which the 
patients experienced severe diarrhea, although the 
strains were CTX-negative (5). However, the virulome 
of most genomes analyzed (n = 33) was not explored, 
leaving a gap regarding the association of the strains 
or lineages with virulence factors. To fill this gap, we 
analyzed 44 V. mimicus genomes, 35 from GenBank 
and 9 environmental genomes from Brazil and Ja-
pan that we sequenced by using an Illumina Hiseq 
2500, assembled by using SPAdes 3.15.2 (https://
github.com/ablab/spades), and then analyzed by 
using Abricate (http://github.com/tseemann/ 
abricate) and the Comprehensive Antibiotic Resis-
tance Database (https://card.mcmaster.ca) and the 

Figure. Maximum-likelihood phylogenetic tree of 44 Vibrio mimicus bacteria genomes from the United States and China. The best 
evolutionary model (general time reversible plus base frequencies plus ascertainment bias correction plus FreeRate model with 
8 categories) was selected on the basis of the Bayesian information criterion. The beige highlighted clusters represent the main 
ones sharing genomes from China and the United States. Red circles on branches represent >70% bootstrap.

http://www.cdc.gov/eid
https://github.com/ablab/spades
https://github.com/ablab/spades
http://github.com/tseemann/
https://card.mcmaster.ca


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024 1731

RESEARCH LETTERS

Virulence Factor Database (http://www.mgc.ac.cn/
VFs/main.htm).

The phylogenetic analysis based on the core 
genome revealed clusters; the 2 main clusters had 
genomes that had been circulating in China and the 
United States for decades (Figure). These 2 clusters 
are characterized by distinct virulomes; 1 co-har-
bored ctxA, ctxB, ace, zot, TCP, and acfA-D (mainly 
clinical genomes), whereas the other did not have 
any of those genes. The lineage carrying those viru-
lence genes has persisted for >3 decades (1980–2009), 
infecting persons in China and the United States. The 
other lineage, which lacks these virulence factors, 
also was identified in China (2020) and the United 
States (1977 [human source]). Another interesting 
cluster of genomes is the one that covers Brazil (1998 
[animal source]) and the United States (2016 [envi-
ronmental source]). 

Our analysis indicates that V. mimicus lineag-
es are disseminated and persist in distinct sources 
in space and time. In addition, another set of 3 re-
lated genomes (VM343, GCA_014525095.1, and 
GCA_009665195.1) also possessed CTX, TCP, or both, 
which suggests loss or partial acquisition of the patho-
genicity islands of these elements. Of note, other ge-
nomes belonging to the same lineage (Figure) appear 
to have acquired the ctxA or ctxB genes from differ-
ent sources; GCA_000175995.1, GCA_001471395.2, 
and GCA_009764005.1 (United States) possessed 
the ctxB2 genotype (El Tor [Australia]), whereas 
GCA_000222145.1 (China) had the ctxB1 genotype 
(classical [strain 569B]). Regarding the TCP cluster, 
analyses in blastn (https://blast.ncbi.nlm.nih.gov) 
revealed that all tcpA sequences, except for VM343, 
were identical and differed from the classical and El 
Tor genotypes. The tcpA allele carried by most ge-
nomes has also been characterized in nonpandemic 
clinical V. cholerae strains from the United States (6), 
whereas the tcpA allele of VM343 (Japan [environ-
mental source]) is unique.

We identified several other virulence genes in the 
genomes (Appendix, https://wwwnc.cdc.gov/EID/
article/30/8/24-0252-App1.pdf). We highlight the 
presence of the heat-stable enterotoxin gene (NAG-ST), 
identified throughout the phylogeny, and gene clus-
ters related to exopolysaccharide production (vps) and 
the type III secretion system (T3SS) (vop, vsc, and vcr). 
We identified T3SS only in genomes that did not carry 
CTX, TCP, or both, including those from the 2019 out-
break in Florida (5), but 2 closely related genomes (1 of 
which was identified in the United States) co-carried 
the T3SS and NAG-ST genes. Because T3SS is a syringe-
like protein secretion apparatus, the co-occurrence  

of this system with a diarrhea-associated toxin could 
increase the pathogenicity of these strains.

