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

CDC is pleased to announce the launch of the CDC Yellow Book 2026. The CDC Yellow Book is a resource
containing the U.S. government’s travel medicine recommendations and has been trusted by the travel medicine
community for over 50 years. Healthcare professionals can use the print and digital versions to find the most
up-to-date travel medicine information to better serve their patients’ healthcare needs.

The CDC Yellow Book is available online now at www.cdc.gov/yellowbook and in print starting in June 2025
through Oxford University Press and other major online booksellers.



PERSPECTIVE

Chagas Disease, an Endemic
Disease Iin the United States

Norman L. Beatty, Gabriel L. Hamer, Bernardo Moreno-Peniche, Bonny Mayes, Sarah A. Hamer?

Chagas disease, caused by Trypanosoma cruzi para-
sites, is considered endemic to 21 countries in the
Americas, excluding the United States. However, in-
creasing evidence of T. cruzi parasites in the United
States in triatomine insects, domestic animals, wildlife,
and humans challenges that nonendemic label. Several
triatomine species are common in the southern United
States, where they transmit T. cruzi and invade human
dwellings. Wildlife, captive animals, and companion
animals, especially dogs, are commonly infected with
T. cruzi parasites in this region and serve as reservoirs.
Autochthonous human cases have been reported in
8 states, most notably in Texas. Labeling the United
States as non—Chagas disease—endemic perpetuates
low awareness and underreporting. Classification of
Chagas disease as endemic, in particular as hypoen-
demic, to the United States could improve surveillance,
research, and public health responses. Acknowledging
the endemicity of Chagas disease in the United States
is crucial for achieving global health goals.

hagas disease, or American trypanosomiasis, is

caused by the parasitic protozoan Trypanosoma
cruzi, which is transmitted through congenital, oral,
and vectorborne routes; vectorborne infections re-
sult from contact with the feces of infected triatomine
insects (kissing bugs). The World Health Organiza-
tion (WHO) and Pan American Health Organiza-
tion highlight 21 countries in the Americas to which
Chagas disease is endemic (https://www.who.int/
publications/i/item/9789240010352; https://www.
paho.org/en/topics/chagas-disease), excluding the
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United States. As a result, the United States is often
labeled as nonendemic, and this designation perme-
ates the scientific literature (1,2), the Centers for Dis-
ease Control and Prevention (CDC) website (https://
www.cdc.gov/chagas/index.html), the media, pest
professional websites, and the general community of
researchers and physicians (3,4). In this article, we re-
view a body of evidence establishing the robust pres-
ence of T. cruzi parasites in the United States, not only
among insect vectors, wildlife, and domestic animals
but also among humans without travel histories who
are assumed to be locally infected. Through revisiting
definitions of endemicity, we conclude that sufficient
evidence exists to support the inclusion of the United
States as an endemic country for Chagas disease.

Robust Sylvatic Cycles of T. cruzi Parasites

in the United States

In the United States, triatomines are commonly
known as kissing bugs. The blood-sucking insects oc-
cur naturally in the southern half of the country and
have been identified in 32 states (https://www.cdc.
gov/chagas/index.html) (5) (Figure 1). Although
available data are inadequate to prove that triato-
mines are increasing in geographic distribution or
abundance, largely owing to a lack of standardized
surveillance over time, triatomines are increasingly
recognized because of frequent encounters with hu-
mans in the domestic and peridomestic habitat and
increased research attention (6). Invasion into homes,
human bites, subsequent allergic reactions or expo-
sure to T. cruzi parasites, and increasing frequency
of canine diagnoses have led to growing public
awareness (7-10). Of all 11 triatomine species found
in the United States, 9 have been found to be natu-
rally infected with T. cruzi (9,11). Of those, 4 species
(Triatoma sanguisuga, T. gerstaeckeri, T. protracta, and
T. rubida) are commonly found in human dwellings,
raising concern for increased opportunity for vector-
borne transmission to humans (7,8,12,13). Although

All authors contributed equally to this article.
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Figure 1. US states with
reported wild, domestic, or
captive animals exposed to
Trypanosoma cruzi locally; states
with reported autochthonous
human Chagas disease; and all
states with reported triatomines
in assessment of Chagas
disease as endemic to the
United States.

triatomine colonization (defined as the presence of
flightless immature nymphal stages in the domicile)
occurs in the United States (12,14), metrics of coloni-
zation are lower than those observed in Chagas dis-
ease-endemic communities in rural Latin America.
Numerous investigations of triatomines in the United
States have revealed they harbor T. cruzi parasites; in-
fection prevalence ranges from 30% to >50% (15,16).
Triatoma sanguisuga and T. protracta kissing bugs have
the largest overall distribution within the United
States, but the T. gerstaeckeri kissing bug appears to
be the most common species in domestic settings in
Texas and is likely responsible for transmission re-
sulting in locally acquired T. cruzi infection in dogs
and humans (9).

T. cruzi infections among sylvatic and perido-
mestic mammalian reservoirs have been document-
ed in >17 states in the southern United States (Fig-
ure 1) (Appendix, https://wwwnc.cdc.gov/EID/
article/31/9/24-1700-Appl.pdf) and include species
such as woodrat (Neotoma spp.), Virginia opossum
(Didelphis virginiana), raccoon (Procyon lotor), nine-
banded armadillo (Dasypus novemcinctus), striped
skunk (Mephitis mephitis), and coyote (Canis latrans)
(6). Infection prevalence among some wild mammal
populations can be as high as >50%, and parasitemias
are considered high enough to infect triatomines, thus
these mammals function as reservoir hosts (6,17). T.
cruzi discrete typing units I and IV have been con-
sistently identified in wild and domestic reservoir
species (6,9,18); additional discrete typing units have
been detected using deep-sequencing methods (19).
Among wildlife reservoirs in the United States, Vir-
ginia opossums can possess the unique feature of

1692

harboring T. cruzi parasites within the anal gland and
anal gland secretions, and vertical transmission from
infected mother opossum to joey has been shown
(19,20); those observations suggest alternative para-
site transmission pathways within wildlife.

Infection among companion animals, such as
domestic and working canines and felines, has also
been demonstrated throughout the United States
(6). Dogs exposed to T. cruzi have been found in 23
states, as well as in Washington, DC, and the US Vir-
gin Islands, although dogs infected in northern states
likely reflect travel from regions where vectors are
present (16,20). In Texas, the only state where Chagas
disease in animals has been a reportable condition,
431 canine cases were reported during 2013-2015 (in
addition to cases in 2 cats, 1 horse, 1 rat, 3 chimpan-
zees, and 1 walrus) (https://www.dshs.texas.gov/
notifiable-conditions/zoonosis-control/zoonosis-
control-diseases-and-conditions/chagas-disease/
chagas-disease-data). After that period of widespread
documenting of canine infections, the reporting re-
quirement ceased, in part because of the substantial
resources required to collate reports. Canine Chagas
disease has been most studied in Texas, where cross-
sectional and cohort studies have shown a prevalence
ranging from ~10% to >50% and a study across sev-
eral large dog kennels showed an incidence of 30.7
new infections/100 dogs/year (e.g., 21,22). Canines
are a major domestic reservoir of T. cruzi parasites
among communities in Latin America where hu-
man infection is routinely demonstrated (23). That
link has also been shown in Texas communities lo-
cated along the Rio Grande River, where infected
canines and humans have been documented, raising

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 31, No. 9, September 2025



additional concerns regarding ongoing domestic T.
cruzi transmission (24-27).

T. cruzi infection among zoo-housed, exotic mam-
mals has been recognized in states known to have
triatomines, including Georgia, Alabama, Kansas,
and Texas (6). In addition, infections occur in nonhu-
man primates at biomedical research facilities across
the southern United States, posing challenges for re-
search with those animal models (28). Exact transmis-
sion routes to these animals are hard to determine,
but transmission likely occurs by ingesting the triato-
mine bug (29). Although many exotic animals have
extensive travel histories, local infections are possible
when triatomine are present on the premises.

Autochthonous Human Chagas

Disease in the United States

Autochthonous human T. cruzi infections have been
identified in 8 states: California, Arizona, Texas, Ten-
nessee, Louisiana, Missouri, Mississippi, and Ar-
kansas (8). A systematic literature review found 29
confirmed and 47 suspected cases of locally acquired
Chagas disease during 2000-2018; shared risk factors
included rural residence, history of hunting or camp-
ing, and agricultural or outdoor work (30). Those
numbers likely greatly underrepresent underlying
human infections. The Council of State and Territorial
Epidemiologists created a surveillance case definition
for T. cruzi infection and Chagas disease in June 2024
(31); however, human Chagas disease is not a nation-
ally notifiable disease, and thus the true prevalence or
incidence of autochthonous Chagas disease remains
unknown. Human Chagas disease is a notifiable dis-
ease in 8 states (Arizona, Arkansas, Louisiana, Missis-
sippi, Tennessee, Texas, Utah, and Washington) and 2
California health jurisdictions (San Diego County and
Los Angeles County).

Texas has undertaken extensive efforts to docu-
ment human Chagas disease; cases were first made
reportable in the state in 2013 (https://www.dshs.
texas.gov/notifiable-conditions/zoonosis-control/
zoonosis-control-diseases-and-conditions/chagas-
disease/chagas-disease-data). The first known au-
tochthonous case of human Chagas disease in the
United States occurred in an infant in 1955 in Corpus
Christi, Texas, in a home known to be infested with
triatomines (32). However, parasite transmission to
humans in the region has occurred since prehistoric
times, given, for example, a paleoparasitology study
that recovered T. cruzi DNA in a mummified body
(dated to 1,150 BP) of a man from western Texas with
signs of megacolon (33). During 2013-2023, the Texas
Department of State Health Services documented 50

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 31, No. 9, September 2025
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probable and confirmed cases that were considered
autochthonous, either because the area of vector ex-
posure was known or because of a lack of travel to
or previous residence in Chagas disease-endemic
areas of Latin America (https://www.dshs.texas.
gov /notifiable-conditions/zoonosis-control/zoono-
sis-control-diseases-and-conditions/chagas-disease/
chagas-disease-data) (Figure 2; Appendix). Of those
50 cases, 3 were diagnosed at the acute stage, 44 at the
chronic asymptomatic (indeterminate) stage, and 3 at
the chronic symptomatic (determinate) stage. Based
on CDC guidelines, diagnosis of chronic Chagas dis-
ease requires positive results by >2 tests that detect
antibodies to different antigens, because no single
test is sufficiently sensitive and specific for diagnosis
(https:/ /www.cdc.gov/chagas/index.html). Of the
47 reported chronic cases, 31 (66%) were confirmed
with serologic testing at CDC. Of the 3 acute cases, 2
were acquired in central Texas (Austin-Round Rock
metropolitan area); the third case was acquired in the
Rio Grande Valley region of South Texas. A Spearman
correlation test indicated that there was no temporal
trend in the reported cases by year (z-score —1.0004; p
= (0.31), underscoring that locally acquired cases are a
stable threat in the state.

Triatomine species from the southwestern United
States have been shown to have a longer postfeeding
defecation behavior than more efficient triatomine
vectors in Latin America (34); that behavior has been
posed to reduce the risk for contact between infectious
T. cruzi and the host. That narrative has contributed
to the perception that triatomine species in the United
States are not capable of stercorarian transmission.
However, a study of T. gerstaeckeri and T. sanguisuga
bugs documented simultaneous feeding and defeca-
tion by the 2 key North American vectors, although
the measured postfeeding defecation indices were
longer than those of the Rhodnius Prolixus kissing bug,
a highly competent triatomine from South America
(35). Although many of the autochthonous Chagas
disease cases in the United States involve persons ex-
posed to triatomines, additional case-patients report
no exposure to triatomines (36,37), underscoring the
cryptic nature of the vectors and suggesting alterna-
tive transmission routes should be considered (8).

Oral transmission has been documented in cer-
tain regions of Latin America where fruit-based food
or drink products have been contaminated with T.
cruzi from triatomines living on trees (38). Triato-
mines in the United States have not been reported to
inhabit fruit trees, and oral transmission is likely less
relevant for explaining human cases acquired in the
United States; nonetheless, oral parasite transmission
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Figure 2. Yearly reported cases
of autochthonous human Chagas
disease in Texas in assessment
of Chagas disease as endemic
to the United States. Cases

have been continuously reported
with no apparent temporal trend
(z-score -1.0004; p = 0.31),
2013-2023.

through consumption of infected triatomines is
speculated to be the primary mode of transmission
to dogs (39). In addition, screening programs to de-
tect potential congenital T. cruzi transmission in the
United States are critical for preventing long-term se-
quelae of the disease (40).

Definitions of Endemicity

The CDC defines endemic as the constant presence/
usual prevalence of a disease or infectious agent in
a population within a geographic area (41). In its
characterization of infectious disease occurrence
patterns, Clay’s Handbook of Environmental Health
identifies an endemic pattern as “when an infection
is always present at low or moderate levels within a
given geographic area or defined population” (42).
A “hyperendemic pattern,” the authors add, “is ob-
served when infection occurs at high levels and af-
fects all age groups equally” (42). WHO provides a
more nuanced definition of specific terminology for
malaria, such as endemic being “an area in which
there is an ongoing, measurable incidence of malaria
infection and mosquito-borne transmission over a
succession of years”; the organization also includes
specific subcategories for the percent of the popula-
tion with malaria: “hypoendemic (0-10%), mesoen-
demic (10-50%), hyperendemic (constantly >50%),
and holoendemic (constantly >75%)” (43). Such an

1694

operative scale for Chagas disease has not yet been
developed, but acknowledging the nuanced nature
of endemicity (as stated by WHO terminology) and
the unique characteristics of Chagas disease occur-
rence in different regions will be crucial when con-
sidering the endemicity status of Chagas disease in
the United States. The context in the southern United
States presents well-established enzootic cycles and
sporadic albeit constant locally acquired human cas-
es (Figure 2), supporting a Chagas disease-endemic
disease status.

Consequences of Nonendemic Label
The current classification of the United States as non-
endemic for Chagas disease has led to critical issues
such as low physician and veterinary awareness
of possible human and animal exposure to T. cruzi
(4,44,45), which prevents appropriate differential di-
agnosis and could subsequently contribute to poten-
tial underreporting. The nonendemic label is coupled
with the portrayal of Chagas disease as an essentially
foreign or an exclusively travel-related issue in the
media. Such misrecognition impedes effective disease
management and underscores the need to reevaluate
Chagas disease’s endemic status.

We propose that Chagas disease in the United
States be classified as endemic and, more specifical-
ly, hypoendemic, acknowledging its presence and

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 31, No. 9, September 2025



effects while emphasizing the need for heightened
awareness and surveillance. We recognize the bur-
den of locally acquired human disease in the United
States does not approach the levels seen in some
regions of Latin America but hope that labeling the
United States as Chagas disease-endemic will also
raise awareness for this neglected disease across
its endemic range. This reclassification reflects a
broader understanding of epidemiology that aligns
with a One Health approach, recognizing the inter-
connectedness of human, animal, and environmen-
tal health. It also acknowledges the United States’
foundational and ongoing dependence on the highly
variable modes of human migration and settlement.
By incorporating ecologic, social, and geographic
relationships, this shift paves the way for expand-
ing research and intervention strategies. The United
States contributes 23.3% of the world’s scientific re-
search on Chagas disease, but most of it is focused
on pharmacological and diagnostics development
and immunology (46). Social and epidemiologic
research, which should focus on populations that
are disproportionately affected (46), is lacking. Rec-
ognizing Chagas disease as endemic to the United
States would ideally help increase funding agen-
cies” investment in research toward improved diag-
nostics and treatment and, perhaps more critically,
would support local public health agencies in ob-
taining resources needed to educate communities,
report cases, and prevent new infections. Last, from
a global health perspective, without recognizing
stable transmission within its borders, the United
States will be unable to reach its Sustainable Devel-
opment Goals outlined in the WHO initiative End-
ing the Neglect to Attain Sustainable Development
Goals: A Road Map for Neglected Tropical Disease
2021-2030; specifically, the third foundational pil-
lar that centers on changing “operating models and
culture to facilitate country ownership” would be
unattainable (https://www.paho.org/en/topics/
chagas-disease).

Conclusions

T. cruzi and the ecologic conditions that sustain its
transmission cycles are naturally occurring through-
out the southern half of the United States. Infection
has been consistently demonstrated in wildlife res-
ervoirs, companion animals, zoo and exotic mam-
mals, and humans. At least 4 triatomine species are
frequently encountered in homes and found to be
harboring T. cruzi parasites. Canine Chagas disease
is a concern in many working and companion dog
populations in the southern United States but is likely
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underrecognized in many areas. The exposure of non-
human primates to T. cruzi-infected triatomines pos-
es a challenge to medical research. Moreover, the lack
of reporting requirements for human Chagas disease
adds complexity to the documentation of autochtho-
nous cases. The number of documented autochtho-
nous cases is higher in Texas than in other states, and
cases are consistently documented each year.

This body of evidence justifies recognizing that
Chagas disease is endemic to the United States, and
not just from a veterinary perspective. Updating
Chagas disease endemicity status as hypoendemic is
a crucial step toward a more effective management
model, one that addresses the unique challenges and
complexities of this country regarding vectorborne
diseases. Such a shift will help reform curriculum in
professional schools to enable the next generation of
practitioners to be competent in recognizing the low
but present risk for locally acquired T. cruzi infec-
tions and better serve those who acquire the para-
site elsewhere and require diagnosis in the United
States. There is an opportunity to learn from the pub-
lic health experiences in Mexico and other regions of
Latin America that have long faced a high burden of
human Chagas disease; those experiences call for in-
creased understanding and disease management that
integrates biomedical, sociocultural and policy per-
spectives (47). Managing endemic Chagas disease in
the United States will require overcoming systemic,
structural, clinical, and psychosocial healthcare bar-
riers (48). Case investigations would ideally have
standardized data collection and case classification,
to include travel history, triatomine encounters, and
proximity to suitable triatomine habitat, all of which
are useful in assessing local transmission risk (49). In
the meantime, solutions for Chagas disease can be
advanced through the study of the unfortunate abun-
dance of naturally infected animals across the south-
ern United States (50). To achieve the Sustainable
Development Goals for the 2030 Neglected Tropical
Disease roadmap, recognizing Chagas disease ende-
micity in the United States as a regional issue will be
imperative to begin implementing local, state, and
national strategic plans to tackle this neglected dis-
ease that, as has been demonstrated, has never been
exclusively tropical.
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Group A Streptococcus infections have increased in Europe
since September 2022. The French Pediatric Intensive Care
and French Pediatric Infectious Diseases expert groups con-
ducted a retrospective and prospective study of children who
had severe group A Streptococcus infections during Sep-
tember 1, 2022—April 1, 2024, across 34 hospitals in France.
A total of 402 pediatric patients (median age 4 [interquartile
range 2-7.5] years; 42% girls, 58% boys) were enrolled.
Cases were characterized by a low proportion of severe skin

treptococcus pyogenes, also known as group A Strep-

tococcus (GAS), presents a wide spectrum of mani-
festations, ranging from mild infections (e.g., pharyn-
gitis) to severe and life-threatening conditions (e.g.,
necrotizing fasciitis). Globally, invasive S. pyogenes
infections (iGAS) account for nearly 2 million cases
per year worldwide; the effects of those infections on
young children and older adults are substantial, in-
cluding a case-fatality rate of up to 20%. In late 2022
and early 2023, a surge in pediatric GAS infections
garnered international attention, prompting public
health agencies to issue alerts. This rise extended be-
yond benign cases, also encompassing a notable in-
crease in iGAS cases (1-14).

In France, during the last 2 weeks of November
2022, pediatric clinicians and intensivists reported a
higher than usual number of pediatric cases of iGAS
to the French Public Health (Santé publique France)
and the Regional Healthcare Agencies (Agences Ré-
gionales de Santé). The National Reference Center for
Streptococci also observed an increase in the number
of GAS strains received since the summer of 2022
compared with previous years, particularly involving
strains isolated from severe pediatric cases as of the
end of October 2022. Those GAS infections occurred
in different regions in France and mainly in children
<10 years of age. In response, Santé publique France
and its partners (the Groupe de Pathologie Infectieuse
Pédiatrique, Association Clinique et Thérapeutique
du Val de Marne, and the Groupe Francophone de
Réanimation et Urgences Pédiatriques) have set up
surveillance of these infections.

The question of the emergence of a hypervirulent
GAS clone immediately arose, as did the search for
risk factors associated with the most severe forms.

Group A Streptococcus Infection, France

and soft tissue infections (16%), predominance of severe up-
per and lower respiratory tract infections (55%), and a 3.5%
case-fatality rate. In multivariate analysis, hydrocortisone,
corticosteroid, and vasopressor therapies were significantly
associated with major sequelae or death. Molecular analysis
revealed emml (73.0%) and emm12 (10.8%) strains; the
M1, clone represented 50% of emml strains. Clinicians,
researchers, and public health authorities must collaborate
to mitigate the effects of GAS on child health.

The primary objective of this study was to describe
the clinical, biological, and microbiological character-
istics of pediatric severe GAS cases that occurred in
France during the 2022-2023 epidemic. Our second-
ary objectives were to identify risk factors associated
with the most severe clinical forms, describe compli-
cations and short-term outcomes, and describe the
treatment and short-term management of severe pe-
diatric GAS cases.

Materials and Methods

Study Population and Data Collection

We conducted a retrospective (September 1, 2022-
December 31, 2022) and prospective (January 1, 2023-
April 30, 2024) national, multicenter cohort study in
34 hospitals in France. We included all hospitalized
pediatric case-patients <18 years of age.

We included all cases of severe GAS infections,
which included proven and probable iGAS cases.
Proven iGAS was defined as per international cri-
teria: cases in which GAS was isolated from a nor-
mally sterile site (by culture, PCR, or rapid antigen
detection testing), such as blood, cerebrospinal fluid,
pleural fluid, peritoneal fluid, pericardial fluid, bone,
joint/synovial fluid, or internal body site (e.g., lymph
node, brain); or GAS isolated from a nonsterile site
(such as a wound) and accompanied by necrotizing
fasciitis or streptococcal toxic shock syndrome (15).
We also included probable iGAS, defined as GAS
isolated from a nonsterile site such as sputum or oto-
rhinolaryngology surgical specimens (mastoiditis,
ethmoiditis, pharyngeal abscess) accompanied by >1
of the following severity criteria: intravenous (IV) an-
tibiotic drugs, surgery, or admission to the pediatric
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intensive care unit (PICU). Clinical data collected
were demographic information (age, sex, town of
residence, number of siblings, comorbidities, vacci-
nation status, and allergies), mode of onset of illness
(fever, history of viral infection within the previous
15 days), clinical manifestations, clinical evaluation
upon admission, biologic and microbiological data,
drug therapy, in-hospital evolution, and patient out-
comes (Appendix, https://wwwnc.cdc.gov/EID/
article/31/9/25-0245-Appl.pdf).

Microbiological Workup
We performed local microbiological documenta-
tion at each participating center using culture, GAS-
specific PCR, 165 rDNA PCR, and antigen detection
testing, as part of usual care. After inclusion of a
case in the study, we sent GAS isolates to the Na-
tional Reference Center for Streptococci for further
characterization. Isolates were confirmed as GAS on
the basis of colony morphology on horse blood agar
and by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (Bruker Daltonics).
We determined the emm genotype of each strain by
sequencing the variable 5' end of the emm gene and
comparing sequences with the database of the US
Centers for Disease Control and Prevention (http://
www?2.cdc.gov/vaccines/biotech/strepblast.asp).
We also identified the toxin profile, particularly for
superantigenic toxins. We performed antibiotic sus-
ceptibility testing by disc diffusion according to the
European Committee on Antimicrobial Susceptibility
Testing (http://www.eucast.org). We performed a
double-disc diffusion test to detect inducible resis-
tance to clindamycin. We used PCR to detected ge-
netic determinants of resistance to aminoglycosides;
macrolides, lincosamides, and synergistins; and tet-
racycline, as previously described (16).

We performed whole-genome sequencing on
a sample of randomly selected GAS strains. We ex-
tracted genomic DNA from overnight cultures us-
ing the MasterPure Gram Positive DNA Purification
kit (LGC Biosearch Technologies) according to the
manufacturer’s recommendations. We sequenced the
DNA using the Illumina MiSeq system. Bioinformati-
cal analyses included identification of the M1, clone,
by recognizing its specific 27 single-nucleotide poly-
morphisms (17).

Statistical Analysis

First, we described included cases using standard sta-
tistics. We expressed qualitative variables as frequen-
cies and percentages and quantitative variables using
the median and interquartile range (if not normally
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distributed). For the comparisons between groups
(i.e., group without sequelae or minor sequelae vs.
group with major sequelae or death; group with
hospitalization in Pediatric Intermediate Care Unit
[PIMCU]/PICU vs. group without hospitalization in
PIMCU/PICU), we compared percentages using the
X2 or Fisher exact test, depending on the number of
patients. We compared quantitative variables using
a Mann-Whitney test. We conducted all tests with a
significance threshold of p<0.05.

Second, to identify risk factors for the most severe
cases, we performed multivariate analysis using lo-
gistic regression models. A first model aimed to iden-
tify risk factors for admission in PIMCU/PICU, and a
second model focused on identifying risk factors for
major sequelae or death. We included all variables
with a p value <0.20 on univariate analysis in the mul-
tivariable models and removed them one by one us-
ing a stepwise backward elimination approach, with
a threshold of p<0.05, to obtain the final models. We
conducted the analyses using Stata 18 (StataCorp).

Ethics Statement

In accordance with France’s ethics law, patients were
informed that their encoded data would be used for
the study and for publication. Their nonopposition
to the use of their data and publication was collect-
ed. Patients were not involved in the design of this
study. This study is registered in ClinicalTrials.gov
as NCT(05788861 and has been approved by the eth-
ics review board of the Créteil Hospital Center (Cré-
teil, France).

Results

Study Population

We enrolled a total of 402 pediatric patients with se-
vere GAS infections. Median age was 4 (interquartile
range [IQR] 2-7.5) years; 42% were girls and 58%
boys (Table 1; Figures 1 and 2). The most frequent co-
morbidities were chronic pulmonary diseases (2.2%;
9/402), notably asthma (7/9 cases). Approximately
2% of the cohort (7/402) were immunocompromised
children (3 with primary immunodeficiency and
4 receiving immunosuppressive drugs). Regard-
ing drug exposure within 7 days before admission,
8% (34/402) had recently received nonsteroidal an-
tiinflammatory drugs (NSAIDs), 4% (17/402) had
received steroids, and 25% (100/402) had received
antibiotic drugs. Most GAS infections were isolated
cases (81%, 326/402); 5 (1%) cases were identified as
associated with collective settings, and 27 (7%) cas-
es were linked to household clusters. A substantial
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percentage of children (44%) were admitted to gen-
eral pediatric wards, 23% required admission to the
PICU, 7% were managed in PIMCUs, and 29% were
hospitalized in other specialized wards, such as neu-
rology and surgery departments.

A total of 140 patients were <3 years of age, and
the most frequent clinical manifestation was ear-nose-
throat (ENT) damage (Table 2; Figure 3). One patient
experienced out-of-hospital cardiac arrest, and 3%
(12/402) of patients had acute respiratory distress
syndrome. Acute respiratory distress was prevalent
in 27% (108/402) of cases; 78% (84/108) of those were
categorized as mild and 22% (24/108) as severe. Dur-
ing hospital stay, 3% (12/402) of patients experienced
a cardio-respiratory arrest. Median C-reactive protein
level at admission was 161 (IQR 76-254) mg/L (refer-
ence range 0-5 mg/L).

Nearly half of patients (44% [177/402]) required
surgical intervention during their hospital stay;
causes consisted of ENT drainage in 41% (73/177),
osteoarticular drainage in 24% (43/402), and deep
tissue abscess drainage in 6% (23/177) of cases (Ta-
ble 2). Surgical intervention within the first 24 hours
was necessary in 29% (117/402) of cases, primarily
for procedures such as deep tissue pus drainage and
joint drainage. Median duration of hospital stay was
7 (IQR 3-12) days.

Bacterial Data

Rapid antigen detection tests showed high positivity
rates when performed; results were positive for 79%
(110/139) of throat samples, 70% (48/69) of pleu-
ral effusion samples, and 39% (13/33) of cutaneous
samples. PCR testing identified GAS DNA in 14% of
cases, predominantly in pleural effusion fluid (38%,
22/58), followed by deep tissue abscesses (especially
from ear, nose, and throat area) (32%, 19/58). GAS
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Group A Streptococcus Infection, France

Table 1. Clinical features of severe group A Streptococcus
infections among 402 children, France, 2022—-2024*

Clinical features Value
Median age (IQR), y 4 (2-7.5)
Sex
M 234 (58)
F 168 (42)
Comorbidities 52 (13)
Immunosuppression 7(2)
Viral infection in the previous 15 d 109 (27)
Influenza 28/112 (25)
Respiratory syncytial virus 7112 (6)
Chicken pox 37/112 (33)
SARS-CoV-2 5/112 (4)
Other 37/112 (33)
Isolated case 326 (81)
Isolated fever 18 (4)
Site of infection
Multiple 146 (36)
Ear-nose-throat 135 (34)
Skin and soft tissue 63 (16)
Bone and joint 57 (14)
Lower respiratory 84 (21)
Pleuro-pneumonia 69 (17)
Otherst 34 (8)
Septic shockt 34 (8)
Toxic rash 37 (9)

*Values are no. (%) except as indicated.

TMeningitis, endocarditis, peritonitis, dental cellulitis.

1Defined as persistence of several organ failures or acute circulatory failure,
failure to correct arterial hypotension despite vascular filling of >40 mL/kg,
or both.

culture yielded positive results in 71% (285/402) of
cases; GAS was isolated from blood cultures in 21%
(84/402) of cases.

A total of 149 GAS isolates were sent to the Na-
tional Reference Center for Streptococci (Table 3), of
which 148 underwent emm typing. The emm1 (73.0%,
108/148) and emm12 (10.8%; 16/148) genotypes rep-
resented most strains. Resistance to macrolides (de-
fined by erythromycin resistance) was found in 3%
(5/148) of GAS strains. All macrolide-resistant iso-
lates were also resistant to clindamycin.

Figure 1. Trends in the number
of hospital admissions for severe
group A Streptococcus infection
among 402 children, by month,
France, 2022-2024.

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr

2022 2023
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Figure 2. Severe group

A Streptococcus infection
distribution in 402 children
by age, France, 2022-2024.
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We performed whole-genome sequencing on 25
of the 149 isolates received at the National Reference
Center for Streptococci, including 20 emm]1 isolates.
The M1, clone represented 50.0% (10/20) of the
emm1 isolates.

Outcomes and Sequelae
Most (77%, 311/402) patients affected by severe GAS
infections were discharged with a favorable outcome,
devoid of sequelae. However, 17 (4%) patients had
major sequelae (amputation/cutaneous necrosis/ or-
thopedic sequelae [n = 7], impaired respiratory func-
tion [n = 6], or neurologic deficit [n = 4]), and 14 deaths
were recorded, resulting in a case-fatality rate of 3.5%.
Initial clinical factors significantly associated
with hospitalization in the PICU or PIMCU in uni-
variate analysis included age <3 years, exposure to
corticosteroids in the days before hospitalization, vi-
ral infection within 15 days before symptom onset,

Table 2. Management of severe group A Streptococcus
infections among 402 children, France, 2022-2024

Treatment No. (%)
Oxygen therapy 120 (30)
Conventional 45 (11)
High-flow 27 (7)
Noninvasive ventilation 11 (3)
Invasive ventilation 32 (8)
Extracorporeal membrane oxygenation 5(01)
Hemodynamic therapy 97 (24)
Fluid resuscitation 97 (24)
Vasopressor treatment 50 (12)
First-line antibiotic treatment
Amoxicillin/clavulanate 138 (34)
Third generation cephalosporin 141 (35)
B-lactam + clindamycin 173 (43)
Adjunctive therapies
Intravenous Immunoglobulins 17 (4)
Hydrocortisone hemisuccinate for shock 19 (4)
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type of disease, and presence of a toxic rash (Table
4). In multivariate analysis (n = 399), factors signifi-
cantly associated with hospitalization in the PICU or
PIMCU consisted of viral infection within the 15 days
before symptom onset (adjusted odds ratio [aOR] 2.0
[95% CI 1.2-3.4]; p = 0.007) and type of disease (bone
and joint damage, aOR 0.3 [95% CI 0.1-0.8], p = 0.013;
pulmonary damage, aOR 2.1 [95% CI 1.04-4.3], p =
0.037) (Table 4).

Factors significantly associated with major se-
quelae or death in univariate analysis were a viral in-
fection within 15 days before symptom onset, hospi-
talization in PIMCU or PICU, antibiotic therapy with
a -lactam combined with clindamycin, receipt of IV
immunoglobulins, receipt of hydrocortisone, and re-
ceipt of vasopressor therapy (Table 5). In multivariate
analysis (n = 395), only hydrocortisone, use of corti-
costeroids during hospitalization, and vasopressor
therapy remained significantly associated with major
sequelae or death (Table 4).

Genotypes emm1 and emm12 were not significant-
ly associated with the risk for admission to PIMCU/
PICU or the risk for persistent sequelae. Genotype
emm1 was significantly associated with respiratory
damage (upper and lower) compared with other
types of damage (p = 0.01).

Discussion

This study provides detailed characterization of se-
vere GAS infections in pediatric patients in France. It
covers a wide range of clinical data, including demo-
graphic characteristics, clinical manifestations, labo-
ratory findings, treatment modalities, and outcomes,
thereby providing a thorough understanding of the
disease spectrum and its implications. Key findings
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Figure 3. Distribution of severe
group A Streptococcus infection
in 402 children, by type of
infection and age, France, 2022—
2024. ENT, ear-nose-throat.

include the absence of emerging GAS clones, a pre-
dominance of emml and emm12 genotypes, a case-
fatality rate of 3.5%, and a predominance of upper
and lower respiratory tract infections. We were also
able to identify several risk factors associated with the
most severe forms of GAS disease.

One third of severe infections occurred in chil-
dren <3 years of age, an age group in which benign
GAS infections (mainly ENT-related) are considered
rare, underlining the challenges of early diagnosis in
this age group. The frequency of acute GAS infections
peaks in childhood, but invasive infections are ob-
served in the extreme age groups (<1 and >65 years of
age) (18). This pattern could be explained by immune
system naivety in young children and immunosenes-
cence in the elderly. The strongest evidence for the
existence of protective immune responses against
GAS is the observed decrease in susceptibility to in-
fection with increasing age. The incidence of symp-
tomatic throat infections, including scarlet fever, in-
creases dramatically around the age of 4 (19). This
increase could be caused by the expansion of tonsil
tissue, which enables better access to GAS; entry into
school communities, with increased exposure to GAS;
or simply by the ability of children of that age to ver-
balize sore throats. Toward the end of childhood, the
frequency of streptococcal pharyngitis decreases sub-
stantially. GAS skin infections exhibit a similar peak
and fall in incidence but at a slightly earlier age than
throat infections, perhaps linked to a greater frequen-
cy of skin lesions in young children (20).

In our cohort, clinical manifestations consisted
predominately of ENT and lung infections, consis-
tent with findings from other studies (7). The 2022-
23 winter in France saw exceptionally intense viral
epidemics, including respiratory syncytial virus,
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influenza, and SARS-CoV-2, compared with previous
years. Such respiratory viral infections have been as-
sociated with increased susceptibility to severe GAS
infections and related ENT and pulmonary compli-
cations, suggesting a potential interplay between vi-
ruses and bacteria (21,22). Varicella zoster virus has
also been implicated in both cutaneous and articular
manifestations of iGAS infections, further supporting
a potential synergistic relationship that might exacer-
bate disease severity (23,24). Those findings highlight
the importance of monitoring viral coinfections and
their potential role in the pathogenesis of iGAS.

The concept of an immunity debt because of re-
duced exposure and heightened hygiene measures

Table 3. Molecular characterization of 149 Streptococcus
pyogenes isolates analyzed at the French National Reference
Center for Streptococci in study of children with severe group A
Streptococcus infections, France, 2022—2024

Variable No. (%)
Superantigen genes 148
SpeA 110 (74.3)
SpeB 148 (100)
SpeC 76 (51.3)
SmeZ 146 (98.6)
Sic* 108 (73.0)
ssa 11(7.4)
emm genotypes 148
emml 108 (73.0)
emm4 4(2.7)
emm12 16 (10.8)
emm77 4(2.7)
emm87 4(2.7)
emm89 4(2.7)
Otherst 8(5.4)
Not done 1
Whole-genome sequencing 25
emml 20
M1k clone among emm1 strains 10

*Sic-like genes were not analyzed.
1tOthers: 1 strain of each of emm2, emm3, emm1l, emm22, emm44,
emm75, emm169, and emm209.
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Table 4. Univariate and multivariate analysis of factors associated with PIMCU or PICU hospitalization in children with severe group A

Streptococcus infections, France, 2022—-2024*

Category

PIMCU/PICU hospitalization

No PIMCU/PICU hospitalization p value

Univariate analysis
Age group, y
<1

18/117 (15.4) 33/284 (11.6) 0.031

1 11/117 (9.4) 39/284 (13.7)

2 19/117 (16.2) 20/284 (7)

3-10 55/117 (47) 159/284 (56)

11-18 14/117 (12) 33/284 (11.6)
Immunosuppression 3/115 (2.6) 4/282 (1.4) 0.414
Comorbidities 16/116 (13.8) 36/283 (12.7) 0.773
Exposure to nonsteroidal antiinflammatory drug 13/112 (11.6) 21/272 (7.7) 0.223
Exposure to steroidal antiinflammatory drug 14/112 (12.5) 3/275 (1) <0.001
Viral infection in the 15 days before hospitalization 47/109 (28.9) 62/268 (23.1) <0.001
Type of infection

ENT 31/117 (26.5) 104/284 (36.6) <0.001

Pulmonary 44/117 (37.6) 40/284 (14.1)

Bone and joint 7/117 (6) 50/284 (17.6)

Cutaneous 16/117 (13.7) 47/284 (16.5)

Other 19/117 (16.2) 43/284 (15.1)

Multiple damage 50/117 (42.7) 96/284 (33.8) 0.091

Toxic rash 17/117 (14.5) 20/284 (7) 0.019
Multivariate analysis, adjusted odds ratio (95% Cl)

Viral infection in the 15 days before hospitalization 2.02 (1.21-3.37) 0.07

Osteoarticular damage 0.29 (0.11-0.77) 0.013

Pulmonary damage 2.11 (1.04-4.29) 0.037

*Values are no. (%) except as indicated. Boldface indicates significance. ENT, ear-nose-throat; PICU, pediatric intensive care unit; PIMCU, pediatric

intermediate care unit.

during COVID-19 lockdowns has been proposed to
explain the resurgence in 2022-2023 of invasive bac-
terial infections in children, including pneumococ-
cal, meningococcal, and pertussisinfections (2,25,26).
Similarly, a rise in mild GAS infections in outpatient
settings was reported in France before the 2022-
2023 surge in severe cases (2). However, our study
cannot confirm this hypothesis for iGAS infections,
given the absence of pre-2022 data (Appendix) and
the uncertainty regarding a potential continuum be-
tween noninvasive and severe forms of the disease,

despite the high incidence of severe ENT infections
and pneumonia observed in our cohort (23). Those
considerations underscore the need for robust out-
patient surveillance and appropriate use of diag-
nostic tools to guide GAS management. In addition,
considering COVID-19 infection itself as a potential
predisposing factor for iGAS is critical, as previ-
ously discussed.

The case-fatality rate of 3.5%, the elevated surgi-
cal intervention rate (44%), and the long median of
hospital stay (7 days) illustrate the burden of severe

Table 5. Univariate and multivariate analysis of factors associated with major sequelae/death in children with severe group A

streptococcus infections, France, 2022—2024*

Category Major sequelae/death No major sequelae/death p value
Univariate analysis
Female sex 14/31 (45) 150/365 (41) 0.668
Viral infection in the 15 days before hospitalization 16/31 (52) 88/365 (24.1) 0.004
Clinical damage 0.094
ENT 8/31 (25.8) 127/365 (34.8)
Pulmonary 11/48 (35.5) 69/365 (18.9)
Osteoarticular 3/31 (9.7) 54/365 (14.8)
Cutaneous 2/31 (6.5) 60/365 (16.4)
Other 7/31 (22.6) 55/365 (15)
PIMCU/PICU admission 22/31 (71) 90/365 (24.7) <0.001
Clindamycin therapy 21/31 (67.7) 148/365 (40.5) 0.003
Intravenous immunoglobulins 6/31 (19.3) 10/355 (2.8) <0.001
Corticosteroidal therapy 5/28 (17.9) 36/356 (10.1) 0.201
Hydrocortisone hemisuccinate for shock 12/29 (41.4) 7/353 (1.9) <0.001
Vasopressive drug 19/30 (63.3) 25/343 (7.3) <0.001
Multivariate analysis, odds ratio (95% CI)
Corticosteroidal therapy 4.18 (1.27-13.75) 0.018
Hydrocortisone hemisuccinate for shock 6.25 (1.53-25.50) 0.011
Vasopressive drug 11.27 (3.54-35.89) <0.001

*Values are no. (%) except as indicated. Boldface indicates significance. ENT, ear-nose-throat; PICU, pediatric intensive care unit; PIMCU, pediatric

intermediate care unit.
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GAS infections on patients, their families, and the
healthcare system. Although GAS is often considered
a minor pathogen responsible for mostly mild infec-
tions, the 2022-2023 worldwide epidemic reminds us
that GAS possesses a full range of virulence factors
that are capable of causing severe damage and must
not be overlooked. In low- and-middle income set-
tings, rheumatic fever is an additional concern. Those
challenges have prompted clinicians to diagnose and
treat noninvasive infections, such as pharyngitis, and
has prompted researchers to develop vaccines against
them. Of note, the promising 30-valent M protein-
based vaccine described by Finn et al. (27) includes
almost all the emm types identified in our study. It
covers the predominant emm types circulating in tem-
perate regions, highlighting its potential for broad
epidemiologic coverage.

Further research is needed to establish the most
effective therapeutic strategies for managing iGAS
infections. The role of adjunctive treatments such as
clindamycin, which might help reduce GAS toxin
production, and IV immunoglobulin, which might
neutralize toxin activity, remains a subject of debate.
A recent observational study from Japan found no sig-
nificant effect of those therapies on in-hospital mortal-
ity (22). In our own multivariate analysis, only the use
of hydrocortisone, corticosteroids, and vasopressor
therapy during hospitalization was significantly asso-
ciated with major sequelae or death. However, those
findings likely reflect their use in the most severely ill
patients, rather than indicating a direct causal effect.

The most frequent genotypes identified in our pe-
diatric cohort were emm1 and emm12, similar to those
reported in other countries during the 2022-2023
epidemic and in earlier prepandemic cohorts (24,28).
However, the proportion of emm1 strains in our series
was higher than in other studies (e.g., Spain, United
Kingdom, Portugal series) (5,29-31). Of note, a recent
population-based study conducted in 10 US states
that included 21,312 patients (1,272 children) with in-
vasive GAS infections during 2013-2022 documented
a decline in pharyngeal strains (such as emml and
emm12) during the COVID-19 pandemic, alongside
an increase in skin-associated emm types (24). The
epidemic in France confirmed the continued expan-
sion of the M1 clone, which has been progressively
spreading since its first detection in the United King-
dom in 2008 (17).

The first limitation of our study is that, despite
our thorough description of the severe GAS infections
observed during the 2022-2023 outbreak, the lack of
a control period from the pre-COVID-19 era prevents
us from drawing precise epidemiologic conclusions
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about changes in incidence rates over time (Appen-
dix). Second, the relatively small number of isolates
and the limited subset analyzed by whole-genome
sequencing further restrict our ability to detect the
emergence of specific strains. Finally, although this
study relies on a large and nationwide network of 34
hospitals, we cannot guarantee the exhaustiveness or
full representativeness of our case series.

Future research endeavors should focus on eluci-
dating the underlying mechanisms driving the surge
in pediatric severe GAS infections and the interplay
between viral co-infections and bacterial complica-
tions. Comprehensive surveillance programs target-
ing both viral and bacterial pathogens, including
GAS, are essential for early detection, timely inter-
vention, and prevention of severe GAS disease out-
comes. Furthermore, enhanced understanding of
host-pathogen interactions, immune responses, ge-
netic predispositions, and pathogen virulence that
influence susceptibility to severe GAS infections is
needed. Such knowledge can inform the develop-
ment of targeted therapeutic approaches, including
immunomodulatory strategies and vaccine develop-
ment, to mitigate the burden of iGAS infections in pe-
diatric populations.

In conclusion, pediatric severe GAS infections
represent a substantial clinical and public health chal-
lenge, characterized by a high number of cases and
associated illnesses and deaths during the winter of
2022-23 in several countries. This cohort in France
demonstrated a high rate of respiratory diagnoses
and a significant need for procedural intervention,
mainly driven by emm1 and emm12 genotypes and the
M1, strain. Advances in diagnostic modalities, an-
tibiotic therapy, and supportive care have improved
outcomes of severe GAS infections, but continued re-
search efforts are needed to unravel the complexities
of these infections and inform evidence-based strate-
gies for prevention, management, and surveillance.
Collaboration between clinicians, researchers, and
public health authorities is essential to address the
evolving landscape of pediatric severe GAS infections
and mitigate their effects on child health.
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Cecile Bost-Bru, Marie-Aliette Dommergues, Justine De
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The complexity of rickettsial serodiagnostics during
acute illness has limited clinical characterization in Af-
rica. We used archived samples from sepsis (n = 259)
and acute febrile illness (n = 70) cohorts in Uganda to
identify spotted fever and typhus group rickettsiae by
using immunofluorescence assay and clinically validat-
ed rRNA reverse transcription PCR (RT-PCR). Among
329 participants, 10.0% had rickettsial infections (n =
33; n = 20 identified with immunofluorescence assay
and n = 13 by RT-PCR). Serum rRNA RT-PCR was
75.0% (95% Cl 42.8-94.5%) sensitive and 91.2% (95%
Cl 85.8-95.1%) specific. Thrombocytopenia was more
common among patients with rickettsial infections than
with other nonmalarial infections (adjusted odds ratio
3.7; p = 0.003). No participants were on a tetracycline
antimicrobial drug at admission. rRNA RT-PCR is a
promising diagnostic strategy for identifying acute rick-
ettsial infections. Doxycycline should be included in em-
piric antimicrobial drug regimens for nonmalarial febrile
illness in this region.

ickettsial infections are challenging to clinically

distinguish from other causes of febrile illness.
Clinical, operational, and technical factors increase
the difficulty of identifying rickettsioses in sub-Saha-
ran Africa (1). Rickettsial infections in sub-Saharan
Africa are of international importance; among return-
ing travelers from the region, rickettsioses are com-
mon causes of nonmalarial fever (2-5). Many patients
do not have an obvious eschar (5-7), and clinical signs
and symptoms are not well-characterized among
those hospitalized in the region (5,8). Characteristic
laboratory abnormalities of thrombocytopenia, leu-
kopenia, and elevated transaminase activities are
commonly observed clinical manifestations of the
most prevalent tropical infections, including malaria,
typhoid fever, arboviruses, or generalized sepsis (9).

Clinicians do not have reliable diagnostics for acute
rickettsioses (10,11). Empiric antimicrobial drug regi-
mens rarely include antimicrobial drugs active against
rickettsioses (e.g., tetracyclines) (11-13). Diagnostics
are generally limited to acute- and convalescent-phase
serology despite flaws in performance, sparse point-of-
care availability, and almost absent acute care clinical
utility (10). Because of the low organism concentra-
tion within the bloodstream in acute infection, serum
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or whole blood PCR is generally insensitive at 18%
(10). rRNA, on the other hand, is highly abundant,
conserved, and stable. Targeting rRNA with reverse
transcription PCR (RT-PCR) is an approach that has
been used to optimize analytical sensitivity in PCRs
for rickettsial (14) and other low bacterial burden in-
fections (15). Evaluations using archived samples
from patients with rickettsioses and nonrickettsial
diseases demonstrate real promise for improved de-
tection sensitivity of rickettsial infections but have yet
to be evaluated in samples from prospectively identi-
fied acute febrile illnesses in a comprehensive clinical
study (14,16). To confirm the improved sensitivity of
this approach, we developed and evaluated new prim-
ers targeting RN A. We describe the performance of an
rRNA-targeting RT-PCR to detect spotted fever group
(SFG) rickettsiae and typhus group (TG) rickettsiae,
compared with acute- and convalescent-phase immu-
nofluorescence assays (IFA), among acute febrile hos-
pitalized participants in 3 hospitals in rural Uganda.
We used the results from those identified rickettsial
infections to describe the features of hospitalized rick-
ettsial infections and address a clinical epidemiology
knowledge gap in this region.

Materials and Methods

According to internal review board-approved par-
ent cohort protocols, participants were enrolled
upon hospitalization. We collected demographic,
symptom, examination finding, and laboratory data
on standardized forms during hospitalization and
at 1 month after enrollment (Appendix, http://
wwwnc.cde.gov/EID/article/31/9/25-0479-App1.
pdf) (13,17; P.W. Blair et al., unpub. data, https://
www.medrxiv.org/content/10.1101/2023.09.14.232
95526v1). We collected acute blood samples at en-
rollment and convalescent samples at 1 month. We
determined survival during in-person visits or tele-
phone calls during a 1-3-month period after hospi-
talization in the acute febrile illness (AFI) cohort and
a 12-month period in the sepsis cohort.

We used acute-phase serology from archived
samples collected at parent study enrollment to de-
termine seroprevalence in the sepsis (n = 311) and
AFI (n = 122) cohorts. We conducted IgG IFA by us-
ing commercial slides (spotted fever group rickettsia,
Rickettsia conorii Malish 7 strain; typhus group rickett-
sia, Rickettsia typhi Wilmington strain) (Biocell Diag-
nostics Inc.). We screened serum samples collected at
time of hospitalization (acute phase) and at 1-month
follow-up (convalescent phase) at a dilution of 1:64

Members are listed at the end of this article.
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and titrated to 1:65,536 (17). We considered a sample
seropositive at a threshold titer of >128. We used a ti-
ter of 32 for fold-change calculations if the screen was
negative. We defined a confirmed case as a serocon-
version with a >4-fold increase in titer from the acute
to convalescent sample, in which the convalescent
titer was >128. If a participant had a seroconversion
to both SFG and TG rickettsiae, we determined the
group designation by the higher convalescent titer
and then the higher acute titer. We excluded rickett-
sial infections with an alternative nonrickettsial posi-
tive microbiological result on the basis of our proto-
colized testing (malaria antigen positive, tuberculosis
PCR positive or urine lipoarabinomannan positive,
positive blood cultures, or positive whole blood Bio-
fire panel) from this analysis to decrease the risk for
misclassification (Appendix Figure 1).

For RT-PCR, we extracted RNA (targeting mRNA
and rRNA to optimize sensitivity) (10) from 200 pL
acute serum and 200 pL acute whole blood by using
QIAamp RNA Mini Kits (QIAGEN). We conducted
RT-PCR by using previously published methods (18)
targeting SFG rickettsia sca0 and TG rickettsia 17-kDa
outer membrane lipoprotein mRNA. We only con-
sidered samples positive if in duplicate. To develop
the 16S rRNA primers and probes, we aligned genes
across 41 rickettsial species and 17 clinically relevant
nonrickettsial bacterial species downloaded from
GenBank by using the MEGAX platform (19). We
identified a conserved region that was disparate from
nonrickettsial species, including the forward primer
5'-gcggetaatgecgggaactataag-3',  reverse  primer
5'-ccgaactgagatgtcttttagge-3', and probe 5'-/56-FAM/
gceggagga/ zen/aggtgggeacgacgtc/3IABKFQ/-3". To
determine primer species specificity or exclusivity
compared with off-target organisms, we compared
detection and SYBR Green melting curves by using
14 rickettsial and 4 nonrickettsial DNA controls. We
used a 175-bp target sequence cloned into the pCR2.1
vector as a plasmid for quantification with a quan-
titative PCR master mix (Bio-Rad Laboratories). We
identified a cutoff for rIRNA RT-PCR by using the
lowest threshold with >90% detection among serially
diluted whole blood samples and in serum samples
from healthy donors spiked with cell-free R. parkeri.
To determine RT-PCR clinical sensitivity and specific-
ity, we used IFA seroconversions as the index com-
parator. We prioritized samples with limited volume
for IFA and then 16S RT-PCR, sca0, and 17-kDa RT-
PCR. The rRNA RT-PCR performance calculations
were limited to those with sample availability for
both complete paired IFA and RT-PCR testing for se-
rum and whole blood (n = 172 participants).

1710

Case—Control Analysis

To evaluate for differences in clinical parameters,
groups included samples with a follow-up sero-
logic test and we then divided them into groups of
rickettsial infections (IFA seroconversion or acute
RT-PCR positive [sca0, 17-kDa, or whole blood 165
rRNA]), malarial infections (on the basis of a rap-
id diagnostic test), and nonmalarial infections (no
rickettsial seroconversion and a negative malaria
test). We performed summary statistics for baseline
characteristics and microbiology results. We used
Kruskal-Wallis testing for continuous parameters,
Fisher exact test for observations <5, and y? test for
categorical parameters. We assessed groups for bal-
ance of age, female sex, and a >2 quick sequential
organ failure assessment (qSOFA) score by using
Fisher exact test. We compared rash and clinical lab-
oratory parameters (white blood cell count, platelet
count, aspartate transaminase, alanine transami-
nase, and creatinine) between the rickettsial group
and the malarial group and between the rickettsial
group and the nonmalarial group. The sample size
was insufficient for clinical comparisons of total
participants with discordant PCR and IFA serol-
ogy results. Because of performance limitations of
the index IFA comparator, we also determined the
performance when limiting negative cases to those
with microbiologically confirmed nonrickettsial in-
fections as a secondary analysis.

To determine the discrimination accuracy for
identifying rickettsial infection from nonmalarial ill-
ness, we conducted multivariable logistic regression
among covariates with a significant (p<0.05) result
from analyses for rickettsial compared with nonma-
larial illness (ultimately limited to platelet count) ad-
justed for age, sex, and parent cohort. We obtained
receiver operating characteristic curve estimates by
using 3,000-fold cross-validation. We did not perform
a multiple comparisons correction because of sample
size. We estimated an effect size of an odds ratio of 2.6
to be detectable with a statistical power of 80% with
a 1-sided a <0.05 comparing 33 rickettsial infections
with 8:1 matching. We conducted analyses by using
Stata version 16.0 (StataCorp, LLC), and created fig-
ures by using Stata or R version 4.0.1 (The R Project
for Statistical Computing).

Results

Serology

In the SFG, the median time from acute-phase sam-
ple collection to convalescent-phase sample collec-
tion was 28 days (interquartile range [IQR] 24-30
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days). We found that 49.7% (215/433) of acute sam-
ples and 58.5% (196/335) of convalescent samples
were seropositive (>128) for SFG rickettsia. Among
acute samples, 43.2% (187/433) were positive at
>256 and 40.0% (173/433) were positive at >512
(Figure 1, panel A). Among samples with a positive
screen (titer >64), the median acute titer was 1,024
(up to131,072; IQR 128-4,096) and median convales-
cent titer was 2,048 (up to 131,072; IQR 512-8,192).
Baseline acute-phase sample seropositivity was
highest in the city of Arua (acute 66.7% [22/33]),
followed by Fort Portal (acute 54.3% [169/311]) and
Mubende (acute 27.0% [24/89]). Among samples
with a positive screen, the acute geometric mean
titer (GMT) was 1,137.6 (95% CI 877.0-1,475.5)
and the convalescent GMT was 1,990.5 (95% CI
1,508.1-2,627.2).

In the TG, we found that 10.6% (46/433) of
acute-phase samples and 13.4% (45/335) of conva-
lescent-phase samples were seropositive (>128) for
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TG rickettsia. Among acute samples, 9.0% (39/433)
were positive at >256 and 8.3% (36/433) were posi-
tive at >512 (Figure 1, panel B). Among samples with
a positive screen, the median acute titer was 512 (up
to 65,536; IQR 128-4,096) and median convalescent
titer was 2,048 (up to 131,072; IQR 512-8,192). Com-
pared with SFG rickettsia serology, baseline acute
phase sample TG seropositivity varied less across
sites, with the highest prevalence of seropositive re-
sults in Arua (acute: 15.2% [5/33]), followed by Fort
Portal (acute 11.6% [36/311]), and Mubende (acute:
5.6% [5/89]). Among positive screens, the acute
GMT was 873.4 (95% CI 486.3-1,568.6) and conva-
lescent GMT was 1,915.9 (95% CI 1,030.6-3,561.8).
After excluding samples with multiple positive non-
rickettsial and rickettsial results (n = 14) (Appendix
Figure 1), we observed SFG seroconversions (>4-
fold rise in titers) among 4.4% (14 participants) and
TG seroconversions among 1.9% (6 participants)
of participants.

Figure 1. Alluvial plots of
baseline acute serum samples
from study of rickettsioses as

an underrecognized cause of
hospitalization for febrile iliness,
Uganda. A) Spotted fever group
rickettsiae; B) typhus group
rickettsiae. Immunofluorescence
assay 1gG seroprevalence is
shown for different sites and
different titer cutoffs. Participant
samples were from referral
hospital clinical study sites in Arua
(in yellow; 7.6% of participants),
Mubende (in red, 20.6% of
participants), and in Fort Portal
(in blue, 71.8%). Distribution of
the colored lines across the graph
shows a comparison of positive
or negative samples among

the sites. Green is the total
percentage of negative samples.
Orange is the total percentage of
positive samples. Neg, negative;
pos, positive.

1711



RESEARCH

rRNA RT-PCR Analytical Validation

To determine primer species specificity compared
with off-target organisms, we conducted SYBR Green
melting curves that were positive among 8 SFG spe-
cies and R. typhi archived DNA controls and negative
for 4 nonrickettsial DNA controls, 2 Anaplasma spp.,
and 2 Ehrlichia spp. (Appendix Table 1). We identi-
fied a16S rRNA RT-PCR cycle threshold (Ct) cutoff of
35.0 as the lowest threshold to detect >90% of serially
diluted R. parkeri spiked samples in both whole blood
and serum. This threshold equated to a lower limit
of detection of 61 genomic equivalents/mL in whole
blood and 3.8 genomic equivalents/mL in serum
(Appendix Table 2). Healthy control (n = 6) samples
were negative.

rRNA RT-PCR Compared with IFA

Seroconversion Cases

Among participants with complete IFA testing and
sufficient volume, acute-phase whole blood and serum
were available for nucleic acid extraction and RT-PCR
from 172 participants (including 12 with seroconver-
sion). Compared with IFA seroconversion as the index
test, IRNA RT-PCR was 33.3% sensitive (95% CI 33.3-
65.1%; 4 of 12 cases) by using whole blood and 75.0%
sensitive (95% CI 42.8- 94.5%; 9 of 12 cases) by using
serum. Among rickettsial rRNA RT-PCR positive sero-
conversion positive cases, serum Ct values were 30.2-
34.4 for serum and 29.8-31.9 for whole blood.

Discrepant Cases

Among cases without IFA seroconversion, 4/160
whole blood samples were rRNA RT-PCR positive
(97.5% specific [95% CI 93.7%-99.3%]; Ct range 31.7-
34.8) and 14/160 serum samples were rRNA RT-PCR
positive (91.2% specific [95% CI 85.8%-95.1%]; Ct
range 29.9-34.5) (Appendix Figure 2). Half or more (7
of 14 serum and 3 of 4 of whole blood) of the discrep-
ant cases had an acute titer higher than the 95% CI of
the GMT mean for the cohort. The time between the
acute-phase and convalescent-phase sample collec-
tion was 23-49 days among positive serum cases and
23-29 days among positive whole blood cases. If re-
stricting the nonrickettsial case definition to microbi-
ologically confirmed diagnoses (n = 62), whole blood
16S rRNA was 100% specific (95% CI 94.2%-100.0%;
0 positive nonrickettsial cases) and serum 165 rRNA
was 96.8% specific (95% CI 88.8%-99.6%). Two cases
without >4-fold change in IFA under this definition
were TRNA RT-PCR positive and were infected with
malaria. One had acute and convalescent SFG IgG ti-
ters of 65,636 (seroconversion was not observable be-
cause of the titration upper limit).
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Among participants with both acute and convales-
cent serum samples, 1 was Rickettsia mRNA RT-PCR
(17-kDa) positive. This case was also rRNA positive.
On the basis of this single case, sca0 and 17-kD pro-
tein gene transcript RT-PCR targets combined (posi-
tive with either target) were 14.3% sensitive (95% CI
0.4%-57.9%; 1 of 7 IFA cases) and 100.0% specific
(95% CI 97.7%-100.0%). All samples were negative
for 17-kDa or sca0 targets when using PCR on whole
blood with or without reverse transcription or on se-
rum without reverse transcription.

Clinical Case—Control Rickettsial Comparisons
Participants used in the case-control comparison (n
= 329) were a median of 39.0 (IQR 27-54) years of
age at enrollment; 62% were female and 38% male
(Table 1). Empiric tetracycline antimicrobial drugs
were started across cohorts among 5.8% partici-
pants. Infection groups had similar distributions of
age (p = 0.39), sex (p = 0.72) and a positive gSOFA
score (p = 0.77).

On the basis of the high specificity of whole blood
rRNA, serum sca0, and serum 17-kDa RT-PCR, we ex-
panded our serologic case definition for a case-con-
trol comparison to include those assays (Appendix
Figure 1). Among patients with acute-phase samples
with or without convalescent serum samples, 8.0%
(33/412; 20 patients identified with a >4-fold change
in IFA) had rickettsial infections. To evaluate for dif-
ferences in clinical parameters, we made comparisons
among groups of rickettsial infections, malarial infec-
tions on the basis of a rapid diagnostic test (n = 59),
and nonmalarial infections (no rickettsial seroconver-
sion and a negative malaria test, n = 237).

Among those with confirmed rickettsial infec-
tions, severity was similar to nonrickettsial infections;
22% had a gSOFA of >2 (Table 2). No participants with
rickettsial infections were on tetracycline treatments,
and a minority (36%) had received a potentially ac-
tive antimicrobial drug (i.e., macrolide, quinolone, or
chloramphenicol) against rickettsial infections. Rash
(including maculopapular because of R. conorii infec-
tion) (7) was observed in only 6% of participants.

Among patients with rickettsial illness, median
leukocyte count was 6.2 x 10° cells/pL (IQR 4.6-8.1
x 10° cells/pL), aspartate transaminase 38 U/L (IQR
26.0-92.0 U/L), and platelet count 168.0 x 10°/pL (IQR
116.9-264.5 x 10°/uL) (Table 3). Among SFG serocon-
versions, the median acute titer was 384 (IQR 128-
2,048) and median convalescent titer was 1,536 (IQR
1,024-16,384). Among TG cases, the median acute titer
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Table 1. Baseline demographics for case—control comparison in study of rickettsioses as an underrecognized cause of hospitalization

for febrile iliness, Uganda*

Characteristic

Sepsis cohort, n = 259

AFI cohort, n =70 Total, n = 329

Age, y, median (IQR)

30.5 (24.0-47.0)

30.5 (24.0-47.0) 39.0 (27.0-54.0)

Sex, no. (%)

160 (62) 43 (61) 203 (62)
M 99 (38) 27 (39) 126 (38)
HIV-positive, no. (%) 95 (37) 23 (33) 118 (36)

Physiologic parameters, median (IQR)
Heart rate, beats/min
Temperature, °C
Breaths/min
Oxygen saturation

101.0 (90.0-112.0)
37.5 (36.9-38.1)
28.0 (24.0-32.0)
95.0 (92.0-97.0)

109.0 (93.0-116.0)
38.1 (38.0-38.8)
20.0 (18.0-24.0)
98.0 (97.0-99.0)

101.0 (90.0-114.0)
37.6 (36.9-38.3)
26.0 (22.0-32.0)
95.0 (93.0-98.0)

gSOFA >2, no. (%) 53 (21) 12 (17) 65 (20)
Tetracycline treatment, no. (%) 18 (6.9) 1(1.4) 19 (5.8)
Rickettsialt treatment, no. (%) 126 (49) 18 (26) 144 (44)

*AFl, acute febrile iliness; IQR, interquartile range; gSOFA, quick sepsis organ failure assessment.
TAntimicrobial drugs with potential rickettsial activity: tetracyclines, macrolides, or quinolones.

was 64 (IQR 32-8,192) and median convalescent titer
was 4,096 (IQR 1,024-65,536). Thrombocytopenia was
more common among those with rickettsial infections
compared with other nonmalarial infections (adjusted
odds ratio 3.7; p = 0.003), but diagnostic performance
was limited (sensitivity 45.5%, 95% CI 24.4-67.8%;
specificity 83.6%, 95% Cl 78.1-88.1%; positive likeli-
hood ratio 2.8, 95% CI 1.6-4.8; negative likelihood ratio
0.7,95% CI 0.4-1.0). The cross-validated area under the
receiver operating characteristic curve was 0.68 (95%
CI 0.46-0.74). In addition, the platelet count was lower
among patients with malarial illness than rickettsial ill-
ness (p = 0.007) (Table 3; Figure 2). Leukocyte count
was higher among patients with rickettsial infections
than malarial illness (median 4.7 x 10° cells/uL, IQR
3.3-6.6 x 10° cells/uL; p = 0.013). Other parameters
were not significantly different. Of participants with
rickettsial infections, 3 of 33 died within 90 days.

