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SYNOPSIS
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SYNOPSIS

Neoehrlichiosis is caused by infection with the tickborne
intracellular bacterium Neoehrlichia mikurensis. We de-
scribe 3 cases of direct antiglobulin test—negative he-
molytic anemia in rituximab-treated patients infected
with tickborne N. mikurensis bacteria in Norway during
2024-2025. All 3 patients had splenomegaly and night
sweats. The hemolysis ranged from mild with compen-
sated hemolysis to severe transfusion-dependent hemo-
lysis that resulted in splenectomy in 1 case. All patients
experienced complete resolution of hemolytic anemia
and other symptoms of infection after eradication therapy
with doxycycline for 21 days. Neoehrlichiosis should be
considered as a curable cause of hemolytic anemia in N.
mikurensis—endemic regions.

he tickborne intracellular bacterium Neoehrlichia

mikurensis is the cause of the infectious disease
neoehrlichiosis (1). The initial case reports of neoeh-
rlichiosis were published from various countries in
Europe in 2010 (2-4). The typical manifestations of
neoehrlichiosis includes signs and symptoms of sys-
temic inflammation, such as fever, malaise, fatigue,
and nightly sweats, as well as myalgia, skin rashes
and vascular events (e.g., venous thromboembolism
and vasculitis) (1,5,6). Vascular manifestations prob-
ably are attributable to N. mikurensis being an intra-
cellular pathogen that can grow and propagate in
vascular endothelium (7). The infection has a variable
clinical manifestation, ranging from asymptomatic
carriage to life-threatening disease (3,4,8,9). The het-
erogenous clinical features of the disease, including
manifestations such as vasculitis resembling giant cell
arteritis and polyarteritis nodosa and life-threatening
hemophagocytic lymphohistiocytosis, illustrate the
complexity of neoehrlichiosis (6,9).

Compromised B-cell immunity and splenectomy
are risk factors for neoehrlichiosis (5). Of the pub-
lished cases of neoehrlichiosis, most were in patients
who were immunocompromised and had frequently
been treated with the B-cell lymphocyte-depleting
agent rituximab (9-12). Secondary anemia is a fre-
quent finding in patients with neoehrlichiosis that
could be caused by long duration of the infection at-
tributable to diagnostic delay (1,9,13). Neoehrlichiosis
is not detected by blood culture and currently only
can be diagnosed by molecular detection of bacterial
DNA. One study of 103 patients with neoehrlichio-
sis in Sweden found a 3% prevalence of autoimmune
hemolytic anemia (5). In addition, a case report de-
scribes Coombs test-positive hemolytic anemia,
neutropenia, and thrombocytopenia in a dog infect-
ed with N. mikurensis (14). We describe 3 patients
from southeastern Norway who had been treated
with rituximab and who had splenomegaly, direct
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antiglobulin test (DAT)-negative hemolytic anemia,
and infection with N. mikurensis.

Methods and Patients

All 3 patients were treated at Vestfold Hospital Trust,
Tensberg, Norway. Patient 1 also underwent diag-
nostic workup and treatment at Oslo University Hos-
pital’s Department of Hematology (Oslo, Norway).
We obtained written informed consent from all pa-
tients for the publication of their case reports.

We performed the polyspecific DAT tests for IgG
and C3d at Vestfold Hospital Trust. We performed
DAT tests for IgG, C3d, IgM, and IgA at Oslo Univer-
sity Hospital, Rikshospitalet (Oslo).

PCR

We tested DNA isolated from the plasma or buffy coat
fractions of whole blood by using real-time reverse
transcription PCR for the detection of Borrelia burg-
dorferi (ospA and 165 rRNA genes), Borrelia miyamotoi
(16S rRNA gene), Anaplasma phagocytophilum (groEL
gene), Rickettsia spp. (gltA gene), and N. mikurensis
(groEL gene, named CNM-II in the reference article) at
the Department of Medical Microbiology at Serlandet
Hospital (Kristiansand, Norway) using primers and
probes as described previously (8). We performed Ba-
besia subspecies DNA PCR at Statens Serum Institut
(Copenhagen, Denmark). We established a diagnosis
of hemolysis on the basis of reduced hemoglobin, re-
duced plasma haptoglobin, increased plasma lactate
dehydrogenase, and increased blood reticulocytes.

Case Reports

Patient 1

A 61-year-old woman sought care for rapid-onset dys-
pnea, fatigue, palpitations, dizziness, and a 6-month
history of infrequent febrile episodes. Her medical
history included rheumatoid arthritis for 17 years,
breast cancer treated 16 years previously, and episod-
ic severe depression for 1.5 years. Her arthritis initial-
ly was treated with oral methotrexate, salazopyrine,
and hydroxychloroquine. Methotrexate temporarily
was withdrawn because of cytopenias after a year
and permanently withdrawn when she had breast
cancer diagnosed. Her breast cancer was treated with
surgery after 6 courses of neoadjuvant chemotherapy
with fluorouracil, epirubicin hydrochloride, and cy-
clophosphamide, followed by postoperative radio-
therapy. After completion of breast cancer treatment,
treatment for rheumatoid arthritis commenced with
rituximab infusions (1,000 mg 2x/y). She also was
treated with venlafaxine for depression and anxiety.

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 32, No. 9, September 2026



At admission, we diagnosed severe transfusion-
dependent direct antiglobulin test (DAT)-negative
hemolytic anemia in the patient (Table). We suspect-
ed drug-induced hemolytic anemia and discontinued
venlafaxine and rituximab, which later were reinstat-
ed because of lack of improvement. Two months after
initially seeking care, the patient was admitted to a
hospital with acute appendicitis and worsened hemo-
lysis. After appendectomy, we initiated prednisolone
(1 mg/kg/d), which resulted in partial reduction of
hemolysis. We introduced the interleukin 1 receptor
inhibitor anakinra 7 months later as a steroid-sparing
agent after relapses of fever and worsened hemolysis
during the tapering of prednisolone.

Diagnostic tests of blood and bone marrow re-
vealed no evidence of congenital or acquired eryth-
rocyte membrane defects, including paroxysmal noc-
turnal hemoglobinuria (PNH), lymphoproliferative
disorders, or other hematologic neoplasia. Results of
a 184-gene panel of hereditary causes of anemia and

Neoehrlichiosis Causing Hemolytic Anemia, Norway

bone-marrow failure (e.g., Fanconi anemia, Diamond-
Blackfan anemia, and hereditary stomatocytosis)
were negative. No findings were suggestive of Wil-
son disease (i.e., normal ceruloplasmin and copper
serum and urine levels) or of zinc- or arsenic-related
poisoning. Computed tomography (CT) scans of the
neck to pelvis were unremarkable, whereas a fluoro-
deoxyglucose (FDG) positron emission tomography
(PET)-CT scan showed a slight uptake in the spleen
initially deemed to be reactive. When a repeat FDG
PET-CT scan 3 months later showed a maintained
slight uptake in the spleen, the patient underwent di-
agnostic splenectomy because of a continued suspi-
cion of underlying lymphoproliferative disorder. Be-
fore splenectomy, the patient had thrombophlebitis
in the right cubital fossa and right ankle diagnosed.
After splenectomy, hemoglobin levels improved
for a period, but evidence of hemolysis remained.
Histopathologic examination of the spleen showed
depletion of B cells in the white pulp, secondary to

Table. Characteristics, reported symptoms, and biochemical test results at admission, during disease course, and post-treatment with
antibiotics for 3 patients with neoehrlichiosis, hemolytic anemia, and splenomegaly, Norway, 2024—2025*

Characteristic

Patient 1

Patient 2 Patient 3

Age, y/sex 61/F

62/M 48/M

Indication for rituximab

Rheumatoid arthritis

Myasthenia gravis Multiple sclerosis

Immunosuppression

Rituximab 1,000 mg 2x/y Rituximab 1,000 mg 2x/y  Rituximab, 1,000 mg 1x/y

Signs and symptoms

Fever Yes No Yes
Night sweats Yes Yes Yes
Weight loss Yes No Yes
Fatigue Yes No Yes
Skin involvement No Hyperpigmented rash of No
the lower extremities
Vascular involvement Yes No No
Hemolysis Yes Yes Yes
Direct antiglobulin test Negative Negative Negative

Blood biochemistry at admission/peak or nadir during disease course/after treatment (reference range)

Blood Hb, g/dL

6.4/5.8/12.1 (11.7-15.3)

9.6/8.8/14.7 (13.4-17.0) 13.8/17.5/17.5 (13.4-17.0)

Blood platelets x 10°%/L (145-390) 416/932/373 234/154/314 186/241/241
Blood leukocytes x 10° cells/L (3.5-10.0) 4.75/2.74/6.0 4.93/3.32/5.97 5.32/5.72/4.19
Blood reticulocytes x 10° cells /L (30—100) 336/70/120 180/48/78 103/52/84
Plasma C-reactive protein, mg/L (<5) 15/92/<1.0 3.1/3.4/<1.0 11/1.7/<1.0
Plasma ferritin, pug/L (30-400) 950/8,004/3,274 92/41/106 362/NA/NA
Plasma haptoglobin, g/L (0.50-2.10) 0.34/<0.10/0.45 <0.1/<0.1/0.24 <0.1/<0.1/0.54
Plasma, LDH, U/L (35-210) 189/261/138 286/159/188 288/164/173
Plasma, bilirubin (total) umol/L (<25) 77/100/20 19/10/12 19/22/16
Blood type A RhD+ NA NA
Plasma IgG, g/L (6.10-14.9) 7.29/6.91/8.68 10.4/NA/NA 8.63/8.63/9.42
Neoehrlichia mikurensis PCR Ct value (at 22 28 25
admission)
Largest spleen size before treatment (radiologic 13.8-cm coronal length 17-cm coronal length 17.7-cm coronal length,
imaging) hilar width 7.4 cm

Treatment and results
Time from treatment start to improved
hemolysis

Time from treatment to improved symptoms
d

30 d to normalization of
reticulocytosis and Hb
increase >2 g/dL
Cessation of fever after 3

47 d to normalization of
reticulocytosis and Hb
increase >2 g/dL
Cessation of night sweats
and fatigue after 7 d

60 d to normalization of
reticulocytosis and Hb
increase >2g/dL
NA

Spleen size posttreatment (radiologic imaging)

Splenectomized

Not evaluated 14 cm coronal length, hilar

width 5.2 cm

*Ct, cycle threshold; Hb, hemoglobin; LDH, lactate dehydrogenase; NA, not available.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 32, No. 9, September 2026
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SYNOPSIS

rituximab treatment, and expanded red pulp with
extramedullary hematopoiesis but no evidence of
lymphoma. Within 2 months, the patient’s hemolytic
anemia relapsed. Because of a history of tick expo-
sure and erythema migrans a few years prior, we sent
EDTA blood samples for PCR testing for tickborne
microbes, including Rickettsia spp., B. miyamotoi, B.
burgdorferi, A. phagocytophilum, N. mikurensis (8), and
Babesia subsp. The patient tested positive for N. miku-
rensis, upon which we initiated oral doxycycline (100
mg 2x/d for 21 d). Her symptoms, most prominently
fever, night sweats and fatigue, as well as all signs of
hemolysis, rapidly improved and cleared completely
(Table; Figure). She tested negative for N. mikurensis
DNA by PCR after the course of antibiotics. We also
detected N. mikurensis DNA in historical serum sam-
ples drawn 22, 11, and 6 months before the time of
diagnosis. At a 12-month follow-up, no evidence of
hemolytic anemia remained.

Patient 2

A 62-year-old man was referred to our outpatient
clinic with a 4-month history of gradually progres-
sive symptomatic anemia, prominent fatigue, and
night sweats. He did not have fever, weight loss, nor
any current or previous vascular events. His medical
history included myasthenia gravis for 14 years that
had been treated with rituximab infusions (1,000 mg
2x/y) for the previous 5 years. One year earlier, he
had a prolonged SARS-COV-2 infection, evaluated
with a chest CT, with an incidental finding of a slight-
ly enlarged spleen. Laboratory findings at referral
showed mild DAT-negative hemolytic anemia (Ta-
ble). A peripheral blood smear showed no evidence
of cellular dysplasia, blasts, or schistocytes. A test
result for PNH was negative. We performed coagula-
tion tests because of easy bruising, but we detected no
coagulation defect. The patient had had no recall of
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tick bites. We performed no testing for SARS-COV-2.
Because of several similarities to the first patient case
(e.g., a probable nonimmunologic hemolytic anemia,
treatment with rituximab, and slight splenomegaly),
we performed PCR testing for tickborne microbes, in-
cluding Rickettsia spp., B. miyamotoi, B. burgdorferi, A.
phagocytophilum, N. mikurensis, and Babesia subsp. The
patient was positive by PCR for N. mikurensis, and
we initiated oral doxycycline (100 mg 2x/d for 21 d).
A month later, his anemia had improved, although
haptoglobin still was suppressed slightly, indicating
low-grade hemolysis. Two months after the patient
finished doxycycline treatment, hemoglobin and hap-
toglobin levels were normal (Table). At 12-month fol-
low-up, no evidence of hemolytic anemia remained.

Patient 3

A 48-year-old man was referred our care with sple-
nomegaly and profuse night sweats that had started
1 year earlier. His medical history included relapsing
or remitting multiple sclerosis 5 years prior, which
had been treated with rituximab infusions (1,000 mg
1x/y) for the previous 2 years. CT imaging of the tho-
rax, abdomen, and pelvis done a few months before
referral revealed no pathologic lymphadenopathy but
substantial splenomegaly (largest diameter 17.7 cm).
One month before his first episode of night sweats,
he had traveled to the southern United States, Carib-
bean, and South America, none of which warranted
malarial chemoprophylaxis. He had not contracted
fever, insect bites, or rashes during his travels. He had
a history of tick bites after hiking trips in southeastern
Norway but no erythema migrans. Blood chemistry
taken a week before the appointment at our facility
showed mild and fully compensated DAT-negative
hemolytic anemia (Table). The levels of haptoglobin,
reticulocytes, and lactate dehydrogenase normalized
spontaneously 10 days later.

Figure. Hemoglobin levels (blue
line) for patient 1 in a case series
of 3 patients with neoehrlichiosis
and hemolytic anemia at
admission, during disease
course, and after treatment with
antibiotics, Norway, 2024—-2025.
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An ultrasound at the time of the first consulta-
tion showed a reduction of spleen size to 15.1 cm
(largest diameter). PNH test result was negative,
and peripheral blood smears results were normal.
Bone marrow trephine biopsy showed a very slight
increase of intrasinusoidal T-lymphocytes of uncer-
tain importance. Repeated bone marrow trephine
biopsies and bone marrow aspirate analyses by flow
cytometry yielded similar results. A FDG PET or CT
scan showed no pathologic FDG uptake in the liver,
spleen, or bone marrow and a maximal spleen diam-
eter of 15.8 cm. We noted only a slight clonal T-cell re-
ceptor rearrangement in the bone marrow and normal
results in peripheral blood, consistent with a reactive
cause with no conclusive evidence of lymphoprolif-
erative disorder. A repeat ultrasound of the spleen
a few months later showed a spleen size of 14.3 cm.
Six months after the initial diagnostic work-up and 2
months after receiving his yearly rituximab infusion,
the patient experienced a relapse of symptoms with
increasing night sweats, increase in spleen size to 17.4
cm on ultrasound, and hemolysis with a substantial
reduction in hemoglobin levels and signs of intravas-
cular hemolysis (Table).

We performed testing for tickborne microbes,
including Rickettsia spp., B. miyamotoi, B. burgdorferi,
A. phagocytophilum and N. mikurensis, and the pa-
tient was positive by PCR for N. mikurensis. We did
not test for Babesia subsp. We initiated treatment of
the patient with oral doxycycline (100 mg 2x/d for
21 d). A repeat ultrasound of the spleen performed 6
weeks later showed a reduction in size to 14 cm. His
symptoms improved and resolved within a week of
antibiotic treatment. A PCR test for N. mikurensis was
negative after treatment. We also detected N. miku-
rensis DNA in stored serum samples drawn 12 and 8
months before the time of diagnosis. At 12-month fol-
low-up, no evidence of hemolytic anemia remained.

Discussion

We describe 3 patients with a diagnosis of DAT-neg-
ative hemolysis, splenomegaly, and infection with N.
mikurensis. We considered neoehrlichiosis to be the
cause of their hemolysis, and all patients went into re-
mission after treatment with doxycycline. Receipt of
rituximab is a risk factor for neoehrlichiosis, and sple-
nomegaly and systemic symptoms are established
features of neoehrlichiosis. Two of the 3 patients had
documented N. mikurensis DNA in archival serum
samples up to 2 years before the time of diagnosis.
Although no archived blood samples from the second
patient were available, he had splenomegaly of un-
known cause 1 year previously, which in retrospect
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might have been caused by N. mikurensis. Neoeh-
rlichiosis may progress from asymptomatic latent
infection to symptomatic acute infection. A recent
study showed that N. mikurensis causes latent infec-
tions that can reactivate when B-cell immunity is sup-
pressed by rituximab (15). The mechanism by which
N. mikurensis causes hemolysis is unclear but does not
seem to involve either complement antibodies or IgG.

Hemolytic anemia invariably entails thorough
review by a hematologist, especially when spleno-
megaly is present because lymphoproliferative dis-
orders are a differential diagnosis. We recommend
testing patients with hemolytic anemia residing in
regions endemic for N. mikurensis (i.e., large parts of
Europe and northern Asia) for this emerging zoonot-
ic infection that can easily be treated and cured by
oral antibiotics.
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Investigation of Mycobacterium
abscessus Cluster in Hospital,
Maryland, USA, 2024

Sarah Ludmer, Monique Duwell, Tracie Harris, Surbhi Leekha, Allison Slater, Vincent Escuyer, Joseph Shea,
Pascal Lapierre, Jamie Rubin, Rebecca Perlmutter, Donna Kohlershmidt, Michelle Dickinson

Mycobacterium abscessus infections are frequently
drug resistant and can cause severe disease, particu-
larly among vulnerable populations in healthcare set-
tings. In June 2024, a cluster of M. abscessus infection
cases was reported at a hospital in Maryland, USA.
An investigation involving hospital infection prevention
staff, the Maryland Department of Health, the Centers
for Disease Control and Prevention, and the Wadsworth
Laboratory of the New York State Department of Health
included initiation of mitigation efforts such as tap water
use restrictions, point-of-use water filters, hospitalwide
water flushing, and staff education regarding sink safety.
Whole-genome sequencing of patient and environmen-
tal isolates, coupled with epidemiologic data, revealed
a strong association (0—24 single-nucleotide polymor-
phism differences) between environmental and patient
samples, indicating that infections were likely a result of
patient exposure to M. abscessus. Ensuring initiation of
mitigation initiatives likely prevented additional patient
infections. Although effective in this investigation, not all
mitigation strategies are equal or sustainable.

Nontuberculous mycobacteria (NTM) are a group
of bacteria found naturally in soil, dust, and wa-
ter; infections caused by NTMs are increasing glob-
ally (1-3). The NTM Mycobacterium abscessus and its
subspecies are classified as rapid growers and are
responsible for skin and soft tissue infections, bacte-
remia, and pulmonary infections, among other condi-
tions (4). M. abscessus infections are difficult to treat
because of intrinsic drug resistance that limits treat-
ment options (2). The environmental persistence of M.
abscessus and the often treatment-resistant infections it
can cause make it an emerging bacterium of concern.

M. abscessus outbreaks have been reported in health-
care settings, often involving exposure to contaminat-
ed water sources (5-8).

In June 2024, hospital infection prevention (IP)
staff at a hospital in Maryland, USA, notified the
Maryland Department of Health (MDH) of 10 pa-
tients with cultures positive for M. abscessus. The en-
suing investigation involved the IP staff, MDH, the
Centers for Disease Control and Prevention (CDC),
and the Wadsworth Laboratory of the New York State
Department of Health. This activity was reviewed by
the CDC Public Health Infrastructure Center’s hu-
man subjects review staff, was deemed not research,
and was conducted consistent with applicable federal
law and CDC policy (e.g., 45 C.F.R. part 46, 21 C.F.R.
part 56; 42 US.C. §241(d); 5 U.S.C. §552a; 44 U.S.C.
§3501 et seq.).

Methods

Epidemiologic Investigation

After they identified an initial case of M. abscessus
infection in May 2024, hospital IP staff initiated ret-
roactive case finding. The hospital had a previous
cluster of 3 cases of M. abscessus (2 positive CSF cul-
tures, 1 positive sputum culture) in 2021, shortly
after occupancy of a newly constructed building.
Preoccupancy water quality testing was within ac-
ceptable ranges but did not include specific testing
for M. abscessus. With guidance from MDH and
CDC, water samples from the 2021 outbreak were
tested at CDC, where NTM was identified, but not
M. abscessus.
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In the cluster reported in 2024, a total of 10 pa-
tients had M. abscessus identified from clinical cul-
tures during March 28, 2023-June 5, 2024. Hospital
IP staff identified 1 additional patient in September
2024 and reported that case to MDH, bringing the
total to 11 patients. The hospital implemented miti-
gation strategies after the first 2 cases were identi-
fied in 2024, including hospitalwide water flushing,
increased point-of-entry supplemental disinfectant
(monochloramine) levels, restrictions on use of tap
water and ice machines, and staff education and
monitoring of sink safety. The hospital also installed
PALL point-of-use filters (https://www.pall.com)
in sinks and medication rooms in high-risk patient
care areas, including intensive care unit patient
rooms, operating room (OR) scrub sinks, and can-
cer centers. The hospital water management plan
guided some of the mitigation strategies and was ul-
timately updated to include more frequent building
flushes, residual disinfectant testing, and inclusion
of M. abscessus in water microbial testing. All those
measures have been shown to reduce risk for patient
exposure to contaminated water sources (6). Inves-
tigators also collected information regarding timing
of clinical culture collection, patient location within
the facility, and clinical manifestations (including
patient procedures).

Laboratory Testing

Before initiating mitigation strategies, the hospital
water management team completed environmental
sampling to attempt to identify potential sources of
M. abscessus in the hospital. Water sampling included
bulk water samples (1 L, mixed hot and cold) and
swab specimens from faucets, sinks, and ice ma-
chines; testing was conducted by an accredited com-
mercial environmental microbiology laboratory. The
team chose locations for water samples on the basis of
patient location in the hospital, high-risk patient care
areas, and sources implicated in reports of other M.
abscessus outbreaks (5). In addition to cultures, supple-
mental disinfectant levels were measured for faucets
inside patient rooms, medication rooms, ice machine
water, and OR scrub sinks. Heater-cooler machines
have been implicated in other outbreaks of NTM (8-
9), and a bulk water sample from a heater-cooler ma-
chine (CardioQuip, https://www.cardioquip.com)
used during 1 patient’s hospitalization was included;
that case-patient was the only one with heater-cooler
machine exposure. After mitigation methods were
implemented, resampling was conducted to deter-
mine effectiveness. For point-of-use filters, sampling
was done before and after filter installation.

1398

Whole-Genome Sequencing

Whole-genome sequencing (WGS) was performed at
the New York State Department of Health Wadsworth
Center for both clinical and environmental isolates us-
ing the Next=Seq platform (Illumina, https://www.
illumina.com) (10,11). De novo genome assemblies
were performed using the Shovill pipeline version 1.1.0,
default parameters (https://github.com/tseemann/
shovill). No postmitigation isolates were sequenced.

Results

Epidemiologic Investigation

Among 11 patients identified, median age was 40
(range 24-76) years. Five patients underwent surgical
procedures; 2 had procedures in OR A, 2in OR B, and
11in OR C. No patients had the same procedure; how-
ever, the 2 patients in OR A each had cardiac surgery.
One patient had a heater-cooler machine used during
the cardiac procedure. Two rooms housed multiple
affected patients; however, their admissions did not
overlap in time. Otherwise, we identified no shared
patient ward or unit locations. Six (55%) of the 11 pa-
tients were treated with antimicrobial therapy as di-
rected by infectious disease physicians, after positive
culture results. One (9%) patient died within 60 days
of the first positive culture; that death was not attrib-
uted to M. abscessus infection.

Laboratory Testing

Among culture samples from 11 patients, 6 (55%) were
from sputum samples, 4 (36%) from blood samples,
and 1 (9%) from an abdominal abscess. Before initia-
tion of mitigation strategies, the IP team collected 47
environmental samples from 19 locations throughout
the hospital. Nineteen were bulk water samples, and
28 were swab specimens from faucet and sink drains,
including ice machines. Testing revealed M. abscessus
in the water system at different levels throughout the
hospital building, including in ice machines. Among
all samples, 18 (38%) grew M. abscessus and 15 (32%)
had acid-fast bacilli but not M. abscessus. For samples
that grew M. abscessus, density varied: 10-48,000 CFU/
swab, or <1-39 CFU/mL for bulk water samples. The
sample from the CardioQuip heater-cooler machine
did not yield any bacteria. An investigation into vari-
ous uses of tap water and ice within the hospital did
not identify any obvious source of specimen contami-
nation from tap water or ice during specimen collection
or processing. However, investigation of case 11, which
was identified after mitigation efforts began, revealed
ice from restricted ice machines was used to store saline
syringes that were used during bronchoalveolar lavage.
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After review of clinical and epidemiologic data,
we determined that 6 patients had clinical infections
and 5 represented likely colonization or specimen con-
tamination. All 5 of those cases involved respiratory
tract cultures (Table), thought to be colonization or
the result of specimen contamination either because
the specimen collection was completed in the emer-
gency department before admission and patients had
no previous exposure to the facility or because they
had respiratory illness at admission.

The hospital installed point-of-use filters in sev-
eral locations, guided by the epidemiologic investiga-
tion, including high-risk patient areas, ORs, and in-
tensive care units. Water sampling after installation
of point-of-use filters showed no bacterial growth.
Repeat sampling of sink and faucet sites after flushing
and increasing point of entry supplemental disinfec-
tant revealed optimal residual disinfectant but con-
tinued detection of M. abscessus to different degrees.

WGS
All 18 environmental samples that grew M. absces-
sus and 10 available clinical isolates from 10 distinct

Mycobacterium abscessus in Hospital, Maryland

patients were sent to the Wadsworth Laboratory for
WGS. Sequences reported in this article were submit-
ted to the National Center for Biotechnology Infor-
mation BioProject Database (BioProject accession no.
PRJNA1403517). Among the 28 samples sequenced,
we identified 5 subclusters, consisting of 10 patient
isolates and 17 environmental isolates. Maximum
whole-genome  single-nucleotide  polymorphism
(SNP) distance of the core genome across the 28 iso-
lates was 98,252. Within each subcluster, associated
subcluster isolates were within 0-24 SNPs, indicating
a high degree of relatedness (12-13). Four subclusters
each included both patient isolates and environmen-
tal isolates (0-15 SNPs), and 1 included only isolates
from patients (20-24 SNPs). One patient isolate iden-
tically matched an environmental sample from the
postanesthesia care unit (PACU) ice machine (0 SNP
difference). The patient had been in the PACU after a
procedure for <24 hours. Two other patient isolates
showed close association with PACU environmen-
tal samples. One showed close association (5 SNPs)
to a PACU sink water sample; that patient had 3 op-
erations during hospital admission. The other patient,

Table. Summary of patient characteristics, including pertinent investigation results, from Mycobacterium abscessus cluster in hospital,

Maryland, USA, 2024*

Patient Age, Risk factors or Patient Specimen Culture Matched to
ID y/sex _underlying conditions unit type date OR procedure OR  ENVisolate Type
A 30/F Gastronomy tube 1 Blood 2023 Laminectomy B Y Clinical case
Mar 28
B 38/F No significant risk 1 Abdominal 2023 Cholecystectomy B Y Clinical case
factors/conditions abscess  Mar 30
C 34/F Endocarditis, hepatitis 2t Sputum 2023 None NA Y Contaminant/
C Aug 22 colonization
D 74/F Tuberculosis, 3 Sputum 2023 None NA Y Contaminant/
diabetes mellitus, Sep 9 colonization
coronary artery
disease
E 32/F Sickle cell disease 3,5 Blood 2023 None NA Y Clinical case
Sep 13
F 24/M Pericarditis 214 Sputum 2023  Creation pericardial A Ng Contaminant/
Nov 27 window colonization
G 76/M Coronary artery 2t Blood 2024 CABG A Y Clinical case
disease Feb 8
H T4/F Tracheostomy, 1,23 Blood 2024  Bilateral aortogram, C, D, Y Clinical case
gastronomy tube, Apr 2 liac stents, brachial E
endocarditis, lung artery repair,
cancer, sarcoidosis femoral
angioplasties
| 42/M No significant risk 6 Sputum 2024 None NA Y Contaminant/
factors/conditions Apr 2 colonization
J 72/F Necrotizing 4 Blood 2024 None NA NA Clinical case
pancreatitis, kidney Jun5
and breast cancer,
diabetes mellitus
K 53/F HIV, tuberculosis, 3 Sputum 2024 None NA Ng Contaminant/
diabetes mellitus Sep 18 colonization

*Unit names are deidentified; placeholder numbers have been assigned to maintain anonymity. ENV, environmental; NA, not applicable; OR, operating

room.

tPatients shared the same room on unit 2 but did not overlap in admission dates.
fPatients shared the same room on unit 2 but did not overlap in admission dates.

§0nly matched to other patient isolates.
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whose isolate was closely associated (11 SNPs) with
a PACU sink faucet swab, had not spent any time
in the PACU and was ultimately determined to be a
likely specimen contamination because the sample
was collected in the emergency department before
admission. Two patient isolates were not found to
be closely associated with any of the environmental
samples but did cluster closely (20-24 SNPs) with a
patient isolate from the facility in 2021. However, we
could not determine any additional epidemiologic
link between the 2 isolates from this cluster and the
2021 isolate. One environmental isolate was not close-
ly related (>80 SNPs) to any other environmental or
patient isolates.

Discussion

The infectious source in hospital outbreaks of NTM
can be hard to identify (5). Water sampling and sub-
sequent sequencing of clinical and environmental
isolates was instrumental to confirm colonization of
the water system in this hospital and implicate ice
machines as the probable source of infection on the
basis of the close associations (low SNP differences)
observed between clinical and environmental sam-
ples. The use of genetic sequencing and epidemio-
logic investigation in outbreaks like this one enables
investigators to identify current and potential future
sources of pathogen exposure, target interventions,
and efficiently allocate resources. Ice machines have
been identified as a potential source of NTM infection
in other outbreaks, and investigators should consider
possible contamination or colonization in future out-
breaks (7,14).

M. abscessus is challenging to remove from a wa-
ter system after a biofilm has developed (9). After
M. abscessus is identified within a water system, im-
mediate mitigation measures are needed because the
persistent organisms can cause serious and difficult
to treat infections. Swift action by hospital staff to re-
move potential sources of infection from patient areas
was likely key to preventing additional infections in
this cluster. Point-of-use filters are effective, how-
ever, they are expensive and must be inspected and
replaced regularly. Building flushing and increas-
ing supplemental water disinfectant levels showed a
temporary decrease in M. abscessus levels. Continued
detection could indicate biofilm formation or organ-
ism resistance to disinfection practices or agents (e.g.,
monochloramine), making water system eradication
a challenge.

Infections with M. abscessus at this facility first oc-
curred within a few months of initial occupancy of a
new building, designed to be Leadership in Energy

1400

and Environmental Design-certified. New hospital
buildings, particularly those with lower water flow
and recirculation inherent to energy-efficient design,
have been associated with NTM outbreaks (6,15).
Adherence to a robust water management plan and
sink safety education are vital practices to prevent
outbreaks from M. abscessus and other opportunistic
premise-plumbing pathogens.
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water for domestic purposes were associated with AME. His-
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mebic meningoencephalitis (AME) is a collec-

tion of rare but frequently fatal infections of the
central nervous system caused by various free-living
amebae (FLA). Such infections include primary ame-
bic meningoencephalitis (PAM), caused by Naegleria
fowleri amebae, and granulomatous amoebic enceph-
alitis (GAE), caused by different species of Acan-
thamoeba, Balamuthia mandrillaris, and Sappinia spp.
amebae (1,2). PAM typically manifests as an acute,
rapidly progressive meningoencephalitis, whereas
GAE usually manifests as a subacute or chronic en-
cephalitic illness. The clinical manifestations of PAM
are indistinguishable from those of bacterial meningi-
tis, whereas GAE can mimic brain abscess, encephali-
tis, or meningitis. PAM and GAE are associated with
high mortality rates; case-fatality rates >90% have
been reported globally (3,4).

N. fowleri amebae infect susceptible persons when
contaminated water enters the nasal cavity; tropho-
zoites can penetrate the olfactory mucosa, cross the
cribriform plate, and invade the olfactory bulb, lead-
ing to parenchymal inflammation and tissue damage
(5,6). The trophozoites of Acanthamoeba spp. amebae
can enter the body through the eyes, nasal passages,
or ulcerated or broken skin (7,8). Ocular exposure can
cause severe keratitis (9); entry through the respira-
tory tract or broken skin can cause hematogenous
spread to the central nervous system (10,11). Swim-
ming or diving in warm fresh water like hot springs,
lakes, rivers, and ponds are the primary risk factors
for N. fowleri infection, although other water sources,
including tap water, have been implicated (12). En-
vironmental risk factors for Acanthamoeba GAE in-
clude exposure to contaminated soil, dust, freshwater
sources, and untreated water systems. Because Acan-
thamoeba is ubiquitous in natural and manmade envi-
ronments, inhalation of airborne cysts or contamina-
tion of skin lesions can result in infection, particularly
in susceptible persons (13-15).

In the state of Kerala, India, 45 cases of AME were
reported during 2016-2024, including 15 deaths (33%
case-fatality rate). N. fowleri accounted for 5 of 7 cases
reported during 2016-2023, whereas 38 cases and 8
deaths were reported in 2024, most of which were
caused by Acanthamoeba. In response to the increasing
number of AME cases, the Department of Health and
Family Welfare, Government of Kerala, formulated a
multipronged action plan in 2025 to improve the di-
agnosis and management of AME cases (16).

Descriptive epidemiology of AME in Kerala has
not been documented in published literature. In this
context, we aimed to describe the AME cases re-
ported in 2025 in Kerala by time, place, person, and
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laboratory diagnosis. In addition, we conducted a
case-control study to identify behavioral risk factors
associated with real-time PCR (rPCR)-confirmed
cases of amebic meningoencephalitis caused by
Acanthamoeba spp. amebae.

Methods

Descriptive Epidemiology

We defined a case as a patient experiencing clinical
features suggestive of acute meningoencephalitis,
including fever, headache, vomiting, neck stiffness,
altered sensorium, seizures, or other neurologic
symptoms, diagnosed during January 1-November
11, 2025, and with laboratory evidence of infection
with FLA. We defined laboratory evidence as either
demonstration of motile trophozoites in cerebrospi-
nal fluid (CSF) by wet-mount microscopy or detec-
tion of FLA DNA in CSF by rPCR targeting species-
specific 185 rRNA genes for N. fowleri, Acanthamoeba
spp., Balamuthia mandrillaris, Paravahlkampfia spp., or
Vermamoeba vermiformis. Molecular assays included
conventional pangenus FLA and genus-specific PCR
for Acanthamoeba, Naegleria, and Balamuthia and rPCR
(17,18) (Appendix, https://wwwnc.cdc.gov/EID/
article/32/9/26-0492-Appl.pdf).

Case Search

We identified cases among patients with suspected
AME admitted to the Government Medical College,
Thiruvananthapuram and Kozhikode, India. We col-
lected information on demographic characteristics,
area of residence, clinical manifestation, underlying
conditions, date of admission, and outcome status
from patients, family members, and hospital admis-
sion records.

Data Analysis

We plotted the geographic locations of cases and con-
structed an epidemic curve to describe the spatial and
temporal distribution of cases. We summarized age us-
ing median and interquartile range (IQR) and categori-
cal variables using frequencies and percentages. We
calculated median durations from date of illness onset
to admission and from admission to death. We ana-
lyzed all characteristics separately for rPCR-confirmed
Acanthamoeba spp. cases, rPCR-confirmed N. fowleri
cases, and cases diagnosed by wet-mount microscopy.

Analytical Epidemiology

We conducted a matched case-control study in the
Kollam, Kozhikode, Malappuram, and Thiruva-
nanthapuram districts of Kerala during October-
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November 2025. We defined a case-patient as a resi-
dent of Kollam, Kozhikode, Malappuram, or Thiru-
vananthapuram district who experienced clinical
features suggestive of AME and received a diagno-
sis during July-November 2025 that was confirmed
by detection of FLA DNA for Acanthamoeba spp. in
CSF by rPCR. We restricted the analytical study to
rPCR-confirmed Acanthamoeba spp. cases because
wet-mount microscopy does not identify the ame-
bic species and because transmission pathways and
risk factors may differ by species. Controls were ap-
parently healthy persons without a history of AME
or meningoencephalitis, matched to case-patients
by age (+3 years), sex, and place of residence. We
sought to include all cases diagnosed during July-
November in the study.

Selection of Cases and Controls

The study hospitals prepared a linelist of patients
with rPCR-confirmed Acanthamoeba spp. AME diag-
nosed during July-November 2025 residing in the
4 study districts. Trained field investigators visited
each case household to obtain consent and collect
data. For each case-patient, we prepared a list, with
the assistance of a local health worker, of apparently
healthy persons who had no history of AME or me-
ningoencephalitis and met the matching criteria. We
randomly selected 3 controls from this list for each
case-patient.

Human Participant Protection

Institutional Human Ethics Committee of the Indi-
an Council of Medical Research—National Institute
of Epidemiology and participating institutions ap-
proved the study protocol (NIE/IHEC/202509-01).
We obtained written informed consent from adult
participants >18 years of age and from the parents or
guardians of minors <18 years of age. We acquired
assent from children 7-17 years of age.

Data Collection

We collected data during October-November 2025.
Trained investigators interviewed case-patients and
controls at their homes using a structured question-
naire created with Open Data Kit (https://getodk.
org). The questionnaire collected information on de-
mographic and socioeconomic characteristics, water
sources used for domestic purposes, water-related
activities, nasal rinsing practices, chlorination of
well water, and underlying conditions suggestive
of immunocompromised status, including diabetes,
chronic kidney disease, malignancy, or HIV infection.
We defined domestic water use as water used for
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activities involving direct contact with the face, head,
nose, or body, such as bathing or washing the face or
hair; it did not include washing clothes or utensils.
For case-patients, we assessed exposures during the 3
months before illness onset. For controls, we assessed
exposures during the corresponding 3-month refer-
ence period before illness onset of the matched case-
patient. Water-related activities included swimming
or bathing in ponds, lakes, rivers, canals, streams, or
swimming pools; entry into natural water bodies; do-
mestic or occupational contact with pond, river, canal,
stream, or well water other than swimming; nasal ir-
rigation; and nasal ablution as part of ritual cleansing.
For case-patients who died, we obtained information
from a reliable family member.

Statistical Analysis

We summarized sociodemographic characteristics of
cases and controls using frequencies and percentag-
es. We performed univariable conditional logistic re-
gression analysis to estimate the unadjusted matched
odds ratios (MOR) along with 95% Cls. We used
multivariable conditional logistic regression to esti-
mate adjusted matched odds ratios (aMOR) and 95%
CIs. We constructed directed acyclic graphs using
DAGitty software (http://www.dagitty.net) to rep-
resent hypothesized causal pathways between expo-
sures and AME (Appendix Figure 1). We estimated
population attributable fractions (PAF) along with
95% ClIs for selected modifiable exposures. We ap-
plied the backdoor criterion to identify the minimal
sufficient adjustment set for each risk factor. We per-
formed all statistical data analysis using Stata version
17 (StataCorp LLC, https://www.stata.com).

Results

Descriptive Epidemiology

We identified 159 AME case-patients during Janu-
ary 1-November 11, 2025. Of those, 76 (47.8%) were
confirmed by rPCR and 83 (52.2%) by wet-mount
microscopy. Among the 76 PCR-confirmed case-pa-
tients, 67 (88.2%) were positive for Acanthamoeba spp.
and 9 (11.8%) for N. fowleri amebae. The median age
was 43 (IQR 29-58) years among rPCR-confirmed
Acanthamoeba spp. case-patients, 34 (IQR 18-38) years
among rPCR-confirmed N. fowleri case-patients, and
39 (IQR 14-55) years among case-patients who tested
positive by wet-mount microscopy. Male patients ac-
counted for 58.2% and female patients 41.8% of rPCR-
confirmed Acanthamoeba spp. case-patients; 60.2% of
case-patients positive by wet microscopy were male
and 39.8% female (Table 1).
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Among the 159 case-patients, 41 (25.8%) died.
Seventeen (25.4%) deaths were among rPCR-con-
firmed Acanthamoeba spp. case-patients, 4 (44.4%)
were among rPCR-confirmed N. fowleri case-patients,
and 20 (24.1%) were among wet-mount microscopy
case-patients. The median duration from illness on-
set to hospitalization was 4 (IQR 1-13.5) days and
broadly similar across the 3 groups. Among the case-
patients who died, the median duration from hospital
admission to death was 31 (IQR 19-42) days. Overall,
62 (39.0%) case-patients had >1 underlying condition.
Among rPCR-confirmed Acanthamoeba spp. case-
patients, 15 (22.4%) had a condition suggestive of an
immunocompromising condition or a history of im-
munosuppressive therapy (Table 1).

Most AME cases were reported from Thiruva-
nathapuram, Kollam, Kozhikode, and Malappuram
districts (Figure 1). The epidemic curve showed a
peak in cases during August-October, correspond-
ing to the monsoon and postmonsoon period in Ker-
ala (Figure 2).

The most common clinical signs and symptoms
were fever (n =86 [58.1%]), headache (n =83 [56.1%]),
vomiting (n = 54 [36.5%]), seizures (n = 29 [19.6%]),
altered sensorium (n = 27 [18.2%]), neck stiffness (n =
21 [14.2%]), and loss of consciousness (n =9 [6.1%]).
Some patients also experienced less typical symp-
toms, such as diplopia, blurred vision, sensory distur-
bances, and cranial nerve palsies (Table 1). A total of
103 (81.7%) patients had CSF pleocytosis; 90 (70.3%)
had lymphocytic predominance (Appendix Table 1).

Analytic Epidemiology

During July-November 2025, we identified a total
of 46 rPCR-positive Acanthamoeba spp. AME case-
patients from the 4 study districts. We enrolled 43
of those case-patients and 129 controls in the study.
Among the 43 case-patients, 5 (11.6%) were <18 years
of age and 23 (53.5%) were >45 years of age; 24 (55.8%)
were male and 19 (44.2%) female. Most case-patients
resided in rural areas (n = 35 [81.4%]). Almost all
participants (97.7% case-patients and 100% controls)
lived in pucca or semi-pucca houses. A higher per-
centage of case-patients (74.4%) than controls (48.8%)
belonged to a low socioeconomic group, as indicated
by yellow or pink ration card status (Table 2).

In univariable conditional logistic regression
analysis, case-patients had higher odds than controls
of belonging to a low socioeconomic background
(MOR = 2.8 [95% CI 1.3-5.9]) and using nonchlori-
nated water for domestic purposes, defined as wa-
ter from unchlorinated household or public wells
(MOR = 2.9 [95% CI 1.1-7.8]). Case-patients also had
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Figure 1. Locations of reported cases of amebic
meningoencephalitis in Kerala state, India, 2025. Cases were
confirmed by real-time PCR as caused by Acanthamoeba spp. or
Naegleria fowleri amebae or confirmed via wet-mount microscopy
of cerebrospinal fluid. Inset map shows location of Kerala in India.

higher odds of exposure to natural water bodies, in-
cluding ponds, lakes, rivers, canals, and streams, for
swimming or bathing or entry into natural water bod-
ies during the preceding 3 months (MOR = 3.6 [95%
CI 1.6-8.5]) (Table 3).

Other exposures more frequently reported among
case-patients included reaching the bottom of a lake,
pond, canal, river, or stream while swimming, bath-
ing, or diving or experiencing Tharipu (a local term
for water forcefully entering the nose). Case-patients
were also more likely than controls to report a history
of maxillofacial injury or nasal surgery followed by
exposure to natural water bodies. A higher percent-
age of case-patients also reported washing ulcers or
skin lesions in the natural water bodies (Table 3).
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In multivariable conditional logistic regression
analysis, exposure to natural water bodies for swim-
ming, bathing, or any entry into such water bodies
during the preceding 3 months was associated with
AME (aMOR 4.7 [95% CI 1.8-12.1]; PAF 32.9% [95%
CI 24.0%-40.8%]). Use of nonchlorinated water for
domestic purposes was also independently associat-
ed with AME (aMOR 2.9 [95% CI1.1-8.2]; PAF 34.2%
[95% CI 13.5%-49.9%]). Case-patients had higher
odds of having washed ulcers or skin lesions in the
natural water bodies, although the CI was wide
(aMOR 254 [95% CI 3.1-210.3; PAF 20.1% [95% CI
18.3%-21.8%]). A history of maxillofacial injury or
nasal surgery followed by exposure to ponds, lakes,
canals, rivers, or streams was also associated with
AME (aMOR 4.8 [95% CI 1.3-16.7]; PAF 12.8% [95%
CI 8.5%-17.1%]). Tharipu during swimming, bath-
ing, or diving was associated with AME (aMOR 4.8
[95% CI1.5-15.4]; PAF 14.7% [95% CI110.1%-19.1%])
(Table 4).

Discussion

In 2025, Kerala reported an increased number of
laboratory-supported AME cases; Acanthamoeba spp.
amebae accounted for most rPCR-confirmed cases.
Case-patients were reported from several districts,
peaking during monsoon and postmonsoon months.
The substantial case-fatality rates among rPCR-con-
firmed cases underscored the severity of AME. Acan-
thamoeba GAE accounted for most rPCR-confirmed
AME cases in Kerala during 2025. Increased clinical
suspicion, wider availability of molecular diagnos-
tics, and improved surveillance could have contrib-
uted to the higher number of detected cases; temporal
clustering also suggested water-related environmen-
tal exposures.
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In the matched case-control study restricted to
rPCR-confirmed Acanthamoeba spp. cases, we iden-
tified several exposures associated with the illness.
Those included washing ulcers or skin lesions in nat-
ural water bodies, exposure to natural water bodies
among persons with history of maxillofacial injury or
nasal surgery, use of nonchlorinated well water for
domestic activities, exposure to natural water bodies
for swimming or bathing, and Tharipu. Those find-
ings suggest that both environmental exposures and
potential portals of entry affect infection risk. The as-
sociation between washing ulcers or skin lesions in
natural water bodies and AME observed in our study
is consistent with the known ability of Acanthamoeba
spp. amebae to enter through breaks in the skin and
subsequently disseminate to the CNS (13). Similarly,
exposure to natural water bodies after maxillofacial
injury or nasal surgery was associated with AME. Al-
though the Cls around some of our estimates were
wide, those associations are biologically plausible;
such conditions could increase the opportunity for
environmental organisms to enter tissue or the re-
spiratory tract. Hence, public health communication
should specifically advise persons with open wounds,
chronic ulcers, or recent history of maxillofacial sur-
gery to avoid exposure to natural water bodies.

Acanthamoeba spp. amebae are widely distributed
in the environment and have been isolated from soil,
freshwater, wells, swimming pools, domestic wa-
ter systems, and tap water (1,19). An environmental
survey in 51 villages that reported cases found that,
in 43 (84.3%) villages, >1 environmental water sourc-
es, including wells, ponds, drinking water sources,
and water tanks, tested positive for FLAs (data not
shown). Those environmental findings should be
interpreted as supportive ecologic evidence only,

Figure 2. Epidemic curve of AME
cases by onset of iliness, Kerala
state, India, 2025. Cases were
confirmed by real-time PCR as
caused by Acanthamoeba spp.
or Naegleria fowleri amebae

or confirmed via wet-mount
microscopy of cerebrospinal fluid.
The case shown in Decmber was

not confirmed until 2025. AME,
amebic meningoencephalitis.
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Table 1. Demographic distribution and clinical characteristics of all case-patients in study of amebic meningoencephalitis, Kerala state,

India, 2025*
rPCR CSF wet-mount
Characteristic Acanthamoeba, n = 67 Naegleria, n =9 microscopy, n =83 Total, N = 159
Sex
F 28 (41.8) 5 (55.6) 33(39.8) 66 (41.5)
M 39 (58.2) 4 (44.4) 50 (60.2) 93 (58.5)
Age,y
0-5 2(3.0) 1(11.1) 2(2.4) 5(3.1)
6-17 9 (13.4) 1(11.2) 26 (31.3) 36 (22.7)
18-45 27 (40.3) 5 (55.6) 24 (28.9) 56 (35.2)
>45 29 (43.3) 2(22.2) 31 (37.4) 62 (39.0)
Mean (+SD) 41.9 (20.7) 32.1(20.4) 36.3 (21.7) 38.4 (21.3)
Median (IQR) 43 (29-58) 34 (18-38) 39 (14-55) 40 (17-56)
Underlying condition
Y 28 (41.8) 3(33.3) 31 (37.3) 62 (39.0)
N 39 (58.2) 6 (66.7) 52 (62.7) 97 (61.0)
Underlying condition suggestive of immunocompromise
15 (22.4) 3(33.3) 23 (27.7) 41 (25.8)
N 52 (77.6) 6 (66.7) 60 (72.3) 118 (74.2)
Clinical outcome
Died 17 (25.4) 4 (44.4) 20 (24.1) 41 (25.8)
Survived 50 (74.6) 5 (55.6) 63 (75.9) 118 (74.2)
Days from hospital admission to death n=17 n=4 n=20 n=41
Median (IQR) 34 (25-45) 28 (19.5-30) 27.5 (14.2-37) 31 (19-42)
Days from illness onset to hospital admission n=52 n=9 n==64 n=125
Median (IQR) 3 (0-13) 4 (2-26) 4 (1-11) 4 (1-13.5)
Clinical manifestations n =64 n=8 n=76 n =148
Fever 32 (50.0) 6 (75.0) 48 (63.2) 86 (58.1)
Headache 34 (53.1) 5 (62.5) 44 (57.9) 83 (56.1)
Vomiting 18 (28.1) 5 (62.5) 31 (40.8) 54 (36.5)
Seizures 11 (17.2) 4 (50.0) 14 (18.4) 29 (19.6)
Altered sensorium 11 (17.2) 1(12.5) 15 (19.7) 27 (18.2)
Weakness in the upper limb/lower limb 13 (20.3) 3(37.5) 8 (10.5) 24 (16.2)
Neck stiffness/meningeal signs 5(7.8) 1(12.5) 15 (19.7) 21 (14.2)
Myalgia/fatigue 7 (10.9) 0 13 (17.1) 20 (13.5)
Diplopia 6 (9.4) 0 5 (6.6) 11 (7.4)
Blurred vision 6(9.4) 0 3(3.9) 9(6.1)
Dizziness/vertigo 6 (9.4) 1(12.5) 2(2.6) 9(6.1)
Loss of consciousness 4 (6.3) 0 5(6.6) 9(6.1)
Slurred speech 4 (6.3) 1(12.5) 3(3.9) 8 (5.4)
Sensory disturbance 7 (10.9) 0 0 7(4.7)
Chills/rigors 3(4.7) 0 2(2.6) 5(3.4)
Photophobia 34.7) 0 2(2.6) 5(3.4)
6th cranial nerve palsy/upper motor neuron/ 1(1.6) 0 2(2.6) 3(2.0)
lower motor neuron facial palsy
Ptosis 2(3.1) 0 0 2(1.4)
Involuntary movement 2(3.1) 0 0 2(1.4

*Values are no. (%) except as indicated. CSF, cerebrospinal fluid; IQR, interquartile range; rPCR, real-time PCR.

because sampling was not designed to establish
source attribution.