Our findings show that V. mimicus strains are 
spread throughout the world and that some of them 
carry a virulome comparable to that of V. cholerae 
bacteria. The virulome of environmental and clini-
cal strains is apparently not heterogeneous (5), even 
with the analysis of the new environmental genomes. 
However, those findings may represent just the tip 
of the iceberg, given the bias regarding the locality 
of available genomes. Therefore, more genomic data 
must be generated to determine whether specialized 
clinical strains of V. mimicus exist, as they do for V. 
cholerae bacteria. Furthermore, the environmental and 
clinical genomes possessed a set of common virulence 
genes, suggesting that environmental strains have the 
potential to cause disease in humans. Because V. mim-
icus already possesses an intrinsic virulome, with the 
potential to cause disease, the acquisition of virulence 
determinants such as CTX, TCP, or both could spe-
cialize certain lineages, as revealed in our analysis by 
the clinical lineages that carry these determinants.
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Infant botulism is caused by ingesting Clostridium 
botulinum spores and characterized by symmet-

ric descending paralysis, which can progress to re-
spiratory failure in severe cases (1). Specific thera-
pies include intravenous administration of botulism 
immune globulin (BIG-IV or BabyBIG, https:// 
infantbotulism.org/general/babybig.php) or botu-
linum antitoxin. However, BIG-IV and BabyBIG are 
unavailable in some countries, including China (2). 
Even after clinical signs have been alleviated through 
antitoxin therapy, some children may continue to ex-
crete C. botulinum and its neurotoxin (BoNT) in their 
feces over a prolonged period, heightening the poten-
tial for relapse and transmission to others (although 
relatively rare) (3,4). Hence, effective treatments that 
promote clearance of intestinal C. botulinum spores 
are needed. During March–May 2021, we treated se-
vere infant botulism in a 4-month-old boy in China 
who had continued excreting toxins for >1 month af-
ter clinical signs disappeared after antitoxin therapy. 
The study was approved by the Ethics Committee of 
Beijing Children’s Hospital (2023-E-149-R).

Five days before admission to Beijing Children’s 
Hospital (Beijing, China), the previously healthy 
infant exhibited intermittent fever, lethargy, poor 
appetite, and constipation, followed by respiratory 
distress. After intubation and mechanical ventila-
tion in the emergency department, the patient was 
admitted to the pediatric intensive care unit. During 
examination, his pupils were dilated (≈4 mm) and 
had sluggish light reflexes but no signs of menin-
geal irritation. In addition, his muscle strength and 
tone were low. A series of tests excluded central 
nervous system infections, metabolic disorders, and 
other potential causes. By day 3 of hospitalization, 
the diagnosis of infant botulism was confirmed by 
detection of BoNT nucleic acid (serotype B) in fecal 
samples. Subsequently, we were able to obtain botu-
lism antitoxin (monovalent type B) and administer 
it by intravenous injection of 2 mL (5,000 IU) 2×/
day. Substantial improvement in clinical signs was 
observed by day 7 of hospitalization, and complete 
resolution was achieved by day 15.

Nevertheless, through day 33, multiple fecal sam-
ples tested for botulinum nucleic acid by real-time 1These authors contributed equally to this article.

Infant botulism in a 4-month-old boy in China who 
continued to excrete toxins for over a month despite  
antitoxin therapy was further treated with fecal microbiota  
transplantation. After treatment, we noted increased gut 
microbial diversity and altered fecal metabolites, which 
may help reduce intestinal pH and enhance anti-inflam-
matory capabilities. 
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PCR and for BoNT by mouse bioassays (5) remained 
positive (Table). Consequently, during days 34–37 of 
hospitalization, the infant received a fecal microbiota 
transplantation (FMT; donor identification D024) at a 
dose of 20 mL via rectal enema daily for 4 consecutive 
days. During that time, he experienced low-grade 
fever and mild coughing, but his body temperature 
returned to reference range after FMT. After the third 
FMT (on day 36 after admission), test results for 
BoNT nucleic acid and mouse bioassays in feces were 
all negative (Table). 

We conducted epidemiologic investigations 
for the exclusively breastfed patient and isolated 
C. botulinum from his home environment; serologic 
and genetic types matched those in his feces. After 
discharge, he was followed up for 6 months and 
exhibited good growth and development without 
any relapse. 

We analyzed gut microbiota composition and fe-
cal metabolomics of 10 fecal samples (5 time points 
before and after FMT) (Figure; Appendix Figure 

1, https://wwwnc.cdc.gov/EID/article/30/8/23-
1702-App1.pdf). Use of 16S rRNA sequencing re-
vealed increased α diversity of the gut microbiota af-
ter FMT, indicated by the Abundance-based Coverage 
Estimator and Shannon indices (6). At the genus level, 
relative abundance of Enterococcus and Lactobacillus 
was decreased and that of Collinsella and Holdemanella 
was increased. Although 16S rRNA sequencing can-
not directly detect C. botulinum, the taxonomic group 
to which C. botulinum belongs (Clostridium_sensus_
stricto_18) was also reduced. Ultra-high performance 
liquid chromatography–tandem mass spectrometry 
further revealed statistically significant alterations in 
53 fecal metabolites after FMT; primarily implicated 
metabolic pathways were α-linolenic acid and lin-
oleic acid metabolism, bile acid biosynthesis, bile acid 
metabolism, branched-chain amino acid metabolism, 
and butyrate metabolism. Correlation analyses indi-
cated that changes in those metabolites were closely 
associated with alterations in the gut microbiota (Ap-
pendix Figure 2).