Discussion
Our study found that rickettsioses were a common
cause of hospitalized illness across multiple sites in

Uganda, consistent with a high observed seropreva-
lence. Rickettsial illness manifested similarly to non-
malarial illness on the basis of well-described clinical
parameters. Clinical factors (including platelet count)
were neither sensitive nor specific for identifying
rickettsial infections. Rashes were infrequently re-
ported or seen on physical examination, and no es-
chars were observed. Specific rickettsial treatments
were uncommonly used. rRNA RT-PCR sensitivity in
serum samples was considerably higher than target-
ing rickettsial mMRNAs, although the use of rRNA RT-
PCR has the potential benefit as a diagnostic strategy
for identifying acute cases that otherwise would not
be treated. Our findings highlight the need for contin-
ued diagnostic development. Clinicians should also
have a high level of suspicion and low threshold for
empiric doxycycline use in this region for nonmalari-
al illness among hospitalized adults.

Among prior cohorts in Sub-Saharan Africa,
clinical descriptions of rickettsial infections have
largely been limited to returning travelers, and the
course of hospitalized illness is not prospectively well

Table 2. Clinical characteristics among those with rickettsial, malarial, and nonmalarial illness in study of rickettsioses as an

underrecognized cause of hospitalization for febrile illness, Uganda*

p value, rickettsial p value, rickettsial

Characteristic Rickettsial, n = 33 Malarial, n = 59 vs. malarialt Nonmalarial, n = 237  vs. nonmalarialt
Age, y, median (IQR) 37.0 (28.0-47.0) 35.0 (24.0-51.0) 0.794 40.0 (28.0-55.0) 0.393
Sex
F 21/33 (64) 39/59 (66) 0.812 143/237 (60) 0.716
M 12 (36) 20 (34) 0.812 94 (40) 0.716
HIV-positive 10/33 (30) 17/59 (29) 0.880 91/237 (38) 0.368
Physiologic parameters, median (IQR)
Heart rate, beats/min 102.0 (91.0-110.0) 102.0 (92.0-113.0) 0.782 101.0 (89.0-114.0) 0.696
Temperature °C 38.0 (37.1-38.8) 38.0 (37.0-38.8) 0.964 37.5 (36.9-38.1) 0.083
Breaths/min 24.0 (20.0-29.0) 24.0 (20.0-32.0) 0.954 28.0 (24.0-32.0) 0.057
Oxygen saturation 95.0 (93.0-98.0) 97.0 (94.0-98.0) 0.134 95.0 (92.0-97.0) 0.535
gSOFA 22, no. (%)F 7/33 (21) 13/59 (22) 0.927 45/236 (19) 0.770
Tetracycline treatment 0/33 (0) 0/59 (0) >0.999 19/237 (8.0) 0.142
Rickettsial treatment 12/33 (36) 14/59 (24) 0.197 118/237 (50) 0.148
*Values are no. positive/no. tested (%) except as indicated. IQR, interquartile range; gSOFA, quick sepsis organ failure assessment.
tFisher exact test, Wilcoxon rank-sum test, or Pearson y? test.
FMissing for 1 of 328 participants.
Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025 1713
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Table 3. Clinical examination and laboratory features among diagnostic classes in a study of rickettsioses as an underrecognized

cause of hospitalization for febrile illness, Uganda*

p value, p value,

rickettsial vs. Nonmalarial, rickettsial vs.
Characteristic Total, n = 329 Malarial, n =59 Rickettsial, n = 33 malarialt n =237 nonmalarialt
Rash on examination, no. 21/328 (6.4) 2/59 (3.4) 2/33 (6.1) 0.616 17/236 (7.2) >0.999
(%)*
Leukocytes, x 10° 5.5 (3.9-8.4) 4.7 (3.3-6.6) 6.2 (4.6-8.1) 0.012 5.6 (4.1-9.4) 0.900
cells/uL8
Platelets, x 10%/uLY 205.0 104.1 168.0 0.007 227.0 0.013

(134.7-289.0) (64.2-179.0) (116.9-264.5) (171.0-311.0)

AST, U/L# 35.0 (26.0-59.0) 32.0 (24.0-42.0)  38.0 (26.0-92.0) 0.081 36.0 (26.0-61.0) 0.524
ALT, U/L 23.0 (18.0-36.0) 21.0 (17.0-28.0) 25.0 (19.0-44.0) 0.119 24.0 (18.0-37.0) 0.596
Creatinine, mg/dL** 0.8 (0.5-1.0) 0.8 (0.0-1.0) 0.8 (0.0-1.1) 0.204 0.8 (0.6-1.0) 0.541

*Values are median (interquartile range) except as indicated. ALT, alanine transaminase; AST, aspartate transaminase; qSOFA, quick sepsis organ

failure assessment.

tFisher exact test, Wilcoxon rank-sum test, or Pearson y? test.
$No. positive/no. tested (%). Missing for 1 of 329 participants.
8Missing for 18 of 328 participants.

fIMissing for 19 of 328 participants.

#Missing for 1 of 329 participants.

**Missing for 2 of 322 participants.

characterized. The high rates of seroprevalence ob-
served and common identification of seroconver-
sions indicate that rickettsial infections are circulating
widely in this region. A high number of rickettsial in-
fections is supported by a recent study that identified
SFG rickettsia in ticks throughout Uganda (20). We
found rickettsial infections were common (8%) among
patients with acute febrile illness or sepsis manifesta-
tions. This result is similar to an estimate from 2012-
2014 among pediatric and adult febrile participants
in Tanzania in which 8.9% had SFG rickettsia sero-
conversions (21). Our findings greatly strengthen the
evidence that rickettsial infections frequently cause
hospitalization in this region.

Figure 2. Box plot of platelet counts from patient samples by
infection type in study of rickettsioses as an underrecognized
cause of hospitalization for febrile illness, Uganda. Horizontal
lines within boxes indicate median; box tops and bottoms indicate
interquartile ranges; error bar above is 1.5x the IQR to the highest
value and the error bar below is 1.5x the IQR to the lowest value.
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Novel acute diagnostics are needed to identify
rickettsioses. Diagnostic delays for rickettsial infections
often result in prolonged hospital stays and increased
death because rickettsial infections are not susceptible
to standard empiric antimicrobial drugs used in many
worldwide settings (2,22,23). The current diagnostic
standard, indirect IFA, relies on referral acute and con-
valescent serum sample confirmation testing, which is
only available 3-6 weeks after symptom onset and has
performance limitations (9). Our observations of rRNA
RT-PCR-positive IFA-negative participants highlight-
ed challenges with using a 4-fold IFA titer increase. In
addition to logistical barriers, IFA interpretation could
be affected by blood collection timing (24), early re-
ceipt of antimicrobial drugs (25), and immunocompro-
mising conditions (26). Characteristics of rickettsial in-
fection were not reliable as clues for initiating empiric
treatment, further demonstrating the diagnostic gap
and need to consider empiric treatment without fully
relying on clinical laboratory results in the absence of a
sensitive rapid diagnostic test.

We demonstrated potential improvement in sen-
sitivity by using RT-PCR rather than PCR and by
using highly abundant and stable rickettsial rRNA
targets rather than membrane protein gene DNA or
mRNA targets. Molecular amplification typically has
low sensitivity (=7%-43%) for rickettsioses because
of low organism burden; sensitivity can be improved
by extracting nucleic acid from the buffy coat, which
requires additional processing (10,18). By using mul-
tiple singleplex RT-PCR primers (targeting mem-
brane protein gene DNA or mRNA) we were able
to detect cases not identified with DNA PCR. How-
ever, sensitivity remains limited with either RT-PCR
or PCR by using traditional targets present in either
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low numbers or that are labile. We anticipated whole
blood would contain more rickettsial organisms and
improve sensitivity compared with serum across PCR
targets. Instead, we found that whole blood was less
sensitive than serum, potentially because of inhibitors
in whole blood (27). rRNA RT-PCR improved sensi-
tivity of PCR over membrane protein gene DNA and
mRNA targets and demonstrated promise as an acute
detection diagnostic modality that detected rickettsial
cases missed by DNA, but mRNA detection was not
higher than anticipated when compared with previ-
ous studies using DNA (18).

Our results are supported by prior efforts that
showed improved performance by using 23S rRNA
targets (14,16). The stability and abundance of pro-
tein-associated rickettsial rRNA targets are promising
for use in remote settings where sample handling and
storage can be more vulnerable to unstable conditions.
However, rRNA still lacks sensitivity compared with
paired serologic testing. Scalable methods to im-
prove specificity and potentially sensitivity such as
digital droplet PCR or concentrating target templates
in each reaction are needed before broad clinical use
(18). However, because RT-PCR is now widely avail-
able, potentially with increased capacity after the
COVID-19 pandemic, and doxycycline is generally
well tolerated, laboratory-validated rRNA RT-PCR
could be used to initiate standard of care treatment
with doxycycline and then serologic confirmation.
Rickettsial rRNA genes are abundant stable targets
that could be leveraged for furthering clinical rickett-
sial diagnostics, but implementation and validation
studies are needed at clinical sites. Although perfor-
mance could be optimized, rickettsial rIRNA RT-PCR
might be the best option for clinical use in highly en-
demic regions in the absence of a reliable acute diag-
nostic alternative.

The first limitation of our study is that it relied
on availability of convalescent-phase serologic test-
ing to identify approximately half of the infected
patients. Therefore, the severity of each group is
not anticipated to be representative of the popula-
tion because participants lost to follow-up or who
had died before 28 days were not included. Second,
in emphasizing sample availability for multimodal
case identification, our study was not designed to
determine differences in deaths or duration of hos-
pital stay. Third, sample collection, handling and
storing conditions at resource-limited clinical sites
might have decreased PCR sensitivity. rRNA RT-
PCR performance could be improved with direct
testing after collection, although rRNA is likely
less vulnerable to degradation than mRNA. Last,

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025

Rickettsioses as Cause of Febrile lliness, Uganda

conserved rRNA targets afford broad detection of
rickettsioses but are intrinsically less phylogeneti-
cally or taxonomically informative, prohibiting
the possibility for species level identification of
SFG rickettsiae.

In conclusion, we found rickettsial infections
to be common across 2 severe infectious illness co-
horts in Uganda. Our case-control study identified
that commonly suggested clinical factors for iden-
tifying rickettsial infections in sub-Saharan Africa
are nonspecific or are generally absent. rRNA RT-
PCR improved sensitivity over previously used
membrane protein gene DNA PCR and mRNA RT-
PCR and requires further clinical validation to en-
sure specificity when using conserved stable rRNA
targets. Until acute diagnostics are widely avail-
able for rickettsial infections, empiric doxycycline
should be considered for nonmalarial fever of un-
known cause in this region.
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Epidemiology of
Chikungunya Hospitalizations,
Brazil, 2014—-2024

Vaneide Daciane Pedi, Denise Lopes Porto, Wagner de Jesus Martins, Giovanny Vinicius Araujo de Franga

We describe 7,421 chikungunya hospitalizations in Bra-
zil covered by the country’s unified health system during
2014-2024. Most (43.2%) hospitalizations occurred in
2016 and 2017, reaching 0.72 (95% CI 0.69-0.76) hos-
pitalizations/100,000 population in 2016. Hospitalizations
were more frequent among persons who were female
(55.8%)), identifying as brown or black (63.5%), and 1-19
years of age (31.4%). Intensive care unit admissions oc-
curred in 1.4% of cases, predominantly among children
<5 and adults >85 years of age. The overall in-hospital
case-fatality rate was 1.1%, which increased substantial-
ly with age, reaching 11.5% among patients >90 years of
age and 14.1% among men 85—-89 years of age. Patients
admitted to the intensive care unit had a case-fatality rate
of 21.1%. The total cost of chikungunya hospitalizations
was US $560,746 (US $76.26 per patient). Our findings
provide insights for surveillance of the most severe chi-
kungunya cases.

hikungunya virus (CHIKV), an alphavirus of the

Togaviridae family, is transmitted to humans by
Aedes spp. mosquitoes, primarily Ae. aegypti and Ae.
albopictus mosquitoes, and causes chikungunya in hu-
mans, commonly in tropical and subtropical regions
worldwide (1). Phylogenetic analyses have catego-
rized CHIKYV into 3 main lineages: the East/Central/
South African (ECSA) lineage, the West African lin-
eage, and the Asian lineage (2,3).

By December 2022, CHIKV had been detected in
>110 countries in Asia, Africa, Europe, and the Amer-
icas, and all regions with established Ae. aegypti or Ae.
albopictus mosquito populations have reported local
transmission of the virus (4). Since 2016, Brazil has
been the epicenter of chikungunya epidemics in the
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Americas, and 1,700,762 suspected cases were report-
ed nationwide during 2017-2024 (5). The country has
a sizeable susceptible population, a favorable climate,
and abundant populations of Ae. aegypti mosquitoes,
which could contribute to the occurrence of rapid and
localized chikungunya outbreaks, and high CHIKV
infection rates are followed by periods of lower chi-
kungunya incidence (5). In addition, seropositivity is
highly heterogeneous in Brazil, and estimates range
from 7.4% to 51% (6,7).

Chikungunya fever refers to the acute illness
caused by CHIKV. Most (75%-95%) infected per-
sons develop symptoms, which usually begin with-
in 4 to 8 days after the bite of a CHIKV-infected
mosquito. Symptoms can include fever, myalgia,
and arthralgia, and CHIKV infection can cause
decompensation of underlying conditions (8). Al-
though chikungunya illness is generally self-limit-
ed, some patients —especially infants; older adults;
and persons with underlying conditions, co-infec-
tions, or certain genetic traits —can develop atypi-
cal or severe forms. Those forms can involve neu-
rologic disturbances, cardiovascular complications,
hemorrhagic signs, or Guillain-Barré syndrome (9-
11). The reported frequency of such manifestations
varies across outbreaks and populations, from 0.3 %
during the 2005-2006 Réunion Island epidemic to
9.8% among hospitalized patients in French Guiana
during 2014-2015 (12,13).

In 30%-40% of patients, chikungunya becomes
chronic, persisting for >3 months and causing arthri-
tis, fatigue, sleep disorders, myalgia, skin lesions, de-
pression, and digestive disorders (1,14,15). Among
the severe manifestations of CHIKV infection, cases
of meningoencephalitis, bullous skin lesions, mul-
tiple organ failure with hemorrhage, and sepsis have
been reported (16,17). Furthermore, CHIKV infection
increasingly has been associated with substantial
mortality rates, particularly because of complica-
tions, such as heart or cerebrovascular disease, renal
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impairment, cardiogenic or septic shock, or decom-
pensated diabetes (18-20).

Data from outbreaks in different countries
show that 0.6%-13.0% of patients with confirmed
chikungunya are hospitalized (1,8,10,21). In Brazil,
the unified health system, Sistema Unico de Saade
(SUS), provides universal access to healthcare, and
in 2019, SUS covered almost 65% of all hospitaliza-
tions in the country (22). The SUS hospital infor-
mation system, Sistema de Informacao Hospitalar/
SUS (SIH/SUS), is the country’s only source of in-
formation on hospitalizations. The system is mainly
used to define the values for payment of medium-
and high-complexity services provided by health-
care establishments throughout the country (23).
We used SIH/SUS data to explore the epidemiol-
ogy of chikungunya hospitalizations in Brazil dur-
ing 2014-2024, focusing on patient demographic
characteristics, spatiotemporal dynamics, and costs
covered by SUS.

Materials and Methods

We conducted a cross-sectional descriptive study of
chikungunya hospitalizations in Brazil, its 5 regions,
and 26 states and the Federal District (Figure 1), us-
ing publicly available SIH/SUS data from Datasus

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025

Chikungunya Hospitalizations, Brazil, 2014—-2024

(https:/ /datasus.saude.gov.br/transferencia-de-
arquivos). The SIH/SUS data reflect only hospitaliza-
tions covered by the public healthcare system and do
not capture costs from private sector hospitalizations
or out-of-pocket expenses.

We used data on chikungunya hospitalizations fi-
nanced by SUS and registered in the SIH/SUS during
January 1, 2014-December 31, 2024. We selected all
hospitalizations that had chikungunya as the primary
diagnosis and were registered with code A92.0 from
the International Classification of Diseases, 10th Revi-
sion (ICD-10), as adopted by the Ministry of Health
(24). Secondary diagnoses (i.e., conditions that coex-
isted at the time of admission) were only available in
SIH/SUS dataset for 2014, and chikungunya was not
reported as a secondary diagnosis during 2015-2024;
therefore, our analysis was limited to chikungunya as
the primary diagnosis.

We used the following variables in our analyses:
year and month of hospitalization; sex; age in years,
estimated from the patient’s date of birth and the date
of hospitalization, classified into 5-year age groups;
race/skin color, according to patients’ self-declara-
tions and classified into white, black, brown, Asian,
and Indigenous (25); and intensive care unit (ICU)
admission and death, when applicable. We calculated

Figure 1. Regions and federal units
referenced in study of epidemiology
of chikungunya hospitalizations,
Brazil, 2014-2024.
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length of hospital stay in daily rates, considering the
patient’s stay in a hospital institution for an indivis-
ible period of <24 hours and assuming midnight as
the reference time for the start and end of the period
for the daily rate, as defined by SIH/SUS.

We estimated case-fatality rates (CFRs) by dividing
the number of deaths resulting from chikungunya by the
number of chikungunya hospitalizations for each year.
To calculate crude hospitalization rates, we used the
annual population estimates based on the 2022 demo-
graphic census for Brazil (26). Thus, we defined crude
hospitalization rates by region and state as the ratio be-
tween the number of chikungunya hospitalizations and
the total population in the year, multiplied by 100,000
population. We calculated crude chikungunya hospital-
ization rates by year, region, state, sex, and age group.

We standardized annual hospitalization rates
by age through the direct method, using the World
Health Organization global standard population (27).
We initially calculated the annual age-adjusted rate
by multiplying each age-specific hospitalization rate
times the world standard population in the corre-
sponding age group. We summed the products across
all age groups and divided by the total standard pop-
ulation to estimate the overall annual age-standard-
ized hospitalization rate. We used R version 4.4.1
(The R Project for Statistical Computing, https://
www.r-project.org) and the dsr package (https://
cran.r-project.org/src/contrib/ Archive/dsr) to cal-
culate standardized hospitalization rates and 95% Cls
by applying a method based on gamma distribution.

To describe the chikungunya-related hospital-
ization costs covered by the government of Brazil
through SUS that were recorded in the SIH/SUS da-
tabase, we considered the total hospitalization cost
and its 2 components: professional services, which
comprise doctors” and dentists” fees; and hospital ser-
vices, which include daily rates, room rates, food, and
other services. We also assessed costs of daily rates
for patients admitted to the ICU.

We described quantitative data by using absolute
and relative frequencies and quantitative variables
through measures of central tendency (mean and
median) and dispersion (SD and interquartile range
[IQR]). We converted cost estimates from Brazilian
real (BRL) to US dollars (USD) by using annual ex-
change rates on July 1 of each year. We also provide
the annual cost estimates in BRL adjusted for inflation
to July 1, 2024, values by using the Consumer Price
Index for Brazil, and we converted to USD by using
the exchange rate on July 1, 2014.

We analyzed chikungunya hospitalizations reg-
istered in SIH/SUS compared with the total number

1720

of suspected and confirmed chikungunya cases no-
tified in the Notifiable Diseases Information System
(SINAN), applying the case definition adopted by the
Ministry of Health (28) and using aggregated data
available in Tabnet (5). Although publicly available
data are restricted to chikungunya cases notified from
2017 onward, the SINAN system allows retroactive
case registration and records both notification and
symptom onset dates. Thus, we included all cases
notified from 2017 onward that had symptom onset
from January 2014 onward.

We performed data analysis by using TabWin
version 4.1.5 (http:/ /www.portalsinan.saude.gov.br/
sistemas-auxiliares/tabwin), Stata version 13.0 (Stata-
Corp LLC, https://www.stata.com), R version 4.4.1,
and Microsoft Office 2024 (https://www.microsoft.
com). Because we used anonymized and publicly
available data, we were not required to submit the
project for evaluation by a research ethics committee,
as established by Resolution CNS/MS no. 510/2016.

Results

During 2014-2024, Brazil recorded 7,421 chikungu-
nya hospitalizations in SIH/SUS, which correspond-
ed to 0.4% of 1,698,976 suspected cases and 0.9% of
830,386 cases confirmed by laboratory or clinical-
epidemiologic findings that were recorded in SINAN
during the same timeframe and considering date of
symptom onset. Hospitalizations followed the pat-
tern of suspected and confirmed case curves during
2017-2024 (Appendix Figure 1, https:/ /wwwnc.
cdc.gov/EID/article/31/9/25-0554-Appl.pdf).

Most (43.2%) hospitalizations occurred in
2016 and 2017, and we noted peaks in June 2016
(272 hospitalizations), February 2017 (254 hos-
pitalizations), June 2017 (272 hospitalizations),
May 2019 (147 hospitalizations), May 2022 (163
hospitalizations), March 2023 (153 hospitalizations),
and April 2024 (114 hospitalizations) (Figure 2, panel
A). Cases in the Northeast region accounted for peaks
in June 2016 (253 /272 cases) and June 2017 (240/272),
comprising 93.0% of hospitalizations in June 2016 and
88.2% in June 2017. In addition, 88.3% of hospitaliza-
tions in May 2022 occurred in the Northeast region. In
February 2017, the North region accounted for 53.5%
of hospitalizations. In the Southeast region, peaks oc-
curred in May 2019 (95 cases), March 2023 (95 cases),
and April 2024 (67 cases) (Figure 2, panel B).

In Brazil, the highest crude hospitalization rates
were in 2017 at 0.84 (95% CI 0.80-0.88)/100,000
population, and 2016 at 0.72 (95% CI 0.69-
0.76)/100,000 population; we observed a smaller peak
of 0.49 (95% C10.46-0.52) /100,000 population in 2022.
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Figure 2. Number of hospitalizations per year in study of epidemiology of chikungunya hospitalizations, Brazil, 2014—2024. A) Total
number of hospitalizations per year; B) number of hospitalizations per year by region.

Standardized rates closely mirrored crude rates, with
minor decimal differences; therefore, we decided to
focus on the crude hospitalization rates (Table 1).

Among regions, the Northeast had the highest hos-
pitalization rate in 6 of the 11 years analyzed, reaching
the highest rate in 2016 (2.46 hospitalizations/100,000
population), and the states of Maranhao (9.05/100,000
population) and Rio Grande do Norte (2.66/100,000
population) had the highest rates that year (Table 2).
Maranhao had the highest hospitalization rates in 2018
(2.86/100,000 population) and 2022 (4.6/100,000 popu-
lation) (Figure 3; Appendix Figure 2).

Overall, most (55.8%) hospitalized chikungunya
patients were female, and 63.5% of chikungunya hos-
pitalizations were among persons who identified as
brown or black, a pattern observed throughout the
evaluated years. The median age of hospitalized pa-
tients was 34 (IQR 12-58) years and ranged from 27
years in 2015 (IQR 6-48 years) and 2021 (IQR 9-49
years) to 43 (IQR 13-65) years in 2024. Cases were
concentrated among persons 1-19 years of age, who
comprised 31.4% of overall hospitalizations. In 2017,

the year with the highest number of hospitalizations,
the predominant age groups were 1-9 years (236 [23%]
hospitalizations), 10-19 years (205 [13.9%]), and 30-39
years (157 [10.6%]) (Table 3; Appendix Tables 1, 2).
When we stratified annual crude hospitalization
rates by sex and age group, we observed similar pat-
terns for male and female sex in age groups from 0 to
79 years, with few exceptions (Appendix Figures 3,
4). However, we observed notable differences in the
80-84, 85-89, and >90 age groups. For 2016, 2018, 2022,
and 2023, we observed higher hospitalization rates
among men 80-84 years of age compared with women
in the same age group, and the largest difference was
in 2019, when the hospitalization rate in men was 4
times higher than that observed among women (1.29
vs. 0.29/100,000 population) (Appendix Figures 3, 4).
For persons 85-89 years of age, we observed the high-
est hospitalization rate in 2016, when the rate for men
was nearly twice that of women (4.25 vs. 2.5/100,000
population). Persons >90 years of age had the high-
est recorded hospitalization rates during the study
period, reaching 9.22/100,000 population among men

Table 1. Annual crude and age-standardized hospitalization rates from a study of epidemiology of chikungunya hospitalizations, Brazil,

2014-2024
Crude hospitalization rate  Age-standardized hospitalization rate

Year No. hospitalizations Population (95% CI) (95% CI)
2014 27 200,811,131 0.013 (0.009-0.020) 0.013 (0.009-0.019)
2015 76 202,403,642 0.038 (0.030-0.047) 0.039 (0.030-0.049)
2016 1,476 203,871,925 0.724 (0.688-0.762) 0.730 (0.693-0.769)
2017 1,729 205,211,557 0.843 (0.803-0.883) 0.868 (0.827-0.910)
2018 577 206,529,038 0.279 (0.257-0.303) 0.279 (0.257-0.303)
2019 635 207,900,099 0.305 (0.282-0.330) 0.307 (0.284-0.332)
2020 211 209,164,889 0.101 (0.088-0.115) 0.101 (0.088-0.116)
2021 286 210,103,642 0.136 (0.121-0.153) 0.142 (0.126-0.160)
2022 1,037 210,862,983 0.492 (0.462-0.523) 0.482 (0.452-0.513)
2023 762 211,695,158 0.360 (0.335-0.386) 0.351 (0.326-0.377)
2024 605 212,583,750 0.285 (0.262-0.308) 0.281 (0.258-0.305)
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in 2016, nearly 4 times higher than among women
(2.66/100,000 population) (Appendix Figure 4).
Overall, the average length of hospital stay for
chikungunya patients was 3.8 + 0.1 days, and the
median stay was 3 (IQR 2-4) days, without substan-
tial variations by sex or age during the study period

(Appendix Table 1). Of note, patients admitted to the
ICU had longer stays of 13.1 + 1.1 days than those
not admitted to the ICU (3.6 + 0.1 days). In addition,
patients who died during hospitalization also had
longer average stays (8.0 + 1.5 days) than patients
who survived (3.7 + 0.1 days).

Table 2. Crude hospitalization rates by region and state in study of epidemiology of chikungunya hospitalizations, Brazil, 2014—2024*

No. hospitalizations (rate/100,000 population)

Region, state 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
North
Acre 0 0 0 1(0.12) 0 0 1(0.12) 1(0.12) 1(0.11) 2(0.23) 4(0.45)
Amapéa 24 (3.26) 18(2.41) 1(0.13) 4(0.52) 3(0.39) 0 0 1(0.13) 1(0.13) 1(0.13) 1(0.12)
Amazonas 0 0 2 (0.05) 0 0 0 3(0.07) 0 0 0 1(0.02)
Para 0 1(0.01) 38(0.46) 330 35(0.42) 26(0.31) 3(0.04) 9(0.11) 13(0.15) 7(0.08) 15(0.17)
(3.99)
Rondénia 0 0 7(0.42) 4(0.42) 1(0.06) 2(0.12) 0 1 (0.06) 0 2(0.11) 2(0.11)
Roraima 0 0 0 29 (5.14) 7(1.19) 1(0.16) 0 0 0 0 0
Tocantins 0 0 1(0.07) 45(3) 6(0.4) 1(0.07) 4(0.26) 2(0.13) 6(0.39) 38(2.42) 8(0.51)
Total 24 (0.14) 19 (0.11) 49 (0.28) 413 52 (0.29) 30(0.17) 11 (0.06) 14 (0.08) 21 (0.11) 50 (0.27) 31 (0.17)
(2.35)
Northeast
Alagoas 0 7(0.22) 43(1.35) 4(0.13) 9(0.28) 6(0.19) 0 4(0.12) 3(0.09) 3(0.09) 3(0.09)
Bahia 2(0.01) 9(0.06) 112 124 8(0.05) 17 (0.12) 38(0.26) 22 (0.15) 57 (0.38) 41 (0.28) 25 (0.17)
(0.77) (0.85)
Ceara 0 0 201 484 39 (0.43) 16(0.18) 5(0.06) 2 (0.02) 273 31(0.34) 28(0.3)
(2.27) (5.42) (2.98)
Maranh&o 0 4 (0.06) 621 497 198 127 47 (0.67) 47(0.67) 366 (3.2) 93(1.33) 12 (0.17)
(9.05) (7.21) (2.86) (1.83)
Paraiba 0 1(0.03) 77 (1.95) 13(0.33) 12(0.3) 50(1.24) 9(0.22) 43 (1.05) 148 (3.6) 45(1.09) 32 (0.77)
Pernambuco 0 14 (0.15) 192 8(0.09) 8(0.09) 11(0.12) 14(0.15) 59 (0.62) 20(0.21) 4(0.04) 14 (0.15)
(2.07)
Piaui 0 0 7(0.21) 71(2.16) 8(0.24) 12(0.36) 0 1(0.03) 59 (1.76) 31 (0.92) 30 (0.89)
Rio Grande 0 0 89 (2.66) 5(0.15) 2(0.06) 16(0.47) 5(0.15) 5(0.15) 8(0.23) 5(0.15) 2(0.06)
do Norte
Sergipe 0 0 22 (1) 1(0.05) 0 2(0.09) 2(0.09) 21(0.93) 54(2.38) 3(0.13) 1(0.04)
Total 2(0.01) 35(0.06) 1,364 1,207 284 257 120 204 944 256 147
(2.46) (2.17) (0.51) (0.46) (0.21) (0.36) (1.66) (0.45) (0.26)
Southeast
Espirito 0 0 2(0.05) 3(0.08) 6(0.15) 15(0.38) 9(0.22) 7(0.17) 2(0.05) 10(0.25) 17 (0.41)
Santo
Minas Gerais 0 2(0.01) 7(0.03) 59 (0.29) 30(0.14) 37(0.18) 20(0.1) 28(0.13) 32 (0.15) 376 223
2.77) (1.05)
Rio de 0 4 (0.02) 27 (0.16) 15 (0.09) 147 256 22(0.13) 4(0.02) 6(0.03) 9(0.05) 31(0.18)
Janeiro (0.86) (1.49)
Séo Paulo 1(0) 10(0.02) 16 (0.04) 14 (0.03) 13(0.03) 21 (0.05) 12 (0.03) 13(0.03) 11 (0.02) 15 (0.03) 29 (0.06)
Total 1(0) 16(0.02) 52(0.06) 91 (0.11) 196 329 63 (0.07) 52 (0.06) 51 (0.06) 410 300
(0.23) (0.38) (0.46) (0.34)
South
Parana 0 0 2(0.02) 2(0.02) 2(0.02) 1(0.01) 1(0.01) 2(0.02) 0 12 (0.1) 9(0.08)
Rio Grande 0 0 0 5(0.04) 1(0.01) 2(0.02) 0 2(0.02) 1(0.01) 0 1(0.01)
do Sul
Santa 0 1(0.01) 2(0.03) 1(0.01) 1(0.01) 5(0.07) 3(0.04) 0 2 (0.03) 0 0
Catarina
Total 0 1(0) 4(0.01) 8(0.03) 4(0.01) 8(0.03) 4(0.01) 4(0.01) 3(0.01) 12(0.04) 10(0.03)
Center West
Distrito 0 2(0.07) 5(0.18) 1(0.04) 0 1(0.03) 0 0 1(0.03) 10(0.34) 2(0.07)
Federal
Goias 0 3(0.05) 0 4(0.06) 3(0.04) 4(0.06) 2(0.03) 9(0.13) 7(0.1) 6(0.08) 27(0.37)
Mato Grosso 0 0 2(0.06) 4(0.14) 36(1.03) 4(0.11) 9(0.25) 2(0.05) 6(0.16) 9(0.24) 85(2.22)
Mato Grosso 0 0 0 1(0.04) 2(0.07) 2(0.07) 2(0.07) 1(0.04) 4(0.14) 9(0.31) 3(0.21)
do Sul
Total 0 5(0.03) 7(0.04) 10(0.06) 41 (0.26) 11(0.07) 13(0.08) 12 (0.07) 18 (0.11) 34(0.2) 117
(0.69)
Brazil total 27 76 1,476 1,729 577 635 211 286 1,037 762 605
(0.01) (0.04) (0.72) (0.84) (0.28) (0.31) (0.1) (0.14) (0.49) (0.36) (0.28)

*Information obtained from the Brazil Ministry of Health Datasus (https://datasus.saude.gov.br/transferencia-de-arquivos).
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Figure 3. Annual hospitalization
rates per region from study of
epidemiology of chikungunya
hospitalizations, Brazil, 2014-2024.

Among all 7,421 chikungunya hospitalizations,
104 (1.4%) patients were admitted to the ICU, and
that population was equally divided by male and
female patients, 52 (50.0%) in each group. The age
groups with the highest ICU admissions were adults
>85 years of age (3.3%) and children <5 years of age
(2.7%). The ages of patients admitted to the ICU var-
ied greatly; the mean was 38.6 + 31.3 years, and the

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025

median was 37.5 (IQR 7.5-69) years. The highest per-
centages of ICU admissions were recorded in 2024
(3.5%) and 2023 (2.1%); admissions were more fre-
quent in children <5 years of age (2.7%), but rates
were similar among boys (2.7%) and girls (2.6%).
Among persons >60 years of age, 1.9% were admitted
to the ICU, predominantly men (2.3% vs. 1.6% wom-
en) (Table 3; Appendix Table 2).
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Table 3. Patient characteristics from 7,421 chikungunya hospitalizations covered by the unified health system, Brazil, 2014-2024*
Year, no. (%)

Characteristics Total 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Sex
M 3,282 10 34 620 787 266 285 104 130 441 340 265
(44.2) 37) (@44 (42) (45.5) (46.1) (44.9) (49.3) (455) (42.5) (44.6) (43.8)
F 4,139 17 42 856 942 311 350 107 156 596 422 340
(55.8) (63)  (55.3) (58) (545) (53.9) (55.1) (50.7) (545) (57.5) (55.4) (56.2)
Race, ethnicity
White 1,009 2 18 160 140 90 164 30 37 77 139 152
(13.6) (7.4) (23.7) (10.8) (8.1) (15.6) (25.8) (14.2) (129 (7.4) (18.2) (25.1)
Black 182 (2.5) 0 3(3.9) 19(1.3) 33(1.9) 20(3.5) 32(5) 8(3.8) 2(0.7) 6(0.6) 35(4.6) 24 (4.0
Brown 4,526 5 20 815 1,099 337 293 133 153 742 533 396
(61) (18.5) (26.3) (55.2) (63.6) (58.4) (46.1) (63) (53.5) (71.6) (69.9) (65.5)
Asian 360 (4.9) 0 1(1.3) 148(10) 104(6) 29(5) 34(54) 3(14) 2.7 2(0.2) 9(1.2) 28(4.6)
Indigenous 9(0.1) 0 0 1(0.1) 0 2(0.3) 1(0.2 0 0 0 0 5(0.8)
Not reported 1,335 20 34 333 353 99 111 37 92 210 46 0
(18) (74.1) (44.7) (22.6) (204) (17.2) (175 (175) (32.2) (20.3) (6)
Age group, y
<1 228 2 10 56 59 10 17 3 22 26 8 15
(3.2 (7.4) (13.2) (3.8) (3.4) a.7) (2.7) 1.4) (7.7) (2.5) Q) (2.5)
1-9 1,262 1 15 236 386 71 89 35 56 147 119 107
(17.0) 3.7) (19.7) (16) (22.3) (12.3) (24) (16.6) (19.6) (14.2) (15.6) (17.7)
10-19 1,072 4 10 205 297 88 110 23 46 120 96 73
(14.4) (14.8) (13.2) (13.9) (A7.2) (15.3) (17.3) (10.9) (16.1) (116) (12.6) (12.1)
20-29 796 6 5 154 154 93 73 40 32 115 75 49
(10.7) (22.2) (6.6) (10.4) (8.9) (16.1) (11.5) (29) (11.2) (111 (9.8) (8.1)
30-39 799 6 8 157 183 95 76 31 33 99 71 40
(10.8) (22.2) (10.5) (10.6) (10.6) (16.5) (12) (14.7)  (11.5) (9.5) (9.3) (6.6)
40-49 770 3 10 151 157 90 71 21 26 112 75 54
(10.4) (11.1) (@13.2) (10.2) 9.1) (15.6) (11.2) (10) (9.1) (10.8) (9.8) (8.9)
50-59 734 2 10 126 152 53 76 16 26 124 75 74
(9.9 (7.4) (13.2) (8.5) (8.8) (9.2) (12) (7.6) 9.1) 12) (9.8) (12.2)
60—69 657 1 2 125 122 36 64 17 19 117 74 80
(8.9) 3.7) (2.6) (8.5) (7.1) (6.2) (10.1) (8.1) (6.6) (11.3) 9.7) (13.2)
70-79 578 1 3 133 120 22 35 17 18 97 72 60
(7.8) 3.7) (3.9) 9) (6.9) (3.8) (5.5) (8.1) (6.3) (9.4) (9.4) (9.9)
80-89 412 1 2 105 77 16 21 7 4 64 73 42
(5.6) 3.7) (2.6) (7.1) (4.5) (2.8) (3.3) (3.3) (1.4) (6.2) (9.6) (6.9)
>90 113 (1.5) 0 1(1.3) 28(1.9) 22(1.3) 3(05 305 1(05 4(14) 16(1.5) 24(3.1) 11(1.8)
ICU admission
N 7,317 27 74 1,466 1,715 571 624 206 281 1,023 746 584
(98.6) (200) (97.4) (99.3) (99.2) (99) (98.3) (97.6) (98.3) (98.6) (97.9) (96.5)
Y 104 (1.4) 0 2(2.6) 10(0.7) 14(0.8) 6(1) 11(1.7) 5(24) 5(1.7) 14(1.4) 16(2.1) 21(3.5)
Death
N 7,337 27 75 1,449 1,709 576 631 206 286 1,028 754 596
(98.9) (200) (98.7) (98.2) (98.8) (99.8) (99.4) (97.6) (100) (99.1) (99) (98.5)
Y 84 (1.1) 0 1(1.3) 27(1.8) 20(1.2) 1(0.2) 4(0.6) 5(2.4 0 9(0.9) 8 (1) 9 (1.5

*Information obtained from the Brazil Ministry of Health Datasus (https://datasus.saude.gov.br/transferencia-de-arquivos). ICU, intensive care unit.

Among the 84 hospitalized patients who died,
54.8% were male, 45.2% were female, and 26.4%
were >80 years of age (mean 69.4 + 25.8 years; me-
dian 79.0, IQR 62-86 years). The highest CFRs were
recorded in 2020 (2.4%) and 2016 (1.8%) and sub-
stantially increased among persons >60 years of
age, reaching 10.3% among persons 85-89 years of
age and 11.5% among persons >90 years of age. Es-
timated rates were higher among men than women
for the 85-89 age group (14.1% vs. 6.41%) and the
>90 age group (13.7% vs. 9.7%). In addition, the
CFR was higher among persons admitted to the ICU
than those who were not (21.1% vs. 0.8%) (Table 3;
Appendix Table 3).
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During 2014-2024, the total cost of chikungunya
hospitalizations covered by SUS was ~US $560,746
and the average cost per patient was ~US $76.26 (me-
dian $47.38) (Appendix Tables 4, 5). After adjusting
for inflation to 2024 values, total hospitalization costs
for chikungunya in BRL increased by 26.7%, from BRL
$2.28 million to BRL $2.89 million. However, when we
used the 2024 exchange rate (1 BRL = US $0.179036)
to convert inflation-adjusted values to USD, the total
cost decreased to US $516,921.61, reflecting the cu-
mulative depreciation of the BRL relative to the USD
over the study period (Appendix Table 6).

The highest total hospitalization costs were
recorded in 2017 (US $120,960.10) and 2016 (US
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$120,336.60). In contrast, the highest average costs
per patient were observed in 2024 (US $85.69)
and 2020 (US $84.24). Across the study period,
hospital services accounted for 84.2% of the total
chikungunya-related hospitalization costs, rang-
ing from 79.5% in 2014 to 85.8% in 2020. ICU costs
corresponded to 19.6% of the total hospitalization
expenses during 2014-2024, reaching 42.1% in 2020
(Appendix Table 4).

Discussion

This study examined chikungunya-related hospital-
izations in Brazil since 2014, the year when the first
autochthonous cases were reported in Oiapoque
(Amapa state) and in Feira de Santana (Bahia state)
(29). SIH/SUS data show ~0.4% of suspected and
=0.9% of confirmed chikungunya cases required
hospitalization during 2014-2024, consistent with
previous estimates of 0.6%-13.0% reported during
outbreaks in various countries (1,10,21). Moreover,
the pattern of chikungunya-related hospitalizations
followed epidemic peaks in Brazil, particularly in
the Northeast (2016, 2017, and 2022), North (2017),
and Southeast (2019, 2023, and 2024) regions; we
also noted an increase in the Central West region
in 2024. Throughout the study period, publications
documented chikungunya outbreaks in Northeast
states, including in Maranhdo (30), Bahia (31), and
Alagoas (32,33), as well as in the North (34) and
Southeast regions (35,36). Although cases have been
reported in the South, most were likely imported
from other regions (37). The increase in suspected
and confirmed chikungunya cases since 2022 reflects
multiple factors, including increased transmission
in several states, particularly in the Southeast and
Central West regions, and improved diagnostic ca-
pacity and clinical awareness. During the COVID-19
pandemic, disruptions in surveillance and health-
care services, combined with the prioritization of
hospital resources for COVID-19 patients, likely
contributed to underreporting of arboviral diseases
and lower chikungunya hospitalization rates during
2020-2021.

We observed higher hospitalization rates among
men >80 years of age compared with women in the
same age groups, consistent with a study in Marti-
nique and Guadeloupe from 2013-2015, where older
adults, particularly persons >75 years of age, had
increased hospitalization rates and ICU admissions
(10). That study also reported an ICU admission rate
of 7.4% among hospitalized patients, which is sub-
stantially higher than the 1.4% rate observed in Brazil
during 2014-2024.
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We observed an overall CFR of 1.1%, and CFR
peaked at 2.4% in 2020. In another study that used
data linked between the SINAN and Brazil's mortality
information system (SIM) for 2016 and 2017 (38), es-
timated CFR was 0.08% (0.8 death/1,000 cases) based
solely on SINAN data. After adjusting for underre-
porting using SIM data, the corrected CFR increased
t0 0.57% (5.7 deaths /1,000 cases) (38). Our higher rate
reflects the focus on hospitalized cases, which repre-
sent more severe clinical presentations.

In our study, CFR was substantially higher in
men >85 years of age, and ICU admission correlated
with CFR, which supports the hypothesis that those
patients experienced more severe illness. During
the 2014-2015 chikungunya outbreak in French
Polynesia, 64 patients with confirmed chikungu-
nya infection were admitted to ICUs, of whom 21
(32.8%) had severe sepsis or septic shock develop
and 18 (28.1%) died (39). A 2025 meta-analysis also
identified male sex, age >60 years, and chronic
diseases, particularly diabetes mellitus, hyperten-
sion, and chronic kidney disease, as risk factors for
chikungunya-related death (20). In our study, lack
of data on underlying conditions in SIH/SUS pre-
cluded further risk assessment.

Among our cohort, 62 deaths occurred without
ICU admission, which might indicate a lack of avail-
able ICU beds in the healthcare network or chal-
lenges in case management and referral processes.
Furthermore, no deaths were recorded among per-
sons 5-19 years of age, but ICU admissions among
children <5 years reached 2.3% and CFR was 0.6% in
that age group. Those findings are consistent with a
previous study (40) that indicated that children, par-
ticularly children <6 months of age, are more suscep-
tible to severe chikungunya complications, including
neurologic and cardiac involvement, often leading
to hospitalization (40).

Overall, the actual mortality burden of chikungu-
nya is likely underreported because of limited clinical
suspicion and co-circulating arboviruses, such as den-
gue. The extent of underreporting has been estimated
to reach as high as 98% in some settings. For instance,
in Minas Gerais, Brazil, the number of excess deaths
was estimated to be 60 times higher than confirmed
chikungunya deaths in 2023 (41); Pernambuco, Brazil,
recorded 4,505 excess deaths in 2016 compared with
94 deaths officially attributed to chikungunya (42);
and Puerto Rico identified 1,310 excess chikungunya
deaths in 2014, but only 31 were confirmed through
routine surveillance (43).

Another study analyzed hospitalizations from
all causes in the SIH/SUS database from July 2018-
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June 2019 (44). That study reported 9.3 million hos-
pitalizations and a total cost of BRL $183 billion (US
$47.1 billion), ~BRL $2,000 (US $515.30) per hospi-
talization, and an average length of stay of 6.9 days
(44). Infectious diseases accounted for 9% of bed
days and 21% of ICU days. In our study, we found
ICU expenses comprised 19.6% of chikungunya-re-
lated hospitalization costs.

In another study of hospitalization costs (45), the
authors estimated the cost of 256 chikungunya hospi-
talizations in Rio de Janeiro in 2019 and found costs
totaled BRL $88,926.72 (US $23,235.39), a small share
of the BRL $279.8 million (US $73.1 million) in total
direct and indirect chikungunya-related costs. In our
study, the cost of chikungunya-related hospitaliza-
tions is modest compared with the total estimated SUS
hospitalization costs described by others (44). Indeed,
the literature indicates that indirect costs account for
the largest part of the total chikungunya-related cost,
particularly during the chronic phase, which can be
up to 5 times higher than the direct costs (46).

Some limitations of our study are inherent to
secondary data sources, such as the quality of data
entry and the absence of relevant variables for an-
alyzing the topic of interest. The variables of sex
and date of birth had no missing or inconsistent
values. However, race/skin color was missing in
18% of chikungunya-related hospitalizations; this
category was previously documented (47) and can
distort observed differences between racial groups.
Moreover, we could not identify whether the same
patient was hospitalized >1 time during the study
period or was admitted to private healthcare facili-
ties. In addition, data on underlying conditions were
not available, so we were unable to assess their role
in the risk of hospitalization or death. We were not
able to differentiate whether the hospitalizations for
chikungunya occurred during the acute, post-acute,
or chronic phase of the disease; thus, we were un-
able to investigate at which stage of chikungunya
the risk of hospitalization is highest. Because we fo-
cused on chikungunya as the primary diagnosis at
admission, this study might not have captured cases
admitted during the postacute or chronic phases,
particularly when hospitalizations result from the
decompensation of underlying conditions. In addi-
tion, SIH/SUS lacks data on cause of death, possibly
underestimating death related to complications of
chikungunya; thus, our analysis was limited to re-
porting deaths among patients hospitalized due to
chikungunya, which likely underestimates the over-
all mortality rate associated with the disease. Final-
ly, SIH/SUS publicly available data do not include
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disaggregated cost components, which prevented
assessment of the relative contribution of specific
services to overall hospitalization costs.

In conclusion, although the SIH/SUS is an ad-
ministratively collected database primarily intended
for recording hospitalizations funded by the SUS
and for reimbursing healthcare facilities for services
provided, the system serves as a vital source of in-
formation on hospitalizations in Brazil, where most
hospitalizations occur in SUS-affiliated facilities (22).
Although chikungunya-related hospitalization costs
for SUS are not substantial, SIH/SUS records pro-
vide insights into the profile of the most severe cases
of the disease, including ICU admissions and CFR.
Those data are particularly valuable for supporting
the planning and organization of healthcare facilities
to provide appropriate care according to the severity
of each case, which will be especially vital in outbreak
and epidemic scenarios.
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Attachment Patterns of Avian
Influenza H5 Clade 2.3.4.4b Virus
In Respiratory Tracts of Marine
Mammals, North Atlantic Ocean

Syriam Sooksawasdi Na Ayudhya,* Lonneke Leijten, Willemijn F. Rijnink,
Monique |. Spronken, Thijs Kuiken, Lisa Bauer,? Debby van Riel?

Highly pathogenic avian influenza A(H5N1) clade 2.3.4.4b
virus infections have caused substantial mortality events
in marine mammals in recent years. We hypothesized that
the high number of infections and disease severity could
be related to cell tropism in respiratory tracts. Therefore,
we examined the attachment pattern of an H5N1 clade
2.3.4.4b virus (H5%°%?) as a measure for cell tropism in the
respiratory tracts of harbor seals, gray seals, harbor por-
poises, and bottlenose dolphins and compared it with an
H5N1 clade 2.1.3.2 virus (H5%°%°) and a human seasonal
H3N2 virus using virus histochemistry. Both H5 viruses
attached abundantly to olfactory and respiratory mucosa
in the upper respiratory tract of both seal species. H5%2°??
attached more abundantly than H5%% to epithelial cells
in the lower respiratory tract of all species. The observed
attachment possibly explains the susceptibility of marine
mammal species for recent H5N1 viruses and the ob-
served development of severe disease.

Highly pathogenic avian influenza (HPAI) H5Nx
virus of the A/goose/Guangdong/1/1996 lin-
eage was first detected in domestic geese in 1996 and
has since infected predominantly poultry (I). Since
2020, H5Nx viruses have circulated in wild birds and
have spread almost worldwide (2). Viruses from the
A/goose/Guangdong/1/1996 lineage pose a sub-
stantial threat to wild and endangered species (3,4),
domestic species (5), and humans (6). H5N1 viruses
of clade 2.3.4.4b are circulating in wild birds in Eur-
asia (4) North America (7), South America (8), South-
ern Africa (9), and Antarctica (10). Circulation has
been associated with transmission to and outbreaks
in marine mammals (8,11,12).

Historically, multiple mortality events in ma-
rine mammals have been linked to avian influenza A

Author affiliation: Erasmus University Rotterdam, Erasmus Medi-
cal Center, Rotterdam, the Netherlands

DOI: https://doi.org/10.3201/eid3109.250499

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025

viruses. In different seal species, infections with
H7N7 viruses in 1979-1980 (13), H4N5 viruses in
1982-1983 (14), H4N6 viruses in 1991, H3N3 viruses
in 1992 (15), HI0N7 viruses in 2014 (16), and H5N8
viruses in 2016, 2017 (17), and 2021 (18,19) have been
reported. In addition, serologic evidence for infec-
tions with human 2009 pandemic influenza A(H1N1)
virus was detected in northern elephant seals (Mir-
ounga angustirostris), harbor seals (Phoca vitulina), and
California sea lions (Zalophus californianus) (20). The
currently circulating HPAI H5NXx clade 2.3.4.4b virus-
es have infected many marine mammal species from
phylogenetically different families (Appendix Figure
1, https://wwwnc.cdc.gov/EID/article/31/9/25-
0499-Appl.pdf). HPAI H5Nx viruses have caused
mortality events in different pinniped species, such
as harbor seals (21,22), gray seals (Halichoerus gry-
pus) (8,23,24), walruses (Odobenus rosmarus) (4,25),
and elephant seals (Mirounga leonina) (3). In addi-
tion, HPAI H5N1 virus caused mass dieoffs in sea
lions (Otaria flavescens) on the Pacific coast of South
America (8,11). Cetacean species were also found to
be infected with H5Nx clade 2.3.4.4b viruses; respira-
tory or neurologic disease has been reported in 3 com-
mon dolphins (Delphinus delphis) in Peru, Wales, and
England (8); 2 harbor porpoises (Phocoena phocoena)
in Sweden and England (26); an Atlantic white-sided
dolphin (Lagenorhynchus acutus) in Canada (27); and
a common bottlenose dolphin (Tursiops truncatus) in
Florida, USA (28).

The receptor binding of influenza A virus to si-
alic acid moieties on glycoproteins and glycolipids,
and the distribution of those receptors in a host, are
critical determinants for host range and cell tropism

*Current affiliation: Prince of Songkla University, Songkhla,
Thailand.

2These authors were co—principal investigators.
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(29). Human and avian influenza A viruses vary in
their sialic acid-binding preference. Simplified, avian
influenza A viruses preferentially bind to a2,3-linked
sialic acids, whereas human influenza A viruses pre-
fer a2,6-linked sialic acids (30,31). Knowledge of si-
alic acid expression in marine mammals is limited to
harbor seals showing the presence of a2,3- and a2,6-
linked sialic acids in the lower respiratory tract (32).
Studying the direct binding of influenza A viruses
to marine mammal respiratory tissues, using virus
histochemistry, has revealed that human seasonal
influenza H3N2 or HIN1 viruses rarely attach to the
trachea and bronchi of seals and cetaceans (33). In
contrast, low pathogenicity avian influenza A viruses
H4NS5 and H7N7 do attach to trachea and bronchi of
harbor and gray seals but not to the trachea and bron-
chi of cetaceans (33). Both human and avian influenza
A viruses attach to bronchiolar and alveolar epithelial
cells in seals and cetaceans (33).

The ability of HPAI H5N1 clade 2.3.4.4b viruses
to infect and cause severe disease in a broad range
of mammal species has not been previously observed
with other avian influenza A viruses (3,34). The at-
tachment pattern in the respiratory tract of marine
mammals of H5N1 clade 2.3.4.4b virus, and wheth-
er that pattern differs from the attachment pattern
of previously circulating H5 viruses from different
clades, is unknown. Therefore, we compared the at-
tachment pattern of a 2022 H5N1 clade 2.3.4.4b virus,
a 2005 H5N1 clade 2.1.3.2 virus, and a seasonal hu-
man H3N2 virus in the respiratory tracts of marine
mammals commonly found in the North Atlantic
Ocean: harbor seals, gray seals, harbor porpoises, and
bottlenose dolphins.

Material and Methods

Cells

For testing, we used human epithelial kidney 293T
cells and Madin-Darby canine kidney (MDCK) cells.
We maintained human epithelial kidney 293T cells
(ATCC accession no. ATCC-CRL-3216) in Dulbec-
co’s Modified Eagle Medium (Capricorn Scientific,
https:/ /www.capricorn-scientific.com) supplement-
ed with 1 mmol sodium pyruvate (Thermo Fisher Sci-
entific, https:/ /www.thermofisher.com), 100 IU/mL
penicillin, 100 pg/uL streptomycin, 2 mmol gluta-
mine, 1x nonessential amino acids (all Capricorn Sci-
entific), 500 pg/mL geneticin (Thermo Fisher Scien-
tific), and 10% fetal bovine serum at 37°C and 5% CO,.
We maintained MDCK cells in Eagle’s minimum es-
sential medium (Capricorn Scientific) supplemented
with 1.5 mg/mL sodium bicarbonate (Thermo Fisher
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Scientific), 10 mmol HEPES buffering agent, 100 IU/
mL penicillin, 100 pg/uL streptomycin, 2 mmol glu-
tamine, 1x nonessential amino acids (all Capricorn
Scientific), and 10% fetal bovine serum.

Recombinant Viruses, Virus Preparation, Inactivation,
and Labeling for Virus Histochemistry

To work at Biosafety Level 2, we performed virus
histochemistry with recombinant viruses that contain
7 segments of the mouse-adapted influenza A virus
strain A/Puerto Rico/8/1934 (A/PR/8/34) and the
hemagglutinin (HA) segment of either H5 (A/In-
donesia/05/2005 [H5N1]; referred to as H5AMBCS2005)
(35) from clade 2.1.3.2, H5 (A/Caspian gull/Neth-
erlands/1/2022 [H5N1]; referred to as H5AMBCS2022)
from clade 2.3.4.4b, or H3 (A/Netherlands/213/2003
[H3N2]; referred to as H3**®), generated as described
previously (36). We performed site-directed muta-
genesis with the Pfu Ultra II Fusion HS DNA Poly-
merase (Agilent, https:/ /www.agilent.com) and spe-
cific primers to remove the multibasic cleavage site
(MBCS), which we replaced with the conserved H5
low pathogenic cleavage site, as described previously
(36). One day before transfection, we seeded 293T
cells and subsequently transfected with 5 pg of the
desired HA gene segment and 5 nug of each of the re-
maining A/PR/8/34 gene segments. Approximately
16 hours after transfection, we removed the superna-
tant and washed the cells with phosphate-buffered
saline (PBS) once. Three days after transfection, we
harvested supernatant and passaged the virus once
on a confluent layer of MDCK cells. We determined
the presence of virus 3 days after inoculation with an
hemagglutination assay to determine the hemagglu-
tination units (HAU).

We inoculated MDCK cells with the described in-
fluenza A viruses at 1072, 107, and 107° dilution. Three
days after inoculation, we harvested the supernatant
with the highest HAU and cleared it by low-speed
centrifugation. We subsequently centrifuged cleared
supernatants for 2 hours at 27,000 rpm in a SW32 ro-
tor (Beckman Coulter, https://www.beckman.com)
at 4°C on a 0.5 mL layer of 60% sucrose. We trans-
ferred the lowermost 2.5-mL virus supernatant on top
of the sucrose cushion to a 60%-20% sucrose gradient
and centrifuged overnight at 32,000 rpm in a SW41 ro-
tor (Beckman Coulter,) at 4°C. We harvested the virus
fraction, diluted in PBS, and centrifuged for 2 hours
at 27,000 rpm in a SW32 rotor (Beckman Coulter) at
4°C to deplete leftover sucrose. We then resuspended
the virus pellet in PBS and inactivated by dialyzing
against 0.1% formalin for 3 days at room temperature.
We labeled virus by mixing with an equal volume of
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0.1 mg/mL of fluorescein isothiocyanate (FITC) (Sig-
ma-Aldrich, https://www.sigmaaldrich.com) in 0.5
mol bicarbonate buffer (pH 9.5) for 1 hour at room
temperature while constantly stirring. To lose all un-
bound FITC, we dialyzed labeled virus against PBS,
then determined the HAU.

Hemagglutination Assay

We serially diluted viruses (1:2 dilution) in 0.1 mol
PBS at pH 7.2. We mixed 50 pL of diluted virus with
50 pL of 0.5% turkey erythrocytes in a U-bottom plate
and incubated for 1 hour at 4°C. We read the titer of
each isolate as the reciprocal of the highest dilution in
which complete hemagglutination was observed and
recorded as the HAU per 25 pL.

Marine Mammal Tissue Testing

We tested formalin-fixed, paraffin-embedded (FFPE)
tissues of the upper respiratory tract (nasal turbinate)
from 2 harbor seals and 1 gray seal, and lower respira-
tory tract (trachea, bronchus, bronchiole, and alveoli)
from 3 harbor seals, 3 gray seals, 3 harbor porpoises,
and 3 bottlenose dolphins. The exact ages of the ani-
mals were unknown, but during necropsy, harbor and
gray seals were reported as juvenile or subadult, har-
bor porpoises as neonate or juvenile, and bottlenose
dolphins as neonate or adult. We included >1 slide of
each tissue in every staining. Harbor seal, gray seal,
and harbor porpoise FFPE tissues were derived from
the Erasmus MC FFPE tissues archive, and bottlenose
dolphin FFPE tissues were kindly provided by Dr.
Toni Ramis. Selected tissues showed no abnormali-
ties or histologic lesions.

Virus Histochemistry Staining on Marine Mammal
Respiratory Tissues and Scoring

We deparaffinized 3-pum thick FFPE tissue sections
with xylene and rehydrated using graded ethanol.
We incubated slides overnight at 4°C with 100 puL
FITC-labeled influenza virus (50 HAU). For visu-
alization by light microscopy (Olympus, https://
www.olympus-global.com), we detected the FITC
label with a peroxidase-labeled rabbit anti-FITC
antibody (Agilent). We amplified the signal with
a tyramide signal amplification kit (Perkin Elmer,
https:/ /www.perkinelmer.com), according to man-
ufacturer instructions. Peroxidase was revealed with
3-amino-9-ethylcarbazole (Sigma-Aldrich), resulting
in a bright red precipitate. We counterstained tissues
with hematoxylin and embedded in glycerol-gelatin
(Merck, https:/ /www.merck.com). For the negative
control, we omitted the FITC-labeled virus; for the
positive control, we used FFPE tissue sections of the
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ferret respiratory tract for H3 virus and of duck co-
lon for H5 virus.

We scored the mean abundance of cells to which
virus attached to the apical side from each individual
tissue section of each marine mammal species as fol-
lows: —, no attachment; +, attachment to rare or few
cells (<10% cells positive); +, attachment to a moder-
ate number of cells (10%-50% cells positive); and ++,
attachment to many cells (>50% cells positive). Over-
all, we found little variation in the scores between in-
dividual animals, and we recorded the median score
for each species (Table). Where possible, we recorded
the predominant cell type to which virus attached:
ciliated epithelial cell, goblet cell, or alveolar epithe-
lial cell. In addition, we scored if viruses attached in-
tracellular to epithelial cells of the submucosal gland
or Bowman’s gland. We took images of virus attach-
ment from a representative tissue section of each ani-
mal species at an original magnification of x1,000.

Phylogenetic Analysis of Marine Mammals

We obtained complete genome sequences of ma-
rine mammal species infected by H5 virus clade
2.3.4.4b, according to the list of the European Food
Safety Authority report (27), from National Center
for Biotechnology Information taxonomy database
and GenBank. We aligned sequences with ClustalW
(http:/ /www.clustal.org) using MEGA version 11
(https:/ /www.megasoftware.net) and transformed
to PHYLIP in ALTER (https://phylipweb.github.
io/phylip). We constructed a maximum-likelihood
tree in FigTree version 1.4.4 (http://tree.bio.ed.ac.
uk/software/figtree) using RAXMLHPC2 (https://
www.phylo.org/tools/raxmlhpc2_tgb.html) on
ACESS version 8.2.12 with rapid bootstrapping run
on XSDE (37).

Consensus HA Sequence of H5N1 Clade 2.3.4.4.b
Viruses Found in Marine Mammals

We downloaded all available influenza A H5 HA
nucleotide sequences and accompanying meta-
data from GISAID (https://www.gisaid.org) (38)
(Appendix). We aligned HA sequences by using
Clustal Omega 22 (https://www.ebi.ac.uk/jdis-
patcher/msa/ clustalo?stype=protein) (39) and trim-
med the alignment to the start and stop codons of
the HA sequences. After alignment, we built a con-
sensus sequence of the influenza A H5 HA of all ma-
rine mammals and used it for alignment with other
H5NT1 viruses. We aligned the sequences with Clust-
al Omega 22 (39) and analyzed sequence similarities
and secondary structure information with ESPRIPT
version 3.023 (40).
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Table. Attachment of 2 HPAI viruses and 1 human seasonal influenza virus in study of attachment patterns of avian influenza H5 clade
2.3.4.4b virus in respiratory tracts of marine mammals, North Atlantic Ocean*

Seasonal H3%%

HPAI H5AMBCSZOOS HPAI H5AMBCSZ[122

Tissue Species Score Preferred cell type Score Preferred cell type Score  Preferred cell type
Olfactory mucosa Harbor seal ++ cil, bg ++ cil, bg ++ cil, bg
Gray seal + cil, bg ++ cil, bg ++ cil, bg
Respiratory mucosa Harbor seal + cil, sg ++ cil, sg ++ cil, sg
Gray seal + cil ++ cil, gb ++ cil, gb
Trachea Harbor seal + cil + cil + cil
Gray seal + cil + cil, sg ++ cil, sg
Harbor porpoise + cil - cil + cil, sg
Bottlenose dolphin + cil, sg - -
Bronchus Harbor seal - + cil sg ++ cil, sg
Gray seal - ++ cil sg ++ cil, sg
Harbor porpoise + cil - + cil
Bottlenose dolphin + cil - -
Bronchiole Harbor seal - + cil + cil
Gray seal - + cil, sg + cil, sg
Harbor porpoise ++ cil + cil + cil
Bottlenose dolphin ++ cil + cil + cil
Alveoli Harbor seal + aec + aec + aec
Gray seal + aec + aec + aec
Harbor porpoise ++ aec + aec ++ aec
Bottlenose dolphin ++ aec + aec + aec

*Scoring indicates attachment of viruses to the apical side of ciliated cells of the olfactory mucosa, respiratory mucosa, trachea, bronchus, bronchiole, and
alveoli of marine mammal tissue sections. aec, alveolar epithelial cell; bg, Bowman’s gland; cil, ciliated epithelial cell; gb, goblet cell; H320%,
A/Netherlands/213/2003 (H3N2); H5AMBCS2005  A/Indonesia/05/2005 (H5N1); H54MBCS2022 - AjCaspian gull/Netherlands/1/2022 (H5N1); HPAI, highly
pathogenic avian influenza; sg, submucosal gland; ++, abundant (>50% cells positive); +, moderate (10%-50% cells positive); +, scarce (<10% cells

positive); —, negative (no attachment).

Results

Attachment Pattern of H5AMBES2022 gnd H5AMBCS2005 g
Nasal Turbinate of Seals

To determine whether the HA of A/Caspian gull/Neth-
erlands/1/2022 is similar to other H5N1 viruses from
clade 2.3.4.4b detected in marine mammals, we gener-
ated a consensus sequence of all available marine mam-
mal influenza A H5 HA sequences. An alignment of the
HA of A/Caspian gull/Netherlands/1/2022 to a ma-
rine mammal consensus sequence (Appendix) showed
several amino acid differences: D88G, M104L, Q115L,
A210V, V5101, and M5321 (H5 numbering) (Appendix
Figure 2). Those amino acids are not in or close to the
receptor-binding site or in amino acid residues known
to affect receptor binding (41). Whether the amino acid
changes result in differences in receptor binding proper-
ties or how they affect HA protein stability is unknown.
A comparison of the HA sequence of A/Caspian Gull/
Netherlands/1/2022 with H5N1 clade 2.1.3.2 virus A/
Indonesia/5/2005 revealed amino acid changes known
to affect receptor binding, at positions 133, 155, 156, 189
and 225 (H5 numbering) (Appendix Figure 2) (41,42; L.
Bauer et al., unpub. data, https:/ /www .biorxiv.org/co
ntent/10.1101/2024.11.27.625596v1.full).