For N. fowleri infection, entry of contaminated
water through the nose during swimming and bath-
ing, as well through Tharipu, is a definitive route
of transmission (12). However, those are not well-
established routes of transmission for Acanthamoe-
ba GAE (13-15). In a case series of 173 nonkeratitis
Acanthamoeba infections in the United States during
1956-2020, 10% had exposure to natural water bodies
(19). Similarly, a review article from India identified
42 case reports, of which 2 had documented expo-
sure to natural water bodies (11). A few case reports
of Acanthamoeba spp. CNS infection among persons
with near-drowning events have been documented
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(20,21). The associations between Acanthamoeba spp.
AME and exposure to natural water bodies, use of
nonchlorinated well water, and Tharipu observed in
our study are epidemiologic associations and do not
prove that water exposure led directly to neuroinva-
sion. Those findings might indicate contact with envi-
ronmental sources where Acanthamoeba spp. amebae
are present and possible entry into body by inhalation
or respiratory route, water entering the nose during
swimming or bathing, or other behaviors associated
with untreated water use that we did not measure.
Further environmental, clinical, and microbiological
studies are needed to determine whether that asso-
ciation reflects a route of acquisition or an epidemio-
logic marker of exposure to contaminated water.
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In Kerala, #40% of the landscape is water, featur-
ing an abundance of water bodies, including lakes,
ponds, and reservoirs (22). Hence, opportunities for
exposure to natural water bodies are common dur-
ing routine bathing, swimming, recreational, and
occupational activities. Chlorination of such a large
number of natural water bodies is neither feasible nor
practical. Hence, prevention strategies need to focus
on reducing high-risk exposures, particularly during
monsoon and postmonsoon months. Risk communi-
cation should advise persons with skin lesions, ulcers,
recent facial trauma, or recent nasal surgery to avoid
exposure to natural water bodies.

Use of nonchlorinated water from household or
public wells for domestic purposes was also associ-
ated with Acanthamoeba spp. AME and accounted for
a substantial PAF. In our study, domestic water use
referred to activities involving direct contact with the
face, head, skin, or body, such as bathing or wash-
ing the face or hair, and did not refer to ingestion.
Many households in Kerala depend on individual or
public wells. Heavy rainfall, flooding, sewage con-
tamination, organic matter, and algal growth might
contribute to contamination or proliferation of FLAs
in poorly maintained wells. Periodic chlorination
and maintenance of wells, especially wells used for

bathing, face washing, hair washing, and wound
care, are practical interventions that can be promoted
through local administrative systems.

Acanthamoeba infections have frequently been
reported among immunocompromised persons (19),
although studies from India have reported Acantham-
oeba infection in persons without documented im-
munocompromising conditions (23-28). In our study,
most rPCR-confirmed Acanthamoeba spp. case-pa-
tients did not have documented immunocompromis-
ing conditions in available records. Although immu-
nocompromised status was associated with moderate
increase in odds of illness in our analysis, the Cls were
imprecise (MOR 1.9 [95% CI 0.8-4.7]). Therefore, the
role of host susceptibility cannot be excluded. In ad-
dition, immune status might not have been complete-
ly ascertained, which could have resulted in exposure
misclassification. Further studies are needed to better
understand the host, pathogen, and environmental
determinants of Acanthamoeba spp. AME in Kerala.

In our study, nasal rinsing and nasal ablution
were not associated with rPCR-confirmed Acantham-
oeba spp. illness. Previous studies have suggested
that the use of nonsterile water may increase the risk
for FLA infection (29). In Kerala, nasal ablution is
widely practiced, especially among certain religious

Table 2. Sociodemographic profile of rPCR-confirmed Acanthamoeba spp. case-patients and controls in study of amebic

meningoencephalitis, Kerala state, India, 2025*

Characteristic Case-patients, n = 43 Controls, n =129 p value
Age group, y 0.581
<5 0 4(3.1)
6-10 4(9.3) 5(3.9)
11-17 1(2.3) 6 (4.7)
18-45 15 (34.9) 47 (36.4)
>45 23 (53.5) 67 (51.9)
Mean age (+SD) 46.2 (3.1) 46.1 (1.8)
Sex
M 24 (55.8) 72 (55.8) NA
F 19 (44.2) 57 (44.2)
District
Kollam 12 (27.9) 36 (27.9) NA
Kozhikode 7 (16.3) 21 (16.3)
Malappuram 3(7.0) 9(7.0)
Trivandrum 21 (48.8) 63 (48.8)
Residence NA
Rural 35 (81.4) 105 (81.4)
Urban 8 (18.6) 24 (18.6)
Type of house 1.000
Pucca/semi-pucca 42 (97.7) 129 (100)
Kutcha 1(2.3) 0
Color of ration card 0.007
Yellow/pink 32 (74.4) 63 (48.8)
Others 11 (25.6) 66 (51.2)
Education level 0.577
Degree/above 5(11.6) 15 (11.6)
High school/higher secondary 20 (46.5) 71 (55.0)
Primary/middle 15 (34.9) 33 (25.6)
llliterate/read-write 24.7) 4(3.1)
Not applicable 1(2.3) 6 (4.7)

*Values are no. (%) except as indicated. NA, not applicable because cases and controls were matched for this variable; rPCR, real-time PCR.
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Table 3. Risk factors associated with Acanthamoeba-caused cases by univariate conditional logistic regression analysis in study of

amebic meningoencephalitis, Kerala state, India, 2025*

No. (%) cases,

No. (%) controls,

Matched odds ratio

Risk factor n=43 n=129 (95% CI) p value
Occupation, painter/construction worker/farmer 5(11.6) 13 (10.1) 1.2 (0.4-3.7) 0.768
Persons living below the poverty line 32 (74.4) 63 (48.8) 2.8 (1.3-5.9) 0.007
Use of nonchlorinated water for domestic use, 14 (50.0) 30 (32.6) 29(1.1-7.8) 0.029
household/public well, not chlorinated t

Presence of fish in wellt 1(3.6) 6 (6.5) 2.9 (0.3-315) 0.374
Cleaned well in previous 3 mot 2(7.1) 15 (16.3) 0.3(0.0-2.2) 0.223
Cleaned the overhead tank in previous 3 mo 16 (37.2) 60 (46.5) 0.7 (0.3-1.4) 0.275
Observed turbidity or a change in taste/smell in the water 10 (23.3) 21(16.3) 1.7 (0.7-4.5) 0.253
Exposure to water bodies such as 18 (41.9) 25 (19.4) 3.6 (1.6-8.5) 0.003
ponds/lakes/rivers/canals/streams for swimming or bathing

or entered water body in previous 3 mo

History of swimming in swimming pool in previous 3 mo 1(2.3) 0 NA NA
Reached the bottom of lakes/ponds/canals/rivers/streams 8 (18.6) 7 (5.9) 3.7 (1.3-10.8) 0.015
during swimming/bathing/diving or experienced Tharipu

Practised nasal rinsing in previous 3 mo 15 (34.9) 37 (28.7) 1.4 (0.6-3.2) 0.401
Smoking¥ 8 (18.6) 21 (16.3) 1.2 (0.4-3.6) 0.686
Consumption of alcoholt 9 (20.9) 34 (26.4) 0.6 (0.2-1.7) 0.349
Use of nasal snufff 0 4(3.1) NA NA
Immunocompromised person§ 15 (34.9) 33 (25.6) 1.9 (0.8-4.7) 0.173
Use of steroids in previous 3 mo 6 (13.9) 12 (9.3) 1.6 (0.6-4.6) 0.390
Experienced recurrent sinusitis in previous 3 mo 6 (13.9) 10 (7.8) 2.1(0.7-6.7) 0.214
Had maxillofacial injury or nasal surgery and exposure to 7 (16.3) 6 (4.7) 3.9 (1.2-12.4) 0.022
ponds/lakes/canals/rivers/streams

Hospitalization for severe COVID-19 2 (4.7 11 (8.5) 0.5(0.1-2.4) 0.392
Soil/dirt contact during farming/gardening in previous 3 mo 25 (58.1) 75 (58.1) 1(0.5-2.1) 1.000
Cleaned the air conditioner in previous 3 mo 1(2.3) 8(6.2) 0.4 (0.0-2.9) 0.337
Used sprinklers/hose to water plants/wash vehicles in 17 (39.5) 51 (39.5) 1(0.5-2.1) 1.000
previous 3 mo

Had any ulcers/skin lesions in previous 3 mo 17 (39.5) 15 (11.6) 4.7 (2.1-10.8) 0.001
Washed ulcers/skin lesions in 9 (20.9) 1(0.8) 27 (3.4-213.1) 0.002

ponds/lakes/rivers/canals/streams

*NA, not applicable; Tharipu, water forcefully entering the nose.
tCases, n = 28; controls, n = 92.
FCurrent or past.

8Diabetes, HIV, chronic kidney disease, malignancy, or inmunosuppressive therapy.

communities, so the high background prevalence of
that exposure might have limited our ability to detect
the association.

Lower socioeconomic status was associated with
AME in univariable analysis and might influence be-
havioral exposures identified in our study. We includ-
ed socioeconomic status in the directed acyclic graphs
as a potential confounder because it could influence
access to safe domestic water, reliance on nonchlori-

nated wells, and use of natural water bodies for bath-
ing or other routine activities. We therefore adjusted
socioeconomic status in the multivariable conditional
logistic regression model. Risk communication strat-
egies should prioritize socioeconomically vulnerable
communities through improved access to safe water
and routine maintenance and chlorination of wells.

A limitation of our study was including case-pa-
tients whose diagnosis was by wet-mountmicroscopy

Table 4. Risk factors associated with Acanthamoeba-caused cases by multivariable conditional logistic regression analysis in study of

amebic meningoencephalitis, Kerala, India, 2025*

Univariate MOR Adjusted MOR PAF, % (95%

Risk factors (95% CI) (95% CI) Cl)
Exposure to water bodies such as ponds/lakes/rivers/canals/streams for 3.6 (1.6-8.5) 4.7 (1.8-12.1)t 32.9 (24.0-40.8)
either swimming or bathing or entered a water body in previous 3 mo

Use of nonchlorinated water for domestic use, household/public well, not 2.9 (1.1-7.8) 2.9 (1.1-8.2)t 34.2 (13.5-49.9)

chlorinated

Washed ulcers/skin lesions in ponds/lakes/rivers/canals/streams

27 (3.4-213.1)  25.4(3.1-210.3)f  20.1 (18.3-21.8)

Had a maxillofacial injury or undergone nasal surgery in the past, and 3.9 (1.2-12.4) 4.8 (1.3-16.7)T 12.8 (8.5-17.1)
exposure to ponds/lakes/canals/rivers/streams
Reached the bottom of lakes/ponds/canals/rivers/streams during 3.7 (1.3-10.8) 4.8 (1.5-15.4)% 14.7 (10.1-19.1)

swimming/bathing/diving, or experienced Tharipu

*MOR, matched odds ratio; PAF, population attributable fraction; Tharipu, water forcefully entering the nose.

tTAdjusted for socioeconomic status
FAdjusted for socioeconomic status and immunocompromised status.
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in our descriptive epidemiology. Wet-mount micros-
copy provides rapid laboratory evidence of motile
trophozoites; however, it is less specific than rPCR
and does not reliably identify the species of FLA.
Although wet-mount examinations were performed
independently by 2 trained microbiologists, some
misclassification is possible. Second, we restricted
the case-control study to rPCR-confirmed Acan-
thamoeba spp. cases from 4 districts, which might
not represent all AME cases in Kerala or AME
caused by other FLA. We did not compare rPCR-
confirmed Acanthamoeba spp. case-patients with
immunocompromised controls, and the immune
status among case-patients may have been incom-
pletely ascertained. Third, the analytical study had
a small sample size, resulting in wide Cls for some
exposures. Fourth, the incubation period for Acan-
thamoeba spp. GAE can range from days to several
weeks (13). We used a 3-month referent exposure
period in accordance with expert consultation; we
did not capture any behavior or practices beyond
the 3-month period. Nevertheless, we expected that
study participants would perform routine behav-
iors such as swimming or bathing frequently, and
a 3-month referent exposure might be sufficient to
capture such activities. Fifth, after the surge of AME
cases in the state, Kerala public health authorities is-
sued regular messages discouraging swimming or
bathing in natural water bodies and launched wide-
spread campaigns to chlorinate wells (16). Those ac-
tions might have led case-patients or their relatives
to recall behaviors related to swimming or bathing
in natural water bodies more readily than controls,
resulting in differential recall bias. We attempted to
minimize that difference by using a standardized
questionnaire and identical reference periods for
cases and controls but could not exclude differential
recall. Further studies combining pathogen-specific
surveillance, molecular testing, environmental sam-
pling, and immune-status assessment are needed to
better understand Acanthamoeba spp. CNS infection
in Kerala.

In conclusion, Kerala reported an increase in lab-
oratory-supported AME cases in 2025. Acanthamoeba
spp. amebae accounted for most rPCR-confirmed in-
fections. Cases increased during monsoon and post-
monsoon months, and the overall case-fatality rate
was 25.8%. In our analytical study, AME was asso-
ciated with washing ulcers or skin lesions in natural
water bodies, exposure to natural water bodies after
maxillofacial injury or nasal surgery, use of nonchlo-
rinated well water for domestic purposes, and ex-
posure to natural water bodies and forceful entry of
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water into the nose. Public health interventions
should focus on maintenance and chlorination of do-
mestic wells and limiting exposure to natural water
bodies for persons with wounds or recent facial or
nasal procedures.
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Improved Case Detection of
Fleaborne Typhus by PCR
Testing, Los Angeles County,
California, USA, 2022—-2024

Armine Sanosyan, Zuelma A. Contreras, Van Ngo, Michael K. Brown, Nicole M. Green, Lee A. Borenstein,
Jill K. Hacker, Will S. Probert, Alexa C. Quintana, Monica P. Haw, Umme-Aiman Halai

Fleaborne typhus (FBT) is reemerging as a significant
cause of febrile illness in Southern California, USA.
We performed enhanced testing on low-titer Rickettsia
typhi antibody—positive specimens from patients with
FBT-compatible iliness reported in Los Angeles County,
California, during 2022—2024. We tested 114 specimens
by repeat serology and 113 by real-time PCR; 81 (71%)
were PCR-positive, and 95 (83%) had higher antibody
titers by repeat serology. Most PCR-positive speci-
mens were collected 8—10 days after illness onset, but
some were collected up to 15 days after illness onset.
All PCR-positive specimens were R. typhi-specific. Af-
ter additional testing, 113 (99%) suspected cases were
reclassified as probable or confirmed FBT cases. Our
findings indicate that many low-titer seropositive results
represent true infections and that use of minimum serol-
ogy thresholds for public health investigation underesti-
mates surveillance case counts. Expanding commercial
molecular testing capacity will improve clinical FBT diag-
nosis and enhance surveillance accuracy.

leaborne typhus (FBT), also referred to as murine

or endemic typhus, is a febrile illness spread by
fleas infected with the bacterium Rickettsia typhi. In-
fected fleas are often found on mammalian hosts, in-
cluding rodents, opossums , dogs, and free-roaming
cats (1,2). FBT became a major public health threat in
the United States from the 1930s through the early
1940s; thousands of cases were reported annually.
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Improvements in sanitation, alongside the use of novel
rodenticides and synthetic insecticides like DDT, led
to a sharp decline in cases by the 1950s (3,4). Today,
most cases are reported in Hawaii, Texas, and South-
ern California; in Southern California, the disease is
reemerging as a major cause of febrile illness (5-7). In
Los Angeles County (LAC), FBT has increased since
2010; an average of 169 cases were documented per
year during 2021-2025, and an all-time high of 220
cases were reported in 2025.

FBT ranges from a mild, self-limited infection to
severe or fatal illness. Cases typically manifest with
nonspecific symptoms such as fever, myalgia, head-
ache, nausea, vomiting, and, less frequently, a rash
(8). Severe clinical manifestations are rare but might
include complications such as meningoencephalitis,
myocarditis, and hemophagocytic lymphohistiocyto-
sis (9). Doxycycline is the treatment of choice for FBT
and is highly effective (5,10). Although the overall
case-fatality rate for FBT is low (<1% with appropriate
doxycycline treatment), fatal outcomes can still occur,
especially in patients with delayed care or underly-
ing health conditions (11,12). In 2022, LAC recorded
3 FBT-associated deaths involving hemophagocytic
lymphohistiocytosis, myocarditis, and septic shock in
patients with underlying conditions (11).

Because FBT manifests with undifferentiated
influenza-like symptoms that resemble other illness-
es, cases are often overlooked or misdiagnosed by
healthcare providers (13). Delayed or incorrect diag-
nosis might postpone necessary treatment, which can
increase the risk for complications, prolonged illness,
or, in severe cases, death (5). Such diagnostic chal-
lenges can also affect public health disease surveil-
lance and understanding of disease effects.

Serologic testing for R. typhi by using indirect
immunofluorescence antibody (IFA) assay is typical
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for diagnosis (5). Serologic testing performed on speci-
mens collected within the first week of symptom onset
can be falsely negative because detectable antibodies
might not yet be present (14). Serologic confirmation
of R. typhi infection requires paired testing of acute and
convalescent specimens (drawn within 2-10 weeks)
demonstrating a 4-fold increase in IgG titers. How-
ever, most patients do not return for second specimen
collection. Real-time PCR testing can provide diagnos-
tic confirmation earlier in the disease, when serologic
testing might yield nonreactive or low-titer positive
results. PCR is most sensitive when conducted on
specimens collected within the first week of symptom
onset and before the initiation of doxycycline, espe-
cially on whole blood or tissue specimens (15). Unfor-
tunately, commercial PCR tests are not widely avail-
able for provider use to aid in the clinical diagnosis of
FBT (16). Newer technologies for FBT diagnosis, such
as Karius microbial cell-free DNA testing, provide ad-
ditional alternatives for early detection, but their use
is limited by accessibility and expense (17).

In California, FBT is a mandated reportable dis-
ease under Title 17, California Code of Regulations,
§2500. LAC Department of Public Health (LACDPH)
receives all positive R. typhi test results for LAC resi-
dents through electronic laboratory reporting or di-
rect provider reports. LACDPH uses California De-
partment of Public Health (CDPH) surveillance case
definitions to determine if the report should be in-
cluded in surveillance data to monitor disease burden
and trends in LAC (Appendix Table, http:/ /wwwnc.
cdc.gov/EID/article/32/9/26-0554-Appl.pdf).

Because FBT continues to increase locally,
LACDPH implemented an enhanced protocol for ad-
ditional testing of commercial laboratory low-titer
positive R. typhi specimens from clinically compatible
case reports. Those reports with low-titer positive se-
rologic testing are not routinely investigated because
they fall below the minimum laboratory criteria re-
quired for probable or confirmed CDPH case classifi-
cation and are instead classified as suspected cases for
internal tracking only. The goal of the enhanced pro-
tocol we describe in this article was to assess the ex-
tent to which routine investigative procedures missed
true FBT cases among suspected cases and to deter-
mine the utility of molecular testing in supporting
FBT clinical diagnosis and public health surveillance.

Methods

In April 2022, LACDPH initiated an expanded testing
protocol of patient specimens with low-titer positive
R. typhi serology results reported from commercial
laboratories. Inclusion criteria for this protocol were
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patients with low titer results of R. typhi IgG (1:64)
or IgM (1:64 or 1:128) and symptoms consistent with
the CDPH clinical criteria for FBT (Appendix Table).
Patients who meet those criteria are considered sus-
pected cases according to the CDPH surveillance def-
inition because they have clinically compatible illness
but insufficient laboratory evidence with serum titers
below the required threshold values (IgG >1:128, IgM
>1:256). We excluded low-titer positive specimens
from this analysis if patients had a secondary speci-
men reported to LACDPH that met laboratory criteria
for a probable or confirmed case. We requested and
reviewed medical records for all patients to ensure
that clinical criteria were met. Our study included pa-
tients with symptom onset dates during April 2022~
December 2024.

LACDPH obtained serum specimens from pa-
tients meeting the study inclusion criteria and
forwarded them to its public health laboratory
(LACPHL) for repeat Rickettsia sp. IgG and IgM IFA
serologic testing and to the CDPH Viral and Rickett-
sial Disease Laboratory for Rickettsia sp. nucleic acid
detection by real-time PCR. During the study period,
3 real-time PCRs were used to test serum specimens
because of changes in laboratory testing availability
and procedures. We tested 13 specimens received
through September 2022 by using a DNA-based pan-
Rickettsia assay (18). During October 2022-April 2023,
we tested 30 specimens by using a DNA-based (du-
plex) assay that targeted a 119-bp repeat region within
the gene for surface cell antigen 2 (an autotransporter
protein) (11). During May 2023-December 2024, we
tested 70 specimens by using a triplex real-time re-
verse transcription PCR targeting regions of the 23S
rRNA specific to R. typhi, R. rickettsii, and the Rickett-
sia genus (19). There was 1 sample we could not test.
We entered and managed patient clinical and labora-
tory data by using REDCap (https:/ /project-redcap.
org) electronic data capture tools hosted at LACDPH
(20,21). We collected data through medical records
abstraction and patient interviews, and we included
demographics, hospitalization, pertinent symptoms,
blood chemistry results, FBT diagnostic testing, and
doxycycline treatment. We conducted descriptive
analyses of the study population and testing results
by using SAS version 9.4 (SAS Institute Inc., https://
www.sas.com). We also compared the study popula-
tion with cases with high-titer positive specimens that
met the CDPH criteria of probable or confirmed cases
to assess for any major differences. We conducted sig-
nificance analysis by using Fisher exact test for group
comparisons of categorical variables and Wilcoxon
rank sum test for group comparisons of continuous
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variables; we considered p<0.05 significant. Of note,
we retrospectively tested all specimens originally
tested by the pan-Rickettsin DNA assay and the du-
plex DNA assay with the newer rRNA assay by the
CDPH Viral and Rickettsial Disease Laboratory to
compare with prior results.

Results

Study Population Characteristics

LACDPH received 157 reports of patients with FBT
low-titer positive test results; patients had symp-
tom onset during April 2022-December 2024. We in-
cluded 114 low-titer positive serum specimens in our
study and retested the specimens for laboratory evi-
dence of R. typhi infection. We did not include 43 low-
titer positive serum specimens because those patients
had high-titer positive convalescent serum specimens
tested commercially (n = 23) or because specimens

Improved Detection of Fleaborne Typhus by PCR

could not be obtained (n = 20). During the same pe-
riod, high-titer positive results from 289 patients were
reported to LACDPH (Table 1). We did not find sig-
nificant demographic differences between low-titer
and high-titer positive patients. For patients with
low-titer positive results, the median age at diagnosis
was 39 years (range 1-81 years). Fifty-three percent of
the patients were male (n = 60) and 47% were female
(n = 54). Most patients were ethnically Hispanic (61%,
n = 69). Most patients were hospitalized (85%, n = 97)
with a median stay of 5 days (range 1-23 days). After
fever (required criteria), nausea or vomiting (69%, n
= 79) and headache (67%, n = 76) were the most re-
ported clinically compatible symptoms. Most patients
(91%, n = 104), were treated with doxycycline; 66 pa-
tients (63%) were treated before or on the same day
of specimen collection. More than half of the low-titer
positive specimens in our study were collected 8-10
days after symptom onset (51%, n = 58); median time

Table 1. Demographic and clinical characteristics of patients with possible fleaborne typhus, comparing 114 patients with initial low-
titer positive serologic results with 289 patients with initial high-titer positive serologic results, Los Angeles County, California, USA,

2022-2024
Characteristics Low-titer positive High-titer positive
Age categories, y
0-17 18 (16) 37 (13)
18-34 31 (27) 56 (19)
35-44 19 (17) 53 (18)
45-54 18 (16) 53 (18)
>55 28 (25) 90 (31)
Median age, y (range) 39 (1-81) 44 (2-87)
Sex
M 60 (53) 177 (61)
F 54 (47) 110 (38)
Other/unknown 0 (0) 2(0.7)
Race/ethnicity
Hispanic/Latino 69 (61) 178 (62)
White 24 (21) 59 (21)
Asian 6 (5) 22 (8)
Other/unknown 15 (13) 22 (8)
Hospitalized 97 (85) 253 (88)
No. nights hospitalized, median (range) 5 (1-23) 5 (1-83)
Clinical characteristics
Fever 114 (100) 289 (100)
Headache 76 (67) 195 (68)
Muscle pain/myalgia 69 (61) 155 (54)
Nausea/vomitingt 79 (69) 158 (55)
Rasht 57 (50) 93 (32)
Hematology results
Thrombocytopenia, <150,000 platelets/uLT 87 (76) 177 (61)
Elevated ALT or AST, >40 |U/L 105 (96) 280 (98)
Treatment 104 (91) 244 (84)
No. days from specimen collection date to doxycycline treatment initiation, median 0(-3to31) 0 (-15to0 28)
(range)
Treated before or on same day of collection date 66 (63) 163 (67)
Treated >1 days after collection date 38 (37) 81 (33)
No. days from symptom onset date to specimen collection datet
<7 41 (36) 50 (17)
8-10 58 (51) 101 (35)
>10 15 (13) 138 (48)
Median (range)t 8 (0-44) 10 (2-65)

*Values are no. (%) except as indicated.
Tp value <0.05 for this variable indicating significance.
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from symptom onset to date of specimen collection
was 8 days (range 0-44 days). Low-titer positive pa-
tients were more likely to exhibit nausea or vomiting,
rash, and thrombocytopenia than high-titer positive
patients. Patients with low-titer positive results were
more likely to be tested within the first week of illness
onset than patients with high-titer positive results.

Additional Testing Results

Of the 114 retested specimens, repeat serologic test-
ing on the same specimen at LACPHL resulted in a
higher IgM or IgG titer in 106 (93%) of the specimens.
Furthermore, 95 (83%) specimens resulted in IgG or
IgM titers high enough to meet CDPH laboratory sur-
veillance criteria for a probable case. Of the 113 speci-
mens tested by PCR, 81 (71%) were PCR-positive, 22
(19%) were PCR-negative, and 10 (9%) had a PCR re-
sult of unsatisfactory or indeterminate. Specimens are
considered inadequate for testing and reported as un-
satisfactory if they did not meet required collection,
shipping, or storage conditions upon arrival. An in-
determinate result is reported when replicate results
do not agree, which can occur when the gene target is
near the limit of detection for the assay. All PCR-pos-
itive results were positive for R. typhi; no other Rick-
ettsia species were detected. Of the 114 specimens, 113
(99%) came back with serologic testing or PCR results
that changed their case classification from suspected
to probable (28%, n = 32) or confirmed (71%, n = 81)
(Table 2).

PCR Results by Timing of Specimen Collection

and Serologic Findings

Among the 81 PCR-positive specimens, 34 (42%)
were collected within 7 days of illness onset, 40 (49%)
were collected at 8-10 days, and 7 (9%) were collected
>10 days after onset. In contrast, among the 22 PCR-
negative specimens, 4 (18%) were collected within 7
days of onset, 11 (50%) at 8-10 days, and 7 (32%) >10
days after onset. PCR-positive cases had a median of
8 days (range 1-15 days) and PCR-negative cases a
median of 9 days (range 0-44 days) from illness onset
to specimen collection. PCR-positive specimens were
more likely than PCR-negative specimens to have
IgM detected and no IgG detected (59%, n = 48) in the
initial laboratory draw, whereas the opposite was ob-
served for PCR-negative specimens (IgM not detected
and IgG detected, 55%, n = 12) (Table 3).

Retrospective Testing Results

Forty-three samples were initially tested by using
DNA assays. We retested those samples by using the
rRNA assay; 40 (93%) samples had concordant results,

1416

and 3 (7%) changed from unsatisfactory or indetermi-
nate (n = 2) or negative (n =1) to R. typhi positive.

Discussion

In our study, most (71%) of the initial low-titer posi-
tive serology specimens obtained from patients with
illness consistent with FBT were PCR-positive for
R. typhi. That finding highlights the effectiveness
of using PCR testing for clinical diagnosis and case
detection of FBT. Unfortunately, Rickettsia sp. PCR
testing has not been widely implemented because of
the resources and laboratory expertise required (14).
In the United States, rickettsial PCR testing remains
largely limited to specialized public health labora-
tories and surveillance activities rather than routine
clinical use (22).

Of note, most (91%) PCR-positive specimens were
collected within 10 days after illness onset, with some
positive up to 15 days. Those results suggest that the
previously recommended 1-week window for FBT
PCR testing might be too restrictive (15). Further-
more, our results suggest that rickettsial nucleic acids
might persist in the bloodstream for longer than pre-
viously recognized, thereby extending the diagnostic
window for molecular testing. Expanding the testing
window beyond the first week could improve case
detection and provide a more accurate understand-
ing of the timing of rickettsial nucleic acid persistence
in patients.

All 81 PCR-positive specimens in this study
tested positive for R. typhi and none for R. felis. That
finding reinforces a previous conclusion that R. typhi
is the primary etiologic agent of FBT in California
(6). Historically, both R. typhi and R. felis have been
considered potential causes of FBT (3), including
in urban Los Angeles, where both pathogens have
been demonstrated to circulate in rat populations
and associated fleas (23). The absence of R. felis in
our PCR-positive specimens challenges previous as-
sumptions about the involvement of different rick-
ettsial species in FBT infection (24). Recognizing R.
typhi as the principal agent is critical for interpret-
ing the changing epidemiology of FBT, including
increases in case numbers, geographic expansion,
and evolving risk factors. Our results demonstrated
variability in serologic testing results between com-
mercial and public health laboratories. About 93% of
the low-titer positive specimens obtained from com-
mercial laboratories for repeat serologic testing had
higher titers at the LACPHL. That result is a known
major weakness of serologic testing, and our results
align with existing evidence that the reading of IFA
slides is prone to subjectivity (14). In addition, the
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lack of standardized IFA reagents, protocols, and
criteria for test interpretation might account for titer
variability between laboratories (25). In practice, it is
not feasible for public health laboratories to repeat
serologic testing of all commercial low-titer positive
specimens. Obtaining confirmatory convalescent se-
rology specimens is also not practical because many
patients will have recovered by the recommended
10-14-day return window and no longer need medi-
cal care (14) or might face financial barriers prevent-
ing them from seeking further care. Rickettsia sp. se-
rologic testing is also subject to high cross-reactivity
between Rickettsia species (16). Because FBT mani-
fests as a nonspecific illness, making PCR testing
commercially available would enable rapid and ac-
curate diagnosis of FBT and confirmation of Rickett-
sia species.

Nearly all (99%) specimens that were submit-
ted for additional testing returned with results that
met CDPH surveillance criteria for a probable or
confirmed FBT case. Because of this testing pro-
tocol result, LACDPH has added 113 probable or

Improved Detection of Fleaborne Typhus by PCR

confirmed cases of FBT from April 2022-December
2024 to overall case counts. Suspected cases are
typically excluded from surveillance case counts
publicly reported by public health jurisdictions.
Public health jurisdictions that use a minimum titer
to initiate case investigations might overlook those
low-titer positive cases, resulting in underreport-
ing of FBT case counts.

Our study demonstrates the importance of keep-
ing IgM test results as part of the laboratory criteria
in the FBT surveillance case definition. Studies sug-
gest that Rickettsia IgM titers are less reliable and have
limited utility compared with IgG titers because they
have lower specificity and do not rise much earlier
than IgG titers (14). Those studies prompted the ex-
clusion of IgM test results from the CDPH and na-
tional FBT case definition laboratory criteria in 2025
(26). In our study, 48 (87%) of 55 patient specimens
that had only IgM and no IgG detected in the initial
testing by a commercial laboratory were found to be
PCR-positive through public health testing. Those
specimens were likely collected earlier in the disease

Table 2. Results of additional testing for initial 114 Rickettsia typhi low-titer positive serum specimens, Los Angeles County, California,

USA, 2022-2024*

Category No. (%) specimens
Initial commercial laboratory IFA R.typhi IgG titer
<1:64 58 (51)
1:64 56 (49)
Initial commercial laboratory IFA R. typhi IgM titer
<1:64 21 (18)
1:64 65 (57)
1:128 28 (25)
Repeat R. typhi IFA 1gG titer
<1:64 14 (12)
1:64 20 (18)
1:128 35 (31)
1:256 18 (16)
>1:512 25 (22)
Not done or unspecified 2(2)
Total with IgG that met laboratory criteria (>1:128) 78 (68)
Repeat R. typhi IFA IgM titer
<1:64 18 (16)
1:64 6 (5)
1:128 24 (21)
1:256 24 (21)
>1:512 38 (33)
Not done or unspecified 4 (4)
Total with IgM that met laboratory criteria (>1:256) 62 (54)
IFA serologic testing results higher upon repeat testing 106 (93)
IFA serologic testing results met laboratory criteriat upon repeat testing 95 (83)
PCR results
Positive 81 (71)
Negative 22 (19)
Unsatisfactory or indeterminate 10 (9)
Not tested 1(0.9)
Case classification change
CDPH suspected to probable 32 (28)
CDPH suspected to confirmed 81 (71)
No change 1(0.9)

*CDPH, California Department of Public Health; IFA, immunofluorescence assay.

T1gG titer >1:128 or IgM titer >1:256.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 32, No. 9, September 2026

1417



RESEARCH

Table 3. PCR results by timing of specimen collection and serologic findings of 103 specimens from patients with suspected Rickettsia

typhi infection, Los Angeles County, California, USA, 2022—-2024*

Characteristics

PCR positive, n =81 PCR negative, n = 22

No. days from symptom onset date to specimen collection datet

<7 34 (42) 4 (18)

8-10 40 (49) 11 (50)

>10 79 7(32)

Median (range)t 8 (1-15) 9 (0-44)
Time from specimen collection date to doxycycline treatment start

Treated before or on same day of collection 49 (64) 11 (65)

Treated >1 days after collection date 28 (36) 6 (35)
Initial commercial laboratory R. typhi 1gG titert

<1:64 48 (59) 7(32)

1:64 33 (41) 15 (68)
Initial commercial laboratory R. typhi IgM titert

<1:64 6 (7) 12 (55)

1:64 51 (63) 8 (36)

1:128 24 (30) 2(9
Initial commercial laboratory R. typhi resultst

IgM detected at 1:64 or 1:128 titer, IgG not detected 48 (59) 7 (32)

IgM not detected, 1gG detected at 1:64 titer 6 (7) 12 (55)

IgM and IgG detected 27 (33) 3(14)

*Values are no. (%) except as indicated.
Tp value <0.05 for this variable indicating significance.

course before a measurable rise in IgG titers occurred
and when PCR testing is most sensitive. Those cases
(n = 48) would have been misclassified if IgM testing
results were not included in our protocol.

Most (91%) cases in this study were appro-
priately treated with doxycycline, demonstrating
that clinicians are correctly suspecting FBT at the
time of treatment initiation and ordering diagnos-
tic testing. Furthermore, 63% of patients received
doxycycline before or on the same day of specimen
collection, indicating that patients with FBT in the
differential diagnosis are being treated empirically
before serology results are reported. That treatment
pattern is encouraging because of the variability of
rickettsial serology testing and aligns with public
health messaging on the importance of early doxy-
cycline initiation.

Our study population is representative of our
overall FBT cases. The case demographics did not dif-
fer from those of high-titer positive cases. However,
low-titer positive cases manifested with nausea or
vomiting, rash, and thrombocytopenia more often
than high-titer positive cases did. Low-titer positive
cases were also more likely to be seen earlier in their
illness, which might explain the differences in symp-
toms observed. The presence of those symptoms
could lead persons to seek care earlier in the course
of illness or clinicians to more readily consider FBT in
the differential diagnosis.

Retrospective testing of specimens by using
rRNA did not change our conclusion that most
low-titer specimens were PCR-positive. The rRNA
assay did detect 3 additional PCR-positive speci-
mens that had previously returned unsatisfactory,
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indeterminate, or negative results by the DNA-
based assays. Those results would have changed
the classification of 3 cases from probable to con-
firmed. Those cases could not be reclassified in sur-
veillance data because case investigations are final-
ized after the completion of each calendar year.
The first limitation of our study was the use of
residual serum specimens for PCR testing, rather
than whole blood or plasma, which are better suit-
ed for molecular detection of Rickettsia. Because
Rickettsia are obligate intracellular organisms,
their nucleic acids are more concentrated in cel-
lular components and plasma compared with se-
rum, where clot formation removes most cells and
might reduce detectable DNA (14,27). Although
only a small percentage of our specimens tested
negative for Rickettsia nucleic acids by PCR, some
of those results might represent false negatives at-
tributable to the use of serum specimens. Of note,
1 case had both serum and plasma from the same
collection date available for testing; in that case, R.
typhi nucleic acids were detected in the plasma but
not the serum, underscoring the effect of specimen
type on PCR sensitivity. Second, the true effect of
FBT in LAC is likely underestimated, and our find-
ings might not fully represent the extent of disease
transmission in the community. The reporting of
FBT test results to LACDPH by laboratories and
healthcare providers could be incomplete, resulting
in possible missed cases. Patients with mild FBT
symptoms who might not have sought care, were
not tested, or were tested very early in their dis-
ease course, when antibody titers were undetect-
able, were not captured in this analysis. Because
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the study was geographically restricted to LAC, the
findings might not be representative of the general
population of the United States. Third, although
LACDPH attempted to obtain all medical records
relevant to the patients’ illness with FBT, it is pos-
sible that some follow-up visits were not captured,
resulting in incomplete information on doxycycline
treatment. Nonetheless, a high percentage of pa-
tients received doxycycline treatment in our study.
Fourth, the sample size for subgroup comparisons
was relatively small. Some statistical analyses, par-
ticularly those comparing PCR-positive and PCR-
negative patients, had smaller subgroup sizes,
reducing statistical power and increasing the likeli-
hood of random error. Last, not all specimens could
be obtained for analysis. Commercial laboratories
generally retain specimens for a limited time, and
retention times vary across laboratories. Delays in
obtaining medical records to confirm that patients
met clinical criteria meant that some specimens
were discarded before they could be retrieved for
study purposes, ultimately reducing the total num-
ber of specimens available for this analysis.

In conclusion, we demonstrate that many
low-titer seropositive results from patients with
clinically compatible illness represent true R. ty-
phi infections and highlight the utility of molecu-
lar testing in supporting both clinical diagnosis
and public health surveillance of FBT. PCR test-
ing identified infections beyond the traditionally
recognized 1-week window of PCR positivity and
up to 15 days after symptom onset, demonstrat-
ing that molecular techniques can help confirm
infection even into the second week of illness. En-
hanced public health laboratory testing, like that
conducted in our study, is effective for accurately
classifying cases for comprehensive case surveil-
lance. However, that approach is not sustainable as
routine practice and further strains limited public
health resources. Wider commercial availability of
Rickettsia PCR testing and other new technologies
could substantially enhance both clinical diagnostic
capacity and our understanding of true disease ef-
fects. The resurgence of FBT in Los Angeles County
and other areas of the United States highlights the
importance of reexamining the current diagnostic
protocols being used in clinical settings and public
health surveillance.

The authors used artificial intelligence tools to assist with
some language editing of this manuscript. All content
was reviewed and verified by the authors, who take full
responsibility for the final manuscript.
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Posttuberculosis Consequences
on Tuberculosis Prevention
Effectiveness and Cost-effectiveness
among New Immigrants, Canada

Aotikuer Ainiwaer, Aashna Uppal, Kevin Schwartzman, Kamila Romanowski,
Sarah K. Brode, James C. Johnston, Jonathon R. Campbell

Cost-effectiveness analyses of tuberculosis (TB) preven-
tive treatment rarely consider long-term TB consequences.
We examined how long-term TB consequences influence
the effectiveness and cost-effectiveness of TB prevention
among persons who immigrate to Canada. By using a Mar-
kov microsimulation model of 400,000 persons immigrating
to Canada in 2025, we compared current postarrival TB
infection screening levels (0.5%) with a screening level of
68% among new immigrants. Modelling scenarios included
acute TB consequences and long-term TB-related death,
illness, and healthcare costs (25-year horizon, 1.5% dis-

uberculosis (TB) is the world’s leading cause of

death from a single infectious agent, killing an es-
timated 1.23 million persons worldwide in 2024 (1).
Shifts in global migration patterns have changed the
epidemiologic landscape for TB in low-incidence re-
gions, and migrant populations bear disproportion-
ately high TB effects (2). In migrant populations, most
TB disease occurs from the progression of TB infec-
tion acquired before immigration (3). Therefore, pro-
viding TB preventive treatment (TPT) to persons who
recently immigrated should be considered among
other TB elimination strategies (4). However, results
of cost-effectiveness analyses evaluating systematic
screening and treatment for TB infection among per-
sons who recently immigrated to low-incidence set-
tings have been mixed (5,6), and the implementation
of such programs is rare (7). Also, there is substantial
variability in how existing studies consider the risks
and consequences of TB disease and TPT (8). Nearly

count rate). Including long-term TB-related consequences
increased the estimated TB-related quality-adjusted life
years (QALYSs) lost by 2.1-fold (95% uncertainty range 1.7—
2.5-fold). When long-term TB-related consequences were
included, estimated QALYs gained from expanded screen-
ing increased 2.4-fold (95% uncertainty range 1.6—4.4-fold),
reducing the cost per QALY from $235,088 to $100,742
CAD. Ignoring long-term TB consequences substantially
underestimates the effectiveness and cost-effectiveness of
preventive interventions; such consequences should be in-
corporated into future evaluations.

all studies only consider the acute consequences (dis-
ease and death) of TB during the treatment period,
omitting the long-term illness and death associated
with post-TB consequences (9). However, emerging
research has highlighted that healthcare utilization
spikes in the years after TB treatment (10), and TB
survivors are at substantially higher risk for illness
and death compared with those who never had TB
(11,12).

Failure to account for the long-term conse-
quences of TB disease might underestimate the
quality-adjusted life years (QALYs) gained and
cost-effectiveness of TB infection screening and
TPT. A global analysis of disability-adjusted life
years associated with TB suggests post-TB con-
sequences account for half of the total TB-related
health issues (9). Similarly, an analysis of a hypo-
thetical preventive intervention in high-incidence,
low-middle-income settings found considering
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post-TB consequences substantially reduced esti-
mated incremental cost-effectiveness ratios (ICERs)
(13). However, those analyses were only illustra-
tive and focused primarily on low-middle-income
settings. Understanding how post-TB consequenc-
es might inform public health decisions in a low-
incidence, high-income setting would be useful.

We conducted a modeling analysis to evaluate
how post-TB consequences might affect effective-
ness and cost-effectiveness of TB prevention among
persons who recently immigrated to Canada. We
model how incorporating post-TB health conse-
quences affects QALYs lost because of TB and the
cost-effectiveness of TB prevention programs under
different assumptions.

Methods

Setting and Model Overview

Canada is a low TB incidence country, reporting
2,508 persons with TB disease in 2024, correspond-
ing to an incidence of 6.1/100,000 population (14).
Overall, 83% of all persons with TB in Canada were
born outside the country; most of those persons are
now permanent residents and citizens of Canada
(15). Currently, the Canada immigration medical
exam focuses on detection of TB disease before entry
into Canada. No provincial or territorial programs
provide systematic screening and treatment for TB
infection for all recently immigrated persons (16),
and only 0.5% of persons with clinical risk factors
for TB receive screening (17).

Because of that context, we developed a micro-
simulation model to evaluate the costs, effective-
ness, and cost-effectiveness of a systematic postar-
rival TB infection screening program in persons
who recently and permanently migrated to Cana-
da. We adapted a Markov microsimulation model
by using TreeAge Pro Healthcare 2025 (TreeAge
Software, LLC, https:/ /www.treeage.com) (A. Up-
pal et al., unpub. data). Canada immigration tar-
gets for 2025 were 395,000 persons (18). We round-
ed that target to 400,000 persons and simulated a
hypothetical cohort structured according to the age
and country of origin of new permanent residents
of Canada in 2024 (19). We used a previous model-
ing study to estimate the prevalence of TB infection
among persons who recently immigrated to Cana-
da, according to age and TB incidence in country of
origin (Appendix Table 1, http:/ /wwwnc.cdc.gov/
EID/article/32/9/26-0473-Appl.pdf). We estimat-
ed the risk for progression to TB disease by using
the Public Health Agency of Canada data detailing
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time to development of TB disease after immigra-
tion (Appendix) (15).

The model compares the existing level of TB in-
fection screening and treatment among persons who
recently immigrated to Canada (status quo) with a
scaled-up TB infection screening and treatment pro-
gram (intervention). In the intervention strategy, all
new permanent residents whose country of origin
has an annual TB incidence of >50/100,000 persons
would be asked to participate in TB infection screen-
ing after arrival in Canada. If the person tested posi-
tive for TB infection, they would be given TPT. We
assumed 68% of persons would comply with the re-
quest on the basis of adherence evidence from other
postarrival follow-up activities among immigrants
(20). In both status quo and intervention strategies,
the tuberculin skin test is used for screening, and 4
months of daily rifampin is the TPT regimen (21). A
simplified model structure, including health states,
is provided (Appendix Figure 1).

The primary outcomes were QALYs, TB episodes,
TB deaths, and TB-related costs accrued over the 25-
year time horizon for both strategies. We took a TB
services perspective for this analysis. All outcomes
were discounted at a rate of 1.5% per annum, in line
with recommendations from Canada (22).

Model Parameters

Whenever possible, we used systematic reviews and,
if unavailable, high quality randomized trials and
data from Canada to source all model parameters
and set their distributions for probabilistic analysis
(Table 1; Appendix Table 2). Most costs associated
with TB came from a pan-Canada costing study (23).
All cost parameters are expressed in 2023 Canadian
dollars; we used consumer price indices to inflate
costs to this year.

We parameterized QALYs lost during acute TB
consequences by using an estimated annualized loss
of 0.057 (excluding death) (24) and age-specific risk
for death during acute TB by using surveillance data
from Canada (15). We categorized post-TB conse-
quences as increased risk for death after successful TB
treatment, persistent illness because of long-term dis-
ability, and excess healthcare costs after TB (11). We
assumed the risk for death after TB treatment was 69%
(95% CI 50%-91%) higher than among age-matched
persons without a history of TB disease (25) and that
the increased risk persisted for life. We parameter-
ized background risk of death from TB according
to lifetables from Canada (26). In addition, we per-
manently reduced all TB survivors” health utility by
1.8% (95% C10%-4.4%) (28). Finally, we estimated TB
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survivors would have excess healthcare costs of
$3,383 (95% CI $1,934-$5,231) over 5 years after suc-
cessful TB treatment (10), evenly distributed across
each of the 5 years. We modeled each of those 3 post-
TB consequences separately and together.

Analysis
Our Markov microsimulation model sampled from
the associated distribution of each parameter 2,000
times to generate 2,000 parameter sets. For each pa-
rameter set, we simulated 400,000 persons and then

Post-TB Consequences on Prevention Effectiveness

Table 1. Key model inputs for immigration TB infection screening and treatment of permanent residents in study of post-TB
consequences on TB prevention and cost-effectiveness among new immigrants, Canada*

Parameter

Base-case estimate

PSA distribution (range)

Health utilities

Health utility: healthy or TB infection 0.81 Beta (0.69-0.91)
Annual absolute QALY loss because of TB adverse eventt 0.0077 PERT (0.000-0.0096)
Annual absolute QALY loss associated with TB diseaset 0.057 PERT (0.033-0.100)
Annual relative utility decrement because of post-TB illness 0.018 PERT (0.000-0.044)8
Costs, 2023 CAD
TST screening $38 Gamma ($22-$59)
Medical evaluation before TPT $237 Gamma ($136-$367)
Complete TPT, 4R $515 Gamma ($163-$1,066)
Incomplete TPT, 4R $234 Gamma ($21-$687)
Contact investigation $5,429 Gamma ($3,147-$8,266)
Complete TB disease treatment $21,897 Gamma ($3,260-$57,909)
Incomplete TB disease treatment $18,495 Gamma ($13,815-$31,810)
TB-related death $30,562 Gamma ($8,432-$66,681)
Post-TB healthcare, 5 years $3,383 Gamma ($1,934-$5,231)
Model probabilities and transition parameters
TST sensitivity 0.78 Beta (0.74-0.82)
TST specificity 0.94 Beta (0.80-1.00)
Proportion of population with TB infection Country- and age-specific# PERT
TB infection screening uptake, status quo 0.005 Beta (0.003-0.010)
TB infection screening uptake, intervention 0.68 Beta (0.64-0.72)
Returning for TST reading 0.94 Beta (0.90-0.98)
Initiating TPT 0.88 Beta (0.80-0.94)
Completing TPT, 4R 0.73 Beta (0.65-0.81)
Effectiveness of complete TPT 0.90 Beta (0.63-1.00)
Annual progression from TB infection to active TB per 1,000 person-years 0.85 lognormal (0.75-1.0)
Serious adverse event with TPT, 4R, <50y 0.0068 PERT (0.0039-0.0097)
Serious adverse event with TPT, 4R, >50y 0.013 PERT (0.005-0.021)
Death during TPT, 4R 0.00002 Beta (0.00000-0.000074)
Recurrence after TB treatment, annual probability during first 2 y 0.015 Triangular (0.0075-0.025)
Death hazard ratio after TB treatment 1.69 PERT (1.50-1.91)
TB-related case fatality probability, age group, y
0-14 0.009 Fixed
15-24 0.004 Fixed
25-64 0.014 Fixed
>65 0.056 Fixed
Proportions of persons who immigrate to Canada**
Age group, y**
0-14 0.288 Fixed
15-34 0.385 Fixed
35-54 0.291 Fixed
55-74 0.036 Fixed
>75 0.001 Fixed
TB incidence in country of origin, cases/100,000 persons
0-9 0.151 Fixed
10-49 0.186 Fixed
50-99 0.215 Fixed
100-199 0.241 Fixed
>200 0.208 Fixed

*4R, 4 mo of rifampin; PERT, project evaluation and review technique; PSA, probabilistic sensitivity analysis; QALY, quality-adjusted life years; TB,
tuberculosis; TPT, TB preventive treatment; TST, tuberculin skin test; UR, uncertainty range.