Figure. Relative gut microbiota 
abundance at the genus level 
before and after fecal microbiota 
transplantation (FMT) in 4-month-
old boy with infant botulism, 
Beijing, China. The collected fecal 
samples (A1–A10) included 5 
samples before FMT (A1–A5), 3 
samples during FMT (A6–A8), and 
2 samples after FMT (A9–A10), as 
shown in the Table. 

 
Table. Analysis of Clostridium botulinum and botulinum neurotoxin in 4-month-old boy with infant botulism, Beijing, China* 

Fecal sample no.  Days after admission Sample classification 
Real-time PCR 

result 
Isolated 
strain 

Mouse bioassay 
result 

A1 3 Before FMT BoNTB B BoNTB 
A2 23 Before FMT BoNTB B BoNTB 
A3 27 Before FMT BoNTB B BoNTB 
A4 32 Before FMT BoNTB B BoNTB 
A5 33 Before FMT BoNTB B BoNTB 
A6 34 FMT1 Negative B Negative 
A7 36 FMT3 Negative Negative Negative 
A8 37 FMT4 Negative Negative Negative 
A9 38 After FMT Negative Negative Negative 
A10 39 After FMT Negative Negative Negative 
A11 182 Follow-up Negative Negative Negative 
*BoNTB, Clostridium botulinum neurotoxin B; FMT, fecal microbiota transplantation. 
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Infants with infant botulism may continue to 
excrete C. botulinum and BoNT for weeks or even 
months (7). The simpler gut microbiota with few-
er taxa and the deficiency of bile acids in infants 
might contribute to the overgrowth of C. botulinum 
spores and their persistent excretion in the intestine 
(8). Our study illustrated increased gut microbiota 
diversity after FMT, concurrently accompanied by 
increased bile acid, potentially shifting the function 
of the microbiota–bile acid axis (9). Moreover, the 
increased production of metabolites, such as organ-
ic acids and docosapentaenoic acid, may help re-
duce intestinal pH and enhance anti-inflammatory 
capabilities (10). However, whether the restoration 
of gut microbiota diversity and changes in fecal 
metabolites are directly associated with the dis-
appearance of C. botulinum spores is not clear. Be-
cause our study lacked a control group and solely 
represents an observational phenomenon, we can-
not provide causal evidence for the effectiveness of 
FMT in treating infant botulism. Interventions such 
as fecal transplantation are recommended for chil-
dren with infant botulism who continue to produce 
toxins for a long time.
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Autopsies afford simultaneous access to all tissues 
and body compartments. The unique opportu-

nity for extensive sampling during autopsy enables 
several research questions to be addressed. Early in 
the COVID-19 pandemic, autopsies were rare, mainly 
because of presumed transmission risk and shortage 
of personal protective equipment (PPE), and suspi-
cions that autopsies might be of limited value (1,2).

Autopsies pose an occupational infectious hazard 
to the personnel involved in a pathogen-dependent 
manner. For example, Mycobacterium tuberculosis de-
serves particular attention as a major cause of air-
borne infections in autopsies that puts pathologists 
at a 100–200-fold risk for infection compared with 
the general public (3). Viable SARS-CoV-2 has been 
detected in tissues for prolonged periods after death 
from COVID-19 (4). However, to our knowledge, no 
confirmed occupational cases of COVID-19 transmit-
ted at autopsies have been reported.

Protection against aerosols remains a challenge 
in autopsy settings. Bone sawing is a major source of 
aerosols that can carry pathogens. Sawing of the skull 
is a standard procedure in every routine autopsy to 

enable access to the brain. SARS-CoV-2 has previ-
ously been documented in bone tissues in 2 reported 
cases, neither of which were in the skull (5). Here, we 
present results of SARS-CoV-2 analyses from 22 de-
ceased persons with PCR-confirmed COVID-19 and 
detail our experience of managing the occupational 
hazards associated with COVID-19 autopsies.

Our study belongs to the Clin_COVID-19 
master study approved by the Helsinki Univer-
sity Hospital Ethics committee (approval no. 
HUS/1238/2020). All autopsies were clinical (non-
forensic) and conducted in compliance with re-
search laws and regulations in Finland, after con-
sent from the next of kin.

