July 2025

INFECTIOUS DISEASES

EMERGING

Spirochetes and Other Bacteria

“(w9st/81d/S410M/B10"UOU8| |02 WOD| [BM//:5dKY) N ‘UOPUOT ‘UODB|[0D) BUIOD|[BAN :92INOG WD 47 X WD /Ul 4" | X Ul /°G| JNOPOOM PUD X3} “4eayspooig 96y L ‘1IydAS ay) ‘(825 L-LLY L) 4240Q yd24q|y



Peer-Reviewed Journal Tracking and Analyzing Disease Trends

EMERGING

Pages 1277-1500

INFECTIOUS DISEASES

EDITOR-IN-CHIEF
D. Peter Drotman

ASSOCIATE EDITORS

Charles Ben Beard, Fort Collins, Colorado, USA
Ermias Belay, Atlanta, Georgia, USA

Sharon Bloom, Atlanta, Georgia, USA

Richard S. Bradbury, Townsville, Queensland, Australia
Corrie Brown, Athens, Georgia, USA

Benjamin J. Cowling, Hong Kong, China

Michel Drancourt, Marseille, France

Paul V. Effler, Perth, Western Australia, Australia
Anthony Fiore, Atlanta, Georgia, USA

David O. Freedman, Birmingham, Alabama, USA
Isaac Chun-Hai Fung, Statesboro, Georgia, USA
Peter Gerner-Smidt, Atlanta, Georgia, USA
Stephen Hadler, Atlanta, Georgia, USA

Shawn Lockhart, Atlanta, Georgia, USA

Nina Marano, Atlanta, Georgia, USA

Martin I. Meltzer, Atlanta, Georgia, USA

Nkuchia M. M'ikanatha, Harrisburg, Pennsylvania, USA
David Morens, Bethesda, Maryland, USA

J. Glenn Morris, Jr., Gainesville, Florida, USA
Patrice Nordmann, Fribourg, Switzerland

Johann D.D. Pitout, Calgary, Alberta, Canada
Ann Powers, Fort Collins, Colorado, USA

Didier Raoult, Marseille, France

Pierre E. Rollin, Atlanta, Georgia, USA

Frederic E. Shaw, Atlanta, Georgia, USA

Neil M. Vora, New York, New York, USA

David H. Walker, Galveston, Texas, USA

J. Scott Weese, Guelph, Ontario, Canada

Deputy Editor-in-Chief

Matthew J. Kuehnert, Westfield, New Jersey, USA

Technical Writer-Editors Shannon O’Connor, Team Lead;
Dana Dolan, Amy J. Guinn, Jill Russell, Cheryl Salerno,
Bryce Simons, Denise Welk, Susan Zunino

Production, Graphics, and Information Technology Staff
Reginald Tucker, Team Lead; William Hale, Tae Kim,
Barbara Segal

Journal Administrators J. McLean Boggess, Claudia Johnson
Editorial Assistants Nell Stultz, Jeffrey Terrell

Communications/Social Media Candice Hoffmann,
Team Lead; Patricia A. Carrington-Adkins, Heidi Floyd
Associate Editor Emeritus

Charles H. Calisher, Fort Collins, Colorado, USA

Managing Editor Emeritus
Byron Breedlove, Atlanta, Georgia, USA

Founding Editor
Joseph E. McDade, Rome, Georgia, USA

EDITORIAL BOARD

Barry J. Beaty, Fort Collins, Colorado, USA

David M. Bell, Atlanta, Georgia, USA

Martin J. Blaser, New York, New York, USA
Andrea Boggild, Toronto, Ontario, Canada
Christopher Braden, Atlanta, Georgia, USA
Arturo Casadevall, New York, New York, USA
Kenneth G. Castro, Atlanta, Georgia, USA
Gerardo Chowell, Atlanta, Georgia, USA

Adam Cohen, Atlanta, Georgia, USA

Christian Drosten, Berlin, Germany

Clare A. Dykewicz, Atlanta, Georgia, USA
Kathleen Gensheimer, Phippsburg, Maine, USA
Rachel Gorwitz, Atlanta, Georgia, USA

Patricia M. Griffin, Decatur, Georgia, USA

Duane J. Gubler, Singapore

Scott Halstead, Westwood, Massachusetts, USA
David L. Heymann, London, UK

Keith Klugman, Seattle, Washington, USA

S.K. Lam, Kuala Lumpur, Malaysia

Ajit P. Limaye, Seattle, Washington, USA
Alexandre Macedo de Oliveira, Atlanta, Georgia, USA
John S. Mackenzie, Perth, Western Australia, Australia
Joel Montgomery, Lilburn, GA, USA

Frederick A. Murphy, Bethesda, Maryland, USA
Kristy O. Murray, Atlanta, Georgia, USA

Stephen M. Ostroff, Silver Spring, Maryland, USA
Christopher D. Paddock, Atlanta, Georgia, USA
W. Clyde Partin, Jr., Atlanta, Georgia, USA

David A. Pegues, Philadelphia, Pennsylvania, USA
Mario Raviglione, Milan, Italy, and Geneva, Switzerland
David Relman, Palo Alto, California, USA

Connie Schmaljohn, Frederick, Maryland, USA
Tom Schwan, Hamilton, Montana, USA

Wun-Ju Shieh, Taipei, Taiwan

Rosemary Soave, New York, New York, USA
Robert Swanepoel, Pretoria, South Africa

David E. Swayne, Athens, Georgia, USA

Kathrine R. Tan, Atlanta, Georgia, USA

Phillip Tarr, St. Louis, Missouri, USA

Kenneth L. Tyler, Aurora, Colorado, USA

Mary Edythe Wilson, Iowa City, Iowa, USA

Emerging Infectious Diseases is published monthly by the
Centers for Disease Control and Prevention, 1600 Clifton Rd NE,
Mailstop H16-2, Atlanta, GA 30329-4018, USA. Telephone
404-639-1960; email eideditor@cdc.gov

The conclusions, findings, and opinions expressed by authors
contributing to this journal do not necessarily reflect the official
position of the U.S. Department of Health and Human Services,
the Public Health Service, the Centers for Disease Control and
Prevention, or the authors’ affiliated institutions. Use of trade names
is for identification only and does not imply endorsement by any of
the groups named above.

All material published in Emerging Infectious Diseases is in the
public domain and may be used and reprinted without special
permission; proper citation, however, is required.

Use of trade names is for identification only and does not imply
endorsement by the Public Health Service or by the U.S. Department
of Health and Human Services.

EMERGING INFECTIOUS DISEASES is a registered service mark
of the U.S. Department of Health & Human Services (HHS).

Emerging Infectious Diseases ¢« www.cdc.gov/eid « Vol. 31, No. 7, July 2025



Spirochetes and Other Bacteria

On the Cover

Albrecht Durer (1471-1528), The Syphilitic, 1496.
Broadsheet: text and woodcut. 15.7 in x 11.4 in/

40 cm x 29 cm. Source: Wellcome Collection, London, UK
(https://wellcomecollection.org/works/pt87tfém).

About the Cover p. 1496

Synopses

Human Streptococcus suis Infections,
South America, 1995—-2024

M.V.D.P. Bakpatina-Batako et al. 1277
Systematic Review of Contact Investigation

Costs for Tuberculosis, United States

G.R.B. Asay et al. 1287

Assessing Readiness of International Investigations
into Alleged Biological Weapons Use

M. Brackmann et al. 1294
Community Outbreak of OXA-48—Producing
Escherichia coli Linked to Food Premises,

New Zealand, 2018—-2022

C.N. Thornley et al. 1300

July 2025

Research

Multicenter Case—Control Study of Behavioral,
Environmental, and Geographic Risk Factors
for Talaromycosis, Vietham

Exposure to tropical plants and farmed animals
and proximity to highland regions are linked to risk
for infection.

L. Brown et al. 1309
Persistence of SARS-CoV-2 Alpha Variant

in White-Tailed Deer, Ohio, USA

N.N. Tarbuck et al. 1319
Transmission Dynamics and Parameters for
Pertussis during School-Based Outbreak,

South Korea, 2024

U.J. Cho et al. 1330

Estimation of Incubation Period for Oropouche
Virus Disease among Travel-Associated Cases,
2024-2025

S.A.J. Guagliardo et al. 1337
Spatiotemporal Distribution and Clinical
Characteristics of Zoonotic Tuberculosis,

Spain, 2018—-2022

A. Roy et al. 1344

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 31, 7, July 2025



1368

Emergence of Flucytosine-Resistant
Candida tropicalis Clade, the Netherlands

F.Z. Delma et al. 1354

Peromyscus spp. Deer Mice as Rodent
Model of Acute Leptospirosis

E.J. Putz et al. 1365

Disseminated Histoplasmosis in Persons
Living with HIV, France and Overseas
Territories, 1992—2021

M. Nacher et al. 1377

Emergence of Distinct Salmonella enterica Serovar
Enteritidis Lineage since 2020, South Korea

E. Shin et al. 1386

Epidemiologic and Genomic Investigation of

Sexually Transmitted Shigella sonnei, England
H. Charles et al. 1394

Historical Review

Role of Nonpharmaceutical Interventions
during 1918-1920 Influenza Pandemic,
Alaska, USA

U. Khakurel et al. 1406

July 2025
Dispatches

Borrelia Lineages Adjacent to Zoonotic
Clades in Black Flying Foxes (Pteropus alecto),
Australia, 2018—-2020

T.B. Verrett et al. 1415

Lyme Disease Testing Practices, Wisconsin, USA,
2016—2019

K.J. Kugeler et al. 1421

Evidence of Viremia in Dairy Cows Naturally
Infected with Influenza A Virus, California, USA

J. Lombard et al. 1425
Emergence and Prevalence of Vibrio cholerae

O1 Sequence Type 75 Clonal Complex,

Fujian Province, China, 2009-2023

Z. Ke et al. 1428

Multisystemic Disease and Septicemia Caused
by Presumptive Burkholderia pseudomallei in
American Quarter Horse, Florida, USA

J.J. Thornton et al. 1432

Environmental Exposures of Relatiive to Locally
Acquired Hansen Disease, United States

D. Chaney et al. 1437

Community Infections Linked with Parvovirus B19
Genomic DNA in Wastewater, Texas, USA,
2023-2024

A. Zulli et al. 1442

Extensively Drug-Resistant Neisseria gonorrhoeae
Strain, Canada

B. Lefebvre et al. 1446
Human Infections by Novel Zoonotic Species
Corynebacterium silvaticum, Germany

A. Berger et al. Jill 1450

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, 7, July 2025



Detection of Novel Orthobunyavirus Reassortants
in Fatal Neurologic Case in Horse and Culicoides
Biting Midges, South Africa

M.E. Rakaki et al. 1455
Outbreak of Ceftriaxone-Resistant Salmonella
enterica Serovar Typhi, Bangladesh, 2024

Y. Hooda et al. 1460

Research Letters

Genomic Deletion of PfHRP2 and PfHRP3 in
Plasmodium falciparum Strains, Ethiopia, 2009

T.G. Woldearegai et al. 1466

Promising Effects of Duck Vaccination against
Highly Pathogenic Avian Influenza,
France, 2023—-2024

C. Guinat et al. 1468

Increasing Predominance of Norovirus GI11.17
over Gll.4, United States, 2022—2025

L. Barclay, J. Vinjé 1471

Fatal Acute Hypoxemic Respiratory Failure
Caused by Burkholderia thailandensis, China

P. Zhang et al. 1474

Septic Arthritis and Osteomyelitis in Finger caused
by Mycoplasma phocimorsus from Brown Bear,
Alaska, USA, 2024

B.P. Westley et al. 1476
Next-Generation Sequencing Techniques to
Diagnose Culture-Negative Subacute Native

Aortic Endocarditis

D. Vetterli et al. 1478

Syphilis as Rare Cause of Pyogenic Liver Abscess
D. Meyer, M. Granada 1481

Genomic Characterization of Leishmania tropica
in Cutaneous Leishmaniasis, Somali Region,
Ethiopia, 2023

A. Abera et al. 1483
Syphilitic Aortitis with Concomitant

Neurosyphilis in Asymptomatic Patient

E. Czulada et al. 1486
Plasmodium knowlesi Malaria in Persons

Returning to Israel from Thailand, 2023

Y. Paran et al. 1489

July 2025
EIN Letter

Emerging Infections Network Survey of
Screening for Cryptococcal Antigenemia,
United States, 2024

K. Benedict et al. 1493

About the Cover

The Syphilitic—Durer’s Woodcut, a Pandemic Unveiled
A. Demas 1496

Etymologia

Scotochromogenic

C. Opperman, R. Warren 1353

Corrections

Correction: Vol. 30, No. 6
The first author’s name has changed in Evaluating
Humoral Immunity Elicited by XBB.1.5 Monovalent

COVID-19 Vaccine 1492

Correction: Vol. 30, No. 8

Figure 3 had several errors in Detection of
Nucleocapsid Antibodies Associated with Primary
SARS-CoV-2 Infection in Unvaccinated and Vaccinated