TULtility decrement of 0.2 for 2 weeks.
FHealth utility decrement of 0.17 for 4 mo.

8From Nicolas Menzies (see Acknowledgments); in the communication the post-TB disability weight used for Canada was 0.018 (0.005-0.044). We

further reduced the lower bound of the uncertainty interval from 0.005 to O to enable evaluation of no disease occurrence.

fiCost includes nurse time for a contact investigation involving 4 contacts ($3,630) plus costs of evaluation, diagnosis, and treatment for TB infection and
disease among contacts, under the assumption all were evaluated for TB disease and infection with 3% having disease and 33% having infection.

#Appendix Table 1, https://wwwnc.cdc.gov/ElD/article/32/9/26-0473-Appl.pdf.
**Numbers might not sum to 1 because of rounding.
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estimated mean outcomes and 95% uncertainty rang-
es by using the 2.5th and 97.5th percentiles.

We projected outcomes for 5 scenarios. Each sce-
nario included acute TB consequences: no post-TB
consequences, post-TB death only, post-TB illness
only, excess post-TB healthcare costs only, and all 3
post-TB consequences.

To estimate the effect of post-TB consequences on
the estimated QALYs lost because of TB, we quanti-
fied QALYs lost because of TB under the status quo
for each post-TB scenario. Next, we calculated incre-
mental costs, QALYs, TB episodes, and TB deaths for
the intervention strategy compared with the status
quo for each scenario. We calculated the incremental
cost per QALY gained and estimated the proportion
of simulations where ICERs fell below several will-
ingness-to-pay thresholds (WTP) per QALY, includ-
ing $50,000, $100,000, and $150,000.

To further understand the relative importance of
post-TB consequences to outcomes of cost-effective-
ness, we performed a partial rank correlation coeffi-
cient (PRCC) analysis examining the different model
parameters. For that analysis, the outcome was the
incremental net monetary benefit (iNMB) of the inter-
vention compared with the status quo for the scenario
where all 3 post-TB consequences are considred, cal-
culated by using a WTP threshold of $100,000 per
QALY. We calculated the iNMB by multiplying the
incremental QALYs by the WTP and subtracting the
incremental intervention costs.

To assess sensitivity of results to post-TB con-
sequence parameters, we selected the 200 simula-
tions with the lowest (0-10th percentile) and highest
(90th-100th percentile) values for each parameter (in-
creased disease, death, and healthcare costs). For each
of those simulation sets, we estimated incremental
outcomes, the ICER, and the proportion with ICERs
below a WTP of $100,000 per QALY.

We performed 5 sets of scenario analyses. First,
we increased our estimates of the QALYSs lost because
of the acute consequences of TB to 0.11 (parameter-
ized with a minimum value of 0.03 and maximum
of 0.2) (27). Second, in place of a tuberculin skin test,
we modeled the use of an interferon-y release assay,
which had identical sensitivity but improved specific-
ity (28), 100% test completion, and higher cost ($59)
(23). We parameterized specificity by using a 3 distri-
bution (a = 90 and = 4) and the cost with a gamma
distribution (shape = 60 and scale = 0.98). Third, we
changed the annual discount rate to 0% and 3% (22).
Fourth, we made our post-TB death parameter more
conservative (9% increase, 95% uncertainty range
[UR] 2%-17%), which we approximated on the basis
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of excess death expected from reduced lung function
after TB (9). Fifth, we evaluated the effect of a lower
rate of TB progression (0.75 [95% UR 0.6-0.9]/1,000
person years) on outcomes (29).

Results

Under the status quo and considering only acute TB
consequences, we projected 927 (95% UR 764-1,123)
persons to develop TB and 30 (95% UR 24-36) to
die from TB; we projected 312 (95% UR 241-386)
QALYs lost. We projected TB-related health sys-
tem expenditures to total $25.3 million (95% UR
$7.6-$61.9 million) over the 25-year time horizon
(Table 2; Appendix Table 3). Inclusion of post-TB
death increased the estimated number of QALYs
lost because of TB 1.6-fold (95% UR 1.4-1.7-fold),
representing a 60% increase compared with acute
TB consequences only. Similarly, inclusion of post-
TB illness increased the estimated number of QALYs
lost because of TB by 1.5-fold (95% UR 1.2-2.0-fold).
Although including excess healthcare costs post-TB
did not affect QALYs lost, it increased estimated TB-
related health system expenditures to $27.6 million
(95% UR $9.7-%$64.5 million). When all post-TB con-
sequences were included, TB was projected to result
in 657 (95% UR 479-876) QALYs lost, a 2.1-fold (95%
UR 1.7-2.5-fold) increase compared with estimates
excluding post-TB consequences (Table 2; Appendix
Table 3). This result suggests post-TB consequences
accounted for 52% (95% UR 41%-60%) of QALYs
lost because of TB.

Across all scenarios, a postarrival TB infec-
tion screening intervention was estimated to result
in QALY gains, increased costs, and reduced TB
episodes and deaths (Table 3). Compared with a
scenario including only acute TB consequences, in-
cluding post-TB death resulted in a slightly greater
increase in estimated incremental QALYs gained
by the intervention than including post-TB illness.
When all 3 post-TB consequences were incorpo-
rated, estimated QALY gains increased by 2.4-fold
(95% UR 1.6-4.4-fold), estimated TB deaths averted
increased by 2.2-fold (95% UR 1.6-3.0-fold), and in-
cremental costs were projected to be 4% (95% UR
1%-13%) lower compared with the exclusion of
post-TB consequences.

When only acute consequences of TB were in-
cluded, the estimated ICER of a postarrival TB infec-
tion screening intervention was $235,088 per QALY
gained, compared with the status quo. When all 3
post-TB consequences were included, the ICER was
reduced to $100,742. In that scenario, 53% of simula-
tions had an ICER below a WTP threshold of $100,000,
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Post-TB Consequences on Prevention Effectiveness

Table 2. Total quality adjusted life years lost because of TB when considering acute and long-term consequences in the status quo
scenario in study of post-TB consequences on TB prevention and cost-effectiveness among new immigrants, Canada*

Post-TB Elevated risk for
Acute TB consequences  Post-TB elevated persistent death and
QALY loss only, referent risk for death disease persistent disease
Absolute QALY loss because of TB 312 (241-386) 491 (375-619) 482 (338—665) 657 (479-876)
Relative QALY loss because of TB 1.0 1.6 (1.4-1.7) 1.5(1.2-2.0) 2.1(1.7-2.5)

compared with no post-TB consequences

*Values are no. (95% uncertainty range). TB, tuberculosis; QALY, quality adjusted life year.

compared with only 8% when only acute consequenc-
es were included (Table 3; Appendix Figure 2).

When all post-TB consequences are included, the
PRCC analysis showed that post-TB illness and death
were positively correlated with iNMB, although ex-
cess post-TB healthcare costs were not (Figure). TB
infection test specificity, cost of TB disease treatment,
TPT effectiveness, annual TB progression rates, and
health disutility from post-TB illness were the 5 pa-
rameters most positively correlated with iNMB. Post-
TB death was the 11th most positively correlated pa-
rameter with iNMB. Similarly, we found estimates of
effectiveness and cost-effectiveness of postarrival TB
infection screening were most sensitive to the disutil-
ity associated with post-TB illness and minimally sen-
sitive to post-TB death and excess post-TB healthcare
costs (Appendix Table 4).

Estimates of the relative contribution of post-TB
consequences to QALYs lost because of TB disease
were inversely correlated to the acute consequences
of TB (Appendix Table 5), but overall ICERs were
more favorable when post-TB consequences were
included (Appendix Table 6). Substitution of an
interferon-y release assay for the tuberculin skin test
did not substantially affect estimated ICERs (Appen-
dix Table 7) because specificity gains were offset by

increased costs. Relative increases in QALYs gained
after incorporating post-TB consequences and PRCC
estimates were largely unchanged across discount
rates (Appendix Tables 8, 9, Figures 3, 4). Unsurpris-
ingly, ICERs were more favorable with no discount-
ing and more unfavorable with 3% discounting.
When all post-TB consequences were included, the
estimated ICER was $71,714 per QALY gained, and
76% of simulations were <$100,000 per QALY gained
with no discounting, whereas the corresponding out-
comes with 3% discounting were $137,407 and 27%.
A more conservative parameterization of post-
TB death substantially reduced the effect on QALYs
lost because of TB and QALYs gained by a screening
program. With a more conservative parameterization
(9% vs. 69%), including post-TB death only increased
the number of QALYs lost because of TB by 5% (95%
UR 2%-9%). As a result, overall post-TB consequenc-
es accounted for a smaller proportion of QALYSs lost
because of TB than our base analysis at 44% (95% UR
23%-64%). In addition, the more conservative post-
TB death risk reduced its influence on QALYs gained
through the screening program and on the ICER (Ap-
pendix Tables 10, 11). Reducing the TB progression
rate did not affect long-term TB consequence effect on
QALYs gained through a screening program, but it

Table 3. Effects of post-TB consequences on incremental outcomes between intervention and status quo in study of post-TB
conseguences on TB prevention and cost-effectiveness among new immigrants, Canada*

Acute TB Post-TB
Incremental outcomes between status consequences Post-TB elevated persistent Post-TB All post-TB
quo and intervention only, referent risk for death disease healthcare costs  consequences

Absolute incremental cost, millions,
2023 CAD

19.4 (4.1-38.0)

19.4 (4.1-38.0)

19.4 (4.1-38.0) 18.7 (3.3-37.3)  18.7 (3.3-37.3)

Relative incremental cost compared 1.0 1.0 1.0 0.96 (0.87-0.99) 0.96 (0.87-0.99)

with no post-TB consequences

Absolute incremental QALY 82 (28-124) 138 (76-198) 131 (65-200) 82 (28-124) 186 (109-267)

Relative incremental QALY ratio 1.0 1.7 (1.3-3.0) 1.7 (1.2-2.7) 1.0 2.4 (1.6-4.4)

compared with no post-TB

consequences

Absolute incremental TB-related deaths -12 (-15to-7) -25(-33to-18) -12(-15to-7) -12(-15to-7) -25(-331to-18)

Relative incremental TB deaths ratio 1.0 2.2 (1.6-3.0) 1.0 1.0 2.2 (1.6-3.0)

compared with no post-TB

consequences

ICER $235,088 $140,146 $147,595 $227,340 $100,742
<$50,000, % 3 5 5 3 11
<$100,000, % 8 27 25 9 53
<$150,000, % 21 59 54 24 81

*Incremental outcomes refer to the difference between intervention and status quo per 400,000 persons. Values are (95% uncertainty range). ICER,
incremental cost-effectiveness ratios; QALY, quality adjusted life year; TB, tuberculosis.
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did reduce the estimated cost-effectiveness (Appen-
dix Tables 12, 13).

Discussion

We found excluding post-TB consequences of illness,
death, and excess healthcare costs can lead to substan-
tially undervaluing TB prevention strategies in a low-
incidence, high-income setting like Canada. Post-TB
consequences account for a large fraction of QALYs
lost because of TB. Including post-TB consequences
in our analysis of a post-arrival TB infection screening
and preventive treatment intervention among per-
sons immigrating to Canada more than doubled the
estimated QALYs gained and reduced the estimated
ICER by >50%.

One of the most studied use cases for TB infec-
tion screening and preventive treatment in low-inci-
dence countries is among persons who recently im-
migrated (4,30,31). Yet, the literature on that topic is

largely divided when it comes to cost-effectiveness
(8). Most of the literature evaluating cost-effective-
ness has not incorporated post-TB consequences.
A recent systematic review (8) found only 3 (32-34)
of 14 included studies evaluating postarrival TB
infection screening in immigrants considered post-
TB consequences. None of those 3 studies consid-
ered increased healthcare cost, and only 1 study
(34) considered elevated risk for death after TB.
Although all 3 studies considered persistent illness
after TB, its inclusion was highly variable across
studies, which is unsurprising because of the pau-
city of prospective cohort data estimating health
utility decrements associated with post-TB illness.
Improving our understanding of the long-term ef-
fect of TB on health utility should be a priority,
considering our finding that the cost-effectiveness
estimates for TB prevention were sensitive to post-
TB illness parameterization.

Figure. PRCC for incremental net monetary benefit as drivers of cost-effectiveness of tuberculosis prevention among immigrants,
Canada. Incremental net monetary benefit refers to the difference in net monetary benefit between the intervention and the status quo.
In this analysis, parameters with more extreme positive PRCC estimates improve the incremental net monetary benefit as they increase.
Parameters with more extreme negative PRCC estimates worsen the incremental net monetary benefit as they increase. Error bars
indicate 95% uncertainty range. 4R, 4 months of rifampin treatment; PRCC, partial rank correlation coefficient; TB, tuberculosis; TPT,

tuberculosis preventive treatment; TST, tuberculin skin test.
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A global analysis of the health burden of incident
TB estimated that 47% (95% UR 37%-57%) of TB-re-
lated disability-adjusted life years were attributed to
post-TB illness and death (9). In our study, post-TB
consequences accounted for 52% (95% UR 41%-60%)
of TB-related QALYs lost. Our higher estimate might
reflect a lower number of deaths and lower health
disutility during the acute phase of TB in Canada but
higher estimated post-TB death. When we used a con-
servative estimate of post-TB death, like the previous
global study, our estimated contribution was only
44% (95% UR 23%-64%).

By neglecting the contribution of post-TB con-
sequences on health disutility, most literature to
date has likely undervalued the potential benefits
of TB prevention strategies. Because ICERs for TB
prevention among recent immigrants are typically
above common WTP thresholds (30,31), reductions
in the ICER might have meaningful policy implica-
tions. Also, ensuring that cost-effectiveness is ac-
curately and comprehensively measured is neces-
sary for policymakers seeking to prioritize scarce
healthcare funds.

The first major strength of our study is that
we parameterized post-TB consequences in our
analysis by using high-quality data from Canada
or from other published literature, with appropri-
ate consideration of uncertainty. Second, we lever-
aged a common use case for our analysis, with our
model structured to capture necessary elements of
the care cascade and TB natural history. Finally, we
also evaluated several implications of ignoring post-
TB consequences relevant to both researchers and
decision-makers.

The first limitation of our study is that we did not
model secondary TB transmission beyond the cost of
routine contact investigations. Including future TB
cases resulting from secondary transmission would
likely improve the estimated cost-effectiveness of the
intervention. Second, we assumed that the observed
increases in death, disease, and healthcare costs after
TB were attributable to TB only and therefore pre-
ventable through TPT. Although we carefully ad-
justed the analyses of our underlying parameteriza-
tion of those estimates, it is not possible to determine
if TB was the only cause of those outcomes (35), and
there might have been residual confounding factors.
Third, we parameterized the elevated risk for ill-
ness and death post-TB to be lifelong. Our estimate
of post-TB death risk was derived from a popula-
tion-based study of permanent residents of British
Columbia with a mean follow-up of 13 years. The
elevated death risk persisted throughout the study
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period, suggesting it might be long-term. However,
data on post-TB illness are less certain. Post-TB respi-
ratory disease is heterogeneous (35), and some data
suggest that the increase in post-TB respiratory dis-
ease might dissipate over time (36). However, post-
TBillness is not limited to the respiratory system, and
nonrespiratory disease might be substantial (37,38).
Those 2 considerations might lead to inaccurately as-
sessing the effect of post-TB illness. Finally, we only
considered health system costs related to TB. We did
not include costs incurred by patients and caregiv-
ers during or after treatment. No comprehensive
data on those costs are available in Canada (39). It is
unclear how including patient-incurred costs would
affect cost-effectiveness because patients incur costs
during both TB disease and TPT (40,41).

In summary, neglecting post-TB consequences
underestimated the effectiveness of a postarrival in-
fection screening and treatment intervention among
persons who recently immigrated to Canada by more
than 2-fold. Including all post-TB consequences re-
duced the estimated ICERs from $235,088 to $100,742
per QALY gained. Our findings suggest the long-
term health and economic burden of TB substantially
affects how TB prevention is valued. Those findings
should motivate TB preventive efforts and prompt
the continued collection of relevant cohort data to fill
critical knowledge gaps. We encourage the consistent
inclusion of post-TB consequences in analyses of TB
prevention to guide policy in low-incidence settings
moving forward.
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Clustering and Source Association
of Clinical and Nonclinical
Listeria monocytogenes lIsolates,
New York, USA, 2000-20211
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Lisa Mingle, Brian D. Sauders, Gregory A. Deiulio, Alyssa W. Dickey, Maria L. Ishida,
William J. Wolfgang, Kimberlee A. Musser, Martin Wiedmann, Renato H. Orsi

We analyzed whole-genome sequencing data for 1,046
human clinical and 1,332 nonclinical Listeria monocy-
togenes isolates collected across New York, USA, dur-
ing 2000-2021. Several hypervirulent clonal complexes
(CCs) were significantly associated with clinical isolates,
and several hypovirulent CCs were associated with non-
clinical isolates. Specific CCs also showed association
with specific food categories (e.g., processed meat);
specific genetic markers (e.g., inlA premature stop co-
dons) were also significantly associated with processed
meat isolates. Analysis of clusters that contained food
isolates, as well as subsequently identified clinical iso-
lates, showed that time of isolation between food iso-
lates and clinical isolates was significantly shorter for
produce isolates than for isolates from meat, dairy, or
fish. This finding suggests unique transmission path-
ways for produce, which might reflect short shelf life or
limited L. monocytogenes persistence (e.g., in agricul-
tural environments). This study highlights new opportu-
nities for use of whole-genome sequencing to improve
outbreak investigations and source attribution.

isteria monocytogenes is a leading cause of food-

borne illness-related deaths in the United States;
an estimated 1,250 human illnesses and 172 deaths oc-
curred annually during 2016-2019 (1). L. monocytogenes
is frequently isolated from dairy, ready-to-eat meats,
seafood, fruits, and vegetables, and it can persist in
food processing environments (2), leading to recurrent
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contamination of finished products. Hence, robust sur-
veillance is critical for protecting vulnerable popula-
tions and rapid detection of contamination sources.
Multilocus sequence typing (MLST) is widely
used to classify L. monocytogenes into clonal complex-
es (CCs), and certain CCs are suggested as presenting
higher and lower virulence (3). CC1, CC4, and CCé6
are considered hypervirulent and are frequently as-
sociated with human listeriosis cases (4). Conversely,
CC9 and CC121 are frequently isolated from food or
food-processing environments and are considered
hypovirulent CCs (4,5). Hypovirulent CCs often carry
adaptations that promote environmental persistence
(e.g., stress tolerance genes) but might have reduced
ability to cause invasive disease (6). Characterizing
the distribution of CCs across clinical and nonclinical
isolates is key for identifying contamination reser-
voirs and understanding the public health relevance
of isolates found in foods. Distinguishing hypervir-
ulent strains from those mainly associated with the
environment can help prioritize risk management
and improve listeriosis prevention strategies (7). In
this study, we analyzed 2,371 clinical and nonclinical
L. monocytogenes isolates collected across the state of
New York (NY), USA, during 2000-2021 to compare
the CC distributions among clinical and nonclinical
isolates, examine associations between CCs and food
categories, and evaluate the time between food iso-
late collection and subsequent detection of a genet-
ically-related clinical isolate using single-nucleotide
polymorphism (SNP)-based thresholds. The Wad-
sworth Center and Cornell University Institutional
Review Boards reviewed this study and determined

*Preliminary results from this study were presented at the 2025
International Association for Food Protection Conference; July
27-30, 2025; Cleveland, Ohio, USA.
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it to be exempt from human research (submission no.
03-037 and IRB0150826).

Materials and Methods

Detailed materials and methods are provided in the Ap-
pendix (https:/ /wwwnc.cde.gov/EID/article/32/9/26-
0289-Appl.pdf). In brief, we performed whole-genome
sequencing (WGS) on clinical (n = 1,046) and nonclinical
(n =1,332) L. monocytogenes isolates collected across NY,
as previously described (8). We deduplicated clinical iso-
lates from the same patient or mother-infant pairs, result-
ing in 1,006 clinical isolates. Likewise, we deduplicated
multiple nonclinical isolates from the same sampling
event, resulting in 1,089 nonclinical isolates.

We used whole-genome SNP distances to assess
the genetic relatedness among isolates, as previously
described (8). We used genetic relatedness of clini-
cal and nonclinical isolates to define 3 types of isolate
grouping. When only clinical isolates were involved,
we used the term clustered, and when clinical and
nonclinical isolates were involved, we used the term
linked. Hence, the term linked was used to describe
genomic similarity between clinical and nonclinical
isolates on the basis of SNP thresholds, rather than
confirmed epidemiologic associations. Therefore, NY
clinical isolates were considered clustered if clustered
with >1 other NY clinical isolate by <20 SNPs (9-11),
NY nonclinical isolates were considered cluster-linked
if linked by <50 SNPs with >1 clustered NY clinical iso-
late (12), and NY clinical and nonclinical isolates were
considered sporadic-linked if a NY clinical isolate was
not clustered with any other NY clinical isolate by <20
SNPs but was linked with >1 NY nonclinical isolate
by <50 SNPs. The terms clustered, cluster-linked, and
sporadic-linked refer only to genetic relatedness on
the basis of SNP thresholds, without interpretation of
epidemiologic data. Isolates not meeting those criteria
were considered unclustered NY clinical isolates and
unlinked NY nonclinical isolates.

Results

CC Distributions among Clinical and Nonclinical Isolates
Among clinical isolates, CC1 (n = 138), CC6 (n = 77),
CC5 (n = 63), and CC4 (n = 53) were the most preva-
lent CCs (Figure 1, panel A). Among nonclinical iso-
lates, CC5 (n = 205), CC321 (n = 80), CC6 (n = 80),
and CC2 (n = 69) were the most prevalent CCs (Fig-
ure 1, panel B). CC1, CC4, CC217, CC388, CC389, and
CC554 were significantly overrepresented among
clinical isolates, whereas CC5, CC9, CC121, CC199,
CC288, and CC321 were significantly overrepresent-
ed among nonclinical isolates (Table 1; Figure 2).
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On the basis of their grouping patterns within NY
isolates, 318 (31.6%) clinical isolates were clustered,
79 (7.9%) were sporadic-linked, and 609 (60.5%) were
unclustered (Figure 1, panel A). Among nonclinical
isolates, 236 (21.7%) were classified as cluster-linked,
107 (9.8%) were sporadic-linked, and 746 (68.5%) were
unlinked (Figure 1, panel B). Most CC321 nonclinical
isolates were cluster-linked, whereas CC6, CC2, CC9,
and CC121 nonclinical isolates were predominantly
unlinked (e.g., 59 out of 61 CC9 nonclinical isolates
were unlinked).

Association of CCs with Food Categories in NY

The 313 food isolates (28.7% of nonclinical isolates)
came from processed meat (n = 93), processed fish (n =
72), raw dairy (n =47), raw fish (n = 22), processed dairy
(n=21), raw meat (n = 21), produce (n =15), sandwiches
(n=9), salad (n = 8), pasta (n =4), and nuts (n =1). The
most prevalent CCs among food isolates were CC5 (n =
36), CCY (n = 36), and CC321 (n = 33) (Figure 3). Of the
313 food isolates, 69 were cluster-linked, 25 were spo-
radic-linked, and 219 were unlinked. Some CCs (e.g.,
CC5, CCY, CC121) included exclusively or predomi-
nantly unlinked food isolates. In contrast, most CC321
and CC155 food isolates were cluster-linked.

Some CCs were significantly associated with cer-
tain food categories (Table 2; Figure 4), including raw
or processed forms of the same type (e.g., raw or pro-
cessed dairy). For example, CC9 was significantly as-
sociated with processed meat, CC5 with raw meat, and
CC121 with processed fish. Other CCs were not statisti-
cally associated with certain food categories after correc-
tion for multiple testing (false discovery rate-adjusted p
value>0.05) but tended to be more commonly found in a
specific category. For example, CC6 was ~11 times more
likely to be isolated from processed dairy and 2 times
more likely to be isolated from raw dairy compared
with all other food categories (Appendix Table 1).

We also performed further comparison for CCs
with >10 food isolates (Appendix Table 2) to assess
whether those CCs were specifically associated with
the processed or raw forms of those key food catego-
ries (i.e., meat, fish, dairy). CC9 was more frequently
observed among processed meat isolates and CC121
was more frequently observed among processed fish
isolates than in raw meat (odds ratio [OR] 15.74 [95%
CI 0.90-276.54]) and raw fish (OR 1.40 [95% CI 0.31-
6.40]) isolates; however, those associations were not
statistically significant after correction for multiple
testing. Conversely, CC5 isolates were significantly
overrepresented among raw meat compared with
processed meat isolates (OR 20 [95% CI 4.17-100]),
even after false discovery rate correction.
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Figure 1. Distribution of Listeria monocytogenes CCs by grouping status in terms of genetical relatedness by single-nucleotide
polymorphism (SNP) distances in study of clustering and source association of clinical and nonclinical L. monocytogenes isolates, New
York, USA, 2000-2021. Distribution is shown for clinical (A) and nonclinical (B) isolates. Clinical isolates were considered clustered if
they clustered with >1 other clinical isolate by <20 SNPs and nonclinical isolates were considered cluster-linked if they were linked with
>1 clustered clinical isolate by <50 SNPs; both clinical and nonclinical isolates were considered sporadic-linked if the clinical isolate
was not clustered with any other clinical isolate by <20 SNPs but linked with >1 nonclinical isolate by <50 SNPs. The terms clustered,
cluster-linked, and sporadic-linked refer only to genetic relatedness based on SNP thresholds, without interpretation of epidemiologic
data. Clinical isolates not meeting those criteria were considered unclustered, while nonclinical isolates were considered unlinked. CCs
representing <1% of total isolates within each isolate type were grouped as other and excluded from this figure. CC, clonal complex.

Virulence and Sanitizer-Tolerance Genes

We screened clinical and nonclinical isolates for
virulence and sanitizer tolerance genes (Appendix
Figures 1, 2). The Listeria pathogenicity island (LIPI)
1, inlA, and inlB were nearly ubiquitous across both
clinical and nonclinical isolates (>98%), whereas LIPI-
3 and LIPI-4 showed higher prevalence among clini-
cal isolates (43.64% for LIPI-3 and 19.48% for LIPI-4).
We detected inlA premature stop codons (PMSCs)

in 32 (3.18%) clinical and 217 (19.92%) nonclinical
isolates; frequency was high among nonclinical-as-
sociated CCs such as CC9 (91%), CC199 (93%), and
CC321 (97.50%). Among clinical isolates with inlA
PMSC, 17 (53.12%) carried PMSC type 3 (truncated
to 699 aa vs. the full-length 800 aa) and only 2 (6.25%)
carried PMSC type 4 (8 aa). Among nonclinical iso-
lates with inlA PMSC, PMSCs type 4 (79 [36.40%])
and type 3 (78 [35.94%]) predominated. PMSC type

Table 1. Listeria monocytogenes clonal complexes significantly associated with either clinical or nonclinical isolates in study of
clustering and source association of clinical and nonclinical Listeria monocytogenes isolates, New York, USA, 2000-2021*

CC No. clinical isolates No. nonclinical isolates OR (95% CI)T FDR-adjusted p valuef

CCs overrepresented among clinical isolates
CC1 138 50 3.30 (2.34-4.72) <0.001
CC4 53 11 5.45 (2.79-11.63) <0.001
CC217 43 11 4.37 (2.20-9.46) <0.001
CC388 39 11 3.95 (1.97-8.60) <0.001
CC389 35 7 5.57 (2.42-14.93) <0.001
CC554 37 9 4.58 (2.16-10.85) <0.001

CCs overrepresented among nonclinical isolates
CC5 63 205 0.29 (0.21-0.39) <0.001
CC9 5 56 0.09 (0.03-0.23) <0.001
CCi121 6 27 0.24 (0.08-0.59) <0.001
CC199 3 43 0.07 (0.01-0.23) <0.001
CC288 5 26 0.20 (0.06-0.54) <0.001
CC321 17 80 0.22 (0.12-0.37) <0.001

*Only CCs with an FDR-adjusted p value <0.05 are shown. CC, clonal complex; FDR, false discovery rate; OR, odds ratio.
TORs >1 indicate overrepresentation in clinical isolates, whereas ORs <1 indicate overrepresentation in nonclinical isolates.
fStatistical significance was assessed using 2-sided Fisher exact test followed by FDR correction for multiple comparisons.
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4 was rarer among clinical isolates (n = 3 [0.30% of
clinical isolates]) than in nonclinical isolates (n = 79
[7.25% of nonclinical isolates]). The remaining PMSCs
spanned 14 other PMSC types, resulting in InlA pro-
teins of varying lengths (Table 3). Sanitizer tolerance
genes (bcrABC, Tn6188_qgac, or LGI1_LM5578_1862)
were detected in 354 nonclinical isolates (32.51% of
nonclinical isolates; OR 5.81 [95% CI 4.44-7.67]). We
noted significant overrepresentation of inlA PMSCs
among processed meat isolates (Table 4). In contrast,
inlA PMSCs were rare or absent among dairy product
isolates (0 of 47 raw dairy isolates; 1 of 21 processed
dairy isolates) (Table 4). Sanitizer tolerance genes
were significantly overrepresented among isolates
from processed fish (OR 3.00 [95% CI 1.74-5.16]) and
underrepresented among raw dairy isolates (OR 0.02
[95% CI 0-0.30]) (Appendix Table 3).

Influence of Food Category on Time between

Isolate Collection and Detection of Genetically
Related Clinical Isolate

We used a Cox proportional hazards model to evalu-
ate the time between food isolate collection and sub-
sequent detection of a genetically related clinical iso-
late (<50 SNPs) for food categories with >10 isolates
(Appendix). Overall, we identified 205 food-clinical
isolate pairs; 43 distinct food isolates (13 processed
meat, 12 processed fish, 6 raw dairy, 4 processed
dairy, 4 produce, 3 salad, and 1 raw meat) were
linked with 107 distinct clinical isolates, 1 of which
was linked with multiple food sources (processed
meat and processed fish) at the same SNP distance.
Processed meat (n = 126 pairs) and processed fish (n
= 23 pairs) isolates had the highest number of links to
clinical isolates (Table 5). The 205 food-clinical pairs
were observed in 24 distinct SNP clusters and repre-
sented 17 distinct CCs (Table 5). Among the 43 food
isolates, 10 of 13 processed meat isolates and 9 of 12
processed fish isolates had inlA PMSC. Out of 205
food-clinical isolate pairs, only 48 (23%) pairs with 16
distinct clinical isolates were involved in 4 different
formal outbreak investigations. Among those, only 2
outbreak investigations had implicated food sources
(processed meat in both outbreaks) for 13 clinical
isolates; for those 2 outbreaks, the implicated food
sources were consistent with the food category (i.e.,
processed meat) identified in our analysis.

Food category, but not the presence of inlA PMSC,
was a significant predictor of the time between food
isolate collection and subsequent detection of a ge-
netically related clinical isolate. In particular, produce
isolates exhibited the shortest time for subsequent
detection of a genetically related clinical isolate. For
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Figure 2. Comparison of the relative frequency of Listeria
monocytogenes CCs among clinical and nonclinical isolates

in study of clustering and source association of clinical and
nonclinical L. monocytogenes isolates, New York, USA,
2000—-2021. Each bubble represents CCs that were found to be
significantly overrepresented among either clinical or nonclinical
isolates (Table 1). Diagonal reference line indicates equal
frequency in clinical and nonclinical isolates; CCs above the
line were common in clinical isolates, whereas CCs below were
common in nonclinical isolates. CC, clonal complex.

example, the hazard ratio for produce compared with
processed dairy was 9.72 (95% CI 2.46-38.39), indi-
cating a shorter time between produce isolate collec-
tion and subsequent detection of a genetically related
clinical isolate than for processed dairy isolates (Ap-
pendix Table 4). Survival curves revealed that 75% of
produce isolates were detected as genetically related
with subsequently detected clinical isolates within 2.2
years; in contrast, some raw meat isolate pairs took
up to 17 years to be genetically linked with a clinical
isolate (Figure 5, panel A).

Discussion

Our analysis of L. monocytogenes isolates in NY during
2000-2021 reveals clear differences in CC distributions
between clinical and nonclinical isolates. Six CCs were
significantly overrepresented among clinical isolates.
Of those, 2 CCs (CC1 and CC4) have previously been
identified as hypervirulent CCs on the basis of experi-
mental evidence showing that they exhibit enhanced
gut colonization, intestinal invasion, and infection of
internal organs in a humanized mouse model (4). CC1,
a well-established hypervirulent CC associated with
invasive listeriosis (14,15), was the most frequently
isolated CC among clinical isolates in our study, simi-
lar to a previous analysis of NY clinical isolates from
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2000-2020 (16). The other CCs significantly overrepre-
sented among clinical isolates in our study (i.e., CC217,
C(C388, CC389, and CC554) have not been phenotypi-
cally classified in terms of their virulence potential but
might represent candidates for additional hyperviru-
lent clones, as supported by studies suggesting that the
virulence of L. monocytogenes CCs is positively associ-
ated with their epidemiologic association with human
clinical cases (3). CC6 was the second most frequently
isolated CC among clinical isolates but was not among
the CCs significantly overrepresented among clinical
isolates. That CC has previously been classified as hy-
pervirulent and has been implicated in multiple large
listeriosis outbreaks, including outbreaks linked to
turkey deli meats, hot dogs, and French-style cheese
(17). Previous studies in France and the Netherlands
also identified CC1, CC2, CC4, and CC6 as frequently
isolated CCs among clinical isolates (3,18). Overall, our
data support that certain CCs are more likely to cause
human disease.

We also identified 6 CCs (CC5, CC9, CC121, CC199,
C(C288, and CC321) that were significantly overrepre-
sented among nonclinical isolates. CC9, CC121, CC199,
and CC321 were the CCs with the highest proportion of

Figure 3. Distribution of Listeria monocytogenes clonal
complexes (CCs) by grouping status in terms of genetical
relatedness by single-nucleotide polymorphism (SNP) distances
among food isolates in study of clustering and source association
of clinical and nonclinical L. monocytogenes isolates, New York,
USA, 2000-2021. Nonclinical isolates were considered cluster-
linked if they were linked with >1 clustered clinical isolate by <50
SNPs, and nonclinical isolates were considered sporadic-linked
if a clinical isolate was not clustered with any other clinical isolate
by <20 SNPs but linked with >1 nonclinical isolate by <50 SNPs.
Nonclinical isolates not meeting those criteria were considered
unlinked. CCs representing <1% of total isolates within each
isolate type were grouped as other and excluded from this figure.
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isolates carrying inlA PMSC, a frequent hallmark of hy-
povirulent L. monocytogenes strains (13,19,20). CC9 and
CC121 have previously been described as hypovirulent
and environmentally adapted (4); those CCs were also
reported to show increased tolerance to benzalkonium
chloride, a commonly used sanitizer (4). Two CCs (CC5
and CC288) were overrepresented among nonclinical
isolates but exhibited low frequencies of inlA PMSCs.
Although CC5 was overrepresented among nonclinical
isolates, it was the third most common CC among clini-
cal isolates, suggesting that CC5 isolates are unlikely to
be hypovirulent. The observed frequency of CCs among
nonclinical isolates differs from observations in Europe.
For example, CC121 was the most isolated CC among
food and food processing environment-related isolates
in France and Norway (3,22), as was CC9 in the Nether-
lands (18); CC121 and CC9 were the ninth and fifth most
common CCs among nonclinical isolates characterized
in this study. In contrast, CC5 was the most common
CC among nonclinical isolates, but that CC was infre-
quently found among clinical and nonclinical isolates
in France and the Netherlands (3,18). That discrepancy
suggests a geographic difference in the distribution of
this CC, which could be driven by possible differences
in production systems, food preferences, or regional
dynamics in L. monocytogenes transmission between NY
and those countries in Europe. Despite likely regional
differences in prevalence of different CCs, our data
further support frequent global occurrence of certain
clinically associated CCs (i.e.,, CC1 and CC4), whereas
the occurrence of nonclinically associated CCs seems to
show larger regional differences.

Overall, we found 7 statistically significant as-
sociations between CCs and food categories. For ex-
ample, CC9 was significantly overrepresented among
processed meat isolates and CC121 was significantly
overrepresented among processed fish isolates. Those
findings are consistent with previous reports indicat-
ing frequent recovery of those CCs from ready-to-eat
meat and fish products and infrequent occurrence in
dairy products (4,22-24). In addition, CC5 showed
overrepresentation among raw meat isolates com-
pared with processed meat isolates. That finding
might suggest that different CCs could be introduced
at distinct points along the food production chain;
some CCs might be more closely linked to primary
production or raw materials and others could be
more likely to persist in food processing facilities.
For the other 5 CCs associated with specific food cat-
egories, associations were based on smaller numbers
(<10 isolates for the associated food category) and
represented associations that had not been previously
reported. Thus, those associations are possibly driven
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Table 2. Associations between Listeria monocytogenes clonal complexes and food categories in study of clustering and source
association of clinical and nonclinical Listeria monocytogenes isolates, New York, USA, 2000-2021*

CCt Food category¥ OR (95% CI)§ FDR-adjusted p valuef
CC5,n =36 Raw meat, n =9 7.34 (2.89-18.60) 0.019
CC9,n=36 Processed meat, n = 32 25.42 (9.12-70.91) <0.001
CC121,n=18 Processed fish, n = 12 7.49 (2.78-20.12) 0.015
CC369,n=3 Produce,n=3 167.16 (8.18-3414.14) 0.015
CC389,n=4 Raw dairy, n = 4 55.14 (2.92-1042.22) 0.043
CC573,n=3 Produce, n =3 167.16 (8.18-3414.14) 0.015
CC1078,n=4 Raw dairy, n =4 55.14 (2.92-1042.22) 0.043

*Only CC-food category pairs with an FDR-adjusted p value <0.05 are shown (7 out of 660 CC-food category pairs). CC, clonal complex; FDR, false

discovery rate; OR, odds ratio.
Tn value indicates number of food isolates with respective CC.

#n value indicates number of food isolates with respective food category and with corresponding CC.
8A continuity correction of 0.5 was applied to all cells to allow for OR calculation and ensure comparability across categories. ORs >1 indicate

overrepresentation of the CC in the corresponding food category.

fAssociations were assessed using 2-sided Fisher exact test followed by FDR correction for multiple comparisons.

by specific sources (rather than general associations
with a product type). Overall, our findings support
that some CCs might be associated with certain food
categories or with raw versus processed foods in a
given category, which highlights opportunities to use
WGS data to improve outbreak investigations and en-
able more rapid identification of a likely food source.
However, although some CCs showed overrepresen-
tation within specific food categories (e.g., CC9 with
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processed meat), others (e.g., CC321) were observed
across multiple food sources with no overrepresenta-
tion in specific food categories. That finding suggests
that certain CCs might not be specific to a single res-
ervoir, and their presence should be interpreted cau-
tiously in the context of source attribution.

Overall, inlA PMSCs were significantly over-
represented among isolates from processed meat
and overrepresented, but they were not significantly

Figure 4. Sankey diagram
showing the distribution of
Listeria monocytogenes CCs
across major food categories in
study of clustering and source
association of clinical and
nonclinical L. monocytogenes
isolates, New York, USA,
2000-2021. Only CCs with >10
food isolates are shown. Food
categories with <20 isolates
(e.g., produce, salad, pasta,
nuts, and sandwiches) were
excluded for clarity. The width of
each flow is proportional to the
number of isolates linked with a
specific food category (bottom)
and a CC (top). CC, clonal
complex.
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Table 3. Summary of detected inlA premature stop codons in study of clustering and source association of clinical and nonclinical
Listeria monocytogenes isolates, New York, USA, 2000-2021*

CCs with inlA allele IDs PMSC type (length  No. observed clinical and
respective inlA with detected of truncated nonclinical isolates with Sources of nonclinical isolates with
allele PMSCst protein)¥ respective inlA allele respective inlA allele
CC5 138 1 (605 aa) 6 clinical isolates and 18 Raw meat, n = 6; processed meat, n = 4;
nonclinical isolates sandwich, n = 1; salad, n = 1, retail, n =
6
CC9 43 8 (459 aa) 5 nonclinical isolates Processed meat, n = 3; retail, n =2
CC9 44 11 (684 aa) 1 nonclinical isolate Processed fish,n =1
CC9 47 12 (576 aa) 5 nonclinical isolates Processed meat, n = 1; retail, n =4
CC9 48 4 (8 aa) 2 clinical isolates and 39 Processed meat, n = 26; processed fish,
nonclinical isolates n = 1; retail, n = 10; farm, n = 2
CC9 69 19 (326 aa) 1 nonclinical isolate Processed meat,n =1
CCi121 49 6 (491 aa) 3 clinical isolates and 17 Processed fish, n = 12; processed meat,
nonclinical isolates n = 1; processing environment, n = 4
CCi121 438 5 (188 aa) 2 clinical isolates and 6 Raw meat, n = 1; processed meat, n = 1;
nonclinical isolates raw fish, n=1; retail, n =1
CC193 41 25 (25 aa) 1 nonclinical isolate Processed fish,n =1
CC199 28 4 (8 aa) 1 clinical isolate and 40 Processed fish, n = 5; raw fish, n = 3;
nonclinical isolates processed meat, n = 3; produce, n = 1;
nuts, n = 1; retail, n = 26; processing
environment, n=1
CC224 125 2 (655 aa) 1 clinical isolate and 2 Processed fish, n =1; salad, n=1
nonclinical isolates
CC321 91 3 (699 aa) 17 clinical isolates and 78 Processed meat, n = 16; processed fish,
nonclinical isolates n = 10; sandwiches, n = 3; processed
dairy, n = 1; raw fish, n = 1; salad, n = 1;
processing environment, n = 20; retail, n
=26
CC635 439 7 (561 aa) 5 nonclinical isolates Processing environment, n =5
ST13 35 15 (76 aa) 1 nonclinical isolate Processed meat,n =1

*CC, clonal complex; ID, identification number; PMSC, premature stop codon.
tThese allele IDs refer to IDs listed at https://bigsdb.pasteur.fr.
$The classification of inlA PMSC types is based on Maury et al. (4) and Van Stelten et al. (13).

overrepresented among processed fish isolates. Al-
though our findings are consistent with previous
studies that have reported frequent occurrence of
inlA PMSC in isolates from processing plant environ-
ments and ready-to-eat foods (13,19,21,25), our analy-
sis further highlights significant differences between
processed and raw food isolates in the frequency of
inlA PMSCs. Of note, a previous study in France also
reported that hypovirulent CCs were associated with
meat products in general (without clear indications

on raw vs. processed sources) and proposed that hy-
povirulent CCs might be adapted to the processing
environment, whereas hypervirulent isolates might
be adapted to hosts (4). In contrast, we found that in-
tact inlA were overrepresented among dairy isolates,
which is also consistent with previous studies, such
as a study in France that reported hypervirulent CCs
to be strongly associated with dairy products (13). Fi-
nally, we found that intact inlA was borderline over-
represented among produce isolates (14 of 15 produce

Table 4. Association between food category and presence of inlA premature stop codon among 313 Listeria monocytogenes food
isolates in study of clustering and source association of clinical and nonclinical L. monocytogenes isolates, New York, USA, 2000—

2021*

Food category OR (95% CIDT FDR-adjusted p value
Raw dairy 0.01 (0.00-0.24) <0.001
Processed dairy 0.12 (0.02-0.65) 0.006
Produce 0.18 (0.03-0.98) 0.064
Pasta 0.20 (0.01-3.76) 0.474
Raw fish 0.56 (0.20-1.49) 0.462
Raw meat 0.95 (0.38-2.36) 1.000
Salad 1.18 (0.30-4.58) 1.000
Sandwich 1.52 (0.43-5.42) 0.886
Processed fish 1.55 (0.91-2.65) 0.270
Processed meat 4,93 (2.94-8.27) <0.001
Nuts 5.58 (0.22-138.02) 0.483

*FDR, false discovery rate; OR, odds ratio.

TOR >1 indicates overrepresentation of inlA premature stop codon presence in the corresponding food category. Associations were assessed using 2-
sided Fisher exact test followed by FDR correction for multiple comparisons. A continuity correction of 0.5 was applied to all cells to allow for OR

calculation and ensure comparability across categories.
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Table 5. Characteristics of food-clinical Listeria monocytogenes isolate pairs used in the analysis of time between food isolate
collection and subsequent detection of a genetically related clinical isolate by SNP cluster in study of clustering and source association
of clinical and nonclinical L. monocytogenes isolates, New York, USA, 2000—2021*

No. food—clinical

No. distinct clinical inlA PMSC types

No. distinct  isolates linked with food in food and clinical

CC SNP cluster Food category isolate pairst food isolates isolates by<50 SNPs isolates¥
CC1 PDS0000033358 Processed dairy 1 1 1 None
PDS000025547 Processed meat 3 1 3 None
PDS000082531 Processed dairy 1 1 1 None
PDS000091530 Raw dairy 1 1 1 None
CC5 PDS000024625 Processed dairy 1 1 1 None
PDS000024647 Salad 7 1 7 None
CC6 PDS000025014 Processed dairy 5 1 5 None
PDS0000250788 Processed meat 23 1 23 None
CcCc7 PDS000003277 Processed meat 3 1 3 None
CC8 PDS000025311 Raw dairy 2 1 2 None
Processed fish 1 1 1 None
CC88 PDS000003204 Processed fish 3 1 3 None
CCi121 PDS000024645 Processed fish 2 2 1 Type 6
CC155 PDS000024385 Saladf 1 1 1 None
PDS0000249898 Raw meat{ 13 1 13 None
CC199 PDS000083553# Processed fish 2 2 1 Type 4
Processed meat 1 1 1 Type 4
CC204 PDS000003073 Saladf 2 1 2 None
CC226 PDS000025453 Raw dairy 1 1 1 None
CC321 PDS0000003668 Processed fish 7 5 3 Type 3
Processed meat{ 96 9 12 Type 3
CC369 PDS000090530 Produce 1 1 1 None
CC388 PDS000043055 Raw dairy 1 1 1 None
CC389 PDS000024852 Raw dairy 1 1 1 None
CC5h54 PDS000003170 Processed fish 8 1 8 None
PDS000003173 Raw dairy 6 1 6 None
CC573 PDS000000308 Produce 12 3 5 None

*CC, clonal complex; PMSC, premature stop codon; SNP, single-nucleotide polymorphism.

tNot all food—clinical isolate pairs met the <50 SNP threshold and, therefore, the number of food—clinical isolate pairs is not necessarily equal the number
of food isolates times the number of clinical isolates in each SNP cluster.
FWhen detected, inlA PMSC was present in all food and clinical isolates used in this analysis within the corresponding SNP cluster. When inlA PMSC was

not detected, it was indicated as none.

8Indicates SNP clusters that had formal outbreak investigations. In our analysis, PDS000003335 had 1 clinical isolate that was linked with 1 processed
dairy isolate (by 2 SNPs); PDS000025078 had 9 clinical isolates that were linked with 1 processed meat isolate (3—-9 SNPs); PDS000024989 had 2
clinical isolates that were linked with 1 raw meat isolate (0—2 SNPs), and PDS000000366 had 4r clinical isolates that were linked with 9 processed meat
isolates (2-50 SNPs). Among those, 2 outbreak investigations (for the isolates in PDS000025078 and PDS000000366) had processed meat as the
implicated food source, whereas the remaining investigations did not have a confirmed source.

fThese SNP clusters had other food categories matching to the clinical isolates by <50 SNPs. For clinical isolates associated with multiple food
categories, only the clinical-food isolate pairs with the lowest pairwise SNP distance were retained.

#For this SNP cluster, 2 food isolates from different food categories had the same minimum SNP distance to the same clinical isolate, and both food-

clinical isolate pairs were retained.

isolates showed intact inlA). That pattern is consistent
with produce- and mushroom-focused surveys in the
United States (5,26), United Kingdom (27), and China
(28), which consistently reported low frequencies of
inlA PMSCs in produce-associated isolates (5). In ad-
dition, we also found that sanitizer tolerance genes
were significantly overrepresented in processed fish
isolates and underrepresented in raw dairy isolates,
consistent with a previous study that sanitizer tol-
erance genes were frequent among processed fish
isolates (5). Overall, our findings suggest that food
categories might differ in their likelihood of carrying
virulence-attenuated L. monocytogenes and indicate
that using WGS data to identify genetic markers (e.g.,
inlA PMSCs, sanitizer tolerance genes) could help
with source attribution of raw versus finished prod-
ucts for some specific food categories.

We hypothesized that food category and presence
of inlA PMSC were associated with the time between a
food isolate collection and subsequent detection of a ge-
netically related clinical isolate. Of note, we found that
food category, but not the presence of inlA PMSC, was
a significant predictor of that time; differences in time
interval were observed across food categories. Specifi-
cally, isolates from produce had a shorter time for sub-
sequent detection of a genetically related clinical isolate
than did isolates from all other food categories.