The postmortem examinations were conducted 
in the pathology department of the HUS Diagnostic 
Center in Meilahti, Helsinki, Finland. The series com-
prised 22 PCR-confirmed cases (any positive airway 
sample from nasopharynx, bronchi, lungs, tonsils, 
sclera, or airway-associated cervical or parabron-
chial lymph nodes) of SARS-CoV-2 identified during 
2021–2022 that had skull sawdust sampled during au-
topsy. Testing was carried out in the pathology and 
virology laboratories by using accredited and previ-
ously published methods (6) (Appendix, https://
wwwnc.cdc.gov/EID/article/30/8/24-0145-App1.
pdf). All autopsies encompassed a neuropathologi-
cal examination and a collection of swabs/fresh tis-
sues from airway, nonairway, and central nervous 
system (CNS) categories. In addition, swab samples 
were collected from skull sawdust and the contami-
nated autopsy table with the organ block. Each tissue 
was sampled with separate sterile equipment. PCR-
positive samples were cultured using VeroE6 cells to 
assess for infective SARS-CoV-2. 

We detected SARS-CoV-2 by reverse transcrip-
tion PCR in 22/22 (100%) airway, 10/22 (45.5%) non-
airway, 0/22 CNS, 2/22 (9.1%) skull sawdust, and 
13/22 (59.1%) autopsy table samples (Table). The 
virus was culturable in 13/22 (59.1%) airway, 2/22 
(9.1%) nonairway, 1/22 (4.5%) skull sawdust, and 
3/22 (13.6%) autopsy table samples.

Among the personnel present at COVID-19 au-
topsy procedures, no cases of COVID-19 resulting 
from occupational exposure were identified. Serologic 
screening results of all persons involved in COVID-19 
autopsies (n = 5) in June 2020 were negative, and none 
showed PCR positivity when tested during symptoms.

Our findings revealed that SARS-CoV-2 was de-
tectable by PCR in 9.1% and by viral culture in 4.5% 
of skull sawdust samples, suggesting the presence of 
live virus and a risk, although low, of infective viruses 
becoming aerosolized. We could not identify previous 

We assessed the distribution of SARS-CoV-2 at autop-
sy in 22 deceased persons with confirmed COVID-19. 
SARS-CoV-2 was found by PCR (2/22, 9.1%) and by 
culture (1/22, 4.5%) in skull sawdust, suggesting that 
live virus is present in tissues postmortem, including 
bone. Occupational exposure risk is low with appropri-
ate personal protective equipment.

1Current affiliation: Charité-Universitätsmedizin Berlin, Berlin, 
Germany.
2These senior authors contributed equally to this article.
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work examining cranial sawdust for the presence of 
pathogens, but our results align with a previous study 
showing SARS-CoV-2 PCR positivity for 4.5% of gog-
gles and no masks tested after autopsy (7).

The sample size for our study was limited but 
represents a consecutive and nonselected series of 
cases at a single institution. We did not directly assess 
aerosols, but given that bone sawing is the only high-
energy technique used, and considering the findings 
from a previous study (7), the presence of concomi-
tant other sources of infective aerosols in the autop-
sy room is unlikely. The personnel present during  
COVID-19 autopsies were not systematically tested, 
but symptomatic persons were extensively PCR tested 
for SARS-CoV-2 during the study period (2020–2022). 
In addition, skull sawdust samples might not consist 
solely of bone and could contain adjacent tissues be-
cause of anatomy, particularly the frontal sinus, which 
is lined with respiratory epithelium. Skullcap sawing 
has the potential to generate infective aerosols, but in 
our experience, general autopsy safety measures are 
effective. The absence of positive findings in our CNS 
samples give confidence in the sterility of our sam-
pling technique, thereby making other sources of con-
tamination in the skull sawdust samples less likely.

Pandemic preparedness should encompass plans 
for early, rapid autopsies to acquire vital data at the on-
set. General safety measures appear adequate for most 
pathogens encountered during autopsy, including 
SARS-CoV-2 (3). However, early testing for pathogens in 
skull sawdust, along with other tissues, could prove ben-
eficial in further assessing the risk for occupational infec-
tions resulting from autopsies during future pandemics.
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Table. SARS-CoV-2 distribution among cohort of 22 autopsied deceased persons with COVID-19 who had skull sawdust sampling, 
Finland* 