Blood Donors 1492

1479

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 31, 7, July 2025



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

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

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



SYNOPSIS

Human Streptococcus suis
Infections, South America,
19952024

M’hensa Vincent De Paul Bakpatina-Batako, Kevin Li, Sonia Lacouture,
Lucia Cipolla, Ariel Gianecini, Monica Prieto, Marcelo Gottschalk, Nahuel Fittipaldi

Streptococcus suis, a swine pathogen that causes zoo-
notic infections in Europe and Asia, has increasingly
been observed in South America. We reviewed all avail-
able reports from the continent and identified S. suis
cases in Argentina, Brazil, Chile, French Guiana, and
Uruguay. We also identified 8 novel infections from Ar-
gentina, bringing the total documented human cases in
South America to 47. We reclassified 1 previously report-
ed infection as S. parasuis. Among the 47 S. suis cas-
es, 40 (85%) patients had meningitis, 2 (4%) had toxic
shock-like illness, 2 (4%) had nonshock sepsis, 1 (2%)
had arthritis, and 1 (2%) had endocarditis. The case-fa-
tality rate was 4% (2/47). Infections were primarily linked
to pig or pork exposure, although some occurred after
consuming undercooked meat. Case distribution varied
by country, and Argentina reported a disproportionately
high number of cases despite a smaller swine industry.
Our findings highlight the need for more consistent re-
gional S. suis surveillance.

treptococcus suis is a swine pathogen and a zoo-

notic agent responsible for meningitis, septicemia,
streptococcal toxic shock-like syndrome (STSLS), and
other diseases in humans, particularly among persons
who have close contact with pigs or pork by-products
or who consume dishes made with raw pork or pig
blood (1,2). S. suis is phenotypically and genetically
highly diverse, has 29 recognized serotypes on the
basis of serologic reactions against its polysaccha-
ride capsule, and has >2,900 sequence types (STs)
defined by multilocus sequence typing (MLST) (3,4).

Author affiliations: Université de Montréal Faculté de

médecine vétérinaire, St-Hyacinthe, Quebec, Canada

(M.V.D.P. Bakpatina-Batako, K. Li, S. Lacouture, M. Gottschalk,
N. Fittipaldi); Instituto Nacional de Enfermedades Infecciosas,
ANLIS Dr. Carlos G. Malbran, Buenos Aires, Argentina (L. Cipolla,
A. Gianecini, M. Prieto)

DOI: https://doi.org/10.3201/eid3107.241835
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Resistance to macrolide, lincosamide, and tetracy-
cline antibiotics is common, and recent reports indi-
cate emerging B-lactam resistance (5).

Most human infections are caused by S. suis se-
rotype 2, although cases caused by serotypes 1, 4, 5,
7,9, 14, 16, 21, 24, and 31 have been reported (6,7).
Most human infections have been reported in East
and Southeast Asia (2). In Europe, S. suis is consid-
ered an occupational disease, and human infections
are less frequently reported than in Asia but still rela-
tively common (8). Sporadic S. suis cases have also
been documented in Hawaii (USA), Australia, Togo,
and Madagascar (9-12), but <10 cases have been de-
scribed from the continental United States and Cana-
da (13), despite the large swine farming industries in
those regions. Reports from South America have been
less integrated into the global understanding of S. suis
zoonotic disease, partly because many were not pub-
lished in English. To address that gap, we reviewed
published cases from South America, identified and
report on novel human infections from Argentina,
and assessed epidemiologic and clinical characteris-
tics of S. suis infections on the continent.

Materials and Methods

Literature Review

To identify reported cases of human S. suis infections
in South America, we conducted a comprehensive lit-
erature review as a critical narrative synthesis rather
than a systematic review or meta-analysis. We includ-
ed PubMed, ScienceDirect, SciELO (Scientific Elec-
tronic Library Online), and Google Scholar databas-
es, as well as gray literature, by using the following
key terms: S. suis, South America, human infection,
meningitis, sepsis, zoonosis, pig, pork, and the names
of all countries in South America. We conducted
searches in English, Dutch, French, Portuguese, and
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SYNOPSIS

Spanish. We also reviewed PubMLST (https://
pubmlst.org) and GenBank to identify potentially un-
reported human cases. We selected studies and case
reports on human S. suis from South America, ex-
cluded duplicates or reports involving isolates from
outside the continent, and extracted relevant patient
and causative-isolate metadata. Through the litera-
ture review, we identified 39 confirmed S. suis human
cases in South America during 1995-2024 (14-28). We
also noted a potential additional case on the basis of a
human isolate submitted to PubMLST.

Data Collection and Microbiology Methods for
Previously Undescribed Cases from Argentina

In addition to cases identified by reviewing the lit-
erature, we report 8 previously undescribed S. suis
human infections diagnosed and microbiologically
confirmed during 2017-2024 through national labo-
ratory surveillance in Argentina, bringing the total
S. suis cases in the continent to 47. For the 8 new cas-
es, we collected clinical data including demographic
details, risk factors, diagnostic methods, treatment,
and outcomes from patient medical records at hospi-
tals participating in the Argentine National Labora-
tory Network for Meningitis and Invasive Bacterial
Diseases, which does not require ethics approvals
to share anonymized patient data and isolates with
the Instituto Nacional de Enfermedades Infeccio-
sas, ANLIS Dr. Carlos G. Malbran, where the data
were centralized. The same hospitals submitted the
causative agent associated with those cases (i.e., the
o-hemolytic gram-positive isolates identified as S.
suis through biochemical testing) to the reference
laboratory. Species confirmation was carried out via
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry and by PCR targeting the
species-specific recN gene (29). Serotyping was per-
formed using the co-agglutination test (30), a multi-
plex PCR targeting genes in the S. suis capsular poly-
saccharide (cps) locus (31), or both. To differentiate
between S. suis and S. parasuis, we performed an
in silico PCR targeting the recN gene using primers
from an established identification scheme (32).

Whole-Genome Sequencing and Analysis

We prepared genomic libraries for the 8 new and 1
previously reported S. suis isolates from Argentina
by using Nextera XT kits (Illumina, https://www.
illumina.com) and sequenced them on an Illumina
MiSeq as 150-bp paired end reads. We deposited data
into the National Center for Biotechnology Informa-
tion Sequence Read Archive (https:/ /www.ncbi.nlm.
nih.gov/sra) (Appendix Table 1). We determined

1278

or confirmed speciation, serotyping, MLST profiles,
and antimicrobial resistance (AMR) gene content
by using the short-read genomic data and an S. suis
typing pipeline (33), SRST2 software (34), and the
Comprehensive Antibiotic Resistance Database
version 3.0.8 (35).

Phylogenetic Analysis

We used Snippy (https://github.com/tseemann/
snippy) to identify single-nucleotide polymorphisms
in the genome of the isolates (Table 1) relative to the
genome of the ST1 serotype 2 S. suis reference strain
P1/7 (GenBank accession no. NC_012925.1). We
used the Snippy-core function to define core-genome
single-nucleotide polymorphisms, which we used
to build a maximum-likelihood phylogenetic tree in
FastTree 2.1.10 (37) with Shimodaira-Hasegawa-like
local support values based on 1,000 resamples. We vi-
sualized and annotated trees in R (The R Project for
Statistical Computing, https://www.r-project.org)
by using the ggtree library (38).

Results

Epidemiology of Human S. suis Infections

in South America

Including the 8 novel S. suis infection we report here,
we found a total of 47 confirmed S. suis human cases
in South America during 1995-2024 (14-28). We also
noted a potential additional case from a human iso-
late submitted to PubMLST. Most (n = 38) patients
were adult or older adult men; 6 cases were among
female patients, including 1 infant, and sex was un-
reported for 3 cases (Table 1). Forty (85%) patients
had meningitis, and 7 of those patients experienced
permanent or temporary hearing loss. The other 7
cases involved severe sepsis and STSLS (2 each) and
septic arthritis and endocarditis (1 each); 1 case had
no available diagnosis (Table 1). Only 2 deaths were
reported, a fatality rate of 4%. Contact with pigs or
pig products was a common risk factor: 28 patients
were workers or farmers with direct exposure, and 7
patients reported contact through handling, exposure
to, or consuming swine or wild boar. Exposure infor-
mation was unavailable for 5 cases, and 7 persons re-
ported no known exposure (Table 1).

Previously Reported S. suis Human Infections

in Argentina

Before our analysis, Argentina had documented a
total of 21 S. suis infections (14-18) (Appendix Table
2). The first reported case, in 2005, involved a female
patient in whom bacterial meningitis developed

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 7, July 2025



Human Streptococcus suis Infections, South America

Table 1. Summary of human Streptococcus suis infections, South America, 1995-2024*

Patient characteristics Argentina Brazil Chile French Guiana  Uruguay  South America
Total no. cases 29 5 7t 1 5 47
Sex
M 25 5 3 1 4 38
F 4 0 2 0 0 6
Not reported 0 0 2 0 1 3
Age,y
Mean age, y (range)t 46.6 (38-55) 65.6 (50-82) 49.6 (44-55) 42 (NA) 55 (50-66) 48.5(38-82)
Median age, yt 47 68 48 NA 52 50
Not reported 20 0 2 0 1 23
Clinical manifestation
Meningitis 26 4 5 1 4 40
STSLS 1 1 0 0 0 2
Other§ 2 0 2 0 0 4
Not known 0 0 0 0 1 1
Outcomes
Recovered 27 5 5 1 5 43
Died 2 0 0 0 0 2
Hearing loss 1 3 1 1 1 7
Not known 0 0 0 0 1 1
Contact with pigs
Worker or farmer 18 3 2 1 4 28
Other contactq 4 2 1 0 0 7
No contact 7 0 0 0 0 7
Not known 0 0 4 0 1 5
Isolates
Serotyping
Reported# 26 1 7 1 0 35
Not reported 3 4 0 0 5 12
MLST
Reported** 25 0 0 1 0 26
Not reported 4 5 7 0 5 21

*MLST, multilocus sequence typing; ST, sequence type; STSLS, streptococcal toxic shock-like syndrome.
tBecause 1 human isolate from Chile was available in PubMLST, an additional human case is possible. That isolate belonged to MLST ST1172, but it
was not serotyped. Thus, whether that isolate represents an eighth human infection in Chile or if it corresponds to one of the 7 previously reported

infections is not known.

$One case occurring in a 1-y-old infant from Argentina was excluded when calculating mean, range, and median patient age.

8Includes 1 case of septic arthritis and 1 case of endocarditis in Argentina and 2 cases of sepsis in Chile.

flincludes contact while handling pigs for consumption, consuming undercooked pork, hunting wild boars, or a combination of those factors.

#All cases where serotyping was performed revealed serotype 2 isolates except for 1 serotype 5 and 1 untypable isolate in Argentina.

**All cases where MLST was performed revealed ST1 isolates, except for an ST5 strain that was retrospectively ascribed to ST483 in a different

investigation (36).

after occupational pig exposure (18). The isolate,
identified as S. suis serotype 2 with the murami-
dase released protein (mrp), extracellular protein
factor (epf), and suilysin (sly) (mrp/epf/sly) virulence
gene profile typical of strains from Eurasia, was lat-
er typed by MLST as ST1 (14,18). A second report,
from 2006, described a 49-year-old man from Santa
Fe Province with meningitis who had occupational
exposure at a slaughterhouse (15). That patient was
treated with ampicillin and ceftriaxone, initially im-
proved, but later had complete hearing loss in the
left ear and partial loss in the right develop. Cere-
brospinal fluid (CSF) cultures grew S. suis, but the
isolate was not typed. Another report described a
54-year-old man from a rural area of Tucumén Prov-
ince with meningitis who had occupational expo-
sure to pigs (16). S. suis was isolated from CSF, but
the strain was not typed. He was treated with cef-
triaxone and dexamethasone and recovered without
long-term neurologic sequelae.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025

Those 3 cases, along with a fourth potential hu-
man infection with S. suis serotype 21 (39), reclassified
in this investigation as S. parasuis, prompted the retro-
spective investigation of 17 additional infections, in-
cluding 5 involving male patients with meningitis that
predated previous reports, 2 from 1995 and 3 from
2003. The other cases spanned 2009-2016 and involved
10 male and 2 female patients, mostly from rural areas
(14). Of those 17 cases, 12 involved direct contact with
pigs or pork products, typically through farming or
slaughterhouse work; 1 had no reported contact, and 4
lacked exposure data. Sixteen cases had meningitis as
the clinical manifestation, and 1 involved septic arthri-
tis (14). The infections were all caused by S. suis ST1
serotype 2, except for a 2014 case involving serotype 5,
which was the only fatality in this series (14).

In 2024, a 42-year-old man working at a pig pro-
cessing plant in Argentina was hospitalized with
meningitis after 10 days of weakness, headache, pro-
gressive hearing loss, and ataxia. CSF cultures grew
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S. suis serotype 2. He was treated with ceftriaxone
and dexamethasone and improved clinically, but
mild bilateral hearing loss persisted (17).