Because of the differences in anatomy between
pinnipeds and cetaceans, the nasal turbinate is absent
in cetaceans (43). In the nasal turbinates of harbor
seals and gray seals, the attachment pattern of
H5AMBCS2022 H{5AMBCS2005 and H3%% revealed that all 3
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viruses attached abundantly to the apical side of the
olfactory mucosa and to the Bowman’s glands (Table;
Figure 1). In the respiratory mucosa, all viruses at-
tached predominantly to the apical side of ciliated
epithelial cells. In general, both H5 viruses attached
to the respiratory mucosa more abundantly than the
human H3%% virus (Table; Figure 1). In addition, all
viruses attached to submucosal glands in the submu-
cosa in harbor seals and both H5 viruses to goblet
cells in the gray seals. Taken together, those findings
indicate that both human and avian viruses can at-
tach to upper respiratory tract tissues in harbor and
gray seals and that the attachment pattern of viruses
with the H54MBCS2022 oy H5AMBCS2005 gre not different.

Attachment of H5AMBCS2022 g H5AMBCS2005
to Lower Respiratory Tract Tissues
In the trachea of all animals tested, all viruses attached
to ciliated epithelial cells, but to varying degrees (Ta-
ble). In harbor seals, gray seals, and harbor porpoises,
H5AMBES2022 attached more abundantly than H54MBCS2005
and H3%®. In contrast, in bottlenose dolphins, H3?*%
attached to a moderate number of cells, whereas we
observed no detectable attachment for H5*MB®2022 and
H5AMBES2005 (Table; Figure 2). We observed attachment
to submucosal glands with H5MB2022 in gray seals
and harbor porpoises, with H5*MB<2005 jn harbor por-
poises, and with H3?*® in bottlenose dolphins (Table).
In the bronchus of harbor and gray seals, both
H5AMBES2022 and H5AMBCS2005 gttached to ciliated epithelial
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cells (Table; Figure 2) and submucosal glands (Table),
whereas we did not observe any attachment with H3%®,
In the bronchus of both cetaceans, H3%*® attached to a
moderate number of cells. For H5 viruses, we only ob-
served attachment with H5*MB222 in the bronchus of
harbor porpoises (Table; Figure 2).

In the bronchiole of all species, both H5 viruses
attached to ciliated epithelial cells. In general, the at-
tachment of H54MB®2022 yas more abundant than that
of H5*MBS2005 Huyman H3*® did not attach the bron-
chiole of harbor and gray seals, whereas it attached
abundantly to the ciliated epithelial cells in the ceta-
ceans (Table; Figure 2).

In the alveoli, all viruses attached to alveolar
epithelial cells but with different abundance among
different species. In harbor and gray seals, H52MB<52022
attached more abundantly than H5*MF205 and H3200,
In contrast, in harbor porpoises, both H5MB®2022 and
H3%% attached more abundantly than H5MBS2005 I
bottlenose dolphins, H3*® attached most abundantly
(Table; Figure 2).
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Overall, in the lower respiratory tract of seals and
harbor porpoises, H5*MBS202 attached more abun-
dantly than H5*MBS2005 In bottlenose dolphins, H3%%
attached most abundantly, with only limited attach-
ment of H5*MB®2022 i the bronchiole and alveoli.

Discussion
We describe the attachment patterns of HPAI H5N1 vi-
ruses in the respiratory tracts of common North Atlan-
tic marine mammals. Our study revealed that avian H5
viruses attach abundantly to the upper respiratory tract
of harbor seals and gray seals. In the lower respiratory
tract of harbor seals, gray seals, and harbor porpoises,
the recent H5N1 clade 2.3.4.4b virus attaches more
abundantly than an H5N1 clade 2.1.3.2 virus from 2005.
The attachment pattern of HPAI H5N1 viruses to
both the upper and lower respiratory tract tissues of
North Atlantic marine mammals is in line with the de-
tection of infectious virus or viral RNA in respiratory
tract tissues of all included species (21,23,24,26). Unfor-
tunately, little is known about the cell tropism of H5N1

Figure 1. Attachment of influenza
A viruses to the olfactory mucosa
and respiratory mucosa of seals
in study of attachment patterns of
avian influenza H5 clade 2.3.4.4b
virus in respiratory tracts of marine
mammals, North Atlantic Ocean.
Hematoxylin and eosin stain (red)
shows attachment of human
seasonal influenza A virus H320
and avian influenza A viruses
HSAMBCSZOOS and HSAMBCSZOZZ to the
olfactory (A) and respiratory (B)
mucosa in the nasal turbinate

of harbor seals (Phoca vitulina)
and gray seals (Halichoerus
grypus). Photos were taken at
high magnification (x1,000) of
the apical side of the mucosa;

for this reason, Bowman'’s

glands in the submucosa are

not represented. H32003, A/
Netherlands/213/2003 (H3N2);
H5AMBCS2005 - AfIndonesia/05/2005
(H5N1); H5AMmBCS2022 - A/Caspian
gull/Netherlands/1/2022 (H5N1).
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Figure 2. Attachment of influenza A viruses to epithelial cells of trachea, bronchus, bronchiole, and alveoli in study of attachment
patterns of avian influenza H5 clade 2.3.4.4b virus in respiratory tracts of marine mammals, North Atlantic Ocean. Hematoxylin

and eosin stain (red) shows attachment of human seasonal influenza A virus H32°°® and avian influenza A viruses H54MBCS2005 gngd
H5AMBCS2022 tg the lower respiratory tracts of harbor seals (Phoca vitulina), gray seals (Halichoerus grypus), harbor porpoises (Phocoena
phocoena), and bottlenose dolphins (Tursiops truncatus). A) Trachea; B) bronchiole; C) bronchus; D) alveoli. Photos were taken at

high magnification (x1,000) of the apical side of the mucosa. H32°°%, A/Netherlands/213/2003 (H3N2); H5AMBCs2005 A/Indonesia/05/2005

(H5N1); H5amBCs2022 - A/Caspian gull/Netherlands/1/2022 (H5N1).

viruses in vivo; pathological studies on the cell tropism
are scarce, and tissues from infected marine mammals
are often not representative for the acute phase of in-
fection. However, virus antigen has been detected in
bronchiolar and alveolar epithelial cells in harbor seals,
which fits with the ability of H5N1 virus to attach to
those cells (21). Abundant attachment to the upper re-
spiratory tract of pinnipeds suggests that the species are

1734

highly susceptible to infection and that viruses can be
transmitted among them. In the lower respiratory tract
of harbor seals and gray seals, the HA of H5N1 clade
2.3.4.4b virus had the tendency to attach more abundant-
ly than H5N1 clade 2.1.3.2 virus. That difference could
contribute to the ability of clade 2.3.4.4b viruses to cause
severe lower respiratory tract disease and fits with the
high mortality rates reported in harbor and gray seals
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(21,23,24). High mortality rates associated with clade
2.3.4.4b virus infections also has been reported in sea li-
ons and elephant seals (3,12,44). Whether the observed
attachment pattern of clade 2.3.4.4b viruses in phylo-
genetically distinct pinniped species would be similar
remains unknown. In both cetacean species tested, the
clade 2.3.4.4b virus attached more abundantly to the
respiratory tract than did clade 2.1.3.2 virus, but the at-
tachment was overall lower than for both pinniped spe-
cies. That finding is consistent with the individual cases
of H5N1 virus infection in harbor porpoises, bottlenose
dolphins, and other cetacean species (8,26-28), suggest-
ing that cetaceans are also susceptible to infection. The
ability of HSN1 viruses to attach to respiratory tissues of
marine mammals is not unique; avian influenza viruses
of subtypes H5N4 and H7N7 can also attach to tissues of
the lower respiratory tract (33). However, the observed
attachment pattern for HPAI H5N1 clade 2.3.4.4b vi-
ruses likely contributes to the high number of infections
and the development of severe disease.

Several studies have shown that recent H5N1
clade 2.3.4.4b viruses, including bovine isolates, pref-
erentially bind to a2,3-linked sialic acid receptors
(41,45-47). The variability in attachment between the
2 H5N1 virus clades in our study are therefore likely
not the result of a receptor switch to 2,6-linked sialic
acid but potentially because of the amino acid differ-
ences in or close to the receptor-binding site, known
to affect receptor specificity or affinity. However, the
exact role of the individual amino acid positions re-
mains to be investigated.

Both HPAI H5N1 viruses (either of clade 2.3.4.4b
or clade 2.1.3.2) and H3N2 virus attach to olfac-
tory mucosa in the nasal cavity of gray and harbor
seals. Neurologic complications are regularly ob-
served in marine mammals infected with H5 viruses,
and virus can be detected in high titers in the brain
(19,21,23,24,28). How H5 viruses enter the central
nervous system remains unclear, but observations
suggest that the viruses can enter the central nervous
system via the olfactory nerve in seals, as observed
in experimentally inoculated ferrets (48-50). How-
ever, HPAI H5NT1 viruses can also invade the central
nervous system in ceteceans, which lack a olfactory
mucosa, so neuroinvasion likely could also occur via
other cranial nerves or the hematogenous route (28).

In conclusion, our study highlights changes in
the attachment pattern of a recent HPAI H5N1 clade
2.3.4.4b virus compared with H5N1 clade 2.1.3.2 virus
from 2005 in the respiratory tracts of 4 marine mammal
species that could lead to more efficient transmission
and more severe disease. That finding, together with
the recent increase in HPAI H5N1-associated deaths in
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marine mammals worldwide, emphasizes the need for
increased avian influenza surveillance and research in
such marine mammal species to limitillness and deaths
and help protect both animal and human health.
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Drivers of Crimean-Congo
Hemorrhagic Fever in Natural
Host and Effects of Control
Measures, Bulgaria

Georgina Limon, Simona R. Tchakarova, Anna Ludi, Tsviatko Alexandrov, Iva Christova,
Petya Petkova, Emmanuel Maze, Kelly Thomas, Natalie Baker, Marion England,
Clare Browning, Ginette Wilsden, Sandra Belij-Rammerstorfer, Teresa Lambe, Anna Jolles,
Miles Carroll, Roger Hewson, Simon Gubbins, Bryan Charleston, Nicholas A. Lyons

Crimean-Congo hemorrhagic fever (CCHF) is an emerg-
ing tickborne disease and a World Health Organization
priority. Although humans are accidental hosts, infection
can lead to hemorrhagic fever with a high fatality rate.
Domestic animals play a critical role in disease trans-
mission, but infected animals do not show clinical signs
and viremia is short; thus, CCHF virus (CCHFV) infec-
tions can remain unobserved. During 2017-2019, we
conducted 2 sequential observational studies followed
by a multisite randomized controlled trial to determine

World Health Organization-designated prior-
ity emerging diseases are those with poten-
tial to cause severe epidemics without available or
sufficient medical countermeasures (I). Crimean-
Congo hemorrhagic fever (CCHF), a severe tick-
borne zoonotic disease with a high fatality rate in
humans (2), is a priority emerging disease. Fatality
rates have gradually increased in recent decades;
major differences exist across geographic regions
and occupations (3). The etiologic agent, CCHF vi-
rus (CCHFV), has a wide geographic distribution
and is endemic in parts of Africa, Asia, Eastern Eu-
rope, and the Middle East. CCHFV is transmitted
by ticks belonging to the Ixodidae family, mainly
of the genus Hyalomma (2,4). Rising environmen-
tal temperatures influence CCHFV transmission

spatial-temporal patterns and quantify drivers for CCHFV
exposure in a natural host (sheep) in a CCHF-endemic
area of Bulgaria. We found high-risk areas embedded in
endemic regions. Animal characteristics were not cor-
related with seropositivity; however, a seasonality effect
was observed, suggesting sampling time was a potential
confounder. Force of infection varied across farms and
over time. CCHFV transmission heterogeneity among
farms is driven by preventive measures used to reduce
exposure to ticks.

to new geographic areas, in conjunction with other
factors, such as travel, trade, livestock movement,
and wild bird migration (5).

Animals, including domestic livestock, can be-
come infected when bitten by CCHFV-infected ticks.
Although animals develop a transient viremia, they
do not exhibit clinical signs (6-8). Small ruminants
have been suggested as good proxies to monitor the
presence of CCHFV in a given region (6,9). Sheep
have been epidemiologically linked to human ex-
posure to the virus and cases (10-12). Despite many
serologic studies being conducted in different set-
tings, using various tests and a wide range of study
designs (6,13-15), very little is known about the fac-
tors driving differences in CCHFV infection, host hu-
moral responses, and spatial patterns of exposure in
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livestock. We conducted 2 sequential observational
studies followed by a multisite randomized trial to
determine spatial patterns and main drivers for CCH-
FV exposure in sheep (a natural host) in Bulgaria.
Written consent was obtained from all participating
sheep farmers. Ethics approvals were obtained from
the Bulgarian Food Safety Agency ethics committee
and The Pirbright Institute’s Animal Welfare Ethical
Review Board.

Methods

Study Design

We conducted a cross-sectional study (field study
1) in October 2017 in which we recruited 120 com-
mercial sheep farms in the CCHFV-endemic prov-
inces of Burgas and Kardzhali, Bulgaria, after the
main tick-biting season. In Europe, temperature
and photoperiod are key drivers of tick seasonal-
ity; the optimum environmental temperature for
tick activity is 20°C-25°C. In the Balkans, those
conditions occur during March-October (16). We
calculated the target sample size for each province
to estimate the proportion of seropositive sheep
with 95% confidence and 6% precision for an ex-
pected seroprevalence of 50% and 0.12 intrafarm
correlation (Appendix, https://wwwnc.cdc.gov/
EID/article/31/9/24-1952-App1l.pdf). We selected
5 lambs (3-12 months of age) and 5 sheep (13-24
months of age) within each participating farm and
collected blood samples from each selected animal.
We collected animal and farm level data by using a
standardized questionnaire in a mobile application
(Appendix Table 1, Figure 1).

We conducted a follow-up observational study
(field study 2) before the next tick-biting season (be-
fore March 2018) within the main hotspot area (north-
western part of Burgas province), identified in the
cross-sectional study, to investigate the potential ef-
fects of age and seasonality on seropositivity in sheep.
We visited 25 farms; 14 of those had been included
during the first field study. We sampled 15 sheep at
each farm, stratified by age: 5 lambs (<12 months),
5 young adults (13-36 months), and 5 adults (>36
months). We collected blood samples from each se-
lected animal and corresponding animal data (age,
sex, breed, presence of ticks).

We then conducted a multisite, randomized,
2-arm, triple-blinded, controlled trial (field study 3)
in the previously identified hotspot to determine the
efficacy of a modified vaccinia virus Ankara (MVA)-
vectored vaccine candidate (encoding the CCHFV
envelope spike glycoprotein [GP]) in sheep during
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periods of expected high transmission levels (i.e.,
natural challenge of animals) and to estimate the
force of infection (FOI) over time and across farms. In
addition, we used the placebo group to better eluci-
date profiles for CCHFV nucleoprotein (NP) and GP
Gc IgGs over time after natural exposure. The vac-
cine candidate has been shown to be immunogenic
and 100% protective in mice (17) but poorly immu-
nogenic in sheep; only a modest increase in CCHFV
Gc IgG has been observed in sheep under controlled
conditions (18). We calculated sample size by con-
sidering an incidence of 16.9% in the unvaccinated
group, a between cluster variation of 0.021, and 20
animals per farm and by assuming a vaccine efficacy
of 50%, 95% confidence, and 80% power (Appendix).
We also assumed a 15% loss to follow-up would oc-
cur during 6 months.

We recruited 32 commercial sheep farms into
field study 3. At each of those farms, we selected
20 lambs that were 2-4 months of age and already
weaned. Lambs were the unit of randomization, and
we allocated them in equal numbers to either the vac-
cine group (arm 1) or placebo (received phosphate-
buffered saline) group (arm 2). We administered a
vaccine booster 4 weeks after the primary dose. We
conducted intention-to-treat analysis; seroconversion
was the endpoint. We visited each farm and collected
blood samples at 2, 4, 10, 13, 17, 21, and 27 weeks after
primary dose. We gathered animal data and general
information on farm characteristics, such as manage-
ment practices and biosecurity, during the first visit
by using an electronic standardized questionnaire.
During each follow-up visit, we collected data on
changes and preventive measures (deworming, tick
control, and shed spraying for vector control) that
had been administered between visits. We used the
EpiCollect5 tool (https:/ /five.epicollect.net) to collect
the data for all studies.

Sample Storage and Laboratory Methods

We stored all field study serum samples in duplicate
aliquots at —20°C. We shipped 1 aliquot per sample
at the end of each field study to The Pirbright In-
stitute (Pirbright, UK) for testing. We tested serum
samples in duplicate by using an in-house indirect
ELISA to detect CCHFV antigen-specific IgG re-
sponses (CCHFV NP and Gc IgGs), as previously
described (18). We also tested serum samples from
CCHFV-seropositive animals in the controlled trial
for CCHFV RNA by real-time reverse transcription
PCR at the Bulgarian Food Safety Agency labo-
ratories, as previously described (19). We tested
samples from when the animals first seroconverted
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and from the previous sampling period before the
sheep seroconverted.

Statistical Analysis

For field study 1, we estimated weighted sheep se-
roprevalence. To assess the level of clustering of se-
ropositive sheep within farms, we estimated the in-
trafarm correlation coefficient for seropositive status
of individual sheep by using the farm variance from
a mixed effect model, considering farm as a random
effect. We conducted risk factor analysis separately at
both the animal and farm level.

At the animal level, we tested the extent to which
animal characteristics were associated with individ-
ual serostatus (outcome variable) by using mixed ef-
fect models, including farm as a random effect. We
assessed collinearity between all predictor variables
for which p was <0.1 in the univariate analysis and,
when collinearity was present (Pearson correlation
>0.8), we kept only 1 variable in the model. We gen-
erated multivariable models by using a backward
stepwise selection procedure with likelihood ratio
tests to compare models with and without the vari-
able of interest.

At the farm level, we recategorized farm and
management practices after data exploration (Ap-
pendix Table 1). We used data reduction techniques
to identify farm typologies on the basis of manage-
ment practices and farm characteristics (Appendix
Tables 2, 3, Figure 2). To assess the extent to which
environmental factors affect the risk for CCHFV ex-
posure of sheep on a farm, we used land cover (shrub,
cultivated, or arboreal), mean normalized difference
vegetation index (NDVI), and NDVI spring slope (20)
as proxies to capture environmental traits that shape
the distribution of Hyalomma spp. mosquito activity
and seasonal dynamics. We tested the extent to which
farm typologies and environmental variables were
associated with the number of seropositive animals
in the farm by using Poisson regression; we used the
number of animals sampled as an offset. We selected

final multivariable models by using a backward se-
lection process with 1 variable removed each time.
We then used a likelihood ratio test to assess which
model best fit the data.

We generated choropleth maps of empirical
Bayes smoothed rate at the municipality level to ex-
plore potential spatial clustering of CCHFV seroposi-
tive animals. We explored spatial autocorrelation of
the smoothed Bayes risk at a global scale by using the
Moran’s I statistic and at a local scale by using the
Getis-Ord GI* statistic.

For field study 2, we only considered farms that
were visited during both field studies 1 and 2 (n = 14)
and animals having the same age range (3-24 months)
to capture farm-level dynamics of CCHFV NP and Gc
seropositivity at key seasonal timepoints (October
2017 and March 2018). We used multivariable mixed
effect models to assess differences in seropositive ani-
mals between the 2 sampling periods and age groups,
including farm as a random effect.

For field study 3, we determined the number of
unvaccinated and vaccinated lambs seroconverting
during each sampling period for each farm. We as-
sumed a lamb seroconverted during the first sam-
pling period when its CCHFV NP IgG status changed
from negative to positive. We used the pattern of se-
roconversion to estimate FOI for each lamb (Appen-
dix Figure 3). FOI varied among farms and among
sampling periods and incorporated the effects of
control measures (vaccination, deworming, spraying,
and tick control), enabling their efficacy to be quanti-
fied. In particular, vaccine efficacy was calculated by
the formula 1-\ /A, where A, is the FOI in vaccinated
lambs and A, is the FOI in unvaccinated lambs (21).

We used descriptive statistics to characterize
CCHFV NP and GP Gc profiles in the placebo groups.
We estimated median, interquartile range, and fold-
change relative to day 0 for each sampling point. We
used Spearman correlation coefficients (p) and 95%
Cls to determine the relationship between CCHFV
NP and Gc IgGs.

Table 1. Results from multivariable mixed-effect models used to assess serologic associations in study of Crimean-Congo
hemorrhagic fever in sheep and effects of control measures, Bulgaria*

CCHEFV glycoprotein Gc IgG positive

CCHEFV nucleoprotein 1gG positive

Characteristic aOR (95% CI) p value aOR (95% CI) p value
Study type

Follow-up, March 2018, n = 58 Referent Referent

Cross-sectional, Oct 2017, n = 140 1.31 (0.64-2.75) 0.464 14.49 (5.54-46.93) <0.001
Age category

13-24 mo., young adult sheep, n =115 Referent Referent

3-12 mo., lambs, n = 83 1.44 (0.74-2.82) 0.283 1.8 (0.94-3.68) 0.073

*Associations between CCHFV glycoprotein Gc or nucleoprotein seropositivity and time of sampling (study type) and age; only farms visited during both
field studies 1 and 2 (n = 14) and sheep of the same age (3—-24 mo) (total no. = 198) were considered. Models had farm as a random effect. Results from
univariate analysis are in the Appendix (Appendix Tables 1, 2, https://wwwnc.cdc.gov/EID/article/31/9/24-1952-App1l.pdf). aOR, adjusted odds ratio;

CCHFV, Crimean-Congo hemorrhagic fever virus.
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Figure 1. Geographic locations of sheep farms in study of drivers of Crimean-Congo hemorrhagic fever in natural host and effects of
control measures, Bulgaria. A) Location of Bulgaria within Europe. B) Location of sheep farms that were part of cross-sectional field study 1
(n = 120). Black dots indicate sheep farms in Kardzhali Province, located in the southern part of Bulgaria, and Burgas Province, located in
the southeastern part of the country. C) Location of sheep farms that were part of the follow-up field study 2 during March 2018 in Burgas
Province (n = 25). Black dots indicate farms that were part of both field studies 1 and 2 (n = 14). D) Location of farms that were part of the
multisite randomized control trial (field study 3) in Burgas Province (n = 32). Black dots indicate sheep farm locations.

Results

To explore the potential effect of seasonality, we as-
sessed the difference in the number of seropositive
animals between sampling periods (October 2017 and
March 2018) considering only farms that were visited
on both field studies 1 and 2 (n = 14) and animals from
the same age groups (3-24 months). Sampled animals
were not the same in both studies but came from the
same farms; therefore, we expected the same man-
agement practices and levels of exposure. All farms
were dairy farms, all but 1 farm reported deworming
their animals regularly, and all but 1 farm reported
performing regular tick control. On the 14 farms,
55/140 (39.3%) sheep were CCHFV Gc IgG seroposi-
tive in October 2017 and 22/58 (37.9%) sheep were
seropositive in March 2018, whereas 75/140 (53.6%)
sheep were CCHFV NP IgG seropositive in October
and 5/58 (8.6%) sheep were NP IgG seropositive
in March. We observed a strong seasonality effect
(p<0.001) after adjusting for age group. Sheep were
more likely to be NP IgG seropositive at the end of the
tick biting period (October sampling), when CCHFV
transmission is expected to be higher, than at the end
of the winter (March sampling), when CCHFV trans-
mission is expected to be low (Table 1; Appendix Ta-
bles 4, 5). However, we did not observe a seasonality
effect for CCHFV Gc antibody levels, suggesting that
CCHEFV NP IgG might be a better marker of recent
exposure than CCHFV Gc IgG. Therefore, we consid-
ered CCHFV NP IgG levels to be a main indicator of
recent natural exposure for the cross-sectional and
controlled trial studies.

Weincluded 120 farms and 1,200 sheep in the cross-
sectional study (Figure 1). The overall weighted NP
IgG seroprevalence was 38.5% (95% CI 35.3%-42.0%);
we observed a higher seroprevalence in Burgas Prov-
ince than in Kardzhali Province (Appendix Table 6).
Dairy breeds were more likely to be seropositive than
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mixed breeds. The province and breed type exhibited
strong collinearity; most dairy breeds came from Bur-
gas Province, where most dairy farms were located
and where univariate models were used. We did not

Figure 2. Farm typologies identified after hierarchical cluster
analysis in study of drivers of Crimean-Congo hemorrhagic fever in
natural host and effects of control measures, Bulgaria. First, multiple
correspondent analysis was performed to transform correlated
variables into a small number of synthetic uncorrelated factors.
Hierarchical cluster analysis was then used to group farms into
clusters according to their level of similarity with respect to the factors
created by the multiple correspondent analysis. Data were collected
during October 2017 from 120 commercial sheep farms in Burgas
and Kardhzali Provinces in Bulgaria. Typology (cluster) 1 (n = 54)
comprised mixed farms, most of which were located in Kardhzali
Province. Lambs were kept outdoors during the day and indoors at
night, and all farms reported applying tick control by spraying animals
with acaracides. Typology (cluster) 2 (n = 26) comprised most of

the meat farms located in either Kardhzali or Burgas Province. Most
farms kept lambs outdoors during the day and indoors at night. One
third of those farms did not use tick control measures for animals.
Typology (cluster) 3 (n = 40) comprised most of the dairy farms; most
were located in Burgas Province. Lambs were kept indoors at all
times until weaning. Most farms reported applying tick control either
by dipping or spraying animals with acaracides.
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Figure 3. Choropleth maps showing Crimean-Congo hemorrhagic fever virus exposure risks in study of virus drivers in natural host

and effects of control measures, Bulgaria. Bayes smoothed rate (A) and Getis-Ord Gi* hotspots (B) of Crimean-Congo hemorrhagic
fever virus nucleoprotein Ig in sheep are indicated for municipalities in Burgas Province (southeastern part of the country) and Kardzhali
Province (southern part of country). Data were collected during October 2017.

find statistically significant associations between sero-
logic status and sex, age, or presence of ticks at the time
of sampling (Appendix Table 7). At the farm level, 105
(87.5%) farms had >1 seropositive sheep. Adjusting for
land cover, farms from typology (cluster) 3 were more
likely to have seropositive animals than farms in typol-
ogy 2 (Figure 2; Appendix Table 8). Farms within 5 km
of cultivated or arboreal land cover were more likely to
have seropositive animals (Appendix Table 8).

We found CCHFV seropositivity throughout
both provinces studied; however, we found spatial
heterogeneity at farm and municipality levels.
Some level of clustering of seropositive animals oc-
curred within farms; the overall intrafarm correla-
tion was 0.25. Bayes smoothed rates of seropositive
animals varied across municipalities. We identified
higher risk for CCHFV exposure in northwestern
Burgas (Figure 3). We observed a significant posi-
tive spatial autocorrelation at the municipality lev-
el (Moran’s I = 0.36; p = 0.001), indicating nearby
observations were more similar on average than
distant ones.

The multisite randomized controlled trial com-
prised 32 commercial sheep farms and 640 lambs (20
per farm) (Appendix Table 9), which we followed up
for 6 months. In the placebo group (n =320), CCHFV Gc
IgG was detectable at baseline but declined early during
the study, consistent with waning passive immunity,
whereas NP IgG levels rose during June-September,
aligning with the expected peak in CCHFV transmis-
sion caused by tick activity and supporting NP IgG as a
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marker for recent CCHFV infection (Appendix Figure 4,
panels A, B). Moreover, correlation between NP and Gc
IgG responses (Spearman p = 0.57) was moderate at the
first timepoint in early March, then declined rapidly and
remained weak or inconsistent thereafter (Spearman p
range 0.25-0.41) (Appendix Figure 4, panels C, D), indi-
cating that CCHFV NP and Gc responses are not tightly
coupled, especially over time.

FOl varied among farms and over time (Figure 4;
Appendix Table 10, Figure 5). FOI was initially high
(especially during weeks 2-4), declined to a mini-
mum during weeks 4-10, then rose again and peaked
during weeks 17-21. Only 2 animals tested positive
for CCHFV RNA by reverse transcription PCR; both
animals were from the same farm and tested posi-
tive during the sampling period at the beginning of
July (week 17). Both animals were seronegative at
the previous sampling timepoint (week 13), and al-
though ELISA optical density values for both sheep
increased at the following sampling timepoint (week
27), only 1 of the sheep became seropositive.

Vaccination had a limited effect on FOI at most
farms; vaccine efficacy varied among farms (Figure 5;
Appendix Table 10). The posterior median vaccine ef-
ficacy was >0 (median 42.7% [range 2.8%-77.1%]) for
16 farms, although the 95% lower credible limit was
>( for only 1 farm (Figure 5).

Deworming had no apparent effect on FOI (Ap-
pendix Table 11). However, tick control in animals
or spraying sheds with acaricide had an effect that
varied among farms. Tick control reduced FOI (i.e.,
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posterior median effect <0) in 11 of 17 farms (Figure
5). Spraying reduced FOIl in 4 of 23 farms. The magni-
tude of the effect was typically larger for tick control
than for spraying (Figure 5).

Discussion

We determined epidemiologic and driver profiles for
CCHFV exposure in natural hosts in a virus-endem-
ic setting over time. Furthermore, we quantified the
potential effect of different control measures on CCH-
FV FOIL. We found spatial heterogeneity of CCHFV se-
ropositivity at both farm and municipality levels and
identified hotspots in virus-endemic areas, consistent
with results in other endemic regions (15,22,23). In ad-
dition, we observed a critical effect of seasonality; sheep
were more likely to be CCHFV NP IgG seropositive
toward the end of the tick biting period, when CCHFV
transmission is expected to be highest, than at the end

Crimean-Congo Hemorrhagic Fever, Bulgaria

of the winter, suggesting NP IgG is a better marker for
recent CCHFV infection. Contrary to reports in previ-
ous studies (23-27), animal characteristics were not
significantly associated with seropositivity. However,
age was marginally associated with CCHFV NP IgG
when adjusting for time of sampling, and lambs were
more likely to be seropositive than were adult sheep.
Apart from nosocomial transmission, close con-
tact with animals, farming activities, slaughtering
animals, and a history of tick bites have all been re-
ported as the main activities that can increase risks
for human infection and clinical cases (28-32). In a
parallel study, we took blood samples from farmers
in a subset of farms that were part of the first field
study (Appendix Table 12). Only 3 (6.8%) farmers
were positive for CCHFV IgG. Low levels of sero-
positivity are to be expected in vectorborne disease-
endemic areas where humans are accidental hosts.

Figure 4. Estimated FOI of Crimean-Congo hemorrhagic fever virus for 32 commercial sheep farms in Burgas Province, Bulgaria.
Sheep were vaccinated and tested for virus IgG over a 6-month follow-up. A) Baseline FOI for each farm. Circles indicate posterior
medians; error bars indicate 95% credible intervals. B) Relative FOls during each sampling period. Posterior median (solid black
lines), interquartile range (dashed black lines), and 95% credible interval (purple shading) are indicated. C) Posterior median FOI for
unvaccinated (solid lines) and vaccinated (dashed lines) animals in each farm. Each plot represents data from 1 farm. Seroconversion
was determined on the basis of virus nucleoprotein IgG levels. FOI, force of infection.
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Figure 5. Effects of control
measures on the force of
infection for Crimean-Congo
hemorrhagic fever virus at 32
sheep farms in Burgas Province,
Bulgaria. A) Estimated vaccine
efficacy of the Crimean-Congo
hemorrhagic fever—-modified
vaccinia virus Ankara vaccine.
B) Effect of tick control at farms.
C) Effect of spraying. Circles
indicate posterior medians;
error bars indicate 95% credible
intervals. Horizontal dotted line
indicates no effect.

The proportion of seropositive farmers was slightly
higher in this study than that previously reported
within the general population in Bulgaria (2.8%)
and Greece (4.2%) (28,33). Two of the 3 seroposi-
tive farmers lived in the high-risk area identified in
northwestern Burgas Province, suggesting that
CCHFV exposure is an occupational risk and not
only derived from individual risk activities.

To better elucidate the dynamics of the humoral
response toward CCHFV over time, we quantified
temporal variation in FOI on the basis of antibody re-
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sponses over a 6-month period. FOl was initially high,
which might be a consequence of maternal antibodies
found in lambs that were part of the study. FOI then
rose again during the summer period (weeks 17-21
of the study), likely because of the higher tick activ-
ity during those months leading to increased CCHFV
transmission. CCHFV NP has been shown to be high-
ly immunogenic; NP antibodies are produced during
infection in humans and mice (34,35). Further studies
should be conducted to formally assess the protective
role of maternal CCHFV antibodies.
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FOI has been suggested to influence vaccine ef-
ficacy (36). Our findings indicate that FOI and vac-
cine efficacy varied across farms, and vaccination
had a limited effect on FOI in this setting (18). In con-
trast, tick control and spraying reduced FOI, suggest-
ing that CCHFV transmission heterogeneity among
farms in high-risk areas is driven by different farm
management practices and preventive measures used
to reduce tick exposure. Further studies should be
conducted to assess differences in tick density at the
farm and animal level.

Seroepidemiologic studies have contributed to
delineating transmission dynamics for various vec-
torborne zoonotic diseases (37-40). Our findings
indicate that, given the short period of infectivity, se-
rologic analysis is more reliable than other methods
to assess CCHF dynamics in domestic animals.

In conclusion, we provide insight into the epi-
demiology and drivers of CCHFV transmission. As
with most tickborne diseases, CCHFV dynamics are
complex. We have identified key epidemiologic pa-
rameters derived from empirical data in a natural
host species, in CCHFV-endemic settings, and over
time. Because of the limitations in conducting con-
trolled challenge studies with category 4 pathogens
and the lack of a robust correlation of protection,
natural challenge studies are a reliable approach to
evaluate the efficacy of vaccine candidates and other
control measures.
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INncreased Incidence of
Candida auris Colonization In
Early COVID-19 Pandemic,
Orange County, California, USA

Alissa H. Dratch, Mi Le, Matthew Zahn

Candida auris transmission surged in long-term acute-
care hospitals (LTACHSs) in Orange County, California,
USA, during the COVID-19 pandemic. This study de-
scribes the effect of COVID-19 on C. auris transmission
by estimating the probability of patient colonization in
LTACHs across 5 epidemiologic time periods. Patients
had the highest probability of developing new skin coloni-
zation during the first COVID-19 wave, with a cumulative
incidence of 22.5% (95% CIl 18.5-26.6) after a 30-day
stay. Once the initial COVID-19 waves abated, a reduc-
tion in cumulative incidence of C. auris colonization was
observed concurrently with persistent high prevalence,
indicating that within-facility transmission can be reduced
with proper infection prevention and control practices.
Admission screenings and point prevalence surveys pro-
vided a wealth of data that guided public health recom-
mendations and supported the objectives of both public
health professionals and LTACHs for monitoring facility
transmission dynamics and guiding decision making.

Candida auris is a multidrug-resistant yeast that
can cause serious invasive infections in at-risk
populations (1) and an emerging pathogen in the
United States that can cause outbreaks in health-
care settings. Persons with extensive healthcare
exposure, indwelling medical devices, or recent an-
timicrobial drug use are at highest risk for C. auris
colonization or infection (2,3). Because of the high
prevalence of patients with those risk factors, C. au-
ris is frequently found in long-term acute-care hos-
pital (LTACH) settings (4,5). C. auris is a reportable
pathogen in Orange County, California, USA and
all known cases are reported to the Orange County
Healthcare Agency (OCHCA).
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The first outbreak in California was identified
in Orange County after C. auris was detected in a
urine specimen from an LTACH patient in February
2019. Local, state, and federal public health agencies
mounted an aggressive containment response, which
included active surveillance, to identify transmission
in 3 LTACHs and 14 ventilator-equipped skilled nurs-
ing facilities serving adult patients in Orange County
(6,7). Because of their high-risk patient populations,
the 3 LTACHs in the county agreed to perform rou-
tine point prevalence surveys (PPSs) that consisted of
screening all noncolonized patients at their facilities
via axilla and groin swab sampling. The first PPSs at
each LTACH were performed in March 2019. During
March 2019-September 2020, PPS frequency varied
with transmission patterns. PPSs were generally done
1-2 times per month at each LTACH, though there
was variance because they were largely done in re-
sponse to identification of new cases. In September
2020, the LTACHs switched to routine PPS schedules.
From then on, PPSs routinely occurred 1-2 times per
month regardless of the level of C. auris activity at in-
dividual facilities.

By November 2020, in response to widespread
transmission, all 3 LTACHs implemented universal
admission screening of patients not known to be C.
auris positive. That testing enabled the rapid identi-
fication of colonized patients and early implementa-
tion of infection prevention precautions. In addition,
the strategy created the opportunity to track patients
longitudinally starting from their admission date.
Thus, OCHCA was able to collect individual-level
longitudinal screening data over 5 epidemiologically
distinct time periods, which corresponded with 1 pre-
COVID-19 period and 4 periods during the COVID-19
pandemic. OCHCA was able to track C. auris spread
as the fungus became endemic to the county and while
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the county’s facilities were simultaneously respond-
ing to multiple COVID-19 surges. This study was con-
ducted to objectively assess whether the suspected
patterns of colonization rates across different phases
of the pandemic in Orange County were supported
by empirical data and to gain insights to inform future
infection prevention and response activities.

Methods

This cohort study examined results from all ax-
illa and groin surveillance swab specimens from
the 3 LTACHs in Orange County during March 14,
2019-July 18, 2022 (Figure 1). We planned the study
shortly after the implementation of universal admis-
sion screening, so data from November 2020 on were
collected prospectively. Because of OCHCA'’s close
working relationships with the LTACHs, we received
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data as the test results became available. We validat-
ed, cleaned, and prepared data for analysis on an on-
going basis as we received test results.

During sample collection, a single swab was
used to swab both axilla and both inguinal creases.
We tested the swabs from PPSs through the Centers
for Disease Control and Prevention’s Antimicrobial
Resistance Laboratory Network or through Orange
County’s Public Health Laboratory by using PCR
testing methods. If an indeterminate result was re-
turned, the same swab specimen that was already
tested was sent for culture. Admission swab speci-
mens were tested through the LTACHS’ private labo-
ratory, where they used culture methods only.

Axilla and groin screening swab specimens that
tested positive for C. auris indicated skin coloniza-
tion, and we counted them as cases. In addition, 3

Figure 1. Flowchart showing
cohort swab specimen collection
and testing in study of Candida
auris colonization early in the
COVID-19 pandemic, Orange
County, California, USA. LTACH,
long-term acute-care hospital.
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Figure 2. Seven-day moving averages of new daily COVID-19 cases in Orange County, California, USA, across 5 time periods during
study of Candida auris colonization early in the COVID-19 pandemic. Black dot represents beginning of C. auris screening. Horizontal
black bar represents period in which COVID vaccines first became available.

patients who had clinical cultures (such as blood or
bronchoalveolar lavage samples) positive for C. auris
before the yeast was detected via PPS screening were
counted as cases. Those patients were considered
positive on the collection date of the positive clinical
sample. Once a patient was counted as a case, that pa-
tient was permanently considered a case and would
not be rescreened.

The study duration was divided into 5 time peri-
ods for closer examination: 1 period before the initial
COVID-19 shelter-in-place order and 4 periods during
the COVID-19 pandemic (Figure 2). The period cut
points were determined a priori on the basis of OCH-
CA’s understanding of local COVID-19 and C. auris
epidemiology. The cut points largely reflect COVID-19
surges and the corresponding fluctuations in infection
prevention and control (IPC) resource availability. In
instances where patients” exposure time straddled 2
time periods (6.4% of swab specimens), the time was
assigned to the period in which most of the days were
spent. We conducted a sensitivity analysis that ex-
cluded follow-up time that straddled multiple time
periods, and it showed negligible effect on the results.

We ascertained death dates from Orange Coun-
ty’s vital records data. Because the records included
location of death and were well populated, we were
able to verify patients were still in LTACHs on their
date of death.

About the LTACHs

The average censuses among the 3 LTACHs during
the 2019-2022 study period ranged from 74% to 83%
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of the licensed bed number, according to data from the
Office of Statewide Health Planning and Development
Annual Utilization Report of Hospitals (8,9,10,11). The
largest facility had 109 licensed beds, and the smaller
facilities had 48 and 54 licensed beds. Most rooms in
the facilities served as multioccupancy rooms (typical-
ly 2-4 patients); however, if there was an infection pre-
vention need and facility capacity, some rooms could
be configured into single-occupancy rooms.

Exposure Time Calculation

We counted exposure days as the number of cumula-
tive days a patient was admitted to an OC LTACH
without a positive C. auris test. Exposure days were
usually, but not necessarily, continuous. A patient
could have exposure time from multiple admissions
not temporally connected to each other.

We counted exposure time beginning at a patient’s
admission date (or admission screening date as proxy).
For patients admitted to LTACHs before C. auris was
first detected in the county, we imputed a start date of
February 17, 2019, which is the collection date of the
earliest detected C. auris case in Orange County. Expo-
sure time stopped accumulating on the date of a pa-
tient’s last swab or when a patient died. The 3 possible
outcomes were a patient received a negative C. auris
test and was then discharged and lost to follow-up, a
patient received a positive C. auris test, or a patient died.

Sampling Differences During Periods 1 and 2
To avoid left-censoring, we excluded 3,668 swabs be-

longing to 1,732 patients, almost entirely from time
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Table 1. Candida auris colonization frequency counts in 3 LTACHSs, by time period of cases, surveillance swabs, and exposure time,
during early COVID-19 pandemic, Orange County, California, USA*

Period
Before shelter- Early First winter Delta Omicron
in-place order COVID-19 wave predominance  predominance
Characteristic 1 2 3 4 5 Total
Cases
Skin colonization 9 15 154 57 72 304
Clinical case 0 0 3 0 0 3
Surveillance swab specimens
Total 355 367 1,658 1,425 1,227 5,032
At admission 16 145 674 703 628 2,166
Exposure time
Total patient-days 4,624 2,870 15,426 13,044 13,927 49,891

*Axilla and groin surveillance swab specimens were collected from patients

in the 3 LTACHSs in Orange County during March 14, 2019-July 18, 2022.

Date ranges for each study period are shown in Figure 2. LTACH, long-term acute-care hospital.

periods 1 and 2, before universal admission surveil-
lance was implemented. No admission dates were re-
corded for those patients, so we could not determine
when their exposure time began.

Statistical Analysis

We plotted the cumulative incidence function esti-
mating the probability of C. auris skin colonization
for up to 45 days of exposure time during each period
and accounted for patient death as a competing risk.
Our primary outcome of interest was a difference in
subdistribution estimates of C. auris skin colonization
across time periods. We conducted Gray’s test to test
for equality of cause-specific cumulative incidence
functions for each pair of time periods (e.g., periods
1 and 2, periods 1 and 3, periods 1 and 4) (12). We
then adjusted the p values for multiple comparisons
by using Holm’s method (13). Next, we extracted
point estimates and 95% Cls from the cumulative
incidence curves at 30 days of exposure time for de-
scriptive analysis. We chose 30 days because it was
the average patient stay length in an LTACH (14). We
overlaid and compared the extracted estimates with
median C. auris prevalence rates from PPSs at Orange
County LTACHs during each period.

To assess the effect of the smaller sample sizes
during periods 1 and 2, we conducted a second sen-
sitivity analysis in which we imputed estimated
admission dates for the left-censored patients on
the basis of our knowledge of past PPS dates. We
plotted cumulative incidence curves and extracted

point estimates and 95% Cls at 30 days of exposure
time. We did not choose this approach for the final
analysis because of an inability to exclude patients
who were positive for C. auris before LTACH admis-
sion. Although the percentage of patients positive at
admission was expected to be low during periods
1 and 2, particularly because admission screening
was not universal, the limited availability of admis-
sion screening data prevented us from drawing that
conclusion. Only 218 (7.5%) patients tested positive
at admission during the full study period (0 in pe-
riod 1, 6 [3.9%] in period 2, 51 [6.6%] in period 3, 78
[8.0%] in period 4, and 83 [8.3%] in period 5). We
did not conduct significance testing. We computed
statistics and generated plots by using the ggsurvfit
(15), tidycmprsk (16), and cmprsk (17) packages in R
version 4.3.0 (The R Project for Statistical Comput-
ing, https:/ /www.r-project.org).

Results
The analysis included 5,032 screening swab speci-
mens from 1,935 patients, totaling 45,343 days of asso-
ciated exposure time. We ascertained an additional 43
patient-days from 3 clinical cases and 4,511 patient-
days from death data. We identified 307 total C. auris
cases for inclusion (Table 1). Patients had median of
17 (interquartile range 8-30) days of follow up time
and a median of 2 (interquartile range 2-3) surveil-
lance swab specimens.

The plotted cumulative incidence functions for the
5 time periods show markedly different trajectories

Table 2. Number of patients at risk for Candida auris colonization
Orange County, California, USA*

early in the COVID-19 pandemic in 3 LTACHSs, by study period,

Study period No. patients at 0 days

No. patients at 15 days

No. patients at 30 days No. patients at 45 days

Period 1 104
Period 2 145
Period 3 692
Period 4 612
Period 5 563

84 53 40
65 21 9
364 172 81
295 128 68
325 159 86

*Cohort consisted of patients in the 3 LTACHSs in Orange County during March 14, 2019-July 18, 2022. Date ranges for each study period are shown in

Figure 2. LTACH, long-term acute-care hospital.
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(Table 2; Figure 3). After adjustment for multiple
comparisons, we found the curve for period 3 to be
significantly different from periods 1, 4, and 5 (each
p<0.001) (Table 3). Patients in OC LTACHs during
period 3 had a higher probability of skin colonization
than patients in periods 1, 4, or 5. The curve for pe-
riod 2 appears most visually similar to period 3, but
because of the small sample size during period 2, we
could not detect significant differences between pe-
riod 2 and other time periods.

Patients in periods 2 and 3 had the highest prob-
abilities of skin colonization developing after 30 days
of exposure; point estimates were 19.7% (95% ClI
10.7-30.7%) of patients for period 2 and 22.5% (95%
CI 18.5-26.6%) of patients for period 3 (Table 4). Pa-
tients in periods 1, 4, and 5 had lower probabilities:
9.2% (95% CI 4.2-16.5%) of patients for period 1, 9.6%
(95% CI 6.8-13.0%) for period 4, and 10.9% (95% CI
7.9-14.5%) for period 5. The sensitivity analysis with
imputed admission dates yielded similar estimates
but with smaller Cls.

The probability of skin colonization occurring af-
ter 30 days of exposure rose between periods 1 and
3 and then dropped to be similar to prepandemic
levels in periods 4 and 5 (Figure 4). The median C.
auris prevalence rates from PPSs in LTACHs did not
mirror the pattern we saw with cumulative incidence.
Instead, median prevalence rates rose dramatical-
ly from periods 1 to 3, then remained high during
periods 4 and 5.

Discussion

Patients admitted to LTACHs in Orange County
had a substantial risk of becoming colonized with
C. auris as the pathogen emerged in the community.
The risk was most pronounced during the earliest
phase of the COVID-19 pandemic and during the
first winter wave of COVID-19 cases (periods 2
and 3), emphasizing how pandemic-related logisti-
cal challenges faced by healthcare facilities played
a pivotal role in C. auris transmission dynamics.
Similar to other facilities nationwide, LTACHs in
OC experienced critical operational challenges
including shortages of personal protective equip-
ment and disruptions to IPC practices, exacerbated
by widespread concern over COVID-19 infection
among both staff and patients (18,19). In response
to the public health emergency, resources typically
allocated to preventing the spread of pathogens
such as C. auris were redirected to COVID-19 pre-
vention efforts (20). Specifically, patient cohorting
protocols prioritized COVID-19 status over C. au-
ris colonization status (21). All those factors might
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Figure 3. Cumulative incidence of Candida auris after 45 days of
long-term acute care hospital exposure across 5 periods in study
of C. auris colonization early in the COVID-19 pandemic, Orange
County, California, USA. Date ranges for each study period are
shown in Figure 2.

have contributed to the sharp rise in C. auris skin
colonization observed during periods 2 and 3.
After the initial COVID-19 surges abated and vac-
cines became more freely available, probability of C.
auris skin colonization after 30 days of LTACH ex-
posure decreased to approximately baseline prepan-
demic levels (during periods 4 and 5). The decrease
occurred despite higher community prevalence of
C. auris and the appearance of Delta- and Omicron-
related COVID-19 waves. The combination of higher
prevalence but lower cumulative incidence seen dur-
ing those periods indicates that within-facility trans-
mission can be reduced with close adherence to IPC.
However, although transmission was mitigated, it
was not eliminated. Newly colonized case-patients
continued to be identified routinely across all time

Table 3. Comparison of Candida auris colonization rates in 3
LTACHSs, by study period, during early COVID-19 pandemic,
Orange County, California, USA*

Period Adjusted for multiple
comparison Unadjusted Gray's test comparisons
land?2 0.032 0.224
land3 <0.001 <0.001
1and 4 0.115 0.557
land5 0.038 0.229
2and 3 0.171 0.557
2and 4 0.111 0.557
2and 5 0.207 0.557
3and 4 <0.001 <0.001
3and5 <0.001 <0.001
4and 5 0.423 0.557

*Bold values represent significance at p = 0.05. Cohort consisted of
patients in the 3 LTACHs in Orange County during March 14, 2019-July
18, 2022. Date ranges for each study period are shown in Figure 2.
LTACH, long-term acute-care hospital.
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Table 4. Probability of Candida auris skin colonization in 3 LTACHSs, by time period and cumulative exposure time, during early
COVID-19 pandemic, Orange County, California, USA*

Cumulative exposure time

Time period 15 days 30 days 45 days

1 3.0% (0.8%—7.8%) 9.2% (4.2%-16.5%) 10.7% (5.2%—18.6%)
2 4.0% (1.3%-9.3%) 19.7% (10.7%—30.7%) 32.7% (15.1%-51.6%)
3 9.0% (6.7%—11.6%) 22.5% (18.5%—26.6%) 33.4% (28.3%—38.5%)
4 4.1% (2.5%—6.2%) 9.6% (6.8%—13.0%) 14.3% (10.4%—-18.8%)
5 2.0% (1.0%—3.6%) 10.9% (7.9%—14.5%) 17.8% (13.6%—22.5%)

*Values are point estimates (95% Cl). Cohort consisted of patients in the 3 LTACHSs in Orange County during March 14, 2019-July 18, 2022. Date ranges
for each study period are shown in Figure 2. LTACH, long-term acute-care hospital.

periods. This result is consistent with findings from
previous studies showing that, once C. auris transmis-
sion is established in LTACHSs, preventing ongoing
transmission becomes exceptionally challenging be-
cause of long-term patient colonization and persis-
tence of C. auris on nosocomial surfaces (22,23).

The wealth of data collected from PPSs helped
guide public health recommendations and enabled
OCHCA to track transmission dynamics as C. auris
transitioned from emerging to established transmis-
sion in OC. That type of patient-level longitudinal
data is highly valuable but rarely available, especially
in real-time. Building infrastructure that makes data
collection and use more accessible could evolve our
understanding of pathogen transmission dynamics
and improve public health guidance for intervention
and response efforts.

As of March 2025, all 3 local LTACHSs in Orange
County continue to perform admission screenings

Figure 4. Point estimates for the cumulative incidence and median
prevalence of Candida auris skin colonization in long-term acute
care hospitals across 5 periods in study of C. auris colonization
early in the COVID-19 pandemic, Orange County, California, USA.
Date ranges for each study period are shown in Figure 2. LTACH,
long-term acute-care hospital.
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through their private laboratories. OCHCA continues
to support PPSs in those facilities, albeit at a more re-
laxed interval of approximately every 3 months. Both
measures require a major resource investment from
LTACHs and public health; however, both entities rec-
ognize the value and importance of those efforts. In-
vesting in prevention can save on resources used to re-
spond to outbreaks and can prevent potentially serious
infections in at-risk patients. Future modeling efforts
could distinguish the individual effects of both admis-
sion screenings and PPSs on C. auris transmission. By
identifying the most effective applications of each ap-
proach, those models could help optimize resource use
and reduce the overall investment required.

Our analysis likely missed cases in all time peri-
ods. Skin colonization has been documented to occur
in as little as 4 hours after exposure (24); it is possible
that some patients were exposed after admission but
before their admission swab specimen was collected
and were mistakenly counted as positive at admis-
sion and excluded from the model. Similarly, some
patients may have had skin colonization develop
shortly before discharge or death, and those would
not always be captured. In addition, although the
surveillance tests rarely produce false-positive re-
sults, they have imperfect sensitivity and can poten-
tially produce false-negative results because of sev-
eral factors (25-27).

The exclusion of swab specimens from pa-
tients without admission dates introduced sampling
bias for periods 1 and 2. During those periods, pa-
tients who tested positive or who were exposed to a
known C. auris case (i.e., had a positive roommate or
resided in a room previously occupied by a positive
patient) had more complete data collection because
of OCHCA conducting individual-level case inves-
tigations when C. auris was new to Orange County.
Of consequence, those patients were more likely to
have recorded admission dates and be included in
the analysis, potentially biasing the estimates up-
wards. This fact was especially true during period 2,
when our resources were diverted to COVID-19 re-
sponse and contact tracing efforts for C. auris were
downsized, creating further bias as to which patients
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received screenings. We handled the possible bias by
taking it into consideration during interpretation of the
results. We understood the probability of skin coloni-
zation to be very low during period 1 when C. auris
was new to Orange County and believe it is likely over-
estimated in this study. Therefore, the finding that pe-
riod 1 had a lower rate of skin colonization compared
with period 3 should be considered conservative. In
addition, the results of the sensitivity analysis with im-
puted admission dates indicate that the estimates for
periods 1 and 2 are stable despite the smaller sample
sizes. We expected the cumulative incidence to remain
overestimated in the sensitivity analysis because PPSs
were performed in response to identification of new
cases during those periods, namely, when the chances
of identifying new cases was highest. This understand-
ing, combined with the smaller sample size, again
makes statements about period 1 estimates being low-
er than those from other periods conservative.

This study is insufficient to evaluate the public
health effect of PPSs and universal admission screen-
ing. To do so, we would need a model that could
account for changes in the underlying patient popu-
lation and transmission dynamics over time, particu-
larly considering changes related to the first several
COVID-19 surges. The model in this study does not
delineate the individual contribution of admission
screenings, PPSs, or other critical factors.

Our findings contribute to existing literature by
quantifying the effect of IPC disruptions on C. auris
transmission during the early stages of the COVID-19
pandemic and by highlighting the substantial risk
of colonization once C. auris is introduced into an
LTACH. Data from PPSs and admission screenings
can serve as a valuable tool for monitoring facil-
ity transmission dynamics and for guiding decision
making. Enhanced data collection and modeling
might further clarify the role of admission screenings
and PPSs in reducing the spread of C. auris and other
hospital-acquired infections.
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Differences in Lyme Disease
Diagnosis among Medicaid

and Medicare Beneficiaries,
United States, 2016—2021

L. Hannah Gould, Sarah J. Willis, Christopher G. Prener,
Stephanie A. Duench, Holly Yu, Luis Jodar, Jennifer C. Moisi, James H. Stark

Lyme disease is the most common vectorborne disease in
the United States. Evidence suggests that persons from
racial and ethnic minority groups experience more severe
disease. We used a claims-based algorithm on data from
16 jurisdictions with high Lyme disease incidence to iden-
tify cases among 4 populations: Medicaid beneficiaries
<18 and >19 years of age, and Medicare fee-for-service
beneficiaries <65 and >65 years of age. We calculated the
prevalence of disseminated disease, hospitalization, and
other clinical and epidemiologic parameters by race and

yme disease is the most reported vectorborne dis-

ease in the United States, and ~476,000 cases are
diagnosed and treated annually (1,2). Lyme disease is
caused by infection with the bacterium Borrelia burg-
dorferi sensu lato, which is transmitted to humans by
the bite of infected Ixodes spp. ticks. Approximately
80% of Lyme disease patients experience an erythema
migrans rash at the site of the tick bite (3). Without
recognition or treatment, the bacteria can dissemi-
nate and infect multiple organ systems, resulting in
a range of disseminated manifestations that can have
neurologic, cardiac, and musculoskeletal presenta-
tions (3). Although all manifestations are treatable
with recommended antimicrobial drugs (4), patients
with later-stage manifestations are more likely to be
hospitalized and to have persistent symptoms after
treatment than patients diagnosed with early, local-
ized manifestations (3).

ethnicity. We found that non-White persons were more
likely than White persons to be female, hospitalized at
diagnosis, diagnosed outside of primary care, diagnosed
outside of the peak months for Lyme disease transmis-
sion, and have disseminated disease. Those data illus-
trate differences in Lyme disease by race and ethnicity
and suggest possible differences across other sociodemo-
graphic characteristics. Additional prevention methods are
needed to reduce differences in Lyme disease recognition
and severity.

In US Lyme disease surveillance data, >90% of
cases with reported race are in persons who iden-
tify as White (5,6). That demographic distribution is
thought to reflect the populations residing in areas
where infected ticks are most common, which tend
to be more affluent and educated rural and suburban
communities in northeastern and midwestern states
that have predominantly White populations (7-9).
However, accumulated evidence has shown that
non-White persons, particularly persons who iden-
tify as Black or African American, have higher rates
of disseminated manifestations of Lyme disease, such
as neurologic manifestations and arthritis, than do
White persons (10-15). Higher rates of disseminated
manifestations among non-White persons likely are
caused in part by difficulty seeing and recognizing
erythema migrans rash on darker skin, which can
lead to misdiagnosis or delayed or missed diagnoses.
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Other factors, including differential risk behaviors
and knowledge (16), likely create and perpetuate the
differences in Lyme disease diagnoses (10).

Prior studies examining Lyme disease epidemiol-
ogy by race and ethnicity have been too small to fully
disaggregate results by group or have collected data
that only enabled comparison of outcomes for White
versus non-White persons. Given the heterogeneity
of the non-White group, analyses using datasets suf-
ficiently powered to generate incidence estimates and
more fully describe disease characteristics and pro-
gression by race and ethnic group can improve the
characterization of Lyme disease epidemiology.

Medicaid and Medicare are health insurance pro-
grams administered by the US Centers for Medicaid
and Medicare Services. Medicaid provides healthcare
coverage to persons with lower income, and Medi-
care provides coverage for adults >65 years of age
and persons of any age with a qualifying disability,
end-stage renal disease, or amyotrophic lateral scle-
rosis (Lou Gehrig's disease). Administrative claims
data from those programs provide an opportunity to
obtain a robust sample to further disaggregate dis-
ease outcomes by race and ethnicity. We used admin-
istrative claims data to investigate the demographic
and clinical characteristics, disease outcomes, and
healthcare utilization for Lyme disease cases among
Medicaid and Medicare beneficiaries residing in US
jurisdictions with high Lyme disease incidence rates.

Materials and Methods

Study Design

We conducted a retrospective cross-sectional study
using Medicare and Medicaid administrative claims
databases covering the period of January 1, 2016-De-
cember 31, 2021. The study population included per-
sons residing in high-incidence jurisdictions, which
are defined as states with an average Lyme disease
incidence of >10 confirmed cases/100,000 population
for a period of 3 consecutive years (5). The included
jurisdictions were the states of Connecticut, Dela-
ware, Massachusetts, Maryland, Maine, Minnesota,
New Hampshire, New Jersey, New York, Pennsylva-
nia, Rhode Island, Virginia, Vermont, West Virginia,
and Wisconsin and the District of Columbia (5). We
included cases recorded in Medicaid or Medicare fee-
for-service administrative claims databases during
the study period that met the inclusion criteria.

Data Sources

The Medicare and Medicaid databases include en-
rollment information and adjudicated claims for
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inpatient care, ambulatory care, and outpatient pre-
scriptions. Data available for facility and professional
service claims include the dates and places of service,
diagnoses, procedures performed, services rendered,
and number of visits for professional services. Data
available for outpatient pharmacy claims were the
drug dispensed, dispensing date, dose, quantity, and
number of therapy days supplied.

Case Identification and Inclusion Criteria

Inclusion criteria were continuous enrollment in
Medicaid or Medicare benefits for >183 days during
the study period and residence in a jurisdiction with
high Lyme disease incidence at the beginning of each
eligible enrollment period; we permitted an enroll-
ment gap of up to 45 days to allow for administrative
disruptions in coverage. In addition, for Lyme disease
cases, we only included patients who were enrolled
for at least 183 days before their Lyme disease diag-
nosis date. We excluded 15% of cases among Med-
icaid beneficiaries and 3.4% among Medicare ben-
eficiaries because information on self-reported race/
ethnicity was missing. We also excluded beneficiaries
with >1 Lyme disease diagnosis during the 183 days
before the date they met criteria of the case identifica-
tion algorithm.

We adapted Lyme disease case identification and
classification algorithms from prior studies (2,17)
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/9/24-1653-Appl.pdf). In brief, we defined
an outpatient Lyme disease case as >1 Lyme disease
diagnosis code from the International Classification
of Diseases, 10th Revision, Clinical Modification
(ICD-10-CM), including A69.20, Lyme disease, un-
specified; A69.21, meningitis due to Lyme disease;
A69.22, other neurologic disorders in Lyme disease;
A69.23, arthritis due to Lyme disease; or A69.29, other
conditions associated with Lyme disease. Included
case-patients also had >7 days of dispensed oral an-
tibiotics (doxycycline, amoxicillin, azithromycin, or
cefuroxime axetil), identified using National Drug
Codes, or >1 Healthcare Common Procedure Coding
System code for intravenous antibiotics (Appendix
Table 2) within 30 days of diagnosis. We defined an
inpatient case as a principal Lyme disease diagnosis
code (ICD-10-CM, A69.2x) or a principal diagnosis
code of a documented objective clinical manifestation
of Lyme disease or a tickborne disease transmitted by
the same vector (e.g., babesiosis) and a secondary di-
agnosis code for Lyme disease in the same record per
the algorithm.

We further classified Lyme disease cases as lo-
calized or disseminated. For disseminated Lyme

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 31, No. 9, September 2025



disease, we classified cases by neurologic, cardiac, or
musculoskeletal manifestations, on the basis of the
ICD-10-CM codes in the administrative claims (Ap-
pendix Table 3). A person could be counted as having
a Lyme disease case >1 time during the study period
if >183 days had elapsed since the previous diagno-
sis and the subsequent case happened in the next
calendar year.

Analyses

We separately conducted analyses for each data
source and age group. Thus, we had 4 analytic pop-
ulations: Medicaid beneficiaries <18 years of age,
Medicaid beneficiaries >19 years of age, Medicare
beneficiaries <65 years of age (disability group), and
Medicare beneficiaries >65 years of age.

Beneficiaries self-identify their race and ethnic-
ity at enrolment. We combined those variables into
a single variable with mutually exclusive categories:
White, Black or African American, Hispanic, Asian/
Pacific Islander, Native American, and other (i.e., pa-
tients who selected other and multiracial for race). We
used descriptive statistics to summarize continuous
variables by mean and SD and categorical variables
by frequency and percentage for the following: demo-
graphic data (age, sex, seasonality), clinical character-
istics and disease outcomes (disease manifestations,
hospitalization, underlying conditions), and health-
care utilization (type of provider who diagnosed
Lyme disease; number of sick visits in the 30, 60, and
183 days before Lyme disease diagnosis, antibiotic
prescriptions; and laboratory testing within 30 days
of Lyme disease diagnosis). We defined sick visits
as visits that were not billed with codes for routine
health examinations or other preventive reevaluation
and management codes. We assessed seasonality by
calculating counts and percentage of cases by month
and peak Lyme disease season (June-August vs. Sep-
tember-March).

We calculated Lyme disease incidence by race or
ethnicity for algorithm-defined Lyme disease overall
and for disseminated and localized Lyme disease. We
calculated incidence across the entire study period
among all patients who had >183 days of continuous
enrollment in Medicaid or Medicare as the number
of beneficiaries with algorithm-defined Lyme disease
per 100,000 person-years.

Observed Person-Time at Risk for Lyme disease

We defined person-time at risk for Lyme disease from
date of eligibility to the first instance of meeting the
case ascertainment algorithm or end of continuous
follow-up, whichever came first: end of study period,

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025

Differences in Lyme Disease Diagnosis, USA

withdrawal from health insurance, or death. For ben-
eficiaries with subsequent Lyme disease cases during
the study period, we only used the first case for as-
sessing person-time and calculating incidence rates.

We calculated prevalence ratios (PRs) and 95%
CIs by using White persons as the reference group.
We considered a PR statistically significant when the
95% CI did not include 1.0. We used t-tests to evalu-
ate differences in means for continuous variables and
X? tests to compare the distribution of disseminated
disease manifestations between groups and consid-
ered p<0.05 statistically significant. We performed
all analyses and data management in SAS 9.4 (SAS
Institute, Inc., https:/ /www.sas.com) and Databricks
version 15.4 (https://docs.databricks.com).

Because of sample size limitations, we summa-
rized most analyses as White versus non-White. We
disaggregated analyses of incidence, risk of develop-
ing disseminated disease, and hospitalization at the
time of diagnosis by race and ethnic group. Because
the study involved data that exist in anonymized
structured format and contained no patient personal
information, we were not required to have institu-
tional review board approval.

Results

In Medicaid data from 2016-2021, we identified 33,776
Lyme disease cases among beneficiaries <18 years of
age and 30,935 cases among beneficiaries >19 years
of age. In Medicare data from 2016-2021, we identi-
fied 12,911 Lyme disease cases among beneficiaries
<65 years of age and 90,913 among beneficiaries >65
years of age. Most cases were in persons who identi-
fied as White, ranging from 85.0% among Medicaid
beneficiaries >19 years of age to 96.6% among Medi-
care beneficiaries >65 years of age (Table 1).