Case no. 
Airway 

 
Nonairway CNS PCR 

and culture 
Skull sawdust 

 
Autopsy table 

PCR Culture PCR Culture PCR Culture PCR Culture 
1 + –  – – – – –  + – 
2 + –  – – – – –  – – 
3 + –  – – – – –  – – 
4 + –  – – – – –  – – 
5 + –  – – – – –  – – 
6 + +  – – – – –  + – 
7 + +  + – – – –  + – 
8 + +  + – – – –  – – 
9† + +  + – – + +  + – 
10 + +  – – – – –  + – 
11 + +  + + – – –  + – 
12 + +  – – – + –  – – 
13 + –  – – – – –  – – 
14 + +  + + – – –  + – 
15 + +  + – – – –  + + 
16 + +  + – – – –  + + 
17 + –  – – – – –  + – 
18 + +  + – – – –  + – 
19 + –  + – – – –  + – 
20 + +  + – – – –  – – 
21 + –  – – – – –  – – 
22 + +  – – – – –  + + 
Positive samples/total 
no. samples (%) 

22/22 
(100) 

13/22 
(59.1) 

 10/22 
(45.5) 

2/22 (9.1) 0/22  2/22 (9.1) 1/22 (4.5)  13/22 
(59.1) 

3/22 
(13.6) 

*The pooled sample category per patient was considered positive if a single positive tissue sample of that category was found (copy number cutoff value 
10; Appendix, https://wwwnc.cdc.gov/EID/article/30/8/24-0145-App1.pdf). Airway refers to tissues relating to the airway system (i.e., nasopharynx, 
bronchi, lungs, tonsils, sclera, and airway-associated cervical and parabronchial lymph nodes). Autopsy table refers to the contaminated autopsy table 
and the outer surfaces of the organ block, representing the main working area and target of showering with water. Only a limited number of cases showed 
culture positivity (Ct value reduction after culture compared with initial Ct value; Appendix) in general; skull positivity was scarce, whereas the autopsy 
table was more often positive by both PCR and viral culture. 
†Test results showed culture positivity in the cranial sawdust sample and low-level nonairway PCR-positivity limited to skeletal muscle and salivary gland 
tissues, indicating limited systemic viral involvement (Appendix Table). 
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Germany has experienced repeated outbreaks of 
highly pathogenic avian influenza (HPAI) vi-

ruses (HPAIVs) of clade 2.3.4.4b of the H5 goose/
Guangdong lineage since 2016, causing devastat-
ing losses to wild bird biodiversity and the poultry 
production sector (1). Since 2016, seasonal outbreaks 
or cases increased during the winter season and de-
creased to zero in summer. Seasonality terminated in 
2021, when HPAIV H5 became endemic in wild birds 
in Germany and the rest of Europe (2). Along with 
an increasing incidence, genetic diversity expanded, 
resulting in a high number of new genotypes (3). 

During summer 2023, genotype Ger-02-23-N1.1 
(BB based on the European Union nomenclature 
[4,5]), a reassortment with a gull-derived H13 virus, 
dominated HPAI cases caused by outbreaks in colony 
breeders (6). Sporadically, older genotypes (Ger-10-
21-N1.5 and Ger-12-22-N1.1) were identified, accom-
panied by some viruses that could not be assigned to a 
proper genotype because of incomplete genome cov-
ering. After the breeding season ended, incidence de-
creased (84 cases in July, 16 in August, 10 in Septem-
ber, and 3 in October). In addition, increasing numbers 
of low pathogenicity avian influenza (LPAI) viruses 
(LPAIVs) were detected during active and passive 
wild bird monitoring, representing the autumnal, bird 
migration–related upsurge of avian influenza virus in-
fections in Germany. Since November, the number of 
HPAIV H5 cases has increased to a still moderate but 
substantially higher level (29 in November). 

We analyzed the genotypes of HPAI and LPAI 
viruses by using full-genome sequencing. Sequencing 

Several subtypes and many different genotypes of highly 
pathogenic avian influenza viruses of subtype H5 clade 
2.3.4.4b have repeatedly caused outbreaks in Germany. 
Four new highly pathogenic avian influenza genotypes 
emerged in November 2023 after reassortment with low 
pathogenicity precursors, replacing genotype BB, which 
had dominated in Europe since 2022.
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procedures of HPAI and LPAI viruses (7) and methods 
for genotype differentiation including the reference se-
quences have been described previously (8). We ana-
lyzed 244 sequences from 33 viruses collected from late 
May to late November 2023, of which 22 originated 
from wild birds, 5 from poultry, and 6 from captive 
birds. We found various LPAIVs and 16 HPAIVs of 
H5N1 subtype in the resulting sequences (Table). 