New S. suis Human Infections in Argentina, 2017-2024
We identified 8 additional, previously unreported S.
suis infections from Argentina that occurred during
2017-2024 (Table 2). Case 1, from 2017, involved a
42-year-old male pig farmer who had fever, fatigue,
and shortness of breath. Blood cultures grew S. suis,
but the isolate was untypable. Further investigation
revealed native valve endocarditis. The patient recov-
ered without complications.

In a case 2, from 2018, a 1-year-old girl from a
rural area was admitted to the hospital with signs of
meningitis. Blood cultures grew S. suis serotype 2.
The patient survived the infection. Exposure to pigs
or pork could not be determined, and no household
pig-keeping or sick contacts were reported.

Case 3, from 2019, involved an adult man
with meningitis, but the source of exposure could not be
determined. CSF cultures grew S. suis serotype 2. The
patient survived and did not have residual sequelae.

Case 4 occurred in 2020 and involved a 38-year-
old man with meningitis who was from an urban area
and used drugs but had no reported contact with pigs
or pork products. Blood and CSF cultures grew S. suis
serotype 2. The patient survived without long-term
complications.

Case 5 was identified in 2021 in a 47-year-old male
hunter in whom meningitis developed after contact
with wild boars and consuming a suckling pig. Blood
and CSF cultures grew S. suis serotype 2. The patient
survived without notable sequelae.

Case 6, from 2022, was in a 48-year-old man who
regularly hunted wild boars and had meningitis de-
velop after consuming pork. CSF cultures grew S.
suis serotype 2. The patient survived without no-
table sequelae.

Case 7 was reported in 2022 in a 45-year-old man
who had meningitis after purchasing and preparing
a pig from a backyard farm. CSF cultures grew S.
suis serotype 2. The patient survived without nota-
ble sequelae.

Finally, case 8 occurred in 2024 in a 55-year-old
man in whom STSLS developed after confirmed con-
tact with pigs. Blood cultures grew S. suis serotype
2. Despite aggressive treatment, the patient died, the
only fatality in this 8-case series.

S. suis Human Infections in Argentina and

Reclassification of 1 Isolate as S. parasuis

An unusual infection attributed to the rare S.
suis serotype 21 was described in 2014 in Argen-
tina (39). The patient had spontaneous bacterial
peritonitis (39), raising questions about the initial
classification, especially because co-agglutination,
the serologic typing method initially used, can
sometimes produce false cross-reactive results (30).
To resolve those inconsistencies, we re-examined
the isolate using genomic data. An ad hoc in sili-
co PCR with specific primers targeting the recN
gene of various streptococcal species reclassified
the isolate as S. parasuis, a species closely related
to S. suis that was not formally recognized until
2015 (29), after the initial erroneous identification
in 2014. Further analysis corroborated that reclas-
sification (Appendix Figure). That case predates

Table 2. Characteristics of patients and isolates for the 8 new cases of human Streptococcus suis infection from Argentina, South

America, 2017-2024*

Patient Isolate
Age, Contact with Isolate Virulence
Year y/sex Disease swine or pork Qutcome Notes ID Source Serotype ST markers
2017 42/M NVE Yes, pig farmer  Survived None 26-17 Blood Untypabl 1  mrp, epf, sly
et
2018 1/F Meningitis  Unknown, lived  Survived None 868-18  Blood 2 1 mrp, epf, sly
in rural area
2019 Adult/M$  Meningitis Unknown Survived None 724-19 CSF 2 1 mrp, epf, sly
2020 38/M Meningitis No, lived in Survived Inhalation 247-20 Blood, 2 1 mrp, epf, sly
urban area drug user CSF§
2021 47/M Meningitis  Yes, consumed  Survived  Wild boar 521-21  Blood, 2 1 mrp, epf, sly
pork hunter CSF§
2022 48/M Meningitis  Yes, consumed  Survived Wild boar 395-22 CSF 2 1 mrp, epf, sly
pork hunter
2022 45/M Meningitis  Yes, handled not  Survived None 931-22 CSF 2 1 mrp, epf, sly
commercial pig
2024 55/M STSLS Yes Died None 649-24  Blood 2 1  mrp, epf, sly

*CSF, cerebrospinal fluid; epf extracellular protein factor; ID, identification; mrp, muramidase released protein; NVE, native valve endocarditis; sly,
suilysin; ST, sequence type as defined by multilocus sequence typing; STSLS, streptococcal toxic shock—like syndrome.

tUntypable by both serologic and molecular methods.
fPrecise age not available.

§Only the isolate recovered from CSF was included in this investigation, although both were typed.
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similar cases of human S. parasuis infection report-
ed in China (40).

S. suis Human Infections in Brazil

In Brazil, 5 human S. suis infections have been docu-
mented, involving both occupational exposure and
ingesting undercooked pork (19-22) (Appendix Table
2). The first, which occurred in 2019 but was reported
in 2024, involved a 68-year-old swine farmer from Ba-
hia who had bacterial meningitis. CSF cultures grew
S. suis, but serotyping was not performed. The patient
experienced permanent hearing loss (21). In 2020, two
additional cases were reported in Ceara, both involv-
ing men with occupational exposure to pigs who had
meningitis. Serotyping of the isolates was not per-
formed in either of those cases (20).

The other 2 cases from Brazil involved patients
who reported consuming pork. The first, in 2020, in-
volved an 82-year-old man from Rio de Janeiro who
contracted S. suis meningitis after consuming pork
that probably was undercooked; the specific sero-
type was not reported (19). The second, in 2024, in-
volved a 50-year-old man from Sdo Paulo who had
STSLS and probably meningitis after consuming
raw pork. Blood cultures confirmed S. suis serotype
2. Although that patient recovered, he had hearing
loss develop (22).

S. suis Human Infections in Chile

In Chile, 7 human S. suis infections have been re-
ported, all linked to occupational or incidental ex-
posure to pigs (23-25) (Appendix Table 2). The first
2 cases, reported in 2012, involved a 54-year-old
woman and a 48-year-old man, both pig farmers
who had bacterial meningitis. CSF cultures grew
S. suis serotype 2. Both patients recovered with-
out neurologic sequelae (23,24). In 2013, two more
cases were reported, both involving men who had
meningitis or sepsis caused by S. suis serotype 2
(23). In 2014 and 2015, two additional cases were
documented in Regién de los Rios: 1 patient had
severe sepsis, the other meningitis, and serotypes
were not reported (25). A seventh case occurred
in 2018, involving a 44-year-old woman in whom
meningitis developed 2 days after handling raw
pork and who experienced permanent bilateral
hearing loss postinfection. S. suis serotype 2 was
confirmed through CSF cultures (25). We suspect
a potential eighth human case in Chile on the ba-
sis of a 2019 submission of a human ST1172 S. suis
isolate to PubMLST; whether that isolate represents
a new infection or a previously documented case
is unclear.
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S. suis Human Infections in French Guiana.

In French Guiana, a single S. suis human infection was
reported in 2011 (26) (Appendix Table 2). In that case,
meningitis developed in a 42-year-old man originally
from Haiti who injured his thumb while slaughtering
pigs. CSF cultures grew S. suis ST1 serotype 2. He ex-
perienced moderate bilateral hearing loss, which later
progressed to severe hearing loss in the left ear (26).

S. suis Human Infections in Uruguay

Five human S. suis infections have been reported in
Uruguay (27,28) (Appendix Table 2). The first 2 cases
were identified in 2008 and 2009 in men who had oc-
cupational exposure to pigs and had acute meningi-
tis (28), 1 of whom experienced bilateral hearing loss.
A third case was reported in Paysandd in 2009; the
patient had similar occupational exposure and clini-
cal features (28). Fifteen years later, 2 additional cases
were reported in men who worked in rural areas (27).
Both patients had meningitis develop after handling
pigs and were treated successfully, but 1 patient had
mild neurologic symptoms that persisted. None of
the S. suis isolates responsible for human infections in
Uruguay were serotyped.

Characteristics of S. suis Isolates from

Human Infections in South America

Of the 47 confirmed and 1 potential human S. suis in-
fections in South America, only 35 isolates were sero-
typed. Serotype 2 was identified in all but 2 isolates, 1
of which was serotype 5 and the other was untypable
(Table 1). The serotype 5 isolate was retrospectively
assigned to ST486 (36). The other isolates with avail-
able serotype and MLST data were either ST1 sero-
type 2 (n = 25) or untypable (n =1).

We saw notable differences in isolate investigation
among countries. The French Guiana isolate was typed
as ST1 serotype 2. In Argentina, serotype was avail-
able for 26 isolates, 25 of which also had MLST data.
Most isolates from Chile were serotyped but not MLST
typed, except for 1 that was typed as ST1172, a close
derivative of ST1, but was not serotyped. None of the
10 isolates from Uruguay and Brazil were MLST typed,
and only 1 isolate from Brazil was serotyped (Table 1).

Genome data for S. suis isolates from South
America were limited to 9 previously reported iso-
lates from human infections in Argentina (14) and
8 newly sequenced genomes from our study. Seek-
ing broader representation, we contacted authors of
previous reports from other countries in South Amer-
ica. However, we could not obtain additional isolates
because of unavailability of isolates or lack of timely
responses from authors.

1281



SYNOPSIS

Because all available genomes originated from
Argentina, we expanded the phylogenetic analysis
by incorporating ST1 isolates from other geographic
regions (Appendix Table 1). Phylogenetic analysis
revealed that the isolates from Argentina clustered
into 2 distinct clades (Figure 1), both relatively dis-
tantly related to ST1 isolates from other regions, ex-
cept for 1 isolate from Spain that clustered tightly
with isolates of 1 of the Argentina subclades. All iso-
lates from Argentina had an mrp/epf/sly virulence
marker profile and multiple AMR genes identified,
but the AMR genes were restricted to a single clade
(Figure 1).

Discussion

Because of the small sample size, uneven subgroup
distribution, and missing data for key variables, our
dataset did not support formal statistical analysis
of associations between demographic or exposure-
related factors and outcomes; therefore, we focused
on descriptive patterns. As expected, based on cur-
rent S. suis knowledge (2,4,8), adult men whose oc-
cupations involved direct contact with pigs or pork
products were the primary at-risk population in
South America. Raw pork consumption, an estab-
lished risk factor for S. suis transmission in parts
of Southeast Asia, is uncommon in South America,

Figure 1. Phylogenetic relationships and AMR gene profiles of isolates in a study of human Streptococcus suis infections, South
America, 1995-2024. Maximum-likelihood phylogenetic tree shows relationships among sequence type (ST) 1 serotype 2 S. suis
isolates from human disease in Argentina and selected ST1 serotype 2 isolates from other countries. Tree was constructed by using
5,504 bp nonredundant core-genome single-nucleotide polymorphism loci identified relative to the genome sequence of ST1 serotype

2 reference strain P1/7 (not included in the depiction). The tree delineates 2 distinct clades from Argentina that differ on AMR gene
content. One isolate from a human infection in Spain clusters tightly within clade 2 from Argentina, but the rest of the isolates, all from
outside South America, are more distantly related genetically to either clade from Argentina. AMR genes identified in the genomes of the
isolates are represented in the outer rings. AMR, antimicrobial resistance.
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Figure 2. Estimated number of swine and cumulative reported human cases per country in a study of human Streptococcus suis
infections, South America, 1995-2024. Shown are countries with human S. suis infections reported during 1995-2005 (A), 1995-2015
(B), and 1995-2024 (C). Estimated number of heads of swine is shown for each country from 2005 (A), 2015 (B), and 2022 (C).
Countries with reported human S. suis infections are depicted in specific colors, and cumulative number of human cases during each
timeframe are provided in each key. The color intensity increases proportionally to reflect changes in swine population size over time in
each country. In contrast, countries without reported human S. suis infections are represented in grayscale, and the grayscale intensity
indicates variations in swine population size, applied on a unified scale across those countries. Swine production data for French Guiana

was only available until 2006. NA, not available.

where pork is typically roasted or stewed (2,14).
Nonetheless, at least 3 cases in South America oc-
curred in persons who had consumed home-pre-
pared suckling pig or wild boar meat that might
have been undercooked, highlighting foodborne
transmission as the plausible route of infection.
Among the entire cohort, meningitis was the most
common manifestation, and numerous cases of sub-
sequent hearing loss were reported, likely resulting
from cochlear and labyrinth damage (2,41-44). Early
audiometric evaluation is recommended to promptly
manage hearing impairment in such cases (43). Pre-
dominance of meningitis likely reflects its more rapid
recognition in hospital settings (43). Similarly, severe
symptoms associated with STSLS demand immedi-
ate medical attention and follow up (45). Conditions
like arthritis and endocarditis, though, may be un-
derdiagnosed or misattributed to other pathogens
because of low awareness and outdated biochemical
methods. Those factors often lead to misidentifying S.
suis as other streptococci, such as viridans group
Streptococcus, even in high-income countries (2,13,46).
Training healthcare professionals to consider S.
suis when a-hemolytic streptococci are isolated and
to take detailed histories of pig or pork contact is es-
sential. In addition, implementing referral protocols
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and using advanced matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry and
molecular diagnostic testing can improve the detec-
tion and diagnosis of S. suis infections.