Several factors likely contribute to the early detec-
tion of clinical isolates that are genetically related to
produce isolates. Fresh produce typically has a shorter
shelf life than other ready-to-eat products (e.g., cheese),
possibly creating a narrow window in which contami-
nation can directly lead to human exposure and illness.
Contaminated produce typically would be consumed
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<20 days after processing, whereas cheese could be
consumed >6 months after processing. However, the
observed difference is unlikely to be explained solely
by the short shelf life of fresh produce, because the time
scale observed extends well beyond typical produce
shelf life. Differences in consumer storage practices
across different food categories (e.g., persons would
more likely freeze raw meat than fresh produce) might
extend the exposure window for certain food catego-
ries. In addition, L. monocytogenes contamination might
be more frequently driven by repeated reintroduction
rather than long-term persistence in packing and fresh-
cut facilities (29-31). Persistent L. monocytogenes strains
have also been detected less frequently in produce

Figure 5. Kaplan-Meier survival curves for the time between
food isolate collection and subsequent detection of a genetically
related clinical Listeria monocytogenes isolate (single-nucleotide
polymorphisms <50) by food category in study of clustering and
source association of clinical and nonclinical L. monocytogenes
isolates, New York, USA, 2000-2021. p<0.0001 indicates a
significant difference in time between food isolate collection and
subsequent detection of genetically related clinical isolate by
single-nucleotide polymorphism cluster across food categories.
A) Raw food categories (produce, raw meat and raw dairy); B)
processed food categories (processed dairy, processed fish,
processed meat, and salad). Salad refers to ready-to-eat mixed
products that might involve additional handling steps and potential
contamination during preparation or in retail establishments.
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packinghouses (31-33) than in other food-associated
facilities, although persistence over multiple seasons in
some produce packing houses has been reported (34).
Further research is needed to elucidate the persistence
of L. monocytogenes in produce environments (29), but
our findings suggest somewhat unique L. monocyto-
genes transmission pathways for produce. Of note, our
data also showed that the time between the first food
isolate and last subsequent detection of genetically
linked clinical isolate is shorter for produce than for
other food categories. That finding suggests that pro-
duce-linked clusters and outbreaks might often cover
relatively short time frames, although long-term mul-
tistate outbreaks linked to produce have been reported
(35). Even extremely small outbreaks putatively linked
to produce might need to be further prioritized for out-
break investigations.

The first limitation of our study is that our da-
taset only included isolates obtained in NY during
2000-2021. Therefore, the proportion of unclustered
and unlinked isolates might be overestimated be-
cause some clinical and nonclinical isolates could be
clustered or linked with isolates from outside NY.
Second, the SNP thresholds used to define clustering
and linkage (i.e., <20 SNPs for clinical-clinical iso-
lates and <50 SNPs for clinical-nonclinical isolates)
are supported by previous studies as useful initial
cut-offs for screening of potential clusters and sourc-
es but might need adjustment based on available
epidemiologic data, particularly during outbreak
investigations. Consequently, genetic relatedness in-
ferred using those thresholds should be interpreted
with caution. Third, genetic similarity alone does
not establish epidemiologic linkage. Isolates with
low SNP distances might reflect persistence in food
production environments or widespread dissemi-
nation rather than direct transmission events. This
study did not incorporate epidemiologic data (e.g.,
exposure histories), which limits the ability to con-
firm specific food sources for clinical cases. Similarly,
a limitation of the cluster analysis is that some ob-
served intervals between food isolate collection and
subsequent detection of a genetically related clinical
isolate were long. Those long intervals reduce confi-
dence in interpreting the food as a continuous source
of human exposure. Instead, such associations might
reflect repeated reintroduction or cross-contamina-
tion across different reservoirs or food commodi-
ties. That interpretation is further supported by the
observation that some SNP clusters included isolates
from multiple food categories (Table 5). Therefore,
the time intervals should be interpreted as reflecting
temporal patterns of genomic relatedness rather than

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 32, No. 9, September 2026



direct evidence of long-term source attribution to a
single reservoir or commodity. Fourth, the dataset
might be subject to biases, including uneven repre-
sentation across food categories and time periods.
In particular, the dataset includes isolates collected
through targeted surveillance and research activities,
which might result in overrepresentation of certain
food categories or production environments. In ad-
dition, although thought to be rare, underdiagnosis
or underreporting of listeriosis cases might lead to
incomplete capture of clinical isolates. Finally, this
study relied solely on SNP-based analyses. Incorpo-
rating approaches such as core-genome/whole-ge-
nome MLST could further strengthen the robustness
of the findings, which highlights the need for more
comprehensive integration of clinical and nonclinical
isolates into unified databases to enable consistent
genomic analyses, clustering, and outbreak inves-
tigations. In the future, advances in artificial intelli-
gence and machine learning might further enhance
the interpretation of surveillance datasets by identi-
fying potential source attribution that are not easily
analyzed through conventional approaches.
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Dual PCR—Sanger Sequencing
Assay for Simultaneous sqgle-Based
Identification and Resistance
Detection Iin Trichophyton Species

Nissrine Abou-Chakra, Karin M. Jgrgensen, Karen Marie Thyssen Astvad, Maiken Cavling Arendrup

Trichophyton fungal infections are common and increas-
ingly complicated by terbinafine resistance. To support ac-
curate molecular identification and resistance profiling, we
provide a validated dataset of full-length squalene epoxi-
dase (sgle) gene sequences from 493 Trichophyton isolates
representing 18 species, addressing limited availability
and misannotation of sgle sequences in public databases,
particularly within the T. mentagrophytes complex. On the
basis of that dataset, we designed 2 Sanger sequencing
assays for simultaneously identifying species and detect-
ing resistance-associated mutations. One targets the full-

ichophyton species fungi cause infections of the

skin, nails, and hair and are estimated to affect
20%-25% of persons during their lifetimes (I). Clini-
cal manifestations include pruritus, erythema, scal-
ing, alopecia, and inflammation (2). Although infec-
tions are often considered minor, chronic or extensive
dermatophytosis can cause considerable illness, in-
volving prolonged treatment, increased healthcare
use, and impaired quality of life (3). The recent ris-
ing prevalence of terbinafine-resistant Trichophyton
strains is associated with therapeutic failure, under-
scoring the need for rapid and reliable diagnostics
to detect resistance, guide therapy, and thereby limit
transmission (4-6).

Traditional culture-based diagnostics are slow
and exhibit suboptimal sensitivity, especially in ony-
chomycosis or after antifungal therapy (7). Molecu-
lar assays targeting the internal transcribed spacer
(ITS) region of ribosomal DNA are widely adopted
because of its high copy number and potential for im-
proved identification (§). However, limited sequence
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length gene, whereas the other amplifies a short region
capturing all key resistance hotspots and species-specific
single-nucleotide polymorphisms. The partial assay was
evaluated on 66 clinical specimens and enabled clinically
relevant species identification without internal transcribed
spacer sequencing, supporting culture-independent de-
tection. Of note, this approach differentiates T. indotineae
from closely related species, overcoming a key diagnostic
limitation and supporting clinical decision-making, surveil-
lance, and management of resistant infections, despite lim-
ited resolution within certain species complexes.

variation in this region hinders reliable discrimina-
tion among closely related Trichophyton species, par-
ticularly within the T. mentagrophytes complex (9,10).
Of note, T. indotineae, an emerging and often terbi-
nafine-resistant species within this complex, might
be misidentified by certain ITS-based diagnostic kits
and commercial platforms such as DermaGenius
2.0 (PathoNostics, https://www.pathonostics.com)
(11-16). Those challenges are further compounded
by recent taxonomic revisions and inconsistencies in
available reference databases (9,12).

The sgle gene (alternatively, ergl) encodes squa-
lene epoxidase (SQLE), the molecular target of terbin-
afine. Mutations at conserved hotspot positions (e.g.,
L393, F397, F415, and H440) reduce drug binding
while preserving enzymatic function, thereby confer-
ring terbinafine resistance (17). Recent studies from
India, Europe, and North America document the
global increase of resistant SQLE variants, particu-
larly in T. indotineae and T. rubrum (18-21). However,
the absence of robust, curated, and taxonomically val-
idated sgle reference sequences limits the diagnostic
and surveillance utility of this gene.

In this study, we generated a curated, taxonom-
ically validated dataset of full-length sgle sequenc-
es, supported by reliable ITS-based identification,
to address limitations in existing databases. We
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also present a sequencing-based workflow enabling Materials and Methods

simultaneous species identification and detection

of terbinafine resistance-conferring sqle mutations Strains and Clinical Samples

in Trichophyton directly from clinical specimens We included a total of 493 clinical Trichophyton isolates
or isolates. (Table 1; Appendix Table 1, https:/ /wwwnc.cdc.gov/

Table 1. MICs determined using the EUCAST E.Def 11.0 reference method for dermatophytes in study of dual PCR—-Sanger
sequencing assay for simultaneous sqgle-based identification and resistance detection in Trichophyton speciest

SQLE amino acid alteration Terbinafine MIC, mg/L No.
Species (intrinsic SNPs) Modal MICH Range isolates
T. indotineae, n = 105 WT ND 0.03-0.06 3
L393F ND >4 1
L393S ND 0.5-1 3
F397L >4 2—>4 63
F397L/Y414H ND >4 1
F397L/A448T ND >4 6
Q408L 2 1-4 20
F415C ND 1 1
F415L ND 0.5 1
A448T ND 0.03-0.125 6
T. interdigitale, n = 26 WT 0.008/0.016 <0.004-0.06 21
L393F ND >4 1
L393S ND 0.25-1 3
F415L ND 0.25 1
T. mentagrophytes ITS genotype DK-I, n =18 WT (SNPs: N2761, F419 and T454) ND 0.06 1
T. mentagrophytes ITS genotype DK-Il, n = 48 WT (SNPs: N2761, F419 and P454) ND 0.008-0.06 4
T. mentagrophytes ITS genotype lll, n = 28 WT (SNPs: N2761, F419 and T454) ND 0.016-0.03 2
T. mentagrophytes ITS genotype IlI*, n = 98 WT (SNPs: N2761, F419 and T454) ND 0.008-0.03 9
T. mentagrophytes ITS genotype IV, n = 1§ WT (SNPs: K2761, L419 and T454) ND 0.03 1
T. mentagrophytes ITS genotype VII, n = 28 WT (SNPs: N2761, F419 and T454) ND 0.016-0.03 2
T. rubrum, n = 285 WT 0.016 <0.004-0.06 143
Y110CY ND 0.008 1
1121M9 ND 0.03 1
1121M1/F415S ND 0.5 1
L335F1/F415S ND 2 1
L393del ND 4 2
L393F ND >4 7
L393F/Y394del ND >4 2
L393S 0.5 0.25-2 15
S395 1396insS ND 0.5 3
F3971 1 0.25-1 11
E397L 4 1->4 78
Y414H ND 0.03-0.06 2
F415L ND 0.125 1
F415S ND 0.125-1 3
H440Y ND 0.016-0.125 9
A448T ND 0.03 1
A448V ND 0.004 1
L451P ND 0.125 1
C476Y ND 0.016-0.03 2
T. soudanense, n = 2§ WT ND <0.004-0.008 2
T. tonsurans, n = 168 WT 0.016 0.008-0.06 16
T. violaceum, n = 248 WT 0.03 0.004-0.125 24
T. equinum, n =18 WT ND 0.03 1
T. simii,n = 18 WT ND <0.004 1
T. erinacei, n = 28# WT ND Not tested 2
T. concentricum, n = 18# WT ND Not tested 1
T. europaeum, n = 18§ WT ND 0.03 1
T. benhamiae var. benhamiae/var. luteum, n = 10§ WT ND 0.004-0.06 10

TEUCAST tentative epidemiological cutoff values for terbinafine (0.125 mg/L for T. indotineae and 0.03 mg/L for T. rubrum) were used to classify isolates
as wild-type or non—wild-type. Underlined SQLE alterations are associated with terbinafine MICs above the corresponding tentative epidemiological cutoff
values. An expanded version of this table appears in the Appendix (https://wwwnc.cdc.gov/EID/article/32/9/26-0819-App1l.pdf). DK-I, unassigned I; DK-II,
unassigned II; EUCAST, European Committee on Antimicrobial Susceptibility Testing; ITS, internal transcribed spacer; ND, not determined; SNP, single-
nucleotide polymorphism; SQLE, squalene epoxidase; WT, wild-type.

fModal MIC is reported only for distributions comprising >10 isolates. Bimodal distributions are reported as both modal MICs.

8Indicates that all isolates of the indicated species were wild-type. DK-I and DK-II denote novel ITS genotypes identified in this study.

findicates that the codon is not covered by sequencing of the short sqle fragment (spanning amino acids H376-V483).

#EUCAST susceptibility testing was not performed.
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EID/article/32/9/26-0819-Appl.pdf), collected dur-
ing 2022-2025 and representing 18 species. We con-
firmed species identification by ITS sequencing, show-
ing 100% identity to reference sequences (4,16,22)
(Appendix Table 2). T. schoenleinii was unavailable
in culture but was included on the basis of its sgle se-
quence, which we retrieved from GenBank (accession
no. GCA_018357685.2). We used the sgle sequence for
Microsporum canis as an outgroup for phylogenetic root-
ing, following the procedures described in the CLC Ge-
nomics Workbench manual 24.0.4 (QIAGEN,https://
www.qiagen.com). In addition, we included 66 clinical
specimens (skin scrapings, nail clippings, scalp, and
hair) that previously tested positive for Trichophyton
spp. using an in-house ITS-based PCR (23) that does
not distinguish among T. mentagrophytes, T. interdigi-
tale, and T. indotineae.

DNA Extraction

For fungal isolates, we suspended colonies in 400 pL
of NUCLISENS Lysis Buffer (bioMérieux, https://
www.biomerieux.com), of which we used 200 uL
for DNA extraction on the automated eMAG sys-
tem (bioMérieux) according to protocol B, which in-
cludes automated nucleic acid purification to reduce
the presence of potential PCR inhibitors. We eluted
DNA in 100 pL of NUCLISENS Extraction Buffer 3
(bioMérieux). We incubated clinical samples over-
night at 56 °C in 1,000 pL NUCLISENS Lysis Buffer
with 50 uL proteinase K (QIAGEN). Subsequently,
we added 100 pL of 1 M dithiothreitol (DTT) (Sigma-
Aldrich) and incubated samples for 30 minutes before
centrifugation at 22,000 x g for 5 minutes. We then
subjected 1,000 uL of clarified supernatant to extrac-
tion on the eMAG system according to protocol B and
eluted it in 50 uLL. of NUCLISENS Extraction Buffer 3.
Each run included a negative extraction control. We
stored extracted DNA at —20 °C until further analysis.

Antifungal Susceptibility Testing

We determined MICs in RPMI 1640 medium accord-
ing to the EUCAST E.Def 11.0 reference method (24).
We prepared terbinafine (final concentration after in-
oculation 0.004-4 mg/L) from frozen stock solutions.
We adopted EUCAST tentative epidemiologic cutoff
values (TECOFFs) of terbinafine as 0.125 mg/L for T.
indotineae and 0.03 mg/L for T. rubrum for classifica-
tion as wild-type or non-wild-type (25).

Amplification and Sequencing of sqle

Two PCR strategies enabled species identification
and detection of resistance-associated mutations:
full-length sgle amplification and sequencing for
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cultured isolates and partial sqle amplification for clini-
cal specimens. All primers were Trichophyton-specific.
Each run included a positive fungal DNA control and
a no-template control. PCR product purification and
sequencing were performed by Macrogen Europe BV
(https:/ /www.macrogen-europe.com).

Full-Length sgle

We performed amplification using primers TRI-SE-F
(5'-GGTGACAGCGACAAGTGCC-3") and TRI-SE-R
(5-AGTCCAACCRACCCCAGTCA-3; R=A/G). PCR
reactions (25 pL) contained 2 pL genomic DNA, 0.4 pM
of each primer, 12.5 pL Extract-N-Amp PCR ReadyMix
(Sigma-Aldrich, https:/ /www.sigmaaldrich.com), and
8.5 pL UltraPure DNase/RNase-free water (Thermo
Fisher Scientific, https:/ /www.thermofisher.com). Cy-
cling conditions were 95°C for 30 seconds, followed by
35 cycles of 95°C for 30 seconds, 57°C for 45 seconds,
and 72°C for 90 seconds. We performed bidirectional se-
quencing using the amplification primers and internal
primers TRI-SE-S1 (5-GGAATATCTCCCCATACAAC-
CAG-3') and TRI-SE-S2 (5-AACGCAGCTTCAAAY-
GAGGG-3;Y=C/T).

Partial sqgle

We amplified a 388-bp fragment spanning positions
1125-1512 of the full-length sgle sequence and encom-
passing clinically relevant terbinafine resistance-as-
sociated mutations, as well as species-specific single-
nucleotide polymorphisms (SNPs) for species-level
identification, using primers FO (5'-CCACTGGCAAC-
GGAAGTC-3")and RO (5'-ATACGAAAGGAAGGAT-
GACCC-3"). PCR reactions (25 pL) contained 5 uL
template DNA, 0.4 pM of each primer, 12.5 pL Ex-
tract-N-Amp PCR ReadyMix (Sigma-Aldrich), and
5.5 uL UltraPure DNase/RNase-free water. Cycling
conditions were 95°C for 30 seconds, followed by 35
cycles of 95°C for 30 seconds, 58°C for 45 seconds,
and 72°C for 90 seconds. We performed sequencing
using the amplification primers.

Sequence Analysis and Phylogenetics

We quality-checked, trimmed, and assembled raw
reads; we aligned full-length sequences using CLC
Main Workbench (QIAGEN). Species and genotype
assignments were based on sequence alignment and
comparison of informative species- and genotype-
specific SNP profiles within the analyzed region. We
identified terbinafine resistance-associated muta-
tions by evaluation of nucleotide substitutions at pre-
viously described SQLE resistance hotspots. We cal-
culated pairwise SNP differences and reconstructed
phylogenetic relationships using the neighbor-joining
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algorithm with the Kimura 2-parameter (K2P/K80)
model. We evaluated node support by 1,000 boot-
strap replicates.

Results

Complete Intraspecies Conservation in

Wild-Type Isolates

We obtained full-length sgle sequences for 493 terbin-
afine wild-type and non-wild-type isolates (Table 1;
Appendix Table 1) representing phylogenetically and
epidemiologically relevant taxa and aligned them
within each taxon to assess intraspecific conservation.
We identified high-frequency wild-type sgle alleles in
244 terbinafine-susceptible isolates, including T. ru-
brum (143/285), T. interdigitale (21/26), and T. indotin-
eae (3/105), all showing complete sequence conserva-
tion within each species. The same pattern was also
observed for all ITS genotypes of T. mentagrophytes (n
=19), T. violaceum (n = 24), T. benhamiae (n = 10), T.
tonsurans (n = 16), and other less common Trichophy-
ton species.

Only sgle sequences from isolates with wild-type
MICs and no SQLE amino acid alterations were in-
cluded in the curated reference dataset. A strict wild-
type consensus was defined for each taxon. Those se-
quences have been deposited in GenBank (accession
nos. PZ614143-PZ614159 and PX205352) and, togeth-
er with the sgle sequence of T. schoenleinii, constitute
the final reference dataset (Appendix Table 2).

We analyzed the spectrum of SQLE amino acid
alterations and corresponding MICs in the remaining

isolates. We observed low-frequency variants (A448T,
A448V, Y110C, C476Y, and 1121M) sporadically (n =
12); those variants were confined to T. rubrum and
T. indotineae isolates with MICs within the species-
specific wild-type range. The Y414H substitution was
detected in 2 T. rubrum isolates with MICs around the
TECOFF. Those variants were not considered part
of the predominant wild-type allele population. The
remaining 235 isolates harbored missense mutations
affecting hotspot amino acid residues within the cata-
lytic domain of SQLE and were associated with el-
evated terbinafine MICs (Table 1; Appendix Table 1).

Species-Level Discrimination of Trichophyton Using
Full-Length sgle Sequencing

Pairwise comparisons of full-length sgle consensus se-
quences revealed substantial interspecies SNP varia-
tion across Trichophyton, enabling discrimination at
multiple taxonomic levels (Appendix Table 3, Figure
1). Polymorphisms were distributed throughout the
gene, with species-specific and genotype-specific pat-
terns capturing both interspecies and intracomplex
diversity. SNP differences ranged from complete se-
quence identity (0 SNPs) among closely related taxa
to 92 SNPs within Trichophyton and 341-351 SNPs rel-
ative to the outgroup M. canis. Phylogenetic analyses
showed clear separation between species and major
clades (Figure 1).

The T. rubrum complex was distinct from the T.
mentagrophytes complex and other species (=65-75
SNPs). Of note, T. indotineae, within the T. mentagro-
phytes complex, differed from the T. rubrum complex

Figure 1. Phylogenetic tree of Trichophyton species inferred from sequence variation in the full-length squalene epoxidase (sqle) gene
in study of dual PCR-Sanger sequencing assay for simultaneous sgle-based identification and resistance detection in Trichophyton
species. Within the T. mentagrophytes species complex, isolates identified as T. mentagrophytes represented ITS genotypes IlI, llI*, 1V,
and VII. The remaining T. mentagrophytes isolates formed 2 consensus sequences that did not show 100% identity to any sequence in
GenBank and were designated DK-I and DK-II. Scale bar indicates number of substitutions per site.
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by 65-66 SNPs distributed across the full-length sgle
gene, including 6 resulting in amino acid substitu-
tions. Within the T. rubrum complex, divergence was
minimal: T. rubrum and T. soudanense shared identical
sequences, whereas T. violaceum differed by 2 SNPs
(positions 186 and 522), the latter resulting in a non-
synonymous substitution. T. tonsurans and T. equinum
formed a closely related pair, differing by only 2 SNPs
(positions 117 and 1256), but diverged from T. indotin-
eae by 7 SNPs, from the T. mentagrophytes complex by
8-12 SNPs, and from T. interdigitale by 13 SNPs.

More distantly related species showed >60 SNP
differences relative to both the T. mentagrophytes and
T. rubrum complexes and were individually clearly
separable. T. simii and T. schoenleinii differed by 24
SNPs, 4 of which were nonsynonymous. Within the
T. benhamiae complex, sequence diversity was nota-
ble. T. concentricum, the only strictly anthropophilic
species within the complex (26), differed from T. ben-
hamiae by a single SNP, whereas T. europaeum differed
by 10 SNPs and T. erinacei differed by 42 SNPs.

Within closely related taxa of the T. mentagrophytes
complex, SNP differences were lower but remained
structured. T. interdigitale showed the greatest diver-
gence, differing from T. indotineae by 6 synonymous
SNPs (positions 169, 642, 882, 1251, 1457, and 1460)
and from other genotypes by 8 to 9 SNPs, comprising
both synonymous and nonsynonymous changes.

Similarly, T. indotineae differed from other geno-
types within the T. mentagrophytes complex by 3-5
SNPs, reflecting a structured pattern of variation. It
differed from unassigned lineage II and genotype
II* by 5 SNPs (3 synonymous: 717, 996, 1251; 2 non-
synonymous: 828, 1317), whereas divergence from
unassigned lineage I and genotypes Il and VII was
limited to 4 SNPs at the same loci; position 717 was
conserved across those groups. The closest relation-
ship was observed with genotype IV, from which T.
indotineae differed by only 3 synonymous SNPs (posi-
tions 246, 813, 1391).

Within the T. mentagrophytes complex, unas-
signed lineage I and genotypes III and VII shared
identical sqle sequences. Those showed limited varia-
tion relative to unassigned lineage II, genotype III*,
and genotype IV. Genotype IV was the most diver-
gent, differing by 7-8 SNPs from the other genotypes.
In contrast, genotype III* and unassigned lineage II
each differed from the identical group by a single
synonymous SNP at position 717 for genotype III*
and position 1422 for unassigned lineage II. Although
the number of SNP differences among closely related
members of the T. mentagrophytes complex was lim-
ited, distinct SNP profiles enabled discrimination of

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 9, September 2026

Resistance Detection in Trichophyton Species

T. indotineae, T. interdigitale, and the investigated lin-
eages/ genotypes (Appendix Table 4).

Lineage-Specific Variation Within the

T. mentagrophytes Complex

Comparative analysis of full-length 489-aa sequences
within the T. mentagrophytes complex revealed dis-
tinct lineage-associated patterns without effects on
the susceptibility (MICs 0.008-0.06 mg/L) (Figure 2).
A group of isolates consistently harbored N276 and
F419, including 13 isolates assigned to ITS genotypes
I (n=2), [II* (n =9), and VII (n = 2), and 5 unassigned
isolates (unassigned lineage I, n = 1; unassigned lin-
eage 1I, n = 4). In addition to the characteristic N276
and F419 residues, all unassigned lineage II isolates
harbored a unique alteration at position P454, in con-
trast with an alteration at position T454 in all other
genotypes and species across the genus. In contrast,
the T. mentagrophytes ITS genotype 1V isolate differed
from other genotypes in displaying K276 and L419, a
pattern shared with T. interdigitale and T. indotineae.

Species Identification Using 388-bp sqle

Fragment Sequencing

A second primer set was designed to amplify a 388
bp fragment of the sgle gene (=1531-1534 bp from
start to stop codon, depending on species) spanning
amino acid residues H376 to V483 within the catalytic
domain and including known terbinafine-resistance
hotspots (27). Despite its short length, this segment
exhibited sufficient interspecies SNP variation to en-
able discrimination of most Trichophyton species and
to support resistance detection (Appendix Table 5,
Figure 2). Phylogenetic reconstruction supported
its discriminatory capacity, yielding well-supported
clades corresponding to major species complexes
(Figure 3). The T. mentagrophytes ITS genotypes were
clearly delineated from T. indotineae and T. interdigi-
tale, which were also resolved from each other. The
T. rubrum complex (T. rubrum, T. violaceum, and T.
soudanense) formed a coherent cluster, although spe-
cies-level resolution was not achieved. Within the T.
benhamiae clade, T. erinacei was clearly differentiated
(14 SNPs), whereas T. europaeum, T. benhamiae, and T.
concentricum clustered together. Finally, T. schoenleinii
and T. simii formed an independent lineage.

Clinical Validation of the Partial sgle PCR

We applied the partial sgle PCR directly to DNA from
66 clinical specimens (skin, hair, and nails) previously
positive for Trichophyton spp. using an in-house ITS-
based PCR unable to distinguish among T. mentagro-
phytes, T. interdigitale and T. indotineae. All samples
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Figure 2. Amino acid polymorphisms in squalene epoxidase within the T. mentagrophytes complex in the study of dual PCR-Sanger
sequencing assay for simultaneous sqgle-based identification and resistance detection in Trichophyton species. Alignment of SQLE
amino acid sequences showing lineage-specific patterns: N276/F419 (ITS genotypes lIl/lII*/VIl and unassigned genotypes [DK-I-1]),
P454 unique to DK-II, and K276/L419 in ITS genotype IV (shared with T. interdigitale and T. indotineae).

produced amplicons of the expected size, enabling
sequencing-based species identification as well as de-
tection of resistance-associated mutations (Table 2).

The 28 samples previously identified as T. menta-
grophytes complex were unambiguously resolved by
sqle sequencing as T. interdigitale (n = 16), T. indotin-
eae (n = 11), and T. mentagrophytes (n = 1). All T. in-
terdigitale samples were wild-type, whereas 10 of 11
T. indotineae samples harbored >1 nonsynonymous
alterations, including known terbinafine resistance-
associated substitutions: Q408L (n = 4), F397L (n =
3), and F397L/A448T (n = 1). In addition, 24 samples
from the T. rubrum complex were confirmed, of which
19 were wild-type and 5 harbored nonsynonymous
substitutions (L393S, n =1; F397L, n = 2; F4155, n = 1;
L427M, n =1).

We confirmed 4 scalp and skin samples initially
identified as T. tonsurans/T. equinum as T. tonsurans,
all with wild-type sqle sequences. Two hair and scalp
specimens previously identified as T. violaceum and
4 additional scalp specimens previously identified
only at the genus level were assigned to the T. rubrum
complex, all without resistance-associated sqle muta-
tions. Four hair and skin scraping specimens initially
assigned to the T. benhamiae complex were resolved as
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T. benhamiae sensu stricto, all with wild-type sequenc-
es and distinct from T. erinacei.

Discussion

Early and accurate identification and susceptibility
classification of Trichophyton isolates are essential for
clinical management, source tracing, and epidemio-
logic surveillance, particularly in the context of terbi-
nafine resistance, highly transmissible anthropophilic
lineages, and increased person-to-person transmis-
sion, including sexual transmission (28-33). Morpho-
logical differentiation remains challenging because of
phenotypic variability and overlap between species
(34-36). Historically, species within the T. mentagro-
phytes complex were grouped broadly, contributing
to taxonomic ambiguity. Although molecular ap-
proaches improved resolution, taxonomic confusion
remained. For example, isolates within the T. menta-
grophytes/interdigitale complex were often assigned to
T. interdigitale (36), and species from the T. benhamiae
complex, including T. erinacei, were misclassified at T.
mentagrophytes complex (26). The 2017 taxonomy revi-
sion by de Hoog et al. (34) provided a more structured
framework, yet genetic resolution remains challeng-
ing. ITS sequencing often lacks discriminatory power
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within closely related taxa, including the T. mentagro-
phytes and T. rubrum complexes, where limited varia-
tion does not reflect clinical or epidemiologic diversi-
ty (37,38). That shortfall is particularly relevant for T.
indotineae (formerly T. mentagrophytes type VIII), now
recognized as a distinct species of clinical importance
(9,36,37), and for type VII, an emerging anthropophil-
ic genotype associated with genital lesions among
men who have sex with men (30,33).

BLAST-based identification is further limited by
inconsistent database annotation, lack of standardized
genotype classification, and ongoing taxonomic revi-
sions. Consequently, identical ITS sequences might
yield multiple high-scoring (even 100%) matches across
closely related species, requiring manual curation and
preventing reliable species-level identification. Those
issues, combined with outdated database entries and
limited ITS variability, reduce the utility of ITS-based
diagnostics and highlight the need for curated reference
databases and complementary genetic markers.

Alternative genetic targets, including transla-
tion elongation factor 1-a, P-tubulin, calmodulin,
285 rDNA and mating-type genes, offer improved
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resolution (39-42). However, their routine use is lim-
ited by less universal primers, the need for species-
specific or optimised PCR protocols, limited refer-
ence data, and the increased complexity and cost of
multilocus sequencing, limiting their applicability in
routine diagnostics.

Against this background, we investigated sgle
as a combined marker for Trichophyton identifica-
tion and terbinafine-resistance detection. Successful
amplification and sequencing across all strains gen-
erated a robust reference dataset and demonstrated
broad primer applicability. Complete intraspecies
conservation supports strong functional constraint,
whereas interspecies variation enables discrimination
of closely related taxa. Phylogenetically, the T. rubrum
and T. benhamiae complexes were clearly distinct from
each other and from the T. mentagrophytes complex.

Of note, the full-length sgle gene enables reliable
discrimination of T. indotineae and T. interdigitale from
other members of the T. mentagrophytes complex, in-
cluding genotype IV. That distinction is clinically
critical, because both are anthropophilic rather than
zoophilic, and T. indotineae is frequently terbinafine-

Figure 3. Phylogenetic tree of
Trichophyton species inferred from
sequence differences in the partial
388-bp squalene epoxidase (sgle)
gene fragment in study of dual
PCR-Sanger sequencing assay
for simultaneous sqle-based
identification and resistance
detection in Trichophyton species.
Within the T. mentagrophytes
species complex, isolates
identified as T. mentagrophytes
represented ITS genotypes I,
I1I*, 1V, and VII. The remaining T.
mentagrophytes isolates formed

2 consensus sequences that

did not show 100% identity to

any sequence in GenBank and
were designated DK-I and DK-II.
Scale bar indicates number of
substitutions per site.
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Table 2. Species identification and sqle alterations detected by direct PCR and sequencing of a partial 388-bp sgle gene fragment
from clinical specimens positive for Trichophyton spp. in study of dual PCR—Sanger sequencing assay for simultaneous sqle-based

identification and resistance detection in Trichophyton species*

No. clinical Final species identification

Initial ITS-based identification Specimen types samples (sqle sequencing) SQLE variant(s)
T. rubrum Nail, skin scraping 24 T. rubrum complext Wild-type, n = 19

L393S,n=1

F397L,n=2

F415S,n=1

L427M,n=1
T. mentagrophytes complext Nail, skin scraping 28 T. interdigitale (n = 16) Wild-type, n= 16
T. mentagrophytes (n = 1) Wild-type, n=1

T. indotineae (n = 11) Q408L,n=4

F397L,n=3

A448T,n=2

F397L/A448T,n=1

Wild-type, n=1
T. tonsurans/T. equinum Hair, skin scraping 4 T. tonsurans Wild-type, n = 4
T. violaceum Hair, scalp 2 T. rubrum complext Wild-type, n = 2
Trichophyton spp.¥ Scalp 4 T. rubrum complext Wild-type, n = 4
T. benhamiae complex Hair, skin scraping 4 T. benhamiae sensu Wild-type, n=4

stricto clade

*Initial species identification was based on ITS analysis, with final identification resolved by sgle sequencing. Detected sqle variants include both wild-type
and amino acid substitutions within the terbinafine resistance hotspot region. ITS, internal transcribed spacer; SQLE, squalene epoxidase.
tIndicates assignment to species complexes where species-level resolution was not achieved.

fFurther identification not possible.

resistant and associated with more persistent and
outbreak-prone infections. The remaining isolates
within T. mentagrophytes complex belonged to es-
tablished genotypes (11, III*, IV, and VII), which are
largely associated with distributions in Europe (43).
Genotype IV showed greater divergence (7-9 SNPs)
but remained closest to T. indotineae (3 SNPs). Five
isolates formed 2 ITS consensus sequences (DK-I and
DK-II) that could not be assigned to any currently re-
ported ITS genotypes; the closest database matches
showed only 99.5%-99.6% sequence identity. In con-
trast, 3 ITS genotypes (DK-I, 111, and VII) shared iden-
tical sqgle gene sequences and differed minimally from
others, indicating that additional markers such as ITS
are required if fine-scale resolution within this com-
plex is required. Additional sgle diversity might ex-
ist in unrepresented genotypes. The genetic findings
were further reflected at the amino acid level: geno-
type IV shared K276 and L419 with T. indotineae and
T. interdigitale, whereas other genotypes consistently
carried N276 and F419. Reports of N276 alone might
therefore reflect incomplete sqle reference sequences
lacking the region encompassing position 419 (44).
The DK-II isolates harbored a unique P454 substi-
tution (threonine to proline) not observed in other
Trichophyton species, suggesting additional lineage-
level variation, although confirmation requires larger
datasets. Of note, lineage-specific polymorphisms
such as N276 and F419 have often been reported as
the K276N /L419F substitution because of inappropri-
ate sgle reference sequences. On the basis of our find-
ings, those variants should be considered wild-type
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and intrinsic to certain T. mentagrophytes genotypes;
reported MIC variation more likely reflects method-
ological differences or genotype-specific susceptibil-
ity rather than acquired resistance (18,45,46).

Within the T. rubrum complex, T. rubrum and
T. violaceum could be distinguished, whereas T.
soudanense shared identical sqle sequences with T.
rubrum, indicating that sqle alone is insufficient for
discrimination and requires complementary ITS
sequencing. That limitation also applies to ITS,
because species within the T. rubrum complex, in-
cluding T. violaceum and T. soudanense, also show
minimal genetic variation despite being epidemio-
logically and phenotypically distinct. In contrast,
the T. benhamise complex showed greater genetic
heterogeneity with sgle, providing improved reso-
lution compared with ITS, particularly among T.
benhamiae, T. europaeum, and T. erinacei.

Our analysis confirmed that terbinafine non-
wild-type Trichophyton isolates harbor nonsynony-
mous sqle mutations within the catalytic domain,
clustering at residues critical for terbinafine bind-
ing (27). Resistance in absence of sqle mutations ap-
peared rare; only a single T. rubrum isolate had an
MIC marginally above the TECOFF, which might re-
flect technical variation associated with MIC testing.
All resistant isolates contained >1 alteration within
the L393-1L451 region.

Targeted amplification of a short sgle fragment
offers a practical and clinically applicable alternative
to full-length sequencing. Despite its reduced size,
the 388-bp region retained sufficient phylogenetic
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information to delineate major Trichophyton species
and complexes, while capturing resistance-conferring
mutations. The shorter amplicon improves PCR ef-
ficiency and sensitivity and can be applied directly
to clinical specimens, enabling culture-independent
detection of both species and resistance. Its abil-
ity to distinguish clinically relevant taxa—such
as T. indotineae, T. interdigitale, and the remaining
T. mentagrophytes genotypes as a single group, as well
as the T. rubrum and T. benhamine complexes as dis-
tinct entities —supports its diagnostic utility, because
resolution at this complex level is often sufficient
for clinical decision-making. However, discrimina-
tion within certain complexes remains limited. Most
T. mentagrophytes genotypes (DK-I, 111, III*, and VII)
cluster with identical sgle sequences, whereas DK-II
was distinguished by 1 SNP and genotype IV was
distinguished by 3 SNPs. Similarly, T. rubrum and
T. violaceum (within the T. rubrum complex), and T.
benhamiae sensu stricto, T. europaeum, and T. concentri-
cum (within the T. benhamiae complex) were not fully
resolved within their respective clusters.

The first limitation of this study is that although
the assay performed well under routine diagnostic
conditions, we did not formally evaluate its analytical
sensitivity (limit of detection) and specificity, which
should be addressed in future validation studies.
Moreover, antifungal susceptibility testing was per-
formed only once per isolate. Consequently, technical
variation could explain the elevated MIC observed
for terbinafine against 1 T. rubrum isolate despite its
wild-type sgle genotype.

In conclusion, sqle sequencing enables simultane-
ous species identification and resistance detection of
Trichophyton species, supported by a curated reference
dataset for reliable interpretation. A short-amplicon
approach enables application to clinical specimens
and provides information on resistance-associated
mutations and clinically relevant species discrimina-
tion, although with limited resolution within some
complexes. This approach has the potential to enable
early optimization of antifungal therapy even in cul-
ture-negative cases.
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his virus was named after the town of Lassa at the south-

ern end of Lake Chad in northeastern Nigeria, where the
first known patient, a nurse in a mission hospital, had lived
and worked when she contracted this infection in 1969. The
virus was discovered as part of a plan to identify unknown
viruses from Africa by collecting serum specimens from pa-
tients with fevers of unknown origin. Lassa virus, transmitted
by field rats, is endemic in West Africa, where it causes up to
300,000 infections and 5,000 deaths each year.
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anomalus Infections among
Injecting Drug Users,
France, 2012—-20241

Maxime Lefranc,? Adrien Pain,? Fréderic Dalle, Pierre Baudino, Claudio Plaisant, Taieb Chouaki,
Josephine Dorin, Anne-Pauline Bellanger, Julie Bonhomme, Maxime Moniot, Celia Rouges,
Francoise Botterel, Gregoire Pasquier, Lilia Hasseine, Estelle Perraud-Cateau,
Jean-Pierre Gangneux, Laurence Delhaes, Damien Costa, Juliette Guitard, Alexandre Alanio,
Valerie Letscher-Bru, Emilie Guemas, Guillaume Desoubeaux, Karine Boukris-Sitbon,

Olivier Lortholary, Fanny Lanternier, WAIT-IV Study Group,® Marie Desnos-Ollivier, Sebastien Imbert

Wickerhamomyces anomalus is a yeast rarely involved in
human invasive fungal diseases (IFD). We retrospectively
analyzed 44 episodes of W. anomalus IFD in France dur-
ing 2012-2024. Injecting drug use (IDU) was the main risk
factor among 26/35 (74.3%) incident cases. Most infec-
tions were community acquired; overall 3-month mortality
rate was 1/30 (3.3%). Short tandem repeat (STR) geno-
typing and whole-genome sequencing analyses revealed
substantial genetic diversity among isolates. However, 1

cherhamomyces anomalus (syn. Candida pelliculo-
sa, Pichia anomala) is a diploid, ubiquitous yeast
species found in diverse environments including soil,
fruits, trees, wastewater, marine ecosystems, and the
digestive tracts of insects (1). It exhibits antimicrobial
activity against other yeasts, filamentous fungi, and
bacteria and possesses the ability to produce aromat-
ic compounds and exoenzymes (2). Those properties

STR genotype was shared by 2 IDU patients, suggest-
ing common exposure. In addition, 1 isolate obtained from
a cotton filter used for drug preparation was identical by
STR genotyping to the bloodstream isolate from the same
patient, indicating direct inoculation via contaminated ma-
terial or poor injection practices. Our findings highlight the
increased risk for W. anomalus IFD among IDU patients
and emphasize the importance of targeted preventive
measures within that population.

make W. anomalus of notable interest for various bio-
technological applications, including those in the
food, environmental, industrial, and medical sectors,
as well as in oenological biotechnology (3).

W. anomalus is rarely isolated in clinical settings
and is responsible for <1% of invasive fungal diseases
(IFD) caused by yeasts (4-6). Nevertheless, hospital
outbreaks of W. anomalus IFD have been documented,
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particularly in neonatal and pediatric intensive care
units (ICUs) (7-12). In several instances, clonal trans-
mission has been demonstrated, suggesting an ex-
ogenous source of contamination (8,13). Additional
outbreaks have also been reported among immuno-
compromised adult patients (13-17). Furthermore, a
recent nationwide retrospective cross-sectional study
on fungemia among injecting drug users (IDUs) in
France identified W. anomalus as overrepresented in
IDU-related cases (18), reinforcing the hypothesis of
exogenous contamination. However, in both hospital
outbreaks and IDU cases, the precise source of infec-
tion remains unidentified.

In this study, we aimed to investigate factors as-
sociated with W. anomalus IFD in France. We conduct-
ed a comprehensive analysis of epidemiologic, clini-
cal, and genetic characteristics of all W. anomalus IFD
cases reported over a 13-year period nationwide, with
particular emphasis on IDU-associated infections.

Materials and Methods

Study Design and Network

We analyzed IFDs caused by W. anomalus yeast diag-
nosed during January 2012-December 2024 in France
and declared during the 2 consecutive prospective
national surveillance programs RESSIF (RESeau de
Surveillance des Infections Fongiques invasives; end-
ed December 31, 2022) and SINFONI (Surveillance
des Infections FONgiques Invasives; started Janu-
ary 1, 2023). The RESSIF multicentric surveillance
program was described previously (4). SINFONI is a
multicentric prospective program for surveillance of
IFD started January 1, 2023, and active as of August
2026 involving 59 hospitals in France and overseas
(Appendix Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/32/9/25-1817-Appl.pdf). Participants report
all cases of IFD diagnosed in the hospital using an on-
line secured REDCap questionnaire (https:/ /project-
redcap.org) designed and monitored at the National
Reference Center for Invasive Mycoses and Antifun-
gals (NRCMA; Institut Pasteur, Paris, France). For
both RESSIF and SINFONI surveillance programs,
participants completed the questionnaire for each
episode of IFD, reporting demographic data (age, sex,
hospital), clinical information (risk factor for IFD, un-
derlying conditions, preexposure to antifungals, first
treatment for IFD, outcome) and microbiologic find-
ings (species identification).

The Institut Pasteur Institutional Review Board
approved NRCMA surveillance activities (no.
2009-34/1RB), as did the Commission Nationale de
I'Informatique et des Libertés (déclaration no. 351952).
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We designed and reported our study in accordance
with Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines (19).

W. anomalus IFD Case Definitions

W. anomalus IFD cases included both fungemia and
deep-seated infections. We defined fungemia by the
isolation of W. anomalus yeast from a blood culture
specimen. We defined deep-seated infections by
the isolation of W. anomalus from a normally sterile
site, regardless of whether fungemia was also pres-
ent. We defined community-onset cases as episodes
in which a positive blood culture for W. anomalus
was obtained <3 days after hospital admission.
We defined recurrent episodes as the reisolation of
the same fungal species >10 days after the initial
episode (18).

Strain Identification

We checked all W. anomalus isolates sent to the
NRCMA on BBL CHROMagar Candida medium
(https:/ /www.chromagar.com) for purity, then
identified them at the species level using a poly-
phasic approach combining matrix-assisted laser
desorption/ionization time-of-flight (MALDI-ToF)
mass spectrometry (Bruker Biotyper or Sirius de-
vices; Bruker MBT Library, https://www.bruker.
com), sequencing D1D2 and internal transcribed
spacer (ITS) regions of the DNA ribosomal loci using
panfungal primers NL1/NL4 and V9D/LS266 (20).
We performed DNA extraction using NucleoMag
Plant DNA extraction kit (Macherey Nagel, https://
www.mn-net.com) in a Thermo KingFisher extrac-
tor (Thermo Fisher Scientific, https:/ /www.thermo
fisher.com) preceded by 2 bead beating steps using
ATL Buffer lysis (QIAGEN, https://www.qiagen.
com) in lysing matrix tubes Y (MP Biomedicals,
https:/ /flowsciences.com) and a heating step in the
presence of RNase A. Sequences of D1D2 and inter-
nal transcribed spacer regions of the isolates had a
percentage identity >99% with the sequences of the
type strain of W. anomalus CBS 5759, enabling spe-
cies identification. We performed antifungal suscep-
tibility testing in accordance with EUCAST broth
microdilution reference method (21).

Short Tandem Repeat Genotyping

We performed short tandem repeat (STR) genotyp-
ing as previously described (22), with slight modi-
fications. In brief, we used a panel of 6 STR mark-
ers, 3 trinucleotide and 3 hexanucleotide repeats,
resulting in a unique 12-marker profile for each
isolate. We amplified the 3 trinucleotide STRs in 1
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multiplex PCR reaction and the 3 hexanucleotide
STRs in 3 distinct simplex PCR reactions. We used
GoTaq DNA polymerase (Promega, https:/ /www.
promega.com) for all amplifications. We then di-
luted PCR products 1:100 in water; we mixed 1 pL
of the diluted products with 10.2 pL of formamide
and 0.3 pL of MapMarker 1000 DNA size standard
(Eurogentec, https://www.eurogentec.com). We
incubated the mixtures at 95°C for 3 minutes and
subsequently analyzed them using a 3500 XL Dx
genetic analyzer (Thermo Fisher). We determined
repeat numbers for each STR locus using Gen-
eMapper 5 (Thermo Fisher). We converted the re-
sulting STR profiles into a genetic distance matrix
using the bruvo.dist function from the poppr pack-
age in R version 4.5 (The R Project for Statistical
Computing, https://www.r-project.org) as previ-
ously described (23). We constructed an UPGMA
tree via the bruvo.boot function to visualize genetic
relationships among samples; we exported the re-
sulting tree in Newick format and visualized it us-
ing the Interactive Tree of Life web interface (24).

Whole-Genome Sequencing Analysis

We sequenced whole genomes at the Mutualized
Platform for Microbiology (P2M), Institut Pas-
teur, using an Illumina NextSeq 500 sequencer. We
constructed libraries using Nextera DNA Library
preparation kit (Illumina) and sequenced them us-
ing a 2 x 150 nt paired-end strategy. We also incor-
porated 11 publicly available isolates reprocessed
with the same pipeline (22). We assessed raw read
quality using FastQC version 0.12.1 (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc)
and MultiQC version 1.12 (https://github.com/
MultiQC/MultiQC) (25). We performed read clean-
ing with AlienTrimmer version 2.0 (ftp://ftp.
pasteur.fr/pub/gensoft/ projects/ AlienTrimmer)
(26): we considered bases with a Phred score <15 (-q
15) of low confidence, and after trimming, we dis-
carded reads <50 bases (-1 50) or containing >50%
low-confidence bases (-p 50). Cleaned reads are
available at the European Nucleotide Archive (ac-
cession no. PRJEB93917).

Variant Calling and Population Genomic Analyses

We defined methods for variant calling and popu-
lation genomic analyses (Appendix). In brief, we
aligned reads to the W. anomalus KG16 reference
genome assembly (GenBank no. GCA_(019321675.1)
and imported variant calls into R version 4.3.2 using
the VCFR package as described previously (27). We
converted the filtered VCF file to a genlight object
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(vcfR2genlight) and set diploidy. We computed pair-
wise genetic distances between isolates as the propor-
tion of differing single-nucleotide polymorphisms
(SNPs) using bitwise distances (bitwise.dist func-
tion in poppr package) (23), normalized by the ref-
erence genome size (13,671,194 bp; KG16 assembly).
We constructed a neighbor-joining phylogenetic tree
from the distance matrix using the nj function from
the APE package as described (28). We assessed node
support by bootstrap resampling 1,000 replicates us-
ing the aboot function in poppr package. We exported
the final tree in Newick format and visualized it using
Interactive Tree of Life web interface (24).

We assessed genetic diversity by computing
Simpson diversity index (A), Nei unbiased gene di-
versity (Hexp), and global genetic differentiation
between phylogenetic clades (FST). We inferred
population structure using ADMIXTURE (https://
dalexander.github.io/admixture/index.html).

De Novo Genome Assemblies and Loss of
Heterozygosity Map

We performed de novo genome assemblies using the
fq2dna pipeline (https://gitlab.pasteur.fr/GIPhy/
fq2dna), which performs read deduplication, qual-
ity trimming, error correction, digital normalization,
and de novo assembly with SPAdes (29). We as-
sessed assembly quality using QUAST (30). We de-
scribed methods to identify and visualize regions of
Loss of heterozygosity (LOH) (Appendix); in brief,
we processed allele depth matrices in R using dplyr
(https:/ /dplyr.tidyverse.org), tidyr (https://tidyr.
tidyverse.org), and ggplot2 (31) as described previ-
ously. We stratified analyses and visualizations both
globally and by predefined phylogenetic clusters.

Statistical Analysis

We summarized continuous variables as medians
with interquartile ranges (IQRs), where appropriate,
and categorical variables as counts and percentages.
To avoid autocorrelation, we included only incident
cases in the description of baseline characteristics. We
compared continuous variables using the Wilcoxon
rank-sum test and categorical variables using Fisher
exact test. All statistical tests were 2-sided, and signif-
icance threshold was p<0.05. We conducted analysis
using the gtsummary package in R version 4.5.

Results
W. anomalus IFD Episodes

During the study period, a total of 47 W. anoma-
lus IFD episodes were reported to the NRCMA, 31
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during the RESSIF program and 16 during the SINFO-
NI program. We excluded 3 episodes from the study,
2 superficial ocular infections and 1 with inconsistent
data, for a total of 44 episodes (40 fungemia and 4
osteoarticular infections) among 35 patients (Table).
Episodes originated from 18 centers located across
mainland France; each center reported 1-12 episodes.
Among centers that participated exhaustively in both
RESSIF and SINFONI surveillance programs (n = 15),
we have observed an upward trend in the annual in-
cidence of new cases since 2021; during 2012-2020
the mean was 2.2 reported cases per year, and during
2021-2024 the mean was 5.25 reported cases per year
(Appendix Figure 2).