All HPAIV H5 sequences from viruses collected 
in November clustered differently from genotype 
Ger-02-23-N1.1 (BB) that dominated during the 
summer of 2023. None of those genotypes, includ-
ing genome segments from viruses that could not 
be sequenced to completion, were detected after 
November 2023. Instead, we identified 4 new geno-
types. Four viruses grouped with the HPAIV H5N1 
genotype Ger-11-23-N1.1 (DB) (reference A/her-
ring gull/Germany-NI/2023AI08764/2023) with a 
new reassorted polymerase basic 1 (PB1) gene simi-
lar to LPAIVs detected in a zoo in Germany (LPAI 
A/flamingo/Germany-ST/2023AI08233/2023 
[H5N2]). One virus (reference A/barnacle goose/
Germany-SH/2023AI08822/2023) was associated 
with genotype Germany Ger-11-23-N1.2 (AB) with 
a reassorted PB1 gene. Two viruses from Germany 
clustered with Ger-11-23-N1.3 (DG) (reference A/
chicken/Germany-NI/2023AI08838/2023) contain-
ing the PB1 gene of Ger-11-23-N1.2 and a new reas-
sorted polymerase basic 2 and polymerase acidic 
genes, which were also found in LPAIVs from a  
wild duck in Germany in October 2023 (type strain LPAI 
A/wild duck/Germany-NW/2023AI07895/2023 
[H3N8]) and November 2023 (LPAI A/Eurasian Wi-
geon/Germany-MV/2023AI08762/2023 [H5N2]). 
Two sequences formed a new reassortant for Ger-
many, Ger-11-23-N1.4 (DA) (reference A/common 
crane/Germany-HH/2023AI08835/2023) with new 
PB1, polymerase basic 2, and nonstructural gene seg-
ments (Appendix Figures 1, 2, https://wwwnc.cdc.
gov/EID/article/30/8/24-0103-App1.pdf). 

In conclusion, our study shows a high number of 
emerging new HPAIV H5 clade 2.3.4.4b genotypes 
in November 2023 and identified related LPAIVs 
circulating at the same time in the same area, which 
may have served as reassortment partners. These 
findings highlight the continued promiscuity of cur-
rently circulating HPAI H5 strains of clade 2.3.4.4b 
and the need for genotypic surveillance of both 
HPAIVs and LPAIVs.
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Table. Number of HPAI and LPAI virus subtypes identified from 
244 sequences from 33 viruses collected in Germany, late May 
to late November 2023* 
Subtype Wild birds Poultry Captive birds 
HPAI H5N1† 12 4 

 

LPAI H11N9 
  

1 
LPAI H2N3 1 

  

LPAI H3N8 3 
  

LPAI H4N6 
  

2 
LPAI H5N2† 1 

 
2 

LPAI H5N3 1 
  

LPAI H5N4 
 

1 
 

LPAI H6N4 1 
  

LPAI H9N2 3 
 

1 
*HPAI, highly pathogenic avian influenza; LPAI, low pathogenicity avian 
influenza. 
†Shared genome segments with HPAI virus subtype H5N1. 
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To the Editor: The study by Rios-Muñoz et al. 
reporting rat hepatitis E virus (HEV) RNA in swine 
feces contains intriguing findings with the potential 
to change our understanding of rat HEV transmission 
routes (1). One relevant aspect highlighted by the au-
thors is that limited prior evidence of rat HEV infec-
tion in swine might be partially explained by the lack 
of rat HEV serology tests for pigs. The low genomic 
homology between rat HEV and other HEV (<60%) 
makes most of the commercially available HEV-based 
tests ineffective in detecting rat HEV (2,3).

Such findings are exciting but must be inter-
preted with caution because some gaps remain to be 
addressed. Pigs can feed on small mammal remains 
and even prey on rodents, which means detecting rat 
HEV RNA in pig feces does not conclusively indicate 
an infection. To rule out the possibility of viral detec-
tion because of contaminated food, it is necessary to 
detect the virus in other tissues, such as blood or liver 
(3). Of note, a substantial proportion of the positive 
samples in the study by Rios-Muñoz et al. exhibited 
high cycle threshold values, which might be sugges-
tive of residual viral RNA. Furthermore, considering 
the hypothesis that both viruses could be transmitted 
through contaminated swine meat, it remains unclear 
why rat HEV infection in humans is uncommon when 
compared with other HEV.

Nevertheless, from our perspective, these find-
ings suggest the possibility of approaching swine 
as a sentinel species. If results are confirmed in ad-
ditional eco-epidemiologic studies, sampling swine 
stools could offer valuable public health information. 
Insights from other rodentborne diseases, such as 
bubonic plague, underscore the benefits of a surveil-
lance strategy focused on sentinel species rather than 
primary hosts (4). Sampling rodents is logistically 
more challenging and expensive than for domestic 
animals, but surveillance of sentinel species is typi-
cally more efficient in predicting the dissemination of 
zoonotic diseases at early stages.
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The tree of life is an archetype woven into various 
mythological, religious, philosophical, and shaman-

istic traditions around the world, as well as a concept 
underpinning some scientific efforts to depict the diver-
sity of life. It is also a tantalizing subject for visual art-
ists, and this month’s cover image features an example, 
The Tree of Life, from the Stoclet Frieze by Gustav Klimt.