The number of reported human S. suis infec-
tions in South America does not correlate with the
size of national swine industries (Figure 2). Brazil,
a global leader in pork production with >40 million
pigs, has reported only 5 human cases. In contrast,
Argentina, with a much smaller swine population of
5 million, has documented 29 infections. Biosecurity,
as traditionally defined in swine production, has not
been shown to reduce S. suis disease in pigs or the
associated zoonotic risk in humans; nonetheless, the
structured occupational health protocols in Brazil's
large-scale farms might play a role in limiting human
exposure (47). In Argentina, the swine industry has ex-
panded rapidly in the past 2 decades, and the number
of pigs more than doubled from 2005 to 2015 (Figure
2). However, small-scale farms with limited imple-
mentation of biosafety practices remain common and
may be contributing to the higher number of reported
infection rates (14,47). Similarly, Uruguay has a small
swine industry dominated by extensive farming (48)
reported 5 human cases during the study period.
In Chile, most reported human cases are linked to
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traditional small-scale farming practices, even though
the cases are geographically concentrated in the south
of the country, where export-driven large-scale swine
operations are located (47,49).

No human S. suis infections have been reported
from other South America countries, including Co-
lombia, which has a swine industry larger in scale
and comparable in growth to Argentina’s (47) (Fig-
ure 2). Thus, factors beyond the scale and type of
pig farming likely influence the incidence of this
zoonotic disease. We speculate that differences in
the virulence of circulating S. suis strains likely
play a role. For example, less virulent ST25 and
ST28 serotype 2 strains are predominant in North
America, which reports very few human infections,
but highly virulent ST1 serotype 2 strains are com-
mon in Eurasia (4,13). In Argentina, highly virulent
ST1 serotype 2 strains are prevalent, and ST1 or
closely related ST1172 isolates have been identified
in French Guiana and Chile. It may be possible that
strains of lower virulence circulate among swine in
Brazil, Colombia, and other countries that have few
or no reported human cases. However, the pauci-
ty of molecular data on S. suis isolates from most
countries in South America, even from pigs, hin-
ders the ability to confirm that hypothesis. Further-
more, our retrospective reclassification of 1 mis-
identified isolate as S. parasuis highlights the value
of genomic methods for accurate species identifica-
tion and for advancing our understanding of S. suis
disease epidemiology.

Another, perhaps more plausible, explana-
tion for the higher number of reported cases in Ar-
gentina compared with other countries in South
America is the well-established surveillance system
for a-hemolytic bacteria associated with severe in-
fections, particularly in rural hospitals. Suspicious
isolates are systematically referred to the National
Institute of Infectious Diseases for confirmation and
detailed identification, enabling more accurate de-
tection and reporting of S. suis infections (14). That
systematic approach likely accounts for the rela-
tively higher detection rates in Argentina. Enhanc-
ing surveillance systems and laboratory capacities
in other countries in South America could similarly
improve case identification, support more consistent
and standardized reporting of demographic and
clinical data, and ultimately enable more robust epi-
demiologic analyses across the continent.

Our findings highlight a complex interplay of
factors influencing the incidence and reporting
of human S. suis infections in South America. Re-
ported cases tend to be more frequent in countries
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where small-scale or mixed farming persists, re-
flecting the increased risk for zoonotic transmission
under those conditions. Close human-pig interac-
tions and limited on-farm biosafety measures likely
contribute to that risk. The confirmed presence of
highly virulent ST1 serotype 2 strains in Argentina
and the robust surveillance system in that country
likely contribute to its higher detection rates and de-
tailed epidemiologic data.

In summary, addressing S. suis human infec-
tions requires a coordinated approach, including
improved on-farm biosafety practices, particularly
among small-scale farmers, and strengthened sur-
veillance systems. Argentina’s proactive efforts
could serve as a model for enhancing diagnostic ca-
pabilities across the region. International collabora-
tion, data sharing, and partnerships with the swine
industry are essential to better characterize S. suis
strains and reduce the burden of this zoonotic dis-
ease in South America.
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Systematic Review of Contact
Investigation Costs for
Tuberculosis, United States

Garrett R. Beeler Asay, Kai H. Young, Tempest D. Hill, Gibril J. Njie

Contact investigation is a fundamental component of tu-
berculosis (TB) programs that drives prompt diagnosis
and treatment of Mycobacterium tuberculosis infection
among those exposed. Few studies have examined
contact investigation costs for TB. We conducted a sys-
tematic review of TB contact investigation costs in the
United States by searching English-language articles
published during January 1990-August 2024 in electron-
ic databases, including MEDLINE, Embase, CINAHL,
and Scopus. We identified 2,920 titles and abstracts; 10
studies met our inclusion criteria. We abstracted costs
for labor, diagnostic tests, and chest radiographs. La-
bor cost per contact was estimated at $175.94 (range
$79.97-$293.51); total cost, including diagnostic testing
and chest radiography, was $228.93 (range $132.95-
$346.49).The overall cost of contact investigation in the
United States was $9.94 (range $5.77-$15.04) million in
2022; total cost during 2013—-2022 was $137.35 million.
Contact investigations are essential to prevent TB and
avert TB-related labor and diagnostic costs.

uberculosis (TB) is a leading cause of infectious

disease deaths globally; an estimated 1.1 million
deaths occurred in 2022 (1). The United States is con-
sidered a low TB-incidence country by the World
Health Organization, having made great strides to-
ward reducing TB incidence since 1993 (2). During
1993-2020, the annual number of TB cases in the
United States declined by 64%, from 25,102 to 8,920
cases (3). However, after the COVID-19 pandemic re-
sulted in global health disruptions in 2020, TB cases
have increased each year; an increase of 16% during
2022-2023 has been reported (4).

Contact investigation is a critical activity conduct-
ed by public health departments to interrupt infec-
tious disease transmission (5). Contact investigation
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incorporates case finding and classification, case in-
terviews to identify contacts, evaluation and testing
of high-risk contacts for the presence of Mycobacte-
rium tuberculosis by using either the Mantoux tuber-
culin skin test (TST) or an interferon-y release assay
(IGRA), and establishing a system for tracking per-
sons exposed to M. tuberculosis (6). In addition, TB
programs provide treatment to persons who have
either TB infection or disease (5,7). Contact investiga-
tion prevents TB transmission and, thereby, future TB
cases and costs; 1 analysis estimated that during a 10-
year period, outbreak investigations could avert 5,560
TB cases and $102 million in healthcare costs (8).

We conducted a systematic literature review to
quantify the labor cost and resources needed to con-
duct TB contact investigations in US settings. More-
over, to estimate national total TB contact investi-
gation costs over a 10-year period (2013-2022), we
combined labor cost estimates from the systematic
review with TB contact investigation data reported
to the Centers for Disease Control and Prevention
(CDC) and TB testing data from a privately insured
population.

Methods

Evidence Acquisition

A multidisciplinary team consisting of TB scientists
(T.H. and K.H.Y.), a health economist (G.R.B.A.), and
a systematic review methodologist (G.J.N.) from the
CDC(’s Division of Tuberculosis Elimination, National
Center for HIV, Viral Hepatitis, STD, and TB Preven-
tion, convened to conduct this systematic review.
We used established economic evaluation methods
adapted from the Guide to Community Preventive
Services (9,10). We sought to answer the following re-
search question: what are the per contact costs of TB
contact investigations from a health system perspec-
tive? We included costs for personnel, materials, or
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supplies related to contact investigation; laboratory
and diagnostic testing; medications; transportation;
public relations; and communications in the analysis.

Search Strategy and Inclusion Criteria

We consulted a librarian to search for published
studies that evaluated the cost of TB outbreak and
contact investigations. We searched electronic data-
bases, including MEDLINE, Embase, CINAHL, and
Scopus, for English-language articles published dur-
ing January 1990-August 2024 (Figure 1). We used
the following medical subject headings: “tuberculo-
sis” OR “latent tuberculosis”; search terms were syn-
onyms of “outbreak investigation,” “epidemiological
investigation,” “contact investigation,” AND “cost”;
and “economic,” “expense,” “expenditure,” AND
“United States.” We excluded articles if the study
was not conducted in the United States, did not focus
on drug-susceptible TB, or did not include contact in-
vestigation time or labor cost; if the cost information
within the study was repeated from an earlier study;
or if the study did not provide enough information to
estimate labor cost per contact.

Cost Data Abstraction

We abstracted data on study and participant charac-
teristics, including the setting, outbreak size, contact
investigation strategy, and demographic information.
Using the ingredients method (11), in which program
costs are estimated by adding each component of
cost, we abstracted direct program cost components
for personnel, laboratory and diagnostic procedures,

1288

labor cost associated with contact investigation,
public relations and communications, and other ad-
ministrative costs. We included costs of chest radio-
graphs (but not the cost of follow-up visits), directly
observed therapy, and latent TB infection treatment,
because those costs were associated more with treat-
ment rather than with contact investigation. Any
disagreement on data abstraction elements between
reviewers (G.R.B.A. and G.N.J.) was resolved by con-
sensus or by a third reviewer (K.H.Y.). For each in-
cluded study, we assigned a quality rating according
to criteria developed for The Community Guide (12).
We rated studies as very good, good, satisfactory, or
unsatisfactory; we excluded studies rated as unsatis-
factory from the analysis.

Contact Investigation Labor Cost per Contact

For studies that reported person-hours required to
conduct a contact investigation, we converted the
reported person-hours to a monetary value by using
region-specific wage data for a registered nurse ac-
cording to the US Bureau of Labor Statistics (13). We
estimated total compensation for labor by inflating
wages by 30% to account for fringe benefits (14). No
studies reported patient costs associated with contact
investigation. We converted reported cost per case to
cost per contact by dividing cost per case by the num-
ber of contacts per case. Although 2 studies reported
costs of contact investigation for unconfirmed cases,
we only reported mean contact investigation costs
for confirmed cases, because sources did not report
the number of contacts for unconfirmed cases, and

Figure 1. Flow diagram of
studies identified, included, and
excluded in systematic review
of contact investigation costs
for tuberculosis, United States.
Diagram was generated from the
Preferred Reporting Items for
Systematic reviews and Meta-
Analyses reporting guidelines
template (https://www.prisma-
statement.org).
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some suspected cases were later identified to be non-
TB cases. If a study reported labor costs that included
TST costs, we used the TST cost value reported in the
study. Otherwise, if the study did not report a cost
for TST, we subtracted the Medicare reimbursement
rate for TST costs in 2022 (15). We excluded reported
surveillance and outbreak costs from the cost analy-
ses because studies did not report costs in sufficient
detail to determine those costs (16,17).

We updated all monetary values to 2022 US dol-
lars by using the healthcare component of the Personal
Consumption Expenditure Index from the Bureau of
Economic Analysis (18). Because the cost data were
limited in sample size and highly skewed, we used a
nonparametric bootstrap to estimate the 95% CI by us-
ing the boot package in R version 4.4.1 (The R Project
for Statistical Computing, https:/ / www.r-project.org).

National Cost of Contact Investigation

To estimate the 2022 US national costs of contact
investigation and the total 10-year costs of contact
investigation during 2013-2022, we obtained data
on contact investigation activities reported to CDC
through the Aggregate Reports for Program Evalu-
ation Contact Investigation form submitted through
the CDC’s National Tuberculosis Indicators Project
web-based tool (19-21). In addition, we used aggre-
gate report data on the number of contacts who tested
positive for TB to estimate the percentage of contacts
who might test positive and be referred for a chest
radiograph (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/31/7/24-1827-Appl.pdf).

We used the MarketScan Truven Health com-
mercially insured database (https://marketscan.
truvenhealth.com/marketscanportal) to estimate
the proportion of tests conducted during 2013-2022
according to paid claims for 3 diagnostic tests:
TST, QuantiFERON-TB Gold (QFT) blood assay
(QIAGEN, https://www.qiagen.com), and T-SPOT
(Oxford Immunotec Ltd./Revvity, https://www.
revvity.com) (22). Although some patients received
>1 test, the analysis focused on claims for the first test
(Appendix). For costs not reported by studies (e.g.,
cost of QFT and T-SPOT), we used published Medi-
care reimbursement rates (15,23). We assumed that all
contacts received a test and that the tests were used at
the same proportion as that in the MarketScan com-
mercially insured population (Appendix).