Of the 35 patients in our study, 26 (74.2%) were
IDUs and 20 had no other risk factor for IFD. Among
the other usual risk factors for IFD, the presence of
a central vascular catheter (n = 9) and ICU admis-
sion at diagnosis (n = 7) were the most frequent. Uni-
variate analysis showed that those risk factors were

W. anomalus Infections among Injecting Drug Users

significantly less frequent in IDU patients (p<0.001 by
Fisher exact test). One patient was a premature neo-
nate. We found deep-seated W. anomalus infections or
secondary localizations with (n = 3) or without (n =
4) fungemia in 7 patients, all of whom were IDUs: 3
spondylodiscitis, 2 septic arthritis (wrist and knee), 1
endocarditis, and 1 endophthalmitis. We identified
concurrent bacterial infections in 8 and fungal infec-
tion in 7 cases. In contrast to non-IDU cases, most V.
anomalus infections in the IDU group were communi-
ty acquired (p = 0.039 by Fisher exact test). Recurrent
episodes occurred in 5 IDU patients: 4 experienced
3 episodes each, and 1 had 2 episodes. The overall
3-month mortality rate was low (1/30 deaths, 3.3%);
we observed no significant differences between IDU
and non-IDU groups.

IDU Characteristics
We collected data on injected products for 23/26
IDU patients. Most (n = 16 [69.6%]) patients were

Table. Demographic and clinical characteristics of invasive Wickerhamomyces anomalus infection cases reported through multicentric

prospective national surveillance programs, France, 2012—-2024*

Characteristic All patients, N = 35 IDU, n = 26 Non-IDU, n =9 p valuet
Age median (IQR) 42 (36-50) 41 (36-45) 55 (36-68) 0.11
Sex
M 27135 (77) 20/26 (77) 7/9 (78) >0.9
F
Invasive fungal disease 0.6
Fungemia 31/35 (89) 22/26 (85) 9/9 (100)
Osteoarticular infection 4/35 (11) 4/26 (15) 0/9 (0)
IFD risk factor other than IDU%
HIV infection 2/31 (6.5) 2/26 (7.7) 0/5 (0) >0.9
Recent surgery 2/35 (5.7) 0/26 (0) 2/9 (22) 0.061
Central vascular catheter 9/35 (26) 2126 (7.7) 719 (78) <0.001
Intensive care unit 7135 (20) 3/26 (12) 4/9 (44) 0.055
Other underlying conditionst 4/35 (11) 1/26 (4) 4/9 (33) 0.010
>1 risk factor other than IDU 13/35 (37) 6/26 (23) 8/9 (89) <0.001
IFD history 8/33 (24) 7/25 (28) 1/8 (13) 0.6
Community onset 17/34 (50) 16/26 (62) 1/8 (13) 0.039
Associated deep-seated IFD 0.8
Spondylodiscitis 3/35 (8.6) 3/26 (12) 0/9 (0)
Septic arthritis 2/35 (5.7) 2/26 (7.7) 0/9 (0)
Endocarditis 1/35 (2.9) 1/26 (3.8) 0/9 (0)
Endophthalmia 1/35 (2.9) 1/26 (3.8) 0/9 (0)
None 28/35 (80) 19/26 (73) 9/9 (100)
Bacterial co-infection 8/35 (23) 5/26 (19) 3/9 (33) 0.4
Invasive fungal co-infection 7/35 (20) 4/26 (15) 3/9 (33) 0.3
First-line antifungal treatment 0.5
Echinocandin monotherapy 25/35 (71) 19/26 (73) 6/9 (67)
Fluconazole monotherapy 3/35 (8.6) 3/26 (12) 0/9 (0)
Voriconazole monotherapy 2/35 (5.7) 1/26 (3.8) 1/9 (11)
Combination therapy 2/35 (5.7) 1/26 (3.8) 1/9 (11)
No antifungals 3/35 (8.6) 2/26 (7.7) 1/9 (11)
Median length of hospital stay, d (IQR) 15 (7-31) 12 (6-23) 55 (22-64) 0.005
Recurrence 5/30 (17) 5/22 (23) 0/8 (0) 0.3
90-d all-cause mortality 1/30 (3.3) 0/22 (0) 1/8 (13) 0.3

*Values are no. (%) except as indicated. Data reported through Reseau de Surveillance des Infections Fongiques invasives (RESSIF) and Surveillance
des Infections Fongiques Invasives (SINFONI). Denominators lower than the N/n value for each category indicate missing data. IDU, injecting drug user;

IFD, invasive fungal disease; IQR, interquartile range.
TDetermined by Wilcoxon rank-sum test or Fisher exact test.

FOther underlying conditions were hematologic malignancy (n = 1), solid organ malignancy (n = 1), premature neonate (n = 1), and severe malnutrition

(n=1).
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multiple drug injectors. Heroin and cocaine were the
most commonly injected substances (n = 13 each),
followed by buprenorphine (n =11), other opioids (n
=7), amphetamines (n = 4), and methylphenidate (n
= 4). No single substance was common to all cases.
In addition, 14 (60.9%) patients reported a history
of alcohol abuse. A total of 21 patients documented
their housing status; 13 (61.9%) were either home-
less (n = 10) or living in precarious conditions (2 in
caravans and 1 in a social hostel), whereas 8 (38.1%)
resided in private housing.

W. anomalus Isolates

Among the 47 reported episodes of W. anomalus IFD,
36 isolates were available for subsequent analyses.
We recovered multiple isolates from recurrent epi-
sodes in 5 patients. Of note, 1 isolate had been ob-
tained from the cotton a patient had used to filter in-
jected drugs; it had been collected concurrently with
a W. anomalus fungemia. All identifications provided
by MALDI-ToF mass spectrometry and sequencing
methods were concordant. In addition, we included
19 W. anomalus isolates collected during 2004-2024,
outside the RESSIF and SINFONI surveillance pro-
grams (involved or not in IFD), and the NRRL Y3668
reference strain in subsequent genotypic analyses, re-
sulting in a total of 56 isolates.

STR Genotyping

We subjected 49 of the 56 isolates to STR genotyp-
ing: 26 originating from IDU patients, 15 from non-
IDU patients, and 7 from patients with unknown
IDU status or environmental sources, as well as the
reference strain. Analysis revealed 41 unique STR
profiles identified across both IDU and non-IDU
groups (Figure 1). We observed no distinct genetic
cluster among all IDU isolates. However, 8 isolates,
including 7 from 4 IDU patients across different
hospitals, formed a small cluster with limited varia-
tions in repeat numbers. Furthermore, 3 genotypes
were shared across different patients: 1 was found
in 2 IDU patients from the same hospital (isolates
CNRMA23.611/CNRMA24.852, hospital H1), and
the other 2 in patients who differed in time of infec-
tion, geographic location, and IDU status (isolates
CNRMA20.747 /CNRMA14.503and CNRMA9.1011/
CNRMA15.118). In addition, an IDU patient’s blood
culture isolate (isolate CNRMA24.858) and the iso-
late recovered from the cotton used by the same pa-
tient to filter drugs, collected concomitantly with the
fungemia (isolate CNRMA?24.857) shared the same
genotype. Finally, regarding recurrent episodes,
all isolates were genotypically identical (isolates
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CNRMA12.528/ CNRMA14.76, CNRMA24.850/
CPELBDX11, and CNRMA24.853/ CNRMA?24.852)
or showed a minor repeat number variation at a sin-
gle locus (isolates CNRMA15.118/ CNRMA15.277),
except for 1 patient who had 2 W. anomalus isolates
with distant STR profiles (isolates CNRMA19.199/
CNRMA17.645).

Whole-Genome Sequencing Analysis

Whole-genome sequencing (WGS) analysis of 53
of the 56 isolates from this study, together with 11
publicly available genomes (Appendix Table 1),
yielded an alignment of 391,733 SNPs and revealed
6 main clades (Figure 2). Across all 64 genomes,
pairwise distances were 742-346,637 (mean 208,986)
SNPs. Within-patient pair ranges were 742-15,296
SNPs and all clustered together in the phylog-
eny, including the 2 that appeared distant by STR
(isolates CNRMA17.645 and CNRMA19.199). The
STR locus implicated in this discordance, namely
M3b, lies within an LOH region on chromosome
CMO033148.1 (positions 1,446,243-1,447,304) (Figure
3) in CNRMA19.199, explaining the discrepancy.
Genetic diversity indices computed on 16,935 LD-
pruned SNPs across 52 isolates (excluding LOH-
affected isolates) confirmed substantial allelic diver-
sity (Simpson A = 0.98; Nei unbiased gene diversity
Hexp = 0.38 + 0.08), with moderate differentiation
between phylogenetic clades (global FST = 0.16).
Population structure using ADMIXTURE revealed 7
genetic clusters broadly concordant with the 6 phy-
logenetic clades: 2 clades showed exclusive cluster
assignment, whereas the remaining 4 displayed ad-
mixed profiles (Appendix Figure 3, panel A). Isolates
from the same city consistently belonged to distinct
clusters, providing no evidence for city-level popu-
lation structure (Appendix Figure 3, panel B).

De novo assemblies were 12-30 Mb, consistent with
results from public datasets for V. anomalus from the Na-
tional Center for Biotechnology Information in which 26
genomes spanned 12.72-26.55 Mb (https:/ /www.ncbi.
nlm.nih.gov/datasets/ genome/?taxon=4927; accessed
2025 Sep 16). Isolates with the smallest assemblies clus-
tered within a subclade enriched for LOH regions (Fig-
ures 2, 3), suggesting that expanded LOH promotes
haplotig coalescence and yields more compact assem-
blies. QUAST (https://quast.sourceforge.net) further
showed that assembly size increases with the duplica-
tion ratio (Appendix Figure 4), consistent with reten-
tion of haplotigs or unpurged duplicated segments,
or both. We observed similar patterns in several of the
assemblies, indicating that larger assembly sizes often
reflect duplicated content rather than intrinsically larger
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Figure 1. Wickerhamomyces anomalus isolates in study of invasive W. anomalus infections among injecting drug users, France, 2012—
2024. Dendrogram was created by of 49 W. anomalus isolates genotyped using a 12-marker short tandem repeat approach. The P
column indicates the IDU status of the patient from whom each isolate originated. The H column denotes hospital of origin for hospitals
contributing >2 isolates. Blue shaded area indicates cluster of 7 IDU-associated isolates. Matching colored shading on isolate names
indicates those isolates belong to the same patient. Numbers at nodes indicate bootstrap values. Scale bar represents the Bruvo genetic

distance (short tandem repeat differences). IDU, injecting drug use.

genomes. Finally, VAF profiles (Appendix Figure 5)
showed shifts compatible with segmental aneuploidy in
some genomic regions, although not fully supported by
read depth.

Discussion
This retrospective multicentric nationwide study,
conducted over a 13-year period, provides new in-
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sights on W. anomalus IFD. Of note, IDU emerged as
a major risk factor, representing the sole underly-
ing condition in 20 (57.1%) of 35 cases (Table). An
additional 6 cases occurred in IDU patients with
other predisposing factors for IFD. Furthermore, a
marked increase in W. anomalus IFD has been ob-
served since 2020, primarily driven by IDU-related
infections, as 14 (53.8%) of 26 cases occurred after
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2020. In contrast to previous reports, we observed
no hospital-based outbreaks in ICU or neonatal
settings; of note, only 1 case was documented in
a premature neonate. All but 1 non-IDU patients
had classical risk factors for yeast IFD; that patient
was homeless and exhibited behaviors suggestive
of IDU, although we could not definitively confirm
whether that was correct.

Although IDU is a well-recognized risk factor for
invasive candidiasis (32,33), only 1 case of W. anomalus

infection in an IDU had been reported in the literature
(34) before a study published in 2025 that reported 7
cases and demonstrated a notable overrepresenta-
tion of W. anomalus yeast in IDU-associated infec-
tions (18). However, a US study on fungemia among
IDU patients did not report that association (35),
suggesting that the emergence of W. anomalus infec-
tions may reflect local transmission dynamics, po-
tentially linked to specific drug products, injection
practices, or environmental exposures. Of interest,

Figure 2. Phylogenetic tree of Wickerhamomyces anomalus isolates in study of invasive W. anomalus infections among injecting drug
users, France, 2012-2024. Tree is based on genomewide SNPs from 53 W. anomalus isolates collected in the study and 11 publicly
available genomes (isolate names starting with SRR) and was developed by neighbor-joining method. The P column indicates the IDU
status of the patient from whom each isolate originated. The C column denotes phylogenetic clade. Matching colored shading on isolate
names indicates those isolates belong to the same patient. Green bars represent assembled genome size of 13.9-29.7 Mb. Variation

in assembly size reflects levels of genomic heterozygosity: isolates with extensive loss of heterozygosity (clade 1) have smaller
assemblies caused by haplotype collapse, whereas highly heterozygous isolates have larger assemblies with uncollapsed haplotypes.
Numbers at nodes indicate bootstrap values. Scale bar represents genetic distance (proportion of differing SNPs). IDU, injecting drug

use; SNP, single-nucleotide polymorphism.
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Figure 3. Genomewide loss of heterozygosity distribution across 6 chromosomes of Wickerhamomyces anomalus fungi in study of
invasive W. anomalus infections among injecting drug users, France, 2012-2024. We analyzed 53 W. anomalus isolates collected

in this study and 11 publicly available genomes, grouped by phylogenetic clade. Chromosomes are CM033145.1 (A), CM033146.1

(B), CM033147.1 (C), CM033148.1 (D), CM033149.1 (E), and CM033150.1 (F). Red lines indicate clades. Black indicates loss of
heterozygosity (LOH); gray, insufficient variant coverage; white (no color), heterozygosity. LOH patterns vary extensively within and
between clades. Clade 1 (top) exhibits high levels of LOH and substantial variation between isolates. Other clades show more moderate
and heterogeneous LOH distributions. Some isolates within a clade share similar patterns; others display distinct profiles.

in the study we report, a W. anomalus isolate was re-
covered from the cotton a patient had used to filter
injected drugs, which was collected concurrently with
a blood culture that tested positive for W. anomalus.
Genotyping analysis revealed that both W. anomalus
isolates shared an identical STR genotype. The pa-
tient was otherwise colonized by Nakaseomyces glabra-
tus (formerly Candida glabrata) yeast. Taken together,
those findings strongly suggest direct inoculation via a
contaminated drug preparation, rather than skin con-
tamination. However, we identified no specific drug
product as associated with the risk for W. anomalus IFD
in our cohort. In addition, STR genotyping and WGS
analyses did not reveal any specific cluster among IDU-
associated cases, arguing against contamination from
a single source or a unique product over the 13-year
study period. We did not identify consistent environ-
mental exposure either; patients had diverse housing
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situations across 15 cities. Nevertheless, 8 (30.8%) of 26
patients originated from the same city, and 2 patients
shared an identical STR genotype within a 6-month
interval, suggesting possible local transmission or
exposure. Finally, injection practices themselves may
contribute to the transmission risk for W. anomalus.
Previous reports have linked fungemia in IDU popula-
tions to the use of contaminated lemon juice for dilut-
ing brown heroin (36). Given that W. anomalus yeast is
commonly found in water sources, food products, and
fermented beverages such as wine and beer, exposure
could plausibly occur through the use of nonsterile
diluents. However, further environmental investiga-
tions and prospective practices surveys are warranted
to substantiate our hypothesis.

Most (n=25) W. anomalus IFD patients were treated
with echinocandins either as monotherapy or in com-
bination with other antifungals (n = 2). Remarkably,
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the overall 3-month mortality rate remained low (3.3%,
n = 1/30) across both IDU and non-IDU groups, even
in instances in which antifungal therapy was absent (n
= 3) or limited to fluconazole (n = 3), despite elevated
minimal inhibitory concentrations to fluconazole (37)
(Appendix Table 1). That observation may suggest that
W. anomalus exhibits lower virulence than other yeast
species commonly implicated in fungemia.

MALDI-TOF mass spectrometry using commer-
cial databases appears to be an efficient method for
accurate species-level identification of W. anomalus
in clinical practice. In addition, both STR and WGS
methods are suitable approaches for W. anomalus ge-
notyping, yielding overall concordant results. How-
ever, W. anomalus is a diploid heterothallic species,
and our WGS analysis suggests that LOH events are
frequently happening among this species. Genome
assemblies of 12-30 Mb in our study match those of
public data; smaller assemblies linked to LOH and
larger ones to unpurged duplications (Appendix
Figure 4). In that context, WGS SNP analysis might
have overestimated the number of SNPs, suggesting
that STR genotyping is a more reliable approach for
assessing isolates’ relatedness and explaining the
minor discordances observed between the 2 meth-
ods. LOH events have been shown to enable rapid
adaptation to both host environments and antifun-
gal exposure (38); they have also been reported to
constitute a major evolutionary mechanism driving
divergence within C. albicans populations (39). LOH
can lead to loss-of-function alleles with notable phe-
notypic variations. An example is in C. albicans clade
Iisolates, which carry a heterozygous LOF mutation
in FURI conferring elevated intrinsic resistance to
5-fluorocytosine (40); once rendered homozygous
by LOH, the mutation results in complete resis-
tance to the drug. Four isolates exhibited resistance
to 5-fluorocytosine in vitro (Appendix Table 1), but
none showed evidence of LOH affecting the FUR1
homologue. Nevertheless, we observed an interest-
ing LOH event in 2 isolates recovered from the same
patient at different times (isolates CNRMA17.645 in
2017 and CNRMA19.199 in 2019). In such pathogen,
LOH might represent a more immediate adaptive
response to environmental stress than sexual recom-
bination. Additional analysis could be useful to de-
termine precise chromosomic location of LOH and
eventually loss-of-function related.

Data collection issues affected our study. Re-
ported IDU status and drugs injected might not re-
flect the patient’s situation at the time of the IFD epi-
sode. Similarly, because neither RESSIF nor SINFONI
was specifically designed to capture IDU infections,
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participating centers might have missed information
on injected products. In addition, the relatively lim-
ited number of cases and the imbalance between the
numbers of IDU and non-IDU patients restrict the
possibility of assessing confounding risk factors be-
tween the 2 groups through multivariate analysis.

In conclusion, this nationwide study in France
highlights the increased risk for W. anomalus IFD
among persons who use injected drugs; we observed
a rise in cases since 2021. Our findings strongly sug-
gest an exogenous source of infection, potentially
linked to environmental exposure or unsafe injection
practices, and emphasize the importance of targeted
preventive measures within IDU populations.
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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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Reemergence of Scrub Typhus
Associated with Leptotrombidium
akamushi Mites and Karp-Like
Orientia tsutsugamushi Genotype
Bacteria, Japan, 2024—-2025

Motohiko Ogawa, Nobuhiro Takada, Takashi Katayama,
Yuki Hashimoto, Kei Nagano, Hirotaka Komine, Yukihiro Akeda

Scrub typhus is a miteborne infectious disease caused
by Orientia tsutsugamushi bacteria. In Japan, most cas-
es occur in spring and autumn and are transmitted by
Leptotrombidium pallidum and L. scutellare mites; sum-
mer scrub typhus, transmitted by L. akamushi mites, is
rarely reported. In August 2024, a pregnant woman had
scrub typhus develop after attending a fireworks event in
Niigata Prefecture, Japan, resulting in fetal death. A Viet-
nam-related Karp-like O. tsutsugamushi genotype, dis-
tinct from the Kato type usually associated with L. aka-
mushi mites, was detected from patient samples. Field
investigations at the site of the fireworks event revealed
seasonal predominance of L. akamushi mites in sum-
mer. We detected O. tsutsugamushi sequences identical
to the patient’s strain in 3 L. akamushi mite larvae and 1
field mouse, suggesting that L. akamushi mites were the
source of human infection. Our findings suggest reemer-
gence of summer scrub typhus associated with infected
L. akamushi mites carrying a locally novel genotype.

Scrub typhus is a miteborne infectious disease
caused by Orientia tsutsugamushi bacteria and
transmitted by larval trombiculid mites of the genus
Leptotrombidium (1). Patients typically have an eschar
develop at the site of the mite bite, accompanied by
fever, rash, and elevated liver enzyme and C-reactive
protein levels (2,3). Tetracycline-class antimicrobial
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agents are generally highly effective against scrub
typhus, but delayed treatment can lead to severe dis-
ease and occasionally death.

In Japan, scrub typhus exhibits a bimodal season-
al distribution, with peaks occurring in spring and au-
tumn (2). That seasonal pattern is largely determined
by the life cycles of vector mite species. The princi-
pal vectors in Japan are L. pallidum and L. scutellare
mites (1,4). Both species hatch in autumn, and their
larvae parasitize vertebrate hosts, contributing to the
autumn peak of disease incidence. L. pallidum larvae
can overwinter and remain active until the follow-
ing spring, thereby contributing to the spring peak
of scrub typhus cases. Historically, summer scrub
typhus, transmitted by L. akamushi mites, occurred
in river basin environments of northern and central
Japan, including major river systems in Akita, Ya-
magata, and Niigata Prefectures, such as the Shinano
River Basin (2,5). However, summer scrub typhus is
now rare, and only sporadic cases have been reported
in recent decades, including a suspected Kato-type in-
fection reported in Akita Prefecture in 2008 (6).

Different Leptotrombidium mite species are asso-
ciated with specific O. tsutsugamushi serotypes. For
example, L. akamushi mites are primarily associated
with the Kato serotype, whereas L. pallidum and L.
scutellare mites are associated with other major sero-
types, including Gilliam, Karp, Kawasaki, and Ku-
roki (2,7,8). More recently, L. palpale mites have been
proposed as a vector candidate for the Shimokoshi
type O. tsutsugamushi bacteria (9). In Japan, reports of
infections caused by the Kato serotype are rare, and
the O. tsutsugamushi bacterial genotypes currently as-
sociated with L. akamushi mites remain poorly charac-
terized in regions where summer scrub typhus was
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historically endemic and where that mite species was
the principal vector.

In August 2024, a pregnant woman who had at-
tended a fireworks event on a riverbank in Niigata
Prefecture had scrub typhus develop, resulting in
fetal death. She had no recent travel history outside
Niigata Prefecture before symptom onset. O. tsutsu-
gamushi bacteria were detected in the patient’s serum
and placenta. Sequence analysis of the 56-kDa type-
specific antigen (TSA) gene revealed a Karp-like gen-
otype closely related to strains previously reported
from Vietnam (10). The fireworks event, the suspect-
ed exposure site, was held in the Shinano River Basin,
a region historically known for summer scrub typhus
transmitted by L. akamushi mites.

Detection of O. tsutsugamushi in larval mites can
provide evidence of the direct source of human in-
fection, and infection in rodents can provide indirect
evidence of infected mites in the area. Therefore, we
conducted a field investigation in the suspected expo-
sure area to capture mites and field mice to determine
O. tsutsugamushi infection and characterize the local
maintenance of O. tsutsugamushi in mite vectors and
their host species.

Materials and Methods

We conducted a field investigation at the suspected
exposure site along a riverbank in Nagaoka City, Ni-
igata Prefecture, Japan (37°27.283'N, 138°50.269'E).
We selected 2 sampling sites within ~200 meters of the
suspected exposure site: site A was an area of dense
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bushy vegetation adjacent to farmland, and site B was
an area of dense bushy vegetation immediately adja-
cent to the river’s edge (Figure 1). Both sites provid-
ed suitable habitats for trombiculid mites and small
mammal hosts, including Apodemus spp. field mice.

We conducted field surveys at 1 or both sites dur-
ing June, July, August, and November 2025; site A
was not sampled in August. We used Sherman traps
to capture field mice and set 50 traps per night across
both sites. We anesthetized captured field mice and
collected blood by cardiac puncture for serologic test-
ing before humanely euthanizing the mice. We then
collected spleen samples for molecular detection. We
carefully removed attached larval trombiculid mites
from field mice for mite species identification and
O. tsutsugamushi detection. The Institutional Animal
Care and Use Committee of the National Institute of
Infectious Diseases approved all animal procedures
(approval no. 125159).

Mite Identification

We morphologically identified mites under a stereo-
microscope, according to standard taxonomic meth-
ods (11). Because L. akamushi mites have rarely been
reported in recent field surveys, we performed mo-
lecular identification on selected specimens on the
basis of the cytochrome oxidase I (COX1) gene (12) to
verify species identification. We used PrepMan Ultra
Sample Preparation Reagent (Thermo Fisher Scientif-
ic, https:/ /www .thermofisher.com) to extract DNA
from individual mites.

Figure 1. Study sites for
investigation of reemergence
of scrub typhus associated with
Leptotrombidium akamushi
mites and Karp-like Orientia
tsutsugamushi genotype bacteria,
Japan, 2024-2025. Map shows
suspected exposure site along
the Shinano River in Niigata
Prefecture (P) and 2 sampling
sites (A and B). Site Awas
located adjacent to farmland,
and site B was located along
the riverbank. Sites A and B are
within 200 m of the patient’s
suspected exposure site.

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 32, No. 9, September 2026



Detection of O. tsutsugamushi in Mice and Mites

We tested mouse serum samples for 6 O. tsutsuga-
mushi antibody serotypes by using an indirect im-
munofluorescence assay (13) and considered titers
>80 positive. We extracted DNA from spleen samples
by using a FavorPrep Tissue Genomic DNA Extrac-
tion Mini Kit (Favorgen Biotech Corp., https:/ /www.
favorgen.com). We used real-time PCR targeting the
16S rRNA gene (14) on DNA extracted from field
mouse spleens and engorged mites to screen for O.
tsutsugamushi. For samples that tested positive or
equivocal, we conducted further analysis by using
nested PCR targeting the 56-kDa TSA gene (15). We
sequenced amplicons and performed phylogenetic
analysis by using the neighbor-joining method in
MEGA X version 11.01.3 (https://www.megasoft-
ware.net) with 1,000 bootstrap replicates (16).

Results

Detection of O. tsutsugamushi in Mice

We captured a total of 54 field mice, all of which were
large Japanese field mice (Apodemus speciosus). Serum
samples suitable for serologic testing were obtained
from 45 mice (37 from site A and 8 from site B). From
site A, 31 (84%) of 37 tested field mice were O. tsu-
tsugamushi-seropositive. In site B, 7 (88%) of 8 tested
field mice were O. tsutsugamushi-seropositive (Figure
2). From site A, PCR genotyping revealed Japanese
Gilliam-type strains of O. tsutsugamushi bacteria in
field mice collected during June, July, and November,
and we detected a Karp-type strain in 1 field mouse
collected in June. At site B, we detected Japanese Gil-
liam-type strains in 1 field mouse in June.

Mite Abundance and Identification

The composition and seasonal abundance of mites
collected from field mice differed markedly between
the 2 sampling sites. From site A, we detected mites
in November (mean 16.3 mites/mouse) and June
(mean 6.5 mites/mouse) but not in July (Table). We
conducted no sampling at site A in August. All mites
collected in June were L. pallidum, whereas 57.7% of
mites collected in November were L. pallidum and
42.3% were Neotrombicula japonica (Figure 3). At site
B, all mites collected in June and August were L. pal-
lidum, whereas L. akamushi accounted for 96.3% of
mites collected in July (Figure 3).

Representative mite specimens showed the char-
acteristic position of the sensillary setae anterior to
the posterolateral setae and 8 dorsal idiosomal setae,
consistent with L. akamushi mites (Figure 4). Of 52 L.
akamushi mites analyzed, 24 yielded COX1 sequences
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Figure 2. Antibody titers from field mice in a study of reemergence
of scrub typhus associated with Leptotrombidium akamushi mites
and Karp-like Orientia tsutsugamushi genotype bacteria, Japan,
2024-2025. We tested serum samples from large Japanese field
mice (Apodemus speciosus) by indirect immunofluorescence
assay against 6 O. tsutsugamushi bacterial serotypes. Titers >80
were considered positive.

confirming species identification. The other 28 speci-
mens did not yield reliable sequences, likely because
of the extremely small body size of larvae and vari-
able DNA quality. However, all specimens exhibited
morphologic characteristics consistent with estab-
lished diagnostic criteria for L. akamushi mites under
stereomicroscopic examination. Together with the
molecular results, those findings indicate the pres-
ence of L. akamushi mites at the study site.

Phylogenetic Analysis of O. tsutsugamushi Strains

We identified Japanese Gilliam-type O. tsutsugamu-
shi strains in 5 field mice collected at site A in June,
1 field mouse collected in July, and 2 field mice col-
lected in November. At site B, we identified the same

Table. Number of mice and mites collected per site in an
investigation of reemergence of scrub typhus associated with
Leptotrombidium akamushi mites and Karp-like Orientia
tsutsugamushi genotype bacteria, Japan, 2024-2025*

No. mites collectedt

Collection site and Total no. mice Total no. Mean
month collected captured collected no./mouse
Site A
June 20 130 6.5
July 11 0 0
August NS NS NS
November 7 114 16.3
Site B
June 2 24 12
July 5 54 10.8
August 8 5 0.6
November 1 0 0

*Sampling sites were within ~200 meters of the suspected exposure site in
Nagaoka City, Niigata Prefecture, Japan (37°27.283'N, 138°50.269'E). Site
A was dense bushy vegetation adjacent to farmland; and site B was dense
bushy vegetation immediately adjacent to the Shinano River. NS, not
sampled

tMite species included L. akamushi, L. pallidum, Neotrombicula japonica,
and other unidentified species.
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Figure 3. Seasonal abundance
and species composition of
trombiculid mites collected

from field mice in a study of
reemergence of scrub typhus
associated with Leptotrombidium
akamushi mites and Karp-like
Orientia tsutsugamushi genotype
bacteria, Japan, 2024-2025. A)
Site A, near a tract of farmland;
B) site B, near the riverbank.
Graphs show mean numbers of
mites per mouse and species
composition for each sampling
period. Mite species composition
differed markedly between

the sites: L. pallidum was
predominant at site A in June
(early summer) and November
(autumn), whereas L. akamushi
was predominant at site B in
July (summer). Neotrombicula
japonica and other mite species
were also detected.

strain in 1 field mouse and 1 mite collected in June.
We identified a Karp-like strain of O. tsutsugamushi
in 1 field mouse and 3 L. akamushi larvae collected at
site B in July. COX1 analysis confirmed the larvae as
L. akamushi species mites.

The Karp-like strain of O. tsutsugamushi we
detected was more closely related to strains from
Vietnam than to the Kato type historically associated
with L. akamushi mites in Japan. The longest 56-
kDa TSA gene sequence (959 bp) we obtained was
from the placenta specimen (GenBank accession no.
LC912005). That sequence showed the highest nucle-
otide identity (98.5%) to 2 previously reported strains
from Vietnam (GenBank accession nos. HQ718457.1
[945 bp] and HQ718455.1 [959 bp]) (Figure 5). Related
Karp-like sequences have been identified elsewhere
in Asia, but those 2 strains from Vietnam had the
highest sequence similarity to sequence LC912005.
In addition, the 959-bp sequence obtained from the
placenta specimen was identical to 2 other sequences
(GenBank accession nos. LC912009 and LC912010)
obtained from 2 L. akamushi mite larvae. The nucle-
otide sequences of an ~420-bp region were identical
among the placenta specimen (GenBank accession
no. LC912005), patient serum sample (accession no.
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LC921007), 1 field mouse spleen sample (accession no.
LC912003), and 3 L. akamushi larvae (accession nos.
LC912007, LC912009, and LC912010). Phylogenetic
analysis on the basis of that 420-bp region placed all
samples within the same Karp-like cluster (Figure 5).

The O. tsutsugamushi-positive larvae were engorged
L. akamushi larvae attached to field mice at the time of col-
lection. However, the spleens of the field mouse hosts to
which those larvae were attached tested negative for O.
tsutsugamushi by PCR. Because trombiculid larvae feed
only once on vertebrate hosts, larvae that acquire O. tsu-
tsugamushi from an infected host cannot subsequently
transmit the pathogen to another host. Moreover, hori-
zontally acquired infection is not efficiently maintained
across generations (8,17). Therefore, detection of O.
tsutsugamushi in engorged larvae attached to PCR-neg-
ative field mice strongly suggests that those larvae ac-
quired the pathogen before attaching to the mice, likely
through vertical transmission; therefore, L. akamushi
could be the source of human infection in this instance.
Furthermore, sequence analysis showed that the nucle-
otide sequences of the O. tsutsugamushi bacterial strain
in the larvae were identical to those detected in the pa-
tient’s serum and placenta, providing strong evidence
that human infection was likely caused by bites of in-
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fected L. akamushi larvae during the fireworks event on
the riverbank.

Discussion

Our findings demonstrate marked seasonal differenc-
es in mite species abundance and composition within
a limited area along a riverbank in Niigata Prefec-
ture and identified L. akamushi as the predominant
mite species at the time and location where the pa-
tient is suspected to have been exposed. Detection of
the same genotype of O. tsutsugamushi in L. akamushi
mites, field mice, and the patient suggests that human
infection occurred at this site.

The marked predominance of L. akamushi in July
suggests that this species is strongly associated with
the summer occurrence of O. tsutsugamushi scrub ty-
phus at this site. Historically, L. akamushi mites have
been recognized as the principal vector of summer
scrub typhus in northern Japan, particularly in river
basin environments. The contrasting predominance
of L. pallidum mites at site A and L. akamushi mites at
site B might reflect differences in local environmental
conditions, although the specific factors responsible
remain unclear.
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Of note, we identified engorged O. tsutsugamushi-
positive larvae attached to field mice whose spleens
tested O. tsutsugamushi-negative by PCR, indicating
that the larvae acquired the pathogen before attach-
ing to their hosts. Because trombiculid larvae feed only
once on vertebrate hosts and horizontally acquired in-
fection is not efficiently maintained across generations,
only larvae that already harbor O. tsutsugamushi, pre-
sumably through vertical transmission, can serve as
the source of human infection. Those findings suggest
that O. tsutsugamushi is maintained primarily within
mite populations and that infected larval mites are the
principal source of human infection, rather than verte-
brate hosts serving as amplification reservoirs.

The strain we identified was a Vietnam-related
Karp-like genotype, distinct from the Kato type
historically associated with L. akamushi mites, sug-
gesting the presence of a previously unrecognized
lineage associated with this vector species in Japan.
That finding demonstrates that L. akamushi mites are
not associated exclusively with the Kato genotype,
as previously thought, but can also harbor geneti-
cally distinct lineages, including Vietnam-related
Karp-like strains.

Figure 4. Comparison of
engorged larval mites from

a study of reemergence of
scrub typhus associated with
Leptotrombidium akamushi
mites and Karp-like Orientia
tsutsugamushi genotype
bacteria, Japan, 2024-2025.

A) L. akamushi larva; B) semi-
engorged L. pallidum larva.
Larvae were collected from

field mice in Niigata Prefecture
at the site of probable patient
O. tsutsugamushi infection. L.
akamushi can be distinguished
from L. pallidum by the position
of the sensillary setae (black
arrows), which arise anterior to
the posterolateral setae of the
scutum, and by the presence

of 8 dorsal idiosomal setae

in a transverse row (white
arrows). Those morphological
characteristics were consistent
with the molecular identification
on the basis of COX1 sequence
analysis. Scale bar indicates 100
um; both images are at the same
magnification.

1467



RESEARCH

Figure 5. Phylogenetic
relationships of Orientia
tsutsugamushi strains detected
in field mice, mites, and a
human patient from a study of
reemergence of scrub typhus
associated with Leptotrombidium
akamushi mites and Karp-like
O. tsutsugamushi genotype
bacteria, Japan, 2024—2025.
Phylogenetic analysis was
performed using the neighbor-
joining method on the basis

of an ~420-bp region of the
56-kDa type—specific antigen
gene. Sequences obtained from
the placenta specimen, patient
serum, 1 field mouse, and 3 L.
akamushi mite larvae clustered
together within the Karp-like
lineage and were identical
within the analyzed region. The
placenta sequence (GenBank
accession no. LC912005) was
also identical over a 959-bp
region to 2 L. akamushi mite—
derived sequences (GenBank
accession nos. LC912009 and
LC912010). Reference strains
representing major genotypes,
including Kato and Karp-
related strains, are included for
comparison. O. tsutsugamushi
bacterial sequences from
rodents were all obtained

from large Japanese field

mice (Apodemus speciosus).
Scale bar indicates nucleotide
substitutions per site.

In summary, the high seroprevalence in field
mice at both survey sites suggests widespread circu-
lation of O. tsutsugamushi and infected vector mites
within the study area. Collectively, our findings pro-
vide evidence for the re-emergence of summer scrub
typhus associated with infected L. akamushi mites and
highlight the need for continued vector surveillance
and molecular O. tsutsugamushi bacterial surveillance
to clarify scrub typhus risk in Japan.
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DISPATCHES

Serologic Evidence of Hantavirus
Exposure in Humans,
Italy, 2004—-2018

Giulia Faolotto, Anishia Wasberg, Rommel Iheozor-Ejiofor, Essi M. Korhonen, Rosalba Minisini,
Tarja Sironen, Ruut Joensuu, Jiaxin Ling, Ake Lundkvist, Olli Vapalahti, Eili Huhtamo, Paolo Ravanini

Rodentborne hantaviruses and lymphocytic choriomen-
ingitis virus (LCMV) circulate in northern ltaly but are
rarely diagnosed. We tested samples collected from 371
patients during 2004—2018 and detected LCMV IgG in
2.7% of samples and hantavirus IgG in 7.3%. Puumala
virus—neutralizing antibodies were confirmed in 10 cases,
indicating unrecognized local hantavirus circulation.

n Europe, endemic rodentborne viruses include

Old World hantaviruses (Hantaviridae) and lym-
phocytic choriomeningitis virus (LCMV; Arenaviri-
dae) (1). Puumala virus (PUUV), carried by the bank
vole (Clethrionomys glareolus), is the most widespread
hantavirus in Europe. In southeastern Europe and the
Balkans, Dobrava-Belgrade virus (DOBV) in yellow-
necked mice (Apodemus flavicollis) and Saaremaa vi-
rus in striped field mice (A. agrarius) are also present
(1). Those mouse species and other potential reservoir
species, such as the Mus musculus mouse and Rattus
norvegicus rat, are common in northern Italy, includ-
ing the regions discussed in this article (2).

DOBYV and PUUV cause hemorrhagic fever with
renal syndrome (HFRS), and LCMYV, transmitted by
house mice (M. musculus), can cause febrile illness or
aseptic meningitis (1). Unlike in many neighboring
countries, rodentborne infections are not commonly
diagnosed in Italy, although evidence of LCMV and
DOBV circulation and human exposure exists (2-6).
This study aimed to determine serologic evidence of
hantaviruses and LCMV exposure in northwestern
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Italy, a region where these viruses have not been ex-
tensively studied.

The Study

The study samples (n = 371, average age 59.9 years)
were collected during 2004-2018 for other studies in
the provinces of Novara, Biella, Vercelli, and Verba-
no Cusio-Ossola (Figure) and included patients with
various chronic diseases, including nephrologic pa-
thologies, alcohol abuse, hepatitis C virus infection,
and liver diseases. All patients provided written in-
formed consent, and the study was approved by the
local ethics committee. In 2018, we screened patient
plasma samples for PUUV, DOBV, and LCMV IgG
using immunofluorescence assay (IFA) as previously
described (2). To further determine hantavirus anti-
body specificity, we tested neutralizing antibodies in
2024 and 2025 against PUUV and DOBYV for samples
with IgG titers >1:40 in DOBV or PUUV IgG IFA.

We performed focus reduction neutralization
tests (FRNTs) in Vero E6 cells according to previously
published protocols (7,8). In brief, we incubated Vero
E6 cells with serially diluted plasma samples and
hantavirus (50 focus-forming units/well) in 24-well
plates. After adsorption, we overlaid cells with MEM-
agarose and incubated for 8-10 days, depending on
the virus. We detected foci by immunostaining with a
hantavirus-specific monoclonal antibody and horse-
radish peroxidase-conjugated secondary antibody,
visualized with AEC (3-amino-9-ethylcarbazole) sub-
strate. We determined neutralizing titers on the basis
of the reduction in foci relative to virus-only controls;
we used an 80% reduction relative to the negative
control as the cutoff for enhanced specificity.

Of 371 patients, 27 (7.3% [95% Wilson CI 5.0%-
10.4%]) were positive for hantavirus IgG by IFA (ti-
ters 1:20-1:640) (Table 1). We further tested 11 with
titers >1:40 by FRNT and detected PUUV-neutraliz-
ing activity in 10/11 of the tested samples (titers 1:80
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to >1:320). Neutralization of DOBV was generally
lower (titers <1:40 to 1:80). Several samples exhibited
PUUV-specific neutralization with minimal or absent
DOBV-neutralizing activity (Table 2). For LCMV, 10
of 371 patients (2.7% [95% Wilson CI 1.5%-4.9%])
were IgG positive (titers 1:20 to 1:40) (Table 1). Sero-
positive cases were geographically dispersed (Fig-
ure), and antibodies to both viruses were detected
only in the region of Novara.

This study detected antibodies against hantavi-
ruses and arenaviruses in patients from a previously
unstudied region of northwestern Italy. Hantavirus
infections are routinely reported in neighboring coun-
tries but are rarely diagnosed in Italy; yearly cases
have been reported in France, Austria, and Slovenia
(9). LCMV seroprevalence (2.7%) matched previous

Evidence of Hantavirus Exposure in Humans, ltaly

reports from the Trentino area (2). Our hantavirus se-
ropositivity (7.3%) was higher than the 0.2% DOBV
IgG reported for forestry workers in Trentino in 2002
(2) and above the estimated 1.7% average in the gen-
eral population in Italy (10). Higher seroprevalence
(up to 8.8%) has been reported in occupationally ro-
dent-exposed risk groups (5).

IFA results demonstrated that plasma samples
were positive for PUUV or for DOBV IgG; however,
FRNT demonstrated predominantly PUUV-specific
neutralizing activity, suggesting PUUV as the likely
infecting virus. Neutralization against DOBV was
absent or detected at low titers, consistent with se-
rologic cross-reactivity rather than an actual DOBV
infection. Only 1 sample (S52) showed reactivity to
both PUUV and DOBV antigens by IFA and had a

Figure. Geographic distribution of study participants and seropositive cases by region in study of serologic evidence of hantavirus

exposure in humans, Italy, 2004—2018.
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DISPATCHES

Table 1. Antibody screening results determined by immunofluorescence assay in study of serologic evidence of hantavirus exposure
in humans, Italy, 2004-2018

No. (%) patients

Classification/patient group Hantavirus 1gG positive LCMV IgG
description Sampling year Total PUUV DOBV Combined positive
Alcohol abuse 2013-2016 (mostly 2013) 28 (7.55) 2 (7.14) 1(3.57) 3(10.71) 0
Liver diseases 2004, 2009, 2012 (mostly 2012) 177 (47.71)  5(2.82) 11 (6.21) 16 (9.04) 4 (1.69)
HCV infections 2018 30 (8.09) 0 0 0 1(3.33)
Renal diseases 2006, 2007, 2018 110 (29.65) 3(2.72) 3(2.72) 6 (5.45) 5 (4.55)
Oral anticoagulant treatment 2007 26 (7) 1(3.85) 1(3.85) 2 (7.69) 0
Total 371 (100) 11 (2.96) 16 (4.31) 27 (7.28) 10 (2.70)

*DOBYV, Dobrava-Belgrade virus; HCV, hepatitis C virus; LCMV, lymphocytic choriomeningitis virus; PUUV, Puumala virus.

mixed neutralization profile. That finding could in-
dicate exposure to an antigenically related hanta-
virus or the presence of cross-reactive antibod-
ies. Cross-neutralizing antibody responses among
hantaviruses have been documented in both acute
and late-convalescent patient samples, potentially
complicating serologic interpretation. Although
dual exposure to both PUUV and DOBV cannot be
excluded, the serologic findings do not enable a defi-
nite distinction between these possibilities (7,11)

The first limitation of our study is that single-
time-point sampling precluded infection timing and
symptom linkage to seropositivity. Because samples
were collected from chronically ill persons, the find-
ings might not fully represent the general popula-
tion, and data on risk factors, residence, and travel
history were unavailable. Residence in a large metro-
politan area such as Milan could argue against local
transmission; however, patients” chronic conditions
and regular follow-up at the regional university hos-
pital support predominantly local or regional expo-
sure. Furthermore, geographic representation was
uneven; most patients resided in the Novara area,
potentially biasing the spatial distribution of sero-
positive cases.

Overall, we found no clear association between
serologic findings and patient group, location,
or sampling timing. Most hantavirus-seropositive

patients were men 36-88 years of age, consistent
with reports of higher incidence of hantavirus in-
fection in men and a predominance in the 45-64-
year age group (9).

The neutralization profile strongly suggested
exposure to PUUV or a closely related hantavirus
rather than DOBV, previously reported in Italy (2,4~
6). The symptoms of PUUV and DOBV infections
can vary from asymptomatic to severe and often
include fever, headache, abdominal pain, backache,
and nausea, occurring in the absence of respirato-
ry symptoms (1). Although both viruses can cause
HEFRS, disease associated with DOBV is more severe
(5%-10% fatality rate), whereas PUUV infection is
typically milder (<1% fatality rate) (1), which might
hinder clinical recognition. PUUV infections have
been documented in neighboring countries in the
Alpine region and central Europe (12-14) and, given
the continuity of forest ecosystems and the distribu-
tion of the bank vole, its presence in northern Italy is
plausible. Although the bank vole, the natural host
of PUUV, typically inhabits forests, our study area
was largely semiurban and agricultural with frag-
mented woodland. How human exposure occurs in
such environments warrants further investigation.
Of note, a recent PUUV outbreak in coastal Croatia
(15) highlights the virus’s ability to emerge beyond
typical bank vole habitats.

Table 2. Hantavirus IFA and FRNT results among participants in study of serologic evidence of hantavirus exposure in humans, ltaly,

2004-2018*

IFA results, titer FRNT assay results, titer

Sampling year Location (Province) Sample code PUUV DOBV PUUV DOBV
2004 Abbiategrasso (Milano) 681 <10 40 160 <40
2005 Novara (Novara) 791 80 80 160 80
2011 Arona (Novara) S09 40 <10 80 40
2012 Galliate (Novara) S65 40 <10 80<160 40
2012 Novara (Novara) S42 80 80 160 40
2012 Castelletto sopra Ticino (Novara) S22 80 40 80 <40
2012 Novara (Novara) S52 320 640 ND 80<160
2012 Robecchetto con Induno (Milano) S18 40 <10 80 40<80
2013 Trecate (Novara) E19 40 10 80 40<80
2015 Piedimulera (Verbania) E27 80 <10 160<320 40
2018 Galliate (Novara) NO04 40 <10 160 80

*Average age of participants was 58.9 years; participants were 63.6% male and 36.3% female. DOBV, Dobrava-Belgrade virus; FRNT, focus reduction
neutralization test; IFA, immunofluorescence assay; ND, not determined; PUUV, Puumala virus.
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Conclusions

Our serologic findings in a cohort of chronically ill
patients in northern Italy demonstrated exposure to
hantaviruses and LCMV. The rate of hantavirus an-
tibody detection was notably high, suggesting local
transmission. Together with previous reports from
Italy, our findings highlight that rodentborne vi-
ruses, particularly hantaviruses, are likely endemic
beyond the currently recognized regions. Because
of limited data on human infections, hantaviruses
remain largely underdiagnosed and neglected in It-
aly. Although the most recent samples in this study
date from 2018, the detection of antibodies across
multiple sampling years suggests sustained expo-
sure in this region. Further studies in both rodents
and humans are needed to identify endemic hanta-
virus species and better estimate associated risks
and disease burden. Raising clinician awareness
of mild forms of HFRS, such as nephropathia epi-
demica, and ensuring access to appropriate labora-
tory diagnostics are crucial for timely detection and
confirmation of infections. Public health messaging
would be essential to minimize exposure to rodents
and their excreta, helping to prevent rodentborne
diseases across Italy.
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Foundation, Jane and Aatos Erkko Foundation, and the
Research Council of Finland.
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DISPATCHES

Seroprevalence of Influenza
A(H5N1) Virus in Domestic
Cats at Epicenter of
Dairy Cattle Outbreaks,
California, USA, 2024—-2026

lan G. Bemis, Ismaila Shittu, Jacob F. Gomez, Esther A. Fadaka,
Sofia Perez, Gregory C. Gray, Kristen K. Coleman

We conducted a serologic study of domestic cats near
the epicenter of the dairy cattle outbreaks of influenza
A(H5N1) in California, USA. Three of the 12 cats sam-
pled within 2 km of farms had neutralizing antibodies
against H5N1 virus. Proximity to dairy farms was a sta-
tistically significant risk factor for seropositivity.

ighly pathogenic avian influenza A(H5N1) clade

2.3.4.4b is emerging in domestic cats (Felis catus),
presenting urgent public health and animal welfare
implications. Historically, cats have not been wide-
ly considered important hosts of influenza viruses.
However, sporadic infections and outbreaks of avian
influenza viruses in cats have occurred for >20 years
(1). The emergence of H5N1 clade 2.3.4.4b virus has
resulted in widespread mammalian infections (2,3),
including an alarming increase in infections among
domestic cats, in which the estimated case-fatality
rate is 90% (1). Although most of those infections
emerged from direct bird-to-cat transmission, sev-
eral recent outbreaks among US cats have involved
infected dairy farms (4-6) or links to workers in the
dairy industry (7). Contaminated raw dairy milk (5,8)
and raw meat-based diets (9) have been identified as
sources of infection in cats.
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Like swine, cats have a-2,6- and a-2,3-linked sialic
acid receptors (10) and can be co-infected with avian and
human influenza viruses. Thus, with widespread H5N1
virus infections, a growing potential exists for influenza
virus co-infections in domestic cats that could result
in viral reassortment and selection for novel human-
adapted viruses. Infections resulting from cat-to-human
transmission of avian influenza have been documented
3 times in the United States, including in a veterinarian
and an animal shelter worker exposed to shelter cats in-
fected with influenza A(H7N2) virus in New York, New
York, in 2016 (11,12) and in a veterinary professional
exposed to a domestic cat infected with H5N1 virus in
Los Angeles, California, in 2024 (13). Suspected human-
to-cat transmission of H5N1 virus also occurred in 2024
in Michigan, resulting in the deaths of 2 house cats (7).
Ten additional cats died from another H5N1 outbreak
in 2024 in South Dakota (14) in which cattle-to-bird-to-
cat transmission was suspected.

Although several US dairy industry-related out-
breaks of HSN1 among cats have been reported, the
resulting seroprevalence of H5N1 virus among do-
mestic cats near affected dairy farms is unknown.
Therefore, we performed a serosurvey of domestic
cats at the epicenter of the 2024-2025 dairy cattle out-
breaks in California’s Central Valley.