Incidence

Medicare recipients >65 years of age had the high-
est overall incidence and highest incidence of local-
ized (209.4/100,000 person-years) and disseminated
(54.5/100,000 person-years) disease; Medicare recipi-
ents <65 years of age also had high incidence of local-
ized (118.4/100,000 person-years) and disseminated
(47.6/100,000 person-years) disease. Medicaid benefi-
ciaries <18 years of age had the lowest incident rates
for localized (73.3/100,000 person-years) and dissem-
inated (15.7/100,000 person-years) disease. Across all
age and beneficiary groups, incidence of disease was
highest among White persons; next highest rates were
among persons who identified as Native American,
and lowest rates were among persons who identified
as Black or African American (Table 1).
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Table 1. Number of cases and incidence in a study of differences in Lyme disease diagnosis among Medicaid and Medicare

beneficiaries, United States, 2016-2021*

Total no. (%)

Localized Lyme disease

Disseminated Lyme disease

Group casest No. cases Person-years Incidencet No. cases Person-years Incidencet
Medicaid, age <18y 33,776 27,165 37,110,817 73.3 5,798 27,058,337 15.7
White 29,405 (87.1) 24,093 17,461,207 138.1 4,576 17,412,994 26.3
Black, African American 1,244 (3.7) 744 9,611,964 7.8 483 9,611,379 5.0
Asian, Pacific Islander 741 (2.2) 551 2,783,663 19.8 181 2,782,940 6.5
Hispanic 2,063 (6.1) 1,526 6,833,641 224 495 6,831,111 7.3
Native American 208 (0.6) 159 268,217 59.3 44 267,950 16.4
Other 115 (0.3) 92 152,126 60.5 19 151,963 12.5
Medicaid, age >19y 30,935 23,663 25,536,958 92.7 5,380 25,496,013 21.1
White 26,298 (85.0) 20,456 13,156,621 155.6 4,214 13,120,278 32.1
Black, African American 1,461 (4.7) 978 6,188,543 15.8 408 6,187,289 6.6
Asian, Pacific Islander 1,082 (3.5) 813 2,745,246 29.6 212 2,743,918 7.7
Hispanic 1,867 (6.0) 1,253 3,235,335 38.8 500 3,233,589 15.5
Native American 191 (0.6) 133 168,295 79.1 40 168,080 23.8
Other 36 (0.1) - - - - - -
Medicare, age <65y 12,911 8,204 6,933,720 118.4 3,293 6,923,326 47.6
White 11,845 (91.7) 7,581 5,149,098 147.3 2,930 5,139,283 57.1
Black, African American 513 (4.0) 284 1,267,371 22.4 205 1,267,135 16.2
Asian, Pacific Islander 72 (0.6) 50 105,505 47.4 16 105,440 15.2
Hispanic 293 (2.3) 181 284,434 63.7 84 284,264 29.6
Native American 53 (0.4) 32 32,348 99.0 14 32,306 43.4
Other 135 (1.0) 76 94,964 80.1 44 94,897 46.4
Medicare, age >65y 90,913 65,298 31,199,802 209.4 16,938 31,087,605 545
White 87,831 (96.6) 63,252 27,353,152 231.4 16,201 27,243,943 59.5
Black, African American 1,172 (1.3) 753 2,299,786 32.8 324 2,298,791 14.1
Asian, Pacific Islander 591 (0.7) 410 649,660 63.2 141 649,082 21.7
Hispanic 283 (0.3) 183 357,614 51.2 76 357,380 21.3
Native American 64 (0.1) 45 30,197 149.1 14 30,127 46.5
Other 872 (1.1) 655 509,397 128.7 182 508,283 35.8

*—, sample size too small to calculate rate.

tTotal cases include all cases of Lyme disease identified during the study period. For incidence rate calculations, we included only the first case during

the study period for beneficiaries with subsequent Lyme disease diagnoses.

FIncidence rate was calculated across the entire study period among all persons who had <183 days of continuous enrollment in Medicaid or Medicare
and resided in a high incidence state as follows: incidence = [(number beneficiaries with Lyme disease algorithm-defined Lyme disease)/(observed

person-time at risk for Lyme disease)] x 100,000 person-years.

Characteristics of Lyme Disease Cases

We noted marked differences in the characteristics of
Lyme disease cases for White and non-White Medic-
aid and Medicare beneficiaries (Tables 2, 3; Appendix
Tables 4-7). In all groups, disseminated disease was
more prevalent among non-White persons, particu-
larly among Medicaid beneficiaries <18 years of age
(PR 1.77 [95% CI1 1.68-1.87]) and >19 years of age (PR
1.57 [95% CI 1.49-1.66]). We saw the highest preva-
lence of disseminated disease among Black/African
American Medicare beneficiaries <65 years of age
(42.7%, 294/513) and Black/African American Med-
icaid beneficiaries <18 years of age (39.1%, 487/1,244)
(Appendix Tables 4, 6).

Musculoskeletal disease (arthritis) was the most
common disseminated manifestation among Medic-
aid beneficiaries of all ages and was more prevalent
among non-White than White beneficiaries <18 years
of age (941/4371 [76.3%] vs. 3,353/29,405 [71.6%];
p = 0.00006) and >19 years of age (704/4637 [55.9%]
vs. 2,299/26,298 [50.6%]; p = 0.002) (Table 2). Among
Medicare beneficiaries, neurologic manifestations were
the most common disseminated manifestation, but we
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noted no difference in the prevalence of disseminated
manifestations by race or ethnic group among Medi-
care beneficiaries >65 years of age (Table 3).

Across all age and beneficiary groups, non-White
persons had a higher prevalence of hospitalization at
diagnosis, particularly among Medicaid beneficiaries
<18 years of age (PR 1.96 [95% CI 1.67-2.30]). Non-
White persons with Lyme disease were more likely to
be female and were more likely to be diagnosed dur-
ing September-March, outside of the peak months for
Lyme disease transmission.

Among Medicaid beneficiaries, we noted no dif-
ference between White and non-White persons in
the prevalence of diagnosis outside of primary care.
Among Medicaid beneficiaries >19 years of age, non-
White persons had a higher mean Quan-Carlson Co-
morbidity Index score than did White persons (Table
2). Among Medicare beneficiaries, non-White persons
were more likely to have a diagnosis outside of prima-
ry care and had higher mean Quan-Charlson Comor-
bidity Index scores than were White persons (Table 3).

Non-White beneficiaries also had more sick visits
in the 30 and 60 days before Lyme disease diagnosis

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 31, No. 9, September 2025



than did White persons, except among Medicare
beneficiaries <65 years of age, for whom we noted
no difference. Non-White Medicaid beneficiaries >19
years of age also had more sick visits in the 183 days
before Lyme disease diagnosis than did White ben-
eficiaries. Among Medicare beneficiaries >65 years
of age, White beneficiaries had more sick visits in the
183 days before Lyme disease diagnosis than did non-
White beneficiaries.

Among Medicaid beneficiaries <18 years of age,
we noted no differences in the prevalence of receiving
an amoxicillin or doxycycline prescription by White
versus non-White race/ ethnicity. In the other 3 groups,
non-White beneficiaries were more likely than White
beneficiaries to receive an amoxicillin prescription and
less likely to receive a doxycycline prescription.

Among Medicare beneficiaries <65 years of
age, we saw no difference in the percentage of per-
sons who received a B. burgdorferi antibody test by
White versus non-White race/ethnicity. In the other
3 groups, non-White beneficiaries were more likely
than White beneficiaries to have had antibody testing.

Disseminated Disease and Hospitalization by
Disaggregated Race and Ethnic Group

Black/African American, Asian/Pacific Islander,
and Hispanic Medicaid beneficiaries of all ages and
Medicare beneficiaries <65 years of age were more
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likely than White beneficiaries to have disseminated
Lyme disease manifestations (Table 4). Black/Afri-
can American, Asian/Pacific Islander, and Hispanic
pediatric Medicaid beneficiaries were also more like-
ly to be hospitalized than were White beneficiaries.
Compared with White Medicaid beneficiaries <18
years of age, Black/African American children had
a PR of 2.35 (95% CI 2.15-2.56) for developing dis-
seminated disease and PR of 2.57 (95% CI 1.96-3.36)
for hospitalization.

Seasonality

Among all groups, June and July were the peak
months for Lyme disease diagnosis (Appendix Fig-
ure). White persons were more likely than non-White
persons to receive a Lyme disease diagnosis during
the summer months. Across all groups, Black/Afri-
can American persons were more likely to receive
diagnoses during December-February than during
peak Lyme disease months.

Discussion

Using 2 large administrative datasets that include
healthcare claims for nearly 40% of children and
half of older adults in the United States (18,19), this
study found substantial differences in Lyme disease
diagnoses across race and ethnic groups in the United
States. Those differences were most pronounced for

Table 2. Clinical characteristics of cases among Medicaid beneficiaries in a study of differences in Lyme disease diagnosis among

Medicaid and Medicare beneficiaries, United States, 2016—2021*

Medicaid, age <18y

Medicaid, age >19y

White, Non-White, PR (95% CI) White, Non-White, PR (95% CI)
Characteristic n = 29,405 n=4,371 or p value n = 26,298 n=4,637 or p value
Disseminated diseaset 4,685 (15.9) 1,234 (28.2) 1.77 (1.68-1.87) 4,542 (17.3) 1,259 (27.2) 1.57 (1.49-1.66)
Neurologic 1,248 (26.6) 265 (21.5) 0.00006 2,054 (45.2) 518 (41.1) 0.002
Musculoskeletal 3,353 (71.6) 941 (76.3) NA 2,299 (50.6) 704 (55.9) NA
Cardiac 84 (1.8) 28 (2.3) NA 189 (4.2) 37 (2.9) NA
Hospitalization at diagnosis 645 (2.2) 188 (4.3)  1.96 (1.67—2.30) 1,124 (4.3) 229 (4.9) 1.56 (1.01-1.33)
Diagnosed outside of primary 4,170 (17.7) 644 (19.1) 1.08 (0.99-1.18) 4,893 (23.2) 824 (23.1) 0.99 (0.92-1.08)
caret
Diagnosed during September— 6,271 (21.3) 1,204 (27.5) 1.29 (1.23-1.36) 7,351 (28.0) 1,596 (34.4) 1.23(1.18-1.29)
March
Sex
M 16,227 (55.2) 2,301 (52.6) Referent 12,067 (45.9) 1,627 (35.1) Referent
F 13,178 (44.8) 2,070 (47.4) 1.06 (1.02-1.09) 14,231 (54.1) 3,010 (64.9) 1.20 (1.17-1.23)
Mean Quan-Charlson Comorbidity 1.1 (0.3) 1.1(0.2) 0.339 1.7 (1.3) 1.8 (1.5) 0.003
Index score (SD)
Mean no. visits before diagnosis (SD)
<30 d before 1.8 (2.5) 2.0 (2.5) <0.0001 2.7 (3.4) 3.2(3.6) <0.0001
<60 d before 3.2 (4.5) 3.4 (4.4) 0.006 4.9 (6.3) 5.6 (6.6) <0.0001
<183 d before 8.8(12.8)  8.8(12.3) 0.8843 13.6 (17.6) 14.3(17.2) 0.0122
Treatment and testing
Amoxicillin 16,989 (57.8) 2,576 (58.9) 1.02 (0.97-1.08) 4,128 (15.7) 894 (19.3) 1.22(1.13-1.32)
Doxycycline 12,708 (43.2) 1,882 (43.1) 1.00 (0.94-1.06) 22,518 (85.6) 3,841 (82.8) 0.96 (0.92-1.00)
Antibody testing§ 4,141 (14.1) 923 (21.1) 1.08 (1.07-1.11) 4,019 (15.3) 1,025 (22.1) 1.08 (1.07-1.11)

*Values are no. (%) except as indicated. Reference group = White. NA, not applicable; PR, prevalence ratio.

TWe used x?test to compare distribution of disseminated manifestations between White and non-White beneficiaries.

fCalculated only among claims with known provider type.
§Current Procedural Terminology code 86618, Borrelia burdorferi antibody.
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Table 3. Clinical characteristics of cases among Medicare beneficiaries in a study of differences in Lyme disease diagnosis among

Medicaid and Medicare beneficiaries, United States, 2016—2021*

Medicare, age <65y

Medicare, age >65 y

White, Non-White, PR (95% CI) White, Non-White, PR (95% CI)
Characteristic n=112845 n=1,066 or p value n =87,831 n = 3,037 or p value
Disseminated diseaset 3,345(28.2) 400 (37.5) 1.33(1.22-1.44) 18,277 (20.8) 817 (26.9) 1.29 (1.22-1.37)
Neurologic 2,155 (64.4) 242 (60.5) NA 9,808 (53.7) 428 (52.4) 0.055
Musculoskeletal 1,101 (32.9) - NA 7,127 (39.0) 344 (42.1) NA
Cardiac 89 (2.7) - NA 1,342 (7.3) 45 (5.5) NA
Hospitalization at diagnosis 967 (8.2) 109 (10.2) 1.25(1.04-1.51) 6,325 (7.2) 250(8.2)  1.14(1.01-1.29)
Diagnosed outside of primary 4,105 (36.4) 447 (44.3)  1.22 (1.08-1.37) 27,719 (32.6) 1,275 (43.6) 1.34 (1.25-1.43)
caref
Diagnosed during September— 3,793 (32.0) 377 (35.4) 1.10(1.01-1.20) 22,316 (25.4) 890 (29.3) 1.15(1.09-1.22)
March
Sex
M 5,199 (43.9) 400 (37.5) Referent 41,438 (47.2) 1,322 (43.5) Referent
F 6,646 (56.1) 666 (62.5) 1.11 (1.06-1.17) 46,393 (52.8) 1,715 (56.5) 1.07 (1.04-1.10)
Mean Quan-Charlson 2.4 (2.0) 2.9 (2.3) <0.0001 2.6 (2) 2.8 (2.2) <0.0001
Comorbidity Index score (SD)
Mean no. visits before diagnosis (SD)
<30 d before 0.99 (1.5) 1.1 (1.6) 0.111 0.7 (1.2) 0.6 (1.1) <0.0001
<60 d before 1.8 (2.5) 1.9 (2.7) 0.057 1.2 (1.9) 1.0(1.7) <0.0001
<183 d before 4.8 (6.2) 5.2 (6.6) 0.448 3.1(4.4) 2.6 (4.1) <0.0001
Treatment and testing
Amoxicillin 2,297 (19.4) 295 (27.7) 1.43(1.25-1.64) 13,594 (15.5) 632(20.8) 1.32 (1.21-1.44)
Doxycycline 9,208 (77.7) 758 (71.1)  0.92(0.83-1.01) 73,558 (83.7) 2,366 (77.9) 0.92 (0.87-0.97)
Antibody testing§ 5,619 (47.4)  522(49.0) 1.03(0.97-1.09) 42,212 (48.1) 1,617 (53.2) 1.10 (1.06-1.13)

*Values are no. (%) except as indicated. Reference group = White. NA, not applicable; PR, prevalence ratio; —, sample size <11, thus counts suppressed

from calculations.

TWe used x?test to compare distribution of disseminated manifestations between White and non-White beneficiaries.

FCalculated only among claims with known provider type.
§Current Procedural Terminology code 86618, Borrelia burdorferi antibody.

children, particularly Black/African American chil-
dren, who had more than twice the prevalence of
more severe, disseminated disease than did White
children. Those results expand on prior published
literature by identifying group-specific differences
in the clinical manifestations and demographic char-
acteristics of persons with Lyme disease in US states
with high Lyme disease incidence.

This study provides a demographic profile of
Lyme disease cases in high-incidence states that is
difficult to discern from US Lyme disease surveil-
lance data, in which race and ethnicity are unknown
for nearly 40% of reported cases (5). As observed in
Lyme disease surveillance data, we saw that cases
among White persons are overrepresented com-
pared with their representation in the population.
However, that observation was attenuated among
Medicaid beneficiaries, likely reflecting the overall
demographic distribution of persons covered by
that insurance program, which is more racially and
ethnically diverse than the US population, particu-
larly among pediatric beneficiaries (20). Because US
Lyme disease surveillance in high-incidence states is
now laboratory-based (21), information on race and
ethnicity is likely to continue to be underreported
because those variables are not routinely available
in laboratory reporting systems, highlighting the
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importance of administrative claims to supplement
surveillance data.

Although detailed analyses were limited by the
small sample size, we found that incidence rates
among Medicaid and Medicare beneficiaries who
identified as Native American were second to those
of White persons; however, Native American per-
sons did not have increased risk for disseminated
disease or hospitalization. Medicaid provides health
coverage to ~30% of Native American/Alaska Native
persons <65 years of age in the eastern United States
and nationally to =60% of Native American/Alaska
Native children (22,23). Future analyses on the epide-
miology of Lyme disease in Native American popula-
tions could also include Indian Health Service data.
Regardless, recognizing the seemingly high incidence
of Lyme disease in that population, jurisdictions in
high Lyme disease-incidence states with substantial
Native American populations might consider routine
analysis of Lyme disease outcomes by race and ethnic
group and develop tailored Lyme disease education
programs and interventions (24).

Diagnosis of disseminated Lyme disease might
indicate that early signs and symptoms were missed
or not recognized as Lyme disease (3). Diagnos-
tic differences were most pronounced among per-
sons who identified as Black or African American,
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suggesting that difficulties in recognition of the ery-
thema migrans rash on darker skin likely account
for at least some of those differences, as previously
suggested (10). However, the finding that non-White
beneficiaries also had more sick visits in the 30 and
60 days before their Lyme disease diagnosis than
did White beneficiaries suggests that patients, es-
pecially Medicaid beneficiaries, might have sought
care frequently enough to provide opportunity to
diagnose Lyme disease. Such patient journeys have
been described in case reports (25,26). In addition,
reports have documented that persons who iden-
tify as Black/African American or Hispanic receive
lower quality healthcare for multiple diseases and
conditions than do persons who identify as White,
which can delay diagnosis and lead to inferior
outcomes (27,28).

Musculoskeletal disease (arthritis) was the most
common disseminated manifestation among Med-
icaid beneficiaries and was also a more prevalent
disseminated manifestation among non-White Med-
icaid beneficiaries. Because arthritis represents the
late stage of disease dissemination (3), that finding
further suggests differences in time to disease diag-
nosis among persons from racial and ethnic minor-
ity groups and is consistent with our finding that
fewer cases were diagnosed during the summer
months among non-White persons, which also has
been reported by others (11,16,29,30). Differences
in the development of disseminated manifestations
and seasonality of infections have also been found
by age and sex (31,32). Other possible explanations
for those differences include differential care-seeking
behaviors and healthcare access for some groups and
misdiagnosis, including possible overdiagnosis and
treatment of Lyme disease in some groups.

Our findings cannot be readily explained by dif-
ferences in underlying health status for certain race or
ethnic groups. For example, the greatest difference in
development of disseminated disease was for Black/
African American children, and that population had
a similar number of underlying conditions as White
children. Conversely, differences in the develop-
ment of disseminated disease were less pronounced
for Native American beneficiaries compared with
other racial and ethnic minority groups, and Native
American beneficiaries had more underlying condi-
tions than did White beneficiaries. Although limited,
some evidence suggests that certain conditions, such
as hypercholesterolemia (33), might predispose per-
sons to Lyme disease. The higher Charlson Comor-
bidity Index among some groups, along with more
frequent healthcare utilization before diagnosis, also
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might reflect misdiagnosis of Lyme disease in the face
of chronic, unexplained illness.

Of note, we found a high incidence of Lyme dis-
ease among beneficiaries of the disability portion of
Medicare, which represents ~12% of total Medicare
enrollment. Across all racial groups, about one third
of persons with Lyme disease in the disability group
had disseminated disease develop, particularly neu-
rologic manifestations, and nearly 10% were hospi-
talized. That finding has implications for considering
risk related to Lyme disease and tick exposure, which
extends beyond rigorous outdoor activities to include
risk factors around the home and yard (34,35). In ad-
dition, although the high hospitalization rates in that
population could be because of a higher prevalence
of underlying illness, the high percentage of dissemi-
nated manifestations suggests possible delays in di-
agnosing Lyme disease, because of either a missed
rash or conflation with other conditions.

Although claims data are extremely valuable for
the efficient and effective examination of healthcare
outcomes, treatment patterns, and healthcare resource
utilization, those data are collected for the purpose of
payment and not research. A validation study of the
claims-based algorithms for Lyme disease case identi-
fication used in this study found the positive predictive
value was 93.8% (95% CI 88.1%-97.3%) for confirmed,

Table 4. Prevalence ratios for development of disseminated
Lyme disease and hospitalization by race and ethnicity among
Medicaid and Medicare beneficiaries, United States, 2016—-2021*
Prevalence ratio (95% CI)
Disseminated Hospitalization

Group disease at diagnosis
Medicaid, age <18y
Black, African American  2.35 (2.15-2.56) 2.57 (1.96-3.36)
Asian, Pacific Islander 1.57 (1.34-1.83) 1.71 (1.09-2.69)
Hispanic 1.51 (1.37-1.66) 1.59 (1.21-2.11)
Native American 1.16 (0.84-1.60) 1.14 (0.56-2.21)
Other 1.45(0.91-2.29) 0.74 (0.11-5.20)
Medicaid, age >19y
Black, African American  1.67 (1.52-1.84) 1.58 (1.27-1.98)
Asian, Pacific Islander 1.23 (1.06-1.42) 0.87 (0.60-1.26)
Hispanic 1.73 (1.59-1.89) 0.90 (0.69-1.19)
Native American 1.19 (0.85-1.65) 0.51 (0.17-1.56)
Other 1.75 (0.77-3.95) -

Medicare, age <65y

Black, African American  1.51 (1.35-1.68) 1.51 (1.17-1.94)
Asian, Pacific Islander 0.83 (0.53-1.29) 1.53 (0.80-2.93)
Hispanic 1.09 (0.90-1.31) 0.83 (0.53-1.31)
Native American 1.05 (0.68-1.64) 1.30 (0.57-2.99)
Other 1.37 (1.10-1.72) 1.11 (0.63-1.96)
Medicare, age >65y
Black, African American  1.46 (1.33-1.61) 1.17 (0.95-1.43)
Asian, Pacific Islander 1.18 (1.01-1.38) 1.06 (0.78-1.44)
Hispanic 1.48 (1.22-1.78) 1.21 (0.80-1.82)
Native American 1.11 (0.67-1.83) 1.87 (0.94-3.73)
Other 1.07 (0.94-1.22) 1.14 (0.90-1.45)

*Reference group White for all comparisons. —, sample size too small to
calculate.
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probable, or suspected cases and 66.4% (95% CI 57.5%-
74.5%) for confirmed and probable cases (17). More
recent efforts to evaluate the claims-based algorithm
suggest that varying algorithm parameters related to
the type and timing of antimicrobial therapy might fur-
ther improve the identification of Lyme disease cases;
however, characteristics of Lyme disease diagnoses did
not differ greatly between 3 modified case definitions
(36). On the other hand, if differences in prescribing or
coding patterns related to Lyme disease by patient race
and ethnicity exist, cases possibly were misclassified or
missed using those algorithms. Regardless, misclassifi-
cation of some Lyme disease cases remains a possibil-
ity. Similarly, our classification of disseminated versus
localized disease could be incorrect for some cases. In
addition, although our classification of sick visits was
designed to exclude visits conducted for primary or on-
going routine care, we could not confirm the reason for
individual healthcare visits.

Race and ethnicity in the Medicaid and Medicare
datasets are self-reported, the standard for ascertain-
ment of those demographic variables, and overall
missingness was limited, especially in the Medicare
claims database, supporting the overall robustness of
the data. However, one limitation of our study is that
we cannot rule out misclassification of race and eth-
nicity or missingness of race and ethnicity for some
groups, particularly for persons of Hispanic ethnic-
ity (37,38); thus, some groups might remain under-
represented or misclassified in our results. Second,
although our goal was to disaggregate findings by
race/ethnic group, sample sizes were too small to do
so for some analyses. Finally, our findings cannot be
generalized to populations with other types of insur-
ance coverage.

In conclusion, the incidence of Lyme disease con-
tinues to increase in the United States. Our charac-
terization of Lyme disease diagnoses and outcomes
by race and ethnicity provides insights into popula-
tions most at risk for potential long-term outcomes
and highlights imbalances in disease diagnoses. To
improve Lyme disease detection and reduce severe
disease, healthcare providers who see patients receiv-
ing publicly funded insurance need Lyme disease
prevention and education programs.
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Theileria luwenshuni and Novel
Babesia spp. Infections in Humans,
Yunnan Province, China

Rong Xiang,* Chun-Hong Du,! Yi-Lin Zhao,* Zhi Luo, Miao Li, Dan-Ni Zeng,
Fan Wang, Chao-Bo Du, Yi Sun, Qiao-Cheng Chang, Jia-Fu Jiang

Piroplasmid parasites such as Theileria luwenshuni pro-
tozoa pose a global threat to both animal and human
health. However, human theileriosis remains underex-
plored compared to infections caused by Plasmodium
and Babesia species parasites. We investigated poten-
tial hemoparasite infections among 1,721 persons with
fever, anemia, or both in Yunnan Province, China. Molec-
ular detection identified 13 cases positive for T. luwens-
huni protozoa, of which 5 patients were further confirmed
by Western blot antibody analysis. We also identified 6
babesiosis cases, 3 infections with B. microti and 3 with
novel Babesia spp. Subsequent vector and host investi-
gations in the vicinity of the index cases revealed T. lu-
wenshuni protozoa in 1 tick and 53 livestock animals. Of
note, 3.3% combined vector-host samples tested posi-
tive for genetically diverse Babesia species. Our findings
highlight the endemic circulation of T. luwenshuni and
Babesia spp. parasites in southwest China, underscor-
ing their importance as emerging public health concerns.

iroplasmorida, a group of tickborne hemoparasites

within the phylum Apicomplexa, includes diverse
protozoa species such as Babesia spp. and Theileria spp.,
which are responsible for causing babesiosis and thei-
leriosis in humans and animals (1,2). Human babesio-
sis is a globally recognized parasitic zoonosis that pri-
marily targets red blood cells. Parasite transmission to
humans occurs predominantly through the bite of an
infected tick; however, alternative transmission routes
include blood transfusion, perinatal transmission, and
organ transplantation (3). Since 1957, the number of
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human babesiosis cases has increased, posing a growing
global public health challenge (4). In China, 317 cases
of human babesiosis or asymptomatic infections had
been reported by 2022 (5). That relatively low number
is likely because of underdiagnosis and limited clinical
recognition of these protozoan infections. Rare human
infections with hemogregarines of the genus Hepato-
zoon, traditionally considered animal pathogens, have
been also detected in immunocompromised patients
in Russia, suggesting potential zoonotic spillover of di-
verse apicomplexan parasites (6).

Theileria spp. parasites primarily infect ruminants
such as cattle and sheep, as well as various wild ani-
mals (7). Historically, Theileria spp. have not been
considered pathogenic to humans. However, a 2014
serosurvey in Italy reported IgG reactivity against T.
equi antigens in veterinary practitioners, indicating
potential human exposure, particularly among per-
sons at higher risk for infection (8,9). That finding has
garnered attention because zoonotic Theileria species
were widespread in livestock.

Yunnan Province, located in southwestern China,
provides an ideal habitat for various tick species and
their host animals because of its distinct geographic
features, dense vegetation, and high biodiversity.
Those characteristics make the region a hotspot for
tickborne diseases (10,11). In Tengchong, along the
China-Myanmar border, 8 cases of human babesiosis
caused by Babesia microti and 2 case co-infections with
B. microti and Plasmodium parasites were confirmed in
2013 (12). To enhance understanding of the prevalence
of tickborne protozoa in China, we studied patients
experiencing fever and anemia in Yunnan Province
and traced potential sources of infection by examin-
ing protozoan prevalence in domestic animals, small
wild animals, and ticks within the affected areas. Our

1These authors contributed equally to this article.
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goal was to further characterize the epidemiologic
and clinical features of piroplasmid parasite infec-
tions and identified their possible sources.

Materials and Methods

Identification of Piroplasmosis in Patients

We conducted a retrospective investigation among
participants experiencing unexplained fever or ane-
mia across 10 counties in Yunnan Province, China,
during May 2017-June 2020. Demographic data, med-
ical history, and epidemiologic exposure history had
been collected through a structured questionnaire.
We retrieved data on clinical manifestations, un-
derlying medical conditions, laboratory test results,
treatments, and outcomes from medical records; 2
investigators cross-validated the data. The patients’
blood samples were collected at various time points
during their hospital stay; a portion of each patient’s
blood samples were immediately processed for blood
smear preparation, and the residual blood was stored
at —80°C until nucleic acid extraction for batch PCR
amplification and downstream analysis. The Ethics
Committee of the Yunnan Provincial Institute of En-
demic Disease Control approved the study (approval
no. 2016-005), which was conducted in accordance
with medical research regulations in China. All par-
ticipants provided written informed consent before
their inclusion in the study.

Source Tracing Investigation

As part of the study, we conducted retrospective testing
on ticks, livestock, and small mammals from areas sur-
rounding the participants. Wild small mammals were
captured using snap traps, and aseptic tissue samples,
including liver and spleen, were collected and stored
at —80°C for subsequent analysis. We taxonomically
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identified the captured animals to the species level on
the basis of external morphology, coloration, measure-
ments, and dental characteristics. We collected whole-
blood samples from livestock via jugular vein punc-
ture using EDTA anticoagulant tubes and stored them
at —20°C until DNA extraction. We manually removed
ticks from livestock and collected host-seeking ticks by
flag-sweeping vegetation at the same sampling sites.
An entomologist identified tick species. We preserved
tick samples at —80°C before DNA extraction.

PCR Amplification and Sequencing

We extracted DNA from human blood, livestock
blood, small mammal tissues, and tick samples using
the DNeasy Blood & Tissue Kit (QIAGEN, https://
www.qgiagen.com) in accordance with manufac-
turer’s instructions. To detect Theileria and Babesia
parasites, we performed nested PCR targeting the
18S rRNA gene using outer primers PiroOF/Piro6R
and inner primers PirolF/Piro5.5R (13,14), followed
by agarose gel electrophoresis and Sanger sequenc-
ing. We amplified additional genetic loci, including
the 5.85 rRNA (303 bp), internal transcribed spacer
region (1,300 bp), P32 immunodominant protein gene
(875 bp), and cytochrome oxidase subunit I (1,200 bp).
We conducted concurrent testing for other potential
infections with Rickettsia spp., Borrelia burgdorferi, B.
recurrentis, and Bartonella spp., which could poten-
tially be transmitted by similar transmission routes or
cause similar symptoms, to exclude differential diag-
noses (Appendix 1 Table 1, https:/ /wwwnc.cdc.gov/
EID/article/31/9/24-1919-App1.xlsx).

Phylogenetic Analysis

We performed phylogenetic analysis using se-
quences assembled with the CLC Main Workbench
version5.5 (QIAGEN). We conducted comparative

Figure 1. Photomicrographs
from peripheral blood smears
of a patient (patient 2) who
tested positive for Theileria
luwenshuni parasite in study
of piroplasmorida in humans,
southwest China, May 2017—
June 2020. Arrows indicate
typical ring forms; single (A) and
multiple (B) parasitism

was observed.
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Figure 2. Phylogenetic analysis of
18s rRNA (1,600-bp) gene sequences
of Theileria and Babesia spp. isolates
in study of piroplasmorida in humans,
southwest China, May 2017-June
2020. Colored shading represents
groups of isolates by strain. Scale bar
represents 0.01 substitutions per site.

analysis against sequences in GenBank using BLAST
(https:/ /blast.ncbi.nlm.nih.gov). We conducted phy-
logenetic analysis of all sequences using MEGA ver-
sion11.0software (https:/ /www.megasoftware.net).
We constructed phylogenetic trees using the neigh-
bor-joining method with the p-distance model based
on 1,000 bootstrap replicates.

Morphologic and Serologic Testing

We stained thin peripheral blood smears collected
from the participants with Giemsa and examined
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under a light microscope (Olympus, https:/ /evident
scientific.com). We used the recombinant T. uilenbergi
immunodominant protein (rTulP) as the diagnos-
tic antigen for Western blot analysis (15,16). Anhui
Global Gene Technology Company (Chuzhou, Chi-
na) conducted protein expression and purification
using the pQE31 vector as the expression vector and
BL21 (DE3) as the expression host. Tengchong Peo-
ple’s Hospital (Tengchong County, China) provided
serum samples collected for rTulP antibody detec-
tion from some patients with suspected protozoan
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infections and used serum samples from healthy
persons as negative controls.

We separated recombinantly expressed TulP
protein (20 pg) using 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred it
onto a polyvinylidene difluoride membrane (0.45 pm
pore size). To block nonspecific binding, we incubat-
ed the membrane with 5% skimmed milk powder in
Tris-buffered saline containing Tween 20 for 2 hours.
We used patient serum samples diluted at various
ratios (1:25-1:800) as primary antibodies; serum sam-
ples from healthy persons diluted at 1:100 served as
negative controls. We then incubated the membrane
overnight at 4°C. We applied horseradish peroxi-
dase-labeled human IgG secondary antibody, diluted
at 1:5,000, for a 1-hour incubation at room tempera-
ture. After washes in Tris-buffered saline containing
Tween 20, we detected the signal using an enhanced
chemiluminescence developing reagent.

Results

Identification of Piroplasmosis in Participants

We screened a total of 1,721 participants from 10
counties in Yunnan Province for protozoan infec-
tions; 1,362 participants were experiencing fever,
and 359 had anemia, (Appendix 1 Table 2). Among
those, we identified 18 inpatients and 1 outpatient to
have suspected protozoan infections by 185 rRNA
sequencing of blood samples; amplification for ad-
ditional T. luwenshuni genetic loci was not success-
ful. Meanwhile, molecular testing for Rickettsia spp.,
B. burgdorferi sensu lato, B. recurrentis, and Bartonella
spp. yielded uniformly negative results. We exam-
ined peripheral blood smears from the 19 suspected
cases for intraerythrocytic parasites using Giemsa
staining; patient 2 tested positive for piroplasmosis
parasites (Figure 1). No parasites were detected in the
blood smears of the remaining patients.

We successfully amplified and sequenced the
185 rRNA gene of T. luwenshuni parasites from 13
blood samples, yielding sequences ~1,600 bp long.
Those sequences exhibited a similarity range of
99.28%-100% among the samples; we deposited
them into GenBank (accession nos. PQ720759-71).
Similarity analysis indicated that the T. luwenshuni
samples shared 99.69% identity with a reference se-
quence isolated from a Haemaphysalis longicornis tick
(GenBank accession no. OQ540587.1) and 98.60%
identity with a T. luwenshuni isolate from goats
(GenBank accession no. 0Q134905.1), both collected
in Shandong Province, China. Phylogenetic analysis
further showed that the sequences clustered within
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the same monophyletic branch (Figure 2; Appendix
1 Table 3).

We successfully amplified and sequenced the
18S rRNA gene of Babesia spp. from 6 blood sam-
ples, yielding sequences ~1,600 bp long. We sub-
mitted those sequences to GenBank (accession nos.
PQ720772-5, PQ722837, PQ722838). Phylogenetic
analysis demonstrated that samples DQ-H1-33, TC-
H4-76, and TC-H4-54 clustered with multiple B.
microti strains from reference sequences (GenBank

Figure 3. Western blot analysis of the target protein (55-kDa)
expression in the serum samples from 5 patients with suspected
protozoan infection in study of piroplasmorida in humans,
southwest China, May 2017-June 2020.
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accession nos. KF410825.1 and AB050732.1), exhibit-
ing a high genetic similarity (Figure 2). In addition,
samples TC-H4-11 and TC-H4-56 clustered with
Babesia Tianzhu-like subgroups that were identified
in white yaks in China (14). Meanwhile, sample TC-
H4-53 clustered with another subgroup, which sug-
gested that TC-H4-53 may represent an uncharacter-
ized or novel Babesia variant or strain (Figure 2).

Western blot analysis confirmed the diagnostic
utility of the rTulP protein for detecting T. luwenshuni
infections. Of 11 serum samples from participants
with suspected hemoprotozoan infections, 6 sam-
ples (from 5 patients) exhibited characteristic rTulP-
specific bands at a 1:25 dilution (Figure 3). Of note,
longitudinal samples from patient 1 (P1-1 and P1-3)
both exhibited positive reactivity. Control samples
from healthy participants showed no target protein-
specific bands.

Analysis of longitudinal antibody responses also
revealed dynamic seroconversion patterns over time

(Appendix 2 Figure, panel A, https://wwwnc.cdc.
gov/EID/article/31/9/24-1919-App2.pdf). Sample
P1-1 exhibited faint reactivity at 1:25 dilution but
was negative at >1:50. In contrast, subsequent sam-
ples from the same patient (P1-2 and P1-3) displayed
strong immunoreactivity across all consecutive dou-
bling tested dilutions (1:50-1:800) (Appendix 2 Figure,
panel A), indicating the maturation of antibody titers.
We saw similar consistently high-titer responses in
patient 2 at 2 timepoints, with clear bands visible from
1:50-1:800 dilutions (Appendix 2 Figure, panel B).

Epidemiologic and Clinical Characteristics

of the Patients

Among the 13 patients with suspected T. luwenshuni
infection (Appendix 1 Table 4), the median age was 40
(interquartile range [IQR] 32.5-68.0) years; 10 (77 %)
patients were male and 13 (23%) female. The median
hospital stay was 13 (IQR 7.5-17.0) days. All patients
were engaged in farming. Underlying conditions

Table 1. Characteristics of 18 patients hospitalized for Theileria luwenshuni and Babesia spp. infection, China*

Characteristic T. luwenshuni cases, n = 13 Babesia spp. cases, n =5
Age, y (IQR) 40 (32.5-68.0) 56 (25.5-59.5)
Sex
M 10 (77) 4 (80)
F 3(23) 1(20)
Length of hospital stay, d (IQR) 13 (7.5-17.0) 10 (5.5-10.5)
Occupation as farmer 13 (100) 5 (100)
Medical history and underlying disease
Renal failure 5(38) 1(20)
Cancer 3(23) 0
Upper gastrointestinal bleeding 5 (38) 3 (60)
Clinical manifestationst
Nonspecific symptoms
Dizziness 3(23) 4 (80)
Malaise 5(38) 4 (80)
Cough 1(8) 0
Jaundice 1(8) 0
Splenomegaly 1(8) 0
Weight loss 1(8) 0
Cardiovascular manifestations
Chest discomfort 1(8) 1(20)
Palpitations 3(23) 1(20)
Dyspnea 2 (15) 1(20)
Gastrointestinal manifestations
Anorexia 8 (62) 2 (40)
Vomiting 4 (31) 0
Bloating 1(8) 1(20)
Stomachache 1(8) 0
Hematemesis 3(23) 0
Melena 4 (31) 3 (60)
Neurologic manifestations
Syncope 1(8) 1(20)
Listlessness 8 (62) 2 (40)
Laboratory findings
Anemia 13 (100) 5 (100)
Leukocytosis 2 (15) 1(20)
Elevated serum AST or ALT or y-GGT concentration 1(8) 0

*Values are no. (%) patient except as indicated. ALT, alanine aminotransferase; AST, aspartate aminotransferase; y-GGT, gamma-glutamyl transferase;

IQR, interquartile range.
TPatients could report >1 symptom.
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Table 2. Piroplasmorida infections by pathogen in humans, livestock, small mammals, and ticks, southwest China, May 2017—June 2020*

No. positive/no. tested

Pathogen Tengchong Puer Jianchuan Yunlong Dali Gengma Fugong Degin Weixi SL Total
Human with fever
Babesia microti 0/583 0/171 0/28 0/64 0/141 0/325 0/10 1/40t 1/1,362
Total 0/583 0/171 0/28 0/64 0/141 0/325 0/10 1/40t 1/1,362
Human with anemia
B. microti 2/174 NA NA 0/21 0/151 0/13 NA NA NA NA 2/359
B. tianzhu like 3/174 NA NA 0/21 0/151 0/13 NA NA NA NA 3/359
Theileria 13/174 NA NA 0/21 0/151 0/13 NA NA NA NA 13/359
luwenshuni
Total 18/174 NA NA 0/21 0/151 0/13 NA NA NA NA 18/359
Livestock
B. microti 1/758 0/10 1/2,100
B. tianzhu like 2/758 NA 26/175 16/212 NA 1/54 NA NA 2/200 0/450 47/2,100
B. bigemina 20/758 NA 0/175 0/212 NA 0/54 NA NA 8/200 5/450 33/2,100
B. bovis 71758 NA 0/175 0/212 NA 0/54 NA NA 2/200 4/450 13/2,100
T. luwenshuni 53/758 NA 0/175 0/212 NA 0/54 NA NA 0/200 0/450 53/2,100
Total 82/758 0/10 26/175 16/212 1/54 0/139  0/102 12/200 9/450 147/2,100
Small mammals
B. microti 8/299 3/10 0/212 19/177 0/126 NA 0/135 3/346 2/99  0/126 35/1,530
Babesia sp. 0/299 0/10 0/212 0/177  2/126 NA 0/135 0/346 0/99 0/126  2/1,530
Total 8/299 3/10 0/212 0/177  0/126 NA 0/135 3/346  2/99  0/126 37/1,530
Ticks
B. microti 8/405 0/10 0/284 2/127 NA 0/187 NA 0/144 0/359 NA 10/1,516
B. bigemina 0/405 0/10 3/284 0/127 NA 0/187 NA 1/144 0/359 NA 4/1,516
B. tianzhu like 0/405 0/10 2/284 2/127 NA 0/187 NA 0/144 5/359 NA 9/1,516
B. bovis 0/405 0/10 1/284 0/127 NA 0/187 NA 0/144 0/359 NA 1/1,516
Babesia sp. 0/405 0/10 0/284 0/127 NA 0/187 NA 0/144 12/359 NA 12/1,516
T. luwenshuni 0/405 0/10 0/284 0/127 NA 0/187 NA 1/144  0/359 NA 1/1,516
Total 405 10 284 127 NA 0/187 NA 144 359 NA 37/1,516

*NA, not available; SL, Shangri-La.

tThese patients are from the same autonomous prefecture, and the case records do not specify the county-level units.

noted at admission included renal failure in 5 (38%)
patients, upper gastrointestinal bleeding in 5 (38%)
patients, and a history of cancer in 3 (23%) patients;
1 patient reported prior blood transfusion history.
The primary clinical manifestations were anorexia
(8 [62%] patients), listlessness (8 [62%] patients),
malaise (5 [38%] patients), and melena (4 [31%] pa-
tients). Other reported symptoms included vomit-
ing (4 [31%] patients), dizziness (3 [23%] patients),
and palpitations (3 [23%] patients); cough, jaundice,
splenomegaly, and weight loss were each observed
in 1 patient (8%). One patient reported neurologic
symptoms (Appendix 1 Table 4). Laboratory find-
ings revealed anemia in all 13 patients and leuko-
cytosis in 2 (15%) patients. Elevated serum levels of
aspartate aminotransferase, alanine aminotransfer-
ase, or gamma-glutamyl transferase were present
in 1 patient (8%). All patients received general sup-
portive and symptomatic treatment; 4 (31%) patients
underwent blood transfusions, and 5 (38%) patients
required hemodialysis (Table 1).

Among the 5 patients with suspected Babesia in-
fections (Appendix 1 Table 5), median age was 56
years (IQR 25.5-59.5 years); 4 (80%) patients were
male and 1 (20%) female. Similar to the T. luwenshuni
cohort, all patients were engaged in farming. Under-
lying conditions were renal failure in 1 patient (20%)
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and a history of upper gastrointestinal bleeding in 3
patients (60%). Median hospitalization duration was
relatively short at 10 days (IQR 5.5-10.5 days). Two
patients (40%) had a history of blood transfusion;
1 (20%) patient had a history of gastric hemorrhage
or hypertension. The most frequently reported symp-
toms were nonspecific. Four (80%) patients experi-
enced dizziness and malaise, 3 (60%) patients melena,
and 2 (40%) listlessness. Bloating, chest discomfort,
palpitations, and dyspnea were all present in 1 (20%)
patient. Of note, none of the patients in this group
reported vomiting, jaundice, or splenomegaly. Labo-
ratory tests revealed anemia in all patients and leu-
copenia in 1 (20%) patient. Elevated serum levels of
aspartate aminotransferase, alanine aminotransfer-
ase, or gamma-glutamyl transferase were not detect-
ed in any case. In terms of treatment, 3 (60%) patients
received blood transfusions, and 1 patient (20%) re-
quired hemodialysis (Table 1).

Traceability Survey

We performed PCR analyses on 2,100 livestock, 1,530
wild small mammals, and 1,516 ticks collected from
10 counties in Yunnan Province to detect Piroplas-
morida infections (Table 2). We used the same protocol
previously optimized for human diagnostics. Among
the livestock samples, 147 (7.00%) tested positive. We
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constructed a phylogenetic tree using 185 rRNA se-
quences (~1,600 bp) to classify the positive samples
into 5 species: B. microti, Babesia sp. Tianzhu-like,
B. bigemina, B. bovis, and T. luwenshuni (Figures 4, 5).
We detected 1 strain of B. microti and 2 strains of T. [u-
wenshuni parasites in livestock from Tengchong Coun-
ty. The overall positivity rate for small mammals was
2.42%. We identified B. microti as the predominant spe-
cies. Phylogenetic analysis identified a variant, tenta-
tively named Babesia sp. YN-2, in small mammals (Fig-
ure 4). Among tick samples, 37 (2.44%) tested positive
for Piroplasmorida; detected species including B. mi-
croti, B. bigemina, Babesia sp. Tianzhu-like, B. bovis, Ba-
besia sp., Colpoda sp., and T. luwenshuni. Phylogenetic
analysis further classified the novel Babesia sp. into 2
clades: Babesia sp. YN-2 and Babesia sp. YN-3.

Genetic analysis of the Babesia sp. Tianzhu-like
isolates identified in patients, livestock, and ticks
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yielded 2 major clades with high homology (96.11%-
98.67%) but distinct variations of 21-62 bp. We
tentatively designated those clades as Babesia sp.
isolate Tianzhu-like 1 and Babesia sp. isolate Tian-
zhu-like 2. The phylogenetic tree depicted the re-
lationships among Babesia and Theileria species
collected from various hosts and vectors. Of note,
we identified B. microti in multiple host and vec-
tor types, indicating its high adaptability across
diverse environments (Figure 5). In addition, we
detected the novel Babesia sp. YN-2 in both small
mammals and ticks, suggesting the existence of a
potential transmission cycle between wildlife and
arthropod vectors. The detection of Babesia sp. iso-
late Tianzhu-like parasites across humans, live-
stock, and ticks highlights its broad host range and
geographic distribution. Similarly, the widespread
occurrence of T. luwenshuni parasites in humans,

Figure 4. Phylogenetic analysis
of 18s rRNA (1,600-bp) gene
sequences of Theileria and
Babesia spp. isolates in study
of piroplasmorida in humans,
southwest China, May 2017—
June 2020. Tree on the left
highlights the sequences

of novel variants/strains
(accession nos. PQ722834-6,
PQ722839-82). Tree on the
right shows classification and
distribution of all detected
organisms across various hosts
and vectors. Colored shading
represents groups of isolates
by strain. Dotted lines indicate
the correspondence between
different organisms, illustrating
their ecologic and evolutionary
connections. Left scale bar
represents 0.01 substitutions per
site; right scale bar represents
0.02 substitutions per site.
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Figure 5. Characterization
of host and vector
associations determined
from phylogenetic analysis
of Theileria and Babesia
spp. isolates in study of
piroplasmorida in humans,
southwest China, May 2017—
June 2020.

livestock, and ticks underscores the species’” poten-
tial for transmission among multiple hosts.

Discussion

This study identified 4 tickborne hemoparasites with
human infectivity, including a zoonotic infection
caused by 2 known pathogenic agents and 2 novel
Babesia species. It characterized the diversity and
complexity of tickborne protozoa in ticks, small wild
animal hosts, and livestock in southwestern China.
Our findings are critical for public health and the en-
hancement of parasitic disease surveillance systems
in Yunnan Province. The study presented a clinically
relevant finding of human Theileria infections, cor-
roborated through molecular diagnostics and West-
ern blot serology, which were validated previously
(16) and were further confirmed by our serologic ti-
ters and longitudinal testing, with no cross-reactivity
against other tickborne pathogens.

A previous serosurvey in Italy (8) reported IgG
reactivity against T. equi antigens in veterinary prac-
titioners, indicating potential human exposure to this
pathogen, particularly among persons at heightened
risk for infection. That result raised considerable in-
terest because of the prevalence of zoonotic Theileria
species in livestock. Of note, our study reported a
series of human infections with T. [uwenshuni para-
sites, previously recognized as primarily affecting ru-
minants, with less reported pathogenicity in humans.

Our study also identified potential host-vector
transmission routes involving domestic animals
and ticks. Genetic analysis indicated that T. luw-
enshuni isolates exhibited high similarity to vector-
derived strains from Shandong Province, in the
east of China. That finding indicates a widespread
distribution, an emerging epidemic trend, and the
potential for cross-species transmission of these or-
ganisms. Those results provide valuable insights
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for future epidemiologic investigations targeting
affected populations, hosts, and vectors across di-
verse regions.

In this study, we detected >6 species of Piroplas-
morida in livestock, small mammals, and ticks: B.
microti, Babesia sp. Tianzhu-like, B. bigemina, B. bovis,
Babesia sp., and T. luwenshuni. We observed genetic
diversity within Babesia sp. Tianzhu-like; homology
was 96.11%-98.67% and 21-62 bp variations. Four of
those species are known or suspected to exhibit ex-
plicit pathogenicity. Of note, we identified Babesia sp.
Tianzhu-like 1 in patients, livestock, and ticks, with
homology of 99.10% -99.61%. However, the exact in-
fection source remains uncertain for some patients
who lacked a clear history of tick bites but reported
previous blood transfusions. In addition, most pa-
tients were immunocompromised, raising questions
about the potential for opportunistic infections. Sim-
ilar to B. venatorum and B. microti (17), asymptomatic
carriage of T. luwenshuni and other Babesia spp. para-
sites may occur in healthy persons. Furthermore, as
the endemic regions expand, T. luwenshuni parasites
may emerge as a more frequent complication in im-
munosuppressed hosts, akin to patterns observed
in human babesiosis (18). Enhanced surveillance,
particularly among blood donors in this region,
is imperative (19).

Since the earliest report of Theileria parasites
in Sichuan Province in 1958, >4 species have been
documented in China: T. luwenshuni, T. unilenbergi,
T. ovis, and T. annulata. Among them, T. luwenshuni,
designated in 2007 (20,21), has been a species recog-
nized for its high pathogenicity in sheep and goats.
The presence of T. luwenshuni parasites has now been
confirmed in multiple provinces, including Yunnan,
Hubei, Henan, Gansu, Jilin, Hunan, and Shandong
(20). Of note, the prevalence of T. luwenshuni parasites
in goats in Shandong Province has been reported to
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reach 81.5%, higher than rates previously reported in
small ruminants and deer in central and northwest-
ern China (22-25). Those findings suggest an emerg-
ing epidemic trend of T. luwenshuni infections in
humans across multiple regions.

B. microti is the predominant species causing hu-
man babesiosis in the United States. In China, it has
been associated with >100 reported human infections,
most occurring in Guangxi Province (9). Of note, 10 B.
microti infections were identified in a study of 449 pa-
tients with fever in Tengchong County, Yunnan Prov-
ince, along the China-Myanmar border (12). Babesia
sp. isolate Tianzhu was initially discovered in Tianzhu
Tibetan Autonomous County, northwestern China,
in 2017. In our study, we identified this agent in both
ticks and water buffalo, demonstrating a close genetic
relationship to isolates obtained from 2 human patients
(Figure 2); that finding suggests that Babesia sp. isolate
Tianzhu may present a public health risk.

A limitation of this study is that T. luwenshuni
infections were identified in immunocompromised
patients, and as a retrospective investigation, it
was not possible to establish causal relationships
between the protozoan infection and patient symp-
toms or clinical features. Specifically, whether the
observed anemia resulted directly from protozoan-
induced red blood cell damage or from comorbid
conditions (e.g., bleeding disorders or renal failure)
remains unclear. Future research should prioritize
prospective cohort studies at in sentinel hospitals
involving similar patients. Such studies should ex-
clude anemia caused by renal failure or other un-
derlying conditions using interventions such as
erythropoietin combined with iron therapy. Those
patients should receive antiprotozoal therapy with
monitoring of parameters, such as reticulocyte
counts and L-lactic dehydrogenase levels, to assess
treatment efficacy.

In conclusion, we used molecular biology tech-
niques, including PCR, serology, and phylogenetic
analysis, to characterize the diversity and poten-
tial risks of tickborne protozoa in Yunnan Province,
China. Our findings confirmed the endemic circula-
tion of T. luwenshuni and multiple Babesia spp. para-
sites in southwestern China. Further investigation of
T. luwenshuni infection will elucidate transmission
dynamics, clinical impact, and targeted prevention
strategies, as well as its implications for public health.
Clinicians in this region should remain aware of these
emerging public health concerns.

The Natural Science Foundation of China supported this
study (grant no. U2002219 to J.-F. ].).
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etymologia revisited

Streptococcus

From the Greek streptos (“chain”) + kokkos (“berry”),
streptococcal diseases have been known since at least the 4th
century BCE when Hippocrates described erysipelas (Greek
for “red skin”). The genus Streptococcus was named by
Austrian surgeon Theodor Billroth, who in 1874 described
“small organisms as found in either isolated or arranged in
pairs, sometimes in chains” in cases of erysipelas or wound
infections. Over subsequent decades, as microscopy and
staining techniques improved, many different researchers
characterized the bacteria now known as Streptococcus
pyogenes (Lancefield group A B-hemolytic streptococcus),

S. pneumoniae, and other species.

Originally published

) Reference:
in November 2016 Majno G, Joris 1. Billroth and Penicillium. Rev Infect Dis. 1979;1:880-4.

http:/ /dx.doi.org/10.1093/ clinids /1.5.880c

https://wwwnc.cdc.gov/eid/article/22/11/et-2016_article
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Detection of Multiple Nosocomial
Trichosporon asahii Transmission
Events via Microsatellite
Typing Assay, South America

Elaine C. Francisco, Norma B. Fernandez, Mauricio Carbia, Chendo Dieleman,
Andra-Cristina Bostanaru-lliescu, Jos Houbraken, Arnaldo L. Colombo, Ferry Hagen

The fungus Trichosporon asahii has emerged as a cause
of nosocomial infections, particularly in immunocompro-
mised patients. Given its rising prevalence, information
on its genetic diversity and transmission dynamics is ur-
gently needed. We developed a microsatellite typing tool
to investigate the genetic relatedness of T. asahii isolates.
We selected 6 microsatellite markers from nanopore long-
read sequencing of the T. asahii type-strain CBS 2479.
We applied those markers to 111 clinical and environmen-
tal isolates; microsatellite typing showed high variability

T‘Vichosporon asahii is an emerging yeast-like fungal
pathogen causing life-threatening catheter-relat-
ed infections worldwide (1-3). Despite being often
overlooked, the occurrence of invasive trichosporo-
nosis has dramatically increased in recent decades,
and crude mortality rates have reach up to 80% de-
pending on patients” underlying conditions (3-6). Ep-
isodes of invasive trichosporonosis caused by T. asahii
are primarily reported in long-term hospitalized pa-
tients with underlying hematologic malignancies and
neutropenia, as well as among critically ill patients
who have undergone invasive medical procedures,
have indwelling medical devices, and have been ex-
posed to broad-spectrum antimicrobial therapy (3,5).
Since the 2000s, cases of invasive trichosporonosis
have also been reported in immunocompetent hosts
and hospitalized COVID-19 patients, posing new
challenges in stratifying at-risk populations (7-11).

among isolates (11-37 alleles per marker) and identified
71 genotypes with strong discriminatory power (Simp-
son index of 0.9793). We applied the microsatellite typ-
ing method to T. asahii isolates from South America and
identified multiple nosocomial transmission events from
hospitals in Brazil, including clusters spanning more than
a decade. The panel we developed offers high reproduc-
ibility and specificity, making it an effective tool for tracking
outbreaks and determining the public health effects of T.
asabhii infections.

T. asahii exhibits a peculiar antifungal suscepti-
bility profile, and is intrinsically resistant to echino-
candins, often showing decreased in vitro suscepti-
bility to amphotericin B (1,2,12,13), which can exert
substantial selective pressure on the growth of this
pathogen. Triazoles, particularly voriconazole, are
recommended as first-line therapy for treating inva-
sive trichosporonosis (14). However, the intraspecific
diversity among clinical T. asahii isolates can contrib-
ute to their reduced susceptibility to triazoles, high-
lighting the relevance of early diagnosis for effective
management of invasive trichosporonosis (15,16).

Some authors have reported clusters of nosocomi-
al T. asahii infections, but epidemiologic typing tools
to investigate the potential clonal spread of T. asahii
in clinical settings are notably lacking (11,17,18). Se-
quencing of the intergenic spacer (IGS) 1 of the rDNA
has been used to explore the intraspecific diversity of
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T. asahii, and 15 IGS1 genotypes have already been
described (19). However, epidemiologic studies as-
sessing the global distribution of those genotypes
have predominantly reported high prevalence rates
for IGS genotypes G1-G7. In contrast, other recently
identified 1GS1 genotypes, G8-G15, have been docu-
mented (15), underscoring the need for a robust dis-
criminatory typing approach to investigate the intra-
specific diversity of clinical T. asahii isolates (15,16,20).

Microsatellites, also known as short tandem re-
peat (STR) units, are widely used as a fast, highly
sensitive, and cost-effective typing technique to
investigate the molecular diversity within fungal
populations during nosocomial outbreaks and for
monitoring pathogens over time (21). Microsatellite-
based typing has been recognized as the optimal tool
for population studies and outbreak investigations
in healthcare settings, particularly for Candida auris,
C. parapsilosis, Aspergillus fumigatus, and Cryptococcus
spp. (22-27), providing reliable evidence in the epide-
miologic investigations. We developed a microsatel-
lite-based typing tool for T. asahii and applied it to a
large and genetically diverse collection of clinical and
environmental isolates to assess its use in epidemio-
logical investigations.

Materials and Methods

Media, Strains, and Standard DNA Extraction

To set up the microsatellite typing panel, we used the
clinical T. asahii type-strain CBS 2479 from the CBS
culture collection (https://wi.knaw.nl/fungal_table)
hosted by the Westerdijk Fungal Biodiversity Insti-
tute (Utrecht, the Netherlands) as a reference and a
set of 21 CBS isolates that originated from clinical (n
= 5), veterinary (n = 5), and environmental (n = 11)
sources. We also used a large set of unique clinical
isolates from Brazil (n = 46), Argentina (n = 9), and
Romania (n = 1), a set of 29 sequential isolates collect-
ed on different days from 12 patients across 6 medi-
cal centers in Brazil, and 4 isolates from 2 patients in
Uruguay (Figure 1). We cultured isolates onto malt
extract agar and incubated for 48 hours at 25°C. We
performed DNA extraction by using previously de-
scribed methods (28). We identified all strains as T.
asahii on the basis of sequencing the IGS1 rDNA lo-
cus, as previously described (15,20).

Genome Sequencing

The genome of T. asahii type-strain CBS 2479 was
published a decade ago and was generated at that
time by short-read sequencing (National Center for
Biotechnology Information [NCBI] BioSample no.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025
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SAMNO02981437 and BioProject no. PRINA164647).
However, that draft genome was found to be highly
fragmented into 78 scaffolds and 342 contigs (29).
Hence, we resequenced the genome using long-read
nanopore sequencing to cover complex genetic re-
gions like the microsatellite loci. We prepared a fresh
culture of CBS 2479 onto malt extract agar and incu-
bated for 48 hours at 25°C, then extracted high-qual-
ity genomic DNA, as previously described by our
team (30). In brief, we performed library preparation
by using the SQK-LSK109 and EXP-NBD114 Native
Barcoding DNA Kits (Oxford Nanopore Technolo-
gies, https:/ /nanoporetech.com), following the man-
ufacturer’s instructions. We first loaded the prepared
library onto a Flongle flow cell to confirm the quality,
then ran the library on a MinION flow cell and base-
called raw data by using Guppy version 4.5.4 (all Ox-
ford Nanopore Technologies) using the high-accura-
cy mode. That process yielded 4.8 Gbp of data with an
N50 (sequence length of the shortest contig at 50% of
the total assembly length) of 17 kbp and an N90 (se-
quence length for which the collection of all contigs
contains at least 90% of the sum of the lengths of all
contigs) of 3.370 bp. We performed de novo genome
assembly by using Flye version 2.9 (https://github.
com/mikolmogorov/Flye) and the setting —~genome-
size 24m-min-overlap 10000, which resulted in a
genome size of 25,250,028 bp dispersed over 19 frag-
ments with an N50 of 2,305,946 bp, and the largest
fragment was 5,662,815 bp. The mean coverage was
198x for the nuclear fragment and 1,310x for the mito-
chondrial genome that had a length of 31,421 bp after
manual curation. We deposited data in NCBI under
GenBank accession nos. CP116781-99 for the genome
assembly, BioProject accession no. PRJNA926907
for the project description, BioSample accession no.
SAMNB32886118 for the biological sources, and Se-
quence Read Archive accession no. SRR23205074 for
the sequence reads.

Development of Microsatellite Typing Panel

We used the fasta-file of the de novo assembled CBS
2479 genome as input for the Tandem Repeat Find-
er software using the standard parameters (31), and
included flanking regions for each locus to enable
primer design. We detected nearly 4,800 microsatel-
lite loci, which we subjected to the following selec-
tion criteria: >10 copies of the repeat unit; >90% of the
repeat units were intact, preferentially a dinucleotide,
trinucleotide, or tetranucleotide repeat unit; and se-
lected loci were on different fragments of the de novo
genome assembly of CBS 2479. That process resulted
in an initial list of 26 loci for which we developed
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Figure 1. Graphical representation of 111 isolates evaluated in a study of multiple nosocomial Trichosporon asahii transmission events,
South America. Reference strains are from CBS culture collection (https://wi.knaw.nl/fungal_table) hosted by the Westerdijk Fungal

Biodiversity Institute.

primers by using Primer3 version 0.4.0 (32) with the
standard settings, which we slightly adapted as fol-
lows: optimal primer T_ 60°C + 1°C, a maximum of 3
poly-X nucleotides, and an optimal primer size of 20
bp (range 18-27 bp). The searched amplicon length
was 50-200 bp, excluding the microsatellite loci.

First, we used a set of 8 T. asahii isolates, CBS col-
lection nos. CBS 2479, CBS 5599, CBS 7631, CBS 8969;
and isolate nos. 1.2122, L.7918, 1.9206, and 1.920/2016
from the microorganism bank of the Special Mycol-
ogy Laboratory at Universidade Federal de Sao Paulo
(Sao Paulo, Brazil), as the primary test set to determine
whether the designed primer sets yielded amplicons
for all isolates. We performed PCR in a reaction con-
taining 16.8 pL water, 2.5 pL 10x PCR buffer, 1.0 pL
MgCl, (50 mmol), 1.0 uL. 0.5 U BIOTAQ Taq poly-
merase, and 2.5 uL. ANTP (1 mmol) (all Bioline Merid-
ian Bioscience, https:/ /www.bioline.com), 0.1 pL 100
pmol/pL unlabeled forward and reverse primer (In-
tegrated DNA Technologies, https://www.idtdna.
com), and 1.0 pL. DNA template. We performed PCR
as follows: initial denaturation at 94°C for 5 minutes,
35 cycles of 94°C for 30 seconds, 60°C for 30 seconds,
and 72°C for 1 minute, a final extension for 72°C for 5
minutes, and hold at 21°C.

To check the success of the designed primer sets,
we checked all amplicons by 2% agarose gel electro-
phoresis. We found 12 of the 26 initial primer sets
yielded an amplicon for the set of 8 test isolates; we
subsequently tested those 12 primer sets by using a
second larger set of 16 additional T. asahii isolates, in-
cluding clinical and environmental isolates from CBS
culture collection, using the same PCR procedure.
After running the second set, we identified 6 primer
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combinations that yielded amplicons for all 24 iso-
lates tested and observed size differences by agarose
gel electrophoresis. For each of the primer sets, we or-
dered a primer (Integrated DNA Technologies) with
a fluorescein-label to enable detection of amplicons
by capillary electrophoresis (Table).

Finally, we used a large set of 75 clinical isolates
obtained from South America and Europe to check for
reproducibility, stability, and specificity of the T. asahii
microsatellite typing panel of 6 loci (Appendix 1 Ta-
ble, https://wwwnc.cdc.gov/EID/article/31/9/24-
1929-Appl.xlsx). The isolates had been obtained from
different anatomic sites, including deep-seated and
superficial infections, representing the 5 most preva-
lent IGS1 genotypes, as previously described (15).

For capillary-based fragment analyses, we fol-
lowed the PCR approach described by performing
6 PCRs using a fluorescein-labeled primer (Table).
We checked PCR yields by using 2% agarose gel
electrophoresis. Thereafter, we purified amplicons
by using Sephadex (Sigma-Aldrich, https://www.
sigmaaldrich.com), and arbitrarily diluted ampli-
cons 50-200x with water. We mixed 1 pL diluted
amplicon with 10x diluted Orange500 size marker
(NimaGen, https://www.nimagen.com) in a 96-
well plate, then incubated at 94°C for 1 minute and
at 4°C for 1 minute. We obtained raw data by run-
ning the fragment analysis on an ABI3700xL Genetic
Analyzer (Thermo Fisher Scientific, https://www.
thermofisher.com).