Results

Our search strategy for this review identified 2,920
titles and abstracts. Of those, we determined 165 full-
text articles were appropriate for review; 10 studies
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Table 1. Studies included in systematic review of contact
investigation costs for tuberculosis, United States

Characteristic No. (%) studies, N = 10 References
Publication period
1990s 2 (20) (16,27)
2000s 2 (20) (7,29)
2010s 5 (50) (17,25-28)
2020s 1(10) (30)
Study location
Northeast 1(10) (26)
Midwest 0 (0)
South 4 (40) (17,25,28,29)
West 3(30) (7,24,30)
Multistate 1(10) (16)
Other* 1(10) (28)
Setting
Community 6 (60) (7,16,17,28-30)
Healthcare 3(30) (25-27)
School 1(10) (24)

*Unknown location.

met the criteria for inclusion (Figure 1) (7,16,17,24-
30). We judged all 10 studies as at least satisfactory
quality, meeting the inclusion criteria (Appendix).
Of the 10 included studies, we judged 6 were very
good quality (17,24,26,27,29,30), 3 were good quality
(16,25,28), and 1 was satisfactory quality (7).

More than half (60%) of the included studies were
published after January 1, 2010 (17,24-26,28,30); 2
studies were published in the early 2000s (7,29) and
2 in the 1990s (16,27) (Table 1). Most included stud-
ies were from the South Census region (17,25,28,29);
3 studies were from the West region (7,24,30), and 1
study was from the Northeast region (26). No studies
were included from the Midwest region. Moreover,
we included 1 multistate study (16) and 1 study with
an unknown geographic location (27). Most studies
were community-focused (7,16,17,28,29); other set-
tings were hospitals (25-27) and 1 high school (24).
Most (70%) studies comprised cost analyses; 2 stud-
ies consisted of cost-effectiveness analyses (7,29). One
study provided person-hours for personnel involved
in TB contact investigations without costs (24).

Contact Costs

Werecorded outcomes for contact investigation costs
and characteristics of the included studies (Table 2).
Overall, the mean labor cost for contact investigation
from the 10 studies was $175.94 (median $109.67)
per contact in 2022 US dollars (7,16,17,24-30). The
95% nonparametric bootstrapped CI for the mean
cost ($175.94) was $79.96-$293.51 (Figure 2). When
stratified by setting, 6 studies from a community set-
ting reported a mean labor cost of $251.98 (median
$189.03) (7,16,17,28-30). Studies set in a hospital
(n = 3) reported a lower mean labor cost of $72.95
(median $56.74) per contact (25-27), and 1 study
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Table 2. Contact investigation costs for confirmed tuberculosis cases reported in systematic review, United States®

Contact investigation costs, US $

No. cases Labor cost Test follow-up Chest
Reference Setting State(s) investigated No. contacts _per contact TST cost and examination  radiography
(16) Community AL, IL, NJ, 26,283 NR 38.63 18.66 10.00 56.81

TX, CA

(24)t School CO 1 1,249 28.72 NR NR NR
(25) Hospital X 59 880 114.18 NR NR NR
(26)t Hospital NY 34 1,394 56.74 NR NR NR
27) Hospital NR NR 81 47.94 14.99 88.30 NR
a7) Community TX 108 1,675 640.28 14.19 NR NR
(28) Community NC 99 506 105.16 NR NR NR
(29)¢ Community AL NR NR 349.73 NR 82.00 30.77
(30) Community CA 81 NR 235.77 NR NR NR
(7) Community CA 2,032 17,774 142.29 8.78 74.29 NR

*Review included 10 studies. Costs were updated to 2022 US dollars by using the healthcare component of the Personal Consumption Expenditure Price

Index (18). NR, not reported; TST, tuberculin skin test.

tLabor time converted to labor cost by using the corresponding year's region-specific hourly wage for registered nurses from the US Bureau of Labor

Statistics (13).
fIncluded transportation cost.

conducted at a school reported a labor cost of $28.72
per contact (24). Among studies reporting cost per
case, 3 were in a hospital setting (25-27) and 4 were
in a community setting (7,17,28,30). Studies also re-
ported costs per test for TST (n = 4; mean $15.95,
median $14.59), cost of test follow-up (n = 4; mean
$63.65, median $78.15), costs of chest radiographs
per view (n = 2; mean and median $43.79), and sur-
veillance and other outbreak-related costs per con-
tact (n = 2; mean and median $33.34).

After applying the percentage of contacts who
received each type of test (e.g., in 2022, 37.6% of pa-
tients received TSTs, 54.2% of patients received QFT
tests, and 8.3% received T-SPOT tests) (22), we ap-
plied the costs of testing for TST ($15.95) and the
2022 Medicare reimbursement rates for QFT tests
($61.89) and T-SPOT tests ($100.00) to calculate a
weighted average testing cost of $47.21. Finally, in
2022, 13.2% of contacts tested positive for TB and
were referred for a chest radiograph (19) at a cost of
$43.79 per patient, which yielded an average chest

Figure 2. Density plot for labor costs of tuberculosis contact
investigations in the United States. y-axis indicates bootstrapped
probability density function (1,000 random sample draws). Costs
per investigation were determined by using 2022 US dollar values.
Blue dashed vertical line indicates the mean cost ($175.94); red
dashed vertical lines indicate 95% Cl ($79.96-$293.51).
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radiograph cost of $5.77 per contact. Therefore, add-
ing testing and chest radiograph costs to labor costs
yielded a total contact tracing cost per contact of
$228.93 (range $132.95-$346.49).

National Cost of Contact Investigations

In 2022, jurisdictions across the United States reported
conducting contact investigations for 33,576 contacts
of persons with sputum smear-positive TB and 9,830
contacts of persons with sputum smear-negative,
culture-positive TB (Appendix Table 1) (19). When
extrapolating those costs to the US population, the
estimated total US cost of contact investigations was
$9.94 (range $5.77-$15.04) million. When totaled over
the 10-year period (2013-2022), estimated contact in-
vestigation cost for health departments was $137.36
(range $75.61-$212.99) million (Appendix).

Discussion

Contact investigation is an essential part of the public
health strategy for TB care and prevention and is inher-
ently labor intensive at the local level. We identified a
relatively small number of published studies compared
with the large national expenses that we estimated.
Therefore, more information about contact investiga-
tion costs could enable better treatment and prevention
planning and elucidate how those costs vary.

Our analysis projected a substantial range ($80-
$294) in labor cost per contact investigation. We gen-
erally were not able to fully account for differences in
costs between studies. However, community settings
had the greatest cost per contact investigation; those
higher costs could be associated with greater travel
and communication costs. Differences in costs could
also be attributable to heterogeneity in the type of
contact (e.g., household contacts vs. close contacts),
which in turn could lead to differences in inherent
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time spent per contact investigation. Furthermore,
although this analysis accounted for costs associated
with settings and labor, it is also possible that contact
investigations with similar time commitments con-
ducted by different agencies would expend greater
(or less) resources simply on the basis of the locality
and labor combination used. Differences in costs by
locality also likely contribute to the labor cost uncer-
tainty and, thus, the wide range in overall national
costs. More information about specific costs expended
by different US states or localities could help reduce
the uncertainty associated with labor cost estimates.

The first limitation of our study is that some re-
ports included costs not fully separable from overall
contact investigation costs. For instance, 1 study in-
cluded transportation costs; however, those transpor-
tation costs were not itemized and not separable from
total costs (29). Similarly, not all studies delineated the
type of staff conducting contact investigations, which
could lead to differences in cost because of different
compensation levels. Second, we did not account for
surveillance costs, overhead, or other costs (e.g., tele-
phone, computer, internet, and building costs), which
could increase the estimated costs of contact investiga-
tion. Third, 4 of the 10 reports identified in this study
were published before 2010, and more recent changes
in TB testing and treatment could affect cost. For ex-
ample, the increased use of IGRAs, which is more spe-
cific for M. tuberculosis infection, could reduce total
contact investigation costs; fewer resources would be
needed to address false-positive results that might be
obtained from the less-specific TST (6). Nevertheless,
the mean estimated cost per contact investigation for
studies published after 2009 (n = 6) increased slightly
from the overall mean to $196.80; however, that cost
was still within the overall labor cost uncertainty in-
terval. Recent improvements in telecommunication
technologies (e.g., use of smart phones) also lowered
communication costs that could affect contact inves-
tigation methods and costs. Finally, reported studies
did not delineate the number of contacts used to esti-
mate labor costs, and only 1 study provided a range
($0-$500) around the mean estimate of contact inves-
tigation costs (29). For this reason, we were not able
to weight cost estimates by sample size or adjust for
uncertainty across study estimates, which implies
that users of those results should carefully consider
the wide uncertainty range in addition to the mean
estimate. Furthermore, our annual estimates of the
proportion of patients tested by using TSTs or IGRA
were derived from a sample representative of pri-
vately insured persons; estimates might differ among
other types of insured populations.
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Labor costs associated with contact investiga-
tion were 77% ($175.94) of the estimated total costs
($228.93) of contact investigation; contact investiga-
tions include labor costs for time spent eliciting and
reaching out to contacts, as well as for diagnostic test
costs and costs associated with chest radiographs.
Costs associated with TB testing can sometimes be
reimbursed or paid for by insurance, if the patient
is insured. However, TB testing has a necessary pre-
liminary step, which is identifying contacts who need
testing by public health personnel and is often not ac-
counted for nor reimbursable, potentially leading to
underinvestment. Another key feature of contact in-
vestigation is that not all investigations are identical,
and contact investigation effects and costs can vary
across jurisdictions (31). We attempted to incorporate
those differences by using nonparametric methods to
estimate Cls. This method enabled skewed data to be
reflected in asymmetric Cls, thereby enabling study
heterogeneity to be reflected in cost ranges.

Our analyses only estimated the cost of contact
investigation. A related study estimated a cost per
gained quality-adjusted life year of $27,800 over a
10-year period (8). That cost per quality-adjusted
life year estimate is lower than in other studies ex-
amining the cost-effectiveness of targeted testing and
treatment of persons with latent TB infection, which
typically ranged from $80,000 to $150,000 per gained
quality-adjusted life year (32-34). The lower estimate
implies that outbreak investigations might be one of
the most cost-effective ways to prevent TB. Indepen-
dent of cost-effectiveness, contact investigations are
necessary to prevent the need for ongoing TB treat-
ment and avert TB disease costs that are paid by pa-
tients, healthcare providers, and federal, state, and
local health agencies.

In conclusion, we provide a national estimate of
contact investigation costs for TB in the United States.
Contact investigation, a core public health activity, di-
rectly identifies persons infected with TB and drives
focused public health action to prevent TB-associated
illness and death. Although contact investigations are
essential to prevent TB, benefits only accrue when ex-
posed contacts are identified and evaluated and when
TB disease or M. tuberculosis infections are fully diag-
nosed and resolved through treatment.

Acknowledgments

We thank Joanna Taliano for her assistance in conducting
the literature search and Andrew Hill, Ann Cronin, Carla
Winston, Roque Miramontes, and Maureen Kolasa for
guidance and support provided throughout the systematic
review process.

1291



SYNOPSIS

About the Author

Dr. Beeler Asay is a senior economist in the Division of
Tuberculosis Elimination, National Center for HIV, Viral
Hepatitis, STD, and TB Prevention, Centers for Disease
Control and Prevention. His research interests focus on
public health costs associated with tuberculosis treatment,
benefits of telemedicine for patients and providers, and the
effects of disease on household finances.

References

1. World Health Organization. Global tuberculosis report 2023
[cited 2024 Nov 19]. https:/ /www.who.int/publications/i/
item /9789240083851

2. World Health Organization. Towards tuberculosis
elimination: an action framework in low-incidence countries.
2014 [cited 2024 Nov 19]. https:/ /www.who.int/
publications/i/item/9789241507707

3. Centers for Disease Control and Prevention. Reported
tuberculosis in the United States, 2023. November
2024 [cited 2025 Jun 5]. https:/ /www.cdc.gov/
tb-surveillance-report-2023/summary/national.html

4. Williams PM, Pratt RH, Walker WL, Price SF, Stewart RJ,
Feng PI. Tuberculosis — United States, 2023. MMWR Morb
Mortal Wkly Rep. 2024;73:265-70. https:/ /doi.org/10.15585/
mmwr.mm?7312a4

5. National Tuberculosis Controllers Association; Centers for
Disease Control and Prevention. Guidelines for the
investigation of contacts of persons with infectious
tuberculosis. Recommendations from the National
Tuberculosis Controllers Association and CDC. MMWR
Recomm Rep. 2005;54:1-47.

6. Mazurek GH, Jereb J, Lobue P, lademarco MF, Metchock B,
Vernon A. Guidelines for using the QuantiFERON-TB Gold
Test for detecting Mycobacterium tuberculosis infection,
United States. MMWR Recomm Rep. 2005;54:49-55.

7. Sprinson JE, Flood J, Fan CS, Shaw TA, Pascopella L,
Young JA, et al. Evaluation of tuberculosis contact
investigations in California. Int ] Tuberc Lung Dis.
2003;7:S363-8.