Klimt was born in 1862 in Baumgarten, Austria, 
then a small village near Vienna. His artistic talents 
were apparent from a young age, and when just 14 
years old, he attended the Vienna School of Arts and 
Crafts on a scholarship. His brother Ernst later joined 
him, and they focused on becoming architectural 
painters. After graduation in 1883, the Klimt brothers 
and fellow artist Franz Matsch formed a successful stu-
dio, named Künstler-Compagnie (Artists’ Company), 
which received commissions for creating murals and 
art for public spaces such as theaters and museums. 

Author affiliation: Centers for Disease Control and Prevention, 
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ABOUT THE COVER

The Tree of Life, Archetype and Artifice

Byron Breedlove

Gustav Klimt (1862–1918). The Tree of Life, Stoclet Frieze, (1905–1909 (detail). Oil, gold leaf, mosaic on canvas, 77 in x 40 in/195 cm 
x 102 cm (combined dimensions for 3 panels). Museum of Applied Arts, Vienna, Austria. Photo credit: Album/Art Resource. Digital image 
from Art Resource, New York, New York, USA.
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An uncredited online biography of Klimt recounts, 
“Their most notable works during this time were the 
mural at the Vienna Burgtheater and the ceiling above 
the staircase at the Kunsthistorisches Museum. The 
group was honored for their achievements in 1888, 
when they received the Golden Order of Merit from 
Austro-Hungarian Emperor Franz Josef I.”

After Gustav Klimt’s father and brother, both 
named Ernst, both died in 1892, Klimt shifted to more 
personal and less traditional artistic pursuits. In 1897, 
he was among the Austrian artists who formed the Vi-
enna Secession, a movement that favored symbolism 
and allegory over realism. Art historian Dusan Nikolic 
wrote, “Under the presidency of Klimt, they founded 
the Union of Austrian Artists Vienna Secession, intend-
ing to educate society through future-oriented artistic 
concepts and infusing life with art.” Rifts among this 
group began, and Nikolic noted that Klimt, “whose 
style became a combination of natural elements with 
large areas of abstract geometrical ornament,” and oth-
er prominent members who also favored abstract style 
over realism left the movement in 1908.

The Stoclet Frieze is among the best-known works 
from Klimt’s “Golden Phase,” which started a few 
years before he broke from the Vienna Secession. A 
wealthy Belgian couple, Adolphe and Suzanne Sto-
clet, commissioned Klimt to design a series of mosaics 
for the dining room at their Palais Stoclet in Brussels. 

Klimt’s panels depict a standing female figure, a cen-
tral panel known as The Tree of Life, and a couple em-
bracing (Figure). Klimt worked on that intricate orna-
mental mosaic for 5 years, incorporating semiprecious 
stones, gilded tiles, enamel, marble, ceramics, gold 
leaf, and other opulent materials. Art historian A.N. 
Hodge noted that it showcases Klimt’s “mastery of 
mosaic, a technique he had intensely studied on his 
recent trip to Ravenna [Italy].”

The center panel features a mosaic of a golden 
tree with curling, spiraling branches, festooned with 
recurring decorative shapes. The tree grows from an 
ochre patch of earth, and dazzling jeweled flowers 
cluster around the trunk. Klimt’s opulent and lumi-
nescent tree celebrates the continuity and complex-
ity of life. Perched on a lower branch is a large black 
bird that contrasts with the brightly shimmering gold 
background, perhaps intended by Klimt as a symbol 
of death.

Klimt’s tree is symbolic, but in the biological sci-
ences, the tree motif proved, for a time, a useful work-
ing artifice. Charles Darwin wrote, “The affinities of 
all the beings of the same class have sometimes been 
represented by a great tree. I believe this simile largely 
speaks the truth.” Science writer David Quammen ex-
plores this topic in his book The Tangled Tree: A Radical  
New History of Life and documents how trees have 
been used to categorize the diversity of life forms that 

Figure. Stoclet Frieze by Gustav Klimt, depicting a standing female figure, a central panel known as The Tree of Life, and a couple embracing.

http://www.cdc.gov/eid
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emerged and evolved from some common ancestral 
microbe billions of years ago. Quammen discusses 
trees sketched by Charles Darwin and Ernst Haeckel in 
the 17th Century, provides example of trees from the 
18th- and 19th-Century scientific literature, and shows 
modern iterations created by 20th-Century scientists.