Data Analysis and Discriminatory Power
We analyzed raw data and relatedness between
strains by using Bionumerics version 7.6 (Applied

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 31, No. 9, September 2025



Maths, http://www.applied-maths.com) via the
unweighted pair group method with arithmetic
averages, as previously described (24). We deter-
mined the discriminatory power of the microsatel-
lite panel by using the Simpson index of diversity
(D) (33). A D value of 1 indicates that the typing
method was able to discriminate between all iso-
lates, and a value of 0 indicates that all isolates
were identical (clonal).

Results

Development and Evaluation of T. asahii

Microsatellite Typing Assay

To develop the typing assay, we selected 6 of 26 prom-
ising loci: 4 dinucleotide loci (E, G, I, and K), 1 trinucle-
otide (locus Q), and 1 tetranucleotide repeat loci (locus
P). Loci G, P, and Q were all on the same contig, but
loci E, I, and K were on different contigs (Table).

We used a total of 111 T. asahii isolates, includ-
ing 22 CBS reference strains, 56 nonreplicated sin-
gle-patient isolates, 29 sequential clinical isolates
from 12 patients in Brazil, and 4 sequential isolates
from 2 patients in Uruguay. The D values ranged
from 0.6452 for locus Q (tetranucleotide repeat unit)
to 0.8280 for locus E (dinucleotide repeat unit) (Ta-
ble). The combination of all 6 loci yielded a D value
of 0.9793.

Among the 111 T. asahii isolates tested, we
identified 71 microsatellite genotypes, in which
each genotype contained clusters of 1-11 isolates
(Appendix 2 Figure 1, https://wwwnc.cdc.gov/
EID/article/31/9/24-1929-App2.pdf). Of the 46
nonreplicated clinical isolates from Brazil, 20 (44 %)
exhibited unique STR markers. Among the 9 T. asa-
hii isolates from Argentina evaluated, 6 displayed
unique STR markers, 2 shared identical genotypes,
and 1 clustered in a separate group, hitchhiking
with isolates collected from both clinical and envi-
ronmental sources.

Nosocomial Trichosporon asahii, South America

Among 12 patients from Brazil who had se-
quential isolates, 10 exhibited identical or highly
related genotypes that differed by <1 marker (Ap-
pendix 2 Figure 1). We observed genetically distinct
genotypes in the other 2 patients: isolates from pa-
tient 8 (1199/2020 and 1200/2020) displayed vary-
ing numbers of microsatellite repeat units across
all 6 loci examined, and isolates from patient 11
(L1871/2017, 1880/2017, and 1881/2017) differed
at loci I and K (Appendix 2 Figure 2). Among the
identified clusters, the largest consisted of 11 iso-
lates, 7 of which were from a single hospital in
the southwest of Brazil. The first isolate appeared
in April 2001 (patient 4), followed by a second in
July 2001 (patient 5), and others appeared in July
2014 (patient 6). The second largest cluster includ-
ed 7 isolates collected from 2 patients at a hospital
in the south of Brazil; the first isolate appeared in
2010 (patient 1) and the second in 2015 (patient 2).
Of note, we found that 4 sequential isolates from
a single hospital in Uruguay, collected from 2 dif-
ferent patients (patient 13, isolates nos. MC215 and
MC216; and patient 14, isolate nos. MC217 and
MC218), were identical. However, we could not
obtain retrospective epidemiologic data for those
patients (Appendix 2 Figure 1).

Comparison of IGS1 Sequence-Based Genotyping

and Microsatellite Typing

The neighbor-joining method divided the 111 T. asahii
isolates into 5 IGS1 genotypes: 47 (42.3%) G1,17 (15.3%)
G3, 12 (10.8%) G4, 20 (18%) G5, and 15 (13.5%) G7.
Clinical isolates from Brazil were represented by all 5
of those IGS1 genotypes; 30 (40%) were genotype G1, 16
(21.3%) were G5, 13 (17.3%) were G7, 10 (13.3%) were
G3, and 6 (8%) were G4. We observed nonconcordant
results between 1GS1 sequencing-based genotypes and
microsatellite typing, even among isolates sharing iden-
tical IGS1 genotypes, such as the 4 G4 clinical isolates
from Uruguay (Figure 2; Appendix 2 Figures 1, 2).

Table. Microsatellite typing panel used for detection of multiple nosocomial Trichosporon asahii transmission events via microsatellite

typing assay, South America*

Expected

Contig;  size; total
Accession reference fragment, Repeat D value;
no. codet bp¥ unit  no. alleles Forward primer, 5' - 3’ Reverse primer, 5' —» 3'
CP116786 6; E 173; 206 CA  0.8280; 12 FLU-TCGTCTGTCATCGACCCATA GGCTCAGCTGAAGCTCACTT
CP116785 5, G 123; 153 GA  0.7731; 11 FLU-TCCCTTTGATTTGGGTGTGT CTCTCCCAGGTTCGTTTCAA
CP116781 1; 1 183; 211 TG 0.7481;9 FLU-AGCCTTAGTTGCCCTTGTCA ACTCAACACTTGGGCGACTT
CP116782 2; K 139; 165 AG  0.7666; 10 GATCGAGTCCAAGGAACGAC FLU-TTCCCGTCCACCTTTACTGA
CP116785 5, P 112; 158 TCGT 0.6600; 14 FLU-ACGAACTCCATGGCTGAGTC  TGACTGACAACACACCCGATA
CP116785 5; 135;169  GTT  0.6452; 12 FLU-ATCTCGGTTGTTGCCGTTAT GCAACAGCAACAGCAGTACC

*Isolates sourced from CBS culture collection (https://wi.knaw.nl/fungal_table) hosted by the Westerdijk Fungal Biodiversity Institute, Utrecht, the
Netherlands. Discriminatory power of microsatellite typing panel assay as determined via the Simpson index of diversity (D). FLU, fluorescein.

‘tde novo assembly contig number; microsatellite panel reference code.

$The expected fragment size without the repeat units; number of alleles refers to the total fragment size of the T. asahii type strain CBS 2479.
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Reproducibility and Specificity of Microsatellite

Typing Panel

To test the reproducibility of the developed panel, we
independently amplified the first set of 8 isolates >4
times. In all replicate assays, the microsatellite mark-
ers showed identical profiles for all isolates evaluated,
indicating reproducible results. Finally, to validate
the microsatellite typing panel for T. asahii, we tested
20 Trichosporon isolates representing the 11 different
non-T. asahii species currently recognized in the ge-
nus and added representative isolates of the corre-
lated Apiotrichum and Cutaneotrichosporon genera. We
found the PCR product amplification of the 6 selected
loci did not demonstrate the highly species-specific
typing toll seen for T. asahii.

Discussion
The T. asahii basidiomycete yeast-like pathogen
causes a broad spectrum of human infections and has

gained increasing prevalence in life-threatening in-
fections worldwide (3,5,12,14). T. asahii is recognized
as the second or third non-Candida-related yeast de-
tected in invasive infection episodes and competes
with Cryptococcus as leading basidiomycetous yeast
pathogen (3,14). IGS1 sequence-based genotyping
is the preferred approach to investigate genetic di-
versity among T. asahii isolates (3,15,34). Despite its
relevance, the IGSl1-based genotyping can lack the
genetic diversity required for outbreak and epide-
miologic typing tools, making it difficult to apply in
nosocomial outbreak investigations (8,35). We de-
veloped a microsatellite typing panel to genotype T.
asahii, which can be a valuable complement to IGS1
sequencing genotyping.

Microsatellites, short repetitive DNA sequences,
are widely used in molecular studies to explore the
genetic relatedness between isolates within fungal
populations. This typing tool has greatly contributed

Figure 2. Phylogeny of multiple nosocomial Trichosporon asahii transmission events via microsatellite typing assay, South America.
We compared IGS1 sequencing—based genotyping and a microsatellite panel for 111 T. asabhii isolates. A) Neighbor-joining tree
based on the rDNA sequencing target, conducted in MEGAX (https://www.megasoftware.net). Red text indicates GenBank accession
numbers for reference strains of the described genotypes. Scale bar indicates nucleotide differences per site. B) Minimum spanning

tree generated by 6 loci of microsatellite data showing the relationship between microsatellite typing and IGS1 genotypes. Each circle
represents a unique genotype; if multiple isolates share an identical genotype, they are shown as a fraction of the circle. Lines between
circles indicate the relative similarity, the shorter the line the less prominent the difference between the microsatellite genotypes. Thick
lines identify genotypes with fewer differences (1 of 6 loci tested); medium thick lines identify genotypes with differences in 2 of the 6
loci; thick and medium thick dashed lines represent genotypes that share 2—3 identical loci of the 6 tested. Thin dotted lines identify
genotypes sharing only 1 identical locus. IGS, intergenic spacer.
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to the advancement of epidemiologic typing for a
variety of human pathogens, including C. auris, C.
parapsilosis, Nakaseomyces glabratus (syn. C. glabra-
ta), Cryptococcus mneoformans, Cryptococcus deneofor-
mans, Cryptococcus deuterogattii, and Aspergillus spp.
(256-27,34,36-40). Compared with other DNA-typing
tools, such as internal transcribed spacer-based and
amplified fragment length polymorphism (AFLP)
profiling, microsatellites have demonstrated superior
performance in epidemiologic studies (23,24,41,42).

The T. asahii microsatellite typing panel we de-
scribe consists of 6 loci and revealed remarkable ge-
netic diversity among T. asahii isolates. This novel
panel successfully distinguished 78 unique isolates
(comprising 22 CBS reference isolates and 56 clinical
isolates from single patients) into 58 distinct geno-
types, a substantially better genetic discriminatory
power than the IGS1 sequencing genotyping method,
which identified only 5 IGS1 genotypes in the same
isolate set. Of note, our panel effectively differentiat-
ed between isolates on the basis of their origins, ana-
tomic sites, and year of isolation. Moreover, similar
to IGS1 sequencing genotyping, we observed 100%
similarity among sequential isolates obtained from
9 of the 12 patients from Brazil from whom multiple
isolates were available. Sequential isolates from the
3 other patients were distributed across different mi-
crosatellite genotypes; all those sequential isolates
were collected 2-7 days after the first isolate, suggest-
ing potential coinfection of those patients by different
T. asahii genotypes. To underscore the limitation of
IGS1 genotyping, all those sequential isolates shared
the same IGS1 genotype.

Most isolates we investigated clustered with their
sequential counterparts on the basis of microsatellite
profiles, suggesting co-infection or cocolonization by
the same strain. When we applied our microsatellite
assay, we uncovered several clusters spanning single
or multiple hospitals. Because microsatellite typing
assays are known for high resolution (27), the isolates
with identical genotypes suggest nosocomial trans-
mission. In the Brazil healthcare setting, the applica-
tion of this microsatellite panel could provide an ac-
cessible and effective strategy to monitor the spread
and evolution of T. asahii infections. The panel proved
particularly useful in different hospital contexts, as
demonstrated in 1 outbreak spanning 13 years in a
hospital in the southeastern region and another out-
break cluster of 2 patients from southern Brazil. This
panel offers a high-resolution intermediate solu-
tion for low- and middle-income countries and can
be a valuable tool to complement IGS1 sequencing,
whereas next-generation sequencing (NGS) remains
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costly and is not yet widely accessible. In addition,
the 4 identical isolates from Uruguay suggest poten-
tial interhospital transmission.

Although the described microsatellite genotyp-
ing tool might offer a high-resolution intermediate,
future studies should seek further validation of this
panel in other hospitals and countries with different
epidemiologic profiles. To date, no prior nosocomial
Trichosporon transmission has been reported, which
could indicate a rare event but could also be the result
of a lack of genotyping investigations. Previously, po-
tential genetic relationships among T. asahii clinical
isolates were assessed using a multilocus sequence
typing (MLST) tool, but that approach revealed a
relatively low level of genetic diversity (11,35). This
study highlights multiple events of nosocomial T. asa-
hii transmission in hospitals in South America.

Few studies comparing different typing tools for
T. asahii are available. IGS1 sequencing is a powerful
tool and is considered the standard to discriminate
the Trichosporonales genera and species in reference
laboratories globally, even for the different genetic
lineages within T. asahii (20). A 2019 study used ISG1
sequencing for molecular characterization of a set of
locally collected Trichosporon species isolates in Brazil
(2). That endeavor led to identification of a novel ge-
netic lineage, T. austroamericanum, in 2024 (43). T. asa-
hii IGS1 genotypes G1, G3, G5, and G7 have been ex-
tensively associated with Trichosporon spp. infections
worldwide (15,16,19,20,44-46). However, the various
epidemiologic studies demonstrate IGS1 sequencing
genotyping lacks the resolution needed for outbreak
typing (15,16,20,44,45,47). In this study, we consid-
ered isolates from those 5 genotypes at all stages of
the research, highlighting their potential application
in diverse clinical scenarios.

In a study of the genetic relationship between T.
asahii isolates from elderly patients hospitalized in
a single care center in Spain (48), one group supple-
mented IGS1 sequencing with the since-discontinued
commercial DiversiLab typing tool (bioMérieux,
https:/ /www.biomerieux.com). However, the ad-
dition of that repetitive element PCR typing tool led
to inconclusive results because the fingerprint pat-
terns lacked sufficient discriminatory power. The
genomewide-based AFLP analysis typing tool has
been shown to be an informative approach for fungal
outbreak investigations but has been reported only
once for Trichosporon (49). Unfortunately, the selec-
tive primer combination used in that study resulted
in AFLP profiles that could not distinguish potential
related isolates from the unrelated ones (49). More-
over, AFLP genotyping has been found to be more
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laborious, more costly, and less reproducible than
other methods, such as microsatellite typing. Hence,
microsatellite typing has gradually replaced AFLP to
investigate outbreaks caused by fungal pathogens.

A 2023 study published an MLST assay consist-
ing of sequencing from 5 nuclear loci applied to
a set of 51 clinical T. asahii isolates from Thailand
(35). The authors of that study concluded that their
MLST was useful for population structure analysis,
but it seemed to have limited genetic diversity for
use in outbreak investigations because the 51 iso-
lates were dispersed among only 5 sequence types
(35). Another study used whole-genome sequenc-
ing (WGS) on a subset of 32 of 54 T. asahii isolates
that were collected over =17 years (46). Initially,
those isolates were typed using IGS1 sequencing;
thus, the finding that short-read genome sequenc-
ing resulted in a higher discriminatory power than
the former IGS1 typing approach is not surpris-
ing (46). Because of its high resolution, WGS could
soon be used for investigating fungal nosocomial
outbreaks. However, WGS is currently costly and
technically demanding, making it inaccessible for
many diagnostic laboratories in low- and middle-
income countries (50). In contrast, microsatellite
typing offers a more affordable, accessible, and
technically simpler alternative, providing sufficient
resolution for outbreak investigation at a fraction
of the cost of WGS (36,38). The microsatellite ap-
proach we describe provides a middle ground, en-
abling effective genetic typing of T. asahii strains in
resource-limited settings. In addition, this method
can complement IGS1-based genotyping (50) and
can be widely implemented in countries without
the extensive infrastructure required for WGS.

In conclusion, we assessed intrahospital T. asahii
transmission by using microsatellite typing, which
suggested multiple events of nosocomial transmis-
sion by this pathogen in hospitals in South America.
The panel we developed offers high reproducibility
and specificity, positioning it as an effective epide-
miologic tool for tracking T. asahii outbreaks and un-
derstanding the public health effects of T. asahii in-
fections. Our findings highlight the need for ongoing
surveillance and effective control measures in hospi-
tal settings to mitigate the public health threat of this
emerging fungal pathogen.
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Sporothrix brasiliensis Treatment
Failure without Initial Elevated
Itraconazole MICs In Felids
at Border of Brazil

Carolina Melchior do Prado,* Bram Spruijtenburg,® Emanuel Razzolini, Luciana Chiyo,
Carlos Santi, Caroline Amaral Martins, Gabriela Santacruz, Nancy Segovia,
José Pereira Brunelli, Regielly Caroline Raimundo Cognialli, Jacques F. Meis,
Vania Aparecida Vicente, Theun de Groot, Eelco F.J. Meijer,? Flavio Queiroz-Telles?

Cat-transmitted sporotrichosis caused by Sporothrix
brasiliensis is an emerging zoonosis in Latin America.
Because treatment of feline sporotrichosis is often not
effective, we sought to determine whether treatment fail-
ure results from S. brasiliensis strains that have existing
elevated MICs for itraconazole, the primary treatment
for this disease. During 2021-2023 at the triple border
region of Brazil, Paraguay, and Argentina, 108 S. brasil-
iensis strains were isolated from felines before antifungal
treatment. The main clinical manifestation was cutaneous

porotrichosis is a globally neglected epizoonotic

and sapronotic disease, primarily affecting the
skin and subcutaneous tissues, caused by fungi of the
Sporothrix genus, and represents the most prevalent
implantation mycosis in Latin America, especially
in Brazil (1). Sporothrix spp. are thermally dimorphic
fungi from the order Ophiostomatales, showing fila-
mentous forms at 25°C-30°C in the environment and
yeast-like forms at temperatures of 35°C-37°C, as in
mammals (2). The main clinical pathogenic species
are S. brasiliensis, S. schenckii, S. globosa, and S. luriei.
S. schenckii and S. globosa are usually transmitted via
the sapronotic route, involving traumatic implanta-
tion with plant or soil debris (3). During the past 3

disseminated sporotrichosis (61%), which was the only
form resulting in sporotrichosis-induced deaths (61%).
We conducted antifungal susceptibility testing for 9 anti-
fungal compounds, evaluating for both mycelial and yeast
phases. MIC levels were low for most antifungal agents
but were higher in the mycelial phase than in the yeast
phase, especially for voriconazole and isavuconazole. We
conclude that the varying clinical manifestations of sporo-
trichosis and large differences in mortality rates were not
caused by elevated itraconazole MICs.

decades, zoonotic transmission of S. brasiliensis from
infected cats to humans, other felids, and canines has
resulted in multiple outbreaks in Brazil and other
Latin America countries (4-7). Cat-transmitted spo-
rotrichosis caused by S. brasiliensis is a major public
health concern in Latin America. Infections are rap-
idly spreading from Brazil to other countries, and
cases have been described in Brazil (8,9), Argentina
(5,10), Paraguay (4), and Chile (6). In addition, im-
ported cases in the United Kingdom (11) and United
States (12) have been reported. Transmission by in-
fected cats, via yeast form (13), occurs through bites,
scratches, direct contact with exudate from skin le-
sions, and probably through respiratory droplets by
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cat sneezes (2,14). Cats are the primary animal hosts
and main source of infection for other cats, dogs, and
humans (15).

Cat-transmitted sporotrichosis outbreaks often
involve clonal zoonotic transmission (8,16). To curb
such outbreaks, one of the necessary measures is an-
tifungal treatment of cats (15). The drug of choice is
itraconazole, although various refractory cases have
been reported (17,18). Whether treatment failure re-
sults from high antifungal MICs is unknown because
that possibility has been poorly investigated (19).
Recently, high antifungal MICs against itraconazole
were reported in isolates obtained from both cats and
humans (19-21). Whether strains with reduced sus-
ceptibility are also transmitted or whether reduced
susceptibility only develops during treatment remain
unclear. Antifungal susceptibility testing (AFST), ap-
plicable to both the yeast and mycelial form, has not
been standardized in dimorphic fungi, leading to dif-
ferent protocols. As a consequence, published MICs
are currently difficult to compare.

We investigated the spread of feline sporotricho-
sis in the triple border region between Brazil, Para-
guay, and Argentina by molecular genotyping. In
addition, we obtained MICs for common antifungal
drugs using microbroth dilution methods of both the
yeast and myecelial phase to determine whether cats
with sporotrichosis had S. brasiliensis with elevated
itraconazole MICs at the onset of treatment. This
study was approved by the Committee for Ethics in
Research of the Federal University of Parana (approv-
al no. CAAE 52726021.8.0000.0102) and by the Ani-
mal Use Ethics Committee of the Federal University
of Parand, Curitiba, Brazil.

Materials and Methods

Isolate and Data Collection

During July 2021-October 2023, we collected swab
samples from 108 symptomatic cats that had lesions
compatible with sporotrichosis. All cats lived in the
triple border region between Brazil, Paraguay, and
Argentina. Cats were selected through notification
of the owners; health agents of the Zoonosis Control
Center of Foz do Iguacu, Brazil; veterinarians from
private clinics and hospitals; and receipt at the Zoo-
nosis Control Center of animals suspected to be in-
fected. In Foz do Iguacu, samples were collected at
the homes of the cats or at the place indicated by the
citizen in cases of stray cats. In Paraguay, samples
were collected at private veterinary clinics. We ob-
tained clinical and environmental data by using ques-
tionnaires sent to the owners of each cat.
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We evaluated and classified all cats according
to the types of their lesions and divided them into 3
groups: cutaneous disseminated, cats with ulcerated
lesions in different parts of the body and systemic
signs; fixed cutaneous, cats with single ulcerated le-
sion without systemic signs; and extracutaneous,
cats without ulcerated lesions but with other clini-
cal manifestations including sneezing, dyspnea, na-
sal discharge, and other respiratory symptoms. We
used cartographic bases from the Brazilian Institute
of Geography and Statistics (IBGE) for georeferencing
the coordinates where cats lived and QGIS software
(https:/ /qgis.org) to assemble the maps. To deter-
mine clinical outcomes, we followed the cats for the
duration of treatment, until they died, recovered, or
were lost to follow-up.

Diagnosis and Molecular Investigation

We diagnosed sporotrichosis via fungal culture of swab
specimens collected from the wounds, as previously de-
scribed (4). We cultivated specimens on Sabouraud dex-
trose agar (KASVI, https://www kasvi.com.br) con-
taining chloramphenicol and incubated at 25°C-27°C
for up to 10 days. We performed micromorphology of
colonies to confirm Sporothrix growth and calmodulin
sequencing for species identification, as previously
described (4). As control isolates, we used S. brasilien-
sis CBS 133017 (GenBank accession no. KP101458.1),
S. schenckii CBS 117440 (accession no. KP101386.1), S.
globosa CBS 129721 (accession no. KP101478.1), S. lu-
riei ATCC 18616 (accession no. KT427639.1), S. mexi-
cana Ss133 (accession no. JF811341.1), S. chilensis Ss470
(accession no. KP711816.1), S. humicola CBS 118129
(accession no. KX590808.1), and S. phasma CBS
119721 (accession no. KX590795.1). We deposited se-
quences generated in this study into GenBank (acces-
sion nos. OR501574, OR501573, and PQ741608-713)
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/9/25-0156-Appl.pdf). We performed geno-
typing of isolates using short tandem repeats, as previ-
ously described (16) (Appendix).

AFST

We performed AFST for the mycelial and yeast phas-
es of all isolates using broth microdilution as outlined
in Clinical and Laboratory Standards Institute (CLSI)
reference standard M38 for the mycelial phase (22,23)
and CLSI reference standard M27 for the yeast phase
(24) (Appendix). For the mycelial phase, we cultured
isolates on potato dextrose agar (Sigma Aldrich,
https:/ /www .sigmaaldrich.com) plates at 30°C for
7 days and confirmed the absence of yeast cells micro-
scopically. For the yeast phase, we cultured isolates
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onto brain-heart infusion plates (Xebios Diagnostics
GmbH, https:/ /www.xebios.com) at 35°C for 7 days,
then performed a second passage on brain-heart in-
fusion plates at 35°C for 7 days. We then microscopi-
cally confirmed the absence of filamentous fungi.

Results
Clinical Epidemiology

We obtained 108 isolates of Sporothrix spp. originat-
ing from 88 households (Appendix Table 1). Of the

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025
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animals, 100 were from Foz do Iguacu (Brazil), 4 from
Ciudad del Este (Paraguay), and 4 from Hernandar-
ias (Paraguay). No animals had a history of travel to
other regions. Sporotrichosis cases were initially only
found in neighborhoods in the eastern region of Foz
do Iguacu (Figure 1, panel A), but over time, cases
were found in other regions, close to the country bor-
der, especially around the international bridges (Fig-
ure 1, panels B, C). The prevalence of sporotrichosis
cases was highest in the northern, southern, and east-
ern districts (Table 1), regions with the highest density

Figure 1. Heatmaps showing
the spatial distribution of cats
with proven sporotrichosis

in the triple border region of
Brazil (white), Paraguay (dark
gray), and Argentina (light
gray) during 2021-2023 in
study of Sporothrix brasiliensis
treatment failure without initial
elevated itraconazole MICs

in felids at border of Brazil.
Red dots show locations of
feline sporotrichosis cases
during 2021 (A), 2022 (B), and
2023 (C) and for all 3 years
combined (D). Numbers in red
dots indicate multiple positive
cats in the same house.
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Table 1. Prevalence of Sporothrix brasiliensis among cats in study of treatment failure without initial elevated itraconazole MICs in

felids at border of Brazil

District No. residences No. positive animals Prevalence/1,000 residences
North 32,610 24 0.73
West 32,705 3 0.09
South 16,175 17 1.05
North East 18,804 4 0.21
East 36,315 52 1.43

of humans (Appendix Figure 1). Furthermore, most
cases were found at or close to low-income urban
communities and favelas (Appendix Figure 2), which
are low-income, dense housing settlements, charac-
terized by low socioeconomic status, precarious con-
ditions, and lack of essential services, mostly found at
the eastern region of Foz do Iguacu (Appendix Figure
2). Of note, all cats had easy access to the street, other
homes, backyards, and vacant lots. Feline sporotri-
chosis was more frequently in male cats (male:female
ratio 2.8:1), adults, uncastrated cats, those not vac-
cinated for any disease, and those with little or no
access to veterinary services; most cats did have an
owner (Table 2).

The main clinical manifestation was cutaneous
disseminated sporotrichosis (61%), followed by fixed
cutaneous (34%) and extracutaneous (5%) sporotri-
chosis (Table 3). The mortality rate was 61% for cats
with the disseminated form, but no cats with the fixed
cutaneous or extracutaneous forms died from sporo-
trichosis. Ten animals were euthanized because they
lived on the street without owners, hindering any
possibility of treatment; 8 cats were lost to follow-up.

Table 2. Characteristics of cats tested in study of Sporothrix
brasiliensis treatment failure without initial elevated itraconazole
MICs in felids at border of Brazil

No. (%) cats

Characteristic Sporotrichosis  No sporotrichosis
Total no. 108 25
Sex

M 80 (74) 17 (68)

F 28 (26) 8 (32)
Age, mo.

<12 13 (12) 3(12)

>12 95 (88) 22 (88)
Castration status

Uncastrated 81 (75) 12 (48)

Castrated 23 (21) 12 (48)

Unknown 4 (4) 1(4)
Vaccination status

Never vaccinated 64 (59) 14 (56)

Full vaccination 11 (10) 4 (16)

Only primary 12 (11) 3(12)

Occasional 4 (4) 3(12)

Unknown 17 (16) 14)
Access to veterinary care

No access 76 (70) 22 (88)

With access 32 (30) 3(12)
Ownership

With an owner 95 (88) 24 (96)

Stray cat 13 (12) 14)
1786

All cats received itraconazole (25-100 mg/d), and
those with disseminated and extracutaneous forms
also received potassium iodide (2.5-20 mg/kg/24
h, depending on the severity of symptoms). For the
clinically cured cats, treatment duration ranged from
2 to 15 months, and we observed no correlation to the
clinical form (Table 4). For the cats that died, 12 never
received treatment; for the others, treatment duration
ranged from 1 week to 7 months.

Phylogenetic Analysis

Calmodulin sequencing identified all 104 isolates as
S. brasiliensis, displaying no genetic variation within
that gene. Short tandem repeat genotyping yielded
20 genotypes, of which 6 previously had been found
in other regions (16) (Figure 2). All isolates from
the triple border region were highly related, and all
grouped within the Rio de Janeiro clade, a previously
described dominant group of genotypes originating
from Rio de Janeiro, Brazil (16). In this study, those
isolates often clustered with isolates from other re-
gions of Parana, Rio de Janeiro, and several other
states. In addition, isolates did not cluster based on
clinical outcome; all clusters contained isolates from
cats who were clinically cured, died, and were eutha-
nized (Appendix Figure 3).

MIC Investigation

For AFST, on the basis of Espinel-Ingroff et al. (23),
who proposed epidemiological cutoff values (ECVs)
based on the M38 CLSI protocol (22), we classified
all isolates as wild-type for antifungal drugs with
available ECVs (Figure 3). For the mycelial phase,
itraconazole and posaconazole had the highest in vi-
tro activity, followed by amphotericin B. In contrast,
fluconazole, voriconazole, and isavuconazole had
low activity and high MICs. For the yeast phase, itra-
conazole, posaconazole, and isavuconazole showed
the highest activity, followed by voriconazole and
amphotericin B. Comparing susceptibility levels be-
tween both phases, isolates at the mycelial phase had
higher MICs for all azoles (for example, differences in
50% MIC values were 8-fold for itraconazole, 64-fold
for voriconazole, and 128-fold isavuconazole) and
amphotericin B, whereas terbinafine and echinocan-
dins had higher MICs at the yeast phase. Finally, the
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geometric mean of strains isolated from cats with dis-
seminated disease that recovered was similar to those
from cats that died (Appendix Table 2).

Discussion

Epidemiologic data show that, within 3 years, S.
brasiliensis-induced sporotrichosis spread across the
triple border region of Brazil, Paraguay, and Argen-
tina. The rapidly increasing number of cases in felids
highlights the severity of sporotrichosis as a public
health problem and the potential for outbreaks (25).
The data also suggest that cat-transmitted sporotri-
chosis mainly affects an urban cat population in ar-
eas with a high concentration of humans and likely
also cats, as compared with areas with a low density
of humans (8,26). All cats in this study were free to
roam outside with access to the street, other homes,
backyards, and vacant lots, and although no cats had
reported travel history, they were also able to roam
freely across national borders in this region. We ob-
served introduction of sporotrichosis into Paraguay
near the international bridges in the area. Further-
more, based on general assumptions, cases correlate
with low socioeconomic status; the eastern region of
Foz do Iguagu has a low overall standard of living. As
a consequence, most cats had owners but no access
to a veterinarian (27). In most cases, owners were not
financially able to provide basic resources for their
cats” health and, in cases of sporotrichosis, they were
not able to provide diagnosis and treatment. There-
fore, public policies that provide such tools free of
charge are crucial.

Although all reported sporotrichosis cases in
both the Brazil and Paraguay sides of the border
were included, most isolates originated from Bra-
zil. The population numbers for the cities at the tri-
ple border region are similar; the 2024 population
of Foz do Iguagu was 295,000 (28) and of Ciudad
del Este was 339,000 (29). The numbers for the fe-
line populations are not known for either city. The

Sporothrix brasiliensis at Border of Brazil

Table 3. Outcomes of cats with sporotrichosis according to
clinical form of disease in study of Sporothrix brasiliensis
treatment failure without initial elevated itraconazole MICs in
felids at border of Brazil*

Qutcomes No. (%) cats
Cutaneous disseminated disease, n = 66
Death 40 (61)
Clinical cure 16 (24)
Lost to follow-up 34)
Euthanized 7 (11)
Fixed cutaneous disease, n = 37
Clinical cure 29 (78)
Lost to follow-up 5(14)
Euthanized 3(8)
Extracutaneous disease, n = 51
Clinical cure 5 (100)

*Total number of cats with sporotrichosis was 108.
tAbsence of skin lesions but presence of extracutaneous signs, such as
sneezing, dyspnea, and nasal discharge and other respiratory signs.

differences in sporotrichosis cases are partly the
result of the river between the 2 countries, which
halted spread originating from the east of Brazil.
In addition, differences between the healthcare sys-
tems of the 2 countries might play a role. In Brazil,
the Health Unic System (SUS) is a decentralized
system, meaning that the city decides how the re-
sources from the state and the federal government
will be used (30). In Paraguay, a centralized health
system has most action concentrated in the capital,
Asuncién, which is 324 km from the border (30).
Although the Epidemiologic Laboratory in Ciudad
del Este can track cases and diagnose sporotricho-
sis in cats and humans free of charge, not enough
clinicians and veterinarians are available.

In this study, uncastrated and unvaccinated
male cats represented most patients with feline
sporotrichosis, as previously described (31). Unvac-
cinated cats may have comorbidities such as feline
leukemia virus, calicivirus, herpes, and panleuko-
penia, leading to immunosuppression and rapid
evolution to the disseminated form of sporotricho-
sis (32). Castration of male cats reduces produc-
tion of testosterone and curbs behaviors of territory
disputes and sexual intercourse between male and

Table 4. Treatment regimen and duration among 50 clinically cured cats and 40 that died from sporotrichosis according to clinical form
of disease in study of Sporothrix brasiliensis treatment failure without initial elevated itraconazole MICs in felids at border of Brazil

No. cats

Sporotrichosis treatment Duration Clinically cured Died
Cutaneous disseminated disease, n = 56

No treatment applied Not applicable 0 12

ltraconazole + potassium iodide 1-4 wk 0 12

ltraconazole + potassium iodide 2—7 mo 3 16

ltraconazole + potassium iodide 8-12 mo 11 0

ltraconazole + potassium iodide 13-15 mo 2 0
Fixed cutaneous disease, n = 29

ltraconazole 2-6 mo 12 0

ltraconazole 7-12 mo 17 0
Extracutaneous disease, n =5

ltraconazole + potassium iodide 2—6 mo 5 0

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025
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Figure 2. Minimum-spanning
tree of isolates in study of
Sporothrix brasiliensis treatment
failure without initial elevated
itraconazole MICs in felids at
border of Brazil. Tree comprises
283 isolates, including 108
isolates based on 9 short tandem
repeat markers from this study
(red and yellow); green, blue,
and pink indicate comparison
isolates from previous studies;
and numbers in the key represent
the number of isolates from each
location. Gray dashed circle
indicates Rio de Janeiro clade.
Regions of Brazil: south, Parana,
Rio Grande do Sul; southeast,
Rio de Janeiro, Minas Gerais,
Séo Paulo, Espirito Santo;
central-west, Federal District.

female cats, both of which usually involves fights
with injuries, so reducing those interactions de-
creases chances of transmission to female cats and
newborn kittens (33). Because most cats in this study
were >12 months of age, public interventions (vac-
cination and neutering programs) at <12 months of
age would likely reduce the risk for transmission of
sporotrichosis. Such measures are crucial to control
and prevent sporotrichosis based on a One Health
approach, which also reinforces the need for pub-
lic health education, especially about responsible
cat ownership. Furthermore, the lack of awareness
about this disease among health professionals is a
primary difficulty in identifying sporotrichosis in
humans and animals, making searching for cases
more difficult (12). Thus, public health education on
responsible feline ownership and increasing disease
awareness in health professionals are the first steps
toward preventing sporotrichosis outbreaks and
providing effective treatment (34).

To show the genetic relatedness among the S.
brasiliensis isolates, we performed short tandem re-
peat analysis (35). All isolates clustered in the Rio
de Janeiro clade and were closely related to isolates
from the south and southeastern parts of Brazil. Curi-
tiba and other cities in the Brazil state of Paranda have
steadily reported S. brasiliensis cases since 2011, and
those isolates display identical or highly related geno-
types (16). The introduction of S. brasiliensis in regions
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could happen by the movement of sick or colonized
cats (11). The isolates from this study were closely re-
lated to those from Curitiba, which, like Foz do Igua-
cu, is in Parana state, although the 2 regions are >600
km apart. Even though all our isolates clustered in the
Rio de Janeiro clade (16), we identified different geno-
types, so multiple introductions cannot be excluded.
Whole-genome sequencing is needed to elucidate the
origin of S. brasiliensis in this region and whether all
isolates originate from the same strain. Finally, we ob-
served different clinical manifestations and mortality
rates, but those differences were not related to differ-
ent genetic backgrounds of isolates.

We determined MIC values for 9 different an-
tifungal drugs for S. brasiliensis isolates in both the
pure yeast and mycelial phases and microscopically
confirmed results. According to the interpretation
of an international multicenter study for definition
of tentative ECVs for mycelial S. brasiliensis (23), all
isolates were susceptible to amphotericin B, itracon-
azole, voriconazole, posaconazole, and terbinafine
(36). Espinel-Ingroff et al. used standard incubation
of 2-3 days at 35°C, according to the CLSI reference
standard M38 for filamentous fungi, whereas in our
study, we used 30°C to avoid conversion of the mold
form. We found that incubation at 35°C induces
transition to the yeast phase, taking up to 2 weeks
for full transition. Because Espinel-Ingroff et al. did
not perform microscopy, the ECVs possibly were
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established on a mixture of filamentous and yeast
phases in that study. Moreover, many centers were
excluded because of insufficient or unsuitable data,
suggesting suboptimal methodology or implemen-
tation (23). Thus, additional studies are required to
analyze the impact of yeast-mold mixtures resulting
from short incubation at 35°C versus pure mold at
30°C on the MICs and to establish the ECVs. None-
theless, the normal distribution of our MIC values
indeed suggests an absence of non-wild-type iso-
lates. Of note, we found mycelial phase MICs were
overall higher than those for the yeast phase. One
explanation for that difference is the higher concen-
tration of melanin in the cell wall in the filamentous
phase. Melanin is associated with a reduced suscep-
tibility to antifungal drugs. However, it is important
to note that MICs for most of the drugs in the my-
celial phase were read at 100% inhibition compared
with growth control, whereas at the yeast phase,
inhibition was 50%. Therefore, direct comparisons
of the MICs between both phases should be made
with caution.

AFST results might not reflect in vivo treatment
in the absence of clinical breakpoints (34). Nonethe-
less, for itraconazole, which is the first-choice drug
for feline treatment (15,34), MICs of all isolates

Sporothrix brasiliensis at Border of Brazil

in both phases were below the tentative ECV, and
similar results were reported earlier (17,37). In
contrast, other studies recently found MICs of itra-
conazole and other azoles above the tentative ECV
(19,38). Of note, the reported bimodal distribution
with low and elevated MICs for itraconazole, and
the identification of cyp51 mutants (19) suggests
that those MICs would also be well above the tenta-
tive ECV in conditions of pure mycelial and yeast
phase (23). That discrepancy with our study might
be because we included different strains. Our col-
lection consisted of closely related genotypes only,
and strains were isolated before start of treatment.
Smaller MIC differences could also be explained by
differences in AFST protocols, including the mixed
presence of filamentous and yeast phases. Other
factors, including panel preparation, media or re-
agents, and inoculum preparation, might influence
AFST results. Finally, because the mycelial form
had the least variation in our genotypically similar
isolates, is easiest to use, and mycelial AFST data
seemingly correspond to in vivo failure of voricon-
azole (39), the mycelial phase might be most suit-
able for AFST. A multicenter evaluation compar-
ing robust AFST methodologies in a genotypically
variable cohort would be needed to establish the

Figure 3. Distribution of MICs for 108 clinical isolates in study of Sporothrix brasiliensis treatment failure without initial elevated
itraconazole MICs in felids at border of Brazil. MICs were determined according to Clinical Laboratory and Standards Institute M38 (22)
and M27 (24) guidelines. Red dotted lines indicate division of wild-type versus non—wild-type isolates based on ECV values proposed
by Espinel-Ingroff (23), when available. The ECV value for voriconazole is 32 pg/mL. MICs are given in pg/mL. For AFG and MFG, the
MEC50 (filamentous phase) was determined. AFG, anidulafungin; AMB, amphotericin B; FLU, fluconazole; ISA, isavuconazole; ITC,

itraconazole; M, mycelial phase; MEC

50’

minimal effective concentration that inhibits 50% of isolates; MFG, micafungin; MIC

MIC that

50’

inhibits 50% of isolates; POS, posaconazole; TRB, terbinafine; VOR, voriconazole; Y, yeast phase.
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best method to determine antifungal susceptibil-
ity for S. brasiliensis. Moreover, further research is
needed to determine whether inoculum incubation
at 35°C, in adherence with the M38 guideline for the
mycelial phase, has influence on MIC outcome in
comparison to incubation at 30°C.

We observed a high (61%) mortality rate in cats
with the disseminated form and no sporothrichosis-
related deaths in cats with the fixed cutaneous form.
Other studies reported unfavorable clinical outcomes
in 32%-59% of cats with the disseminated form (40-
42). In our study, all cats with extracutaneous form
achieved clinical cure, in contrast with previous stud-
ies, which generally considered that form to be indica-
tive of a poor prognosis and high chances of treatment
failure and death (15,41). Of note, all isolates in our
study were genetically similar and displayed initially
low MICs of itraconazole, used for sporothrichosis
treatment in all cats. The 50% MIC levels of strains
isolated from cats with the disseminated form that
were cured were also not different from those that
were not cured. Thus, the mortality rate in cats with
the disseminated form is not because of initial elevat-
ed MICs, although we cannot exclude the develop-
ment of reduced susceptibility overtime because we
did not collect isolates after itraconazole treatment.
The observation that transmission only involved itra-
conazole-susceptible isolates, because we did not find
an isolate with high MIC in any cat, suggests that an
increase in MICs was probably uncommon, if present
at all. Moreover, some cats from the same household
became infected months after each other, and in those
households no elevated MICs were found, suggest-
ing no resistance was acquired within the households
despite itraconazole exposure. However, isolates col-
lected after itraconazole exposure should be tested to
formally exclude resistance development. Regarding
treatment failure, other factors, such as disease pro-
gression, treatment variations, and host factors, like-
ly were involved in treatment failure in this cohort.
Besides clinical outcomes, treatment duration was
different between clinical forms. Cats with the fixed
cutaneous form were treated for fewer months. Dis-
ease progression is likely to play an important role,
but erratic itraconazole pharmacokinetics might also
be involved.

For feline sporotrichosis, the proposed itracon-
azole dose by the guideline for the management of
feline sporotrichosis caused by S. brasiliensis is 100
mg/24 hours for cats >3 kg (15). To our knowledge,
however, a robust dose-response study evaluating the
efficacy of that dose is lacking. When administering
the medication, guidelines recommend opening the
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capsules over a small amount of wet food (15); how-
ever, no studies have verified the absorption degree
of itraconazole administered that way. In dissemi-
nated cases, whether itraconazole can reach the mu-
cous membranes at an adequate level for cure also is
unknown. Moreover, the disease in the disseminated
form could be too advanced to treat with itraconazole.
However, suboptimal itraconazole blood levels pro-
long treatment and increase risk for resistance devel-
opment in other diseases (43,44). Optimal dosing to
reach effective serum itraconazole concentrations in
severe disease would enable the best standard of care,
but that information is not available for cats. Alterna-
tive therapeutic strategies should be investigated for
the disseminated feline form to reduce mortality.

In summary, our investigation of cat-transmitted
sporotrichosis caused by S. brasiliensis at the triple
border region of Brazil, Paraguay, and Argentina
found that varying clinical manifestations of sporo-
trichosis and large differences in mortality rates were
not caused by elevated itraconazole MICs. Early di-
agnosis and effective treatment for this infection are
crucial to prevent disease progression, death, and
transmission to other humans and animals.
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Insights into Infant Strongyloidiasis,
Papua New Guinea

Huan Zhao, Juciliane Haidamak, Eva Noskova, Vladislav llik, Barbora Paf¢o, Rebecca Ford,
Geraldine Masiria, Tobias Maure, Nichola Kotale, William Pomat, Catherine Gordon, Severine Navarro,
Paul F. Horwood, Constantin Constantinoiu, Andrew R. Greenhill, Richard S. Bradbury

The human-infecting parasite Strongyloides fuelleborni
subspecies kellyi has been reported from the island of New
Guinea. We analyzed fecal DNA extracts (n = 164) from
19 infants in Papua New Guinea by using Strongyloides
real-time PCR and undertook metabarcoding of cox1 and
18S rRNA hypervariable regions | and IV loci. Eight infants
were infected with Strongyloides spp.; 7 were infected with
S. fuelleborni subsp. fuelleborni and 1 with a Strongyloides
sp. previously misattributed to S. fuelleborni subsp. kellyi.

New Guinea, consisting of Indonesian New Guin-
ea in the west and Papua New Guinea in the
east, is the world’s largest tropical island and a biodi-
versity hotspot. The island is home to the widespread
and well-understood human pathogen S. stercoralis
but also to a unique and enigmatic agent of human
strongyloidiasis, the nematode Strongyloides fuel-
leborni subspecies kellyi (1-3). This S. fuelleborni-like
intestinal nematode of humans was first reported
in western Papua New Guinea in 1971 (4) and later
found in Indonesian New Guinea (5).

There was taxonomic confusion over the iden-
tity of the New Guinea Strongyloides and its rela-
tionship to S. fuelleborni from Africa. Unlike S. ster-
coralis, which is passed as rhabditiform larvae, S.
fuelleborni subsp. kellyi is passed as eggs, resembling
those of larvated hookworms, in feces (1,6). Viney
et al. observed the adult nematodes were morpho-
logically distinguishable by subtle differences in
the peri-vulval cuticle of parasitic female specimens
and the phasmidial pore position of free-living male
specimens (3). A separate isoenzyme electrophoresis

Phylogenetic and haplotyping analyses indicated S. fuelle-
borni in Papua New Guinea belongs to the Indochina sub-
clade of S. fuelleborni subsp. fuelleborni and is not a unique
subspecies. We report molecular evidence of S. fuelleborni
subsp. fuelleborni infection in humans in the Pacific. Our
findings also demonstrate the potential co-existence of an
undescribed human-infecting Strongyloides sp. on the is-
land of New Guinea, indicating a need for renewed clinical
and epidemiologic investigations into infant strongyloidiasis.

analysis revealed that the 2 worm isolates clustered
closely, separate from other mammal-infecting
Strongyloides spp. (7). On the basis of those findings,
subspeciation of S. fuelleborni into 2 subspecies was
proposed (3): S. fuelleborni subsp. fuelleborni, and S. fu-
elleborni subsp. kellyi for the New Guinea nematode.
Of note, strains of S. fuelleborni from Asia were not
included in that analyses (3,7).

The epidemiology of S. fuelleborni subsp. kellyi
nematodes is similarly enigmatic. Infection in chil-
dren has been observed within 3 weeks after birth (6).
One study found the incidence of infection rose rap-
idly in the first 12 months of life and then stabilized
until 5 years of age, at which age-related incidence
began to drop (8). How infection occurs in children so
young is unclear. Transmammary transmission has
been suggested (6), although a screening of breast-
milk from 40 mothers in an endemic village during
the 1970s revealed no larvae (9). Nonhuman primates,
the animal reservoir of S. fuelleborni subsp. fuelleborni,
are not native to New Guinea, and attempts to find
an animal reservoir for S. fuelleborni subsp. kellyi by
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screening domestic animals, including pigs, chickens,
and dogs from villages where infections occurred at
high prevalence in humans, were unsuccessful (4,7).

Heavy S. fuelleborni subsp. kellyi infection has
been implicated as the cause of swollen belly syn-
drome (SBS), a rapidly fatal disease in infants around
2 months of age (6). SBS is a protein-losing enter-
opathy characterized by eosinophilia, distended ab-
domen, diarrhea, and respiratory distress (10). The
etiology of SBS remains poorly understood. SBS was
observed during 1974-1983, predominantly in 2 re-
mote villages in mountainous regions of Papua New
Guinea, Kanabea (Gulf Province, #1270 m above sea
level) and Wanuma (Madang Province, #750 m above
sea level). Only occasional, sporadic cases were re-
ported elsewhere (6). In Kanabea, infection with an
egg-producing Strongyloides sp. was found in 100%
of infants 3-8 weeks after birth, with a mean aver-
age egg burden of 94,000 eggs/mL of feces (9). SBS
caused 8% of infant deaths in this village until specif-
ic anthelmintic therapy was introduced (6). This pos-
sible correlation of Strongyloides sp. infection to SBS
is despite reports of high burdens and prevalence
of Strongyloides eggs, presumed to be S. fuelleborni
subsp. kellyi, in infants across several other regions
of Papua New Guinea, where infections were associ-
ated with nutritional deficiencies but not SBS (11,12).
An unknown factor was proposed to be involved in
the development of SBS (10).

We found only 1 S. fuelleborni subsp. kellyi DNA
sequence recorded to date (13), a 330-bp segment of
18S (small subunit) rRNA that covers the hypervari-
able region (HVR) I (14). Phylogenetic analysis on the
basis of this region placed S. fuelleborni subsp. kellyi in
a clade with S. cebus, S. papillosus, and S. venezuelensis
but distant from S. fuelleborni subsp. fuelleborni. That
work prompted calls to elevate S. fuelleborni subsp.
kellyi to the species rank (2). However, a criticism of
that finding is that 185 rRNA HVR-I is a poor marker
for inferring taxonomic positions of Strongyloides spp
(15,16). That gene region did not enable the separation
of Strongyloides spp. with spiraled and straight ovary
morphotypes, whereas nearly full-length 185 rRNA
and 28S rRNA sequences did (13,17). Furthermore,
1 study (13) found S. fuelleborni subsp. fuelleborni to
be phylogenetically closer to S. stercoralis than to S.
papillosus, contradicting evidence suggested by mito-
chondrial genome data (18). Molecular taxonomy of
Strongyloides spp. determined by using markers such
as mitochondrial cytochrome oxidase subunit 1 (cox1)
and 185 rRNA HVR-IV showed considerable consis-
tency with whole-genome and mitochondrial genome
analyses (18,19). The true phylogeny and taxonomic
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identity of S. fuelleborni subsp. kellyi could be eluci-
dated by using those informative markers.

Despite its public health significance, S. fuelleborni
subsp. kellyi remains a neglected and underexplored
human helminth. This enigmatic causative agent of
strongyloidiasis in New Guinea warrants focused
research to clarify its identity and epidemiology. We
analyzed fecal DNA extracts from 19 infants in Papua
New Guinea to explore the identity of S. fuelleborni
subsp. kellyi infection.

Methods

Sampling

We obtained samples from a 1-year longitudinal
study investigating gut health in infants in Eastern
Highlands Province, Papua New Guinea, during
2018-2019 (Figure 1). Ethics approval was obtained
from the Papua New Guinea Institute of Medical Re-
search Institutional Review Board (approval no. 1614)
and the Papua New Guinea Medical Research Advi-
sory Committee (approval no. 17.17). Infants were
enrolled into the study within the first 5 weeks after
birth. Initially, parents gave consent for participation
in the study during antenatal clinic visits; after birth,
informed consent was obtained from >1 parent or le-
gal guardian. Fecal samples were collected from par-
ticipants monthly for 12 months.

For our study, we investigated the presence of
Strongyloides spp. in fecal samples from 19 total in-
fants, 12 boys and 7 girls. For samples used in our
study, infants were 0-101 days (average 30 days)
of age when their first fecal sample was collected.
Clinical data on the participants was limited, but no
marked gastrointestinal pathology was noted during
the study.

Fresh fecal samples were transported to the
Papua New Guinea Institute of Medical Research
(Goroka, Papua New Guinea), where they were
stored at —70°C. Samples were subsequently sent to
Queensland Institute of Medical Research-Berghofer
Medical Research Institute (Herston, Queensland,
Australia) and James Cook University (Townsville,
Queensland, Australia) for laboratory analysis. We
extracted DNA from each sample by using a QlAamp
DNA mini kit (QIAGEN, https://www.qiagen.com).
Before extraction, we mixed fecal samples (=200 mg)
with 500 pL of rapid 1-step extraction buffer, 15 pL
of proteinase K, and 500 pL of 0.5-mm silica/ zirconia
beads (Daintree Scientific, http://www.daintreesci-
entific.com.au) in 2-mL screw-cap tubes (Starstedt,
https:/ /www .sarstedt.com). We homogenized the
tubes at 6,500 rpm for 40 seconds by using a Precellys
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Figure 1. Sampling locations from study of infant strongyloidiasis, Eastern Highlands Province, Papua New Guinea. Participant numbers
are shown for each location. Inset shows location of study area on the island of New Guinea.

homogenizer (Bertin Technologies, https://www.
bertin-technologies.com). After homogenization, we
incubated the samples at 95°C for 5 minutes and then
centrifuged at 4,000 relative centrifugal force for 3
minutes. We transferred the supernatant to a new 1.5-
mL tube and then followed the QIAGEN protocol for
DNA extraction.

We assessed the extracted fecal DNA for qual-
ity and quantity by using a NanoDrop 2000 (Thermo
Fisher Scientific, https://www.thermofisher.com).
We used DNA samples with a concentration >10 ng/
uL, and a 260/280 ratio between 1.6 and 2.10 as quan-
titative PCR templates. We reextracted 5 samples that
did not meet those requirements; all subsequently
reached the required DNA concentration. We then
diluted the DNA 1:5 with Milli Q water (Thermo
Fisher Scientific) and subjected it to 2 Strongyloides
qPCRs (20,21). We confirmed positive qPCR results
by triplicate testing and samples were considered
positive when the cycle threshold (Ct) was <35. To
tentatively infer the identity of the qPCR product, we
conducted Sanger sequencing of positive amplicons
from the 2 qPCRs, targeting a 471-bp region of 185
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rRNA (20) and a 138-bp repeat sequence (21) by us-
ing the BigDye Direct Cycle Sequencing kit (Thermo
Fisher Scientific).

We also performed a metabarcoding assay tar-
geting 185 rRNA HVR-IV (=252-bp) by using the Illu-
mina MiSeq Reagent Nano Kit v2 (Illumina, https://
www.illumina.com) (16). We then subjected positive
samples to additional metabarcoding of the 185 rRNA
HVR-I (~432-bp) and partial cox1 (217-bp) genotyp-
ing targets (16) by using the same Illumina MiSeq
platform. We conducted sequencing with 500 cycles
(paired-end, 250-bp) for 185 rRNA products and 300
cycles (paired-end, 150-bp) for the cox1 products to
ensure adequate sequencing coverage.

Statistical and Bioinformatic Analysis

We imported demographic and qPCR data into Excel
(Microsoft, https:/ /www.microsoft.com) for statisti-
cal analysis. We had the raw Illumina sequencing data
analyzed by 3 blinded researchers at James Cook Uni-
versity and the Institute of Vertebrate Biology (IVB)
through 2 different computational pipelines: a cus-
tom Geneious Prime (https://www.geneious.com)
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workflow as previously published (16) at both James
Cook University and IVB, and a combination of
Skewer (22) and DADAZ2 (23) packages implemented
in R software version 4.2.2 (The R Project for Statisti-
cal Computing, https://www.r-project.org) at IVB.
Both pipelines incorporated read quality control,
contig assembly, and haplotype assignment. We con-
ducted maximum-likelihood phylogenetic analysis
in MEGA 11 (https:/ /www.megasoftware.net) and
Bayesian inference phylogenetic analysis in MrBayes
(https:/ /nbisweden.github.io/MrBayes) on MUS-
CLE-aligned (https://github.com/rcedgar/muscle)
cox1 sequences by using the general time-reversible
model for nucleotide substitutions. We then used Co-
hen’s k to assess the diagnostic agreement between
different molecular methods for the detection of
Strongyloides spp.

Results

A total of 164 fecal samples were collected from 19
infants during 5-13 occasions over the study period
(Figure 1, 2). Eight (42%) of the 19 infants, comprising
6 boys and 2 girls, were found to be infected with a
Strongyloides spp. Infections were detected at an aver-
age age of 212 days (range 94-334 days) (Figure 2).
Of the 8 positive cases, fecal metabarcoding at cox1
and 185 rRNA HVR-I and HVR-IV loci identified 6
infections as S. fuelleborni subsp. fuelleborni and 1 as a
Strongyloides sp. previously attributed to S. fuelleborni
subsp. kellyi (13) (Table). The remaining positive sam-
ple could only be amplified at the qPCR 185 rRNA
target. That 471-bp sequence was 99.2% identical to
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a published S. fuelleborni subsp. fuelleborni sequence
(GenBank accession no. AB272235) by BLAST analy-
sis (https:/ /blast.ncbi.nlm.nih.gov/).

The previously published genus-specific gPCR
method (20) performed comparably with a previ-
ously published 185 rRNA HVR-IV metabarcoding
method (16) in detecting Strongyloides infections,
yielding a Cohen’s x coefficient of 0.85. The second
qPCR method (21) did not detect S. fuelleborni subsp.
fuelleborni but did detect the Strongyloides spp. previ-
ously considered S. fuelleborni subsp. kellyi (Figure 3).

We obtained sequences of 185 rRNA HVR-I (432-
bp) and HVR-1V (=252-bp) from 7 samples (Table).
Six positive samples harbored HVR-IV haplotype
S and HVR-I haplotype XIV, both genotypes previ-
ously identified in all S. fuelleborni subsp. fuelleborni
isolates from Asia. The remaining positive sample
was infected with 3 HVR-I haplotypes (deposited
into GenBank under accession nos. PV489780-2):
two with 275-bp sequences identical to the only pub-
lished sequence of S. fuelleborni subsp. kellyi (Gen-
Bank accession no. AJ417029) (13) and the third dif-
fering by 1 single-nucleotide polymorphism (SNP)
(T-C at position 28). HVR-I sequences of that Stron-
gyloides sp. (432-bp) differed from those of S. ransomi
(GenBank accession nos. LC324901, OP288111) by 2
SNPs and from S. venezuelensis (GenBank accession
no. AB923887) by 1 SNP (Figure 4). At the HVR-IV
locus, the 248-bp sequence was 100% identical to
sequences of S. ransomi (GenBank accession nos.
OP288111, KU724127) and S. venezuelensis (GenBank
accession no. AB923887).

Figure 2. Sampling frequency
and Strongyloides infection in
infants from Eastern Highlands
Province, Papua New Guinea. At
least 5 samples were collected
from each infant enrolled during
the first 13 months of life.
Samples that demonstrated
molecular evidence of
Strongyloides spp. infection are
shown. Sample locations are
indicated at right.
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Table. Strongyloides samples analyzed and their genotypes in study of infant strongyloidiasis, Papua New Guinea*

Sample Patient 18S rRNA HVR-IV 18S rRNA HVR-I

no. age, d/sex Species detected haplotypes haplotypes cox1 haplotypes

1 205/M S. fuelleborni subsp. fuelleborni S (PQ774622) XIV (PV489783) 3 OTUs (PQ774615-7)

2 94/M S. fuelleborni subsp. fuelleborni S (PQ774622) XIV (PV489783) 3 OTUs (PQ774615-7)

3 140/F S. fuelleborni subsp. fuelleborni S (PQ774622) XIV (PV489783) 2 OTUs (PQ774615,
PQ774616)

4 234/M S. fuelleborni subsp. fuelleborni S (PQ774622) XIV (PV489783) 2 OTUs (PQ774615,
PQ774616)

5 227IF Strongyloides spp. 1 OTU (PQ774624) 3 OTUs (PV489780—2) NAT

6 225/M S. fuelleborni subsp. fuelleborni S (PQ774622) XIV (PV489783) 2 OTUs (PQ774616,
PQ774617)

7 236/M S. fuelleborni subsp. fuelleborni S (PQ774622) XIV (PV489783) 2 OTUs (PQ774615,
PQ774616)

8 334/M S. fuelleborni subsp. fuelleborni NAT NAT NAZT

*Values in parentheses are GenBank accession numbers. HVR, hypervariable region; NA, not available; OTU, operational taxonomic unit.

tcox1 region cPCR did not amplify.

IMetabarcoding on the 18S rRNA HVR-IV locus yielded no detectable product on agar electrophoresis.

cox1 sequences were available for 6 samples, all
assigned to S. fuelleborni subsp. fuelleborni (Table).
The seventh sample, containing the genetically dis-
tinct Strongyloides sp., did not amplify. We identified
3 separate S. fuelleborni subsp. fuelleborni haplotypes
(deposited into GenBank accession nos. PQ774615-7).
Maximum-likelihood and Bayesian inference phylo-
genetic analyses on the cox1 locus placed S. fuelleborni
subsp. fuelleborni from Papua New Guinea in a clade
with S. fuelleborni subsp. fuelleborni from Myanmar
rhesus macaques (GenBank accession no. OL672153).
Those sequences also clustered closely with S. fuel-
leborni subsp. fuelleborni from Bangladesh (GenBank
accession nos. OR805176 and OR805181) (Figure 5).

Discussion

We provide molecular evidence of human infections
with S. fuelleborni subsp. fuelleborni outside of Asia
and Africa. The potential existence of an undescribed
human-infecting Strongyloides sp., previously misat-
tributed to S. fuelleborni subsp. kellyi (13), is also sug-
gested. On the basis of those findings, we hypothesize
that >2 genetically distinct, non-S. stercoralis Strongy-
loides nematodes infect humans in Papua New Guin-
ea and that S. fuelleborni subsp. kellyi, as previously
described (3), is not a unique subspecies but is likely
synonymous with the Asia-Pacific clade of S. fuelle-
borni subsp. fuelleborni.

Our phylogenetic findings corroborate a previ-
ously published study (3) that described very sub-
tle morphologic distinctions between S. fuelleborni
adult isolates from Africa and Papua New Guinea.
Both strains differed markedly in morphology from
S. ransomi in Papua New Guinea pigs. Because those
analyses did not include isolates of S. fuelleborni sub-
sp. fuelleborni from Asia, and no morphologic studies
of this nematode from Asia exist, it is possible that
study described the first representatives of what is

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025

now recognized as the clade of S. fuelleborni subsp.
fuelleborni from Asia (3). Further comparative mor-
phologic and genomic analyses of adult isolates
from Africa, Asia, and the Pacific are required to
test that hypothesis. If confirmed, the finding would
warrant a revision of current subspecies epithets
to reflect the divergence between Africa and Asia-
Pacific S. fuelleborni.

In Africa and Asia, S. fuelleborni subsp. fuelleborni
is a common infection of nonhuman primates and is
considered a zoonosis originating from those animals
(24,25). Multiple studies suggest human-to-human
transmission of S. fuelleborni subsp. fuelleborni occurs
in some regions of Africa (25,26). This suggestion is
supported by genetic analysis (27) identifying a hu-
man-specific subpopulation among S. fuelleborni sub-
sp. fuelleborni isolates from Africa. Because of the ab-
sence of a nonhuman primate reservoir on the island
of New Guinea, it is likely that S. fuelleborni subsp.
fuelleborni has adapted to exclusive human-to-human

Figure 3. Euler diagram showing the performance of 2 gPCRs
(20,21) and 18S rRNA HVR-IV metabarcoding (16) for the
detection of Strongyloides spp. in 164 infant fecal samples from
Papua New Guinea. Values in parentheses are no. positive
samples/total no. tested. HVR, hypervariable region; gPCR,
quantitative PCR.
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Figure 4. Schematic of MUSCLE-aligned (https://github.com/rcedgar/muscle) Strongyloides sp. 18S rRNA HVR-l sequences from study
on infant strongyloidiasis, Papua New Guinea. Sequences obtained are marked with red circles. Previously published sequences are
annotated with their GenBank accession numbers. S. f. fuelleborni, S. fuelleborni subsp. fuelleborni; S. f. kellyi, S. fuelleborni subsp. kellyi.

transmission after being introduced to Papua New
Guinea through human migration (28).

The distinct Strongyloides genospecies identified
in 1 infant from this study corresponds to the geno-
species previously misattributed to S. fuelleborni sub-
sp. kellyi (13). This species was indistinguishable from
S. ransomi and S. venezuelensis at the 185 rRNA HVR-
IV locus and exhibited only 1-2 SNPs at the HVR-I
locus, suggesting a recent common ancestry among
them. An earlier isoenzyme electrophoretic analysis
(7) found that 4 of 26 Strongyloides isolates recovered
from persons in Papua New Guinea clustered closely
with S. ransomi from local pigs. Although there was
speculation those samples might have originated
from pigs, it is plausible they represented the same
distinct species identified in this and a previous study
(13). However, caution is warranted when interpret-
ing taxonomic placements based solely on single-lo-
cus 18S rRNA data from fecal DNA, without accom-
panying morphologic data, because those inferences
might be artifactual. Detailed morphologic analysis of
adult isolates, combined with whole-genome or mi-
tochondrial genome sequencing, is needed to resolve
the taxonomic status of this nematode.

Historical reports of S. fuelleborni subsp. kellyi pre-
dated the molecular eraand relied solely on microscop-
ic identification of Strongyloides eggs (4,6,8,9,12,28).
Those data require reassessment because they might
conflate infections with 2 co-endemic human-infect-
ing Strongyloides spp. nematodes. Surveys conducted
during 1976-1997 in Papua New Guinea reported S.
fuelleborni subsp. kellyi prevalence of 20%-93% in chil-
dren, with rates reaching 60% within the first year of
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life (6,8,9,12,28). We similarly found a high incidence
of S. fuelleborni infection (7/19), but also 1 infection
(1/19) with an undescribed Strongyloides sp. in Papua
New Guinea infants. Future surveillance for strongy-
loidiasis in New Guinea should use species-specific
molecular tools to differentiate those 2 agents.

Our findings provide explanation for much of the
unknown epidemiology of infant strongyloidiasis in
Papua New Guinea. Patent S. fuelleborni infections in
infants as young as 18 days of age have been found in
Papua New Guinea (6). Sampling of breastmilk from
mothers in Papua New Guinea (29) did not identify
any Strongyloides larvae; however, difficulties in ob-
taining fecal samples from those mothers left their
infection status uncertain. In the same village, the
prevalence of Strongyloides spp. in adult feces was
only 14% (12). In a survey of 25 lactating mothers of
infants with confirmed S. fuelleborni subsp. fuelleborni
infection in the Democratic Republic of the Congo,
Strongyloides spp. filariform larvae were found in the
breast milk of 1 mother (30). That finding suggests
transmammary transmission could be responsible for
the high rate of infection in infants as young as 50-74
days of age in that region (30). Because our genetic
analysis indicates the worms we identified belong to
clades of the same species, it is plausible that trans-
mammary transmission to Papua New Guinea infants
might occur. That speculation warrants further inves-
tigation, and the use of molecular genotyping tools
might be necessary to track transmission patterns.