8. Shrestha S, Cilloni L, Asay GRB, Kammerer JS, Raz K,
Shaw T, et al. Model-based analysis of impact, costs, and
cost-effectiveness of tuberculosis outbreak investigations,
United States. Emerg Infect Dis. 2025;31:497-506.
https:/ /doi.org/10.3201/eid3103.240633

9. Carande-Kulis VG, Maciosek MV, Briss PA, Teutsch SM,
Zaza S, Truman B], et al.; Task Force on Community
Preventive Services. Methods for systematic reviews of
economic evaluations for the Guide to Community
Preventive Services. Am ] Prev Med. 2000;18:75-91.
https:/ /doi.org/10.1016/50749-3797(99)00120-8

10. The Community Guide. Methods manual, part 2:
economic review process [cited 2019 Jun 7].
https:/ /www.thecommunityguide.org/pages/
economic-review-methods.html

11. Levin HM, Belfield C. Guiding the development and
use of cost-effectiveness analysis in education.
J Res Educ Eff. 2015;8:400-18. https:/ /doi.org/10.1080/
19345747.2014.915604

12. Chattopadhyay SK, Jacob V, Hopkins DP, Lansky A,
Elder R, Cuellar AE, et al.; Community Preventive Services
Task Force. Community guide methods for systematic
reviews of economic evidence. Am J Prev Med. 2023;64:569-
78. https:/ /doi.org/10.1016/j.amepre.2022.10.015

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

US Department of Labor, Bureau of Labor Statistics. May
2019 metropolitan and nonmetropolitan area occupational
employment and wage estimates. 2019 [cited 2020 Sep 25].
https:/ /www.bls.gov/oes/2019/may/ oessrcma.htm

US Department of Labor, Bureau of Labor Statistics.
Employer costs for employee compensation — December
2024. March 14, 2025 release [cited 2025 Jun 4].

https:/ /www.bls.gov/news.release/pdf/ecec.pdf

Centers for Medicare and Medicaid Services. Physician fee
schedule, 2022 [cited 2025 Jun 4]. https:/ /www.cms.gov/
medicare/physician-fee-schedule/search

Brown RE, Miller B, Taylor WR, Palmer C, Bosco L,

Nicola RM, et al. Health-care expenditures for tuberculosis
in the United States. Arch Intern Med. 1995;155:1595-600.
https:/ /doi.org/10.1001/archinte.1995.00430150057006
Miller TL, McNabb SJ, Hilsenrath P, Pasipanodya J,
Drewyer G, Weis SE. The societal cost of tuberculosis:
Tarrant County, Texas, 2002. Ann Epidemiol. 2010;20:1-7.
https:/ /doi.org/10.1016/j.annepidem.2009.09.004

Bureau of Economic Analysis. Personal consumption
expenditures price index [cited 2023 Dec 21].

https:/ /www .bea.gov/data/personal-consumption-
expenditures-price-index

Centers for Disease Control and Prevention. 2022 ARPE
contact investigations report [cited 2025 Jun 4].

https:/ /www.cdc.gov/tb-data/arpe-reports/
2022-contact-investigations.html

Centers for Disease Control and Prevention. 2020 contact
investigations report (ARPE data) [cited 2025 Jun 4].

https:/ /archive.cdc.gov/#/details?url=https:/ /www.cdc.gov/
tb/programs/evaluation/arpe-data.htm

Centers for Disease Control and Prevention. 2017 Contact
Investigation Report (ARPE Data). Atlanta, (GA): Centers for
Disease Control and Prevention; 2020.

Beeler Asay GR, Bohm MK. Tuberculosis diagnostic test use
in the United States privately insured population, 2013-2022.
Poster presented at: Joint Conference of The Union-North
American Region and the National TB Coalition of America;
Baltimore, MD, USA; 2024 Apr 16-19.

Centers for Medicare and Medicaid Services. Clinical
laboratory fee schedule. 2022 [cited 2024 Nov 19].

https:/ /www.cms.gov/medicare/ payment/fee-schedules/
clinical-laboratory-fee-schedule-clfs

Centers for Disease Control and Prevention. Transmission of
Mycobacterium tuberculosis in a high school and school-based
supervision of an isoniazid-rifapentine regimen for
preventing tuberculosis — Colorado, 2011-2012. MMWR
Morb Mortal Wkly Rep. 2013;62:805-9.

Cruz AT, Medina D, Whaley EM, Ware KM, Koy TH,
Starke JR. Tuberculosis among families of children with
suspected tuberculosis and employees at a children’s
hospital. Infect Control Hosp Epidemiol. 2011;32:188-90.
https://doi.org/10.1086/657940

Kelly AM, D’Agostino JF, Andrada LV, Liu J, Larson E.
Delayed tuberculosis diagnosis and costs of contact
investigations for hospital exposure: New York City,
2010-2014. Am ] Infect Control. 2017;45:483-6.

https:/ /doi.org/10.1016/j.ajic.2016.12.017

Kerr CM, Savage GT. Managing exposure to tuberculosis

in the PACU: CDC guidelines and cost analysis.

J Perianesth Nurs. 1996;11:143-6. https:/ / doi.org/10.1016/
51089-9472(96)90003-9

Park PH, Holland DP, Wade A, Goswami ND, Bissette D,
Stout JE. Public health costs for tuberculosis suspects in Wake
County, North Carolina, United States. Int ] Tuberc Lung Dis.
2013;17:759-63. https:/ / doi.org/10.5588 /ijtld.12.0739

1292 Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 31, No. 7, July 2025


https://doi.org/10.15585/mmwr.mm7312a4
https://doi.org/10.15585/mmwr.mm7312a4
https://pubmed.ncbi.nlm.nih.gov/?term=Mazurek+GH&cauthor_id=16357824
https://pubmed.ncbi.nlm.nih.gov/?term=Jereb+J&cauthor_id=16357824
https://pubmed.ncbi.nlm.nih.gov/?term=Lobue+P&cauthor_id=16357824
https://pubmed.ncbi.nlm.nih.gov/?term=Iademarco+MF&cauthor_id=16357824
https://pubmed.ncbi.nlm.nih.gov/?term=Metchock+B&cauthor_id=16357824
https://pubmed.ncbi.nlm.nih.gov/?term=Vernon+A&cauthor_id=16357824
https://pubmed.ncbi.nlm.nih.gov/?term=Vernon+A&cauthor_id=16357824
https://doi.org/10.3201/eid3103.240633
https://doi.org/10.1016/S0749-3797(99)00120-8
https://doi.org/10.1080/19345747.2014.915604
https://doi.org/10.1080/19345747.2014.915604
https://doi.org/10.1016/j.amepre.2022.10.015
https://doi.org/10.1001/archinte.1995.00430150057006
https://doi.org/10.1016/j.annepidem.2009.09.004
https://doi.org/10.1086/657940
https://doi.org/10.1016/j.ajic.2016.12.017
https://doi.org/10.1016/S1089-9472(96)90003-9
https://doi.org/10.1016/S1089-9472(96)90003-9
https://doi.org/10.5588/ijtld.12.0739

29.

30.

31.

32.

Pisu M, Gerald ], Shamiyeh JE, Bailey WC, Gerald LB.
Targeted tuberculosis contact investigation saves

money without sacrificing health. ] Public Health

Manag Pract. 2009;15:319-27. https:/ /doi.org/10.1097/
PHH.0b013e31819c3ef2

Shiau R, Holmen J, Chitnis AS. Public health expenditures
and clinical and social complexity of tuberculosis cases —
Alameda County, California, July-December 2017.

J Public Health Manag Pract. 2022;28:188-98.

https:/ /doi.org/10.1097 /PHH.0000000000001356

Rainisch G, Jeon S, Pappas D, Spencer KD, Fischer LS,
Adhikari BB, et al. Estimated COVID-19 cases and
hospitalizations averted by case investigation and

contact tracing in the US. JAMA Netw Open. 2022;5:e224042.
https:/ /doi.org/10.1001/jamanetworkopen.2022.4042
Beeler Asay GR, Woodruff R, Sanderson DM, Fisher CF,
Marks SM, Green VD, et al. Cost-effectiveness of expanded
latent TB infection testing and treatment: Lynn City,

33.

34.

Contact Investigation Costs for Tuberculosis

Massachusetts, USA. Int ] Tuberc Lung Dis. 2024;28:21-8.
https:/ /doi.org/10.5588/ijtld.22.0654

Jo'Y, Shrestha S, Gomes I, Marks S, Hill A, Asay G,

et al. Model-based cost-effectiveness of state-level latent
tuberculosis interventions in California, Florida,

New York, and Texas. Clin Infect Dis. 2021;73:e3476-82.
https:/ /doi.org/10.1093/cid/ ciaa857

Li'Y, Marks SM, Beeler Asay GR, Winston CA, Pepin D,
McClure S, et al. Effectiveness and cost-effectiveness of
expanded targeted testing and treatment of latent
tuberculosis infection among the Medicare population
in 2022. Ann Intern Med. 2025;178:479-89.

https:/ /doi.org/10.7326/ ANNALS-24-00870

Address for correspondence: Garrett R. Beeler Asay, Centers for
Disease Control and Prevention, 1600 Clifton Rd NE, Mailstop
H24-4, Atlanta, GA 30329-4018, USA; email: hrp9@cdc.gov

May 2025

Fungal Infections

e Outbreak of Marburg Virus Disease,
Equatorial Guinea, 2023

e Comprehensive Survival Analysis of
Alveolar Echinococcosis Patients,
University Hospital Zurich, Zurich,
Switzerland, 1973-2022

¢ Features of Invasive Aspergillosis
Caused by Aspergillus flavus, France,
2012-2018

¢ Nationwide Observational Case—Control
Study of Risk Factors for Aerococcus
Bloodstream Infections, Sweden

® Powassan and Eastern Equine Encephalitis
Virus Seroprevalence in Endemic Areas,
United States, 2019-2020

¢ Highly Pathogenic Avian Influenza A(H5N1)
Outbreak in Endangered Cranes, lzumi
Plain, Japan, 2022-23

¢ Metagenomic Identification of Fusarium

e Administration of L-Type Bovine

o Self-Reported SARS-CoV-2 Infections
among National Blood Donor Cohort,
United States, 20202022

¢ Molecular Detection of Histoplasma in
Bat-Inhabited Tunnels of Camino de
Hierro Tourist Route, Spain

¢ Co-Infections with Orthomarburgviruses,
Paramyxoviruses, and Orthonairoviruses
in Egyptian Rousette Bats, Uganda
and Sierra Leone

e Influenza A(HIN1)pdmO09 Virus with
Reduced Susceptibility to Baloxavir,
Japan, 2024

¢ High Prevalence of Influenza D Virus
Infection in Swine, Northern Ireland

¢ Recent and Forecasted Increases in
Coccidioidomycosis Incidence
Linked to Hydroclimatic Swings,
California, USA

solani Strain as Cause of US Fungal
Meningitis Outbreak Associated with
Surgical Procedures in Mexico, 2023

e Detection of SARS-CoV-2 Reinfections
Using Nucleocapsid Antibody Boosting

® Postexposure Antimicrobial Drug
Therapy in Goats Infected with
Burkholderia pseudomallei

¢ Exponential Clonal Expansion of
5-Fluorocytosine—Resistant Candida
tropicalis and New Insights into Underlying
Molecular Mechanisms

Spongiform Encephalopathy to Macaques
to Evaluate Zoonotic Potential

* Tropheryma whipplei Infections, Mexico,
2019-2021

¢ Venezuelan Equine Encephalitis, Peruvian
Amazon, 2020

® Rapid Transmission and Divergence of
Vancomycin-Resistant Enterococcus
faecium Sequence Type 80, China

¢ Napoleon Bonaparte—A Possible Case of
Trench Fever

¢ Clade la Monkeypox Virus Linked to Sexual
Transmission, Democratic Republic of the
Congo, August 2024

e Autochthonous Leishmania (Viannia)
lainsoni in Dog, Rio de Janeiro State,
Brazil, 2023

¢ Unexpected Zoonotic and Hybrid
Schistosome Egg Excretion Patterns,
Malawi, 2024

¢ Emergence of Feline Sporotrichosis near
Brazil Border, Argentina, 2023-2024

EMERGING
INFECTIOUS DISEASES

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025

To revisit the May 2025 issue, go to:
https://wwwnc.cdc.gov/eid/articles/issue/31/5/table-of-contents

1293


https://doi.org/10.1097/PHH.0b013e31819c3ef2
https://doi.org/10.1097/PHH.0b013e31819c3ef2
https://journals.lww.com/jphmp/abstract/2022/03000/public_health_expenditures_and_clinical_and_social.14.aspx
https://doi.org/10.1001/jamanetworkopen.2022.4042
https://doi.org/10.5588/ijtld.22.0654
https://academic.oup.com/cid/article/73/9/e3476/5862678
https://doi.org/10.7326/ANNALS-24-00870

SYNOPSIS

Assessing Readiness of
International Investigations
Into Alleged Biological
Weapons Use

Maximilian Brackmann, Anja Blasse, Julio Gouveia Carvalho, Cindi R. Corbett,
Cédric Invernizzi, Una Jakob, Stefan Kloth, Filippa Lentzos, Ines Mergler, Per Wikstrom

Without clarity if an outbreak is natural, accidental, or
deliberate, infectious disease outbreaks of unknown or
ambiguous origin can lead to speculation of a purpose-
ful biological attack. Outbreaks in conflict settings are
particularly prone to suspicions and allegations. In an
increasingly confrontative global geopolitical landscape
and with active information manipulation, outbreaks of
ambiguous origin are likely to increase concerns of the
deliberate use of biological agents. The United Nations
General Assembly has agreed on and the United Na-
tions Security Council has endorsed a mechanism to
investigate allegations of deliberate use titled the United
Nations Secretary-General’'s Mechanism for Investiga-
tion of Alleged Use of Chemical or Biological Weapons. A
recent full-scale field exercise evaluated the deployment
readiness of the mechanism and found it is well placed to
investigate suspicious disease outbreaks, with room for
continual improvement.

nusual disease outbreaks are increasingly likely

to raise suspicions about their origins, particular-
ly during conflicts, when they might be accompanied
by misinformation and active disinformation (1,2).
Recent examples include the outbreak of Legion-
naires’ disease in Poland in a city serving as a hub for
humanitarian and military aid to Ukraine (1,2) and
the outbreak of Ebola virus disease in Uganda (3).
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Those outbreaks were accompanied by suspicions of
deliberate release (1-3). Investigations into the source
of disease outbreaks are typically conducted by lo-
cal health authorities and inform measures taken to
prevent further spread. In the Legionnaires” disease
and Ebola virus disease outbreaks, careful and thor-
ough investigations by local public health agencies
revealed their natural origin (3-7).