The Study

An animal welfare organization in Tulare County, Cal-
ifornia, provided serum samples collected from cats
during routine blood draws. Because serum samples
from routine blood draws were provided, an ethics
review was not required. We shipped aliquots to the
University of Maryland (College Park, MD, USA) and
the University of Texas Medical Branch (Galveston,

Emerging Infectious Diseases » www.cdc.gov/eid * Vol. 32, No. 9, September 2026



TX, USA) and tested them using ELISA and H5 micro-
neutralization assays (Appendix, https:/ /wwwnc.cdc.
gov/EID/article/32/9/26-0785-Appl.pdf). We com-
pared approximate age, sex, weight, and distance to
nearest dairy farm between seropositive and seronega-
tive cats (Appendix).

During December 2024-March 2026, we collect-
ed 73 serum samples from indoor and outdoor cats
(Figure 1) within 9.7 km (6 miles) of >1 dairy farms
(mean 4.7 km [2.9 miles]). Among the 73 cats, 3 tested
positive for both influenza A virus nucleoprotein an-
tibodies and neutralizing antibodies against H5 clade
2.3.4.4b. One indoor-only and 1 outdoor feral cat had
neutralizing antibody titers of 1:160, and 1 indoor-only
cat had a titer of 1:640, indicating strong positivity and
100% agreement between the ELISA and microneutral-
ization assay. All negative samples had titers of <1:20.

Three (25%) of the 12 cats sampled within 2 km
(1.24 miles) of dairy farms were seropositive for H5N1
virus (Figure 2), yielding an overall seropositivity rate of
4.1% for all surveyed cats. Seropositive cats had a mean
distance to the nearest dairy farm of 1.34 km (0.8 miles),
compared with 4.83 km (3 miles) for seronegative cats
(p = 0.014) (Figure 3). Average age of surveyed cats was
~1.6 years (range ~3 months-4.9 years); 60% were fe-
male and 40% male. Age and sex were not significantly
different for seropositive and seronegative cats. Of the
73 cats surveyed, 68 (93%) were in rural areas and 5 (7%)
in urban areas. All seropositive cats were in rural areas.
No indoor cats were fed raw meat or dairy.

Conclusions

Avian influenza A(H5N1) clade 2.3.4.4b is an emerg-
ing threat to domestic cats and public health. We
report a 25% seropositivity rate for the virus among
domestic cats within 2 km (1.2 miles) of dairy farms
in the epicenter of the H5N1 cattle outbreaks in

Seroprevalence of H5N1 Virus in Domestic Cats

California during 2024-2026. Proximity to dairy farms
in counties experiencing outbreaks may be a risk fac-
tor for H5N1 spillover to indoor and outdoor domes-
tic cats. Our research provides insight into potential
H5NT1 virus sources and transmission routes among
domestic cats in the United States, for which data
are scarce. Our results may help refine public health
guidance on the prevention of avian influenza in cats
and set the stage for future studies.

Although only 3 seropositive cats were identified
in our study, their closer proximity to dairy farms com-
pared with seronegative cats is an important epide-
miologic finding. Although we cannot determine the
source (or sources) of H5SN1 among the seropositive
cats in our study, their close proximity to dairy farms
suggests that cats may share a source of infection with
infected cattle or that dairy herds are directly infecting
nearby cat populations. Infections and deaths also have
been reported among cats exposed to H5N1 on affected
dairy farms in Texas (4), New Mexico (5), and Minne-
sota (6) and among domestic cats near dairy farms in
South Dakota (14) and in the households of Michigan
dairy industry workers (7). Similar to the South Dakota
outbreak (14), cattle-to-bird-to-cat transmission is one
plausible explanation for the seropositive feral cat iden-
tified in our study. The feral cat was found within 0.8
km (0.5 miles) of a farm and could have wandered and
been exposed directly to cattle or contaminated milk or
other sources. Cat movement onto influenza-infected
farms should be studied, in addition to cat exposure
to infected rodents and other small mammals. Regard-
ing the seropositive indoor-only cats in our study, both
were from a household of a dairy industry worker,
similar to the infections in Michigan cats (7). The route
of transmission, including human-to-cat transmission,
cannot be confirmed in our study. However, we can
rule out raw meat or dairy as a potential source.

Figure 1. Timeline of highly pathogenic avian influenza A(H5N1) dairy cattle outbreaks and domestic cat (Felis catus) serum sample
collection, Central Valley, California, USA, 2024—-2026. USDA, US Department of Agriculture.
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Figure 2. Grouped distance

to the nearest dairy farm for
domestic cats (Felis catus)
seropositive and seronegative
for highly pathogenic avian
influenza A(H5N1) clade 2.3.4.4b
virus near epicenter of dairy
cattle outbreaks, Central Valley,
California, USA, 2024-2026.

Because of the high case-fatality rate in cats with
H5NT1 virus infection (1), the seroprevalence reported
in our study probably is an underestimate of the ac-
tual prevalence of H5N1 virus infection in cats in this
region. In addition, cats infected with H5N1 virus of-
ten have onset of acute encephalitis with multifocal

Figure 3. Mean distance to the nearest dairy farm for domestic
cats (Felis catus) seropositive and seronegative for influenza
A(H5N1) clade 2.3.4.4b virus near epicenter of the dairy cattle
outbreaks, Central Valley, California, USA, 2024-2026. Error bars
represent SEM.
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necrosis, resulting in paralysis, blindness, ataxia, and
other severe long-term sequelae, sometimes requiring
ambulatory assistive devices (§). Such complications
may preclude working cats from escaping predation
or effectively hunting or deterring rodents on farms.
To help mitigate that animal welfare and farm main-
tenance issue, vaccinating dairy cattle should be con-
sidered (15) because it could protect cattle and other
at-risk animals on or near farms.

Our study highlights a critical gap in companion
animal surveillance and might be helpful to health
agencies as they seek approaches to mitigating this
emerging infectious disease threat. Proximity to
dairy farms was a risk factor for H5N1 spillover to
cats in our study. However, cattle-to-cat transmission
of H5N1 virus is a relatively new phenomenon, and
most cat infections reported in the literature over the
past 20 years have been from bird-to-cat transmission
(1). To assess the in situ risk for human-adapted re-
assortant influenza viruses emerging in cats, future
work is needed to characterize the seroprevalence of
human influenza viruses in cats and avian influenza

Emerging Infectious Diseases » www.cdc.gov/eid * Vol. 32, No. 9, September 2026



viruses in cats near outbreaks in poultry and wild
birds. Cat surveillance studies also could provide in-
sight into nearby H5N1 outbreaks that have yet to be
discovered, fully investigated, or contained.
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Genomic and Epidemiologic
Insights into Ongoing Measles
Outbreak, Israel, 2025—-2026
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An ongoing measles outbreak in Israel, involving 3,200
cases and 16 deaths, threatens the country’s measles
elimination status and reflects declining vaccination rates
observed globally and within Israel. Epidemiologic inves-
tigations supported by sequencing suggest that a single
importation triggered the outbreak, underscoring the criti-
cal role of rapid genomic surveillance in outbreak control.

Measles is a highly contagious, vaccine-pre-
ventable disease; clinical manifestations
typically include high fever, maculopapular rash,
cough, and conjunctivitis. Severe complications,
including pneumonia and encephalitis, can occur
in up to 30% of cases, and the case-fatality rate is
~1/1,000 cases (1). Despite an effective vaccine
(measles, mumps, and rubella [MMR]), measles re-
mains a major global health concern; in 2025, Ro-
mania, Vietnam, Morocco, and the United States
reported outbreaks (2-4).

In Israel, MMR vaccine coverage has declined
in recent years to 83% receiving the first dose at <25
months of age and 87% a second dose at <8 years of
age. Corresponding rates are 83% and 85% in Jerusa-
lem and 89% and 93% in the Central District; cover-
age is lower in Ultra-Orthodox communities (Israel
Ministry of Health, unpub. data). Israel achieved

measles elimination in 2015, but outbreaks continue,
including >4,000 cases in 2018-2019 and smaller
outbreaks during 2023-2024 (5-7). We report on an
ongoing measles outbreak that began in Israel in
April 2025.

The Outbreak

During April 7, 2025-February 28, 2026, a total of 3,203
measles cases, including 16 deaths, were reported
across Israel, the largest outbreak since 2018-2019 (8).
Epidemiologic investigations found 13 case-patients
had a history of travel abroad shortly before illness
onset (Table). Among reported case-patients, mean
age was 5.58 years (SD 9.35 years; range 1 month-73
years); 82.7% were unvaccinated, 7.1% were partially
vaccinated, 2.2% were fully vaccinated, and 8.5% had
unknown vaccination status.

As part of routine surveillance, 132 measles vi-
rus-positive samples collected during April 2025-
February 2026 were selected for sequencing (Ap-
pendix Table 1, https://wwwnc.cdc.gov/EID/
article/32/9/26-0625-Appl.pdf). Samples  were
sequenced on the basis of the following criteria: all
available imported cases, all travel-associated cases,
representative samples from newly affected areas,
and randomized samples collected in established
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Measles Outbreak, Israel, 2025-2026

Table. Patient data from investigation of genomic and epidemiologic insights into ongoing measles outbreak, Israel, 2025—-2026*

Symptom onset Country of Sequence
Patient no. Case ID date Date of return infection Epidemiologic data available Genotype
1 597/25 2025 Apr 5 2025 Mar 30 Serbia Transmission chain of 2 cases Y D8
2 681/25 2025 Apr 10 2025 Apr 4t Belgium Index case N NA
3 651/25 2025 Apr 16 2025 Apr 3 Vietnam Single imported case Y B3
4 835/25 2025 Apr 30 2025 Apr 21 Russia Transmission chain of 2 cases Y B3
5 1813/25 2025 Jun 15 2025 Jun 11 Belgium NA Y B3
6 1929/25 2025 Jul 10 2025 Jul 5 Thailand  Transmission chain of 2 cases Y D8
7 3067/25 2025 Aug 26 2025 Aug 22 Poland Virus likely acquired in Israel Y B3
8 3425/25 2025 Oct 2 2025 Sep 30 Ukraine NA N NA
9 4319/25 2025 Oct 3 2025 Oct 10 Poland Single import-associated case N NA
10 4130/25 2025 Oct 31 NA Ethiopia Virus likely acquired in Israel Y B3
11 5745/25 2025 Nov 5 2025 Oct 22 India Single import-associated case N NA
12 4988/25 2025 Nov 27 2025 Nov 30 Germany Virus likely acquired in Israel Y B3
13 833/26 2026 Jan 11 2026 Jan 8 Greece NA N NA

*|D, identification; NA, not available.
TDate of return is estimated; a sample from a close contact was sequenced and determined as B3 genotype.

outbreak locations every 2 weeks throughout the occurred in established measles-positive locations
outbreak. Samples were excluded from sequencing (i.e., same street or household) (Appendix). Complete
when epidemiologic data showed that transmission measlesvirus genomesweresequenced (9) (Appendix)

Figure 1. Phylogenetic analysis from investigation of genomic and epidemiologic insights into ongoing measles outbreak, Israel, 2025—
2026. Phylogenetic tree including 132 sequences from Israel collected during April 2025—February 2026 and 29 global sequences from
2020-2025 available in the National Center for Biotechnology Information (Appendix Table 3, https://wwwnc.cdc.gov/ElD/article/32/9/
article/26-0625-App1.pdf). Tree was constructed using the Nextrain Augur pipeline under the generalized time reversible substitution model,
and visualized with Auspice (10). A) Time-resolved phylogenetic tree including Israel and global sequences. B) Divergence tree highlighting
the Israel clusters and indicating the district of origin for each sample; branch lengths and the x-axis represent genetic divergence, whereas
numbers along branches indicate inferred nucleotide substitutions relative to the parental node. Asterisks (*) denote cases with documented
travel around the time of measles identification; country flags indicate the reported travel destination when known. Plus signs (+) denote
fatal cases in children. Red arrow denotes the epidemiologically linked case related to the initial importation from Belgium.
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and used for phylogenetic analysis to support trans-
mission chain reconstruction. The N450 region of the
measles viral genome confirmed the sequences as
genotype B3, matching the reference MVs/Quetta.
PAK/44.20 strain from Pakistan.

Phylogenetic analysis showed the Israel se-
quences clustered most closely with sequences from
the Netherlands and the United States collected in

Figure 2. Geographic distribution of sequenced measles cases
and importation clusters from genomic and epidemiologic
investigation into ongoing measles outbreak, Israel, 2025-2026.
Map displays the geographic distribution of sequenced cases

by city. Colors denote the 3 major identified importation clusters,
and the accompanying pie chart represents the percentage of
sequenced samples belonging to each outbreak cluster; number
of samples sequenced out of 132 total samples are shown.
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2025 (Figure 1); however, because up-to-date glob-
al sequence data in public repositories are limited,
intermediate diversity could be missing. The Is-
rael sequences showed 3 likely clusters within the
dominant B3 lineage, each derived from a separate
documented importation: Belgium, Vietnam, and
Russia. We found no spread of D8 lineage sequences
imported to Israel. The Russia cluster likely origi-
nated from a documented importation from Russia
(patient 4; Rehovot, May 2025) and is linked to an
additional sample collected in Haifa in June 2025.
That cluster is most closely related to a global se-
quence from California, USA (2025), differing by 7
nucleotides. Transmission in the cluster was limited
to only 2 cases because close contacts were fully vac-
cinated and that location has high overall vaccine
coverage. The Vietnam cluster, separated from the
nearest ancestor by 12 nt, likely originated from a
documented importation from Vietnam (patient
3; Beit-Itzhak, April 2025) and is not linked to ad-
ditional Israel cases in the phylogeny. No further
transmission was documented in the cluster, con-
sistent with sequencing results and similar to the
Russia cluster. The main and largest cluster (n = 129)
was traced through epidemiologic investigations to
a documented importation from Belgium (patient 2;
Modi’in Illit, April 2025). That case was diagnosed
retrospectively through contact tracing of infect-
ed close family members. Although the imported
case was confirmed serologically (positive IgM),
the available specimen contained insufficient viral
RNA, precluding sequencing. However, sequencing
was available for an epidemiologically linked close
contact of the imported case (Bnei-Brak, April 2025;
Figure 1, red arrow), located within the main clus-
ter; epidemiologic data indicated subsequent spread
to additional cities in Central District, Jerusalem,
and later North District. That cluster also includes
an additional sequenced importation from Belgium
(case 5; Jerusalem, June 2025), unrelated epidemio-
logically to the other Belgium cases, located on the
ancestral branch. The main cluster is most closely
related to global sequences from the Netherlands
collected in 2025, differing by 2 mutations. That
strain has subsequently spread in Israel and is still
circulating, accumulating mutations and giving rise
to several sublineages. Most samples in that cluster
were from locations with low vaccine coverage and
within Ultra-Orthodox communities (Figure 2; Ap-
pendix Table 3).

The sequences obtained from deceased chil-
dren were located within different sublineages in
the main outbreak cluster (Figure 1). The first case
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Figure 3. Positivity rates by epidemiologic week during April 1-October 31, 2025, from genomic and epidemiologic investigation into
ongoing measles outbreak, Israel, 2025-2026. Weekly number of measles cases by district was confirmed by quantitative reverse

transcription PCR.

(Jerusalem, July 2025) was identical to 2 sequences
detected elsewhere (Tel Aviv, September 2025; Em-
manuel, August 2025). The second case (Jerusalem,
July 2025) was identical to another from Jerusa-
lem (June 2025). The third case (Poriya, Novem-
ber 2025) was identical to 2 cases from the North
District (Nahariya, November 2025). The identical
genomes suggest close epidemiologic linkage and,
when detected in different districts, indicate trans-
mission across multiple regions in Israel. That find-
ing suggests the virus in fatal cases was typical of
the outbreak strain. Three additional case-patients
with documented travel abroad (patient 7, Poland;
patient 10, Ethiopia; patient 12, Germany) near the
time of measles detection had sequences within the
main cluster, suggesting that infection was more
likely acquired in Israel, not abroad.

To investigate positivity dynamics from an epi-
demiologic perspective, we evaluated the weekly
ratios of positive and negative samples collected
during April-October 2025 (epidemiologic weeks
14-44). When the outbreak began, the positivity
rate was low (10%-20%), likely reflecting height-
ened awareness and broad testing of suspected
cases with low pretest probability for measles. As
transmission became established in specific dis-
tricts during weeks 28-38, positivity increased
to =60%, indicating outbreak persistence and tar-
geted sampling (Appendix Figure). During weeks
39-44, as the outbreak expanded to additional dis-
tricts, the overall ratio decreased (Figure 3); we ob-
served a similar trend through February 2026 (data
not shown).

Emerging Infectious Diseases *« www.cdc.gov/eid * Vol. 32, No. 9, September 2026

Conclusions

The ongoing measles outbreak in Israel threatens the
country’s elimination status, defined by the World
Health Organization as absence of endemic transmis-
sion for >12 months (https://iris.who.int/server/
api/core/bitstreams/b0ee4708-ba01-4b40-9003-
f6flaba317da/content). This outbreak highlights the
profound risks associated with declining vaccination
coverage. Genomic sequencing of targeted measles
samples indicated that a single importation event
was most likely the primary driver of the outbreak.
Phylogenetic analysis showed 3 validated distinct
importation events from Russia, Vietnam, and Bel-
gium; outcomes differed drastically based on local
immunity. The main Belgium-linked cluster strain,
detected in April 2025, likely sparked an extensive
national outbreak. The second documented importa-
tion case from Belgium might have contributed to the
main transmission cluster. The epidemiologic investi-
gation indicated that this case-patient had many con-
tacts and resided in an area experiencing a substantial
outbreak. However, the case was detected 2 months
after the Belgium index case, so it likely had little im-
pact on outbreak dynamics. Furthermore, its shared
mutations with the April 2025 Belgium case suggest a
common source.

Additional undetected single cases might ex-
ist because of underreporting. However, our strict
criteria and direct contact to Ministry of Health epi-
demiologic data enabled systematic assessment of
each focal point, so underreporting is unlikely to
have substantially affected the main phylogenetic
findings. Positivity rates rose from 10%-20% during
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early broad testing to 60% during weeks 28-38, as
diagnostics shifted to targeted surveillance during
outbreak spread.

In summary, we integrated epidemiologic inves-
tigations with molecular surveillance, demonstrating
that a single case can spark extensive measles trans-
mission. Our findings highlight the critical role of
molecular surveillance in measles outbreak manage-
ment.
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Case Report and Retrospective
Review of Acanthamoeba
Encephalitis and Chronic

Lymphocytic Leukemia,
United States

Michele Persico, Julia C. Haston, Erin Imada, Jennifer Kasten, Cederic Pimentel, Jeffrey M. Collins

We describe a case of Acanthamoeba encephalitis
with chronic lymphocytic leukemia (CLL) in the United
States and summarize the Free-Living Ameba data-
base to highlight CLL as the most common underly-
ing malignancy for Acanthamoeba infections. CLL pa-
tients are more likely to have improved survival and
nondisseminated cutaneous disease than those with
other cancers.

canthamoeba is a free-living amoeba (FLA) trans-

mitted via inhalation or direct contact with the
eyes or skin (1) that can cause keratitis and granulo-
matous amebic encephalitis (GAE) (2). GAE occurs
most often in immunocompromised patients; risk
factors include hematologic malignancy and im-
munosuppressive drugs (2). Chronic lymphocytic
leukemia (CLL), the most common leukemia (3),
can lead to immune dysfunction from immunosup-
pressive treatments and hypogammaglobulinemia,
as well as impairments in complement activity,
cell-mediated immunity, and neutrophil function
(4). The 5-year risk for severe infections in CLL is
as high as 57% when IgG levels are low (5). Ibru-
tinib, a Bruton tyrosine-kinase inhibitor (6), is an
immunomodulatory drug used for CLL treatment
that increases the risk for invasive infections up to
11.4% during the first year of treatment through in-
nate immune system impairment (7-9). We report
a case of Acanthamoeba GAE in a patient with CLL
managed with ibrutinib. Using a retrospective anal-
ysis of data from the Centers for Disease Control
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and Prevention (CDC) Free-Living Ameba data-
base (Appendix, https://wwwnc.cdc.gov/EID/
article/32/9/26-0790-Appl.pdf), we sought to de-
termine the frequency of Acanthamoeba infections
among patients with CLL and to compare clinical
characteristics with those of patients without CLL.

The Study

A 71-year-old man with CLL who was receiving ibru-
tinib sought care for fever, encephalopathy, and fo-
cal right-sided weakness. Neuroimaging showed a
rapidly enlarging left frontal lesion with surrounding
edema; test results for bacterial, viral, and parasitic
pathogens were unremarkable (Appendix Table).
Brain biopsy demonstrated necrosis, inflammation,
and rare Periodic acid-Schiff-positive organisms
(Figure). CDC testing confirmed Acanthamoeba infec-
tion. Despite initiation of azithromycin, sulfadiazine,
flucytosine, fluconazole, and miltefosine, the patient
died 23 days after symptom onset.

To further investigate the possible role of CLL
in this patient’s course, we examined all US cases
of Acanthamoeba infection reported to the CDC FLA
database during 1956-2023 (Appendix). This activ-
ity was reviewed by CDC, deemed not research, and
was conducted consistent with applicable federal law
and CDC policy (see e.g., 45 C.F.R. part 46, 21 CF.R.
part 56; 42 U.S.C. §241(d); 5 U.S.C. §552a; 44 US.C.
§3501 et seq.).

The mean age of diagnosis was 48 years for all
case-patients with Acanthamoeba infection and 68
years in the CLL subgroup (Table). Among the 16
Acanthamoeba cases in CLL patients with known sex,
14 occurred in male patients and 2 in female patients,
compared with 118 male patients and 173 female pa-
tients in cases without CLL. Fifty-six patients had >1
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malignancy at the time of Acanthamoeba diagnosis: 16
had CLL alone, 1 had CLL and non-Hodgkin lympho-
ma, and 30 had >1 non-CLL hematologic malignancy
(5 with acute lymphoblastic leukemia, 7 with acute
myeloid leukemia, 2 with chronic myeloid leukemia,
and 13 with lymphoma). Twelve had >1 nonhemato-
logic malignancy.

Of 17 patients with CLL, 8 had central nervous
system (CNS) involvement, including 3 with GAE
alone and 5 with GAE and disseminated disease.
In comparison, CNS involvement was seen among
24 of 31 with non-CLL hematologic malignancies
and 11 out of 12 of those with non-hematologic ma-
lignancies. Nine of 17 CLL patients had non-CNS
Acanthamoeba infections: 5 with cutaneous disease,
1 with rhinosinusitis, and 3 with non-CNS dissemi-
nated disease.

Of the 17 CLL cases, 8 survived, 3 died, and 6 had
an unknown survival status. The 3 patients with CLL
who died all had GAE, whereas 1 of 8 survivors had
GAE. Among patients with a non-CLL malignancy
and known survival outcome (n = 33), 2 patients sur-
vived and 31 died. Neither of the 2 non-CLL survi-
vors had GAE; GAE was present in 28 of 31 non-CLL
patients who died. Acanthamoeba infection in patients
with CLL was associated with lower odds for death
than non-CLL malignancies (odds ratio [OR] 0.03
[95% CI 0.003-0.18]; p<0.0001); that OR was likely
a result of the lower frequency of GAE among CLL
patients. GAE was associated with markedly greater
odds of death in patients with any type of cancer (OR
68.6 [95% CI9.0-2,075.9]; p<0.0001).

Figure. Acanthamoeba immunoassay from study of
Acanthamoeba encephalitis and chronic lymphocytic leukemia,
United States. Arrow indicates free-living amebic trophozoites of
small to medium size that have rare double-walled cysts and show
immunoreactivity to an Acanthamoeba spp. immunoassay.
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Conclusions

We investigated the frequency of CLL among pa-
tients with Acanthamoeba infection and its effect on
survival. CLL was the most prevalent malignancy
among patients with Acanthamoeba infection. Of note,
a lower number of Acanthamoeba cases occurred in
persons with hematologic malignancies that are gen-
erally associated with a higher risk for opportunistic
infections, including acute myeloid leukemia and
acute lymphoblastic leukemia. Those findings sug-
gest that unique immune impairments in CLL might
predispose to disease from Acanthamoeba. Potential
mechanisms include hypogammaglobulinemia and
neutropenia (10), which could potentially be mitigat-
ed by immunoglobulin replacement. Our case study
demonstrated that, although GAE most often has a
subacute clinical course, it can have a rapid onset and
progression. In addition, we showed that CLL and
ibrutinib exposure could be important risk factors for
disease caused by Acanthamoeba.

The clinical course and mortality rate of non-
keratitis Acanthamoeba infections depend on the
organ system involved. GAE has the highest mortal-
ity rate, exceeding 90%, whereas death from cutane-
ous Acanthamoeba infection or rhinosinusitis is less
common (11). We found that patients with CLL had
significantly higher odds of survival compared with
patients who had other hematologic malignancies or
solid tumors; that result was partially explained by
the relatively high proportion of Acanthamoeba infec-
tions in CLL patients without CNS involvement. In
our study, 53% of patients with CLL had non-CNS
Acanthamoeba infections, whereas 30% of the overall
cohort of patients had non-CNS Acanthamoeba infec-
tions (Table). Previous studies have reported lower
mortality rates among those who did not have CNS
involvement (2). The older age in the CLL group like-
ly reflected the higher median age, 64 years, at CLL
diagnosis (12). Patients with CLL are predominantly
male (66%-69%) (12), which is similar to the overall
sex distribution among Acanthamoeba cases in the
FLA database.

Including the patient in our report, of the 18
reported patients with CLL, >4 patients have been
treated with ibrutinib since it was introduced to the
US market in 2012. Similar to our case, 2 other cases
describe a more acute course, in which death oc-
curred 4-14 days after the patients initially sought
care at the hospital (13,14). That finding was unusu-
al because GAE is typically considered a subacute
to chronic form of encephalitis (2). Given the small
number of cases reported, it is unclear whether the
more acute clinical course can be attributed to CLL
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Table. Clinical and demographic characteristics of Acanthamoeba cases in the United States during 1956—2023*

No. (%) patients

Total no. Any cancer, No cancer, Other hematologic Nonhematologic
Characteristic patients n =56 n =137 CLL,n=17 malignancy, n =31 malignancy, n =12
Age group, y
0-17 11 2(3.6) 9 (6.6) 0 2 (6.5) 0
18-34 36 5(8.9) 31 (22.6) 0 5(16.1) 1(8.3)
35-64 105 25 (44.6) 80 (58.4) 6 (35.3) 16 (51.6) 4(33.3)
>65 36 23 (41.1) 13 (9.5) 11 (64.7) 7 (22.6) 7 (58.3)
Unknown 5 1(1.8) 4 (2.9) 0 1(3.2) 0
Sex
M 132 37 (66.1) 95 (69.3) 14 (82.4) 17 (54.8) 9 (75)
F 57 17 (30.4) 40 (29.2) 2(11.8) 13 (41.9) 3(25)
Unknown 4 2 (3.6) 2(1.5) 1(5.9) 1(3.2) 0
Ethnicity/race
Hispanic 21 5(8.9) 16 (11.7) 0 4 (12.9) 1(8.3)
NH White 24 13 (23.2) 11 (8) 9 (53) 3(9.7) 2 (16.7)
NH Asian 3 0 3(2.2) 0 0 0
NH Black 6 0 6 (4.4) 0 0 0
NH American Indian or 1 0 1(0.7) 0 0 0
Alaskan Native
Other 51 8 (14.3) 43 (31.4) 2(11.8) 5(16.1) 2 (16.7)
Unknown 87 30 (53.6) 57 (41.6) 6 (35.3) 19 (61.3) 7 (58.3)
Survived
Y 32 11 (19.6) 21 (15.3) 8(47.1) 2 (6.5) 1(8.3)
N 133 34 (60.7) 99 (72.3) 3(17.6) 25 (80.6) 10 (83.3)
Unknown 28 11 (19.6) 17 (12.4) 6 (35.3) 4 (12.9) 1(8.3)
Disease manifestation
GAE only 78 20 (35.7) 58 (42.3) 3(17.6) 12 (38.7) 7 (58.3)
Cutaneous only 19 8 (14.3) 11 (8) 5(29.4) 3(9.7) 0
Rhinosinusitis only 8 1(1.8) 7(5.1) 1(5.9) 0 0
Disseminated with GAE 58 19 (33.9) 39 (28.5) 5(29.4) 12 (38.7) 4(33.3)
Disseminated without GAE 30 8 (14.3) 22 (16.1) 3(17.6) 4 (12.9) 1(8.3)

*The total number of patients with cancer was 56. The sum of patients represented in the CLL, other hematologic malignancy, and nonhematologic
malignancy categories is 60; several patients had >1 malignancy and are represented in multiple categories. CLL, chronic lymphocytic leukemia;

GAE, granulomatous amebic encephalitis; NH, non-Hispanic.

or immunosuppressive treatment. Further monitor-
ing could determine whether ibrutinib may increase
the risk for Acanthamoeba infection or death.

Our cross-sectional analysis of US disease sur-
veillance data had limitations. For patients with a
cancer diagnosis, detailed clinical and laboratory
data, as well as treatment history and survival time,
were not routinely collected in the CDC FLA data-
base. In addition, information on the method of Acan-
thamoeba diagnosis, treatment, and time to death after
diagnosis was not generally available. Last, the CDC
FLA database includes Acanthamoeba cases from the
United States only, which limited generalizability of
our results.

Since 1956, a total of 18 Acanthamoeba infections
have been identified in patients with CLL, including
the case we reported here. CLL is the most common
malignancy among patients with invasive Acan-
thamoeba infections. CLL patients with Acanthamoeba
infections had lower rates than patients with other
malignancies, which could be attributed to a greater
likelihood of cutaneous disease and lower rates of
CNS involvement. Further monitoring can elucidate
the clinical factors and treatments mediating the as-
sociation between CLL and Acanthamoeba infection.
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In this EID podcast, Dr. Sarah Hook, an epidemiologist at
CDC in Fort Collins, Colorado, discusses the economic
burden of Lyme disease in the United States.
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Global Spread of Trichophyton
Indotineae Tracked by Mass
Spectrometry Identification

Network, 2022—-2025

Arnaud Jabet, Anne-Cécile Normand, Karin Amilon, Christine Schuttler, Lionel Fontao,
Douglas Chan, Alicia Moreno-Sabater, Lise Kristensen, Sophie Brun, Aina Myhre, Damien Dupont,
Ann Packeu, Mohammed Jami, Renaud Piarroux, MIND Study Group,! Arnaud Fekkar

Trichophyton indotineae is an emerging dermatophyte
that is often resistant to terbinafine. We analyzed data
produced by the Mass Spectrometry Identification global
network. Those data revealed a 3-fold increase in T. in-
dotineae identification during 2022—2025, demonstrat-
ing that this application is an effective tool for monitoring
global spread of this pathogen.

nfections caused by the dermatophyte Trichophyton

indotineae have recently emerged as a global public
health concern (1). Although the first cases of infection
by T. indotineae were retrospectively identified as ear-
ly as 2008, beginning in 2016 dermatologists in India
began to report a sharp increase in cases of extensive
and difficult-to-treat dermatophytosis in their coun-
try. Those cases were later attributed to strains be-
longing to the T. mentagrophytes complex, which were
frequently resistant to terbinafine (7). In 2020, the des-
ignation T. indotineae was proposed to denote these
strains, although debate is ongoing about whether
this clade should be considered a distinct species or
merely a variety within T. mentagrophytes (2). Cur-
rent alternative denominations include T. mentagro-
phytes internal transcribed spacer (ITS) genotype VIII
and T. mentagrophytes variant. indotineae. T. indotineae

infections are now being reported in many countries,
mostly as individual case reports or small single-cen-
ter series, illustrating the rapid international spread
of this species through migration and travel. Only a
few publications provide data at broader (regional or
national) scales and over longer periods (3-5).
Macro-microscopic-based identification of T.
indotineae remains challenging because of its close
similarity with T. interdigitale and T. mentagro-
phytes. Reference identification relies on sequenc-
ing of the ITS1-5.8s-1TS2 region. Matrix-assisted
laser desorption/ionization time-of-flight mass
spectrometry has become established in recent
years as a highly effective method for identifying
fungal pathogens. The Mass Spectrometry Identi-
fication (MSI) application (https://msi.happy-dev.
fr) is a free tool developed and hosted by the Par-
asitology-Mycology Laboratory of Hopital Univer-
sitaire Pitié Salpétriere (Paris, France) that enables
accurate and fast identification of large numbers of
fungal pathogens on the basis of their mass spectra
(6). It includes a large number of reference spec-
tra (17,563 spectra corresponding to 1,700 fungal
species) and enables the identification of rare spe-
cies. In March 2022, MSI was upgraded to identify
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T. indotineae with excellent sensitivity and specific-
ity (>95% for both parameters) (7,8). The ability to
produce a reliable identification relies on the pres-
ence of 2 pairs of peaks, the presence or absence of
which enables T. interdigitale and T. mentagrophytes
to be effectively distinguished (8). Furthermore, the
widespread use of this free online application has
enabled the creation of an extensive international
network of laboratories with 450 regular users in
27 countries. In this study, we analyzed identifica-
tion data generated by MSI to describe the spatial
and temporal dynamics of T. indotineae infections.

1488

The Study

We analyzed all spectra identified as T. indotineae
during March 2022-December 2025 by MSI users. We
considered only first-intention identifications with
a score of >20 (i.e., above the threshold used for the
application for correct species identification as previ-
ously described [9]). When the same spectrum was
uploaded multiple times, only 1 entry was retained.
We addressed the bias caused by the increase in the
number of users over time by normalizing the num-
ber of T. indotineae identifications relative to the num-
ber of identifications for the genus Trichophyton spp.

Figure 1. Geographic distribution of
Trichophyton indotineae spectra in study
of global spread of T. indotineae tracked
by the Mass Spectrometry Identification
(MSI) Network, 2022—-2025. Maps indicate
global (A) and European (B) distribution
of T. indotineae spectra obtained using
the online MSI application during March
31, 2022—-December 31, 2025. Circle size
is proportional to the number of spectra
identified per center (1-301 spectra).
Maps were generated with mapchart
(https://www.mapchart.net) and Flourish
(https://flourish.studio).
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Global Spread of Trichophyton indotineae

Figure 2. Temporal evolution
of Trichophyton indotineae
spectra identified in study of
global spread of T. indotineae
tracked by the Mass
Spectrometry Identification
Network, 2022—2025. Spectra
were identified during March
31, 2022-December 31,
2025, and normalized to

the total number of spectra
within the T. mentagrophytes
species complex (i.e.,

T. mentagrophytes, T.
interdigitale, and T. indotineae).

and for the T. mentagrophytes complex (i.e., T. mentag-
rophytes, T. interdigitale, and T. indotineae).

During the study period, 566 users from 54 coun-
tries submitted 1,657,334 spectra that led to the identi-
fication of fungal agents. Those identifications includ-
ed 123,025 (7.7%) that were identified as Trichophyton
spp. (by 316 users in 44 countries) and 3,399 (0.2%)
that were identified as T. indotineae (by 183 users in
29 countries) (Figure 1, panel A). The number of T. in-
dotineae identifications per user ranged from 1 to 299
spectra. Europe accounted for 63.8% of users, ahead
of Asia (16.8%), Latin America (15.7%), North Ameri-
ca (1.6%), Oceania (1.6%), and Africa (0.5%). As a con-
sequence, most T. indotineae spectra were identified
in Europe (3,040 [89.4%]). In western and northern
Europe, which had the highest number of MSI users,
detections were not limited to major urban centers.

Over the study period, the number of T. indotineae
spectra increased continuously: from 237 in 2022 to
454 in 2023, then to 1,016 in 2024, and finally to 1,692
in 2025. At the same time, the percentage of spectra
identified as T. indotineae within the Trichophyton ge-
nus increased from 1.2% to 3.6% and within the T.
mentagrophytes complex from 4.6% to 13.1% (Figure
2). Among centers identifying Trichophyton spp. iso-
lates, the percentage that detected T. indotineae rose
from 24.7% to 46.1%.

Conclusions

Our results reveal a marked global increase in T. in-
dotineae isolation; the number of identifications rose
~3-fold during 2022-2025. At the same time, the pro-
portion of T. indotineae within the T. mentagrophytes
complex has increased. Those findings are consistent
with national or regional data that also demonstrate
a temporal increase and a wide geographic distri-
bution. Of note, the analysis of MSI data indicates
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T. indotineae was identified in countries where no cas-
es had yet been reported, such as Bulgaria, Croatia,
Colombia, Luxembourg, and Uruguay. Recent pub-
lications have already demonstrated the usefulness
of MSI in identifying the first cases of T. indotineae in
Brazil and Hungary (10,11).

The first limitation of our study is that the pic-
ture we provide of the geographic distribution of T.
indotineae reflects both the availability of mass spec-
trometry devices and the use of the MSI application.
Thus, no spectra were identified in Africa, where the
devices are not widely available, or in well-known T.
indotineae-endemic areas such as India and the Mid-
dle East, where few, if any, MSI users are present. An-
other pitfall is that the analysis is based on the num-
ber of spectra, not on the number of isolates. Inferring
the number of isolates without additional data is dif-
ficult. Moreover, we do not control the conditions un-
der which the application is used, because MSI might
be used for research purposes and not exclusively
for diagnostic use. Furthermore, isolates originating
from a specific geographic area might be transmitted
and consequently identified in another location or
even another country (e.g., when isolates are sent to
reference centers or used as part of research).

However, our results demonstrate that MSI can
serve as a powerful interface and epidemiologic sur-
veillance tool for emerging fungal pathogens such as
T. indotineae or Candida auris. Integration of clinical and
antifungal susceptibility data could enable the devel-
opment of a more complete surveillance network for
T. indotineae and bolster other initiatives, such as one
supported in 2023 by the European Centre for Disease
Prevention and Control that encouraged reporting of T.
indotineae infections through EpiPulse (https://www.
ecdc.europa.eu/en/publications-data/communicable-
disease-threats-report-14-17-may-2023-week-20).
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In non-T. indotineae-endemic settings, distin-
guishing between imported and locally acquired cases
is key. The establishment of T. indotineae is now well
documented in eastern China (12), and, in Germany,
a growing number of infections have been reported
since early 2025 among patients without recent travel
history, indicating local transmission (13). Similarly,
increased vigilance regarding transmission routes is
required to improve understanding of T. indotineae
dissemination mechanisms. Sexual transmission has
recently been suggested as an underestimated route,
which has been seen for T. mentagrophytes ITS-geno-
type VII (14). Because MSI is also used in veterinary
laboratories, identifying host types could help moni-
tor the zoonotic circulation of T. indotineae, because
cases have been reported in dogs in India, Iran, and
Egypt (15). Reliable and rapid identification of T. in-
dotineae has direct clinical benefits, and real-time de-
tection of T. indotineae cases could help identify pa-
tients for inclusion in clinical trials, which are needed
given the frequent relapses observed after apparent
cure with itraconazole therapy

In conclusion, we encourage microbiology lab-
oratories to use MSI to identify dermatophytes for
both individual and public health benefit. Health
authorities should address this rapidly evolving
international issue, which is associated with thera-
peutic challenges.
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A Worm'’s Eye View

Seeing a several-centimeters-long worm traversing the conjunc-

tiva of an eye is often the moment when many people realize they
are infected with Loa loa, commonly called the African eyeworm,
a parasitic nematode that migrates throughout the subcutane-
ous and connective tissues of infected persons. Infection with
this worm is called loiasis and is typically diagnosed either by the
worm’s appearance in the eye or by a history of localized Calabar
swellings, named for the coastal Nigerian town where that symp-
tom was initially observed among infected persons. Endemic to
a large region of the western and central African rainforests, the
Loa loa microfilariae are passed to humans primarily from bites
by flies from two species of the genus Chrysops, C. silacea and
C. dimidiate. The more than 29 million people who live in affected

areas of Central and West Africa are potentially at risk of loiasis.

Ben Taylor, cover artist for the August 2018 issue of EID, discusses

how his personal experience with the Loa loa parasite influenced

this painting.

Visit our website to listen:
https://tools.cdc.gov/

medialibrary/index.aspx#/
media/Zid/392605
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Wickerhamomyces anomalus

Pseudo-Outbreak Associated

with Medical Lubricating Gel,
South Africa, 2023—-2024

Caroline Maluleka, Husna Ismail, Liliwe Shuping, Ruth Mpembe,
Gift Sandhleni, Serisha Naicker, Tsidiso Maphanga, Nelesh P. Govender

A nationwide investigation identified 426 patients with
Wickerhamomyces anomalus fungal cultures in South Af-
rica; most cases clustered during May—November 2023.
Case-patients lacked evidence of infection, indicating a
pseudo-outbreak. Genomic and laboratory analyses im-
plicated contaminated sterile lubricating gel. A nationwide
product recall resulted in a decline in reported cases.

cherhamomyces anomalus, an environmental
ascomycetous yeast, is associated with health-
care-associated outbreaks among critically ill or im-
munocompromised patients, but its sources are
rarely identified (1-5). Contaminated medical gel has
been implicated in healthcare-associated outbreaks
caused by water-associated bacteria (6-11). In No-
vember 2023, the National Institute for Communi-
cable Diseases (NICD) was alerted to an unusually
high frequency of W. anomalus isolation at a labora-
tory in KwaZulu-Natal Province, South Africa. Two
hospitals in the Western Cape Province separately
identified 2 clusters during July-August 2023. One
cluster was associated with recent central venous
catheter placements through which blood cultures
subsequently were collected; a sterile lubricating
gel (Lubri-A sterile lubricating jelly; Electro-Spyres,
https:/ /www .electrospyres.com) was used in the
ultrasound-guided catheter insertion procedure and
was a suspected source of pseudo-infections. We in-
vestigated the extent, source, and clinical relevance of
a nationwide pseudo-outbreak.
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R. Mpembe, G. Sandhleni, S. Naicker, T. Maphanga, N.P. Govender);
University of Witwatersrand School of Pathology, Johannesburg

(C. Maluleka, L. Shuping, T. Maphanga, N.P. Govender)
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The Study

We reviewed National Health Laboratory Service
(NHLS) records for patients at public-sector health-
care facilities with culture-confirmed W. anomalus
from any specimen type during January 1, 2022-April
29, 2024. We removed repeat isolates from the same
patient within 30 days. We contacted laboratories
to determine whether increased detection coincided
with introduction of the Vitek MS system (bioMéri-
eux, https://www.biomerieux.com). We retrospec-
tively collected clinical case data at 2 hospitals. We
received W. anomalus isolates cultured from clinical
specimens and unopened sterile lubricating gel sa-
chets in circulation at healthcare facilities. We subcul-
tured the isolates onto chromogenic agar (Candida
CHROMagar, https://www.chromagar.com) and
incubated them in ambient air at 35-37°C for 18-24
hours. We confirmed species identification by using
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI BioTyper; Bruker,
https:/ /www .bruker.com). We performed antifungal
susceptibility testing by using the Sensititre YeastOne
method (Thermo Fisher Scientific, https://www.
thermofisher.com). We interpreted MICs by using
the Clinical and Laboratory Standards Institute M57S
epidemiologic cutoff values (12).

We analyzed whole-genome sequences, gener-
ated by the NextSeq platform (Illumina, https://
www.illumina.com), by using FungiPhyloGen pipe-
line (https://zenodo.org/records/18121445). We as-
sessed sequence quality by using FASTQC version
0.11.9 (https://sourceforge.net/ projects/fastqc.mir-
ror/files/v0.11.9) and MultiQC version 1.13 (https://
github.com/MultiQC/MultiQC/releases), followed
by trimming with TrimGalore version 0.6.7 (https://
github.com/FelixKrueger/TrimGalore/releases). We
aligned filtered reads to a reference strain from the

Emerging Infectious Diseases » www.cdc.gov/eid * Vol. 32, No. 9, September 2026



United States (W. anomalus NRRL Y-366-8) (13) by
using BWA version 0.7.19 (https://github.com/1h3/
bwa/releases). We annotated high-confidence single-
nucleotide polymorphisms (SNPs) (allele frequency
>0.85) and used them for distance matrix generation
and phylogenetic reconstruction with IQ-TREE ver-
sion 2.2.0.3 (https://iqtree.github.io) by using 1,000
bootstrap replicates to assess clade support.

We identified 426 cases across 7 of 9 provinces in
South Africa over the study period (Figure 1). Before
April 1, 2023, the baseline was 2-3 cases per facil-
ity per month; 346/426 (81%) cases occurred during
May-November 2023. The increase did not coincide
with introduction of the Vitek MS system. The most
frequent specimen categories were urine (207/426
[49%]) and blood (77/426 [18%]) (Appendix Figure
1, https://wwwnc.cdc.gov/EID/article/32/9/26-
0608-Appl.pdf). Gauteng Province had the highest
number of cases (180/426 [42%]), and Western Cape
Province had the highest number of cases from sterile
sites (Appendix Figure 2).

Clinical information was available for 52/426
(12%) case-patients (Table). Median age was 23 years
(interquartile range 0-47 years); 31/49 (63%) patients
were male, and 21 (37%) female. Among 51 of the 52
patients, W. anomalus was recovered from urine (26
[51%]), tracheal aspirate (13 [26%]), peritoneal di-
alysis fluid (6 [12%]), and blood (4 [8%]). Among 37

Wickerhamomyces anomalus Pseudo-Outbreak

patients with procedure information, 23 (62%) un-
derwent urinary catheterization and 12 (32%) under-
went endotracheal intubation; procedures were not
mutually exclusive. For 48 patients whose samples
were positive for W. anomalus, clinicians considered
the positive culture as contamination in 20 (42%) and
clinically relevant in 28 (58%) patients: urinary tract
infection in 15 (31%), lower respiratory tract infection
in 8 (17%), and bloodstream infection in 2 (4%). Anti-
fungal treatment was administered to 10 (23%) of 44
patients for whom treatment information was avail-
able. However, objective evidence of infection such
as signs of sepsis or elevated levels of inflammatory
biomarkers was absent or incompletely documented.
Only 5 patients had W. anomalus isolated from subse-
quent cultures. Among 50 patients with known out-
comes, 30 (60%) were discharged, 6 (12%) remained
hospitalized, and 14 (28%) died; available data were
insufficient to attribute deaths to W. anomalus infec-
tion (Appendix Figure 2).

Of 86 isolates, 62 (72%) were cultured from
clinical specimens and 24 (28%) from gel batches.
Sealed gel sachets uniformly yielded heavy fungal
growth. We confirmed 85 (99%) isolates as W. anoma-
lus; we excluded 1/86 (1%) Candida albicans isolate.
Seventeen clinical isolates and 11 gel isolates un-
derwent susceptibility testing. Fluconazole MIC,
(MIC at which 50% of a specific isolate population

Figure 1. Annotated epidemic curve of Wickerhamomyces anomalus infection cases, by epidemiologic week, South Africa, January

1, 2022—-April 29, 2024. Normally sterile-site specimens were those obtained from anatomical sites expected to be free of viable
microorganisms. Nonsterile-site specimens were those obtained from sites normally colonized by microbiota or exposed to the external
environment. Lubri-A refers to Lubri-A sterile lubricating jelly (Electro-Spyres, https://www.electrospyres.com), Vitek MS to the Vitek MS
system (bioMérieux, https://www.biomerieux.com). NHLS, National Health Laboratory Service, SAPHRA, South African Health Products

Regulatory Authority.
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Table. Characteristics of patients with Wickerhamomyces
anomalus infection in 2 hospitals, South Africa, August 7, 2023—
January 11, 2024*

Characteristic Value
Median age, y (IQR) 23 (0-47)
Sex, n =49
F 18 (37)
M 31 (63)
Underlying condition or procedure, n = 36
HIV 6 (17)
Chronic kidney disease 7 (19)
Surgical procedure 10 (28)
Other 23 (64)
Gel-use—-linked procedure, n = 381
Urinary catheterization 24 (63)
Endotracheal intubation 13 (48)
Ultrasound scan 10 (42)
Otherf 10 (42)
Specimen type, n =51
Urine 26 (51)
Tracheal aspirate 13 (26)
Peritoneal dialysis fluid 6 (12)
Blood 4 (8)
Bronchial alveolar lavage 1(2)
Tissue 1(2)

W. anomalus-linked diagnosis by treating clinician, n = 48

Considered a contaminant 20 (42)

Urinary tract infection 15 (31)

Lower respiratory tract infection 8 (17)

Bloodstream infection 24

Peritonitis 3(6)
Antifungal treatment administered, n = 44

Yes 10 (23)

No 34 (77)
Adverse events related to W. anomalus infection, n = 51

No 30 (59)

Unknown 21 (41)
Outcome, n =50

Still admitted 6 (12)

Discharged 30 (60)

Died 14 (28)

*Values are no. (%) except as indicated; IQR, interquartile range.
tDenominators vary because of missing data; some persons had >1
procedure linked to the use of lubricating gel.

FIncludes nasogastric tubing (n = 5), bronchoscopy (n = 1), rectal enema
(n = 1), Pap smear (n = 1), vaginal examination and cardiotocography
(n = 1), and tracheal dilation (n = 1).

is inhibited from growth) was 2 pg/mL for clini-
cal and gel isolates. Fluconazole MICs were <2 pg/
mL for 16/17 (94%) clinical isolates and 9/11 (82%)
gel isolates; all were wild-type. All other azole and
micafungin MICs were at or below their respective
epidemiologic cutoff values. Amphotericin B MICs
were <1 pg/mL for 15/17 (88%) clinical isolates and
9/11 (82%) gel isolates; 2/17 (12%) clinical isolates
and 2/11 (18%) gel isolates had MICs >1 pg/mL.
Flucytosine MICs were 0.06 pg/mL for all 17 clinical
isolates, whereas 9/11 (82%) gel isolates had MICs
>64 ng/mL (Appendix Table 1).

The phylogenetic dataset included 95 genome
sequences. Of those, 72 (76%) were current outbreak
isolates (GenBank BioProject no. PRJNA148538):
49 (68%) clinical, 22 (31%) gel-derived, and 1 (1%)
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undocumented source. The remaining 23 included
12 historic surveillance isolates from South Africa, 10
published genomes (BioProject no. PRJNA851035),
and 1 reference genome (W. anomalus NRRL Y-366-8;
RefSeq [https:/ /www.ncbi.nlm.nih.gov/refseq] no.
GCF_001661255.1). Two major clusters were sepa-
rated by >10,000 SNPs; clinical and gel-derived ge-
nomes were interspersed within both clusters (Figure
2). Within-cluster diversity was <1,000 SNPs in the
smaller cluster and <2,000 in the larger cluster. That
finding indicated a contaminated product rather than
a single local transmission chain.