The attribution of S. fuelleborni subsp. kellyi as the
causative agent of infantile SBS requires further valida-
tion. Despite S. fuelleborni infection being widespread
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Figure 5. Phylogenetic tree of Strongyloides fuelleborni subsp. fuelleborni on the basis of cox1 sequences from study on infant
strongyloidiasis in Papua New Guinea. Bayesian posterior probability and maximum-likelihood bootstrap support percentages (1,000
replicates) are indicated at the nodes. Black dots indicate sequences obtained in this study. Previously published sequences are
annotated with their country of origin, host species, and GenBank accession numbers. Clades and subclades of S. fuelleborni subsp.
fuelleborni are color-coded on the basis of geographic regions. Scale bar indicates number of substitutions per site. —, no statistics are
available; CAR, Central African Republic; PNG, Papua New Guinea
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in children in some parts of Africa, SBS has not been
reported from that continent (25). Neither has SBS as-
sociated with S. fuelleborni infection been documented
in Asia. The detection of a Strongyloides genospecies
closely related to S. ransomi of pigs raises an alterna-
tive hypothesis regarding the etiology of SBS in Papua
New Guinea. In newborn suckling piglets, S. ransomi
infection causes a protein-losing enteropathy charac-
terized by villus atrophy, malabsorption, diarrhea,
progressive dehydration, hypoproteinaemia, anemia,
anorexia, emaciation, sudden death (31,32), and re-
duced hepatic protein synthesis (33), a clinical picture
strikingly similar to SBS in infants from Papua New
Guinea (1,6). Because of the substantial genetic similar-
ity observed between S. ransomi and this genospecies,
a shared pathogenic mechanism is plausible. S. ransomi
detection in only 1 of 19 infants also mirrors the rare
and sporadic occurrence of SBS previously reported
in this population (6,9,10). Further research is needed
to explore this hypothesis and clarify the etiology and
epidemiology of SBS.

In our study, not all diagnostic Strongyloides spp.
qPCRs detected S. fuelleborni infection. The Llewelyn
modification (20) of Verweij (34) qPCR appears ge-
neric and detected all except 1 S. fuelleborni infection.
In contrast, the Pilotte S. stercoralis qPCR (21) only
amplified DNA of the undescribed Strongyloides sp.
and did not detect S. fuelleborni infections. That find-
ing demonstrates that the specificity of PCR diagnos-
tics used must be considered in future surveillance of
Strongyloides spp. infections in humans and animals,
because the choice of qPCR might markedly affect the
findings of any survey.

In summary, we present molecular evidence of
human infections with S. fuelleborni subsp. fuelleborni
nematodes in Papua New Guinea. On the basis of this
evidence and existing morphologic data on S. fuelleborni
subsp. kellyi, we hypothesize that S. fuelleborni subsp.
kellyi is not a unique subspecies but rather represents
S. fuelleborni subsp. fuelleborni Asia-Pacific clade infec-
tions occurring in humans in New Guinea. We further
molecularly identified an undescribed Strongyloides
species in 1 infant from Papua New Guinea and raise
questions about the possible role of this undescribed
species in the etiology of infantile SBS. Renewed clini-
cal, epidemiologic, and taxonomic investigations into
infant strongyloidiasis in this region are needed to in-
crease clinician awareness of such infections and guide
prevention and treatment efforts.
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Related Melioidosis Cases
with Unknown EXxposure Source,
Georgia, USA, 1983—-2024

Skyler Brennan,* Julie M. Thompson,* Christopher A. Gulvik, Taylor K. Paisie, Mindy Glass Elrod,
Jay E. Gee, Caroline A. Schrodt, Katherine M. DeBord, Brian T. Richardson, Jr., Cherie Drenzek,
William A. Bower, Alex R. Hoffmaster, Zachary P. Weiner, Caitlin M. Cossaboom, Julie Gabel

We identified 4 cases of presumptive autochthonous
melioidosis during 1983-2024 in Georgia, USA. Epide-
miologic investigation identified no recent international
travel before illness; all cases were geographically linked,
and 3 patients became ill after a severe weather event.
Bioinformatic analyses revealed Burkholderia pseudom-
allei genome sequences were highly related, suggesting
a shared exposure.

elioidosis is a potentially severe disease caused
by the gram-negative environmental bacterium
Burkholderia pseudomallei (1), which is predominantly
found in tropical and subtropical regions. The medi-
an incubation is 4 days (total range 1-21 days) after
exposure. Clinical manifestations vary, and infection
can cause local or disseminated disease, including
fulminant sepsis. Mortality ranges from <10% with
early recognition and access to intensive care to >40%
without treatment (1,2). Melioidosis does not develop
from B. pseudomallei exposure in most persons, but co-
morbidities such as diabetes, which is prevalent in the
southeastern United States (3), increase the risk (2).
Most melioidosis cases in the United States are
associated with travel to endemic areas, but some
were domestically acquired after exposure to im-
ported household products (4,5). In 2022, three hu-
man cases were genetically linked to environmental
B. pseudomallei isolated from the US Gulf Coast (6).
Predictive modeling studies suggest environmental
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conditions in the southeastern United States are suit-
able for B. pseudomallei (7). In endemic regions, infec-
tions increase during the rainy season and after se-
vere weather events such as hurricanes (1,2,8,9). The
Atlantic hurricane season spans from June 1-Novem-
ber 30 annually (10).

The Study
On September 26, 2024, category 4 Hurricane Helene
made landfall in Georgia, USA (Table), resulting in
heavy rainfall, flooding, and windspeeds reaching
100 mph. On October 9, blood cultures from 2 patients
in Georgia were presumptive positive for B. pseudom-
allei. The Georgia Department of Public Health dis-
covered the patients shared a common worksite with
exposure to mud, dust, wind, and 10 inches of rain.
Patient 1, a man in his 50s with no comorbidities,
no reported international travel, and no US military
service, reported working in muddy conditions on
September 26, 2024. He performed routine vehicle in-
spections involving checking air pressure of vehicle
tires, high-pressure hosing, and physical contact with
mud. He became ill on September 28 and was hos-
pitalized October 2 with fever, chills, weakness, and
shortness of breath. Chest, abdominal, and pelvic im-
aging were unremarkable. Healthcare providers di-
agnosed severe sepsis. After the presumptive positive
blood culture, treatment with 30 days of intravenous
meropenem and oral doxycycline began on October
9, and then 3 months of oral doxycycline (11) was ini-
tiated. The patient was discharged on October 16.
Patient 2, a man in his 60s with no comorbidi-
ties, travel to the Bahamas in 2022, and no US mili-
tary service, reported operating heavy equipment
at the worksite during September 26-29, 2024, and
frequent contact with soil. We could not confirm if

1These first authors contributed equally to this article.
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Table. Characteristics, clinical findings, and timeline of events among 4 patients with related melioidosis infections, Georgia, USA,
1983-2024*

Characteristics Patient 1 Patient 2 Patient 3 Patient 4
Preceding weather event Hurricane Helene (Category 4) Hurricane Hugo None
(strengtht) (Category 4)
Weather event date 2024 Sep 26 2024 Sep 26 1989 Sep 22 None
Symptom onset date(s) 2024 Sep 28 2024 Sep 29 1989 Oct 5 Unknown
Hospitalization admission date 2024 Oct 2 2024 Oct 1 Unknown Unknown
Laboratory findings at admission (reference range)
Leukocyte count (4-11 x 10° 14.98 5.92 Unknown Unknown
cells/L)
Neutrophils (39.4%—72.5%) 77.8% 82.5% Unknown Unknown
Platelet count (140-400 x 162 73 Unknown Unknown
10%L)
AST (15-37 U/L) 37 193 Unknown Unknown
ALT (16-61 U/L) 76 79 Unknown Unknown
Imaging findings at admission Chest radiograph: Chest radiograph: Unknown Unknown
unremarkable; persistent pneumonia with nodule in
nodule/density in left mid- left lung, suspected
lung zone. CT abdomen  bronchogenic neoplasm. CT
and pelvis with IV contrast: abdomen and pelvis without
unremarkable contrast: unremarkable
Comorbidities None identified None identified Diabetes None identified
Outcome Discharged Discharged Died Died
Discharge or death date 2024 Oct 16 2024 Oct 20 1989 Oct 1983 Oct
Hospital readmission date None 2024 Nov 9 None None
Laboratory findings at readmission (reference range)
Leukocyte count (4-11 x 10° NA 125 NA NA
cells/L)
AST (15-37 U/L) NA 705 NA NA
ALT (16-61 U/L) NA 500 NA NA
Imaging findings at readmission NA Chest radiograph: negative NA NA
for consolidation. CT
abdomen and pelvis without
contrast: enlarged,
edematous prostate,
consistent with prostatitis
Readmission outcome NA Discharged NA NA
Readmission discharge or death NA 2024 Nov 15 NA NA
date
International travel history (year) NA Bahamas (2022) Unknown South Korea (1950s),
Vietnam (1960s)
United States military service NA None World War I World War Il, Korean
history War, Vietham War

*ALT, alanine aminotransferase; AST, aspartate transferase; CT, computed tomography; IV, intravenous; NA, not applicable.
THurricane category according to the Saffir-Simpson Hurricane Wind Scale (70).

he performed high-pressure hosing. He became ill
on September 29 and was hospitalized October 1 for
fever, chills, weakness, confusion, and body aches.
Chest imaging revealed pneumonia. Results of ab-
dominal and pelvic imaging were unremarkable.
Healthcare providers diagnosed severe sepsis with-
out septic shock. After presumptive positive blood
cultures, treatment with 30 days of intravenous
ceftazidime and oral doxycycline began on October
9, and then 3 months of oral doxycycline (11) was
initiated. The patient was discharged October 10.
Patient 2 was readmitted on November 9 for fa-
tigue, malaise, weakness, and shortness of breath.
Abdominal and pelvic imaging suggested prostati-
tis. The patient received 6 weeks of intravenous me-
ropenem and oral doxycycline beginning November

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 31, No. 9, September 2025

15 and then 3 months of oral doxycycline. Blood and
urine cultures were positive for B. pseudomallei. Re-
peat blood cultures had no growth by November 12.
The patient was discharged on November 15 and was
lost to follow-up.

We confirmed the patient isolates as B. pseudo-
mallei by using the Centers for Disease Control and
Prevention’s (CDC) Laboratory Response Network
algorithm. We extracted isolate DNA for whole-
genome sequencing (WGS) as previously described
(6). Multilocus sequence typing (ST) indicated all
isolates were ST41, which is associated with strains
of Eastern Hemisphere origin. Phylogenetic analy-
sis indicated the new patient-derived genomes
grouped with strains from East and Southeast Asia
(Figure 1) (6).
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We conducted WGS on 7 B. pseudomallei isolates
from CDC’s multidecade surveillance archive on the
basis of ST or geographic proximity to the 2024 cases
for higher resolution analysis (6). Five isolates were
ST41 and clustered with the 2024 patient-derived ge-
nomes (12,13). Two isolates were from 1 person who
traveled to Vietnam, 2 were from 2 retired US military
members, and data were limited for 1 (Figure 2). The
bacterial genomes from the 2024 patients were highly
related to each other and to the 2 from the retired US
military members (<20 single-nucleotide polymor-
phisms apart across all genomes). One publicly avail-
able ST41 genome related to this cluster was from a
patient who traveled to Vietnam.

We requested medical and military service records
from the National Archives and Records Administra-
tion for the 2 retired service members, who died from
melioidosis in 1989 and 1983. At the time of their
deaths, both lived in the same county in Georgia as the
2024 patients. Records were incomplete for patient 3,
who died in October 1989. He was a US Army and Air
Force Veteran who served in World War Il and had no
records of service in Vietnam. He was hospitalized at
a Veterans Affairs facility in Georgia before his death.
Patient 4, who died in October 1983, was a US Navy
and Army veteran who served in World War II, the
Korean War, and the Vietnam War. For 20 years, he
worked on a military base located <1 mile from the

Figure 1. Global maximum-likelihood phylogenetic tree of core-genome single-nucleotide polymorphisms comparing new isolate
genomes from 4 related melioidosis cases with unknown exposure source, Georgia, USA, 1983—-2024 (red rectangle), with all
B. pseudomallei genomes from the Center for Disease Control and Prevention’s internal and National Center for Biotechnology

Information’s worldwide RefSeq databases as of August 6, 2024 (n = 1,976 genomes). Strain MSHR668 was used as an outgroup. New
isolate genomes are distinct from B. pseudomallei genomes isolated from the environment in Mississippi (blue rectangle). Isolates with
a reported geographic origin are associated with their country of origin and rings are colored according to definitions listed in The World
Factbook (https://www.cia.gov/the-world-factbook). Scale bar units represent substitutions per site from a 22% core alignment against
B. pseudomallei strain 110 (7.78 Mbp size, RefSeq accession no. GCF_001905265.1).
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Figure 2. Subpanel maximum-likelihood phylogeny of refined mutation-only core single-nucleotide polymorphism sites of isolate
genomes from 4 related melioidosis cases with unknown exposure source, Georgia, USA, 1983—-2024, which includes the clinical
isolates from the 2 patients from Georgia in 2024 (red dashed rectangle). B. pseudomallei genome sequences from the patient isolates
were highly related to each other and to 2 other patients from Georgia in 1983 and 1989 (gray rectangle). Those genomes clustered
most closely with genomes from Southeast Asia, particularly from Vietnam. Tree leaves contain year of isolation and National Center
for Biotechnology Information sequence read archive and RefSeq accession numbers that correspond to each isolate. Branch numbers
indicate the number of single nucleotide polymorphisms per site. MLST, multilocus sequence type; ST, sequence type.

shared worksite of the 2024 patients. Records indicate
patient 3 retired 36 years before his death and patient 4
retired 12 years before his death. Weather records indi-
cate no hurricanes affected the area in 1983. In Septem-
ber 1989, Hurricane Hugo made landfall in the United
States as a Category 4 storm and affected this area of
Georgia with 3-5 inches of rain.

Conclusions

This investigation identified 4 presumptive autoch-
thonous human melioidosis cases in Georgia, USA.
Without leveraging historical surveillance isolates ar-
chived at CDC, we would have concluded the 2024
cases represented a potential new local or imported
exposure. However, the relatedness of patient-derived
isolates and the close geographic proximity of all 4 pa-
tients in Georgia are strongly suggestive of a shared,
locally acquired environmental exposure, dating back
to the 1980s. Only patient 4 was known to have trav-
eled to Southeast Asia in his lifetime. Although acti-
vation of B. pseudomallei from latency 2 decades after
exposure during the Vietnam War is plausible, it is rare
(14). Further, retrospective review of available medical
records from patients 3 and 4 revealed no earlier ill-
nesses or hospitalizations consistent with melioidosis,
and reactivation would not explain the epidemiologic
and WGS links to the other cases. Persistence of a sin-
gle ST of B. pseudomallei in the environment over sev-
eral decades has been reported (15). Introduction and

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 31, No. 9, September 2025

persistence of B. pseudomallei in the environment from
repatriation of personnel or equipment associated with
the Vietnam War is possible, but other sources of en-
vironmental introduction or local exposure cannot be
ruled out. Isolation of B. pseudomallei from the envi-
ronment is needed to determine local endemicity and
characterize the public health risk.

Trimethoprim/sulfamethoxazole (TMP/SMX) is
the recommended first-line antimicrobial drug for B.
pseudomallei infection; doxycycline is indicated with
TMP/SMX intolerance. Relapses are more common
with doxycycline compared with TMP/SMX (11).

All 4 patients from Georgia became ill or died in
September and October. High wind speeds, rain, or
flooding associated with hurricanes might have contrib-
uted to infections in 3 of the patients. Because hurricanes
regularly affect the US (10), increased knowledge of
melioidosis among healthcare providers is needed, par-
ticularly if patients have contact with floodwater, mud,
or debris. Persons should wear waterproof clothing or
boots, cover wounds if they cannot avoid floodwater,
and follow local safety guidance during hurricanes.
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CYP2D6 Genotype and
Primaguine Treatment in
Patients with Malaria, Venezuela

César Pacheco, Adan Hernandez-Acosta, Narviz Pulido, Yvanna Ceballos,
Daniel Saavedra, Cruz Gémez, Nancy Moreno,* Flor Herrera?

We determined CYP2D6*4 and CYP2D6* genotypes
and metabolizer phenotypes in 96 patients with sus-
pected malaria in Venezuela and found intermediate or
poor metabolizer phenotypes in =25% of cases. Nine of
44 malaria patients had Plasmodium vivax recurrence.
Public health authorities should evaluate the benefits of
increasing total doses of primaquine for treatment.

Malaria is prevalent in different tropical and
subtropical regions, including those in Africa,
Asia, and Latin America (1). In Latin America, Brazil,
Colombia, and Venezuela account for 76.8% of all re-
ported cases. Most (72.1% in 2023) cases in that region
are attributed to Plasmodium vivax (1). Sucre State is a
malaria-endemic region in Venezuela, where P. vivax
is almost the only species (2). Treatment of P. vivax
malaria involves a combination therapy of chloro-
quine and primaquine, a prodrug that requires meta-
bolic activation to elicit its antimalarial effect against
hypnozoites (3).

Activation of primaquine is catalyzed by the
metabolic enzyme cytochrome P450 2D6 (CYP2D6),
which belongs to the CYP450 superfamily, a group of
enzymes responsible for metabolism of many com-
monly prescribed drugs (4). The CYP2D6 gene is
highly polymorphic and has >150 different alleles (4),
encoding CYP2D6 isoforms with normal, decreased,
increased, or no activity. In Venezuela, several CY-
P2D6 genotypes exhibiting the most prevalent null
allele, CYP2D6*4 (1846 G>A, rs3892097), and the less

frequent CYP2D6%6 allele (1707delT, rs5030655) have
been documented (5,6). For instance, the CYP2D6%4
allele was observed at a frequency of 14% in an urban
admixed population from Aragua, a nonmalaria state,
and in Amerindian populations at frequencies of
4.2%-42.5% from Zulia (nonmalaria state) and 1.7 %-
5.45% from Bolivar (malaria state). The CYP2D6*6 al-
lele was observed at frequencies ranging from 0.3% to
1.2% in 2 urban admixed populations (5,6).

Malaria patients” response to primaquine treat-
ment is contingent on the level of CYP2D6 activity.
In cases where CYP2D6 activity is low, probability
of treatment failure is higher (4). Because CYP2D6 is
necessary for primaquine metabolism, we determined
the genotype of the most common CYP2D6*4 variant
and a less common CYP2D6%6 variant with null ac-
tivity and predicted the metabolizer phenotype in a
sample of Mestizo persons with suspected P. vivax
malaria from malaria-endemic Sucre state, Venezu-
ela. We also evaluated the response to the standard
treatment with primaquine.

The Study

We conducted this study by using a sample of 96
patients (60 men and 36 women) exhibiting malaria
symptoms. The patients were unrelated to each other
and >18 years of age. We recruited the patients in De-
cember 2022 from 4 health centers in the city of Cu-
mand, municipality of Sucre, Sucre state, Venezuela
(Figure). We collected peripheral blood samples from
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Figure. Geographic area of
Sucre municipality from a study
of CYP2D6 genotype and
primaquine treatment in malaria,
Venezuela. Crosses represent
health center locations in the
Sucre municipality. Inset shows
map of Venezuela with Sucre
state in black.

the patients after they provided informed consent
as approved by the Instituto de Investigaciones Bio-
meédicas, Universidad de Carabobo Bioethics Com-
mittee (approval no. CBIIB-UC/2022-2).

We performed microscopic malaria diagnosis
and validated positive results by using PCR (3). We
extracted genomic DNA as previously described (7)
and conducted genotyping in accordance with previ-
ously outlined methods (5). If we observed no nucleo-
tide change in the 2 allelic variants analyzed, we des-
ignated the allele as CYP2D6*1.

We predicted metabolizer phenotype by using
the activity score (AS) system (8). In brief, we as-
signed values to the identified alleles ranging from 0
for no-function alleles (*4, *6) to 2 for normal-function
alleles (*1). The AS value of a given genotype is the
sum of the assigned values for each allele. We des-
ignated patients with AS of 0 as poor metabolizers,
AS of 1 as intermediate metabolizers, and AS of 2 as
normal metabolizers (8,9).

Among 96 participants, 44 (45.83%) were ma-
laria positive. As expected, P. vivax malaria was

1808

predominant; 43 (97.72%) of the 44 malaria-positive
patients were infected with P. vivax, and 1 (2.27%)
was infected with P. falciparum. Of the 44 malaria-
positive patients, 30 (68.18%) were men and 14
(31.81%) were women, which we anticipated: men
have a higher malaria risk than women because
their occupations are more likely to involve out-
door work, like fishing. The patients received stan-
dard oral primaquine treatment (0.25 mg/kg/d for
14 days) (3). On day 28, we evaluated patients for
malaria recurrence, which was characterized by fe-
ver and parasitemia (10).

We compared samples from the 52 malaria-
negative participants and the 44 malaria-positive
participants and found similar genotype profiles.
CYP2D6*1*1 was the predominant genotype, which
indicated a normal metabolizer phenotype. We saw
a percentage of 75% in the 96 patients with the CY-
P2D6*1*1 genotype across both nonmalaria and ma-
laria patients (Table). The other 25% of analyzed geno-
types manifested as intermediate or poor metabolizer
phenotypes, among which the CYP2D6*1*4 genotype
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CYP2D6 Genotype in Patients with Malaria

Table. Genotypes CYP2D6*4 and CYP2D6*6 and predicted phenotypes malaria and nonmalaria, Venezuela*

Genotype Activity score Predicted phenotype

Nonmalaria patients, no. (%), n =52

Malaria patients, no. (%), n = 44

1*1 2 Normal metabolizer 39 (75) 33 (75)

1*4 1 Intermediate metabolizer 9(17.31) 8 (18.19)
1*6 1 Intermediate metabolizer 2 (3.85) 1(2.27)

4*4 0 Poor metabolizer 1(1.92) 1(2.27)

6*6 0 Poor metabolizer 0 1(2.27)

6*4 0 Poor metabolizer 1(1.92) 0

showed the highest frequency and had an average of
17.75% across both groups. That frequency is substan-
tially higher than the low frequency (2.37%) of that
genotype identified within the population identified
in Madagascar (11). However, in 5 areas of Brazil, the
CYP2D6*1*4 genotype exhibited a high frequency
(35%-50%) (12). That variation can be attributed to
the different ethnic origins of the genotype, which
differ across regions. The ancestors of the popula-
tion of Madagascar are believed to be from Asia and
Africa, whereas the ancestors of the highly hetero-
geneous populations from Venezuela and Brazil are
thought to be from Spain and Portugal. In addition,
the CYP2D6*4 genotype frequency within the group
from Europe is high (13). The metabolizer phenotype
profile showed notable similarity across both groups;
75% of patients exhibited a normal metabolizer pro-
file, 20.8% showed an intermediate metabolizer pro-
file, and 4.19% displayed a poor metabolizer profile.
Those values agree with values observed in ethnicity
from Europe, thereby providing further substantia-
tion for the initial assertion (13).

P. vivax recurrence was observed in 9 (20.5%)
patients (6 men and 3 women); 7 exhibited an in-
termediate metabolizer phenotype, and 2 exhibited
a poor metabolizer phenotype. That phenomenon
might be attributed to a substantial correlation be-
tween the CYP2D6 alleles with diminished activity,
such as CYP2D6*4 and *6, and the occurrence of pri-
maquine therapeutic failure in patients infected with
P. vivax (4). High rates of relapses have already been
reported in Venezuela (14; J. Huber et al., unpub.
data, https://www.medrxiv.org/content/ medrxiv/
early/2022/05/12/2022.04.19.22274042.full). The re-
currence of P. vivax shown in this study might be pre-
ventable by administering a higher dose (7.0 mg/kg)
of primaquine instead of the conventional dose (3.5
mg/kg) (10).

The first limitation of this study is the low num-
ber of patients; thus, our results might not be repre-
sentative of all malaria-infected populations. Second,
we only conducted patient monitoring on day 28 and
thus only determined the clinical and parasitologic
response and not the absence of P. vivax recurrence,
which requires meticulous monitoring over a period
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of =6 months (9); thus, we might have missed recur-
rence that occurred after 28 days.

Conclusions

We estimated that #25% of malaria patients had non-
functional alleles that would impair efficacy of pri-
maquine. The corresponding predicted intermediate
metabolizer phenotype was 20.8% and the poor me-
tabolizer phenotype was 4.19% in a sample of malaria
patients and nonmalaria patients susceptible to infec-
tion with P. vivax in Sucre, a malaria-endemic state of
Venezuela. Those data are consistent with the 20.5%
recurrence rate observed in P. vivax patients. To ef-
fectively treat malaria in the region, we recommend
that public health authorities evaluate the potential
benefits of increasing total doses of primaquine (7.0
mg/kg; 0.5 mg/kg/d) over a period of 14 days as an
alternative to the current treatment regimen.
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EID Podcast

Telework during
Epidemic
Respiratory lllness

The COVID-19 pandemic has caused us
to reevaluate what “work” should look like.
Across the world, people have converted
closets to offices, kitchen tables to desks,
and curtains to videoconference back-
grounds. Many employees cannot help but
wonder if these changes will become a
new normal.

During outbreaks of influenza, corona-
viruses, and other respiratory diseases,
telework is a tool to promote social dis-
tancing and prevent the spread of disease.
As more people telework than ever before,
employers are considering the ramifica-
tions of remote work on employees’ use of
sick days, paid leave, and attendance.

In this EID podcast, Dr. Faruque Ahmed,
an epidemiologist at CDC, discusses the
economic impact of telework.

Visit our website to listen:
https://go.usa.gov/xfcmN
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Gastric Submucosal Tumor
INn Patient Infected with
Dioctophyme renale Roundworm,
South Korea, 2024

Dong-Min Kim,! Youngdae Kim, Jung In Lee, Jun-Won Seo, Da Young Kim,
Na Ra Yun, Beomgi Lee, You Mi Lee, Choon-Mee Kim,* Sung-Chul Lim

We describe a case of a gastric submucosal tumor in a
patient in South Korea infected with Dioctophyme renale
roundworm. The patient had a history of consuming raw
freshwater fish. Molecular and morphologic analyses
confirmed D. renale Infection. Genetic testing should be
used to diagnose rare parasitic infections with unusual
clinical manifestations.

he giant kidney worm (Dioctophyme renale) is the

largest parasitic roundworm and infects the kid-
neys of carnivorous mammals such as mink (fam-
ily Mustelidae) (1). D. renale roundworms are found
worldwide except in Africa. Female worms reach up
to 103 cm long, and male worms reach up to 45 cm
long (2). At least 49 mammal species, including hu-
mans, have been identified as definitive hosts of D.
renale roundworms (2). Humans typically acquire D.
renale infection from consuming raw or undercooked
freshwater fish or frogs.

Mustelid mammals are the most common defini-
tive hosts of D. renale roundworms, although infection
may occur in other carnivorous mammals, including
canids, raccoons, and otters. Adult male and female
worms reside and sexually reproduce in the kidneys
of the host. The eggs are excreted in the urine and,
once reaching a freshwater environment, develop
into first-stage larvae within 1 month. Those larvae
are ingested by oligochaete worms (phylum Anneli-
da), the intermediate hosts, in which they develop to
infective third-stage (L3) larvae. Paratenic hosts, such
as fish, frogs, and toads, become infected by consum-
ing the oligochaetes, which harbor encysted L3 larvae.

Author affiliation: Chosun University College of Medicine,
Gwangju, South Korea
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When a carnivorous mammal consumes an infected
paratenic host, L3 larvae migrate from the gastric wall
to the liver and preferentially infect the right kidney,
where they mature into adult worms and complete
their life cycle (3). We report D. renale roundworm in-
fection in a woman in South Korea who had a gastric
submucosal tumor.

The Study

A 53-year-old woman sought care for epigastric pain
that worsened on an empty stomach and improved
with eating. She had no notable medical history.
Two weeks before admission, she had consumed
raw smelt (Hypomesus olidus) and far-eastern catfish
(Silurus asotus) stews. A gastroendoscopy 4 days be-
fore admission revealed a 2-cm mass in the stomach,
prompting referral to the Department of Gastroen-
terology at Chosun University Hospital (Gwangju,
South Korea).

Examination showed a 3 x 2 c¢cm protruding
mass in the stomach, accompanied by cheese-like
exudates and edematous changes in the posterior
wall of the proximal gastric antrum (Figure 1). En-
doscopic ultrasound showed diffuse thickening (3.2
x 1.2 cm) and disruption of the submucosal layer
(Appendix Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/31/8/24-1944-Appl.pdf). A biopsy showed
a 1.8-cm roundworm, initially suspected to be a
transmural malignancy (Appendix Figure 2). We
then referred the patient to an infectious disease
clinic. The worm was successfully removed during
endoscopic biopsy, and follow-up revealed no ad-
ditional symptoms.

Laboratory results showed a leukocyte count of
5,060 cells/mm? (reference range 4,000-10,800 cells/

These authors contributed equally to this study.
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Figure 1. Gastric submucosal
tumor in patient infected

with Dioctophyme renale
roundworm, South Korea,
2024. A) Gastroscopy

showed a protruding mass-
like lesion measuring 3 x 2

cm on the posterior gastric
wall. B) Abdominal computed
tomography showed enhanced
wall thickening and a central low-
attenuation area at the greater
curvature of the gastric antrum.

mm?), eosinophil count of 230 cells/mm?® (reference
range 0-500 cells/mm?3), hemoglobin level of 13.2 g/
dL (reference range 13-17 g/dL), and total IgE level
of 52.5 IU/mL (reference range 0-358 IU/mL). ELISA
revealed IgG titers of 0.328 for Paragonimus westermani
(lung fluke) and 0.417 for Clonorchis sinensis (Chinese
liver fluke). Results of a routine fecal examination
was negative for parasites. The cross-section of the
dark red roundworm showed an absence of surface
spines and the presence of long polymyarian muscu-
lature and multilayered cuboidal intestinal cells with
large nuclei (Figure 2).

We performed PCR by using primers designed
against reference sequences of the roundworm (Ap-
pendix Table). The initial differential diagnoses in-
cluded Anisakis spp., Gnathostoma spp., and D. renale
roundworms on the basis of the patient’s history
and clinical manifestations. We ruled out Anisakis
spp. infection on the basis of negative PCR results
targeting the cyclooxygenase-2 gene (4). Next, we
considered Gnathostoma spp. Infection but ruled it
out because small subunit TRNA gene sequencing
showed 100% (974/974 bp) homology with D. re-
nale (GenBank accession nos. OR501903, OQ933019,
and 0Q918640), whereas sequence identity with

Figure 2. Dioctophym renale
larva stained with hematoxylin
and eosin in a study of

gastric submucosal tumor in
patient infected with D. renale
roundworm, South Korea,
2024. A) Cross-section displays
long subcuticular polymyarian
musculature and characteristic
intestines. Spines were not
observed on the surface of the
body. The intestinal epithelium
consists of multilayered cuboidal
cells with relatively large nuclei.

G. spinigerum (GenBank accession no. MT879607)
was only 79.05% (717/907 bp). Additional nested
PCR confirmed 100% (561 /561 bp) homology with D.
renale, further excluding Gnathostoma (83.83% iden-
tity [337/402 bp]) with G. spinigerum (GenBank ac-
cession no. MT879607). We deposited the confirmed
sequences in GenBank (accession nos. PP981196 and
PV168478).

To confirm the diagnosis, we performed cyclo-
oxygenase 1 gene-specific PCR, which yielded nega-
tive results for both D. renale and G. spinigerum. How-
ever, nested PCR targeting the dorylipophorin gene
showed 82.59% (503 /609 bp) homology with D. renale
(GenBank accession no. MW014827.1). Phylogenetic
analysis of the small subunit rRNA gene clustered the
sample with D. renale, supporting the final diagnosis
of D. renale infection (Figure 3). For the dorylipopho-
rin gene, only 1 registered sequence was available in
GenBank; therefore, constructing a phylogenetic tree
was not possible.

Patent infections by D. renale roundworms in hu-
mans are rare; the infections more often manifest as
larval migrans with L3 larvae (5). The larvae mature
into adults ~6 months after ingestion. Although hu-
mans are definitive hosts for kidney infections, the

Numerous dark brown granules (hematoxylin and eosin stain) are visible along the luminal border and are covered with microvilli.
Scale bar indicates 200 ym. B) Higher magnification of the specimen shown in panel A (yellow box), providing a closer view of the
characteristic intestine. These images suggested the presence of D. renale L3 larva. Scale bar indicates 2050 um.
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larvae often erratically migrate. The larvae are found
in the liver, abdominal cavity, and retroperitoneal
space and as subcutaneous nodules (6). One study re-
viewed 37 global human D. renale cases and found 32
in the kidneys and 5 within the thigh, abdominal wall,
and chest wall (7). The main clinical manifestations of
human dioctophymiasis were loin pain (59.5%) and
hematuria (59.5%) (8).

The long subcuticular polymyarian muscula-
ture, large boxy cells with prominent nuclei, and
dark brown granules in the intestine distinguish

Dioctophyme renale Roundworm, South Korea, 2024

D. renale from Gnathostoma spp. and Anisakis spp.
roundworms (8). Ectopic migration of D. renale L3
larvae might lead to tumor-like masses in other or-
gans, particularly in humans. In cases where round-
worms manifest as gastric tumors, morphologic
analysis and genetic confirmation are essential for
accurate diagnosis.

Conclusions
We confirmed D. renale giant kidney worm infec-
tion in this patient through both molecular and

Figure 3. Phylogenetic tree for Dioctophyme renale roundworm showing a sequence from a patient with gastric submucosal tumor
(black triangle), South Korea, 2024. Phylogenetic tree was based on the targeted 974-bp PCR amplicon sequence of D. renale from
small subunit rRNA gene (18s RNA gene) sequences retrieved from GenBank (accession numbers shown). CLUSTAL X (http://www.
clustal.org/clustal2) was used to construct phylogenetic tree by using neighbor-joining with 1,000 bootstrap replicates. We compared
the D. renale sequence from our case with other roundworm sequences, and it aligned with 100% homology to D. renale. Scale bar

indicates number of nucleotide substitutions per site.
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morphological analyses. The patient likely con-
tracted the infection by eating freshwater fish, spe-
cifically the far-eastern catfish (S. asotus) and smelt
(H. olidus). Conversely, Anisakis spp. infection typi-
cally occurs in raw saltwater fish. A study in Brazil
identified a 53.2% prevalence of D. renale L3 larvae
in Hoplosternum littorale, a freshwater catfish (9).
Therefore, H. olidus catfish may serve as an inter-
mediate host of D. renale roundworms in Korea.
Further research on intermediate hosts is neces-
sary. Because D. renale roundworms are found
worldwide, regionally investigating intermediate
hosts is crucial.

A limitation of this study is that we initially
considered the parasite to be Anisakis spp.; thus, we
obtained microscopic images of the entire specimen
and immediately cut it for PCR analysis, which left
no specimens for systematic morphologic analyses.
In addition, the 603-bp dorylipophorin gene prod-
uct was only 82.59% homologous to the D. renale
sequence in GenBank. Some PCRs, including those
targeting the cyclooxygenase 1 and dorylipophorin
genes, failed to produce amplicons, possibly be-
cause of low DNA quality or primer mismatch. Fur-
ther studies are needed to improve PCR conditions
and confirm suitable genetic targets for D. renale.
These findings might raise awareness among clini-
cians that D. renale infection can mimic anisakiasis
and that PCR for certain gene targets may fail, em-
phasizing the need for careful morphologic evalua-
tion and consideration of rare parasites in differen-
tial diagnoses.

In conclusion, although parasitic infections in
humans are rare, atypical clinical manifestations
may lead to diagnostic confusion among clinicians.
When encountering roundworms in the submu-
cosa or extragastrointestinal lesions, especially in
patients with a history of raw fish consumption,
clinicians should consider genetic testing along-
side morphologic diagnosis to rule out giant kid-
ney worms, anisakiasis, or gnathostomiasis. Accu-
rate diagnosis of rare parasitic infections through
molecular methods can prevent misdiagnosis and
guide appropriate treatment.

This study was supported by a research fund from the
Chosun University Hospital in 2023.
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Rapidly Progressing Melioidosis
Outbreak in City Center Zoo,
Hong Kong, 2024

Christopher J. Brackman,* lvan Tak-Fai Wong,* Allen S.L. Chan,! Patrick C.K. Pun,
Dorothy Hong-Ting Cheung, Anne C.N. Tse, Carlton P.M. Yuen, Pierra Y.T. Law,
Wing-Yin Tam, Franklin Wang-Ngai Chow, Gilman Kit-Hang Siu, Thomas Hon-Chung Sit

In October 2024, twelve primates from 4 species died
of sepsis at the Hong Kong Zoological and Botanical
Gardens. Postmortem examinations and microbio-
logical analyses confirmed Burkholderia pseudomallei
infection. Phylogenetic analysis revealed a clonal se-
quence type 46 strain with minimal variation, signifying
a single source. This outbreak highlights melioidosis
risk in zoo settings.

uring October 2024, a series of sudden primate

deaths occurred in the mammals section of the
Hong Kong Zoological and Botanical Gardens (HKZ-
BG), a popular city-center tourist attraction in Hong
Kong, China, managed by the Leisure and Cultural
Services Department. At the time of the outbreak, the
facility housed 80 nonhuman primates (NHPs) across
12 species. We report the clinical course of illness and
outcomes for the outbreak.

The Cases

On the morning of October 13, 2024, four monkeys
at HKZBG were found dead in their enclosures: 1
cotton-top tamarin (Saguinus oedipus), 2 white-faced
sakis (Pithecia pithecia), and 1 common squirrel mon-
key (Saimiri sciureus). Concurrently, another 2 cotton-
top tamarins, 1 white-faced saki, and 1 De Brazza’s
monkey (Cercopithecus neglectus) with clinical signs of
varying severity (e.g., lethargy, anorexia, fever) were
sent to the zoo clinic for examination and emergency
care; all 4 monkeys died later that day. Upon observed
clinical signs, 1 additional white-faced saki and 1

Author affiliations: Government of the Hong Kong Special
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A.S.L. Chan, P.C.K. Pun, A.C.N. Tse, C.P.M Yuen, P.Y.T. Law,
T.H.-C. Sit); Polytechnic University, Hong Kong (I.T.-F. Wong,
D.H.-T. Cheung, W.-Y. Tam, F.W.-N. Chow, G.K.-H. Siu)
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De Brazza’s monkey were isolated for intensive moni-
toring; the saki died on October 14 and the De Brazza’s
monkey on October 22. Another 2 common squirrel
monkeys hospitalized on October 16 died on October
19 and October 20 (Table; Appendix Figure 1, https:/ /
wwwnc.cdc.gov/EID/article/31/9/25-0823-
Appl.pdf).

In total, 12 monkeys spanning 4 species eventu-
ally died in this outbreak. Species-specific mortality
rates were high: 2 (50%) of 4 De Brazza’s monkeys,
3 (75%) of 4 common squirrel monkeys, 3 (50%) of 6
cotton-top tamarins, and 4 (36.4%) of 11 white-faced
saki died. Collectively, the deaths represented 15% of
the zoo’s NHP population and a 48% mortality rate
among the 25 animals comprising the 4 species, un-
derscoring the outbreak’s severity.

To safeguard public and animal health, the
mammals section of the zoo was temporarily closed
starting on October 14. All enclosures were thor-
oughly cleaned and disinfected. The remaining ani-
mals in the section were clinically healthy. Health
monitoring for staff who take care of animals
was provided, and health conditions of staff were
unremarkable.

A government working group conducted com-
prehensive follow-up actions, including postmortem
examinations and diagnostic testing, to investigate
the monkey deaths. On October 18, laboratory results
confirmed that all tested monkeys had died from
sepsis caused by Burkholderia pseudomallei infection.
The HKZBG veterinarian performed postmortem
examination and tissue sampling of the 8 monkeys
that initially died on October 13. The remaining 4
monkeys were sent to the Tai Lung Veterinary Labo-
ratory under the Agriculture, Fisheries and Conser-
vation Department of the Government of the Hong

These authors contributed equally to this article.
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Table. Characteristics and laboratory findings for a rapidly progressing melioidosis outbreak in city center zoo, Hong Kong, 2024*

Case no. Species Age, y/sex Onset of clinical signs  Date of death B. pseudomallei isolated (source)
Case 01 White-faced saki 2/M Found dead 2024 Oct 13 Yes (lung)

Case 02 Common squirrel monkey 18/M Found dead 2024 Oct 13 Yes (liver, lung, spleen)
Case 03 White-faced saki 24/F 2024 Oct 12 2024 Oct 13 Yes (liver, kidney, lung, spleen)
Case 04 White-faced saki 31/F 2024 Oct 13 2024 Oct 13 Yes (liver, lung, spleen)
Case 05 Cotton-top tamarin 3/M Found dead 2024 Oct 13 No

Case 06 Cotton-top tamarin 13/M 2024 Oct 13 2024 Oct 13 Yes (lung)

Case 07 De Brazza's monkey 11/M 2024 Oct 12 2024 Oct 13 Yes (liver, lung, spleen)
Case 08 Cotton-top tamarin 1M 2024 Oct 13 2024 Oct 13 Yes (liver, kidney, lung, spleen)
Case 09 White-faced saki 1/F 2024 Oct 13 2024 Oct 14 Yes (lung)

Case 10  Common squirrel monkey 6/F 2024 Oct 15 2024 Oct 19 Yes (liver, lung, spleen, brain)
Case 11 Common squirrel monkey 10/F 2024 Oct 15 2024 Oct 20 Yes (spleen)

Case 12 De Brazza's monkey 13/F 2024 Oct 13 2024 Oct 22 Yes (liver, spleen)

*All animals had Burkholderia pseudomallei detected by real-time PCR in liver or spleen tissue.

Kong Special Administrative Region for postmortem
examination, histopathology, and microbiological
testing. Gross and histopathologic findings of all ani-
mals demonstrated that the liver and spleen were the
most severely affected organs, characterized by acute
necrotizing to necrosuppurative splenitis (Figure
1, panel A) and hepatitis (Figure 1, panel B); intral-
esional gram-negative bacilli were detected (Figure
1, panel C). Evidence of hematogenous spread to the
lungs was also present in some monkeys, resulting in
mild fibrinonecrotic interstitial pneumonia.

Bacterial cultures yielded 11 pure isolates, which
were initially identified as Burkholderia spp. using a
Biotyper matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry system (Bruker,
https:/ /www .bruker.com). Real-time PCR targeting
a 115-bp fragment of the type III secretion system
confirmed B. pseudomallei (1). Additional molecular
screenings for monkeypox virus, coronavirus, SARS-
CoV-2, Leptospira spp., and influenza A virus all pro-
duced negative results.

Initial investigations hypothesized an environ-
mental source, including possible release from recent
soil disturbances in early October. A comprehensive
environmental assessment was conducted, including
PCR and culture of 25 soil, 27 drinking water, 10 feed
supplement, and 8 environmental samples. All sam-
ples tested negative for B. pseudomallei (Appendix).

B. pseudomallei was cultured from the liver, lungs,
or spleen of 11 of the 12 dead animals. The isolates un-
derwent whole-genome sequencing (Appendix), and
a hybrid assembly approach using Hybracter version
0.11.0  (https://github.com/gbouras13/hybracter)
generated high-quality, closed-gap complete genomes
(2). Multilocus sequence typing (MLST) based on pro-
files from the PubMLST database (https://pubmlst.
org) classified all isolates as sequence type (ST) 46 and
core-genome MLST (cgMLST) type 1070 (3).

For phylogenetic context, we constructed a
maximume-likelihood phylogeny comparing study
isolates to 40 reference B. pseudomallei genomes
representing ST46 and closely related sequence
types from GenBank (4). The tree used single-nu-
cleotide polymorphisms (SNPs) derived from 3,127
single-copy cgMLST genes (5) (Appendix). Results
showed that the 11 Hong Kong isolates clustered
together in a monophyletic clade with 100% boot-
strap confidence (Appendix Figure 2), exhibiting
exceptionally tight genetic relatedness of only 0-1
core-genome SNP (cgSNP) differences. In addition
to core-genome phylogeny, whole-genome average
nucleotide identity analysis further confirmed high
genetic similarity (99.99839%-99.99954%) among
the 11 isolates (Appendix Figure 3). Considering
that B. pseudomallei can develop 8 SNPs during a
12-day acute infection period (6), the minimal SNP

Figure 1. Gross and histopathological features of nonhuman primates who died during rapidly progressing melioidosis outbreak in

city center zoo, Hong Kong, 2024. A) Gross pathology of splenic lesion in a white-faced saki (Pithecia pithecia). The spleen exhibits
multifocal to coalescing necrosis. B) Necrotizing hepatitis of the liver in a cotton-top tamarin (Saguinus oedipus). Hematoxylin and eosin
stain; original magnification x200. C) Numerous gram-negative rods (black arrow) at the areas of necrosis in the liver of a cotton-top
tamarin. Gram stain; original magnification x1,000 with oil immersion objective.
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variation among the HKZBG isolates suggests a
single clonal infection source (7), likely from a
singular introduction event rather than sustained
transmission among the animals.

Focused comparative analysis of ST46 (Figure
2) revealed that the HKZBG clade was most closely
related to a clonal cluster of 3 strains from northern
Hainan Province, China, with a genetic distance of
18 cgSNPs. The next closest relatives were strains
from Australia (27 cgSNP difference) and Thailand
(31 cgSNP difference). Such minimal divergence
underscores that ST46 is a recurring sequence type
within the Asia-Oceania region. Although that ST
is the third most frequently reported in the global
PubMLST database and has been isolated from hu-
mans, the environment, and other animals, includ-
ing monkeys (8,9), it had not been previously report-
ed in Hong Kong. Moreover, the isolates from this
outbreak are genetically distinct from the local out-
break strain ST1996 reported in 2022 (10) and from
other local sequence types, such as ST70, ST37, and
ST32 (11) (Figure 3). Among globally reported ST46
strains, the closest relatives to the HKZBG clade

Melioidosis Outbreak in Zoo, Hong Kong

were strains isolated in 2002-2003 from northern
Hainan Province, China (National Center for Bio-
technology Information Assembly database acces-
sion nos. GCA_015312861.1, GCA_015312871.1, and
GCA_015312851.1) (Figure 2). Those isolates share
the same cgMLST type 1070 profile, suggesting that
this lineage has been established in southern China
for decades (12).

Conclusions

The rapid and nearly simultaneous deaths of mul-
tiple primates, together with the swift progression
of the disease, suggest that this melioidosis out-
break was the result of a concentrated or highly
virulent exposure event (13). Postmortem find-
ings revealed extensive hepatic and splenic in-
volvement in all animals. Although some animals
exhibited pneumonia, pulmonary lesions were
mild, and the pattern was characteristic of hema-
togenous spread to the lungs rather than bron-
chogenic. That finding is different from the le-
sions observed in NHP models after aerogenous
infection (14,15).

Figure 2. Phylogenetic analysis of Burkholderia pseudomallei ST46 genomes from nonhuman primates that died during rapidly
progressing melioidosis outbreak in city center zoo, Hong Kong, 2024. Tree compares case nos. 01-11 with 40 reference genomes
acquired globally from NCBI. Maximum-likelihood phylogenies of the single-nucleotide polymorphisms of the 3,127 single-copy
cgMLSTs are shown. Bootstrap analysis of 1,000 replicates was performed, and bootstrap values of selected nodes are shown. The
tree is midpoint rooted. The 11 monkey isolates formed a monophyletic clade with 100% bootstrap confidence. Distinct colors are used
as a visual aid to group isolates by their MLST, cgMLST, and geographic location. Scale bar indicates nucleotide substitutions per site.
cgMLST, core-genome MLST; MLST, multilocus sequence typing; ST, sequence type.
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1817



DISPATCHES

Figure 3. Spatial distribution and genetic relationships among Burkholderia pseudomallei STs reported in China and a rapidly progressing
melioidosis outbreak in city center zoo, Hong Kong, 2024. Colored circles on map show locations where different STs were reported; sections
indicate relative percentages of each ST in each location. Red numbers on the phylogenetic tree indicate core-genome single-nucleotide
polymorphism differences between strains; black numbers represent bootstrap values. The tree is midpoint rooted. The reference genome
used for comparison is a pseudogenome constructed by concatenating the first allele of each core-genome multilocus sequence typing gene
available in the PubMLST database (https://pubmlist.org). Scale bar indicates nucleotide substitutions per site. ST, sequence type.

Despite extensive investigations, including envi-
ronmental sampling and genomic analysis, the precise
source of infection in this outbreak remains unidenti-
fied. The initial hypothesis that soil disturbances re-
leased environmental B. pseudomallei was not supported
because of negative environmental results and because
most affected monkeys had long-term residency at the
z00 (many >6 years) with no history of melioidosis.

In reaction to this incident, the zoo implemented
stringent biosecurity measures, including thorough
enclosure disinfection and restricted access to affect-
ed areas. No further monkey deaths were recorded
after October 22, and no cases of human melioidosis
were noted during the investigation period.

This outbreak, which resulted in the loss of 12
monkeys, including critically endangered cotton-top
tamarins, highlights the potential threat of melioido-
sis in zoologic settings. Climate change potentially
could increase the incidence of B. pseudomallei infec-
tions, even in urban environments like Hong Kong,
requiring enhanced biosecurity, vigilant health moni-
toring, and a high index of suspicion for melioidosis
in cases of unusual illnesses and deaths in captive
wildlife. Such proactive measures are critical for pro-
tecting both animal and human health.
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Genetic Characterization of
Orientia tsutsugamushi,
Bhutan, 2015

Tshokey Tshokey, John Stenos, Mythili Tadepalli, Chelsea Nguyen, Stephen R. Graves

We performed molecular characterization of Orientia
tsutsugamushi on DNA sequences from 5 patients from
Bhutan with scrub typhus. In the 56 kDa gene, all iso-
lates aligned with those from other Asia countries, includ-
ing Nepal, India, Thailand, and Taiwan. High serum IgM
titers correlated with PCR positivity in acutely ill patients.

Orientia tsutsugamushi is an intracellular bacterium
that causes an acute febrile illness called scrub
typhus. It is transmitted through the bite of infected
trombiculid larva mites (chiggers). Globally, scrub ty-
phus is a huge public health burden, mainly in the
Asian tropics; overall seroprevalence is ~25% and is
higher in male than female patients (1). The detection
of scrub typhus in the Middle East and South Amer-
ica is evidence that scrub typhus may be endemic
beyond the traditionally described tsutsugamushi tri-
angle in the Asia Pacific region (1,2).

In Bhutan, scrub typhus is increasingly reported
as a significant public health problem; estimated annu-
al incidence is 62 cases/ 100,000 population (3). In 2015,
~7% of hospitalized patients with acute febrile illnesses
had scrub typhus, and a seroprevalence of ~23% was
reported in the general population (4). Although scrub
typhus is a huge public health problem in Bhutan,
data are limited to a few outbreak reports and sero-
epidemiologic studies with no information on genetic
diversity of O. tsutsugamushi. This study describes
the molecular characteristics of 5 O. tsutsugamushi
sequences from Bhutan. The Bhutan Research Ethics
Board of Health reviewed and approved the study. Pa-
tients provided written consent before participation.

Author affiliations: Jigme Dorji Wangchuck National Referral
Hospital, Thimphu, Bhutan (T. Tshokey); Flinders University,
Adelaide, South Australia, Australia (T. Tshokey); Australian
Rickettsial Reference Laboratory, Geelong, Victoria, Australia
(T. Tshokey, J. Stenos, M. Tadepalli, C. Nguyen, S.R. Graves)

DOI: https://doi.org/10.3201/eid3109.241763
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The Study

We used 5 real-time quantitative PCR (qPCR) posi-
tive samples and their corresponding serology re-
sults for this study. In a previous study that used the
same samples (4), blood samples were collected from
a population of acute febrile patients visiting differ-
ent hospitals in Bhutan and shipped to the Australian
Rickettsial Reference Laboratory (ARRL) for analy-
sis. The samples were tested for O. tsutsugamushi,
the causal agent of scrub typhus, by gPCR and serol-
ogy. For qPCR, DNA was extracted from the buffy
coat sample by using a HiYield DNA Mini Kit (Real
Genomics, http:/ /www.real-biotech.com) and tested
with the qPCR established in the ARRL and validated
previously (5). Antibody testing (initial screening fol-
lowed by end titration) used the microimmunofluo-
rescence assay established and used as the routine
protocol in the ARRL (6).

We amplified the O. tsutsugamushi samples that
tested positive by qPCR with conventional 56 kDa
PCR as described previously (7), with slight modifica-
tion. Macrogen Inc. (Seoul, South Korea; https://dna.
macrogen.com) sequenced the amplified DNA prod-
ucts (Figure). We submitted the 5 sequences to Gen-
Bank under accession numbers PQ206269, PQ206270,
PQ206271, PQ206272, and PQ206273 for samples num-
bered Bhutanl, Bhutan3, Bhutan5, Bhutan6, and Bhu-
tan?, respectively. In their corresponding antibody test
by microimmunofluorescence assay, all 5 qPCR-posi-
tive samples had very high titers for O. tsutsugamushi
IgM, IgG, or both, indicating acute illness (Table).

Conclusions

O. tsutsugamushi isolates from Bhutan appeared to
be located in 2 main clusters in the phylogenetic tree
(Figure) but are closely related. Samples Bhutanl,
Bhutan3, Bhutan6, and Bhutan7 belonged to 1 clus-
ter, and Bhutan 5 appeared to form a separate clus-
ter. Bhutan1 was similar to an isolate O. tsutsugamushi

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 31, No. 9, September 2025
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Figure. Orientia tsutsugamushi

56 kDa gene bootstrap consensus
phylogenetic tree from genetic
characterization study, Bhutan.
Red dots indicate the 5 sequences
characterized in this study. The
tree was inferred using the
neighbor-joining method. The
percentages of replicate trees

in which the associated taxa
clustered together in the bootstrap
test (1,000 replicates) are shown
next to the branches. GenBank
accession numbers are shown.

Table. Antibody test results of microimmunofluorescence assay screening and end titer for scrub typhus in study of Orientia
tsutsugamushi, Bhutan, 2015*

Orientia tsutsugamushi serotype test result

Sample Gilliam Kato Orientia chuto

no. Positive threshold IgG IgM IgG IgM 1gG IgM 1gG IgM

Bhutanl >1:128 1:256 1:2,048 <1:128 1:4,096 <1:128 1:4,096 <1:128 <1:128
Bhutan3 >1:128 <1:128 1:2,048 <1:128 1:4,096 <1:128 1:4,096 <1:128 <1:128
Bhutan5 >1:128 <1:128 1:1,024 <1:128 1:1,024 <1:128 1:1,024 <1:128 <1:128
Bhutan6 >1:128 1:1,024 1:1,024 1:1024 1:1,024 1:1,024 1:1,024 <1:128 <1:128
Bhutan?7 >1:128 1:256 1:512 1:512 1:512 1:256 1:256 <1:128 <1:128
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karp strain UT221 from northeastern Thailand (8). Iso-
lates Bhutan6 and Bhutan7 were in the same phyloge-
netic tree as that of O. tsutsugamushi CREX0 found in
the Maesot and Chiangrai areas of northwestern Thai-
land (9) and in China, Japan, and South Korea (10).
Isolate Bhutan3 was at the same level as isolates from
Nepal (11) and Taiwan (12) in the phylogenetic tree.
Bhutan5, which appeared to be in a different cluster
from the rest of the isolates, was related to isolates
from the Gorakhpur area in Uttar Pradesh, India,
which is geographically nearer to Nepal and the Hi-
malayas (13). Overall, all 5 isolates from Bhutan align
with the Asia cluster of O. tsutsugamushi, as expected.
None of the samples was related to O. chuto, which,
as of July 2025, had only been identified in the Middle
East (14) and Africa (15). The high serum IgM titers in
the 5 patients correlated well with their qPCR positiv-
ity. That finding suggests that in acute scrub typhus
infection, serologic tests that detect IgM and qPCR
might be useful tools for early diagnosis, which would
prompt early initiation of appropriate treatment to
prevent complications. We detected O. tsutsugamushi
antibodies against Karp, Gilliam, and Kato serotypes
but no O. chuto antibodies, indicating that O. chuto is
not circulating in Bhutan at the time of this study.

The main limitation of this study was that 5 DNA
samples were available for sequencing and only the
56 KDa gene was sequenced. That gene is the one
most commonly used for phylogenetic analysis be-
cause it contains the most polymorphisms. Thus, this
molecular report from Bhutan presents a preliminary
genetic characterization of O. tsutsugamushi. Studies
that include more samples and sequencing of addi-
tional gene targets will confirm characterizations.

In summary, we characterized 5 O. tsutsugamu-
shi sequences from patients in Bhutan and found that
they mostly align with isolates from other countries
in Asia. Serologic testing for IgM and qPCR testing
can provide early diagnosis of acute scrub typhus in-
fection and timely initiation of treatment to prevent
complications.
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Novel Henipavirus, Salt Gully Virus,
Isolated from Pteropid Bats,
Australia

Jennifer Barr, Sarah Caruso, Sarah J. Edwards, Shawn Todd, Ina Smith,
Mary Tachedjian, Gary Crameri, Lin-Fa Wang, Glenn A. Marsh

We describe isolation and characterization of a novel
henipavirus, designated Salt Gully virus, from the urine
of pteropid bats in Australia. We noted the virus to be
most closely related to Angavokely virus, not reliant on
ephrin receptors for cell entry, and of unknown risk for
human disease.

Bats of the genus Pteropus are natural reservoirs for
zoonotic viruses, including the henipaviruses: en-
veloped, nonsegmented, negative-sense RNA viruses
belonging to the family Paramyxoviridae (1). Hendra
virus (HeV) and Nipah virus (NiV) represent the pro-
totype henipaviruses and have caused fatal zoonotic
spillover events from pteropid bats into animals and
humans (2,3). High virulence, broad species tropism,
and a lack of approved human vaccines and thera-
peutics classifies HeV and NiV as risk group 4 patho-
gens, restricting handling to Biosafety Level 4 (4).

Researchers first identified henipaviruses when
an outbreak of HeV caused the death of 14 horses
and 1 horse trainer in 1994 in Brisbane, Queensland,
Australia (2). In total, 4 humans and >100 horses have
died from HeV infection (5,6). In 2009, researchers
isolated the first nonpathogenic henipavirus, Ce-
dar virus (CedV), from pteropid bat urine collected
during bat surveillance activities in Cedar Grove,
Queensland, Australia (7).

Pteropid bats are the only natural reservoir identi-
fied within Australia for henipaviruses and, globally,
detection of henipavirus relates most predominantly
with pteropid bats. However, reports have noted an
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increasing number of novel henipa-like viruses de-
tected in species of rodents, shrews, and opossums
(8-10); such viruses have been classified by the Inter-
national Committee on Taxonomy of Viruses in a new
genus, Parahenipavirus (11).

We describe isolation and in vitro characteriza-
tion of a novel pteropid bat-borne henipavirus in
Australia. We obtained full-length sequences and
assessed the virus’s genetic relationship to other
henipaviruses. We also compared the virus’s growth,
species tropism, and host cell receptor usage with
HeV and CedV.

The Study

On July 11, 2011, we collected 30 pooled bat urine
samples from a pteropid bat roost at Bicentennial
Park, Boonah, Queensland, Australia, for an HeV sur-
veillance project. We screened samples using quanti-
tative real-time PCR for HeV. Ten samples were nega-
tive for HeV and inoculated onto Vero (African green
monkey kidney) and primary Pteropus alecto kidney
(PaKi) cell monolayers. We observed no viral cyto-
pathic effects (CPE) after 7 days; however, the Vero
tissue culture supernatant (TCSN) from 1 sample
(BO13) tested positive when we employed generic re-
verse transcription PCR primers for paramyxovirus
and henipavirus/morbillivirus (12). Sequencing of
PCR products revealed a novel henipavirus sequence.
Further passage of this virus in Vero cells yielded no
CPE, and the virus did not replicate. However, when
we inoculated TCSN from Vero cells onto PaKi cells,
we observed replication and CPE. We then propa-
gated a working stock in Vero cells, resulting in viral
CPE demonstrating small syncytia, cell fusion, and
rounded up cells (Appendix Figure, https:/ /wwwnc.
cdc.gov/EID/article/31/9/25-0470-Appl.pdf). We
designated the novel virus Salt Gully virus (SGV)
based on the collection location.
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Figure 1. Phylogenetic analysis of members of the genus Henipavirus from a study investigating a novel henipavirus, Salt Gully
virus, isolated from pteropid bats, Australia. A) We aligned complete L protein amino acid sequences by using ClustalW (https://
www.genome.jp/tools-bin/clustalw) and inferred evolutionary history by using the maximum-likelihood method and the Jones-Taylor-
Thornton matrix-based model. B) We aligned complete virus genome sequences by Muscle software and inferred evolutionary history
by using the maximum-likelihood method and general time reversible plus gamma plus invariate sites model. Bootstrap support
values (1,000 replicates) are shown next to each branching node. Evolutionary analyses were conducted in MEGA11 (https://www.
megasoftware.net).
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Figure 2. Growth of Salt Gully
virus in Vero cells compared with
Hendra virus and Cedar virus
from study investigating a novel
henipavirus, Salt Gully virus,
isolated from pteropid bats,
Australia. Vero cell monolayers
were infected with each virus at
a multiplicity of infection of 0.01
in triplicate, and tissue culture
supernatant was collected

until day 8 for TCID,, assay to
determine the viral titer. Error
bars indicate the standard
deviation of the mean between
replicates. TCID,;, 50% tissue
culture infectious dose.
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Table. Growth of viruses in 5 mammalian cell lines 3 days postinfection in study of novel henipavirus, Salt Gully virus, isolated from

pteropid bats, Australia*

% Cell monolayer infected

Virus Vero PaKi HelLa EFK PK15a
Salt Gully virus 20-50 20-50 <20 0 0
Cedar virus >50 >50 >50 0 >50
Hendra virus 100 20-50 100 20-50 <20

*Cell types: Vero, African green monkey kidney; PaKi, Pteropus alecto kidney; HeLa, human epithelial; EFK, equine fetal kidney; PK15a, porcine kidney.

Next-generation sequencing of RNA extract-
ed from TCSN on the Illumina platform (https://
www.illumina.com), followed by genome assembly
and analysis, revealed a large, complete genome of
19,884 nt (GenBank accession no. PV233879), ad-
hering to the rule of 6 for paramyxoviruses (13).
This genome included 6 distinct open reading
frames that encoded 6 proteins: nucleocapsid (N),
phosphoprotein (P), matrix (M), fusion (F), gly-
coprotein (G), and RNA polymerase (L). In addi-
tion, an alternative start codon within the P gene
indicated the presence of a 7th open reading frame
and a C protein, consistent with other henipavirus
genomes. Whole-genome nucleotide alignment
with other known henipaviruses showed that SGV
shared 38% identity with HeV and NiV, 37% identi-
ty with Angavokely virus (AngV), and 35% identity
with CedV and Ghana virus. We determined SGV
to be phylogenetically most closely related to AngV
(Figure 1).

Investigating species tropism and growth kinet-
ics, we found that SGV infected Vero, pteropid bat,
and human cell lines, showing varying levels of CPE
by 3 dpi. We observed no viral CPE in porcine or pri-
mary equine cell lines by 7 dpi. HeV replicated in all
5 cell lines, and CedV replicated in all except equine
(Table). Initially, SGV displayed delayed replication
in Vero cells; however, SGV reached maximum viral
titer by 8 dpi at a titer comparable to HeV and CedV,
which peaked by 2 dpi and then declined (Figure 2).

We used human epithelial (HeLa)-USU cells and
recombinant HeLa-USU cell lines expressing ephrin-
B2 or ephrin-B3 to assess SGV receptor usage. We ob-
served viral CPE in HeLa cells expressing ephrin-B2
and ephrin-B3 for HeV and in ephrin-B2-expressing
HelLa cells for CedV after 2 dpi. HeV and CedV did
not infect HeLa-USU cells, as shown previously (14).
In contrast, SGV caused CPE in all 3 Hela cell lines
after 5 dpi, indicating usage of an unknown receptor
that is neither ephrin-B2 nor ephrin-B3 (Figure 3).

Figure 3. Ephrin-B2 and ephrin-B3 host cell receptor usage from a study investigating a novel henipavirus, Salt Gully virus (SGV),
isolated from pteropid bats, Australia. Three cell lines—HelLa-USU, recombinant HeLa-USU expressing ephrin-B2, and HeLa-USU
expressing ephrin-B3—were inoculated with SGV and observed daily for viral cytopathic effects (CPE). CPE was seen in all 3 cell lines
by 5 dpi, indicating that SGV does not use ephrin-B2 or ephrin-B3 as a host cell receptor. A) Uninfected HeLa-USU cells; B) uninfected
HelLa-USU cells expressing ephrin-B2; C) uninfected HeLa-USU cells expressing ephrin-B3; D) SGV-infected HeLa-USU cells; E) SGV-
infected HeLa-USU ephrin-B2 cells; and F) SGV-infected HeLa-USU ephrin-B3 cells. Scale bars indicate 400um.
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Conclusions

We detected SGV in bat urine samples collected in
Australia in 2011 and successfully isolated the virus
using pteropid bat cell lines. Initially, the CPE of in-
oculated Vero cells was minimal, requiring passage
in pteropid kidney cells to achieve efficient virus rep-
lication. Despite the identification of multiple new
henipa-like viruses in pteropid bats and small mam-
mals globally, viral isolation is largely unsuccessful
and remains a technical challenge. In our study, em-
ploying primary cell lines derived from the relevant
species resulted in virus isolation.