If findings suggest the possibility of a deliberate
origin, with indicators such as multiple geographi-
cally dispersed index cases with high sequence simi-
larity of the infecting agent, unusually high lethality
rates, atypical manifestations in humans or animals,
an unusual infecting agent for the location or time of
year, or suspicious circumstances linked to the out-
break, then a national law enforcement investigation
might be initiated (8). To corroborate the investiga-
tion, especially in a conflict setting or in locations
where political tensions are high, an international in-
vestigation might also be called for (9).

Investigating Disease Outbreaks with

Unclear Origins

The use of a biological agent as a weapon or to de-
liberately cause harm is explicitly prohibited by the
1925 Geneva Protocol and implicitly prohibited by
the 1972 Biological and Toxin Weapons Convention
(BWC), which also bans development, production,
acquisition, transfer, and stockpiling of biological
weapons (10-12). However, those treaties do not
currently provide a mandate to investigate allega-
tions of biological weapons use. The text of the BWC
only provides the option to lodge a complaint with
the United Nations (UN) Security Council (UNSC)
about possible breaches of the convention. There is no
mechanism in place for the UNSC to act in response to
such a complaint. To date, Russia is the only country
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that has called for an investigation into a potential
violation of the BWC through the UNSC, invoking
Article VI of the convention in 2022. The UNSC did
not accept the request for an investigation into the al-
leged violation. Independent of the UNSC, in which
its composition, procedures, and political dynamics
could make agreeing on an investigation difficult, an
alternative investigation mechanism does exist. The
UN Secretary-General’s Mechanism for Investigation
of Alleged Use of Chemical and Biological Weapons
(UNSGM) was established by the UN General As-
sembly in 1987 and recognized by the UNSC in 1988
(13-15). The UNSGM was established after reports
emerged of the use of chemical weapons during the
1980-1988 Iran-Iraq War.

The UN Office for Disarmament Affairs (UNO-
DA) serves as the custodian of the UNSGM and
maintains rosters of experts and laboratories the UN
Secretary-General can consult and rely on when the
mechanism is activated. All UN member states can
nominate experts and laboratories to those rosters.
The mission team would be selected, depending on
the event particularities, from the roster of qualified
experts. The various skills needed within the team
depend on the circumstances of the mission but in
most cases include interviewing and sampling skills
to collect evidence. A further roster of expert consul-
tants is available to advise the Secretary-General on
many different aspects of the investigation, such as
the credibility of the allegations, the composition of
the mission team, or the feasibility of an on-site inves-
tigation. Expert consultants are high level specialists
recognized in their fields of expertise. In addition, a
network of rostered analytical laboratories is avail-
able to receive and analyze samples taken by a mis-
sion team (13).

Any UN member state can bring an instance of
alleged use of chemical, toxin, or biological weapons
to the attention of the Secretary-General and request
an investigation. The Secretary-General then decides
whether to launch a mission on the basis of the infor-
mation submitted by the member state, and “... only
in extraordinary circumstances would the Secretary-
General not carry out an investigation at the site of
the alleged incident...” (16). The countries concerned
are expected to accept the investigation and cooperate
with the mission team. The Secretary-General can re-
quest the advice of expert consultants on the report of
alleged use of biological weapons “... and to develop
continuously the measures required for the smooth
conduct of the investigations” (16).

Once the Secretary-General deems an investiga-
tion is warranted, a team of qualified experts would
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conduct the investigation, likely including interviews
and the collection of samples. Identical sets of samples
would be sent to >2 rostered laboratories for analy-
sis. Results of laboratory analyses would be reported
to the mission team, which would then compile and
present a final report to the Secretary-General, who
communicates the results to all UN member states.

To date, the UNSGM has been activated 3 times,
in each instance to investigate the alleged use of
chemical weapons. The first investigation mission to
Mozambique and the second to Azerbaijan were con-
ducted in 1992. The Mozambique investigation was
inconclusive, and the investigation in Azerbaijan did
not find evidence of chemical weapon use (17). The
third mission was conducted in 2013 in Syria with
mission team members from several UN member
states, the World Health Organization, and the Or-
ganization for the Prohibition of Chemical Weapons.
The mission concluded that chemical weapons were
used in 4 of the 7 instances under investigation (17).

The principles of the investigation mechanism
are described in the guidelines and procedures of
the UNSGM and their annexes (18). Those guidelines
encourage UN member states to nominate experts to
advise the Secretary-General (expert consultants) and
those staffing a possible mission team (qualified ex-
perts). The guidelines also call for nominations of an-
alytical laboratories (16). In all 3 categories, the west-
ern European and others group have nominated the
most, followed by Asia and the Pacific region. Latin
America and the Caribbean have the fewest nomina-
tions (16). Geographic representation on the mission
team is necessary for the political credibility of inves-
tigation findings, and equitable representation of UN
regions on the rosters remains a priority. In addition
to nominations, the UNSGM Guidelines and Proce-
dures asks member states to provide trainings and
exercises for experts and laboratories.

Trainings and Exercises

Many countries support a range of activities to
strengthen the UNSGM (17), such as providing qual-
ity assurance exercises for rostered laboratories (19).
Other activities include developing training modules
or guidance documents and hosting basic training or
advanced skills courses for rostered experts. A struc-
tured training program for nominated qualified ex-
perts has been in place since 2017, including a basic
training course laying the foundation and training
the basics of the mechanism. After completing the
basic training course, participants receive training
on safe and secure approaches in field environments
and specialized trainings on aspects of a mission. The
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training courses encompass small practical modules
with limited complexity to focus on specific aspects
of an investigation mission. The basic training course
includes a 2-3-day scenario-based exercise, in which
participants can put the training into practice.

Larger-scale field exercises provide opportuni-
ties to simulate the entire investigation process of a
mission, including mission planning; negotiations
with local governments and relevant institutions;
interviews with affected persons, medical staff, and
other stakeholders; field sampling; laboratory iden-
tification and characterization of the agent; and re-
porting and media handling. Those large-scale field,
or capstone, exercises are particularly valuable to
test the alignment of different trainings with the re-
quirements of a mission and to highlight potential
areas to grow expertise.

The 2020 and 2022 Capstone Exercise

In September 2020, Germany hosted a predeploy-
ment tabletop exercise, held virtually because of
COVID-19 travel restrictions. After that exercise, a
10-day full-scale field exercise in Berlin occurred 2
years later, in September 2022 (20). The simulated
mission team consisted of 19 rostered experts from
16 countries selected by UNODA on the basis of
their expertise and previous participation in basic
training courses for the UNSGM. Proficiency of the
qualified experts in English was necessary for the
smooth conduct of the exercise and is likely also
necessary for a real-world mission. Representatives
from UNODA, the UN Internal Task Force, analyti-
cal laboratories, and expert consultants also partici-
pated in the exercise. This capstone exercise was the
second time such an exercise was conducted for the
UNSGM,; the first was held in 2014.

The exercise scenario was set in a fictional UN
member state with an outbreak of Yersinia pestis
that was resistant to many antimicrobial drugs and
cases of pneumonic and bubonic plague with hu-
man-to-human transmission that mainly occurred in
refugees. In the scenario, German was the primary
language spoken in the affected country, although
many interviewees, border officials, and other coun-
try officials were proficient in English to varying
degrees. The team was provided with interpreters
for interviews with non-English-speaking interview
partners. The affected country suspected a biologi-
cal weapons attack on its refugee reception facilities
by a neighboring country, with which it had a po-
litically strained relationship. The affected country
requested the UN Secretary-General to conduct a
UNSGM investigation.
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During the artificial deployment with the aim to
conduct interviews and take samples (Figure 1), the
mission team was confronted with challenging bor-
der crossings, host-country negotiations, media pres-
sure, a delicate security situation, and high political
tensions. Some of the situations were exacerbated by
language barriers, which the team handled by using
team members as translators. After the investigation
was concluded, the mission head presented the find-
ings in an interim report to fictional representatives
of the UN.

The exercise was accompanied by an evaluation
team of 10 observers, coordinated by the Swedish De-
fense Research Agency FOI, who summarized their
observations in an evaluation report published in
June 2023 (21). The authors of this manuscript were
part of either the organizing or evaluation teams.

Key Lessons

The capstone exercise demonstrated the operational
readiness of the UNSGM to be called on to investigate
an allegation of biological weapons use. The exercise
also demonstrated the training program for rostered
experts was successful. The simulated mission team
had a good understanding of the investigative pro-
cess and of the UNSGM.

Field exercises are used and designed to dem-
onstrate where there is room for continual improve-
ment. In the capstone exercise, those key areas were
identified (Figure 2). The importance of planning,
both in terms of mission planning and operations
planning, as well as adhering to a clear command-
and-control plan and the need for familiarity with the
technical equipment used, were highlighted by the
exercise. The UNSGM does not list or provide a uni-
versally agreed-upon set of equipment required for

Figure 1. Environmental sampling of a mission team member
during the 2020 and 2022 capstone exercises to strengthen
international investigations of alleged biological weapons use.
Photograph taken by Bernd Bruckmoser.
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Figure 2. Design of the exercise scenario and learnings and recommendations deduced from the 2020 and 2022 capstone exercises to
strengthen international investigations of alleged biological weapons use. UN, United Nations.

a UNSGM mission because of the specialized nature
of the equipment required. Specific, fit-for-purpose
equipment should be procured before each mission.
The UN, member states, international organizations,
or the private sector can provide any required equip-
ment outside the standard UN equipment.

A large part of mission planning can be conduct-
ed before the mission starts, or even before a mission
is requested, by having procedures and agreements
in place for selecting the mission team members, hav-
ing arrangements for equipment, and team members
being aware of their roles and responsibilities. After
the capstone exercise, efforts were made to address
the issue of deployment timeliness with a workshop
held by UNODA and VERTIC, which developed a
predeployment package for qualified experts. Such
preparations could shorten the time needed to pre-
pare an investigation. A mission team is supposed to
be dispatched within 48 hours after the UN Secretary-
General decides to launch an investigation, and a
timely investigation of a suspected biological attack
increases the chances of obtaining conclusive results.

For sampling, the exercise illustrated the neces-
sity of clarifying sampling site and sample prioritiza-
tion and visual information recording. Because of the
exercise, a dedicated course on sampling was devel-
oped. The exercise highlighted learnings related to
sample processing, sample transfer, chain-of-custody,
and analysis, which is reflected in the development of
both the sampling course and a course in which quali-
fied experts can obtain the required certification for
shipment of infectious substances and toxins by the
International Air Transport Association.

Any investigation of an alleged biological weap-
ons incident will rest not only on biomedical and
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environmental samples but also on information
gained from interviews. The capstone exercise high-
lighted the need to strengthen data-gathering from
interviews and to train experts in the specialized in-
terviewing skills required for such a particular inves-
tigation, which led to the establishment of a course on
investigative interviewing.

Both participants and observers found that a
clearer picture of the supportive and coordinative
functions of the UN Internal Task Force would aid
rostered experts in their roles. The importance of
external communication was emphasized, and the
evaluation team suggested additional training on
when and how individual mission team members can
practically and psychologically deal with social me-
dia pressure targeting the mission team or individual
mission team members.