The outbreak was reported to the South African
Health Products Regulatory Authority and the Na-
tional Department of Health on August 21, 2023. On
December 8, 2023, the National Department of Health
instructed facilities to stop using implicated batches,
quarantine them, halt distribution, obtain alternative
products, and establish case-based surveillance.

After an independent investigation, the South
African Health Products Regulatory Authority later
issued a Class 1 Type A nationwide recall and in-
formed other regulatory authorities. Case counts de-
clined sharply thereafter, although sporadic detection
persisted in early 2024, probably because of remain-
ing facility stock still in use (Figure 1).

Conclusions

Epidemiologic, microbiologic, and genomic findings
identified single-use sterile lubricating gel sachets
contaminated at manufacture as a source of a national
pseudo-outbreak of W. anomalus infection. Evidence
included detection across 7 provinces, recovery of the
organism from sealed sachets and 3 separate batches,
interspersion of clinical and gel genomes, absence of
a temporal association with laboratory instrument
changes, and a rapid case decline after the nation-
wide recall. Many positive cultures probably reflect-
ed contamination of specimens or devices rather than
infection. Nonetheless, treating clinicians considered
the organism clinically relevant in more than half of
patients in the clinical subset, and 23% received an-
tifungal treatment. Those findings illustrate how
pseudo-outbreaks can lead to potentially unnecessary
treatment. Interpretation was limited because clinical
data were only available for 12% of the cases from 2
hospitals and collected retrospectively.

Healthcare facilities and diagnostic laboratories
should be suspicious when unusual organisms are
repeatedly detected across multiple specimen types
or in geographically separate facilities. Products la-
beled sterile remain a risk if assurance of sterility fails
during manufacturing. Strengthened procurement,

Emerging Infectious Diseases » www.cdc.gov/eid * Vol. 32, No. 9, September 2026
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Figure 2. Whole-genome SNP phylogeny of
Wickerhamomyces anomalus clinical, gel,
surveillance, and reference isolates, South Africa.
Red box indicates cluster 1; blue box indicates
cluster 2. Scale bar indicates mean number of
nucleotide substitutions per variable site. Node
values represent ultrafast bootstrap support
percentages based on 1,000 replicates. GA,
Gauteng Province; KZ, KwaZulu—Natal Province;
MP, Mpumalanga Province; NA, not applicable; NC,
Northern Cape Province; NCBI, National Center
for Biotechnology Information; NW, North West
Province; WC, Western Cape Province; SNP, single-
nucleotide polymorphism; USA, United States.
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supplier quality assurance, product traceability,
postmarket surveillance, notification, and rapid na-
tional coordination among laboratories, clinicians,
infection prevention teams, public health authori-
ties, and regulators are essential to prevent and con-
tain similar events.
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Genetically Distinct African Swine
Fever Virus Genotype |l Variant
In Wild Boar, Spain, 2025—-2026

Carmina Gallardo, Marina Marcet-Houben, Montserrat Aglero, Raquel Nieto, Nadia Casado,
Alejandro Soler, Maria José Ruano, Rubén Villalba, Jovita Fernandez-Pinero, Alicia Simoén,
Covadonga Pérez, Concepcién Gémez, Cecilia Garcia, Mireia Labrador, Jordi Argilaguet, Liani Coronado,
Natalia Majo, Pilar Aguilera-Sepulveda, Irene Aldea, Toni Gabaldén, Maria Belén Gomez, Marisa Arias

African swine fever virus genotype Il was detected in
wild boar in Spain in 2025 after >30 years of absence.
Whole-genome sequencing and molecular follow-up of 8
representative cases identified a stable 9.8-kb deletion
affecting the multigene family in the left variable region,
defining an ASFV genotype Il variant.

frican swine fever (ASF) is a highly contagious

disease of domestic pigs and wild suids with
major economic consequences. After the emergence
of ASF virus (ASFV) genotype II in Georgia in 2007
(1), the virus spread across Europe and Asia and
reached the Caribbean, demonstrating its capacity for
transcontinental spread. In Europe, ASFV circulation
is maintained in wild boar populations (2). On No-
vember 26, 2025, ASFV was confirmed in Spain (3).
By May 29, 2026, a total of 326 ASFV-positive wild
boar had been detected (Figure 1, panel A). Spain rap-
idly implemented control measures to limit wild boar
movement, including carcass search and removal, re-
inforced passive surveillance, movement restrictions,
and installation of fencing. This study describes the
genomic characterization and molecular follow-up of
8 representative ASFV-positive wild boar cases de-
tected during November 2025-February 2026, includ-
ing the index cases (Figure 1, panel B).

The Study

Two freshly dead wild boar (Sus scrofa) were found
on November 26, 2025, during passive wildlife sur-
veillance near Barcelona, northeastern Spain (3). The
animals were located ~1 km apart in a periurban
area with high human connectivity. We analyzed
whole blood, serum, spleen, tonsil, and lymph node
samples at Unitat Mixta d’Investigacié Institut de
Recerca i Tecnologia Agroalimentaries, Centre de
Recerca en Sanitat Animal (IRTA-CReSA; Bellaterra,
Spain), the Spanish National Reference Laboratory
for ASF (Algete, Spain), and the European Union
Reference Laboratory for ASF (EURL-ASF; Valdeol-
mos, Spain).

We confirmed that both animals tested ASFV-
positive by World Organisation for Animal Health
(WOAH) real-time PCR procedure 2; virus isolation
in primary porcine alveolar macrophages showed
the characteristic hemadsorption pattern. We de-
tected ASFV-specific antibodies in both animals by
WOAH indirect immunoperoxidase test; serum ti-
ters were 1:2,560.

Genotyping based on partial B646L (p72) se-
quencing assigned the virus to genotype II, which
has circulated in Europe since 2007 (4). To determine
whether the Spain ASFV corresponded to any of the 28
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Figure 1. Spatial distribution of African swine fever virus (ASFV)—positive wild boar cases detected in northeastern Spain, 2025-2026.
A) Geographic distribution of ASFV-positive wild boar cases detected during November 2025-May 2026 in the affected area in
Barcelona. Red dots indicate cases selected for whole-genome sequencing. B) Enlarged view of the main affected area showing the
spatial distribution of sequenced ASFV-positive wild boar cases. Numbers correspond to genome identifiers: 1, SP25WBCASE1 (index
case); 2, SP25WBCASE?2 (index case); 5, SP25WBCASES (case 0); 8, SP26WBCASES; 11, SP26WBCASE11; 14, SP26WBCASE14;

23, SP26WBCASE23; 25, SP26WBCASE25.

genotype II genetic groups the EURL-ASF identified
in Europe (Figure 2), we analyzed viruses from both
index wild boar using a harmonized 6-locus frame-
work (5). Comparison with 1,192 homologous geno-
type Il sequences available in the EURL-ASF sequence
database (Appendix 1 Table 1, https://wwwnc.cdc.

Figure 2. Geographic
distribution of African swine
fever (ASF) virus genotype Il
genetic groups in Europe, 2007—
2025. We combined analysis
of 6 genomic regions to define
genetic groups. We assigned
groups through comparison with
1,192 homologous genotype

Il sequences available in the
European Union Reference
Laboratory for ASF sequence
database (Appendix 1 Table

1, https://lwwwnc.cdc.gov/EID/
article/32/9/26-0360-App1.
xlsx). Numbers within colored
circles denote genetic groups.
Genetic group 29, identified in
Spain in 2025, is highlighted.
The analyzed regions were

the central variable region
within B602L; intergenic region
(IGR) between 173R and 1329L
genes; 0174L; K145R; the IGR

gov/EID/article/32/9/26-0360-Appl.xlsx) showed
that 5 of 6 analyzed loci matched the Georgia 2007
genotype 1II variant 1 profile, whereas a previously
undescribed G—A substitution within the MGF505-
9R/10R intergenic region supported classification of
the Spain isolate as a new genetic group, 29 (Figure 2).

between MGF (multigene family) 505-9R and MGF505-10R genes; and the IGR between 1329L and 1215L genes.
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Figure 3. Maximume-likelihood phylogenetic tree based on complete genome sequences of ASFV genotype Il from study of the variant in
wild boar, Spain, 2025-2026. The analysis included 40 publicly available genomes retrieved from GenBank (accession numbers shown)
and the consensus genome sequence SP25WB2611 from our study (bold; wild boar, Spain, 2025 case 1 and 2). We used IQ-TREE
(http://www.igtree.org) to infer the tree with the best-fitting nucleotide substitution model selected by ModelFinder (http://www.igtree.org/
ModelFinder) outside the variable regions. Branch support values are shown at nodes (10,000 ultrafast bootstrap replicates). Scale bar
indicates nucleotide substitutions per site. ASFV, African swine fever virus.

We performed whole-genome sequencing to ob-
tain higher-resolution genomic characterization of
the Spain ASFV. We processed ASFV-positive blood
samples using target-enriched libraries prepared with
KAPA HyperCap workflow (Roche Sequencing Solu-
tions, https://diagnostics.roche.com) and sequenced
on an Illumina iSeq 100 platform (https://www.
illumina.com), generating 2 x 150 bp paired-end reads.
We mapped reads to the ASFV Georgia 2007/1 refer-
ence genome (GenBank accession no. FR682468.2).
Both index wild boar cases yielded nearly identical
genomes of 180,757 nt; mean coverage exceeded 200
times. We designated the consensus genome sequence
SP25WB2611 (GenBank accession no. PZ023911).

Sequence analysis revealed a =9.8-kb deletion
within the left variable region (LVR), spanning po-
sitions 10,264-20,087 of the reference genome. The
deletion removed 21 coding sequences, predomi-
nantly members of multigene family (MGF) 110, to-
gether with MGF360-4L, MGF360-6L, and MGF100-
1R (Appendix 2 Figure, https://wwwnc.cdc.gov/
EID/article/32/9/26-0360-App2.pdf). Outside the

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 32, No. 9, September 2026

deleted region, the genome retained >99.9% homol-
ogy with Georgia 2007/1 with 30 differences: 18 sin-
gle-nucleotide polymorphisms (SNPs) and 12 inser-
tions or deletions.

To investigate the phylogenetic relationship
of the Spanish ASFV, we retrieved 40 genotype II
genomes sharing >99.94% nucleotide identity with
the Spain isolate from GenBank. Maximum-likeli-
hood analysis placed SP25WB2611 within the major
genotype II lineage derived from Georgia 2007/1
(Figure 3). The Spain isolate clustered near histori-
cal Caucasus genotype Il viruses, including Arme-
nia 2007 and the Russian Federation 2008 Stavropol
isolate, on the basis of SNP similarity outside the
large LVR deletion.

To support molecular follow-up of the outbreak,
we selected 6 additional ASFV-positive wild boar
cases detected during November 2025-February
2026 for whole-genome sequencing (Figure 1, panel
B; Appendix 1 Table 2). Those included the oldest
ASFV-positive case identified during field investiga-
tion (SP25WBCASED), considered the probable index
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case of the outbreak (case 0), which had likely been
dead for ~1.5-4 months before detection. All ge-
nomes clustered within the same clade and showed
the characteristic #9.8-kb LVR deletion and nearly
identical profiles compared with SP25WB2611. The
only relevant difference was a synonymous SNP in
case 11 relative to the Georgia 2007/1 reference ge-
nome (C—T at position 164,421). We also observed
minor variations within polynucleotide tracts. We
described genomic variants and epidemiologic data
(Appendix 1 Tables 2, 3). We submitted the 6 con-
sensus genome sequences to GenBank (accession
nos. PZ619929-34).

Conclusions

Genomic characterization of ASFV detected in wild
boar in northeastern Spain identified a distinct geno-
type Il variant defined by a unique multigene profile
and a large LVR deletion. Outside the deleted region,
although the virus remained highly similar to the
Georgia 2007/1 lineage, we found 30 nt differences,
together with the novel MGF signature defining ge-
netic group 29. In whole-genome phylogenetic analy-
sis, the study isolate clustered near early Caucasus
genotype II viruses. However, that clustering should
be interpreted cautiously because the large LVR de-
letion contributed little to the phylogenetic topology.
Furthermore, genotype II ASFVs show limited ge-
nomic divergence because of their slow evolutionary
rate (*1-1.5 x 107 substitutions/site/year; ~2 substi-
tutions/genome/year) (6). Consequently, relatively
few SNP differences might influence phylogenetic
grouping among closely related genotype II viruses.
The clustering we observed does not necessarily in-
dicate a direct epidemiologic relationship with early
Caucasus isolates.

Analysis of 6 additional ASFV-positive wild boar
cases confirmed the stability of the large LVR dele-
tion and the high genomic similarity among the Spain
isolates; we detected 1 synonymous SNP within the
E423R coding region in case 11. Of importance, case
0 already carried the same deletion, suggesting that it
was present before introduction into Spain. Although
the precise origin of the variant remains unresolved,
our data support a long-distance, human-mediated
introduction; the isolated detection in a periurban
setting with high human connectivity, along with the
absence of epidemiologic continuity with affected
regions, support that interpretation. Contaminated
pork products remain a recognized pathway for
ASFV introduction (7-9).

The genomic features of the Spain ASFVs result
primarily from structural changes within the LVR,
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particularly the deletion affecting MGF110 and
MGEF360 genes involved in host-virus interactions
and innate immune responses (10,11). Comparable
LVR deletions have been reported in ASFV field
variants from Estonia and Italy with different viru-
lence outcomes (12,13), during adaptation of geno-
type II viruses to continuous cell cultures (14), and
after heat treatment (15). In the Spain variant, the
biological consequences of such changes remain un-
certain. Serologic findings during outbreak follow-
up at the NRL identified ASFV-specific antibodies in
44 (32.1%) of 137 PCR-positive wild boar specimens,
confirming the initial findings in the index cases.
Those data suggest a more prolonged course of in-
fection than typically observed with highly virulent
genotype II ASFV strains, in which animals often
die within the first week after infection, before de-
veloping detectable humoral responses. Whether the
prolonged course of infection we observed in this
outbreak is associated with the large LVR deletion
requires confirmation through in vivo studies. Our
study highlights the importance of continued epide-
miologic and genomic follow-up of ASFV outbreaks
to better understand the evolution, circulation, and
emergence of genetically distinct genotype II vari-
ants over time.
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Chronic Elbow Nodules Caused
by Fomitiporella Fungus in
Immunocompetent Patients,
United States

Giannoula S. Tansarli, Bicong Wu, Stephen J. Salipante, Brad T. Cookson

We report 2 cases of chronic subcutaneous infection in
immunocompetent persons caused by Fomitiporella spp.
basidiomycetes. Both patients recovered after surgical
excision without antifungal therapy. We confirmed the
cause of infection using broad-range fungal PCR from
formalin-fixed tissue, highlighting the value of molecular
diagnostics for detecting rare environmental fungi.

Ithough systemic fungal infections are most of-

ten associated with immunocompromised pa-
tients, several well-described fungal diseases, such
as chromoblastomycosis, mycetoma, and sporotri-
chosis, cause localized skin and subcutaneous infec-
tions in immunocompetent persons. The range of
environmental fungi known to cause localized infec-
tions in immunocompetent persons is expanding (1).
Such infections often follow a prolonged, indolent
course and remain confined to specific organs, such
as the skin and subcutaneous tissues. Subcutaneous
fungal infections involve deeper layers of the skin
and underlying tissues and usually result from in-
fection by low-virulence organisms (2). Acquisition
of fungi involved in localized infections can occur
via environmental exposure, inhalation followed
by localized disease, or traumatic inoculation (1-3).
Traumatic inoculation is the most common portal of
entry in cutaneous and subcutaneous fungal infec-
tions, frequently involving exposure to contaminat-
ed vegetation, wood, or soil.

Among the diverse fungi that cause opportu-
nistic or localized disease, many members of the
phylum Basidiomycota (basidiomycetes), including
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yeasts such as Cryptococcus and Malassezia as well as
filamentous fungi, are environmental organisms that
are rarely implicated in human disease. Filamentous
basidiomycetes present a particular diagnostic chal-
lenge to clinical laboratories because they often fail to
sporulate in culture; they might be mistakenly clas-
sified within the broad category of hyaline molds
because they are often indistinguishable by conven-
tional morphologic methods (4,5). Since the early
2000s, molecular techniques have increasingly been
used to improve recognition and classification of such
organisms (6); specific filamentous basidiomycetes
have been implicated in hypersensitivity syndromes,
chronic cough, allergic bronchopulmonary disease,
sinusitis, and, rarely, invasive infections (5,7,8). How-
ever, the pathogenic potential for many genera within
Basidiomycota remains unknown.

Fomitiporella is a genus of filamentous basidio-
mycetes comprising wood-decaying fungi (9) with
no well-established role in human disease. Here, we
report 2 cases of localized Fomitiporella infection in
immunocompetent patients in the United States, both
diagnosed using broad-range fungal PCR.

The Study

Case 1 was in a 46-year-old man in North Dakota,
USA, who immigrated from Liberia in 2012. When he
sought care in 2025, he had a 2-year history of local-
ized pain, discomfort, and restricted movement over
his right olecranon bursa. He reported no injury to
the area, fever, night sweats, weight loss, or respirato-
ry symptoms. His medical history was unremarkable,
and he was taking no prescription medications. Mag-
netic resonance imaging demonstrated olecranon bur-
sitis. After orthopedic evaluation, surgical excision of
the bursa was conducted. Postoperative recovery was
uncomplicated; sensation, motor strength, and range
of motion were fully preserved.
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Histopathologic examination of the removed tis-
sue revealed multiple large expansile granulomas
bordered by epithelioid histiocytes. Gram and acid-
fast stains were negative; alcian blue/periodic acid-
Schiff staining showed focal dermal mucin and abun-
dant fungal hyphae, and Grocott methenamine-silver
stain highlighted numerous hyphae within granu-
lomatous areas (Figure 1). Culture was not ordered.
A formalin-fixed, paraffin-embedded (FFPE) tissue
block was submitted to the University of Washington
(UW) Molecular Microbiology Laboratory (Seattle,
WA, USA) for molecular diagnosis.

Broad-range fungal PCR (10) targeting the 28S
rRNA gene yielded a 610-bp sequence (GenBank ac-
cession no. PX488794) with 98.2% identity to Fomi-
tiporella austroasiana (accession no. MG657323) and
98.03% identity to 2 F. austroasiana type strain se-
quences (accession nos. MG657320 and NG_060440).
We corroborated the result by comparing a 316-bp
internal transcribed spacer (ITS1) sequence (ac-
cession no. PX596867) to the same strains, which
showed 98.2% identity to F. austroasiana (accession
no. MG657323) and 90.77% identity to 2 type strain
sequences (GenBank accession nos. MG657328 and
NR_158435), establishing a molecular diagnosis of
Fomitiporella species related to F. austroasiana. The
patient received no antifungal therapy and remained
well without recurrence.

Case 2 was in a 43-year-old man in Washington
who immigrated from Mexico in 2021. He sought care
in 2025 for a painful, slowly enlarging nodule over his
left olecranon bursa that had persisted for >5 years.
He had no systemic symptoms or history of immu-
nodeficiency. Surgical excision of the bursa was per-
formed, and a specimen was submitted for histopa-
thology. Immunohistochemical staining showed no
infiltrative cytokeratin AE1/AE3 or CD34-positive
cells. Although acid-fast staining results were nega-
tive, GMS stain revealed scattered fungal hyphae
along the periphery of palisading granulomas (Fig-
ure 2). Histopathologic features were consistent with
Figure 1. Images of stained
tissue specimen from olecranon
bursa of case-patient 1 in
study of chronic elbow nodules
caused by Fomitiporella fungus
in immunocompetent patients,

United States. A) Hematoxylin
and eosin staining shows
multiple large expansile back-
to-back necrotizing granulomas

surrounded by epithelioid
histiocytes (arrow). Original

Elbow Nodules Caused by Fomitiporella Fungus

subcutaneous fungal infection. An FFPE tissue block
was sent to the UW Molecular Microbiology Labora-
tory for broad-range fungal PCR.

A 608-bp 285 rRNA gene sequence from the
specimen (GenBank accession no. PX488793) dis-
played 98.8% identity to F. micropora (accession no.
MGB806099). Results of 327-bp ITS sequencing of the
reference strain (accession no. PX596866) provided
orthologous support, showing 91.25% identity to F.
micropora (accession no. KX181296). We established
the molecular diagnosis of Fomitiporella species re-
lated to F. micropora on the basis of those results. The
patient received no antifungal therapy and remained
well without recurrence.

The 2 cases presented here implicate Fomitiporella
spp. as human pathogens. In both cases, the DNA
sequences identified exhibited sufficient sequence
diversity from previously classified Fomitiporella spp.
that they likely represent previously undescribed spe-
cies in the genus. Case 1 involved a F. austroasiana-
like species; case 2 involved a F. micropora lineage.
Human infections attributed to Fomitiporella spp. are
rarely reported in the literature; an infection involv-
ing a F. micropora lineage was previously identified by
the UW Molecular Microbiology Laboratory in an im-
munocompromised patient in New York in 2025 (11).
The cases we report demonstrate that Fomitiporella
can cause disease in otherwise healthy hosts.

Clinicians initially considered chronic aseptic
olecranon bursitis in both cases; histopathologic ex-
amination unexpectedly revealed fungal hyphae,
prompting consultation with the infectious diseases
service. Each of the 3 reported Fomitiporella infections
have manifested as long-standing, localized cutane-
ous or subcutaneous lesions: 1 on the lower extrem-
ity (11) and 2, the cases we describe, involving the
olecranon. That pattern suggests superficial soft tis-
sue as a favored niche, possibly after environmental
inoculation via unnoticed trauma or occupational
exposure; for 1 patient, documentation indicated
long-term employment in equipment assembly. In

magnification x100. B) Grocott methenamine-silver staining shows many fungal hyphae visible throughout the granulomas (arrows).

Original magnification x400.
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Figure 2. Images of stained

tissue specimen from olecranon
bursa of case-patient 2 in study

of chronic elbow nodules caused
by Fomitiporella fungus in
immunocompetent patients, United
States. A) Hematoxylin and eosin
staining shows sclerotic granuloma
(arrow). Original magnification x20.
B) Grocott methenamine-silver
staining shows many fungal
hyphae visible throughout the
granulomas (arrows). Original
magnification x400.

other implantation mycoses, patients often do not re-
call a specific traumatic event. Of note, all 3 reported
infections have occurred in persons who immigrated
from tropical or subtropical regions (Liberia, Mexico,
and Trinidad), where wood-decaying Fomitiporella
spp. are endemic (12), suggesting that patients ac-
quired the infection before immigration. However,
the apparent geographic distribution might partly re-
flect where environmental sampling for those fungi
has been conducted.

Both of the case-patients we report were treated
with surgical excision and no antifungal therapy. Al-
though long-term follow-up data were not available,
the clinical course in those cases and the previously
reported case (11) suggested that surgical excision
might be sufficient for localized Fomitiporella infection
and with antifungal therapies reserved for incomplete
excision, immunosuppressed patients, or evidence of
dissemination. In cases where antifungal treatment is
warranted, the limited evidence suggests that infec-
tions caused by filamentous basidiomycetes usually
respond well to azoles other than fluconazole (7,13).

Conclusions

Filamentous basidiomycetes are rarely implicated in
human infection and are often misidentified or over-
looked. Awareness of Fomitiporella is important for
pathologists who encounter fungal hyphae in granu-
lomatous lesions without a definitive culture result.
Molecular identification should be considered when
cultures are sterile or yield nonsporulating hyaline
molds. Reporting additional Fomitiporella cases will
improve understanding of epidemiology, disease
spectrum, and treatment strategies.

Fomitiporella spp. infection, although exceeding-
ly rare, can cause chronic localized lesions in both
immunocompetent and immunocompromised hosts.
Complete surgical excision offers excellent out-
comes without antifungal therapy in most patients.
Broad-range fungal PCR can identify molds and
yeasts and some nonfungal eukaryotic pathogens

1504

such as oomycetes, amoebae, and parasites (14,15);
therefore, it is a valuable tool for diagnosing unusual
or unexpected infections, even in cases in which ma-
terial is not available for microbial culture. Clinical
and laboratory awareness of the pathogenic poten-
tial of Fomitiporella spp. will contribute to increased
recognition and prevent misdiagnosis of such poten-
tially emerging pathogens.
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etymologia revisited

Tularemia
[t-lo-re-me-a]

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

Originally published
in November 2007

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

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

Reference
Dorland’s illustrated medical dictionary, 31st edition. Philadelphia:
Saunders; 2007; Benenson AS, editor. Control of communicable diseases
manual. Washington: American Public Health Association; 1995;
https:/ /www.whonamedit.com
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A shipping container yard worker from Taiwan contracted
laboratory-confirmed pulmonary coccidioidomycosis. He
reported no travel history to endemic regions. Occupa-
tional exposure to aerosolized dust or soil residues on
maritime shipping containers from endemic areas is like-
ly. Our findings highlight international shipping as a po-
tential pathway for introducing geographically restricted
pathogens into nonendemic regions.

Coccidioidomycosis is caused by inhaling fungal
spores produced by the dimorphic fungi Coccid-
ioides immitis and C. posadasii, which inhabit arid soil
primarily in the southwestern United States, north-
ern Mexico, and parts of Central and South America
(1). Outside those endemic areas, most cases are as-
sociated with travel or prior residence (2). Trans-
mission by contaminated materials or objects from
endemic regions is rare (2-4). However, increasing
cargo movement from endemic regions raises the
possibility that contaminated dust or soil residues
might be transported and infect persons living in
nonendemic regions.

In Taiwan, previously reported cases of coccidi-
oidomycosis have been identified exclusively among
persons with exposure to endemic areas (5). We re-
port a case of locally acquired pulmonary coccidi-
oidomycosis in a patient who had never traveled to
the Americas. The patient provided written informed
consent for the publication of his clinical history,
occupational data, and relevant images.

1These first authors contributed equally to this article.
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The patient, a man in his 50s, was a smoker with
no known underlying conditions. In August 2025, he
sought care for a 2-week history of cough, fatigue, and
intermittent dizziness. Chest radiography revealed a
mass in the right upper lobe (RUL) with right hilar
lymphadenopathy. Chest computed tomography
(CT) revealed an RUL 3.0 x 2.0 cm solid mass touch-
ing the pleura, as well as enlarged right hilar, medias-
tinal lymph nodes, and multiple pulmonary nodules
bilaterally (Figure 1). Because of the patient’s age and
smoking history, clinicians suspected a primary RUL
lung malignancy with mediastinal and intrapulmo-
nary metastases. The patient’s serum tumor markers,
including cancer antigen 19-9, carcinoembryonic an-
tigen, squamous cell carcinoma antigen, and cancer
antigen 125, were within reference ranges.

A flexible bronchoscopy retrieved tissue for his-
topathologic and microbiological evaluation. Endo-
bronchial ultrasound did not show the pulmonary
mass, precluding transbronchial biopsy. Pathologic
examination of the fine-needle aspirate from the right
hilar lymph node found granulomatous inflamma-
tion but no evidence of malignancy. Sputum and
bronchoalveolar lavage specimens were negative for
Moycobacterium tuberculosis by using PCR and culture.
Fungal culture of bronchoalveolar lavage fluid yield-
ed a colony morphologically consistent with Coccidi-
oides spp. Serologic lateral flow assay was positive for
Coccidioides antibodies, and enzyme immunoassay
confirmed reactivity for both IgM and IgG. Because
of potential serologic cross-reactivity among endemic
dimorphic fungi in Taiwan, molecular testing by in-
ternal transcribed spacer sequencing and the CocciDx
(Translational Genomics Research Institute, https://
www.tgen.org) real-time PCR was performed, con-
firming C. immitis (6). The patient was treated with
fluconazole and had gradual clinical and radiologic
improvement.

The patient reported no travel to coccidioidomy-
cosis-endemic regions nor indirect exposure in the
month before illness onset, including contact with
items brought by visitors from endemic areas or
personally sourced from these regions. The patient
had worked for years at a maritime container yard
where shipping containers were stored, repaired,
and cleaned after cargo removal. His duties in-
cluded hammering deformed container panels and
cleaning container surfaces by using high-pressure
water jets, both performed without respiratory pro-
tection. Those activities could disturb residual soil
or dust on container surfaces, aerosolizing Coccidioi-
des arthroconidia spores and making them easier to
inhale (Figure 2).
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Figure 1. Chest computed
tomography findings in a maritime
container yard worker with
pulmonary coccidioidomycosis,
Taiwan, 2025. A) Axial lung-
window images reveal multiple
bilateral pulmonary nodules
(yellow arrows). B)A 3.0 x 2.0 cm
solid mass is visible in the right
upper lobe (red arrow), and right
hilar lymph nodes are enlarged
(green arrow).

Although the specific containers involved could
not be identified, the containers the patient might have
worked in were associated with ports in California and
Washington, USA. Because C. immitis is native to parts
of California, Baja California, and eastern Washington
(1), we considered the possibility of exposure to con-
taminated soil or dust transported in shipping contain-
ers. Our conclusion that this pathway was possible is
supported by a previous report suggesting Coccidioi-
des arthroconidia could be transported with shipped
goods and aerosolized during container sweeping (4).
It is also biologically plausible because of the docu-
mented environmental persistence and fomite stabil-
ity of Coccidioides arthroconidia (7,8). Together, the ab-
sence of travel history and routine aerosol-generating
container work support occupational exposure as the
most likely route of acquisition.

The first limitation of our investigation is the
omission of container surface environmental sam-
pling, which precluded direct detection of aerosol-
ized arthroconidia and prevented definitive source
attribution. Second, the lack of serologic assessment
among exposed co-workers limited our ability to

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 9, September 2026

evaluate potential shared occupational exposure. Fi-
nally, without prior serologic or clinical data, we could
not distinguish recent infection from reactivation, al-
though we considered reactivation less likely because
of the absence of recognized risk factors (9,10).

With continued global commerce integration, tra-
ditional geographic boundaries of infectious diseases
might be less distinct. In nonendemic regions, early di-
agnosis requires clinicians to consider coccidioidomy-
cosis in patients with compatible clinical and radiologic
findings and to ask about occupational exposure to im-
ported dust- or soil-contaminated materials, including
maritime containers, especially when travel history to
endemic areas can be ruled out. For occupational pre-
vention, control measures should follow the hierarchy
of controls and include standardized protocols to mini-
mize aerosolization during container maintenance,
worker education and training, periodic health moni-
toring, and the use of fit-tested respiratory protection
during high-risk activities. Surveillance in international
shipping settings also might help identify exposure
risks and inform strategies to prevent this emerging,
potentially underrecognized occupational hazard.

Figure 2. Occupational activities
at a maritime container yard

in Taiwan, 2025, that might
generate airborne Coccidioides
immitis from soil or dust. A) Red
arrows indicate hammers used
for hammering of deformed
container panels during metal
surface repair. B) Green arrow
indicates backsplash from high-
pressure water jet cleaning

of interior container surfaces.
Images do not depict the patient
reported in this case or any
specific containers he worked on.
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Southern tick—associated rash illness (STARI) is a tick-
borne disease of unknown etiology characterized by an
erythema migrans—like skin lesion. We report a STARI
case in New York in a child after an Amblyomma ameri-
canum tick bite; we detected Borrelia lonestari, a disputed
cause of STARI, in the tick.

Southern tick-associated rash illness (STARI) is a
tickborne disease of unknown etiology. Its hallmark
finding is an erythema migrans (EM)-like skin lesion
after a lone star tick (Amblyomma americanum) bite. Al-
though it is considered self-limited, STARI is difficult
to diagnose and manage because of characteristics sim-
ilar to Lyme disease. STARI is not known to cause any
sequelae after rash resolution; the role of antimicrobial
drugs in proven cases is therefore undetermined (1).

Previous descriptions of STARI focused on the
southern United States. Because lone star tick popula-
tions have increased in the mid-Atlantic and north-
eastern United States, regions highly endemic to
Lyme disease, differentiating STARI from Lyme dis-
ease has become a challenge (2). We describe the case
of a child evaluated in Long Island, New York, USA
for an EM-like skin lesion.

An 8-year-old girl with a history of asthma and
allergic rhinitis living in eastern Long Island was
brought in June 2025 for evaluation of a recent EM-
like lesion. Approximately 2 weeks before her visit,
she had a 5-cm annular lesion with peripheral erythe-
ma and a central nodule on the upper back (Figure 1).
She also experienced low-grade fever, posterior cervi-
cal lymphadenopathy, and myalgia. A tick had been
removed from the lesion site and stored in a sealed
bag 12 days before the rash began. The patient did
not receive doxycycline postexposure prophylaxis.
Because early localized Lyme disease was suspected,
her pediatrician prescribed a 2-week course of amoxi-
cillin. The rash and associated symptoms resolved
within 1 week. She was asymptomatic at the time of
the follow-up consultation.

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 32, No. 9, September 2026



Although care providers initially suspected
Lyme disease, the biting tick was identified as an
adult male lone star tick (Figure 2), which does
not transmit Borrelia burgdorferi, which mean the
patient’s signs and symptoms were consistent with
a diagnosis of STARI. We extracted DNA from the
tick, performed nested PCR targeting the Borrelia
flagellin gene (3), and confirmed the presence of a
B. lonestari-specific sequence (GenBank accession
no. PZ457021).

A. americanum, an aggressive tick species, has
expanded across the United States (2,3). In the US
Northeast, diagnosing STARI is challenging because
of a high rate of B. burgdorferi-infected Ixodes scapu-
laris ticks (2). As A. americanum tick populations have
increased across Long Island, the proportion of EM
lesions caused by Lyme disease has decreased, like-
ly because of higher STARI incidence (2). National
STARI incidence remains unknown because the con-
dition is not reportable and is often presumed to be
the result of B. burgdorferi infection.

STARI was described in 1995 in 45 patients with
EM-like lesions in Missouri, USA, in a region with-
out Lyme disease (4). Study participants had nega-
tive serology results for Lyme disease and negative
B. burgdorferi culture results from skin lesion biop-
sies, which raised suspicion of an alternative diagno-
sis (4). B. lonestari was identified as a potential cause
of STARI after it was identified in both skin biopsy
and the associated tick in a patient bitten by a female
A. americanum tick in North Carolina (5). A subse-
quent Missouri study assessed B. burgdorferi and B.
lonestari in skin biopsies from patients with EM-like
lesions (6); results from 16S eubacterial rDNA PCR,
glpQ PCR for B. lonestari DNA detection, and B. burg-
dorferi culture were negative (6). In a later study, 16s
rRNA metagenomic sequencing of blood samples
collected during 2018-2019 from STARI patients did
not identify any tickborne bacteria (7). Consequent-
ly, it has been suggested that STARI is caused not
by an infection but rather a hypersensitivity reaction
(8), possibly related to alpha-gal syndrome, which is
also caused by the bite of a lone star tick (8). B. lon-
estari prevalence on Long Island is uncommon (de-
tected in 1% of A. americanum ticks) (9), which made
identification in our case particularly interesting.
Because our patient did not undergo testing for B.
lonestari infection, we cannot determine if that bacte-
rium caused her symptoms.

STARI diagnosis is difficult because it shares
features with Lyme disease; however, subtle clinical
differences exist. Compared with EM patients from
New York, a highly Lyme disease-endemic state,
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Figure 1. Erythema migrans-like skin lesion at the site of a tick
bite on patient’s upper back in study of southern tick—associated
rash illness in pediatric patient, New York, USA, 2025.

patients from Missouri, who presumably had STAR],
experienced a shorter duration from tick bite to
skin lesion onset; had fewer associated symptoms;
were less likely to experience multiple lesions; had

Figure 2. Adult male lone star tick (Amblyomma americanum)
from study of southern tick—associated rash illness in pediatric
patient, New York, USA, 2025. The tick was removed from the
patient 12 days before rash onset.

1509



RESEARCH LETTERS

lesions that were smaller, more circular, and had more
central clearing; and recovered more quickly (10).
Although withholding antimicrobial treatment might
be reasonable in confirmed cases of STARI, doing so
in B. burgdorferi-endemic regions poses the risk of un-
dertreating Lyme disease. As our case demonstrated,
STARI can be diagnosed only if a lone star tick is
identified, underscoring the importance of preserv-
ing the biting tick.

The etiology of STARI remains unknown;
whether B. lonestari is the causative agent is not clear
(6,6). Although detection of B. lonestari does not es-
tablish it as the cause, our findings raise questions
about B. lonestari pathogenicity and underscore the
need for improved diagnostics for patients with EM-
like lesions.
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We evaluated pediatric tuberculosis treatment outcomes
in a tertiary care center in France during 2014—2024 by
using updated World Health Organization definitions.
Among 123 children, 60.9% were successfully treated.
Unfavorable outcomes reflected suboptimal adherence,
dosing errors, and incomplete follow-up, highlighting the
need for implementation and evaluation of optimized
care processes.

ediatric tuberculosis (TB) remains a major global

health concern; an estimated 1.2 million new cases
and 174,300 deaths were reported in 2024 (1). Treat-
ment regimens are well-standardized and updated by
the World Health Organization (WHO) (2). However,
research and implementation efforts predominantly
focus on high-incidence countries. Data from pedi-
atric cohorts in high-income, low-incidence settings
remain scarce, reporting overall success rates around
90% (3,4), but provide very limited insights into the
quality of care, treatment pathways, and potential
barriers. We describe TB treatment outcomes in a ter-
tiary pediatric center in France over a 10-year period
by using the updated WHO treatment-outcome defi-
nitions as a standardized framework.

We conducted a retrospective cohort study at a
tertiary pediatric hospital in Lyon, France, includ-
ing all patients <18 years of age treated for TB dur-
ing January 1, 2014-December 31, 2024. TB diagnosis
was consistent with WHO guidelines (2). To achieve
comprehensive case identification, we cross-matched
4 institutional databases, including microbiology,
pharmacy, administrative records, and pediatric in-
fectious disease consultations, and then conducted a
systematic manual review of each medical record.

We collected data on demographics, signs and
symptoms, treatment, and outcomes by using stan-
dardized definitions (2,5-7). We classified treatment
outcomes according to WHO definitions as favor-
able (cured or treatment completed) or unfavorable
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(treatment failure, lost to follow-up, or death)
(Appendix Table, http://wwwnc.cdc.gov/EID/
article/32/9/26-0600-Appl.pdf) (8). To further elu-
cidate the care process, we captured secondary ana-
lytic outcomes. Those outcomes included dosing ad-
equacy, assessed according to WHO-recommended
weight-based drug dosages and, when available, ther-
apeutic drug monitoring for rifampin or isoniazid;
treatment nonadherence (intake <80% or treatment
interruption for >2 consecutive weeks (6); follow-up
nonadherence (any missed scheduled visit); microbi-
ological failure; treatment prolongation; modification
of the initial regimen (excluding adaptations on the
basis of drug susceptibility); and treatment-related
adverse events (7).

Among 123 children with TB, 13 were not evalu-
ated according to WHO outcome definitions because
they were transferred to another facility. Of the 110
evaluable children, 67 (60.9%) had favorable treat-
ment outcomes and 43 (39.1%) had unfavorable treat-
ment outcomes, including 34 with treatment failures,
9 who were lost to follow-up, and 2 with documented
microbiological failure (Figure). Treatment failure
was related to radiological failure (32.6%, n = 14),
clinical failure (16.3%, n = 7), or treatment nonad-
herence or underdosing (23.3%, n = 10). Underdos-
ing was documented in 28 (25.4%) children, 11 (10%)
with subtherapeutic drug concentrations and 17
(15.5%) with subrecommended weight-based dosing.
Overdosing was documented in only 1 child. Thera-
peutic nonadherence was reported in 17 (15.5%) chil-
dren, and follow-up nonadherence was reported in
67 (60.9%) children. Thirteen (11.8%) children experi-
enced adverse events, including hepatotoxicity (8.2%,
n =9), agranulocytosis (2.7%, n = 3), peripheral neu-
ropathy (0.9%, n = 1), and optic toxicity under etham-
butol (0.9%, n =1). Nearly half of the adverse events
(46%, n = 6) led to permanent discontinuation of the
implicated drug.

Of the 110 evaluable children, the median age
was 5 years; 61 (55.5%) were male and 49 (45.5%)
female (Table). Malnutrition was documented in 10
(9.1%) children, and 4 (3.6%) children were co-in-
fected with HIV. Isolated thoracic disease was docu-
mented in 78 (70.9%) children, including 50 children
with severe forms of the disease. Extrapulmonary
TB was reported in 32 (29.1%) children. We ob-
tained microbiological confirmation from 58 (52.7%)
children and documented index cases in 43 (39.1%)
children. Five (4.5%) TB strains were resistant: 3 re-
sistant to isoniazid, 1 resistant to ethambutol, and
1 multidrug-resistant. Most (57.3%, n = 63) children
were treated with the standard 6-month regimen;
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Figure. Distribution of pediatric
tuberculosis care outcomes in
a tertiary care center, France,
2014-2024. Light gray bars
indicate favorable outcomes
and black bars unfavorable
outcomes, as defined by the
World Health Organization.
Percentage values reflect the
percentage of the total evaluable
population (n = 110).

only 1 received the 4-month regimen, and 13 (11.8%)
children with severe disease required prolonged
treatment for 9-12 months (2).

By using standardized WHO definitions in a
high-income, low-incidence setting, we found near-
ly 40% of children had unfavorable treatment out-
comes. Care-process gaps were frequent: 1 in 4 chil-
dren were underdosed, treatment nonadherence was
documented in 1 in 6 children, and ~66% of children

had suboptimal follow-up attendance. Those findings
underscore that many unfavorable outcomes reflect
elements of care that can be improved rather than in-
trinsic disease severity or care access.

Our results are in striking contrast with reported
success rates *90% in similar settings, largely on the
basis of heterogeneous or earlier outcome definitions
(3,4), highlighting how updated WHO definitions go
beyond death or microbiological failure to capture

Table. Population characteristics of pediatric patients with TB, France, 2014-2024*

No. (%) patients

Characteristics Total, n=110  Favorable outcome, n = 67 Unfavorable outcome, n = 43
Age group, y
<1 11 (10.0) 7 (10.4) 4(9.3)
1-5 46 (41.8) 28 (41.8) 18 (41.9)
5-10 20 (18.2) 13 (19.4) 7 (16.3)
10-18 33 (30) 19 (28.4) 14 (32.5)
Sex
M 61 (55.5) 40 (59.7) 21 (48.8)
F 49 (45.5) 27 (41.3) 22 (51.2)
Underlying conditions
Malnutrition 10 (9.1) 6 (9.0) 4(9.3)
HIV co-infection 4 (3.6) 2 (3.0 2(4.7)
Extrapulmonary tuberculosis complications
Isolated thoracic TB 78 (70.9) 52 (77.6) 26 (60.5)
Peripheral lymphadenitis 18 (16.4) 8(7.3) 10 (9.1)
Central nervous system TB 6 (5.5) 4 (3.6) 2(1.8)
Osteoarticular TB 6 (5.5) 4 (3.6) 2(1.8)
IRIS 8(7.3) 2(3.0) 6 (14.0)
BCG vaccination 45 (40.9) 36 (53.7) 9 (20.9)
Microbiologic characteristics
Microbiological confirmation 58 (52.7) 31 (46.3) 27 (62.8)
Identified index case 43 (39.1) 32 (47.8) 11 (25.6)
Drug-resistant strain 5 (4.5) 2 (3.0 3(7.0)
Initial treatment characteristics
Planned treatment duration, mo
<6 64 (58.2) 55 (82.1) 9 (20.9)
>6 13 (11.8) 12 (17.9) 1(2.3)
Initial treatment regimen
Standard 4-drug regimen: HRZE 62 (56.4) 38 (56.7) 24 (55.8)
Standard 3-drug regimen: HRZ 46 (41.8) 27 (40.3) 19 (44.2)
Other treatment regimen 2(1.8) 2 (3.0 0

* BCG, Bacille Calmette-Guérin; HRZ, isoniazid, rifampin, and pyrazinamide; HRZE, isoniazid, rifampin, pyrazinamide, and ethambutol; IRIS, immune

reconstitution inflammatory syndrome; TB, tuberculosis
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suboptimal treatment processes. Furthermore, the
low relevance of the cured category, because of lim-
ited microbiological documentation in children (9),
reinforces the value of treatment completed as a more
meaningful indicator in pediatric TB.

Although the retrospective and single-center de-
sign of our study limits its generalizability, its decade-
long timespan, exhaustive case identification, and rig-
orous application of standardized WHO definitions
strengthen our findings. Similar concerns have been
raised in other high-income settings, where organiza-
tional models of TB care have influenced treatment
outcomes (10).

In conclusion, applying updated WHO defini-
tions revealed a high proportion of unfavorable out-
comes in a high-income, low-incidence setting. This
revelation supports the implementation and evalua-
tion of optimized care processes focused on treatment
adherence, accurate weight-based drug dosing, and
structured follow-up.
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Powassan virus is a tickborne flavivirus that can cause
severe encephalitis in humans. After the first known hu-
man case in lllinois, USA, we detected Powassan virus
in adult Ixodes scapularis ticks collected from 2 sites in
northern lllinois during 2025. Phylogenetic analysis con-
firmed the virus as Powassan virus lineage |

Powassan virus (POWYV; Flaviviridae: Orthoflavi-
virus) is a member of the tick-borne encephalitis
serocomplex of flaviviruses and, although rare, poses
a serious public health risk. Common symptoms in-
clude encephalitis and meningitis. Infection often re-
sults in considerable sequelae and, in #10% of cases,
can be fatal (1). Reports have documented the distri-
bution of POWYV in the United States through case re-
ports and studies of ticks and vertebrate hosts (1-3).
US regions with cases of recorded POWV include
those in the mid-Atlantic, Northeast, and Midwest,
and the past decade has seen a consistent rise in hu-
man cases (4).

POWYV consists of 2 clinically indistinguishable
lineages: lineage I (POWYV prototype) and lineage 11
(deer tick virus [DTV]) (5,6). Lineage I is maintained
predominantly in an enzootic cycle involving Ixodes
cookei ticks and woodchucks (Marmota monax), where-
as lineage II is maintained in a cycle involving Ixodes
scapularis ticks and white-footed mice (Peromyscus
leucopus) (1). The first case of POWYV in Illinois oc-
curred in 2025, involving a resident from Tazewell
County, although exposure may have occurred out
of state (7). In response, we expanded our tick sur-
veillance to assess the presence and distribution of
POWV in [ scapularis tick populations in central and
northwestern counties in Illinois and determine the
phylogenetic lineages of detected strains.

We performed tick drags during October and
November 2025 in 14 Illinois counties (Figure 1). We
selected outdoor recreational areas containing wood-
land habitats as sampling locations. Within each
county, 1 or 2 sites were visited 1-3 times, with at
least five 150-m transects per visit. We used a 1-m?
white cloth drag attached to a wooden dowel for col-
lection, according to previously established methods
(8), and placed ticks in vials containing 85% ethanol.
We sampled a total of 21 sites across 14 counties for 1.
scapularis ticks. We identified ticks according to spe-
cies, life stage, and sex by light microscopy and then
placed them in RN Alater solution (Thermo Fisher Sci-
entific, https://www.thermofisher.com) and stored
at —80°C until processing.

We extracted nucleic acids individually from
ticks using the MagMAX Viral/Pathogen Ultra Nu-
cleic Acid Isolation kit (Thermo Fisher Scientific)
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after crushing each specimen on liquid nitrogen. We
screened extracts for POWV RNA presence by quan-
titative reverse transcription PCR (qRT-PCR) using
an existing primer and probe set (9). We then reverse
transcribed the extracts of qRT-PCR-positive samples
(quantification cycle values <37) using the Prime-
Script 1st strand cDNA Synthesis Kit (Takara Bio
USA, https:/ /www.takarabio.com) and amplified
using an existing primer set (5). We slightly modified
the reverse primer (5'-AGCGGGTGTTT TTCCGAGT-
CACWCA-3') to detect both POWV lineage I and
lineage II. When direct PCR failed, we ran a nested
PCR using nested primer pairs POWVUTR-NestSeqF

Figure 1. Geographic information from study of Powassan virus
(POWV) in Ixodes scapularis tick populations, lllinois, USA, 2025.
Green shading shows counties in lllinois where |. scapularis tick
active surveillance included POWYV testing. Orange triangles
indicate locations where POWV-positive ticks were detected.
Asterisk indicates county in which a human case was reported in
2025 (placed at random location within the county).

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 32, No. 9, September 2026
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Figure 2. Maximum-likelihood phylogenetic tree of Powassan 3’ untranslated region created for study of Powassan virus in Ixodes
scapularis tick populations, lllinois, USA, 2025. Branch lengths estimated using Hasegawa-Kishino-Yano substitution model with a gamma-
distributed rate variation across 4 site categories. Bootstrap values >80% (1,000 replicates) are shown. Orange squares indicate samples
from this study, clustering within lineage Il together with samples previously detected in Wisconsin, USA. CAN, Canada; RUS, Russia.

(5-AGCATGACTGAACAGTCAAAAGA-3) and
POWVUTR-NestSeqR  (5'-TTGTCAGGCTATCTGT-
GCC-3'). Amplicons were Sanger sequenced at the
University of Illinois Urbana-Champaign Roy J. Carv-
er Biotechnology Center (Champaign, Illinois, USA).
We queried consensus sequences ranging 446-519 bp
against the National Center for Biotechnology Infor-
mation BLAST search tool (https://blast.ncbi.nlm.
nih.gov). We considered only samples confirmed by
both qRT-PCR and sequencing to be positive.

We generated sequence alignments using MAFFT
(https:/ /mafft.cbrc.jp/alignment/software) and a
maximum-likelihood phylogenetic tree using IQ-
TREE software (https://igtree.github.io) with 1,000
bootstrap replicates for branch support. Phylogenetic
reconstruction incorporated reference strains from
various US states and localities in Canada and Russia
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/32/9/26-0812-Appl.pdf).

All collected ticks were adult I. scapularis, with
the exception of a single I. scapularis nymph and a
single Dermacentor albipictus male tick. We established
density data for the female ticks collected (Appendix
Table 2). We detected POWYV in I scapularis adults
at single sites in Jo Daviess and Winnebago coun-
ties. The ticks determined to be positive for POWV

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 9, September 2026

(confirmed by sequencing) included 1 female and 2
male ticks from Winnebago collected on October 23,
two male ticks from the same site collected on Oc-
tober 31, and 2 male ticks collected from a site in Jo
Daviess on October 30. The prevalence of infection
for adult I. scapularis ticks was 0.059 (Wilson CI 0.025-
0.13) in Winnebago and 0.064 (Wilson CI 0.018-0.207)
in Jo Daviess. POWYV lineage I and lineage Il reference
strains were recovered as monophyletic clades (Fig-
ure 2), and the Illinois field samples clustered within
lineage II. Within the DTV branch, we detected a clus-
ter consisting of primarily northeastern United States
samples, whereas Illinois samples clustered together
with Wisconsin sequences.