Full-length genome sequencing of SGV revealed
a genome organization consistent with other known
henipaviruses, with all predicted henipavirus protein
OREFs identified. Whole-genome alignments compar-
ing SGV to other henipaviruses revealed 35%-38%
identity at a nucleotide level. Of interest, phyloge-
netic analysis of the genome clusters SGV with AngV,
a henipavirus that was detected in fruit bats (Eidolon
dupreanum) in Madagascar in 2022 (15).

We assessed the ability for SGV to infect various
mammalian cell lines in vitro, including Vero, PaKi,
HeLa, equine fetal kidney, and porcine kidney cells.
SGV’s notable ability to infect human cells under-
scores its potential for human infection. Unlike HeV,
which infected all 5 cell lines, SGV did not cause CPE
in porcine or equine cells. SGV could grow to high
titer in Vero cells, albeit slower than HeV. Collec-
tively, these results indicate SGV may not have the
broad species tropism of pathogenic henipaviruses
but could pose a human risk.

Ephrin-B2 and ephrin-B3 are host cell receptors
for HeV and NiV (14), and the sequence conserva-
tion of those ligands across many species supports
the broad species tropism of classical henipaviruses.
The HeLa-USU cell line we used has been shown to
lack expression of ephrin-B2 and ephrin-B3 and was
used to determine the functional host cell receptor for
CedV. In our study, SGV infected all 3 HeLa-USU cell
lines, demonstrating that SGV cell entry is not reli-
ant on ephrin-B2 or ephrin-B3, suggesting SGV uses a
yet unidentified host cell receptor. In comparison, re-
search has shown the glycoprotein G of Ghana virus
could bind to ephrin-B2 (but not ephrin-B3), whereas
predicted structure-based alignments suggest AngV
is unlikely to use ephrin receptors for host cell entry
(15). Further characterization is required to determine
the functional host cell receptor for SGV and accu-
rately assess pathogenicity in other species.

In summary, we identified, isolated, and char-
acterized a novel henipavirus from pteropid bats in
Australia. Amid the increasing discovery of novel
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henipa-like viruses in new locations and species,
SGYV is a true henipavirus and phylogenetically clus-
ters with other bat henipaviruses. However, this vi-
rus’s pathogenicity remains unknown, making the
susceptibility of human and animal populations in
Australia uncertain.
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Modeling Case Burden and
Duration of Sudan Ebola Virus
Disease Outbreak in Uganda, 2022

Donal Bisanzio, Henry Kyobe Bosa, Barnabas Bakamutumaho, Carolyne Nasimiyu,
Diana Atwine, Daniel Kyabayinze, Charles Olaro, Robert F. Breiman,
M. Kariuki Njenga, Henry Mwebesa, Jane Ruth Aceng, Richard Reithinger

In 2022, a Sudan Ebola virus outbreak was confirmed in
Uganda. Within 1 month of the outbreak’s onset, we devel-
oped an individual-based modeling platform to estimate
the unfolding outbreak’s burden of cases and deaths, as
well as its duration, using different scenarios. Modeled
projections were within the range of observed cases.

bola virus disease (EVD) is a severe, often fa-

tal illness affecting humans and primates (1). In
the past 4 decades, 36 EVD outbreaks have occurred
across 11 countries, resulting in >15,000 deaths (2).
With case-fatality rates that can reach >65%, EVD is
among the most lethal viral hemorrhagic fevers.

On September 20, 2022, an outbreak of Sudan Eb-
ola virus (SUDV; Orthoebolavirus sudanense) in south-
central Mubende District, Uganda, was confirmed
by the Uganda Ministry of Health (MOH) (3,4); cases
rapidly spread to 8 nearby districts. By mid-October,
concerns within the MOH and the international com-
munity about the potential magnitude of the out-
break accelerated when a treatment-seeking infected
person traveled to the highly populated capital city,
Kampala; many new cases were linked to that patient
(5), who eventually died. Because no effective treat-
ment or vaccine existed against SUDV (6), the MOH’s
response to mitigate the outbreak relied on nonphar-
maceutical interventions (NPIs), including aggres-
sive case isolation and contact tracing; safe burials;
hygiene promotion; social and behavior change;
and lockdowns. NPIs were applied on the basis of

Author affiliations: RTI International, Washington, DC, USA

(D. Bisanzio, R. Reithinger); Ministry of Health, Kampala,

Uganda (H.K. Bosa, B. Bakamutumaho, D. Atwine, D. Kyabayinze,
C. Olaro, H. Mwebesa, J.R. Aceng); Washington State University,
Pullman, Washington, USA (C. Nasimiyu, M.K. Njenga);

Emory University, Atlanta, Georgia, USA (R.F. Breiman)

DOI: https://doi.org/10.3201/eid3109.241545

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 31, No. 9, September 2025

successful experiences from previous EVD outbreaks
in sub-Saharan Africa and built upon the prevailing
COVID-19 pandemic response infrastructure (7). The
aim of this study was to develop—during the first
month after the outbreak started —a methodologi-
cal approach to rapidly predict the epidemic curve
and burden of the SUDV outbreak, depending on
the timing and intensity of the interventions by local
health officials.

The Study
We modified a well-characterized individual-based
model (IBM) framework, previously used to esti-
mate disease burden for COVID-19 (8), mpox (9), and
Ebola (10), for the purposes of the SUDV outbreak
(IBM-SUDV; Appendix, https://wwwnc.cdc.gov/
EID/article/31/9/24-1545-Appl.pdf). Unlike ordinal
differential equation models or other IBMs previ-
ously published for Ebola (11), IBM-SUDV included
the geographic distribution and movement of the
Uganda population, as well as a contact network
representing population interactions at local and re-
gional levels, using available demographic data and
accounting for heterogeneity in interactions among
age groups. IBM-SUDV included uptake and impact
of NPIs, simulating the response to the 2022 SUDV
outbreak in Uganda, such as contact tracing, case
isolation, safe burial, and use of personal protective
equipment (PPE). We modeled timing of intervention
deployment and response heterogeneity to estimate
the outbreak’s case burden, deaths, and duration.
We modeled SUDV transmission using the
classical susceptible—exposed—infectious—reco-
vered compartmental model structure (8-10). The
transition from one status to another was a func-
tion of pathogen characteristics (e.g., probability
of effective transmission per close contact, incuba-
tion period, infectious period, and fatality rate) and
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Table. Comparison of predictions obtained from modeling case burden and duration of Sudan Ebola virus disease outbreak in

Uganda, 2022*

Scenarios

No. cases (95% Crl)

No. deaths (95% Crl) Epidemic duration (95% Crl)

2022 Ebola outbreakt 164 77 16.5 wk
Individual-based Uganda modelf
Baseline 193 (131-277) 81 (65-124) 22 wk (14-25 wk)

Delayed response
Out-of-control

778 (665-901)

13,537 (9,376-19,919)

303 (259-351)
5,279 (3,656-7,768)

24 wk (20-28 wk)
24 mo (22-27 mo)

*Crl, credible interval.
tReported burden and duration.
tPredicted burden and duration.

interaction among persons (only for susceptible to
infectious). For all persons, we determined param-
eter values for treatment-seeking behavior, hospi-
talization, fatality, and burial by using either pub-
lished data or estimates. This model represented
the baseline scenario. We then compared the base-
line scenario to 2 hypothetical scenarios: a delayed
outbreak response scenario, which assumed a
5-month delay in reaching the coverage and uptake
of the 2022 SUDV outbreak NPI response; and an
out-of-control outbreak scenario, which assumed a
5-month delay in having NPIs in place, as well as
a mean 50% contact tracing and isolation rate (i.e.,
similar to what was observed in the early phase of
the 2014-2016 West Africa Ebola outbreak).

For each scenario, we completed 1,000 simula-
tions with a time horizon of 150 weeks each. For each
scenario, we estimated the median number of cases,
hospitalizations, and deaths, as well as the outbreak’s
median duration. The outbreak’s duration was deter-
mined from the occurrence of the first case to the time
at which zero cases were observed 42 days after the
last infection event. For each outcome, we calculated
a 95% credible interval (Crl) using the adjusted boot-
strap percentile approach (12).

We compiled and visualized the predicted epi-
demic curve for each of the 3 scenarios (Table; Fig-
ure). With NPIs implemented, the baseline scenario
estimated a median number of 193 (95% Crl 131-277)

cases and 81 (95% Crl 55-124) deaths; the outbreak’s
median duration was 22 (95% Crl 14-25) weeks (Fig-
ure, panel A). The delayed outbreak response sce-
nario estimated 778 (95% Crl 665-901) cases and 303
(95% Crl 259-351) deaths, and the outbreak’s median
duration extended to 24 (95% Crl 20-28) weeks (Fig-
ure, panel B). The out-of-control outbreak scenario
estimated 13,537 (95% Crl 9,376-19,919) cases, 5,279
(95% Crl 3,656-7,768) deaths, and a median outbreak
duration of 24 (95% Crl 22-27) months (Figure, panel
C). The IBM-SUDV’s modeled projections were com-
pleted on November 1, 2022, and shared with the
Uganda MOH on November 11, 2022.

Before 2022, Uganda had reported 6 EVD out-
breaks (2). Of the reported outbreaks, 4 were caused
by SUDV (2000, 2011, and 2012 [n = 2]), 1 was caused
by Bundibugyo virus (O. bundibugyoense; 2007), and
1 was caused by Zaire Ebola virus (O. zairense; 2019).
Those outbreaks” median number of cases was 8.5
(range 1-425) and median deaths was 4 (range 1-224);
in total, the outbreaks resulted in 596 cases and 273
deaths (2).

For the 2022 SUDV outbreak, the actions of the
MOH swiftly halted virus circulation in all affected
districts (5,13). Ebola treatment units (ETUs) were ac-
tivated at Mubende and Fort Portal Regional Referral
Hospitals on September 20, 2022, and symptomatic
contacts were evacuated directly to ETUs for test-
ing. Entebbe Regional Referral Hospital activated its

Figure. Predicted individual-based model epidemic curves compared with actual epidemic data for study modeling case burden and
duration of Sudan Ebola virus (SUDV) disease outbreak in Uganda, 2022. A) Baseline scenario, simulating the actual response to the
outbreak, including timing of nonpharmaceutical interventions (NPIs; i.e., contact tracing, isolation, personal protective equipment). B)
Delayed outbreak response scenario, which assumed a 5-month delay in reaching the NPI coverage and uptake of the 2022 SUDV
outbreak. C) Out-of-control scenario, which assumed a 5-month delay in having NPIs in place, as well as a mean 50% contact tracing
and isolation rate. Black bars indicate actual numbers of cases reported during the outbreak.
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ETU on October 6, 2022, and Mulago National Re-
ferral Hospital’s ETU was activated on October 15.
Early in the outbreak, most cases were healthcare-
associated rather than household-associated; cases
resulting from burial or vertical or sexual transmis-
sion were rare (13). The 2022 SUDV outbreak lasted
69 days and caused 164 cases and 77 deaths (3). The
mean age of case-patients was 28 years, and the high-
est case-fatality rates were observed among children
<10 years of age (75%) and adults 40-49 years of age
(61.5%). Uganda’s MOH officially declared the out-
break’s end on January 11, 2023, sixty days after the
last infection event.

Conclusions

During the 2022 SUDV outbreak in Uganda, within 1
month of the first case being confirmed, we developed
the IBM-SUDV to model the burden and duration of
the outbreak. The outbreak’s reported numbers of
cases and deaths (164 cases and 77 death reported vs.
193 [95% Crl 131-277] cases and 81 [95% Crl 55-124]
deaths modeled), as well as the average duration
(16.5 weeks reported vs. 22 [95% Crl 14-25] weeks
modeled), were within the ranges of our baseline sce-
nario. Delayed outbreak and out-of-control outbreak
scenarios would have resulted in a substantially
greater outbreak burden and duration, similar to the
2014-2016 EVD outbreak across Guinea, Liberia, and
Sierra Leone (i.e., 28,600 cases and 11,325 deaths). The
model highlighted the importance of a rapid response
to effectively control the outbreak, which ultimately
occurred (5,13). After we shared model results with
MOH in early November, the MOH intensified NPI
implementation, particularly contact isolation and an
unprecedented lockdown of 2 hotspot districts. Fur-
ther IBM-SUDYV modeling is being discussed with the
MOH, including to determine SUDV transmission
dynamics more accurately, using actual 2022 SUDV
outbreak clinical, epidemiologic, and operational re-
sponse data (e.g., from individual cases and contact
tracing) (4,5,14), as well as estimate the effectiveness
of changing various NPI parameters, additional NPIs,
and available therapeutic options (e.g., vaccine).

In summary, our model estimated that the MOH’s
prompt response to this outbreak averted up to 13,000
cases and 5,000 deaths. The effective response was
likely aided by Uganda’s prior experience responding
to EVD outbreaks (3), a national disaster prepared-
ness and management policy (https://faolex.fao.
org/docs/pdf/ugal71437.pdf), a public health emer-
gency operations center and relevant task forces (15),
external partner coordination, and infrastructure and
resources built during the COVID-19 pandemic (7).
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Detection of Rat Lungworm
(Angiostrongylus cantonensis)
IN Rats and Gastropods, Italy

Divakaran Pandian,* Anna Sipkova,* Stefano Scarcelli,* Giovanni Sgroi, Jana Kaémarikova,
Francesco Buono, Elisa Castaldo, Nicola D’Alessio, Barbora Cervena, Vincenzo Veneziano, David Modry

The emerging zoonotic nematode Angiostrongylus can-
tonensis causes severe neural angiostrongyliasis in both
humans and animals. The parasite has been reported in
Spain. We detected A. cantonensis in rats and gastropods
from the Campania region, southern Italy, demonstrating
its broad distribution on the southern coast of Europe.

he rat lungworm, Amngiostrongylus cantonensis,

a neurotropic zoonotic parasite, is receiving in-
creasing attention because of its potential to cause
severe neurologic disease in humans and animals
(1). This rat lungworm has an indirect life cycle
involving rats (mainly Rattus spp.) as definitive
hosts, mollusks as intermediate hosts, and different
paratenic and transient hosts such as frogs, lizards,
and crustaceans (2). Infection in humans usually oc-
curs by accidental ingestion of infective third-stage
larvae (L3) found in raw or undercooked snails or
paratenic hosts or by contact with L3-contaminated
water or products (3). Identified in China in 1935, A.
cantonensis has since become endemic in Southeast
Asia, East Asia, North and South America, and se-
lected Pacific and Caribbean islands, where most hu-
man cases of neuroangiostrongyliasis occur; >7,000
human cases have been recorded worldwide (4).

In the past 2 decades, the geographic range
of A. cantonensis lungworms has increased in Eu-
rope, and they have been detected in the Canary
Islands (Tenerife, Spain) (5), in the Balearic Is-
lands (Mallorca, Spain) (6), and most recent-
ly in mainland Spain (Valencia) (7), indicating

a continued spread in the Mediterranean basin.
Although human cases remain rare in Europe and
have been associated with travel to well-estab-
lished endemic regions, such as Southeast Asia and
the Caribbean Islands (8), the subtropical climate
and historically active maritime trade in Naples,
Italy, provide favorable conditions for the spread
of A. cantonensis to human and animal hosts. We in-
vestigated Rattus spp. rats and snail populations in
periurban and rural areas of the Campania region
of southern Italy to determine whether the A. can-
tonensis lungworm has spread to this region along
the Mediterranean Coast of Europe.

The Study
We obtained a total of 32 frozen rat specimens, 10 R.
rattus and 22 R. norvegicus, from a pest control com-
pany operating in metropolitan Naples and its sur-
roundings. We conducted an initial sampling phase
randomly across various locations. After we detect-
ed A. cantonensis lungworm in rats, we conducted
a second sampling, during which we collected 352
gastropods from locations where infected rats were
collected and from nearby areas selected at random.
In total, we sampled rodent and gastropod samples
from 15 locations during January-November 2024
(Figure 1, Appendix 1, https://wwwnc.cdc.gov/
EID/article/31/9/25-0648-App1.xlsx).

We necropsied rats at the Experimental Zoopro-
phylactic Institute of Southern Italy in Naples. We
isolated the heart and lungs and inspected them
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Figure 1. Sampling locations used for detection of rat lungworm (Angiostrongylus cantonensis) in rats and gastropods, Italy. Solid black
circles indicate sites from which A. cantonensis—positive samples were collected, white circles indicate A. cantonensis—negative sites;
numbering corresponds to numbers in the Table. Inset at top shows region of Italy in which sampling was conducted (gray area); inset at
bottom shows detailed sampling areas within Naples; outer satellite images show areas with A. cantonensis—positive samples. Detailed
information on locations, including geospatial positioning coordinates, are available in Appendix 1 Table (https://wwwnc.cdc.gov/EID/
article/31/9/25-0648-App1.xIsx). Map images created by using Google Maps (https://www.google.com/maps), Maxar Technologies

(https://www.maxar.com), and Airbus (https://www.airbus.com).

for adult Angiostrongylus spp. worms, character-
ized by the distinctive barber pole appearance in
female nematodes; we preserved isolated worms
in 96% ethanol. We froze tissue samples from the
brain, heart, kidneys, liver, lungs, and spleen of rats

for molecular analysis. We confirmed rat species on
the basis of DNA extracted from spleen samples by
using the Nucleic Acid Extraction Kit (Magnetic
Bead Method) (Zybio, https://www.zybio.com),
followed by amplification of the mitochondrial

Table. Summary of rat and gastropod samples positive for rat lungworm (Angiostrongylus cantonensis), Italy

Location Rats Gastropods GenBank
no. Municipality (quarter) No. positive/total no.  Haplotype No. positive/total no.  Haplotype accession no.
1 Naples (Porto) 1/1 NAP1 0/15 - PV425925
2 Naples (San Carlo all'Arena) 0/1 - 0/61 - -

3 Naples (Vomero) 1/3 NAP2 0/0 - PV425926
4 Naples (Posillipo) 0/2 - 0/0 - -

5 Naples (Fuorigrotta) 0/1 - 0/0 - -

6 Naples (Camaldoli) 11/13 NAP1 7173 NAP1 PV425925
7 Marano di Napoli 0/0 - 0/25 - -

8 Casandrino 0/1 - 0/0 - -

9 Casalnuovo di Napoli 0/0 - 0/12 - -

10 Ercolano 0/1 - 0/0 - -

11 Lauro 0/0 - 0/25 - -

12 Corbara 0/4 - 1/76 t -

13 Nocera Inferiore 0/0 - 0/51 - -

14 Giffoni Valle Piana 0/0 - 0/14 - -

15 Laureana Cilento 0/5 - 0/0 - -

*Location numbers correspond to numbers in Figure 1. Detailed information on species and georeferenced data on sampled locations provided in
Appendix 1 Table (https://wwwnc.cdc.gov/EID/article/31/9/25-0648-Appl.xIsx). —, no positive samples.

tFailed sequencing.
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cytochrome b gene (Appendix 2, https://wwwnc.
cdc.gov/EID/article/31/9/25-0648-App2.pdf). We
detected A. cantonensis nematodes in 13 (40.6%)
of 32 rats collected from 3 locations, with a mean
of 7 (range 1-24) worms per rat (Table; Figure 1;
Appendix 1).

Molecular analysis confirmed A. cantonensis
nematodes in 12 positive rats, and we subsequently
sequenced 69 adult worms. We extracted DNA from
those adult worms by using the DNeasy Blood & Tis-
sue Kit (QIAGEN, https://www.qiagen.com), and

Detection of Rat Lungworm, Italy

we amplified the complete cytochrome c oxidase
subunit 1 (CO1) gene (Appendix 2). The obtained
sequences revealed 2 distinct haplotypes (NAP1 and
NAP2), differing by 2 single-nucleotide polymor-
phisms (SNPs) at positions 1092 and 1481 of the CO1
gene; the SNP at position 1481 resulted in a different
amino acid. In a maximume-likelihood phylogenetic
tree (Figure 2), both haplotypes clustered within
clade II sensu, as previously defined (9), alongside
other sequences from Europe, except for 1 (GenBank
accession no. PP468354; 215 bp) from Valencia that

Figure 2. Maximum-likelihood phylogenetic tree of rat lungworm (Angiostrongylus cantonensis) detected in rats and gastropods,
Italy. Tree is based on cytochrome ¢ oxidase subunit 1 gene (1,578 bp) and partial sequences (215-561 bp) calculated by a Tamura-
Nei plus model in IQ-TREE (http://www.igtree.org) (9). Labeling of the clades follows previous studies (10). Sequences are labeled
by GenBank accession numbers, where available, and locality of origin is indicated. Pink boxes indicate the 2 unique sequences
from this study. Numbers at nodes indicate percentage SH-aLRT/ultrafast bootstrap support. Only values >75 are shown. Scale bar

indicates nucleotide substitutions per site.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 31, No. 9, September 2025
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clustered in a separate clade, a sister to clade I, differ-
ing from all other sequences from Europe in 3 SNPs.
Compared with the TEN.1 isolate (GenBank accession
no. MK570629) from Tenerife, Spain, each haplotype
from Italy differed by a single SNP: NAP1, detected in
Naples (Porto) and Marano di Napoli, differed at po-
sition 1092; and NAP2, detected in Naples (Vomero),
differed at position 1481. The 394-bp sequence from
Mallorca, Spain (GenBank accession no. MN227185),
was identical to NAP2. Among the Valencia isolates,
10 sequences were identical to NAP1, 3 were identical
to NAP2, and the rest differed in 1, 2, or 3 SNPs from
the other sequences from Italy.

Collected gastropods were identified to spe-
cies level by a trained malacologist on the basis
of morphological criteria. Molecular identification
was performed on juvenile and shell-less speci-
mens lacking distinct morphological characteris-
tics. DNA was extracted from muscle tissue using
the same protocol used for rat spleen samples, with
an extended overnight prelysis phase at 56°C, opti-
mized for the L3 stage of A. cantonensis. Molecular
identification was made on the basis of sequences
of the mitochondrial 165 rRNA gene (Appendix
2). We detected A. cantonensis worms by using a
species-specific quantitative PCR on DNA isolated
from gastropod tissue (11). Of the 352 gastropods
examined, 8 (2.3%) gastropods from 2 localities
tested positive for A. cantonensis DNA (Figure 1,
Table; Appendix 1). We successfully obtained 6
CO1 gene fragment sequences from the 8 positive
gastropods (Appendix 2), and compared those with
sequences from adult A. cantonensis lungworms
from rats in this study. All sequences belonged to
the NAP1 haplotype.

Conclusions

We provide robust evidence that the A. cantonensis
rat lungworm is in the central Mediterranean re-
gion in the Naples area of Italy. Circulation of this
zoonotic nematode in the highly populated Naples
metropolitan area is concerning because of its ability
to cause severe neurologic and ocular disorders in
humans. Because Naples has an environment ideal
for A. cantonensis transmission to the human popula-
tion, enhanced awareness is needed among health-
care practitioners and diagnostic protocols should
be revised and applied locally in the differential
diagnosis of meningoencephalitis cases (12). In ad-
dition, considering reported clinical cases in domes-
tic animals and in wildlife in known endemic foci
(13-15), veterinary practitioners in the Naples area
should be alerted.
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Emergence of Autochthonous
Leishmania (Mundinia)
martiniguensis Infections
IN Horses, Czech Republic

and Austria,

2019-2023

David Modry, Edmund K. Hainisch, Hans-Peter Fuehrer, Edwin Kniha, Maria Sophia Unterkofler,
Jovana Sadlova, Petr Jahn, Kristina Rehakova, Kamil Sedlak, Jan Votypka

We report 4 cases of equine cutaneous leishmaniasis
caused by Leishmania martiniquensis in Czech Repub-
lic and Austria, outside the known endemic range of
leishmaniases. The parasite should be considered as
a potential cause of cutaneous lesions in horses; the
risk for zoonotic transmission to immunocompromised
humans is anticipated throughout central Europe.

Leishmaniasis is a relatively rare equine disease
caused by several Leishmania spp. protozoan
parasites. In Mediterranean Europe, clinical leish-
maniasis in animals (mainly domestic carnivores)
and humans is primarily caused by L. infantum. In
areas endemic for L. infantum, sporadic cases of leish-
maniosis in horses have also been reported, typically
manifesting as ulcerating cutaneous nodules (1). Dur-
ing 2002-2010, cases of leishmaniosis were reported
in horses (2) and cattle (3) in areas north of the Alps,
which are considered nonendemic because of the low
abundance of L. infantum vectors. Those sporadic
cases were initially attributed to L. siamensis but were
later reclassified as L. martiniquensis (4).

L. martiniquensis, a member of the subgenus Mun-
dinia, is a zoonotic species originally described from
a human visceral case in the Caribbean (5). L. marti-
niquensis parasites have wide distribution, spanning
>3 continents, overlapping with other Leishmania spe-
cies in many areas, including Europe (6). However,

the full host range and epidemiology remain unclear.
The distribution of cases outside the range of Phleboto-
mus/Lutzomyia sand flies supported by recent experi-
mental studies and field surveys in Thailand suggest
the involvement of biting midges (Culicoides spp.,
Ceratopogonidae) in transmission (7-9).

Approximately a decade after cases of L. mar-
tiniquenis infection were reported in Germany and
Switzerland, we present 4 independent cases of cu-
taneous leishmaniosis in horses outside the known
range of leishmaniasis in Europe. Our report includes
a phylogenetic analysis of the detected isolates and
results of a pilot serologic examination.

The Study

L. martiniquensis was identified in 4 sport horses dur-
ing 2019-2023 (Table). Case 1 (identified in May 2019)
was in a 4-year-old Akchal-Teke mare admitted to the
veterinary clinic of the University of Veterinary Sci-
ences in Brno, Czech Republic. The mare had several
small nodules (3-10 mm) on the left upper eyelid; the
largest was localized near the medial canthus, mea-
suring ~1 ¢cm in diameter. The mare lived in north
Moravia and had been imported from Ukraine 2 years
previously without any obvious lesions. Equine sar-
coid was suspected on the basis of clinical examina-
tion, and bovine papillomavirus type 1 was detected
by PCR in the skin smear. Case 2 (identified in May
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L. (Mundinia) martiniquensis Infections in Horses

Table. Overview of detected cases of autochthonous Leishmania (Mundinia) martiniquensis infections in horses, Czech Republic and

Austria, 2019-2023*

Case no. Geographic origin and time of first diagnostics Lesion localization Methods of leishmania detection
1 Olomouc district, Czech Republic, May 2019 Periorbitally above the left eye Cytology, cultivation, ITS1 PCR
2 Pardubice district, Czech Republic, May 2021 Periorbitally under the right eye Cytology, cultivation, ITS1 PCR
3 Styria, Graz-Umgebung district, Austria, May Lower eyelid Cytology, histology, ITS1 and
2021 18SrDNA PCR
4 Usti nad Labem district, Czech Republic, Jan  Periorbitally around left canthus and Cytology, ITS1 PCR
2023 on conjunctiva of the left eye

*ITS, internal transcribed spacer.

2021) was in a 5-year-old Kladruber mare from a large
stud farm that was admitted to the clinic with a group
of small nodules (5-15 mm) located unilaterally on
the facial area near to the lower eyelid. Case 3 wasin a
5-year-old Fjord mare seen in May 2021 by veterinar-
ians at the Equine Clinic of the Veterinary University
(Vienna, Austria) with nodular lesions on the lower
eyelid, chest, and udder; Leishmania was detected in
the eyelid and udder lesions and bovine papilloma-
virus was detected in all 3 lesions. Case 4 was in a
12-year-old gelding living in the northwestern Czech
Republic, first seen by the veterinarian in January
2023 for lesions on the left facial area. The clinical
manifestation was very similar to those seen in cases
1-3. Again, the lesions were initially suspected to be
sarcoid tumors, but the surface eventually exulcer-
ated into an open wound. With supportive treatment,
the lesion resolved over a period of 15 months; fol-
low-up at 27 months showed no recurrence of lesions.

We obtained bioptic samples from cutaneous le-
sions using a fine needle aspiration biopsy (FNAB) for

cases 1, 2, and 4 or as impression smears for case 3.
We conducted routine microscopic evaluation of the
FNAB material after Diff-Quick staining. Examination
of the smears revealed intracytoplasmic Leishmania
amastigotes in cells tentatively identified as neutro-
philes (Figure 1). We cultured material obtained by
FNAB from periorbital lesions (cases 1, 2, and 4) at
23°C on rabbit blood agar SNB-9 supplemented with
fetal bovine serum, RPMI-1640, Schneider’s medium,
and antibiotics; we then cryopreserved a single strain.
Conventional PCR targeting the Leishmania internal
transcribed spacer 1 (10) performed on clinical mate-
rial revealed identical sequences in all 4 cases with
100% identity to other GenBank sequences of L. marti-
niquensis worldwide but only 99.5% concordance with
previous cases in Germany and Switzerland (Figure 2).

Antibodies to Leishmania were detected by an
indirect fluorescent antibody test using glass slides
coated with promastigote L. infantum (VMRD,
https:/ /www.vmrd.com) and antihorse IgG (whole
molecule) FITC conjugate (Sigma Aldrich, https://

Figure 1. Cutaneous lesions during initial clinical examination and detection of Leishmania amastigotes from study of autochthonous
Leishmania (Mundinia) martiniquensis infections in horses, Czech Republic and Austria, 2019-2023. A) Periorbital nodular lesions from
case 1 (L. martiniquensis was cultured from a fine needle aspiration biopsy of the largest lesion, indicated by arrowhead); B) periorbital
lesions in case 2; C) Leishmania amastigotes (indicated by arrowhead) in a stained smear from sample from case 1; D) lower eyelid
lesion in case 3 (image by Christian Bernkopf); E) facial lesions in case 4 at the time of Leishmania detection; F) photograph of case 4

horse showing no recurrence 27 months later.
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Figure 2. Phylogenetic
analysis of isolates from study
of autochthonous Leishmania
(Mundinia) martiniquensis
infections in horses, Czech
Republic and Austria,
2019-2023. Analysis of the
internal transcribed spacer 1
sequences was conducted
using a maximum-likelihood
tree with L. infantum as an
outgroup; GenBank accession
numbers precede the host and
locality description. Red bold
text indicates cases from this
study. Black bold text indicates
previous cases from Europe.
Node support values were
derived through bootstrapping
with 1,000 replicates. Scale bar
indicates number of nucleotide
substitutions per site.

www.sigmaaldrich.com). We diluted serum samples
in a 2-fold series starting with a 1:50 base dilution and
used positive and negative control serum samples.
We considered a titer >50 positive. We found anti-
bodies to Leishmania at titers of 50 (cases 1, 2, and 3)
and 100 (case 4).

Conclusions

We report 4 equine cases of L. martiniquensis infec-
tion outside the known range of the typical leish-
maniasis caused by L. infantum in Europe, detected
>12 years after the last published L. martiniquensis
cases in Germany (2) and Switzerland (3). The cases
occurred over a period of >3 years with no proven

1840

link between them and were also geographically dis-
persed across central Europe, suggesting that horses
play a nonnegligible role as reservoir hosts through-
out the range of L. martiniquensis. The symptomatol-
ogy of L. martiniquensis cases in horses is strikingly
uniform. In all 4 newly described cases, infection
was diagnosed as cutaneous lesions near the eyes or
in the facial area, resembling previous instances in
which 7 of 10 cases were reported as lesions on the
head (2,11,12).

All 4 cases were initially suspected to be sar-
coid, a common skin tumor in horses caused by bo-
vine papillomaviruses types 1, 2, and 13. Of note, in
2 cases (case 1 and 3) bovine papillomavirus types 1

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 31, No. 9, September 2025



and 2 were detected by PCR in lesions with Leishma-
nia but also in lesions without the parasite. This as-
sociation between sarcoid-like lesions and Leishmania
infection is very suggestive. We therefore believe that
the sarcoid may be attractive to blood-sucking in-
sects (including biting midges, the potential vectors
of Mundinia), thus opening the window for parasite
infection. Additional cases of L. martiniquensis infec-
tion could possibly be underreported because of mis-
diagnosis and treatment as sarcoid or masked by a
true sarcoid. Also, cases of cutaneous leishmaniosis
in herbivores diagnosed in Europe should always
be evaluated for the possibility of being caused by L.
martiniquensis, even in areas in which L. infantum is
endemic (13), particularly in the absence of sand flies.

The serologic response to L. martiniquensis re-
mains poorly understood. A single case of cutaneous
leishmaniasis in a cow revealed a robust antibody
response (3). More recently, Carbonara et al. (13) re-
ported low antibody titers in equids, including those
with skin lesions or asymptomatic infections. Con-
sistent with those observations, our findings confirm
that horses with mild skin lesions exhibit only a lim-
ited antibody response. Nevertheless, serologic test-
ing during active infection could serve as a valuable
diagnostic tool.

The presence of biting midges is ubiquitous in
Europe (14), and the equine population is in daily
contact with them during active season. The occur-
rence of 4 independent cases of equine leishmaniosis
caused by L. martiniquensis suggests its endemic sta-
tus and circulation in Central Europe. The extent of
distribution of this kinetoplastid in the equine popu-
lation and other hosts in Europe remains speculative,
as does its transmission biology. Given its zoonotic
potential, this pathogen should be widely investigat-
ed in cases of equine skin lesions using a combination
of cytology and PCR followed by sequencing. Simi-
larly, possible L. martiniquensis infection should be
anticipated in suspected visceral and cutaneous cases
of human leishmaniasis, including patients without a
history of travel to endemic areas.
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Imported Malaria and
Congenital Acquisition in Infant,
Portugal, 2024

Inés Lopes, Joana Dias, Edvaldo Das Neves, Maria Morais,
Ana Santos-Reis, Ana M. Garcia, Luis Varandas,! Dinora Lopes?

Plasmodium falciparum infection was diagnosed in a
3-month-old baby in Portugal by optical microscopy. The
mother had had malaria in Angola 13 months earlier, be-
fore she emigrated to Portugal. She remained asymp-
tomatic throughout and after pregnancy. We confirmed
the diagnosis of an imported malaria case and congenital
transmission using molecular techniques.

mported malaria cases in Europe from sub-Saharan
Africa countries can manifest with very low para-
site densities and asymptomatic infections. Those
infections can pose a public health threat, given the
potential for onward transmission in areas with com-
petent vectors and suitable conditions (1-3).
Congenital malaria in infants is rare because the
placenta acts as an effective barrier preventing the
transfer of malaria parasites from maternal to fetal
circulatory system; transmission during labor is the
most likely mechanism (4). Ultrasensitive molecu-
lar diagnostic tools detect infections in settings with
low parasite density (5,6). Congenital malaria is not
universally defined. Some authors define it as the
presence of asexual forms of malaria parasites in an
infant’s cord blood or peripheral blood during the
first week of life, regardless of clinical symptoms
(4,7). Others require the presence of parasites in the
newborn’s peripheral blood on the first day of life for
diagnosis (4,7). However, a timely diagnosis can be
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missed if a patient has no suggestive symptoms or
clinical or travel history that prompt an early assess-
ment. We report Plasmodium falciparum infection in a
3-month-old baby in Portugal.

The Study

A 3-month-old female infant was brought to a pedi-
atric emergency department of Vila Franca de Xira
Hospital (Vila Franca Xira, Portugal) with a 2-day
history of fever and splenomegaly; maximum axil-
lary temperature was 38.6°C. Initial laboratory tests
revealed a hemoglobin level of 10.9 g/dL (reference
threshold is 11.0 g/ L for children 6-59 months of age),
a leukocyte count of 10,500/ mm?® (2,040/ mm?® neutro-
phils and 5,970/ mm?® lymphocytes) (reference ranges
7,300-16,600/mm?® for leukocytes, 1,500-6,900/ mm?®
for neutrophils, and 3,400-9,400/mm?® for lympho-
cytes), platelet count of 66,000/ mm® (reference range
180,000-440,000/ mm?®), and C-reactive protein level
of 53.4 mg/L (reference range <10 mg/L). A periph-
eral blood smear revealed P. falciparum trophozoites;
parasite count was estimated at 4.6%. Further inves-
tigation of family history revealed that the infant was
born via cesarean delivery; infant and mother were
discharged from hospital without any concerns.
The infant had no history of traveling abroad, but
her mother had moved to Portugal from Angola 13
months earlier. The mother had received artemether/
lumefantrine treatment for P. falciparum infection in
Angola 1 week before relocating to Portugal.

Because our findings were consistent with a sus-
pected case of congenital malaria, we obtained sam-
ples from the mother and infant for molecular testing.
We collected samples from the infant, with written
consent from her mother, from the neonatal Guthrie
card with blood collected via heel prick at the fourth
day of life, during initial hospital admission, and at a

1These authors contributed equally to this article.
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Table 1. PCR amplification of Plasmodium spp. in study of malaria in mother and infant, Portugal*

Target Primers Assay type Amplification conditions
18ssrRNA
Plasmodium 1st PCR reaction: rPLU forward primer, 5'- Nested 1x PCR master mix,T T1
sp. CTTGTTGTTGCCTTAAACTTC-3'; rPLU reverse primer, PCR Thermocycler-Biometic: 1 cycle,
5-TTAAAATTGTTGCAGTTAAAACG-3' 95°C, 3 min); 30 cycles, 94°C, 1 min;
58°C, 1 min; 72°C, 1 min
P. falciparum Nested PCR: Pf forward primer, 5'- 1x PCR master mix,T 1 cycle, 95°C, 3
TTAAACTGGTTTGGGAAAACCAAATATATT-3"; min; 35 cycles, 94°C, 1 min; 58°C, 1
Pf reverse primer, 5'- min; 72°C, 1 min
ACACAATGAACTCAATCATGACTACCCGTC-3'
(Singh et al. [8])
varATS Forward primer, 5'-CCCATACACAACCAAYTGGA-3'; gPCR 1x TagMan Gene Expression
reverse primer, 5-TTCGCACATATCTCTATGTCTATCT-3/; Mastermix, T 0.8 uM of each primer,
probe, 5'-6-FAM-TRTTCCATAAATGGT-NFQ-MGB-3' 0.4 uM of probe; CFX96 Real-Time
(Hofmann et al. [6]) PCR Detection Systemt: 1 cycle,
50°C, 2 min; 95°C 10 min; 45 cycles,
95°C, 15 sec; 55°C, 1 min
dPCR 5x Absolute Q DNA Digital PCR

Mastermix;8§ Absolute Q Digital PCRS:
1 cycle, 50°C, 2 min; 95°C 10 min; 45
cycles, 95°C, 15 sec; 55°C, 1 min

*dPCR, digital PCR; gPCR, gquantitative PCR.

tThermo Fisher Scientific, https://www.thermofisher.com.
}Bio-Rad Laboratories, https://www.bio-rad.com.
§Thermo Fisher, https://www.thermofisher.com.

follow-up appointment, at which we also took a sam-
ple from the mother. Maternal thick and thin blood
smears did not reveal any malarial parasites; a rapid
diagnostic test for malaria returned negative results.
We performed total DNA extraction using a
QIAamp DNA Mini Kit (QIAGEN, http://www.
giagen.com) on dried blood spots on Whatman filter
paper. We tested samples by endpoint nested PCR,

Figure 1. Quantitative PCR amplification of samples from infant
and mother in study of congenital malaria, Portugal. We obtained
results from arithmetic average values of triplicate results.
Additional curves represent standard results obtained by serial
dilution to determine parasite quantification. Results were 0.07
parasites/pL from infant’s Guthrie card sample 4 days after birth;
1,178.13 parasites/pL from sample taken at hospital admission;
21.99 parasites/uL from sample taken at follow-up appointment;
0.03 parasites/pL from sample taken from the mother at follow-up
appointment. RFU, relative fluorescence unit.
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as described by Singh (§). We performed molecu-
lar assays (Table 1) to assess parasite density, using
standard curves prepared with 10-fold dilutions of
DNA obtained from the P. falciparum 3D7 clone; re-
sult range was 10* to 107 parasites/uL (Figure 1). We
applied high-sensitivity quantitative PCR (qPCR) tar-
geting the multicopy telomeric var genes to estimate
the densities of the parasite. We performed digital
PCR to confirm and compare results (Figure 2) (5).

Conclusions

This case highlights 2 key aspects for a better under-
standing of P. falciparum transmission: the role of im-
ported, low-density asymptomatic cases as reservoirs
and their potential contribution to congenital trans-
mission. In Europe, 8,000 cases of imported malaria
are reported annually (2); imported cases are mainly
P. falciparum infections. Those populations can be-
come a parasite reservoir that can pose significant
risk to public health. Migrants may also display mild
symptoms or be asymptomatic, often with submicro-
scopic parasitemia (2), which may be attributed to im-
munity acquired while residing in malaria-endemic
regions (9). Such low levels of parasitemia can only
be detected through sensitive molecular methods
(10), such as qPCR-based techniques; we obtained the
positive test result from this patient by nested PCR
in the sample taken at hospital admission, when she
was experiencing symptoms and parasitemia. In Por-
tugal, there are potentially malaria-receptive areas
and also a vector with some degree of competence (3).
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In non-malaria-endemic settings, availability of di-
agnostic tools varies by healthcare setting (Table 2).
Nevertheless, clinicians should recognize the likeli-
hood of congenital malaria and refer blood samples
from suspected cases for testing.

var genes are known for their role in antigenic
variation, enabling P. falciparum to evade the host im-
mune response. The high copy number of var genes
can enhance the sensitivity of detection methods. For
instance, the use of multicopy subtelomeric targets
has been shown to improve the detection of low-
density infections that might otherwise be missed
using standard assays such as 18ssRNA PCR (6). In
our study, we established an accurate diagnosis for
the mother through pfoarATS qPCR, which detected
0.03 parasites/pL, and digital PCR (dPCR), which
detected 0.5 parasites/pL. Without the mother’s di-
agnosis, the child’s infection would have likely gone
undetected and untreated. We have not established
whether transmission to the infant was transplacen-
tal or from direct contact with maternal blood during
labor. In most pregnancies resulting in congenital ma-
laria, the mother’s infection tends to be symptomatic
(11); malaria can also be diagnosed after uncompli-
cated asymptomatic pregnancies (11).

For our study, we defined congenital malaria as
outlined in Oluput-Oluput (12) as the direct infection
of an infant with malaria parasites from the mother
before or during birth. Although all clinical indicators
were consistent with congenital malaria, we pursued
confirmation by detecting and quantifying parasite
DNA in the Guthrie card sample taken on day 4 after
birth. Both qPCR and dPCR confirmed the presence
of P. falciparum parasites in the infant’s peripheral
blood, with very low parasite densities (0.07 para-
sites/uL by qPCR and 0.49 parasites/uL by dPCR).
Those findings align with the parasitemia levels ob-
served in the mother, further supporting the likeli-
hood of vertical transmission.

The delayed onset of symptoms in the infant
can be attributed to several factors: the transfer of
maternal antibodies through transplacental transfer
and breastfeeding (13), low iron levels, and reduced

Imported Malaria and Congenital Acquisition

Figure 2. Digital PCR results from samples from infant and mother

in study of congenital malaria, Portugal. We obtained results from
arithmetic average values (parasite/uL) of triplicate results. Results
indicate the number of positive droplets in each sample: 1, taken
from infant’s Guthrie card on day 4 after birth, 0.49 parasites/pL; 2,
taken from infant at hospital admission, 30,000 parasites/uL; 3, taken
from infant at follow-up appointment, 599.8 parasites/uL; and 4, taken
from mother at follow-up, 0.5 parasites/uL. FAM, fluorescein amidite.

erythropoiesis in newborns that do not favor Plasmo-
dium spp. growth (14). Parasitemia might increase as
maternal antibodies decline (15). In this case, the on-
set of symptoms occurred later than the previously
reported median age, making the diagnosis more
challenging (7). Furthermore, the nonspecific clini-
cal signs of congenital malaria can be difficult to dis-
tinguish from other causes of sepsis (4). Our study
highlights the importance of considering congenital
malaria in the differential diagnosis of febrile infants
born to mothers who have lived in malaria-endemic
areas (7). We also emphasize the need for thorough
analysis of blood smears in sepsis cases, particularly
when thrombocytopenia is present (12).

In conclusion, this case underscores the utility of
ultrasensitive detection targets and methods such as
pfoartATS qPCR and dPCR for detecting submicrosco-
pic malaria infections, particularly in asymptomatic
migrant populations or populations at higher risk such
as pregnant women and infants. Our findings empha-
size the public health risk of overlooking hidden para-
site reservoirs, which could hinder effective malaria
control and prevention efforts in vulnerable groups.

Table 2. Diagnostic tools for Plasmodium falciparum detection in study of malaria in mother and infant, Portugal*

Limit of detection,

Diagnostic method parasites/pL Level of care Observations
Microscopy, thick smear 50-100 Secondary Operator-dependent; limited sensitivity for low-density
parasitemia

Rapid diagnostic test 100-200 Primary Limited sensitivity for low-density parasitemia

Nested PCR, 18S rRNA target 1-5 Secondary/tertiary Moderate sensitivity but may still miss low-density
infections in neonates and mothers

gPCR, pfvarATS target 0.03 Tertiary Multicopy gene enhances detection

dPCR pfvarATS target <0.01 Tertiary Highest sensitivity, suitable for confirmatory diagnosis

*Sources: Dong et al. (5); Hofmann et al. (6); Singh et al. (8). dPCR, digital PCR; gPCR, quantitative PCR.
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etymologia

Apicoplast [a’-pik-0-plast]

Hari Shankar, Michal Shahar, Anat Florentin

he apicoplast is a unique organelle found in obliga-

tory unicellular parasites called Apicomplexa due
to a distinguished complex in their apex (top). The phy-
lum Apicomplexa includes human pathogens, such as
Plasmodium spp. that cause malaria and Toxoplasma spp.
that cause toxoplasmosis, and prevalent veterinary par-
asites, such as Babesia and Eimeria spp.

The apicoplast was first identified in Toxoplasma
parasites as a relict nonphotosynthetic chloroplast, a
plastid, which is a term derived from the Greek plastos,
meaning molded. The biological, evolutionary, and clin-
ical consequences of that discovery were immediately
apparent, and it was given the name apicoplast, a fu-
sion of Apicomplexa and plastid. The name hints at the
organelle’s unique evolutionary past. It was formed via
secondary endosymbiosis, in which a unicellular protist
engulfed another unicellular red alga and its chloroplast.
Most Apicomplexan parasites retained that endosymbi-

ont for metabolic purposes but lost all photosynthetic
abilities. Few, like the genera of Cryptosporidium, lost the
entire organelle. Of note, certain nonparasitic organisms
related to Apicomplexa, like Chromera, still live as ma-
rine phototrophs, due to their photosynthetic plastid.

Regardless of photosynthesis, these plastids share
similar metabolic pathways, have a small circular
remnant genome, and are engulfed by no less than 4
distinct membranes (Figure). Perhaps more than any-
thing, these membranes tell the evolutionary story of
the apicoplast; much like a Russian Matryoshka doll,
one organism is nested within another.

This work was supported by the Israel Science Foundation
(ISF) under The Joint Canada-Israel Health Research Program
(grant No. 3000/22 to A.F.). AF. is supported by The
Abisch-Frenkel Faculty Development Lectureship.

Figure. Visualization of the apicoplast organelle inside a malaria parasite. Microscopy image of a Plasmodium falciparum transgenic
parasite expressing a green fluorescent protein (GFP) fused to a transit peptide, which marks the apicoplast. A) Apicoplast visualized
through targeted GFP; B) bright field showing P. falciparum parasite in human RBC; C) merged image of GFP and bright field. Outer
dashed line depicts the membrane of the iRBC. Inner dashed line depicts the cell membrane of the intraerythrocytic parasite. The intricate
green structure is the apicoplast in its elongated phase during the last hours of the intraerythrocytic cell cycle. FV appears as a black sac-
like structure. Image taken using a confocal microscope; scale bar indicates 1.25 um. FV, food vacuole; iRBC, infected red blood cell.
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We performed monkeypox virus genome sequencing

on clinical samples from Liberia, yielding 5 clade lla
genomes. Our analysis found no evidence of sustained
human-to-human transmission, suggesting independent
zoonotic spillovers from a diverse viral lineage. Public
health officials should continue monitoring and sequenc-
ing efforts to identify emerging monkeypox virus lineages.

Monkeypox virus (MPXV; Poxviridae: Orthopox-
virus monkeypox) isolates cluster into 2 major
clades, I and 1I, and each has subclades a and b (1,2).
Clades Ia and Ila, primarily circulating in Equatorial
Africa, generally cause zoonotic spillovers, whereas
specific lineages of clades Ib and IIb from the 2024
outbreak in Central Africa have been associated with
sustained human-to-human transmission (3,4). Clade
I'typically causes more severe disease and higher case-
fatality rates than clade II, and the 2024 outbreaks in
Democratic Republic of the Congo showed lower
case-fatality rates for clade Ia and less-severe clade Ib
infections (5). Those clade Ib-driven outbreaks none-
theless include severe cases, underscoring the need
to elucidate genetic determinants of virulence within
and between MPXV lineages.

During December 2023-August 2024, we collected
41 clinical samples (lesion swabs, crusts, whole blood,

1These first authors contributed equally to this article.
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andserum)from21 personsin Liberiasuspectedtohave
mpox. We recorded epidemiologic and clinical data
on a standardized form based on the Integrated Dis-
ease Surveillance and Response Technical Guidelines
(https:/ /www.who.int/publications/i/item/WHO-
AF-WHE-CPI-05-2019#:~:text=The %20third %20
edition%200f%20the %20Integrated % 20Disease %
20Surveillance,and %20the %20U.S. %20Agency %20
for%20International%20Development%20%28
USAID%29). In August 2024, an mpox outbreak
caused by clade Ib MPXV was declared a public
health emergency of international concern (6), where-
as clade IIb continued to circulate globally. Diag-
nostic testing at the National Public Health Institute
of Liberia National Reference Laboratory (https://
nphil.gov.Ir) used an MPXV real-time PCR (Liferiver
Bio-Tech Corp., http://www liferiverbiotech.com)
for initial virus detection and confirmation (Table) (7).

To determine which MPXV clades were circulat-
ing in Liberia, the National Public Health Institute of
Liberia partnered with the Integrated Research Facil-
ity at Fort Detrick (IRF-Frederick) to perform genom-
ic sequencing. That collaboration aimed to identify
previously undetected MPXV strains and possible
co-infections to inform public health measures and
clinical management.

We transferred 41 inactivated specimens from
21 patients to IRF-Frederick, which extracted nucleic
acids by using a MagMAX Viral/Pathogen Nucleic
Acid Isolation Kit (Thermo Fisher Scientific, https://
www.thermofisher.com) on a KingFisher Flex system
(Thermo Fisher Scientific). We prepared sequenc-
ing libraries by using the DNA Prep with Enrich-
ment kit with 10- to 49-ng input (Illumina, https://
www.illumina.com) and enriched the libraries by us-
ing the Comprehensive Viral Research Panel (Twist
Biosciences, https://www.twistbioscience.com). We
prepared the libraries by using unique dual indices
(IDT for lllumina UDIs, Set A; Illumina) followed by
precapture pooling assembled in 6-plex with up to
500 ng per library. After capture, we pooled all librar-
ies equimolarly and loaded the libraries on a single
NextSeq 1000/2000 P1 XLEAP-SBS 300-cycle flow
cell (2 x 150 bp; Illumina). This enrichment-based
metagenomic sequencing approach enabled detection
of MPXV and other viral DNA pathogens present in
the samples.

We analyzed sequencing reads with EsViritu
version 0.2.3 (https://github.com/cmmr/EsViritu)
to identify viruses and quantify viral genomes.
We further processed MPXV reads by using the
nf-core/viralrecon pipeline version 2.6.0 (https://
nf-co.re/viralrecon/2.6.0/) and aligned the reads to
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Table. Patient and sample characteristics from suspected mpox cases in monkeypox virus clade lla infections, Liberia, 2023—-2024*

Symptom onset Sample Liferiver MPXV Liferiver MPXV
Sample ID Age, y/sex Location date collection date result (FAM) Ct
LIB-MPV24-001 22/F Nimba 2023 Dec 28 2024 Jan 9 + 36.74
LIB-MPV24-007 5/M Sinoe 2024 Feb 8 2024 Feb 12 + 27.92
LIB-MPV24-014 30/M Nimba 2024 Mar 8 2024 Mar 12 + 37.06
LIB-MPV24-015 39/F Nimba 2024 Mar 10 2024 Mar 11 + 37.56
LIB-MPV24-027 24/F Grand Kru 2024 May 2 2024 May 6 + 37.63
LIB-MPV24-037 7™M Nimba 2024 Jun 26 2024 Jun 4 + 34.27
LIB-MPV24-054 7IF Sinoe 2024 Aug 20 2024 Aug 24 + 29.98
LIB-MPV24-069 2/M Lofa 2024 Aug 27 2024 Aug 29 + 30.33
LIB-MPV24-087 27/F Sinoe 2024 Sep 4 2024 Sep 5 + 26.44
LIB-MPV24-107 6/M River Gee 2024 Aug 17 2024 Sep 7 + 36.8
LIB-MPV24-114 20/M Bong 2024 Sep 3 2024 Sep 11 - 38.5
LIB-MPV24-116 16/M Bong 2024 Sep 4 2024 Sep 11 - Undetermined
LIB-MPV24-117 12/M Lofa 2024 Sep 3 2024 Sep 9 - Undetermined
LIB-MPV24-118 16/F Grand Gedeh 2024 Aug 25 2024 Sep 10 - Undetermined
LIB-MPV24-119 56/M Montserrado 2024 Sep 10 2024 Sep 13 - Undetermined
LIB-MPV24-123 29/M Bong 2024 Sep 3 2024 Sep 14 - Undetermined
LIB-MPV24-136 28/M Montserrado 2024 Aug 31 2024 Sep 16 - Undetermined
LIB-MPV24-141 23/M Sinoe 2024 Sep 10 2024 Sep 13 - Undetermined
LIB-MPV24-142 17/F Grand Gedeh 2024 Aug 24 2024 Sep 14 - Undetermined
LIB-MPV24-143 58/F Grand Kru 2024 Aug 30 2024 Sep 13 - Undetermined
LIB-MPV24-144 1/M Sinoe 2024 Sep 10 2024 Sep 13 — Undetermined

*Sample IDs in italics yielded near complete genomes (>98%), and sample IDs in bold met the threshold for detectable MPXV reads, defined as >1 read
per kilobase of the MPXV reference genome per 1 million filtered reads. Of the 5 PCR-positive samples reported by the National Public Health Institute of
Liberia that did not yield sequences, 3 had undetectable MPXV reads and insufficient DNA input (<10 ng), and 2 had detectable reads but lacked
sufficient coverage for consensus genome generation. +, positive; —, negative; Ct, cycle threshold; FAM, fluorescein; MPXV, monkeypox virus.

a reference MPXV strain rom GenBank (accession
no. KJ642613.1).

Overall, we detected MPXV DNA in 10 patients
and varicella zoster virus (VZV) in 10 patients, in-
cluding 2 cases of possible MPXV-VZV co-infection
(Appendix Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/31/9/25-0271-Appl.pdf). We also detected
partial genomes of Epstein-Barr virus (Herpesviridae:
Lymphocryptovirus humangamma 4), hepatitis B virus
(Hepadnaviridae: Orthohepadnavirus hominoidei), and
torque teno mini virus 8 (Anelloviridae: Betatorquevi-
rus homini 8). Detection of multiple viral pathogens,
including VZV and MPXV within the same time
frame, reinforces the value of broad metagenomic ap-
proaches for diagnosing lesions of unknown etiology,
particularly when clinical manifestations overlap.

We assembled 5 near-complete (>98%) MPXV
genomes; Nextclade (https://docs.nextstrain.org/
projects/nextclade/en/stable/index.html) analysis
confirmed that all belonged to clade Ila. We deposited
all sequences in GenBank (accession nos. PV122071-
5). To determine whether those MPXV cases arose
from zoonotic spillover or ongoing human-to-human
transmission, we analyzed phylogenetic relationships,
mutation rates, and apolipoprotein B mRNA editing
enzyme, catalytic subunit 3G (APOBEC3)-mediated
editing patterns (Figure; Appendix Figure 2). Max-
imum-likelihood analysis and APOBEC3 ancestral
reconstruction using squirrel version 1.0.11 (https://
github.com/aineniamh/squirrel) showed limited
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APOBEC3-mediated editing (6/61 internal single-nu-
cleotide polymorphisms [9.8%]). By contrast, clade IIb
viruses from the 2022 global outbreak exhibited exten-
sive APOBEC3-driven hypermutation (8).

Next, by using a fixed local clock model in BEAST
version 1.10.5 (https://beast.community), we esti-
mated a mean evolutionary rate of 1.96 x 107 substi-
tutions/site/year (95% highest posterior probability
7.61 x 107 to 3.92 x 107°) for the clade Ila sequences.
That rate is ~15-fold lower than the APOBEC3-driven
rates reported for 2022 clade IIb strains (9), further in-
dicating that those infections reflect spillover events
rather than sustained human-to-human transmission.

Finally, because MPXV diversity is largely shaped
by geographic separation rather than time (10), the
distinct phylogenetic clustering of cases from Sinoe
County versus those from Nimba County (Appendix
Figure 2) also supports independent zoonotic spill-
over events rather than a single transmission chain.
However, inference is limited by the small number of
available sequences.

In conclusion, this study contributes MPXV ge-
nomes from Liberia, addressing a multidecade ab-
sence of genomic data from human cases in western
Africa. Continued monitoring and sequencing efforts
are essential for identifying emerging virus lineages,
informing targeted public health interventions, and
guiding clinical management strategies to address
the varied presentations associated with different
MPXYV clades.
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Figure. Sequencing characteristics of monkeypox virus clade lla infections, Liberia, 2023—2024. A) Ancestral state reconstruction of the
clade Il phylogeny comparing the 5 new sequences against all publicly available clade lla genomes (n = 27) and a subset of clade lIb
sequences for context (n = 7), including hMPXV-1. Mutations are annotated along each branch with circles colored by whether it is an
APOBEC3-like signature (TC—TT and GA—AA, dark orange) or whether it is another mutation type (light orange). Branch tips show
circles colored by host (human, dark blue; NHP, turquoise; other, yellow). The sequences generated from this study are displayed in the
green box. A large clade from Céte d’lvoire NHPs is collapsed (turquoise funnel). Ultrafast bootstrap support is indicated only at nodes
for which support <0.75. B) Number of APOBEC3-like SNPs of all mutations for subclade hMPXV-1, prior clade lla sequences, and the
new clade lla found in Liberia. C) Comparison of the evolutionary clock rate of the prior clade Ila and new Liberian clade lla sequences
estimated under the local clock model. APOBECS3, apolipoprotein B mRNA editing enzyme catalytic subunit 3; hMPXV-1, sustained
human monkeypox virus outbreak; NHP, nonhuman primate; SNP, single-nucleotide polymorphism.
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The rat lungworm, Angiostrongylus cantonensis, is an
invasive, zoonotic parasite that can cause severe dis-
ease in humans. We collected A. cantonensis larvae
from 2 host species, invasive apple and mystery snails,
from bodies of water in Georgia, USA. Recreational
water users should avoid ingesting potentially infected
hosts, aquatic vegetation, and water.

he rat lungworm, Angiostrongylus cantonensis

(Nematoda: Angiostrongylidae), is an invasive
human pathogen in many countries, including the
United States. This nematode naturally parasitizes ro-
dents (1-3); a variety of gastropod mollusks, typically
terrestrial gastropods, act as intermediate hosts. How-
ever, aquatic and semiaquatic mollusks, such as in-
vasive apple snails (Pomacea spp.) and mystery snails
(Cipangopaludina spp.), have been reported as inter-
mediate hosts (4,5). Freshwater crustaceans, amphib-
ians, reptiles, and flatworms might serve as paratenic
hosts (1-4). Infective third-stage level (L3) nematode
larvae can also be found on vegetation exposed to in-
fected snails (1). When L3 larvae are ingested by rats,
the larvae migrate through vasculature, reaching the
central nervous system, and later develop into adults
in the pulmonary arteries. In humans, accidental in-
gestion of rat lungworm can cause severe pathology,

including meningitis, or death when L3 larvae mi-
grate to the central nervous system (6).

Rat lungworms are native to Southeast Asia but
have spread worldwide (4); the parasite was first re-
ported in the United States in Hawaii in 1960 (2). It
was not detected again until 1986 in Louisiana. Re-
cent years have seen a geographic expansion of this
parasite: 2013 in Florida, Mississippi, and Texas; 2014
in Alabama and California; 2015 in Oklahoma; 2019 in
South Carolina; and 2019-2022 in Georgia (2,4,5,7-9).
Despite the broad geographic distribution of rat lung-
worm, few cases of human angiostrongyliasis have
been detected in the United States (8). We collected
2 rat lungworm host species, invasive apple snails
(Pomacea maculata) and mystery snails (Cipangopalu-
dina japonica), in bodies of water in Georgia and tested
them for A. cantonensis larvae.

We collected the snails from 8 water bodies in 7
counties during May-October 2024 (Table; Figure).
We sampled 430 apple snails (Camden, Chatham, and
Dougherty Counties) and 2,562 mystery snails (Cher-
okee, Greene, Hall, and Jasper Counties) and screened
them for nematodes (Appendix, https:/ /wwwnc.cdc.
gov/EID/article/31/9/25-0133-App1.pdf). A total of
14 snails (5 mystery snails, 9 apple snails) were in-
fected with rat lungworm. No variation was detected
among cox1 sequences from the nematodes. BLAST
analysis (https://blast.ncbi.nlm.nih.gov) showed a
100% match to A. cantonensis parasites previously col-
lected in Atlanta (9). Among sites sampled for mystery
snails, we detected rat lungworm from Lake Lanier
(Hall County; prevalence 18.0/1,000 snails) and the
Ocmulgee River (Jasper County; prevalence 6.3/1,000
snails), whereas mystery snails from Lakes Allatoona
(Cherokee County) and Oconee (Greene County)
were not infected. Apple snails taken from ponds and
marshes in Kingsland (prevalence 189.2/1,000 snails)
and St. Marys (prevalence 8.5/1,000 snails), both in
Camden County, and from Pipemakers Canal (Cha-
tham County; prevalence 4.5/1,000 snails), were in-
fected with rat lungworm, but those from Lake Che-
haw (Dougherty County) were not infected (Table).

Table. Prevalence of rat lungworm (Angiostrongylus cantonensis) in invasive apple snails (Pomacea maculata) and mystery snails

(Cipangopaludina japonica), Georgia, USA*

No. infected/ Prevalence,
Location County GPS coordinates Snail type no. screened infections/1,000 snails
Lake Allatoona Cherokee 34°07'568.1"N, 84°37'46.5"W Mystery 0/1,371 0
Lake Lanier Hall 34°17'35.0"N, 83°56'17.6"W Mystery 2/111 18
Lake Oconee Greene 33°30"16.5"N, 83°16'58.0"W Mystery 0/607 0
Ocmulgee River Jasper 33°19'07.4"N, 83°50'32.6"W Mystery 3/473 6.3
Kingsland Camden 30°47'17.0"N, 81°38'46.0"W Apple 7137 189.2
Lake Chehaw Dougherty 31°36'37.2"N, 84°06'56.3"W Apple 0/55 0
Pipemakers Canal Chatham 32°06'21.0"N, 81°11'43.0"W Apple 1/221 4.5
St. Marys Camden 30°47'07"N, 81°35'25.0"W Apple 1/117 8.5

*GPS, global positioning satellite.
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Figure. Sites where invasive
apple snails (Pomacea
maculata) and mystery

shails (Cipangopaludina
japonica) were collected and
screened for rat lungworm
(Angiostrongylus cantonensis),
Georgia, USA.

Despite our broad sampling of snails, we detected
low overall prevalence of rat lungworm.

Apple snails were first reported in Georgia in
1974 but not reported again until 2005 (10). The
early records of the snails were limited to southern
Georgia, but in 2013, apple snails were reported in
Rockdale County in north central Georgia (10). In
the early 2020s, apple snails began to be reported
more frequently in the central and northern parts of
the state, including in and around the Atlanta met-
ropolitan area (10). Mystery snails are a more recent
introduction to Georgia; they were first reported
in the state in 2013 from the Atlanta metropolitan
area (Clayton and Fulton Counties) (10). Reports of
mystery snails throughout the state have become in-
creasingly frequent in recent years (10). We antici-
pate that future sampling of these snails statewide
will show a general trend of increasing prevalence

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025

as the invasive snail populations become more es-
tablished and widespread.

Humans can be infected with rat lungworm by
ingesting the molluscan intermediate host or the
paratenic host (e.g., crustaceans) or by swallowing
infective (L3) larvae, which are found on vegetation
(1-3). Apple snails are commonly consumed in some
communities in the United States, including Georgia
(C.H. Chun, ]. Page, M. Rowe, pers. observ.). Howev-
er, risk of contracting rat lungworm infection is low.
Thoroughly cooking the infected snail or paratenic
host kills the nematodes and prevents infection; how-
ever, accidental exposure through ingesting contami-
nated vegetation poses a greater human health risk
(1). Prior studies have suggested potential human in-
fection through contaminated drinking water (3).