Modern evolutionary classification is a rapidly 
changing science, especially regarding microbial 
life. In 1977, a team of researchers lead by biophysi-
cist Carl Woese announced their discovery of a new, 
distinct category of microbial life now known as Ar-
chaea. Woese’s work made previous trees of life ob-
solete and new depictions of such trees, including his 
own, more contorted. Scientists now categorize life 
on earth into 3 domains: Bacteria, Archaea, and Eu-
karyota. Those domains are further subdivided into 
6 kingdoms: Animalia, Plantae, Fungi, Protista, Ar-
chaebacteria, and Eubacteria.

Mapping life’s diversity via the tree motif was 
further complicated after the 20th-Century discovery 
of horizonal gene transfer—that is, the movement 
of DNA between organisms instead of transmission 
from parent to offspring. Such sideways transfer oc-
curs across species and across kingdoms, blurring 
those boundaries, and contributes to the spread of an-
timicrobial resistance. Quammen notes that “the tree 
hypothesis works poorly for the history of bacteria 
and archaea, with all their sideways exchanges; and 
it works imperfectly for everything else.”

This month’s issue of Emerging Infectious Diseases 
focuses on the diversity of life, and an article by Ste-
fanie Duller and Christine Moissl-Eichinger examines 
how archaea in the human microbiome are linked 
to various diseases, “though archaea are generally 
considered nonpathogenic.” Other articles discuss a 
range of emerging infections from various kingdoms, 
including different bacterial, fungal, and viral agents.

In his 1999 article Phylogenetic Classification 
and the Universal Tree, biologist W. Ford Doolittle 
stated, “Molecular phylogeneticists will have failed 

to find the ‘true tree,’ not because their methods are 
inadequate or because they have chosen the wrong 
genes, but because the history of life cannot properly 
be represented as a tree. However, taxonomies based 
on molecular sequences will remain indispensable, 
and understanding of the evolutionary process will 
ultimately be enriched, not impoverished.” Even if 
the tree motif does not serve as an accurate artifice 
to illustrate the diversity of life, especially at the mi-
crobial level, Klimt’s The Tree of Life resonates as a cel-
ebration of this archetypal image.
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1. Which of the following member of the archaea 
family is most commonly found in human feces?
A. Methanobrevibacteroralis
B.  Mycobacterium massisiliense
C. Melica smithii
D. Thermoplasma-like spp.

2. What byproduct is most commonly associated  
with archaea?
A. Hydrogen
B. Nitrogen
C. Methane
D. Bicarbonate

3. Which of the following statements regarding the 
potential role of archaea as human pathogens  
most accurate?
A. They are directly implicated in causing infections of 

multiple organ systems
B. They are most clearly pathogenic in the presence of 

bacteria such as Escherichia coli
C. They are mostly considered nonpathogenic
D. They are not pathogenic and instead have been 

demonstrated to be vital to digestion and  
circulatory health

4. Archaea are most associated with pathologic 
processes at which of the following anatomic sites?
A. Oral cavity
B. Lungs
C. Skin
D. Central nervous system

http://www.medscape.org/journal/eid
http://www.medscape.org
http://www.medscape.org
mailto:CME@medscape.net
mailto:CME@medscape.net
mailto:CME@medscape.net
https://www.ama-assn.org
http://www.cdc.gov/eid


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 8, August 2024 1745

Earning CME Credit
To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-

ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing 
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to 
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award 
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award, 
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in 
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies 
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed 
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national 
medical association for review.

Article Title
Retrospective Study of Infections with Corynebacterium  
diphtheriae Species Complex, French Guiana, 2016–2021

CME Questions
1. Which of the following statements regarding the 
epidemiology of corynebacteria infections in the 
current study is most accurate?
A. > 90% of infections with Corynebacterium diphtheriae 

were cutaneous
B. Infections with C. diphtheriae and C. ulcerans nearly 

equally common
C. About half of cases of C. diphtheriae infection were 

tox-positive
D. There was a gradual decline in the annual number of 

corynebacteria cases between 2016 and 2022

2. Which of the following statements regarding the 
clinical presentation of patients with corynebacteria 
infection in the current study is most accurate?
A. The mean age of patients was 76 years old
B. More female patients had infection than male patients
C. 35% of patients with infection had a history of 

immunosuppression
D. Two-thirds of patients with infection were up-to-date 

on diphtheria vaccination

3. What was the most common anatomic site of 
cutaneous infections with C. diphtheriae in the  
current study?
A. Upper extremities
B. Lower extremities
C. Head
D. Abdomen

4. Which of the following statements regarding the 
clinical management and outcomes of patients with 
cutaneous infection with C. diphtheriae in the current 
study is most accurate?
A. 12% of cutaneous C.diphtheriae cases were treated 

with dressing care alone
B. The most commonly used antibiotic was doxycycline
C. 61% of patients experienced an unfavorable outcome
D. 25% of patients received diphtheria antitoxin
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