Finding POWV-positive 1. scapularis ticks in Illi-
nois has relevance for healthcare providers, who may
need to consider POWYV exposure in establishing di-
agnoses, and also for health officials in crafting public
health messaging to include such information as du-
ration of tick attachment required for POWV trans-
mission (9). The locations where we detected POWV-
positive ticks were close to the Wisconsin border,
where foci of POWYV have previously been described
(1). Of note, the prevalence in the positive counties
was higher than that reported from a stable focus in
Wisconsin, where the prevalence was 1.3% (10). An
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important question we pondered is whether POWV
has been present, undetected, in Illinois for longer
than the recent emergence our findings suggest. In-
creased surveillance and genomic analysis may eluci-
date POWYV prevalence and phylogeographic history
in this area of ongoing I. scapularis tick expansion.
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Brazilian spotted fever is a severe tickborne rickettsial
disease endemic to Brazil. We report the clinical and epi-
demiological characteristics of an outbreak of 15 cases
of Brazilian spotted fever caused by Rickettsia rickettsii
in 2018 with high lethality. Our report highlights the need
for early diagnosis to avert deaths.

Brazilian spotted fever (BSF) is caused by Rickettsia
rickettsii bacteria and transmitted in endemic areas
of the interior of Sao Paulo state, southeastern Brazil,
by Amblyomma sculptum ticks. Transmission typically
occurs in forested areas along rivers and streams in-
habited by capybaras, which are the main host for the
tick vector and an amplifier host for Rickettsiae (1-3).
We describe a BSF outbreak characterized by a high
number of confirmed cases, specific circumstances of
transmission, and associated deaths.

An eco-epidemiologic investigation in 2018 in the
municipality of Americana, Brazil, identified a cluster of
15laboratory-confirmed cases of BSFina periurbanarea
(3) (Appendix Figure, http:/ /wwwnc.cdc.gov/EID/
article/32/9/26-0548-Appl.pdf). The outbreak lasted
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2 Figure. Temporal distribution of
" Brazilian spotted fever cases,
v by date of onset of symptoms,
81 during outbreak in Americana,

. Brazil, 2018.
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43 days, from April 26, 2018, the date of symptom on-
set of the index case, to June 7, 2018, when symptom
onset occurred in the last reported case (Figure). We
applied Brazilian Ministry of Health criteria to con-
firm each case (4) (Appendix Table 1). This study was
approved by the Research Ethics Committee of the
Faculty of Medical Sciences of the State University of
Campinas (protocol no. 5,474,734).

We noted the most prevalent symptoms in each
case included fever, headache, and myalgia. We also
observed an increased frequency in symptom sever-
ity, including respiratory failure, renal dysfunction,
jaundice, neurologic symptoms, shock, and hemody-
namic instability at the time of suspicion (Appendix
Table 2). There were 11 deaths out of 15 cases. Of note,
severe febrile-icteric and hemorrhagic syndromes
were prevalent.

The case-patients’ mean age was 37 years (range
2-65 years); 14 were male and 1 female, and 6 were
persons of color (Table). The case-patients had a me-
dian of 3 (range 1-4) medical consultations before
hospitalization, indicating diagnostic delay. The 12
patients who were hospitalized had a median of 4
(range 2-11) days from symptom onset to hospitaliza-
tion. Among the hospitalized patients who survived,
the length of hospital stay was 10-14 (median 12)
days. Among patients with fatal outcomes, the medi-
an duration from symptom onset to death was 6 days

(range 4-10 days), whereas the median time between
hospitalization and death was 1 day (range 1-5 days).
Most patients were working-age adults (20-59
years), although the inclusion of children is notable.
Previous studies suggest severe manifestations and
mortality reaching 80% in children (5-7). We found
that the low frequency of widespread skin rashes (5 of
15 in general, 1 of 6 in patients of color), a clinical clue
for BSF suspicion even in cases that already showed
signs of severity, might have contributed to late sus-
picion with a consequent high mortality rate.
Survivors sought care during the first 3 days of
symptoms and received doxycycline at median day 3
(range 2-4) compared with day 6 (range 4-9) for non-
survivors. Time from onset to hospitalization was also
shorter among survivors (3 vs. 5 days). We found that
early identification of the disease during the prodromal
phase, especially when associated with nonspecific clin-
ical symptoms and a history of exposure to tick habitats,
ideally by day 3 of symptom onset, can provide an op-
portunity for immediate outpatient treatment with oral
antimicrobial drugs to avoid hospitalization (4).
During the investigation, the municipal epidemi-
ologic surveillance team gathered information from
patients and family members. Eight patients reported
the occurrence of tick bites. All patients had a history
of engaging in outdoor leisure activities (e.g., fishing,
hiking) <15 days before symptom onset in a waterside

Table. Patient demographics and outcomes during a Brazilian spotted fever outbreak, Americana, Brazil, 2018*

Race or Onset of No. medical consultations Hospitalization Treatment Clinical Date of
Age, y/sex skin color symptoms before diagnosis date start datet outcome outcome
45/M White Apr 26 2 May 7 May 7 Cure May 21
23/IM White Apr 29 2 May 3 May 3 Death May 4
53/M White Apr 29 4 May 4 May 5 Death May 5
7IF White Apr 30 3 May 4 May 4 Death May 4
51/M Brown May 01 1 NA May 2 Cure NA
65/M Black May 04 3 May 13 May 14 Death May 14
45/M Brown May 05 3 May 9 May 9 Death May 14
6/M White May 06 2 May 8 May 9 Cure May 18
60/M White May 06 4 May 8 May 10 Death May 11
59/M White May 07 2 May 11 May 11 Death May 11
4IM Brown May 18 2 May 23 May 24 Death May 24
37/M Brown May 22 1 May 27 May 28 Death May 28
2/IM White May 30 3 NA Jun 3 Death Jun 3
49/M White Jun 02 2 NA Jun7 Death Jun7
49/M Brown Jun 07 1 NA Jun 9 Cure NA
*NA, not applicable.
TTreatment with doxycycline or chloramphenicol.
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forest area located at the confluence of the Atibaia and
Jaguari Rivers. An acarological survey that applied a
CO, trap technique conducted at 10 sites in this area
on June 14, 2018, collected 403 A. sculptum ticks (277
larvae, 110 nymphs, and 16 adults) and 82 A. dubita-
tum ticks (30 larvae, 49 nymphs, and 3 adults). We did
not test ticks for R. rickettsii bacteria.

Unlike what we observed in this outbreak, in en-
demic areas of BSF where A. sculptum ticks are the vec-
tor, cases typically concentrate during July- November,
when nymphs, the main life stage involved in transmit-
ting R. rickettsii to humans, are most abundant in the en-
vironment (2,4,8). High infestation by immature stages
(larvae and nymphs) of the vector in the environment
and high turnover of capybaras susceptible to infection
are factors that possibly enabled the occurrence of this
outbreak outside the expected epidemiologic pattern, in-
stead during the seasonal peak of larval abundance (8).

Even though this region has a long history of BSF
endemicity, during this outbreak, the alerts were not
timely enough for healthcare professionals in the re-
gion. We noted delays in clinical suspicion and diag-
nosis of BSF in most patients who died, highlighting
that BSF remains a relevant public health challenge
for health services and that early diagnosis is neces-
sary to avert deaths.
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Rickettsial disease caused by Rickettsia massiliae is rare
in humans; only 6 cases have been reported since 2006.
We report a case of R. massiliae infection in a pediatric
patient in Spain with symptoms suggestive of rickettsio-
sis. Our results suggest that R. massiliae is an emerging
tickborne rickettsial pathogen.

he increasing incidence and transmission of tick-

borne diseases is a major public health challenge.
Although surveillance contributes to understanding
the distribution and ecology of tickborne diseases,
they remain underdiagnosed (1). Rickettsia massiliae,
a spotted fever group Rickettsia species, is a human
pathogen that was first isolated from Rhipicephalus
spp. ticks in France in the 1990s (2). Since then, R. mas-
siliae has been identified in questing and feeding ticks
from a variety of animal hosts and in asymptomatic
humans across regions of Europe, Africa, Asia, and
limited areas of the Americas (3). R. massiliae was first
recognized as a human pathogen in 2006 (4). Only
6 confirmed cases of R. massilize caused rickettsiosis
have been reported, highlighting its emergence as a
tickborne rickettsial pathogen (5-7).

R. massiliae infection often causes clinical symp-
toms similar to other rickettsial infections, includ-
ing fever, muscle pain, rash, hepatomegaly, scalp
bedsores, neck lymphadenopathy, and eye issues
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such as retinal vasculitis, conjunctivitis, and vision
loss (8). Although ticks of the genus Rhipicephalus
are the primary vectors (9), the tick species respon-
sible for the transmission of R. massiliae to humans
has not been identified. We report a laboratory-con-
firmed case of R. massiliae infection in a patient from
southern Spain.

In January 2023, a pediatric patient was brought
to medical care for a dark eschar on the right hemis-
crotum, associated with pruritus, pain, and local
inflammation. The patient reported travel 2 weeks
before seeking medical attention to a periurban area
of Granada Province, southern Spain, where he had
contact with a domestic dog but no known arthro-
pod exposure. He remained afebrile, except for a
single temperature of 38°C on the day of admission.
Laboratory test results were unremarkable, includ-
ing a leukocyte count of 8.9 x 10° cells/uL (68.4%
neutrophils), platelet count of 266 x 10°/pL, and he-
moglobin level of 13.9 g/dL. The C-reactive protein
result was elevated (51.8 mg/L; reference range <5.0
mg/L). Scrotal ultrasonography revealed thicken-
ing of the tunica vaginalis with mild hyperemia, but
the testes were unaffected. Serologic testing for Bor-
relia burgdorferi, Coxiella burnetii, and Rickettsia cono-
rii yielded negative results. The patient was treated
with intravenous amoxicillin/clavulanic acid (25
mg/kg/8 h for 3 d), leading to clinical improve-
ment. Before he was discharged, a lesion scraping
was collected for microbiological analysis. Patient
follow-up was conducted at the Pediatric Infectious
Diseases outpatient clinic (Granada, Spain); the pa-
tient was treated with oral amoxicillin/clavulanic
acid (25 mg/kg/8 h for 1 wk). Twenty days after
symptom onset and confirmed rickettsial infection,
the patient was prescribed doxycycline (100 mg/12
h for 3 d), leading to complete resolution of symp-
toms and signs.

Biopsy material was submitted to the Special
Pathogens Reference and Research Laboratory, Na-
tional Center for Microbiology (Madrid, Spain) for the
detection of tickborne pathogens. We extracted DNA
from the biopsy sample by using the QlAamp Tissue
Kit (QIAGEN, https://www.qiagen.com) according
to the manufacturer’s instructions. We detected DNA
from Rickettsia spp. by performing PCR amplification
of fragments from the 235-55 rRNA intergenic spacer
and the outer membrane protein A (ompA) gene (10).
We purified PCR amplicons and sequenced the am-
plicons bidirectionally by capillary electrophoresis by
using BigDye Terminator chemistry on an ABI PRISM
3130 automated sequencer (Thermo Fisher Scientific,
https:/ /www .thermofisher.com).
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We generated a consensus sequence for the 235-
55 rRNA intergenic spacer (GenBank accession no.
PV679725) by aligning the sequence fragments to refer-
ence sequences retrieved from the GenBank database.
We determined sequence similarity by using BLASTn
(https:/ /blast.ncbinlm.nih.gov). The sequence shared
100% identity with R. massiliae strain MTU5 (GenBank
accession no. AY125013) and with an R. massiliae isolate
(accession no. PP263054) detected in a tick belonging to
the Rhipicephalus sanguineus complex from Spain. The
consensus sequence also shared >99% identity with
Rickettsia spp. isolated from ticks collected in Romania
(accession no. MG450328) and Tunisia (accession no.
KF245444) and the R. massiliae B29 strain isolated from
Spain (accession no. AY125014).

We detected R. massiline DNA from a skin biop-
sy of a patient with signs and symptoms consistent
with rickettsial infection. The sequence we generated
shared 99%-100% identity with R. massilige strains
previously isolated from ticks in other regions of
Spain and Mediterranean countries. Our findings pro-
vide evidence that R. massilige is an emerging cause of
human rickettsiosis and highlight the diagnostic rel-
evance of eschars in rickettsial infections. Eschars can
be clinical indicators for early recognition, enabling
prompt antimicrobial therapy, improving patient
outcomes, and enhancing epidemiologic surveillance
of emerging rickettsial infections.

The limited number of reported cases of R. mas-
silige in humans, despite the high prevalence in Rhipi-
cephalus ticks, might reflect underdiagnosis because of
nonspecific clinical signs and symptoms and limited
molecular testing. Limited human-tick contact might
also contribute to the lack of cases, because some Rhipi-
cephalus species have limited anthropophilic behavior
and exposure is likely concentrated in periurban set-
tings. Because of the complexity of pathogen-vector-
host interactions and the potential for severe clinical
outcomes, R. massiliae should be considered an emerg-
ing public health concern in Mediterranean regions.
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We report the establishment of the Gulf Coast tick (Ambly-
omma maculatum) and Rickettsia parkeri bacteria in Ohio,
USA. We collected host-seeking ticks through surveillance
in 2020-2021. Our discovery of established populations
in 2 Ohio counties highlights a medically critical vector—
pathogen system with serious public health implications.

he Gulf Coast tick (Amblyomma maculatum) is a

3-host ixodid tick of increasing medical and vet-
erinary note (1). Historically, this species inhabited
only coastal regions of the southeastern United States
from Florida to Virginia (2), but its geographic range
has expanded in recent years to include portions of
the Midwest and Northeast (3-7). Because the geo-
graphic distribution of this tick species is expanding,
so might the distribution of its associated pathogens.
Gulf Coast ticks are the vector for Rickettsia parkeri, a
causative agent of rickettsiosis (1).

The state of Ohio Department of Health has re-
ceived sporadic reports of Gulf Coast ticks since 1990
(Figure), but the tick was not yet documented as es-
tablished (the collection of >6 ticks of >1 life stage
within a county during a 12-month period) (8). The re-
ports were limited, involving a total of 29 Gulf Coast
tick records from 22 counties, often with only 1 tick
reported in any county each year. However, unveri-
fied reports of increasing Gulf Coast tick detections in
southwestern Ohio prompted our investigation into
whether self-sustaining populations and their associ-
ated pathogens were present.

We collected host-seeking ticks from vegetation
in Butler County, Ohio, USA, in July 2020 and Ham-
ilton County, Ohio, USA, in September 2020 by flag-
ging or dragging vegetation along walking trails in
public recreational areas (Appendix, http:/ /wwwnc.
cdc.gov/EID/article/32/9/26-0632-Appl.pdf). We
also received unfed ticks collected by a citizen scien-
tist at a neighborhood green space in Madison Coun-
ty, Ohio, USA, in June and July 2021.
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We obtained 41 adult A. maculatum ticks from 3
counties for this study (Figure): 30 (8 male, 22 female)
from Hamilton County, 7 (1 male, 6 female) from But-
ler County, and 4 (1 male, 3 female) from Madison
County. The collections met the criteria for establish-
ment in Hamilton and Butler counties but not Madi-
son County. We extracted DNA from 37 specimens
for pathogen testing by real-time PCR (Appendix). Of
the 29 specimens we tested from the Hamilton Coun-
ty site, 15 (51.7%) were positive for R. parkeri bacteria.

Established Gulf Coast tick populations have re-
cently been documented in several states outside of
the species” historical range, including Indiana in 2020
(3); llinois, Connecticut, and New York in 2021 (4,5,7);
and New Jersey in 2022 (6). Those reports indicate rapid
range expansion of Gulf Coast ticks in the northeastern
and midwestern United States. Through active surveil-
lance, we collected enough Gulf Coast ticks to document
established populations in 2 Ohio counties in 2020; pas-
sive submissions also documented the species in a third
county in 2021. Those findings suggest Gulf Coast tick
establishment in Ohio occurred before 2021.

We also detected R. parkeri bacteria in host-
seeking ticks, revealing the presence of a tick vector
and its primary human pathogen in Ohio. Human

Figure. Reports of Gulf Coast ticks (Amblyomma maculatum) in
Ohio, USA. Map highlights counties with previous reports of 1-2
Gulf Coast tick detections from the Ohio Department of Health
(1990-2020), the collection sites from this study of active and
passive Gulf Coast tick detections (2020—2021), and the counties
we determined to have an established population (>6 adults) of
Gulf Coast ticks.
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and animal health providers should remain vigi-
lant for locally acquired cases of R. parkeri caused
rickettsiosis. The Ohio Department of Health has
reported spotted fever rickettsiosis cases in Ham-
ilton and Butler counties (9). Although those cases
are presumed to represent Rocky Mountain spotted
fever associated with R. rickettsii bacteria from Der-
macentor variabilis ticks, R. parkeri bacteria antibodies
might cross-react with antigens used in routine se-
rologic assays for other spotted fever group Rickett-
sia. Cross-reactivity would make the causative agent
and vector difficult to distinguish (10). Our detection
of R. parkeri-infected Gulf Coast ticks emphasizes
the need to consider alternative spotted fever group
rickettsiae when interpreting human spotted fever
rickettsiosis surveillance data in Ohio.

Gulf Coast tick populations might have become
established before 2020 but remained undetected be-
cause of limitations in active surveillance activities.
Although we collected our samples in 2020-2021, they
remain relevant as historical records documenting es-
tablished populations rather than as transient intro-
ductions. Our records also help define the chronology
of the tick species’ spread. Our findings further under-
score the value of passive tick surveillance through
public submission programs in which the public sub-
mits ticks for identification as a complement to active
surveillance, particularly in areas with limited surveil-
lance capability experiencing tick range expansion.
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We describe 5 cases of human Oropouche virus infection
detected in rural Venezuela in 2025. All isolates belonged
to the OROVBr, . ,.,, reassortant lineage linked to the
2024-2025 epidemic. Our results emphasize ongoing
transmission, which highlights the need for strengthened

surveillance and laboratory capacity in South America.

Oropouche virus (OROV) is an arthropodborne
virus and member of the family Peribun-
yaviridae, genus Orthobunyavirus; the species is

These first authors contributed equally to this article.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 9, September 2026

RESEARCH LETTERS

Orthobunyavirus oropoucheense. The genome consists
of 3 segments of a linear negative-stranded RNA:
small, medium, and large (1). Several outbreaks of
OROV infection have occurred in the Amazon region
since 1960. The largest OROV outbreak has been on-
going since 2022 (1). By February 2025, a total of 9
countries in the Americas reported autochthonous
cases of OROV. Meanwhile Canada, Cayman Is-
lands, the United States, Germany, Italy, and Spain
also reported 30 imported cases, mostly in travelers
returning from Cuba (2).

The National Institute of Hygiene Rafael Ran-
gel (Caracas, Venezuela) has been detecting OROV
by using reverse transcription PCR since 2023. Be-
ginning in 2024, a total of 25% of the samples nega-
tive for dengue, chikungunya, and Zika viruses
were tested for Mayaro and Oropouche viruses by
quantitative reverse transcription PCR (qRT-PCR)
(3). During the first trimester of 2025, five samples
tested positive for OROV by qRT-PCR in 2 states
of Venezuela, Miranda and Portuguesa (Figure 1).
After the first case of OROV was detected in Janu-
ary 2025, all the samples negative for the 3 other
arboviruses from January-March 2025 were ret-
rospectively tested for Mayaro virus and OROV,
which were all negative. This study was approved

Figure 1. Locations of Oropouche
virus cases detected in Venezuela,
2025. The numbers represent the
cases detected. The cases were
detected in the Portugesa and
Miranda states. The first detected
Oropouche virus case was from
January 27, 2025, although official
notification was performed in March
2025, when sequences were
available. Inset shows location of
Venezuela in the Americas.
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Figure 2. Phylogenetic analysis of OROV cases in Venezuela, 2025. Maximum-likelihood phylogenetic analysis for each genomic
segment of the OROV genome: A) large genome segment sequences; B) medium genome segment sequences; C) small genome
segment sequences. The isolates are named according to their accession number in GenBank or GISAID (https://www.gisaid.org),

including the country and year of collection of each sample. Blue indicates the OROV,

clade and purple the OROV,

BR2015-2024 Pe/Co/Ec2008-2021

clade. Bold indicates the sequences of the Venezuela isolates. The tree scale indicates the average number of nucleotide substitutions
per site. Blue circles indicate bootstrap values >80. OROV, Oropouche virus.

by the Bioethical Committee of Instituto Venezo-
lano de Investigaciones Cientificas (protocol no.
CBioEtIVIC-2022-001): written informed consent
was obtained in OROV-positive human cases. We
described the clinical findings of the 5 patients
in accordance with the Pan American Health Or-
ganization guidelines (Appendix Table 1, http://
wwwnc.cde.gov/EID/article/32/9/25-0678-App.
pdf) (2). We observed no neurologic compromise
in those cases. For the first case, the patient had a
possible relapse 3 weeks later, although qRT-PCR
was negative. Recurrence seems to be a frequent
phenomenon in OROV infection (4).

We collected serum samples 2 or 3 days after the
appearance of acute febrile illness. We performed
genome sequencing on an Illumina iSeq platform
(llumina, https://www.illumina.com) by using a
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COVIDSeq library and primers specific for the OROV
genome (Appendix Table 2) (2). We assembled ge-
nome sequences by using both Genome Detective
(https:/ /www.genomedetective.com) and INSaFLU-
TELEVIR bioinformatic tools (https:/ /insaflu.insa.pt).

We deposited complete genome sequences
into the GISAID database (accession nos. EPI_
ISL_19859479-81), and in GenBank (GenBank acces-
sion nos. PX494099-101, PX495048-50 and PX495206-
8). We aligned sequences by using MAFFT (5) and
performed phylogenetic analysis by using IQTree
with 1000 bootstrap replicas (Appendix) (6).

Our phylogenetic analysis of 3 complete viral
genome segments revealed that the isolates from
Venezuela grouped in the OROV,, ... . clade,
a dominant lineage associated with current out-
breaks (1). The sequences from Venezuela were

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 32, No. 9, September 2026



related to OROV isolates from Cuba. However,
the small segment sequences were also closely re-
lated to sequences from Brazil (Figure 2). A large
outbreak of OROV occurred in Cuba in 2024, with
626 confirmed cases, and was still ongoing in 2025
(2). Since late 2022, an unprecedented epidemic of
OROV infection is still ongoing in Brazil (1,2,7).
However, no history of travel outside the country
was reported for the cases in Venezuela.

A close relative of OROV, Madre de Dios Virus,
was isolated from a monkey (Cebus olivaceus) dur-
ing an epizootic outbreak in the Eastern region of
Venezuela in 2010 (8). Animal reservoirs, such as
nonhuman primates and sloths, cannot be exclud-
ed in other rural regions of Venezuela and might
be involved in a spillover OROV event to humans
(9). However, the relatedness of the sequences to
the OROV ;0150004 Clade suggests an introduction
from the countries with OROV outbreaks. The 2
cases from Portuguesa state were from close locali-
ties, in contrast with the cases from Miranda state.
No secondary cases were found among febrile
persons in the localities where the OROV positive
cases were found. However, secondary asymptom-
atic cases (10) cannot be ruled out. Epidemiologic
surveillance of OROV infection is challenging be-
cause of the dengue virus epidemic in Venezuela.
Some OROV cases might be underreported because
they are misdiagnosed as dengue virus, or because
they were asymptomatic (10). Two additional
OROV infections were reported in April 2025 in
Portuguesa state.

In conclusion, we detected OROV in Venezu-
ela in 2025. Although underreporting of OROV cases
cannot be ruled out, the epidemiologic pattern of this
viral infection in Venezuela does not appear to be as
pervasive compared with other countries such as Bra-
zil and Cuba. We believe continued surveillance in
the region is necessary to reduce outbreak risk.
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We report 7 recognized autochthonous cases of ca-
nine pythiosis, a fungal disease, identified in Italy during
2021-2024. All infected dogs had freshwater exposure.
Cases involved multiple lakes and occurred over consec-
utive years. Sequenced isolates clustered within clade IV
of the Pythium insidiosum complex, currently designated
Pythium periculosum.

Pythiosis is a severe fungal disease caused by
pathogenic oomycetes of the genus Pythium and
is classically associated with tropical and subtropi-
cal climates and freshwater environments (1,2). The
disease affects mainly humans, horses, and dogs and
is typically linked to exposure to stagnant or slow-
moving freshwater habitats that support production
of infective zoospores. Most mammalian infections
involve the Pythium insidiosum complex, although
there have been occasional reports citing additional
pathogenic oomycetes (3,4).

Increasing reports from regions outside tradi-
tionally recognized endemic areas, including north-
ern areas of the United States and Japan, suggest a
broader global distribution of pythiosis (2). Europe,
however, remains exceptionally affected. A recent
systematic review identified Spain as the only coun-
try in Europe in which locally acquired human py-
thiosis cases had been documented (2,5). In 2023, we
reported 2 autochthonous canine cutaneous pythiosis
cases in Italy, which were linked to recurrent expo-
sure to Lake Bracciano in central Italy (6). Those ini-
tial observations suggested the possible presence of a
local ecologic niche favorable to pathogenic Pythium
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species. We subsequently identified 5 additional ca-
nine cases diagnosed during 2021-2024, bringing the
total number of recognized locally acquired canine
cases in Italy to 7. None of the dogs had traveled out-
side Italy before disease onset, supporting the notion
of locally acquired infection.

All dogs had histories of repeated exposure to
natural freshwater environments. Reported sites
included Lake Bracciano (5 cases), Lake Bolsena (1
case), and Lake Viverone in northern Italy (1 case)
(Figure 1). Distinct cases linked to Lake Bracciano
were recognized from 2021 through 2024, suggesting
persistent local environmental conditions favorable
to pathogenic Pythium species. In addition, identifica-
tion of a case associated with Lake Viverone expands
the geographic range of recognized exposure sites
by >300 km. Although environmental investigations
were outside the scope of this study, all implicated
sites feature shallow, near-shore areas that undergo
marked seasonal warming during summer months.
Such conditions may favor persistence or prolifera-
tion of pathogenic Pythium species (1). All factors
considered, we believe that our findings support the
presence of ecologic niches potentially suitable for

Figure 1. Freshwater sites associated with autochthonous canine
pythiosis cases for a study of autochthonous canine pythiosis
linked with freshwater exposure, Italy, 2021-2024. Dots indicate
lakes linked to reported exposure histories. Labels summarize the
number and year(s) of associated cases; asterisk indicates that 2
previously published cases (6) were included in the total count for
that lake. Base map adapted from Wikimedia Commons
(https://commons.wikimedia.org)

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 32, No. 9, September 2026



pathogenic oomycetes in different regions of Italy de-
spite the absence of traditionally recognized tropical
climatic conditions.

Six of the 7 infected dogs were German shep-
herds. Although the number of cases remains lim-
ited, this predominance is noteworthy and suggest
that factors beyond environmental exposure alone
might contribute to disease occurrence. Published
canine series from endemic regions show vari-
able breed distributions, suggesting that disease
emergence likely reflects a multifactorial interplay
between environmental exposure, host-related
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factors, and clinical recognition patterns. Clini-
cal manifestations were predominantly cutaneous
and characterized by chronic nodules, plaques,
ulceration, and draining tracts (Figure 2); 1 dog
later developed gastrointestinal involvement. Re-
searchers have described similar cutaneous and
gastrointestinal manifestations in canine pythiosis
occurring in other regions of the world (7-9). The
predominance of cutaneous presentations in our
series may reflect route of exposure through dam-
aged skin or recognition bias, because gastroin-
testinal disease may be less readily diagnosed. In

Figure 2. Representative
cutaneous manifestations of
canine pythiosis for a study of
autochthonous canine pythiosis
linked with freshwater exposure,
Italy, 2021-2024. Lesions
were characterized by chronic
ulceration, nodules or plaques,
draining tracts, and extensive
proliferative to necrotizing
cutaneous involvement. A)
Extensive ulcerative and
proliferative lesions involving
the dorsal region. B) Ulcerative
plaque affecting the dorsal
thoracic region. C) Extensive
ventral cutaneous involvement
with ulcerative and proliferative
lesions. D) Severe chronic
ulcerative and exudative lesion
affecting the left forelimb.
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several cases, the initial clinical manifestation sug-
gested inflammatory or bacterial disorders, and
empirical treatment and, in some cases, repeated
surgery preceded definitive diagnosis (Appen-
dix, https://wwwnc.cdc.gov/EID/article/32/9/
26-0354-Appl.pdf).

We established diagnosis by combinations of
cytology, histopathology, culture, and sequencing
(Appendix). Cytologic and histologic examination
showed broad, irregular, sparsely septate, hyphae-
like structures associated with pyogranulomatous
inflammation. Internal transcribed spacer sequence
data were available for 6 cases, and those isolates
clustered within clade IV of the P. insidiosum com-
plex, corresponding to the lineage currently desig-
nated Pythium periculosum. (10) We conducted phy-
logenetic analysis using representative reference
sequences spanning the 4 major clades recognized
within the complex (Appendix Figure). All sequenc-
es from Italy grouped within clade IV, consistent
with the broader extra-American representation pre-
viously observed for this clade (10). One additional
case, for which only large subunit sequence data
were available, showed highest similarity to isolates
previously assigned to the same lineage. The se-
quences from Italy also showed limited divergence
from one another and appeared closely related with-
in the clade IV framework, suggesting a geographi-
cally related cluster.

Our findings provide further evidence that ca-
nine pythiosis can occur in temperate settings outside
traditionally recognized endemic areas. Recurrent
identification of cases associated with freshwater ex-
posure suggests that suitable environmental niches
may exist in multiple regions of Italy despite the ab-
sence of classically tropical climatic conditions. From
a One Health perspective, dogs may act as sentinels
of environmental exposure risk relevant to multiple
hosts and may contribute to recognition of previ-
ously underappreciated ecologic niches favorable to
pathogenic oomycetes. Increased awareness among
veterinary and human healthcare professionals will
be important for earlier recognition of this emerging
disease in Europe.

The authors used ChatGPT (OpenAl, https:/ /www.openai.
com) for language editing and technical guidance in figure
formatting but performed all data collection, analyses,
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interpretations, and figure preparation themselves. No im-
ages, data, or scientific content were generated by AL
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To the Editor: We read with interest about the
cases of Histoplasma capsulatum infection in Taiwan,
described by Kao et al. (1). However, molecular
characterization of clinical isolates from Taiwan re-
mains limited.

We report a case of disseminated histoplasmosis
diagnosed in southern Taiwan in 2024. A 57-year-old
man had persistent fever, weight loss, and progressive
dyspnea. He had no history of diabetes, autoimmune
disease, immunosuppressive therapy, or HIV infec-
tion. Imaging revealed diffuse pulmonary infiltrates
and hepatosplenomegaly. Laboratory tests showed
pancytopenia, hyperferritinemia, hypertriglyceride-
mia, and elevated liver enzymes, raising suspicion for
hemophagocytic lymphohistiocytosis. Bone marrow
examination demonstrated intracellular yeast forms
within histiocytes, and metagenomic next-generation
sequencing detected H. capsulatum fungi. The patient
received liposomal amphotericin B (3 mg/kg/d) for
10 days, followed by oral itraconazole (200 mg 2x/d),
with gradual clinical improvement. A bone marrow
fungal culture yielded H. capsulatum fungi 28 days
after sample collection. The patient never traveled to
histoplasmosis-endemic regions, but he did engage in
vegetable gardening on farmland in suburban Kaoh-
siung, where bat activity has been documented, al-
though he reported no direct contact with bat guano,
bird roosts, or imported animals.

Our phylogenetic analysis showed that the iso-
late clustered within the Latin American A1 lineage,
together with reference strains from Mexico and Hon-
duras (Figure). That finding was unexpected because
most Asia isolates belong to the Eurasian clade (2).
Possible explanations include imported infection, his-
torical introduction, or unrecognized environmental
reservoirs. Because H. capsulatum fungi commonly in-
habit soil enriched with bat guano or bird droppings,
suitable ecological niches might exist in subtropi-
cal Taiwan (2-4). Our findings suggest that lineage
diversity of H. capsulatum fungi circulating in Asia
might be underestimated.
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Our findings provide molecular epidemiologic
evidence of an unexpected H. capsulatum Latin Amer-
ican Al lineage in Taiwan. Given the increase in his-
toplasmosis in Taiwan (1,5), expanded molecular sur-
veillance and environmental sampling are needed to
clarify the geographic distribution and transmission
ecology of H. capsulatum fungi.

Figure. Phylogenetic analysis of Histoplasma capsulatum fungi
sequences from a case of disseminated histoplasmosis, Taiwan,
2024. Phylogenetic tree was constructed by using the neighbor-
joining method on the basis of concatenated multilocus sequence
typing analysis of 4 genes (arf, H-anti, ole, and tub). Bootstrap
support for the relevant internal node was 91% on the basis of
1,000 replicates. Red star indicates isolate sequenced from our
study (GenBank accession nos. PX954369 [arf], PX954370 [H-anti],
PX954371 [ole], and PX954372 [tub]). Scale bar indicates nucleotide
substitutions per site. BR, Brazilian; LAmA1, Latin American A1;
LAmMAZ2, Latin American A2; LAmB, Latin American B; NAm1, North
American 1; NAm3, North American 3; RJ, Rio de Janeiro.
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We used ChatGPT (OpenAl https:/ /openai.com) to assist
with English-language editing. All authors reviewed and
approved the final manuscript and take full responsibility
for its content.

References

1. KaoTW, Yang SC, Hu HW, Huang YT, Shu CC, Sheng WH.
Pulmonary histoplasmosis, Taiwan, 1997-2024. Emerg Infect
Dis. 2026,32:7-14. https:/ /doi.org/10.3201/eid3201.251091

2. Teixeira MM, Patané JS, Taylor ML, Gémez BL, Theodoro

RC, de Hoog S, et al. Worldwide phylogenetic distributions
and population dynamics of the genus Histoplasma. PLoS
Negl Trop Dis. 2016;10:e0004732. https:/ /doi.org/10.1371/
journal.pntd.0004732

3. Taylor ML, Reyes-Montes MDR, Estrada-Barcenas DA,
Zancopé-Oliveira RM, Rodriguez-Arellanes G, Ramirez JA.
Considerations about the geographic distribution of Histo-
plasma species. Appl Environ Microbiol. 2022;88:€0201021.
https://doi.org/10.1128 /aem.02010-21

4. Galgiani JN, Kauffman CA. Coccidioidomycosis and his-
toplasmosis in immunocompetent persons. N Engl ] Med.
2024;390:536-47. https:/ / doi.org/10.1056/ NE]JMra2306821

5. Hsu JC, Chang PH, Tai CH, Chen YC. Histoplasmosis in
Taiwan: case summary and literature review. Life (Basel).
2024;14:738. https:/ /doi.org/10.3390/1ife14060738

Address for correspondence: Shang-Yi Lin, Division of Infectious
Diseases, Department of Internal Medicine, Kaohsiung Medical
University Hospital, Kaohsiung Medical University, Kaohsiung, 100
Tzyou 1st Rd, Kaohsiung City, Taiwan; email: amoe616@gmail.com

Ting-Wei Kao, Shang-Chen Yang, Hsiang-Wei Hu,
Yu-Tsung Huang, Chin-Chung Shu,
Wang-Huei Sheng

Author affiliations: National Taiwan University Hospital,
Department of Internal Medicine, National Taiwan University
College of Medicine, Taipei, Taiwan (T.-W. Kao, S.-C. Yang,
C-.C. Shu, W.-H. Sheng); National Taiwan University Hospital,
Department of Pathology, Taipei (H.-W. Hu); National Taiwan
University Hospital, Department of Laboratory Medicine, National
Taiwan University College of Medicine, Taipei (Y.-T. Huang);
Graduate Institute of Clinical Medicine, National Taiwan University
College of Medicine, Taipei (C.-C. Shu); National Taiwan
University Hospital Hsinchu Branch, Department of Internal
Medicine, Hsinchu, Taiwan (W.-H. Sheng)

DOI: https://doi.org/10.3201/eid3209.261249

In Response: We sincerely thank Lin et al. for
their insightful comments on our article (1) and for

1530

providing valuable molecular epidemiologic evi-
dence regarding Histoplasma capsulatum in Taiwan.
The identification of a Latin American A1 lineage iso-
late in a patient without a travel history raises inter-
esting questions regarding the local epidemiology of
histoplasmosis. Their report highlights the increasing
role of molecular approaches in understanding trans-
mission dynamics and phylogeography of Histoplas-
ma spp. fungi. Such molecular characterization might
represent a necessary direction for future epide-
miologic investigations. However, our retrospective
study spanned nearly 3 decades, during which fungal
isolates were not routinely preserved for molecular
characterization. Consequently, comparable genomic
data were unavailable for most patients.

The case report shared notable similarities with
our findings. Both studies identified patients with
histoplasmosis without a travel history, supporting
the possibility of local acquisition or previously un-
recognized environmental exposure. Also, both stud-
ies demonstrate that histoplasmosis is not restricted
to immunocompromised persons and should not be
regarded only as an imported infection in Taiwan.
The report used molecular analysis to characterize a
fungal isolate obtained from culture. In contrast, fun-
gal cultures were infrequently positive in our cohort,
highlighting one of the major diagnostic challenges
encountered in routine clinical practice.

Whether these cases reflect local environmental
reservoirs, historical introduction events, or previ-
ously unrecognized transmission pathways remains
unclear. Expanded environmental sampling, preser-
vation of fungal isolates, and molecular surveillance
are needed to clarify the geographic distribution,
lineage diversity, and transmission ecology of His-
toplasma spp. fungi in Taiwan and other tradition-
ally nonendemic regions. That limitation also could
contribute to underrecognition of locally acquired
histoplasmosis.
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To the Editor: A recent article published in June
2026 described the characteristics of plausible source
cases responsible for recent Mycobacterium tuberculosis
transmission in the United States by using national
surveillance and whole-genome sequencing data (1).
The authors expertly applied molecular epidemiology
and machine-learning methods to identify factors as-
sociated with tuberculosis (TB) transmission and dem-
onstrated the heterogeneity of transmission events.

The study relied on a plausible source-case al-
gorithm incorporating spatial proximity, temporal
linkage, and genomic similarity. Although that infor-
mation is valuable for surveillance, recent evidence
suggests that TB transmission networks are often
more complex than can be captured by predefined ge-
nomic thresholds and hierarchical source assignment
rules. Contemporary transmission-reconstruction
approaches integrate genomic, epidemiologic, and
spatial data to account for incomplete sampling, un-
detected intermediaries, and within-host evolution.
Consequently, some transmission events might have
been misclassified, potentially influencing estimates
of source-case characteristics (2,3).

Although the adaptive boosting model demon-
strated good discriminatory performance, its gener-
alizability remains uncertain because validation was
restricted to the study dataset. Predictive models fre-
quently experience performance degradation when
applied to populations with different demographic
compositions, healthcare access patterns, and trans-
mission dynamics. External validation across diverse
settings is essential before such models are used to
prioritize public health interventions (4).

Finally, several social and healthcare-system fac-
tors that influence TB transmission, including diag-
nostic delay, were not included. Untreated disease
increases opportunities for transmission and might
contribute to highly infectious disease phenotypes,
including cavitary disease and sputum smear positiv-
ity. Because populations facing barriers to healthcare
access often experience longer diagnostic delays, some
associations between demographic characteristics,
markers of infectiousness, and source-case attribution
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might reflect prolonged infectious periods rather than
independent transmission-promoting effects. Diagnos-
tic delay remains a critical but underrecognized target
for tuberculosis control interventions (5).

Despite those considerations, the study provides
evidence on persons contributing most to ongoing
TB transmission. Future investigations incorporat-
ing transmission-reconstruction methods, diagnostic-
delay metrics, and external validation of predictive
models might strengthen TB prevention and control.
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We agree that transmission networks can be more
complex than are represented by our plausible source
case algorithm and use of whole-genome single nucle-
otide polymorphism distances to assess genomic sim-
ilarity. However, our integration of spatial and tem-
poral proximity with genomic similarity represents
our best estimates of recent transmission, which were
validated with locally provided contact investigation
data from multiple sites in the United States. In ad-
dition, we accept that those estimates can misclassify
cases as false-positive or false-negative transmission
events. Validation of the algorithm demonstrated an
accuracy of 95.8% compared with on-the-ground epi-
demiologic data, with sensitivity of 79.1% and speci-
ficity of 97.7% (S. Kammerer, unpub. data)

Regarding external validation of the adaptive
boosting machine learning model, our study ex-
amined the epidemiology of TB transmission in the
United States. Generalization to other settings with
different transmission dynamics, demographics, ge-
nomic diversity, healthcare utilization, and public
health infrastructure, including settings that do not
genotype nearly all isolates from culture-confirmed

cases, would not be appropriate. Our findings are
appropriate to consider for prioritizing interventions
in the United States. The methodological approach
could also be a starting place for a similar analysis in
other settings with similar epidemiology and geno-
typing coverage.

We agree that diagnostic delay is a major driver
of TB transmission; however, we did not have reliable
data regarding symptom onset to assess in our study.
Accurate data regarding symptom onset are challeng-
ing to obtain in clinical settings. However, we did
consider objective clinical findings associated with
diagnostic delay and advanced disease (e.g., sputum
smear positivity), and those findings were associated
with plausible source cases in our analysis.
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etymologia revisited

Lassa Virus
[lah s3] virus

his virus was named after the town of Lassa at the south-

ern end of Lake Chad in northeastern Nigeria, where the
first known patient, a nurse in a mission hospital, had lived
and worked when she contracted this infection in 1969. The
virus was discovered as part of a plan to identify unknown
viruses from Africa by collecting serum specimens from pa-
tients with fevers of unknown origin. Lassa virus, transmitted
by field rats, is endemic in West Africa, where it causes up to
300,000 infections and 5,000 deaths each year.

1 Frame ]JD, Baldwin JM Jr, Gocke DJ, Troup JM. Lassa fever, a new
virus disease of man from West Africa. I. Clinical description and
pathological findings. Am ] Trop Med Hyg. 1970;19:670-6

2. Mahy BW. The dictionary of virology, 4th ed. Burlington (MA):
Elsevier; 2009.

https://wwwnc.cdc.gov/eid/article/16/6/et-1606__article
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Jorg Braumeister, Stadtbibliothek im Bildungscampus Nurnberg, Amb. 317.2°, Folio 60 recto, 1437 (detail). Pen and ink on
parchment. 287 mm x 205 mm (11.3 in x 8.1 in). Collection: The Hausbucher der Niirnberger Zwolfbriiderstiftungen. Nuremberg Twelve

Brothers House Books, Nuremberg, Germany.

Liquid Bread and Invisible Worlds—
Beer, Fungi, and the Origins of Microbial Control

Nicolas Hoffmann

eer is among humanity’s oldest inventions. Aca-

demic debate continues over what came first,
beer or bread, and one leading hypothesis suggests
beer itself evolved from earlier accidents: perhaps
from grain stores that became wet and spontaneous-
ly fermented, or from observations of mead, when
honey and rainwater were colonized by wild yeasts.
Whatever the precise origin, the result was the same.
Humans began cultivating a process they did not
yet understand.

This month’s cover image captures that pre-
scientific moment. A lone figure stands before fire
and liquid, engaged in a process both ordinary and

Author affiliation: Marist School, Atlanta, Georgia, USA; Georgia
Gwinnett College, Lawrenceville, Georgia, USA
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Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 32, No. 9, September 2026

profound — the production of a beverage essential for
hydration, nutrition, and safety in medieval life. The
brewer does not know it, but the labor is shared with
unseen fungal partners.

The illustration comes from the Hausbiicher
der Niirnberger Zwolfbriiderstiftungen (Nuremberg
Twelve Brothers House Books, Nuremberg, Ger-
many), a set of illuminated manuscripts compiled
during 1426-1806 to document the trades of crafts-
men supported by the Mendel and Landauer chari-
table foundations in Nuremberg. Each folio de-
picts a single artisan at work, accompanied by a
brief biographical entry. The illustrators are largely
anonymous, and individual attribution is rarely
possible. The manuscripts are held by the Stadt-
bibliothek Niirnberg and have been fully digitized
(https:/ /www.nuernberger-hausbuecher.de).
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The brewer here is a layman —not, despite popu-
lar association, a monk—supported by the founda-
tion in old age. According to the description on the
obverse, “Jorg Breu was the first almshouse brother of
whom it is recorded —according to the inscription—
that he was discharged from the Twelve Brothers’
House due to illness; in this instance, he was trans-
ferred to the St. Jobst Leper Hospital.”

He stirs a heated vessel while smaller tubs await
the finished product, the fire beneath carefully con-
trolled. The scene conveys method, repetition, and
accumulated knowledge. Yet it also reflects a world
in which craft knowledge far outpaced scientific ex-
planation. Brewers understood the process; they did
not understand the how.

For most of human history, fermentation was
observed rather than understood. Grain was soaked,
bread dissolved, liquid boiled, and time did the rest.
What transformed that mixture was not magic but
fungi. Yeast, single-celled fungi of the genus Saccharo-
myces, consume sugars and produce alcohol and car-
bon dioxide, converting grain into something stable,
caloric, and safer to drink. But yeast do not act alone.
They exist within a microbial ecosystem that includes
bacteria and other fungi; some contribute desirable
flavors, others spoil the batch, and still others, intro-
duced through contaminated water or poorly man-
aged fermentation, can cause illness.

The fungal kingdom occupies a peculiar place in
human history, both intimate and dangerous. Fungi
make possible some of humanity’s most important
foods—bread, beer, cheese—yet they are also nota-
ble agents of disease. Recent estimates attribute ~3.8
million deaths annually to invasive fungal infection,
and roughly 2.5 million are directly caused by fungal
pathogens such as Candida, Aspergillus, Cryptococcus,
and Pneumocystis. In 2022, the World Health Organi-
zation issued its first fungal priority pathogens list,
recognizing rising antifungal resistance and the scar-
city of diagnostic and therapeutic tools. Mycotoxins
compound the burden; ergot alkaloids in contaminat-
ed grain, for example, have historically caused out-
breaks of mass poisoning and hallucination.

To premodern populations, such outcomes were
indistinguishable in cause. The same unseen forces
that produced nourishment could also produce sick-
ness. Beer sat at that intersection, a product of con-
trolled fungal activity whose safety depended on
keeping other microbial actors in check.

By the early 16th Century, brewers in the Ger-
man states attempted to impose order on this unpre-
dictable system. The Reinheitsgebot of 1516 limited
beer ingredients to water, grain, and hops. Notably
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absent was yeast, which, although essential, remained
invisible to science. The law is often remembered as
a cultural constraint, but in practice it functioned as
risk reduction. Brewers had long experimented with
additives —some harmless, others toxic—and by re-
stricting ingredients, the law lowered the likelihood
of contamination, poisoning, and unintended fer-
mentation. Hops in particular contain antimicrobial
compounds that inhibit bacterial growth, helping sta-
bilize beer and extend its shelf life. Without knowing
it, brewers were practicing infection control.

Beer’s role in survival reaches even further back.
In ancient Egypt, laborers were partly compensat-
ed in beer rations: thick, nutritious, and calorically
dense, fermented from bread and grain. That early
beer was, quite literally, liquid bread, and it offered
a crucial advantage: relative safety. In environments
where waterborne pathogens were common, fermen-
tation, boiling, alcohol, and acidity all inhibited mi-
crobial growth. Beer was not sterile, but it was often
safer than the available water.

Thatrelationship changed in the 19th Century, when
Louis Pasteur demonstrated that fermentation was
driven by living microorganisms, specifically, by yeast.
Yeast could now be isolated, cultivated, and standard-
ized; contamination could be identified and spoilage
prevented with intention. What had once been an un-
certain collaboration became a controlled partnership.

The brewer in this image stands at a moment be-
fore germ theory, before microbiology, before fungi
were understood as either allies or pathogens. Yet he
works within that system reliably, and with conse-
quences that continue to shape human health. Beer
represents one of humanity’s earliest and most suc-
cessful negotiations with fungi, harnessing some or-
ganisms to create stability while suppressing others
that might cause harm. It is a story not of elimination
but of coexistence, and one that remains unfinished.
As antifungal resistance grows and invasive mycoses
claim millions of lives each year, the brewer’s vat re-
minds us that managing fungi has always been, and
remains, a public health enterprise.
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e Reassortment of High Pathogenicity Avian Influenza as a Driver for
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Setting Determinants of Invasive Meningococcal Disease during
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Article Title

Neoehrlichiosis Causing Hemolytic Anemia in
Patients Treated with Rituximab, Norway, 2024—2025

CME Questions

1. Which of the following statements about
neoehrlichiosis is most accurate?

a) Neoehrlichiosis is a mild and self-limiting illness.

b) Signs and symptoms of neoehrlichiosis include fever,
malaise, fatigue, night sweats, myalgia, skin rashes,
and vascular events.

c) Neoehrlichiosis is more likely to affect
immunocompetent persons.

d) Neoehrlichiosis is easily detectable by blood culture.

2. Identify two primary neoehrlichiosis risk factors that
were common among all three patients described in
this study.

a) Immunocompromised and history of cancer

b) Cardiovascular disease and renal disease

c) Previous vascular events and international travel

d) Splenomegaly and previous treatment with rituximab

3. According to the report Neohehrlichia mikurensis
bacteria can cause latent infections that can reactivate
when B-cell immunity is suppressed by rituximab.

a) True
b) False
1536

4. A clinical team observes hemolytic anemia,
vasculitis resembling giant cell arteritis, and
splenomegaly in a patient reporting fever, night
sweats, and fatigue. The patient has a history of tick
bites without erythema migrans. A direct antiglobulin
test (DAT) returns negative results. The patient
reported receiving rituximab treatment for rheumatoid
arthritis. The care team suspects neoehrlichiosis.
What additional diagnostic testing could confirm
neoehrlichiosis?

a) PCR of EDTA blood samples for tickborne pathogens
b) Blood culture for bacterial pathogens

c) Flow cytometry of bone marrow aspirate

d) Abdominal PET-CT scan

5. After confirming neoehrlichiosis in the three
patients in this study, which of the following
successfully treated the infection and improve
hemolysis?

a) Oral methotrexate

b) Intravenous immunoglobin
c) Oral doxycycline

d) Splenectomy
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