In conclusion, whereas public health decisions
related to this parasite should be left to the Centers
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for Disease Control and Prevention and the Georgia
Department of Public Health, we encourage efforts
to educate recreational water users to avoid ingest-
ing potentially infected hosts, aquatic vegetation, and
water. Long-term management and monitoring of the
invasive snail and rodent populations are needed to
help minimize the potential spread of rat lungworm
and human infection risk in Georgia.
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Mosquitoborne diseases are a growing threat to public
health worldwide. Human dirofilariasis, caused by the
nematode Dirofilaria repens and transmitted by mosqui-
toes from various genera, has recently expanded into
new areas of Europe. In this article, we report molecu-
larly confirmed autochthonous human D. repens infec-
tions in Estonia.

Human dirofilariasis, caused by nematodes of the
genus Dirofilaria, is a mosquitoborne parasitosis
with growing public health importance. In Europe,
the main causative species is D. repens, and infections
with D. immitis are less frequent. Mosquitoes play a
crucial role in the transmission of infectious larvae,
and suitable species span various mosquito genera,
including Aedes, Anopheles, and Culex (1). The defini-
tive hosts of D. repens nematodes are domestic and
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Figure 1. Autochthonous Dirofilaria repens infections in 2 women, Estonia, 2023. A—C) Case-patient 1, showing a painful subcutaneous
lesion with edema on her right eyelid (A; black arrow). Two months later, the edema resolved, but a 1.5 cm subcutaneous nodule
persisted (B; black arrow). Histopathologic examination of the removed nodule confirmed Dirofilaria spp. (C; larger black arrow);
distinctive transverse striations on the cuticle with average distance of 12 ym between the peaks suggested D. repens (inset; small black
arrow). Hematoxylin and eosin stain; original magnification x100. The diameter of the parasite was 390 x 529 pm. D) Case-patient 2,
showing a subcutaneous nodule under the right lower eyelid (black arrow).

wild carnivores. Humans are considered accidental
hosts, in whom the parasitic larvae typically develop
into a nonfertile stage. Although most human cases
are subclinical, D. repens infection might occasionally
result in subcutaneous swelling with subsequent de-
velopment of subcutaneous nodular lesions. The clin-
ical manifestations can include a mobile mass within
the conjunctiva (2) and can lead to irreversible ocular
damage (3). In rare cases, microfilaremia has been de-
scribed (3,4). The distribution of D. repens nematodes
includes countries in Europe, Africa, Middle East,
Asia, and South America (1). In Europe, the parasite
has recently spread north, and cases of human dirofi-
lariasis caused by D. repens infection have emerged in
Lithuania, Latvia, and Finland (5,6). D. repens nema-
todes have been reported in dogs in Estonia (7,8).
Here, we describe 2 molecularly confirmed human D.
repens infection cases from Estonia.

In February 2023, a 46-year-old woman in Estonia
with no travel history abroad was referred to a neu-
rology service for investigation of recurrent headache
and painful facial subcutaneous nodular lesions with
accompanying edema. The patient described a 1.5-2
cm palpable lesion that remained at the same location
for 1-2 days before disappearing and reappearing else-
where. Her symptoms persisted for 1 month, during
which she observed nodules and edema on her upper
(Figure 1, panel A) and lower eyelids, forehead, lips,
and scalp. Two months later, a permanent 1.5 cm sub-
cutaneous nodule developed in her right upper eyelid
(Figure 1, panel B), and the patient was referred to an
ophthalmologist. We surgically removed the nodule
and sent it for histopathologic examination. The par-
asite in the nodule was confirmed as Dirofilaria spp.
(Figure 1, panel C). After the removal of the parasite,
her symptoms resolved and did not recur.

In February 2023, a 77-year-old woman in Esto-
nia with no travel history abroad was referred to an

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025

ophthalmologist because of a nodular lesion under
the right lower eyelid (Figure 1, panel D). The patient
reported an episode of a mild, painful swelling that
preceded the formation of the lesion. The oval lesion
(1 x 1.5 cm) was located nasally under the right lower
eyelid next to the orbital rim, was not painful and
was freely movable, and was not adhered to the or-
bital rim or lacrimal sac. Initially, we recommended
conservative observation; however, over the next 5
months, the lesion grew, and mild edema reappeared.
Because of a clinical suspicion of a tumor, we surgi-
cally excised the lesion. The specimen was submitted
for a histopathologic examination, which identified
Dirofilaria spp.

No treatment guidelines for human D. repens in-
fection have been established; however, surgical re-
moval of the parasite is usually sufficient, and phar-
macologic treatment is rarely necessary (3). After the
removal of the encapsulated parasite in the 2 cases
described, the symptoms resolved. No systemic treat-
ment was applied. Additional data for both human
cases are provided (Appendix, http://wwwnc.cdc.
gov/EID/article/31/9/24-1890-App1.pdf).

We conducted molecular genetic analysis for
species identification and phylogenetic inference on
samples collected from both patients (Appendix).
We submitted sequences to GenBank (accession nos.
PQ608665, PQ608666, and PQ608671). We conducted
species identification on the basis of the 331 bp se-
quence by using homology search with nucleotide
BLAST (https://blast.ncbi.nlm.nih.gov) and identi-
fied both pathogens as D. repens nematodes. On the
basis of the longer fragment of cox1 (570 bp), we built
a phylogenetic network that comprised the human
isolate In2 from Estonia and 38 highly homologous
sequences from GenBank (Figure 2). In that network,
the human isolate [n2 from Estonia formed a unique
haplotype 1, suggesting low-level divergence from
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Figure 2. Distribution map of
emerging Dirofilaria repens
haplotypes (n = 13) in Europe,
including samples from

Estonia, 2023. Haplotypes

were derived from the median
joining network analysis (left),
illustrating relationships of D.
repens isolates (n = 39) from
Estonia and other countries. We
established relationships on the
basis of partial mtDNA cox1 gene
sequence variation (570 bp). The
circled number is the haplotype
identification number. Red
circles represent haplotypes with
unique sequences. Haplotypes
represented by >2 are in different
colors. Each crossed bar
equates to a single-nucleotide
polymorphism differentiating the
haplotypes. Of note, the human
isolate In2 from Estonia has a
unique haplotype 1, which is
closely related to the central
haplotype 2, reported previously in
D. repens isolates from humans,
dogs, and mosquitoes in various
countries (Appendix Table 2,
https://mwwwnc.cdc.gov/EID/
article/31/9/24-1890-App1.pdf).
mtDNA, mitochondrial DNA.

the central haplotype 2. Of note, D. repens is geneti-
cally closest to a newly described species, D. asiatica
(9) (Appendix).

We report 2 autochthonous human D. repens in-
fections in Estonia, highlighting the importance of
recognizing this emerging threat. The geographic
distribution of D. repens may have expanded be-
cause of climate change, enabling the parasite and
its vectors to adapt in colder regions and spread the
infection northward (3,8). Therefore, it is necessary
to increase the awareness of the parasite among
healthcare professionals working in Estonia. In
both of these cases, the diagnosis was delayed, and
several unnecessary tests were conducted because
of a lack of knowledge about dirofilariasis. The
common nodular lesions in the facial region might
mimic tumors, granulomas, or cysts (10). Because
no commercially available tests are available to
diagnose D. repens infection from blood samples,
molecular analysis of the parasite is essential for
diagnosis (3).
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The Angiostrongylus cantonensis rat lungworm is a zoo-
notic nematode that infects several rat species. This
nematode causes eosinophilic meningitis and meningo-
encephalitis in humans and other accidental hosts. We
found a 20% prevalence of A. cantonensis lungworms
in black rats from a zoo facility in Houston, Texas, USA.

he Angiostrongylus cantonensis rat lungworm

(Strongylida: Metastrongyloidea) is a widely
distributed zoonotic parasitic nematode (1). This
nematode has an indirect life cycle, requiring a ro-
dent definitive host and a gastropod intermediate
host (2). The cycle begins when a rat within the ge-
nus Rattus ingests a gastropod intermediate host in-
fected with third-stage larvae (L3). L3 penetrate the
intestinal wall, migrate to the brain, molt twice, and
then migrate to the right ventricle and pulmonary
arteries, where they develop into adults. Within
pulmonary arteries, adults reproduce sexually and
female worms lay eggs, which hatch into first-stage
larvae (L1) that are subsequently coughed up and
swallowed. L1 travel through the gastrointestinal
tract and are passed in the feces. L1 then reenters
the gastropod either orally or by actively penetrat-
ing its foot. L1 molt twice within the gastropod
host to develop into infective L3. The L3 may be
ingested by paratenic hosts, remaining dormant
but infective.

Accidental hosts, including humans, can be-
come infected through ingestion, deliberately or ac-
cidentally, of infected gastropods, paratenic hosts,
or L3 (1). In those hosts, A. cantonensis infection
causes eosinophilic meningitis or meningoenceph-
alitis (i.e., neural angiostrongyliasis). Disease in
humans is characterized by nonspecific neurologic
signs such as neck pain and stiffness and sensitivity
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Figure 1. Histopathology of
Angiostrongylus cantonensis

rat lungworm infection in
metropolitan black rats, Houston,
Texas, 2024. A) Severe
pulmonary consolidation due

to verminous pneumonia. Adult
nematode is visible within a large
artery (arrow). Scale bar = 1.5
mm. B) Higher magnification

of lung with numerous A.
cantonensis larvae and eggs
surrounded by granulomatous
inflammation. Scale bar = 80 pm.
C) Multiple adult A. cantonensis
nematodes in right ventricle of
the heart. Scale bar = 1.5 mm.
D) Mild lymphoplasmacytic
meningitis with cross sections

of A. cantonensis nematodes.
Scale bar = 300 um.

to touch and light and may be severe or fatal, par-
ticularly without timely or effective intervention
(3). The first human case of eosinophilic meningi-
tis caused by A. cantonensis in the United States oc-
curred in Hawaii (4). In addition to travel-related
cases (1), autochthonous cases of A. cantonensis in
humans and captive and free-ranging wildlife in
the United States have occurred in Alabama, Loui-
siana, Oklahoma, Mississippi, Florida, Texas, Ten-
nessee, and Georgia (1,4-8).

Finding only a few reported cases of rat lung-
worm infection in humans and nonhuman primates
in Texas (6,9), and noting a lack of research investigat-
ing rodent definitive hosts in the state, we investigat-
ed the prevalence of A. cantonensis lungworms in ro-
dents captured from a zoo located in the metropolitan
area of Houston, Texas, USA. We confirmed autoch-
thonous A. cantonensis infections in black rats (Rattus
rattus) through necropsy, gross and histopathological
evaluation, microscopy of nematode specimens, and
molecular testing as described previously (5) (Appen-
dix, Appendix Table, https://wwwnc.cdc.gov/EID/
article/31/9/25-1710-App1l.pdf).

During March—June 2024, we collected rodents
at the Houston Zoo in Harris County, Texas (29.7158°
N; 95.3903° W). Of the rats examined, we found 15
(20%) of 75 to be infected with A. cantonensis worms.
The average number of nematodes per rat was 26.6
(range 2-108. We traced infected rats to groups col-
lected during April-June (Appendix Figure). Of
the 15 rats histologically confirmed as infected, 11
showed verminous pneumonia with high larval and
egg loads, 11 had cross-sections of adults within
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pulmonary vessels or the right heart ventricle, and
2 had meningitis due to parasitic larval migration
(Figure 1). In 13 of the 15 infected rats, we found
eggs or larvae with the characteristic dorsal-spined
L1 in the lung sediment. We found no larvae in the
2 remaining rats, coincidentally the 2 with meningi-
tis, compatible with prepatent infections. Histologic
examination revealed eosinophilic meningitis in
the brain tissue, caused by A. cantonensis larvae,
which we inferred to be L3, L4, or L5 on the basis of
infection progression (Figure 1, panel D). We noted
adult specimens and larvae in the pulmonary arter-
ies in association with severe, chronic granuloma-
tous pneumonia.

Our molecular analysis confirmed the identity of
each specimen as A. cantonensis. The sequences ob-
tained were 100% identical to each other (Figure 2).
We submitted 28 sequences that were 190-bp to Gen-
Bank (accession nos. PQ556202-29). A 20% prevalence
of in the wild black rat population indicates that this
parasite is well established at the zoo. We theorize
that the parasite is also likely established in the city of
Houston and Harris County, the third most populous
county in the United States. Studies reported similar
prevalence of the nematode in Florida (22.8%) (7) and
notably higher prevalence in Louisiana (38%) (8) and
eastern Hawaii Island (93.9%) (10). Our results sug-
gest the need for a temporally and geographically
broader study to assess parasite distribution and epi-
demiology in Texas.

The established A. cantonensis cycle within this
metropolitan area highlights the risk of zoonotic
exposure to humans. In addition, A. cantonensis
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lungworms may be an emerging threat to conserva-
tion of threatened or endangered captive animals
housed in zoos in endemic areas. The loss of a single
animal can have a massive impact on the genetic
pool. Therefore, establishment of this nematode in
the area imparts greater risk for those endangered
species (6). The sequences we generated were 100%
identical to haplotype 17a, previously found in
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Louisiana and Georgia (5,8). This finding suggests
that, after introduction and establishment, A. canto-
nensis lungworms have possibly spread across the
southeastern United States. Our study highlights the
importance of statewide or countrywide surveys to
determine the full geographic distribution of A. can-
tonensis lungworms to inform strategies to mitigate
the threat to both human and animal health.

Figure 2. Maximum-likelihood
phylogenetic tree (1,000
bootstrap replicates) from
study of zoonotic rat lungworm
Angiostrongylus cantonensis
in black rats, Houston,

Texas, 2024. Tree depicts the
phylogenetic relationships of
A. cantonensis sequences
generated from samples in
this study and representative
sequences of A. cantonensis
haplotypes from the United
States and globally. Sequences
generated in the study are
labeled HZR and were deposited
into GenBank (accession nos.
PQ556202-29). Reference
sequences are identified by
GenBank accession number
and location.
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We report a case of acute babesiosis in a splenecto-
mized 63-year-old man in Siberia, Russia. We con-
firmed the causative agent, Babesia venatorum, by
PCR. Our study demonstrated a change in the structure
of the parasite population, from single parasite invasion
of erythrocytes to multioccupancy, without an increase
in parasitemia level.

Babesiosis is an emerging tickborne infection
caused by intraerythrocytic protozoa. To date, re-
searchers have described more than 50 cases of babe-
siosis in humans in Europe, almost always fulminant
in splenectomized patients and typically attributed
to Babesia divergens. Some recent reports also describe
several cases of human infection with B. venatorum,
associated with milder infections than those caused
by B. divergens (1). Researchers have also described
sporadic cases of babesiosis caused by infection with
Babesia microti and B. divergens in Asia-Pacific regions
(2,3), but the practically asymptomatic course of the
human infection with B. venatorum is more common
(4). Although reports have noted detection of Babesia
spp- DNA in Ixodes persulcatus ticks in Siberia (5), cas-
es of human infections have yet to be reported in that
region of Russia.

We report the case of a 63-year-old man who re-
sided in a forested, mountainous area of Khakassia,
East Siberia, Russia, and had undergone splenectomy.
On September 30, 2024, the man sought treatment for
an influenza-like syndrome with signs and symptoms
that included a fever of 38°C, severe general weak-
ness, darkening of urine, a decrease in diuresis, jaun-
dice, dyspnea, and stomachache. Attending physi-
cians admitted the patient to the hospital on October
2, 2024 (Table). The patient reported no awareness of
a tick bite and had received no blood products in the
previous 3 months.

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 31, No. 9, September 2025
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Table. Characteristics of case-patient in study of human babesiosis caused by Babesia venatorum, Russia, 2024*

Results by date

Tests performed Oct 3 Oct 7 Oct 10 Oct 14 Oct 22 Nov 8 Reference range

Hematologic parameters
Hemoglobin, g/dL 11.2 9.3 11.6 11.6 12.0 155 11.7-18.0
Hematocrit, % 32.0 27.0 34.8 32.7 36.1 46.8 35-52
Erythrocytes, x10'2 cells/L 3.48 3.01 3.96 3.51 3.85 5.1 3.8-6.1
RBCN, L 10:100 4:100 7:100 NA NA NA 0:100
Platelets, x10%L 21 127 154 346 230 217 150-450
Leukocytes, x10° cells/L 4.8 8.3 7.8 5.7 9.1 10.4 4-11
Parasitemia level, %t 2.43 291 1.56 0 0 0 0

Biochemistry
Alanine aminotransferase, U/L 7.4 22.0 NA 21.0 16.0 NA <40
Aspartate aminotransferase, U/L 27.0 67.0 NA 25.0 30.0 NA <40
Total bilirubin, ymol/L 84.9 38.1 NA 11.8 9.0 NA 3.1-16.9
C-reactive protein, mg/L 1.3 0.7 NA 1.6 4.0 NA 0-0.5
Urea, ymol/L na 7.5 NA 3.3 6.0 NA 2.5-8.3
Creatinine, mcM/L 97.0 91.0 NA 111.0 107.0 NA 53-106
Glucose, pmol/L 25.6 14.6 NA 8.4 7.5 NA 3.3-55
Total protein, g/L 56.0 55.0 NA 68.5 93.0 NA 62-81

*NA, not available; RBCN, red blood cell normoblasts.
tPercentage of erythrocytes that were infected.

Blood smears obtained on hospital admission
tested positive for Plasmodium spp. However, because
the patient reported no recent travel to malaria-en-
demic areas, we sent the blood samples for retesting at
Sechenov University (Moscow, Russia), where results
confirmed babesiosis. We then examined the blood
smears after Romanovsky-Giemsa staining, noting
the paired forms diverging at a wide angle (<180°),
which is characteristic of both B. divergens and B. vena-
torum (Appendix Figure 1, https:/ /wwwnc.cdc.gov/
EID/article/31/9/25-0319-Appl.pdf).

We screened DNA samples extracted from the
blood smears for B. divergens, B. microti, and B. vena-
torum by PCR, using methods described previously
(6). We partially sequenced the 185 rRNA gene (1,112
bp; GenBank accession no. PV086113) (5). We aligned,
compared, and analyzed the resulting nucleotide se-
quences and reference sequences downloaded from
GenBank by using MEGA X (7). We also reconstruct-
ed a phylogenetic tree (Appendix Figure 2). Using
forward and reverse primers form 185 RNA of Babesia
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spp. from Europe, we were able to detect only B. ve-
natorum DNA.

We started etiotropic treatment for the patient 3
days from the time we initially detected intraeryth-
rocytic parasites and identified the causative agent
as Babesia spp. The patient responded to therapy
(clindamycin and quinine sulfate), and by day 9 of
treatment, parasites were no longer detectable with
microscopy (Table). We noted that the ratio of eryth-
rocytes invaded by >1 trophozoite changed as the in-
fection progressed. Four days after symptom onset,
single trophozoites and pairs (figure 8 pattern) pre-
dominated. On the 8th day of infection, with the same
level of parasitemia, almost half of the infected eryth-
rocytes contained >4 trophozoites (Figure). Parasites
continued to divide intensively but did not leave the
host cell. Prior research has noted multiple parasites
present in individual erythrocytes during fulminant
infections in humans (8) and in heavily infected in vi-
tro cultures (9). Results of such studies suggests that
multioccupancy of trophozoites in the erythrocyte

Figure. Dynamics of the
parasite population in
erythrocytes in case-patient

in study of human babesiosis
caused by Babesia venatorum,
Russia, 2024. As the infection
progressed with constant
parasitemia (<3%), 4 main
populations of infected red blood
cells were seen: 1 parasite, 2
parasites, 4 parasites, and >4
multioccupancy (>4 parasites).
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prevents a sharp increase in parasitemia and helps to
preserve the parasite population in the host (9). How-
ever, the phenomenon we observed occurred at both
high (>23%) and low (<3%) parasitemia.

Our study of this unique case of human babesio-
sis in Siberia, Russia, provides molecular evidence
that the etiologic agent was B. venatorum. Prior re-
search noted the Asia variant of B. venatorum in
asymptomatic persons from China (4). B. divergens
infection in splenectomized humans could lead to
death, even with timely treatment (1). However, the
similar course and positive outcome of babesiosis in
our patient resembled those in cases previously re-
ported in Europe (1), suggesting that the causative
agent of the disease was B. venatorum, which we con-
firmed by PCR.

Our patient resided in a village located in a forest-
ed area, which is a natural habitat for ticks. The man’s
work involved staying in the forest, again increasing
his risk for tick bites. The fact that the patient did not
notice a tick bite is not unusual. Only 50% to 70% of
patients with tickborne diseases recall being bitten by
a tick (2). Considering the ability of B. venatorum to be
transmitted transovarially and transstadially within I.
persulcatus ticks, it is possible for a person to become
infected through the bite of a tick nymph, which is
smaller and less noticeable than the adult (10).

In conclusion, our case study revealed the poten-
tial risk of B. venatorum infection for persons living in
Siberia, Russia. Clinicians should be aware that infec-
tion can occur as an influenza-like illness and may go
unnoticed in immunocompetent persons.
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Treatment of actinomycotic mycetoma with joint involve-
ment is challenging. We present a patient in India with
actinomycotic mycetoma who reached complete cure and
remission after linezolid and meropenem treatment with a
2-year posttreatment follow-up. Clinicians should use novel
drug regimens based on subspecies variations of Nocardia
and regional drug susceptibility patterns to guide therapy.

Actinomycotic mycetoma presents as a triad of
symptoms: painless swelling, discharging si-
nuses, and presence of grains. Nocardia brasiliensis
is commonly implicated (1). Although varied drugs
and regimens have been tried, regional variations in
antimicrobial drug sensitivities and species should
guide therapy (2). We detail the clinical course of a
refractory case caused by N. otitidiscaviarum infection
in a patient in which complete clinical and radiologic
remission was achieved with a combination regimen
of linezolid and meropenem co-administered with
trimethoprim/sulfamethoxazole. We also examine
the role of penems on the basis of existing data.
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In 2019, we saw a 30-year-old man for painless
swelling and multiple pus-discharging sinuses in his
right knee for 2 years, which was preceded by trauma
from a road traffic accident. Actinomycotic mycetoma
was diagnosed and treated with trimethoprim/sulfa-
methoxazole and dapsone for 6 months, which led to
remission for 1 year before recurrence. The patient
declined amikacin injections and was treated with
trimethoprim/sulfamethoxazole (160 mg/800 mg
2x/d) and faropenem (300 mg) for 6 months, which
resulted in complete resolution. Recurrence occurred
within 10 months of stopping therapy.

On examination, multiple nodules with overlying
sinuses and scanty seropurulent discharge were ap-
parent on the anterior aspect of right knee (Figure 1,
panel A). Ultrasonography of the right knee showed
a characteristic dot-in-circle sign (Appendix Figure
1, https://wwwnc.cdc.gov/EID/article/31/9/25-
0514-Appl.pdf) that was confirmed by magnetic
resonance imaging. A deep incisional skin biopsy
specimen from the nodule revealed epidermal hy-
perkeratosis, parakeratosis, neutrophil exudate, and
irregular acanthosis with multiple small grains in su-
perficial dermis rimmed by dense neutrophilic infil-
trate, suggestive of Splendore-Hoeppli phenomenon.

The biopsy specimen collected from the nodule
on the right knee revealed the presence of gram-
positive, thin, branching filaments, suggestive of
actinomycetes. Modified Ziehl-Neelsen stain (using
1% sulphuric acid) showed acid-fast, thin, branch-
ing, beaded, filamentous bacilli. Blood agar showed
growth of colonies 2-3 mm in size after 72 hours of
aerobic incubation that appeared dry, convex, white,
and adherent to the medium (Figure 2). On Sab-
ouraud dextrose agar, the colonies were dry and yel-
lowish-orange in color. Subculture and microscopy

Figure 1. Anterior right knee

of patient treated with linezolid
and meropenem for Nocardia
otitidiscaviarum actinomycetoma,
India. A) Multiple nodules

with overlying sinuses over
right knee. B) Near-complete
resolution with subsidence of
sinuses and nodules leaving
behind scarring after 2 months
of treatment with a 21-day cycle
of linezolid and meropenem
combined with trimethoprim/
sulfamethoxazole.
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Figure 2. Tissue culture from patient treated with linezolid and
meropenem for Nocardia otitidiscaviarum actinomycetoma, India.
Blood agar culture shows growth of dry, convex, white colonies
that are adherent to the medium. Original magnification x200.

reevealed a branching gram-positive rod, and Nocar-
dia was confirmed.

Sequencing using PCR displayed >99% similarity
with N. otitidiscaviarum sequences deposited in Gen-
Bank (accession nos. NR_041874.1, KM678016.1, and
0Q034626.1) by using BLAST (https://blast.ncbi.
nlm.nih.gov) (Appendix). A sensitivity assay using a
Sensititre Rapid Growing Mycobacteria RAPMYCOI
Plate (Thermo Fisher Scientific, https://www.ther-
mofisher.com) showed sensitivity to sulfamethoxa-
zole, ciprofloxacin, moxifloxacin, cefoxitin, amikacin,
doxycycline, linezolid, imipenem, tobramycin, and
ceftriaxone.

A 21-day cycle of intravenous linezolid (600 mg
2x/d) and meropenem (500 mg 3x/d), along with tri-
methoprim/sulfamethoxazole (160 mg/800 mg 2x/ d)
led to a decrease in discharge within 3 weeks and
substantial clinical improvement within 2 months of
treatment. (Figure 1, panel B). Trimethoprim/sulfa-
methoxazole was continued at the same dose for an-
other 10 months and stopped. Residual disease was
treated with another cycle of linezolid and merope-
nem after 10 months. The patient tolerated therapy
well and was in remission for 24 months after stop-
ping treatment.

Actinomycotic mycetoma is primarily caused
by Nocardia, Streptomyces, and Actinomadura species,
and the highest incidence is reported in India, Asia,
Pakistan, and Yemen (1). Of the various Nocardia spe-
cies, N. otitidiscaviarum is rarely reported, predomi-
nantly affecting immunocompromised hosts (3), and
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is an uncommon and unreported cause of mycetoma.
A previous study with DNA sequencing of 441 No-
cardia species reported N. ofitidiscaviarum in 5.9% of
samples (4). Although there are reports of nocardiosis
caused by that species (4), actinomycotic mycetoma
has not been reported. The existing drug regimens
entail cyclical administration and long durations of
therapy, and our aim was to explore the use of pen-
ems as monotherapy or in combination to treat acti-
nomycotic mycetoma (2,5,6), but no previous study
has used a combination with linezolid.

We tried to avoid the use of amikacin because of
its side effects. One the basis of sensitivity patterns
and previous data (7), we used a combination of li-
nezolid and meropenem. Although the sensitivity
analysis was tested for imipenem, in vitro studies
have shown higher activity of meropenem compared
with imipenem against Nocardia and reflect its clinical
efficacy (8). Linezolid has also shown in vitro activ-
ity against Actinomadurae spp. and Nocardia spp. in
refractory actinomycotic mycetoma (9).

The refractory nature and recurrences in this case
could be a consequence of N. otitidiscaviarum spp. in-
fection, which is an uncommon cause of actinomy-
cotic mycetoma. The rapid response and long-term
remissions make the described regimen suitable and
saves inpatient admission costs and repeated admis-
sions that are needed for other regimens (10). Thus,
it is useful to collate existent sensitivity data with
regional antimicrobial sensitivity for a logical combi-
nation regimen, and more data on that combination
can determine its widespread applicability in myce-
toma caused by Nocardia spp. Clinicians should use
advances in drug regimens according to subspecies
variations of Nocardia and regional antibiotic drug
susceptibility patterns to guide therapy.
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We present a case of subarachnoid neurocysticerco-
sis caused by Taenia crassiceps in an elderly woman
in Slovenia with no underlying disease or immunosup-
pressive treatment. The parasite was identified by 12S
rDNA PCR and sequencing. Despite prolonged therapy
with albendazole and praziquantel, the disease re-
curred after treatment was discontinued.

Human neurocysticercosis is a severe infection
of the central nervous system, generally caused
by larvae of the tapeworm Taenia solium and, rarely,
by other Taenia species, such as T. crassiceps. So far,
2 cases of T. crassiceps neurocysticercosis have been
reported in humans (1,2).

The adult T. crassiceps is an intestinal parasite of
carnivores, mainly foxes; small mammals, such as
rodents, serve as natural intermediate hosts for cyst-
like larvae that proliferate by budding in their body
cavities or subcutaneous tissues, leading to massive
infections. Humans can become accidental intermedi-
ate hosts by ingesting parasite eggs excreted in the
definitive hosts’ feces or by contamination of open
wounds with eggs, as suspected in subcutaneous in-
fections (3). In addition to neural and subcutaneous
infections, infestation of eyes, muscle tissue, and ten-
dons has been reported in humans (1,3). We describe
a case of T. crassiceps infection in an elderly patient
with meningitis and progressive deterioration of neu-
rologic symptoms diagnosed by a combination of se-
rologic and molecular methods.

Neurologic symptoms developed in a 74-year-old
woman from northeastern Slovenia with no underly-
ing diseases in December 2022. Symptoms worsened
and led to gait ataxia; tetraparesis, which was mark-
edly left-sided; urinary incontinence; and cognitive
decline within a year.

Lumbar puncture (LP) performed in May 2023
confirmed aseptic meningitis. Cerebrospinal fluid
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Figure 1. Equivocal results of Cysticercosis Western blot IgG
(LDBIO Diagnostics, https://Idbiodiagnostics.com) assay in study
of subarachnoid neurocysticercosis caused by larval-stage Taenia
crassiceps tapeworm, Slovenia. Results of patient’s serum (A)
and cerebrospinal fluid (B) samples show 6—8 kDa band and a
weak 12 kDa band. Cysticercosis-specific bands are 6-8 kDa

(a), 12 kDa (b), 23-26 kDa (c), 39 kDa (d), and 50-55 kDa (e).
The presence of >2 well-defined bands among the 5 mentioned

is indicative of neurocysticercosis. E21, patient’s serum; EB,
patient’s cerebrospinal fluid; E7 and E22, positive controls.
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(CSF) showed elevated protein levels (0.72 g/L; ref-
erence range 0.15-0.45 g/L). Glucose (2.8 mmol/L;
reference range 2.5-3.9 mmol/L) and glucose ratio
between CSF and serum (0.44; reference >0.31) were
unremarkable. Pleocytosis was present with a to-
tal leukocyte count of 108 x 10° (reference <5 x 10°)
cells/L. Analysis of CSF sediment revealed 1% neu-
trophils, 75% lymphocytes and 3% plasma cells, 9%
monocytes, and 12% eosinophils. Intrathecal synthe-
sis of IgG (163.9 mg/L), IgM (5.0 mg/L), and IgA (5.7
mg/L) was confirmed. Results of blood tests, includ-
ing a differential blood count, were unremarkable.

Magnetic resonance imaging (MRI) of the brain
revealed an enlarged ventricular system that was
more pronounced on the right side without changes
in the brain parenchyma. Follow-up LPs confirmed
the persistence of pleocytosis in the CNS. Extensive
microbiological analyses of CSF and blood samples
for infectious agents (Appendix, https://wwwnc.
cdc.gov/EID/article/31/9/25-0014-Appl.pdf) and
tests for autoimmune and paraneoplastic encephalitis
were repeatedly negative, with the exception of sero-
logic testing of blood and CSF samples for T. solium
IgG, which was equivocal (Figure 1). Because this re-
sult was suspicious for neurocysticercosis, we tested
CSF using cestode-specific PCR amplifying the mito-
chondrial 12S rRNA gene (4); the result was positive.
After sequencing and BLAST analysis (https:/ /blast.
ncbi.nlm.nih.gov/Blast.cgi) of the 242-bp amplicon
obtained (Gen Bank accession no. PQ764695), the se-
quence showed 100% homology with T. crassiceps.

MRI of the brain with contrast performed in
March 2024 showed changes consistent with a sub-
arachnoid form of neurocysticercosis (Figure 2).
Results of investigations to identify additional foci
of cysticercosis, including MRI of the spinal cord,
were unremarkable.

We initiated dual therapy for neurocysticercosis
with albendazole (800 mg/d) and praziquantel (2,400
mg/d), along with dexamethasone (6 mg/ d) to prevent
inflammation, in April 2024. Dexamethasone was ad-
ministered for 4 weeks and praziquantel with albenda-
zole for 85 days. After 85 days of therapy, subsequent
CSF PCRs were negative. Praziquantel was discontin-
ued, and treatment with albendazole was continued
for a further 80 days. An LP performed 10 days after
discontinuation of treatment showed no signs of men-
ingitis. One month later, eosinophilic meningitis was
again confirmed with a total leukocyte count of 20 x
10° cells/L in CSF, of which 27% were eosinophils in
the sediment, and PCR was again positive. The patient
was restarted on dexamethasone, albendazole, and
praziquantel for 2 weeks in November 2024, after
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Figure 2. Magnetic resonance imaging of the brain in study of subarachnoid neurocysticercosis caused by larval-stage Taenia
crassiceps tapeworm, Slovenia. Imaging shows pathological signal enhancement at the site of inflammation after contrast administration
(white arrows) and a dilated ventricular system (hydrocephalus) as a result of impaired cerebrospinal fluid drainage in the right basal
cisterns (A), right parapontine basal cistern (B), and right pontocerebellar angle (C).

which she continued treatment with albendazole. At
least 1 year of albendazole treatment was planned and,
in case of recurrence, lifelong therapy.

The patient’s cognitive status improved substan-
tially after treatment, but spastic tetraparesis did not.
She was no longer able to care for herself and moved
into a nursing home.

Human T. crassiceps infections are rare; 16 cases
have been reported during 1973-2023, mostly in im-
munocompromised but also in immunocompetent
persons (1-3,5-9). Although our patient had no under-
lying conditions, her age might have led to immunose-
nescence, increasing her susceptibility to infection.

Laboratory diagnosis of T. crassiceps cysticercosis
is challenging, especially when no clinical material is
available for parasitological and pathological evalu-
ation, as in our patient who had subarachnoid neu-
rocysticercosis. The cystic appearance of the larvae
was not visible on MRI, which differs from 2 other
described cases of the parenchymal form of the dis-
ease (1,2). Equivocal or weak positive results of se-
rologic tests for other helminthiases might indicate a
possible infection (1,8,9). In fact, the initial suspicion
of cysticercosis in this patient arose from equivocal
blood and CSF T. solium serologic testing.

The source of this patient’s infection is unknown,
but she owned a dog, as did several other reported
case-patients (1,5,7,8). Increased recreational activity
in wildlife areas raises risk for T. crassiceps infection in
domestic carnivores, making regular canid deworm-
ing essential to prevent infections in humans.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025
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Prevalence of tick-borne encephalitis (TBE) is increas-
ing in much of Europe. In May 2024, an autochthonous
pediatric case of TBE was diagnosed in a 6-year-old girl
in Belgium. Clinicians should recognize the symptoms
and signs of TBE infections and consider this disease in
patients with unexplained neurologic symptoms, regard-
less of travel history.

Tick—borne encephalitis (TBE) is a disease of the
central nervous system (CNS) caused by TBE vi-
rus (TBEV). TBEV is endemic in regions from Europe
to the Far East, where ixodid ticks act as vectors (1-3).
TBEV has 3 main subtypes: European, Siberian, and
Far Eastern (2-4).

Since 1973, TBE incidence has increased by nearly
400% in Europe, excluding Portugal and Belgium. TBE
is mainly transmitted from late spring to early autumn,
and spread is linked to global warming (1-3). TBEV in-
fection can also occur by consumption of unpasteur-
ized milk products from infected livestock (1,3).

Clinical course and outcomes vary by TBEV sub-
type. The European subtype often causes a biphasic
illness. Up to 10% of TBE patients develop pareses
from myelitis, and the mortality rate is 0.5%-2%.
Symptoms begin 8 days after tick bite (incubation
range 4-28 days) with a nonspecific febrile illness
(viremic phase), which resolves before potentially
progressing to CNS inflammation 2-8 days later
(neurotrophic phase). Neurologic symptoms include
meningitis and meningoencephalitis, typically lasting
7-10 days (1,3). Preventive measures are essential, be-
cause no effective treatment exists (1).

According to the literature available through Au-
gust 2024, in Belgium, 8 nonautochthonous (5) and 3
autochthonous (6) TBE cases had occurred in adults.
We report an autochthonous pediatric TBE case in
Belgium and compare that case to the 3 autochtho-
nous TBE cases in adults.

A 6-year-old girl was brought for care with a
6-day history of fever, diarrhea, and myalgia. She had
returned from Thailand 3 weeks earlier and engaged
in several outdoor activities after her return to Bel-
gium. A clinical examination did not identify a cause
for the fever. Blood tests showed mild thrombocyto-
penia, leukopenia, and elevated creatine kinase (CK)
(Table). An infectious serology search focused on
common infections in Thailand. Results of testing of
a urine sample and nasopharyngeal swab specimen
were negative. A stool sample showed the presence
of Salmonella enterica serovar Bareilly and Campylo-
bacter jejuni; azithromycin was initiated for 3 days.
During her 5-day hospital stay, the patient showed
clinical improvement, and her fever resolved.
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Table. Details of autochthonous tick-borne encephalitis cases in a child compared with 3 previous cases in adults, Belgium*

Patient no. from 2021 report (6)

Case report from 2024

Characteristic 1 2 3 (this study)
Age of onset, y/sex 48/F 59/M 58/M 6/F
Tick bitet 2 weeks before 2 weeks before Multiple tick bites in No observed tick bite,

symptom onset

symptom onset

but increased
outdoor activities

the weeks before
symptom onset

Likely site of tick bite,
postal code
(province)t

Oostkamp, 8020
(West Flanders)

Lille, 2275 (Antwerp)

Wanze, 4520 (Liege) Evergem, 9940

(East Flanders)

Signs/symptoms

During first (viremic) Myalgia, fever

Fever, fatigue,

Dyspnea, cough, fever Recurrent fever, diarrhea,

phase

During second
(neurotrophic)
phase

Asthenia, tremor,
drowsiness, fever,
peripheral facial palsy,
brachial weakness,
nuchal rigidity
Weakness of right arm,
loss of cognitive
function, inability to
concentrate, fatigue,

At follow-up (time)

myalgia, headache

Fever, fatigue, myalgia,
headache, paraparesis,
signs of meningitis,
severe motor
polyradiculitis
Improved motor skills 9
mo after hospitalization
(wheelchair at discharge)
(9 mo)

Recurrent fever, severe
and persistent
headaches, weakness,
diarrhea, anorexia

Occasional headaches,
otherwise recovered
(=2 mo)

anorexia, arthralgia (ankles,

hands and wrists), myalgia,

ophthalmalgia, cervicalgia

Spiking fever, photophobia,

vomiting, agitated behavior,

fatigue, myalgia, arthralgia,
diarrhea

No residual symptoms
(6 mo)

tremor (2 mo)

Sample type (no. days

after symptom onset)
Flavivirus IFA
serum (no. days
after symptom
onset)

Serum (5), CSF (6)

Serum (5): IgM,
TBEV+; 1gG, TBEV+

Serum (20), CSF (18)

Serum (20): IgM,
TBEV+; IgG, TBEV+

Serum (2), serum (18)  Serum (5), serum (17), CSF
(17), serum (19), serum (26)
Serum (5): IgM, TBEV—;
IgG, TBEV—-. Serum (17):
IgM, TBEV+ (>1/80);
1gG, TBEV+ (>1/80). Serum
(26): IgM, TBEV+ (>1/80);
IgG, TBEV+ (>1/80)

Serum (2): IgM,
TBEV-; IgG, TBEV-.
Serum (18): IgM,
TBEV+, 1gG, TBEV+

Flavivirus IFA CSF CSF (6): IgM, TBEV+;  CSF (18): IgM, TBEV+; ND CSF (17): IgM, TBEV+; IgG,
(days after 1gG, TBEV+ 1gG, TBEV+ ND (sample too small
symptom onset) for both Ig types)
PRNTYy titer Serum (5): 1:25; Serum (20): 1:60; Serum (2): ND; serum Serum (26): 1:204

(no. days after
symptom onset)
rRT-PCR

(no. days after
symptom onset)
TBEV RNA ND ND
seguencing (serum)

CSF (6): ND

Serum (5): ND;
CSF (6): ND

CSF (18): ND

Serum (20): ND;
CSF (18): ND

(18): 1:194

Serum (2): +; serum  Serum (5): + (Ct 36.27); serum

(18): ND (17): ND; CSF (17): ND; serum
(19): ND; serum (26): ND
ND European subtype TBEV

*Additional case characteristics are provided in Appendix Table 2 (https://wwwnc.cdc.gov/EID/article/31/9/25-0093-App1l.pdf). CSF, cerebrospinal fluid;
Ct, cycle threshold; IFA, indirect fluorescent antibody; ND, not determined; PRNT90, 90% plaque reduction neutralization test; rRT-PCR, real-time reverse
transcription PCR; TBEV, tick-borne encephalitis virus; +, present/positive; —, absent/negative.

tEarly removal of the tick might not prevent encephalitis (4). Approximately 30% of cases occur without a reported tick bite (2,4).

fLocations show no clear proximity (Appendix Figure 3).

Four days after discharge, the girl was readmitted
because of recurrent fever for 1 day and arthralgia.
Additional blood results showed no anomalies. On
day 4 of readmission, meningeal signs appeared, and
blood tests showed leukocytosis. Extensive imaging
showed no anomalies. A lumbar puncture showed
cerebral spinal fluid (CSF) leukocytosis, prompting
intravenous cefotaxime. Extensive serology testing
was performed. After 7 days of intravenous cefotax-
ime treatment, TBEV IgM was detected in CSF. The
patient, whose symptoms resolved, was discharged.
Follow-up consultations indicated favorable recovery
without residual symptoms. A brain magnetic reso-
nance imaging scan showed no cerebral injuries.
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We compared the clinical course of this patient
to those of the 3 previous autochthonous TBEV cases
in Belgium (Table). We noted no geographic links be-
tween those 3 cases and the pediatric case we report.
In all cases, a biphasic course was observed. In 2 of the
previous cases, long-term neurologic sequelae were
documented several months postinfection; however,
we did not observe such sequelae in our case. In cases
with persistent neurological deficits, paresis was al-
ready evident during the neurotrophic phase, consis-
tent with the 10% of TBE patients who develop pare-
sis as a result of myelitis.

We observed a biphasic course, observed in 75% of
TBE cases (1-3), in this patient. Serum CK levels were
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also elevated (4). Some TBE patients have myalgia/
myositis, and up to one third have elevated serum
CK levels (7), yet the clinical relevance is still un-
clear. After the patient had a symptom-free inter-
val, fever recurred, and meningitis was confirmed.
TBEV IgM was detected in serum and CSF. Testing
for Japanese encephalitis was initiated because of
the patient’s travel history; TBEV testing was in-
cluded in that panel.

Given the incubation range of 4-28 (median 8)
days (2,3), we cannot exclude possible TBEV infec-
tion in Thailand. However, no TBE cases have been
reported in Thailand (8). Moreover, sequencing of
the TBEV RNA from a serum sample identified the
European subtype, suggesting infection acquired in
Europe (Appendix, https://wwwnc.cdc.gov/EID/
article/31/9/25-0093-Appl.pdf). Although no tick
bite was reported for this patient, her increased out-
door activities posed a substantial risk; tick bites go
unnoticed in about one third of TBE cases (3).

A rare transmission route of TBEV (1% of
all cases) is through consuming unpasteurized
milk from infected livestock (9). This patient con-
sumed unpasteurized cow’s milk >2 weeks be-
fore symptoms appeared; however, the Federal
Agency for Food Chain Safety in Belgium investi-
gated the identified producer’s milk and found no
TBEV RNA.

Of note, the patient’s dog had recently been eu-
thanized because of a suspected stroke. Neurologic
signs such as ataxia, plegia/paresis, cranial nerve
deficits, and seizures have been described in TBEV-
infected dogs (10). However, postmortem inves-
tigations were not performed because the animal
was cremated.

Because most (70%-98%) TBEV infections
are asymptomatic, prevalence of TBEV infections
is presumably underestimated (4,6). Clinicians
should recognize the signs and symptoms of TBEV
infection and consider TBE in patients with unex-
plained neurologic symptoms, particularly a bipha-
sic course (2).
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We describe New World screwworm (Cochliomyia hom-
inivorax) infestation in 2 injured mountain tapirs (Tapi-
rus pinchaque) from a protected area in the Central An-
des, Colombia. Screwworms were not a known threat
to mountain tapirs. Community outreach is needed to
raise awareness on effects of this parasite on humans,
domestic animals, and wildlife.
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he New World screwworm (NWS) (Cochliomyia

hominivorax) is an obligate parasite that requires a
living host for larval development (1). NWS is endem-
ic in countries in the Caribbean region and in South
America, and cases have spread north to Central
America (https://www.aphis.usda.gov/livestock-
poultry-disease/ cattle/ ticks /screwworm). Thus, risk
for re-introduction of NWS from South America to
NW6-free areas in Central and North America is con-
stant (2). Because of its substantial effects on livestock,
wildlife, and human health, NWS infection is report-
able in Colombia (1,3). However, reports of this para-
site affecting the mountain tapir (Tapirus pinchaque),
an endangered species on the International Union
for Conservation of Nature Red List (https://www.
iucnredlist.org), have only been anecdotal. Here, we
describe 2 cases of myiasis caused by NWS infestation
in mountain tapirs in a protected area of the Central
Andes of Colombia.

We collected NWS larvae from 2 adult moun-
tain tapirs, 1 female on October 19, 2024, and 1 male
on January 28, 2025, in Ucumari Regional Natural
Park (4°42'14"N, 75°32'14"W) at an altitude of 2,097
meters. Both tapirs had deep, 8-10-cm long wounds
with exposed muscles in their hindquarters, consis-
tent with myiasis caused by NWS larvae feeding on
living tissues (Figure 1). Neither tapir received prior
treatment or was subsequently monitored, making
determination of the cause or progression of their in-
juries impossible. To collect larvae, the local environ-
mental authority, Corporacién Auténoma Regional
de Risaralda, chemically restrained the female tapir,
but the male tapir exhibited docile behavior in its
interactions with the local community and did not
require restraint.

We collected 2 larvae directly from the female ta-
pir’s wound with tweezers and placed larvae in a box
until they pupated; after 12 days, they emerged as
adult flies (both male) (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/31/9/25-0339-App1.
pdf), which we photographed then stored in 96%
ethyl alcohol. We collected 20 larvae from the male
tapir and stored larvae in 70% ethyl alcohol. We also
photographed phenotypic traits of maggots from the
male tapir to enable taxonomic identification and
confirm NWS (Figure 2) (4).

Our assessment of wild mammals in the area
that have potential to host NWS indicated that oth-
er threatened species are also at risk, including the
clouded tiger-cat (Leopardus pardinoides), little red
brocket (Mazama rufina), northern pudu (Pudela me-
phistophiles), Andean bear (Tremarctos ornatus), moun-
tain coati (Nasuella olivacea), and Andean squirrel
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(Leptosciurus pucheranii) (Appendix Figure 2). NWS
infestations have been documented in several threat-
ened neotropical mammals in the Caribbean and the
Americas, including the giant armadillo (Prionodon
maximus), maned wolf (Chrysoscyon brachyurus), jag-
uar (Panthera onca), giant anteater (Myrmecophaga
tridactyla), lowland tapir (Tapirus terrestris), and gi-
ant otter (Pteronura brasiliensis) (Appendix Table).
Humans and domestic animals are also at risk for
NWS infestation.

Although often overlooked, myiasis has been
linked to severe population declines in wild ungu-
lates, raising conservation concerns for species with
low reproductive rates and population sizes, such as
mountain tapirs (5). For instance, in October 2016,
NWS myiasis led to the loss of 14% of the total Key
deer (Odocoileus virginianus clavium) population in
Florida in the United States (2). In addition, myiasis
resulted in mortality rates of white-tailed deer fawns
(O. v. texanus) that ranged from 25% to 80% across
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different regions of the United States (6). The prox-
imity of livestock has been associated with NWS
outbreaks, and climate change could contribute to ex-
pansion of NWS into new areas (7).

Factors associated with the emergence of NWS in
mountain tapirs remain unclear. Although livestock
production in the local area is minimal, contact be-
tween livestock and tapirs might exist. Free-ranging
dogs, known carriers of NWS (3), also have been
documented negatively interacting with mountain
tapirs (5). In addition, intraspecific aggression among
tapirs and prolonged use of radio collars also can
cause wounds promoting myiasis development, as
observed in collared peccaries (Pecari tajacu) (8) and
lowland tapirs (9). The parasite also affects humans,
and a case of umbilical myiasis was reported in a
7-day-old infant in La Virginia, Risaralda, Colombia,
in 2020 (10).

To mitigate the threat from NWS, Colombia
should consider implementing a biological control

Figure 1. Myiasis in cases

of New World screwworm
infestation in wild mountain
tapirs, Central Andes Mountains,
Colombia. Myiasis and active
larvae can be seen in large,
8—10-cm wounds on left side of
adult male tapir (A, C) and on
right hindquarters of adult female
tapir (B, D). Both tapirs were in
the Ucumari Regional Natural
Park, Risaralda, Colombia.

We retrieved 2 larvae from the
female tapir’s wound and placed
in a box until they pupated; after
12 days they emerged as adults
(both male) (Appendix Figure

1, https://wwwnc.cdc.gov/EID/
article/31/9/25-0339-App1.pdf),
which we stored in 96% ethyl
alcohol. We collected 20 larvae
from the male tapir and stored in
70% ethyl alcohol.
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Figure 2. Cochlyiomia hominivorax larvae collected from a case of New World screwworm infestation in wild mountain tapir, Central
Andes Mountains, Colombia. The larvae were collected from a male tapir and depict features used for taxonomic identification. A) Full
larva, showing morphologic features; original magnification x5. B) First thoracic section, demonstrating pigmented dorsal tracheal trunks;
original magnification x10. C) Posterior spiracles and anal tubercle; original magnification x25. D) Anterior spiracle; original magnification
x25. E) Oral hooks from first thoracic segment; original magnification x25. Photographs were taken at the Laboratorio de Parasitologia
Veterinaria, Universidad Nacional de Colombia, by using an SZX12 stereomicroscope (Olympus, https://www.olympus-lifescience.com).

program using the sterile insect technique, similar to
eradication efforts in North and Central America (1).
Implementing such a program in Colombia would
require studies to assess technical, political (intergov-
ernmental cooperation), economic (cost-sharing), and
environmental feasibility. Integrated control mea-
sures at smaller scales could help reduce NWS popu-
lations to nonthreatening levels (1). Threat mitigation
strategies should include medical care for infested
wildlife and community outreach to raise awareness
about the effects of the parasite on humans, domestic
animals, and wildlife.

Acknowledgments

We appreciate the efforts of the staff from the Corporacién
Auténoma Regional de Risaralda for the medical assistance
provided to the injured mountain tapirs in Ucumari Regional
Natural Park. Special thanks to Laboratorio de Parasitologia
Veterinaria of the Universidad Nacional de Colombia for the
parasitology procedures.

This manuscript is part of the work performed by the
Mountain Tapir Task Force, an alliance integrated by
multiple parties at local, regional, and international levels
to protect mountain tapirs in the landscape. Written
consent to study and mitigate threats for mountain tapirs
was obtained by the environmental authority, the
Corporaciéon Auténoma Regional de Risaralda (CARDER).

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 9, September 2025

No experiments on animals were conducted in this study.
All procedures described in this manuscript were

carried out based on clinical decisions and to address
animal health and welfare concerns. All interventions and
larvae collection were conducted and authorized by the
Corporaciéon Auténoma Regional de Risaralda (CARDER),
the local environmental authority, in accordance with local
laws and regulations. Screwworm fly larvae and adults
were deposited in the Laboratorio de Parasitologia
Veterinaria of the Universidad Nacional de Colombia
(sample nos. LPV-19747 and LPV-19902).

About the Author

Mr. Cepeda-Duque is a wildlife conservation biologist from
the Colombian Andes. He is member of the International
Union for Conservation of Nature and Natural Resources
Species Survival Commission Tapir Specialist Group. His
research interests focus on the ecology and conservation of
mammals in the tropical Andes.

References
1. Scott MJ, Concha C, Welch JB, Phillips PL, Skoda SR.
Review of research advances in the screwworm eradication
program over the past 25 years. Entomol Exp Appl.
2017;164:226-36. https:/ /doi.org/10.1111/ eea.12607
2. Parker ID, Lopez RR, Silvy NJ, Pierce BL, Watts KG,
Myers EP, et al. Florida Key deer abundance and recovery

1873



RESEARCH LETTERS

following New World screwworm infestation. Southeast Nat.
2020;19:179-91.

3. Mufioz AAF, Caceres AFB, Leén JCP. First report of myiasis
in dogs caused by Cochliomyia hominivorax (Coquerel 1858)
in Colombia. Vet Parasitol Reg Stud Reports. 2020;19:100356.
https:/ /doi.org/10.1016/j.vprsr.2019.100356

4. World Organisation for Animal Health. Chapter 3.1.14:

New World screwworm (Cochliomyia hominivorax) and
Old World screwworm (Chrysomya bezziana). In: WOAH
terrestrial 2019. Paris: The Organisation; 2019. p. 1-10.

5. Cepeda-Duque JC, Arango-Correa E, Frimodt-Meller C,
Lizcano DJ. Howling shadows: first report of domestic dog
attacks on globally threatened mountain tapirs in high
Andean cloud forests of Colombia. Neotropical Biolog
Conserv. 2024;19:25-33. https:/ / doi.org/10.3897/
neotropical.19.e117437

6. Marburger RG, Thomas JW. A die-off in white-tailed deer
of the Central Mineral Region of Texas. ] Wildl Manage.
1965;29:706-16. https:/ /doi.org/10.2307 /3798546

7. Maxwell MJ, Subia ], Abrego ], Garabed R, Xiao N,

Toribio RE. Temporal and spatial analysis of the New World

Nosocomial Transmission of
Plasmodium falciparum
Malaria, Spain, 2024

Jesus L. Gomez Perales, Antonio Garcia Mendoza,
M. Teresa Gutiérrez Amares

Author affiliations: Puerta del Mar Hospital, Cadiz, Spain
(J.L. Gémez Perales, M.T. Gutierrez Amares); Torrecardenas,
Almeria, Spain (A. Garcia Mendoza).

DOI: https://doi.org/10.3201/eid3109.250920

To the Editor: We wish to express our concerns
regarding the recent Research Letter by Liroa Romero
et al. (1). The authors’ identification of the lead shield
as the transmission source is inferred from the exclu-
sion of other routes, procedural sequence, parasit-
emia in the previous patient, and genotypic similar-
ity. The absence of demonstrated contamination of
the equipment means this finding remains indirect.
An unaddressed alternative route could include con-
tamination through blood on gloves if gloves are not
changed between patients (2).

Nevertheless, assuming theirhypothesisis correct,
the authors propose a transmission mechanism sup-
ported by a video (https://youtu.be/20W9g2tiBjc).
However, this video appears to depict a deviation
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COMMENT LETTER

from current good radiopharmacy practice guide-
lines (3). Specifically, inserting an unsealed syringe —
without a sterile needle or Luer-lock cap—into the
lead shield poses a serious contamination risk (4).
Furthermore, the video omits critical earlier and
later procedural steps that are essential for fully
identifying potential cross-contamination points.
To illustrate the complete process in line with good
radiopharmacy and best injection practices (5), we
have prepared an explanatory video (https://youtu.
be/5wGFH6GGe8M). The risk for blood contamina-
tion arises after administration, when the needle is
discarded and the unsealed syringe is withdrawn
from the shield. Therefore, the contents of the syringe
with the next dose would only be exposed at the
same late stage, after the contents have already been
injected. Cross-contamination before injection would
be plausible only if an unsealed syringe were inserted
into an already contaminated shield before the injec-
tion itself, as depicted in the authors” video.

We contend that strict aseptic technique, rather
than equipment disinfection alone, is paramount to
preventing such incidents. Adopting the authors’
reasoning would imply that each nuclear medicine
department would need to stock several lead shields
equivalent to their maximum daily dose capacity,
which presents serious logistical challenges in routine
clinical settings.
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In Response: We appreciate the opportunity to
respond to the letter from Dr. Perales (1) regarding
our article on a case of nosocomial transmission of
Plasmodium falciparum during a thyroid scintigra-
phy (2). The author of the letter proposes as an al-
ternative mechanism the nosocomial transmission
of the parasite by contact with blood on gloves not
changed between patients. We respectfully disagree
because the mechanism he proposes lacks scientific
basis; no evidence of malaria transmission by such
contact has been documented. On the contrary, nos-
ocomial transmission of P. falciparum by parenteral
route is well demonstrated, through blood transfu-
sions, transplants (3), or invasive medical proce-
dures involving exposure to contaminated blood (3),
as occurred in our case (2).
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Giulio Aristide Sartorio (1860-1932), Malaria, official titte Dum Romae consulitur, morbos imperat (1883). Oil on canvas. 125 cm x
223 cm. Museo Nacional de Bellas Artes, Buenos Aires, Argentina. Public domain digital image from Wikipedia Commons.

While Man Deliberates, Malaria Rules

David O. Freedman

his month’s cover of Emerging Infectious Diseases

shows the 1883 painting by Italian artist Gi-
ulio Aristide Sartorio (1860-1932) that is commonly
known as Malaria but officially is titled Dum Romae
consulitur, morbos imperat (While Rome Deliberates, the
Disease Rules, an ancient Roman proverb). Portraying
the devastating human suffering of the disease, the
painting depicts life and death in the Pontine Marshes
(Agro Pontino), a quadrangular area of now former
marshland in the Lazio Region of central Italy, ex-
tending along the coast southeast of Rome.

Sartorio, a notable Italian artist of his time, was
a leader of the opposition to the prevailing artistic
norms of the Royal Academy, whose proponents
he believed were too focused on idealized forms
and superficial techniques. Symbolists like Sartorio
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believed that art could convey deeper, more pro-
found truths by using symbols to represent emo-
tions, ideas, and spiritual experiences. Sartorio pro-
duced sophisticated depictions of animals, as well
as war paintings, landscapes of the Roman country-
side, and the places he visited in Latin America and
the East.

Sartorio attended the Institute of Fine Arts
beginning in 1876, and commercial success came
quickly. In 1883, he debuted Malaria at the Inter-
national Exhibition of Fine Arts in Rome. The dra-
matic powerful tones and colors and his skill as a
daring draftsman, inspired by 17th Century real-
ism, impressed the critics. Malaria was purchased
in 1885 by a private collector and donated to the
Museo Nacional de Bellas Artes in Buenos Aires,
Argentina, sometime before 1910. In 1905, Sartorio
returned to the theme and exhibited Marsh Fever,
a very similar malaria-themed painting; its current
location is unknown.
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Malaria portrays the devastating effects of the
disease, highlighting the human suffering and envi-
ronmental conditions of the late 1800s in Symbolist
terms. The grim reality of life in the marshy, malar-
ia-ridden Roman campagna shows Sartorio’s skill
in capturing social realist themes with a poignant,
almost photographic clarity. Social realism draws
attention to the real sociopolitical conditions of the
working class as a means to critique the power struc-
tures behind these conditions. This work signaled
his early engagement with contemporary life, ex-
posed the government’s inaction as a public political
protest, even as he was mastering the historical and
mythological subjects favored by the Academy.

Sartorio treated the subject of a devastated moth-
er kneeling beside her son’s corpse with a crude and
violent realism. The painting is an ambiguous, still
firmly Symbolist, vision of the relationship between
death and beauty, reinforced by the scene’s setting in
a deserted marsh. The landscape bathed in the light
of twilight is a modern reinterpretation of the tradi-
tional theme of the pieta, that is, depictions of Mary
holding the crucified body of Christ.

Historically, over the centuries since Roman Em-
pire times, the Pontine Marshes have been subject to
extensive and expensive periodic land reclamation
work. The part of the marsh above sea level needs
to be successfully and sustainably drained by chan-
nels, so that the highly fertile agricultural land is re-
claimed. Whenever the channels are not maintained,
the swamp reappears, and mosquito populations
explode (Figure). Sartorio, therefore, participated in
the debate on the cost-benefit of reclamation of the
Pontine Marshes by seeking the symbolic reality of
humanistic attitudes, which were disappearing from
societal norms.

Malaria in the Agro Pontino, present since ancient
times, prevented the expansion of Rome to the south.
For example, in 1928, during the malaria season, 80%
of those having spent 1 night in the marsh became in-
fected. The region had <1,000 inhabitants for a coastal
region of >700 km? The settling of the area could pro-
vide a new province for Italy and enable settlement
that could prevent emigration of 200,000 Italians.

Under Benito Mussolini in the 1930s, the prob-
lem was nearly solved by placing dikes and pump-
ing out that portion of the marsh that lay below sea
level, but constant maintenance was required. The
project reached a peak in 1933 with 124,000 men
employed. However, in 1943, just before the Allies
landed at the beachhead on the Pontine Marshes for
the Battle of Anzio, malaria had returned to the Agro
Pontino; quinine and other medicines were in short
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supply, at the same time infected veterans were re-
turning from the Balkans. In an act interpreted by
some as intentional biologic warfare, the Germans
flooded the marshes once again. In early 1944, the
Battle of Anzio left the marsh in a state of devasta-
tion; nearly everything Mussolini had accomplished
was reversed. The marshes were full of brackish wa-
ter, the channels filled in; the mosquitos were flour-
ishing, and malaria was on the rise. Fortunately, the
major structures for water control survived, and in a
few years, the Agro Pontino was restored. The last of
the malaria was conquered in the 1950s with the aid
of DDT, and Italy was declared malaria-free by the
World Health Organization in 1970. Still, receptive
mosquito vectors remain in Italy (and in Greece) and
nonsustained autochthonous cases secondary to in-
troduced cases in entering travelers have continued
to occur every few years.

In the United States, indigenous transmission of
malaria was eliminated in 1951, although =2,000 an-
nual malaria cases are imported from malaria-endem-
ic areas. In 2023, nine locally transmitted cases were
contracted by US residents who had not recently

Figure. This issue is not the first time the Pontine Marshes of
Italy have graced the cover of Emerging Infectious Diseases. This
1924 magazine cover from the Touring Club of Milan was featured
in the journal’s last bimonthly issue in 2001. Original image
provided courtesy of Dr. Guido Sabatinelli.
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traveled to endemic areas. Seven cases were recorded
in Florida, and 1 each in Texas and Maryland, the re-
sult of widespread presence of the Anopheles mosquito
vector throughout the nonmountainous United States.

The tragedy of malarial childhood death still oc-
curs >400,000 times every year throughout malaria-
endemic countries. Since 2022, the World Health Or-
ganization has approved 2 separate safe and novel
vaccines for infants that are imperfect but can cut
those deaths by 30%-50%. Continued need for global
support for procurement and implementation pro-
grams to achieve vaccination goals remains a priority.
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Article Title
Severe Group A Streptococcus Infection among Children, France, 2022-2024

CME Questions

1. Which of the following statements regarding the C. PCR testing for GAS achieved similar positivity rates
initial presentation and management of children with compared with GAS culture
group A Streptococcus (GAS) infections in the current  D. GAS testing of pleural effusion samples was unreliable

study is most accurate? ) ]
3. What was the most common emm type isolated in

A.  Nearly half of patients had a history of the current study of GAS infections among children?

immunocompromise

B. The majority of patients required admission to the A. emm4

intensive care unit (ICU) B. emml2
C. The most common presentation of GAS infection C. emm87

involved the ear-nose-throat D. emml
D. Less than 10% of patients required surgical

intervention 4. Which of the following variables was most

associated with a higher risk for major sequelae

2. Which of the following statements regarding or death associated with GAS infection in the
bacterial testing for GAS in the current study is current study?

most accurate? Pulmonary GAS infection

Female sex
Viral infection preceding infection with GAS
Treatment with corticosteroids

A. Nearly 80% of rapid antigen testing samples of the
throat were positive for GAS

B. Polymerase chain reaction (PCR) testing for GAS
achieved higher positivity rates compared with
GAS culture

oo
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CME Questions

1. Which of the following statements regarding
rickettsial disease characteristics in sub-Saharan
Africa is most accurate?

3. How did PCR testing for rickettsial rRNA compare
with testing for messenger RNA (MRNA) in the
current study?

A. Nearly all patients have an eschar A. PCR testing for rRNA was similarly accurate

B. The presence of leukopenia separates rickettsial
disease vs other febrile infections

C. The presence of transaminitis separates rickettsial
disease vs other febrile infections

D. Serologic testing for acute rickettsial disease has poor
clinical utility

2. What was the sensitivity and specificity of serum
ribosomal RNA (rRNA) reverse-transcriptase
polymerase chain reaction (RT-PCR) for rickettsial
disease in the current study?

A. Sensitivity: 95%; specificity: 98%
B. Sensitivity: 75%; specificity: 91%
C. Sensitivity: 64%; specificity: 78%
D. Sensitivity: 57%; specificity: 82%
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compared with testing for mRNA

B. PCR testing for rRNA was more sensitive compared
with testing for mRNA

C. PCR testing for rRNA was less sensitive compared
with testing for mRNA

D. PCR testing for rRNA was far less sensitive and
specific compared with testing for mRNA

4. Which of the following characteristics of cases of
rickettsial disease in the current study is
most accurate?

A. No patients with rickettsial disease received a
tetracycline drug

B. Rash was present in nearly 70% of patients

C. Rickettsial disease was associated with more severe
illness compared with other febrile ilinesses

D. No patients with rickettsial disease died
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