Conclusion

In the currently tense geopolitical climate, unusual
disease outbreaks might be increasingly accompa-
nied by information manipulation and disinfor-
mation campaigns, particularly in conflict zones.
Suspicions and allegations about biological weap-
ons are likely to become more frequent. Trends to
this effect are already visible, such as in the alle-
gations of BWC noncompliance and in disinforma-
tion campaigns on prohibited biological weapons-
related activities, which formed a topic of formal
consultations at the UN in Geneva, Switzerland, in
2022 (22-24). Allegations of actual use of biological
weapons would have even more serious repercus-
sions. A well-supported and well-functioning UN-
SGM, which can independently gather the evidence
to confirm or refute allegations, is therefore in the
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interest of all UN member states. Robust investiga-
tion capabilities are also in the interest of national
authorities, and in particular public health authori-
ties, whose credibility could be undermined by a
bioweapons-related disinformation campaign. A
concurrent advantage for member states to con-
tribute to and participate in national activities that
strengthen the UNSGM is to provide participants
with relevant insights and considerations for inves-
tigating potential deliberate events. Such special-
ized insights and considerations are unique and
can offer useful perspectives for national outbreak
investigations.

Training and exercises to strengthen the UNSGM
are solely funded through member states, and con-
tinued support is crucial for a well-resourced and
rapidly deployable investigation team. Although the
time between the first and the second capstone ex-
ercise was 8 years, future large-scale field exercises
could be conducted more frequently. Field exercises
combined with an augmented training schedule will
support faster adaptation and evolution of training
schemes and give more qualified experts the oppor-
tunity to test and refine their skills, contributing to
a well-trained, regionally diverse roster of qualified
experts willing and ready to offer their services to
the UNSGM.
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Community Outbreak of
OXA-48—Producing Escherichia
coli Linked to Food Premises,
New Zealand, 2018-2022

Craig N. Thornley, Matthew Kelly, Max Bloomfield, Loushy Mangalasseril,
Annette Nesdale, Claire Underwood, Kristin Dyet, Juliet Elvy, Jenny Szeto,
Hermes Perez, Xiaoyun Ren, Rosemary Woodhouse, Rhys T. White

In New Zealand, OXA-48—producing Escherichia coli is
uncommon and typically associated with international
travel. We investigated a cluster of 25 patients without
recent travel history from Hutt Valley health district, New
Zealand, who had multilocus sequence type 131 OXA-
48-producing E. coli during August 2018-December
2022. Eighteen had been admitted to Hutt Valley Hospi-
tal but did not share a common ward or hospital service.
Eighteen had visited the same community-based com-
mercial food premises (premises A); 7 of those had not
been admitted to Hutt Valley Hospital. An inspection of
premises A revealed multiple hazards, primarily around
staff hand hygiene. Four food handlers were colonized
with OXA-48—producing E. coli; whole-genome sequenc-
ing confirmed genomic links between case and food han-
dler strains, with possible introduction to New Zealand
circa 2017. Community-based food premises have a role
in propagating OXA-48—producing E. coli in high-income
countries, requiring consideration in control strategies.

arbapenemase-producing Enterobacterales (CPE)

hydrolyze and inactivate carbapenems, the
B-lactam antibiotic drugs with the broadest coverage
spectrum, limiting treatment options for serious gram-
negative infections and increasing rates of illness and
death (1,2). The OXA-48 carbapenemase and variants
(collectively termed OXA-48-like enzymes) demon-
strate low-level hydrolysis of carbapenems. Despite
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that, they represent a potential source of clinical failure
for p-lactams (3). They are also capable of spreading
between strains and species because they are typically
found on mobile genetic elements (4). Increasing glob-
al prominence of OXA-48-like carbapenemases has
been attributed to horizontal spread through plasmids
and vertical spread with multidrug-resistant clones (5),
and bla, . is one of the carbapenemase genes increas-
ingly detected in Escherichia coli sequence type (ST) 131,
a high-risk extraintestinal pathogenic E. coli lineage (6).
In New Zealand (Aotearoa), CPE identification has
increased since it was first detected in 2009 (7), but it
remains uncommon and is typically associated with
international travel or contact with travelers (7,8).

Transmission of CPE in healthcare settings has
been well described (9,10), and guidance on CPE con-
trol has consequently focused on those environments
(11). Although recognition of the importance of com-
munity acquisition of CPE is emerging (12,13), stud-
ies of transmission pathways have largely focused on
within-household contact (14,15). CPE transmission
might be more dynamic than current evidence sug-
gests; research on other antibiotic-resistant Entero-
bacterales points to multifaceted source attribution
(16,17), and similar patterns might exist for CPE. CPE
have been detected in food-producing animals (18), in
food (19), and among food handlers (20), and hospital
foodborne transmission has occurred (21).

In August 2018, a series of patients living in Hutt
Valley health district, New Zealand, without recent
international travel history were found to have clini-
cal infection with or carriage of OXA-48-producing E.
coli, all of which were found to be multilocus ST 131.
Because some of the patients had no recent hospital-
izations, an investigation was undertaken to identify
and control a possible common source.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 7, July 2025



Methods

Setting

Hutt Valley health district consists of Lower Hutt
and Upper Hutt local government areas and has a
population of 150,970, which is predominantly ur-
ban and suburban. The district is served by a single
main 322-bed public hospital, Hutt Valley Hospital
(HVH); hospital inpatient wards consist predomi-
nantly of 4-bed rooms with a shared bathroom. Com-
munity and hospital diagnostic laboratory services
for the district are provided by a single laboratory,
Awanui Labs Wellington (an International Accredi-
tation New Zealand 1SO15189 accredited medical
laboratory). Vitek MS is used for organism identi-
fication and Vitek II for antimicrobial susceptibility
testing (both bioMérieux, https:/ /www.biomerieux.
com), using the AST N311 card and following Eu-
ropean Committee on Antimicrobial Susceptibility
Testing guidelines. All clinically significant Entero-
bacterales grown from clinical samples are screened
for carbapenemase production according to guide-
lines (22) (Appendix, https://wwwnc.cdc.gov/
EID/article/31/7/25-0289-Appl.pdf).

Case Detection and Investigation

We defined cases as OXA-48-producing E. coli ST131
obtained from specimens collected for diagnostic
purposes, routine surveillance of HVH inpatients, or
hospital contact screening in Hutt Valley health dis-
trict residents who had no recent international travel
(Appendix). We compiled a case dataset to investi-
gate CPE acquisition risk factors. We obtained data
from hospital records for all inpatient admission epi-
sodes (defined as a hospital stay of >4 hours) during
January 2015-February 2023. Data included admis-
sion dates, clinical services, and hospital locations,
which we analyzed to determine whether >2 cases
had concurrent admissions in the same ward. We in-
terviewed case-patients using a schedule of questions
on visits to ready-to-eat food premises, travel, use of
health services abroad, household contacts, and other
factors for a period covering the preceding 4 years
(Appendix Table 1).

Enhanced Community Surveillance

To assess spread of the organism in the wider com-
munity, we conducted enhanced surveillance for CPE
in routinely submitted urine and stool specimens for
a fixed-term 8-month period during 2020-2021. This
program applied lower laboratory thresholds for CPE
screening than were used in routine processing of
those samples (Appendix).
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Environmental Investigation

We identified a community-based commercial food
premises serving ready-to-eat food (premises A)
from case interviews as a potential common expo-
sure source. Food Act Officers undertook an envi-
ronmental inspection in December 2018, with sup-
port from public health officials, that focused on
hand hygiene, food storage, food preparation prac-
tices, customer bathrooms, and use of imported
food. In July 2019, kitchen and bathroom surfaces,
frequently touched items, and food samples were
tested for E. coli (regardless of resistance phenotype)
and CPE; testing of surfaces was repeated in Janu-
ary 2021 with the addition of water samples from
kitchen sink drains, and further testing of surfaces
occurred in June 2021 (Appendix). In May 2019 and
November 2020, food handlers were invited to pro-
vide stool specimens to test for CPE; samples were
processed using the same method as for the en-
hanced community surveillance, using an extended-
spectrum P-lactamase (ESBL)/vancomycin-resistant
Enterococcus (VRE) chromogenic agar (CHROMagar,
https:/ /www.chromagar.com) (Appendix). We in-
terviewed those who tested positive regarding their
travel history and healthcare use and collected data
on their hospital attendance.

Confirmatory Testing and Whole-Genome Sequencing
We submitted all suspected CPE for confirmation
and whole-genome sequencing (WGS) using the
NextSeq 550 system (Illumina, https://www.illu-
mina.com), generating 2 x 151-bp paired-end reads,
at the New Zealand public health laboratory, the
Institute of Environmental Science and Research,
in Porirua, New Zealand. We also performed long-
read sequencing (Oxford Nanopore Technologies,
https:/ /nanoporetech.com) on the index isolate to
allow genome assembly and resolution of plasmid
structure. We undertook nanopore read quality
control, Illumina sequencing, genome assembly,
multilocus sequence typing, virulence and antibiot-
ic resistance gene genotyping, public data curation,
and attempted estimation of the cluster emergence
date (Appendix).

Ethics

The investigation was defined by the NZ Health and
Disability Ethics Committees as a public health in-
vestigation and therefore approval was not required.
CPE carriage is not a notifiable disease in New Zea-
land, and informed consent was obtained from
all patients to access medical records and conduct
case interviews.
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Results

Case Investigation
During August 2018-December 2022, we identified
25 cases (Figure 1). All were detected through use of
routine testing or surveillance protocols (Appendix).
Of the 25 cases, 18 were first detected from urine sam-
ples; 11 were associated with uncomplicated urinary
tract infections, 6 with asymptomatic bacteriuria, and
1 with pyelonephritis secondary to existing renal dis-
ease. Of the remaining 7 cases, 4 were detected on re-
flex testing of loose stool samples, 1 through a hospi-
tal contact screening stool sample, 1 through a blood
culture associated with urosepsis, and 1 from tissue
biopsy. Seven of the total cases were identified from
community-collected samples (all urine); the remain-
ing 18 cases were detected from samples collected in
the hospital (11 from urine samples and 7 from non-
urine samples). The median age of case-patients was
74 (range 37-94) years (Table 1). No single ward or
hospital location was common to the 18 case-patients
admitted to HVH. In 4 instances, 2 cases had concur-
rent same-ward admissions; in 3 instances, case-pa-
tients were admitted to a ward from which another
case-patient had been discharged up to 7 days previ-
ously; those instances occurred in 7 different wards.
We identified a total of 44 ready-to-eat food prem-
ises in the exposure histories of the 24 case-patients
interviewed (1 person died before interview). Only
2 premises had been visited by >3 case-patients: of
those, 1 had been visited by 18 case-patients (premis-
es A); the other had been visited by 7 case-patients, all
of whom had also visited premises A. Of the 18 per-
sons who had visited premises A, 7 had no HVH ad-
mission history. The time interval between their most
recent premises A visit and collection of the clinical

specimen that tested positive for OXA-48-producing
E. coli ranged from <1 month to >48 months; 50% had
visited within the previous 2-month period (Appen-
dix Table 2).

Of the 7 case-patients without HVH admission, 4
had received no hospital-level healthcare since 2015.
The remaining 3 case-patients had either been inpa-
tients (n = 2) or outpatients (n = 1) at other hospitals
in the region. Of the 7 case-patients with HVH ad-
mission but no definite premises A exposure, 2 had
concurrent same-ward hospitalization with case-
patients who had previous exposure to premises A.
Of the 11 case-patients with both hospital admission
and premises A exposure (Table 2), 2 had had concur-
rent admission with other case-patients before those
persons” CPE diagnosis, none of whom had previous
premises A exposure.

Enhanced Community Surveillance

Over the 8-month enhanced community surveillance
program, we screened 217 stool samples and 2,050
urine samples from patients residing in the target
suburbs. We detected no OXA-48-producing organ-
isms in those samples.

Environmental Investigation

Premises A was registered with the local government
and commenced operation in 2017 providing ready-
to-eat food. Gender-specific toilets on the premises
were used both by staff and customers. Multiple food
safety concerns were identified during the first in-
spection in November 2018. The kitchen handwash-
ing sink was not being used because of negligible
water pressure and obstructed access. Food handlers
used gloves, but glove changes and performance of
hand hygiene measures were infrequent. Chopping

Figure 1. Epidemic curve of 25 cases of OXA-48—producing Escherichia coli, by month of sample collection, in study of community
outbreak linked to food premises, Hutt Valley, New Zealand, August 2018-December 2022. Cases are categorized according to history
of exposure to a community-based food premises (premises A) and history of inpatient admission to Hutt Valley Hospital (HVH) in the
4-year period before detection: 7 had been exposed to premises A but not HVH (red), 11 had been exposed both to premises A and

to HVH (blue), 6 had been exposed to HVH but not to premises A (green), and 1 person had been exposed to HVH but premises A
exposure was unknown (yellow). CPE, carbapenemase-producing Enterobacterales.

1302

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 31, No. 7, July 2025



Outbreak of OXA-48—Producing E. coli, New Zealand

Table 1. Characteristics of 25 case-patients with OXA-48—producing Escherichia coli in study of community outbreak linked to a food

premises, Hutt Valley, New Zealand, August 2018—December 2022

Category No. (%) patients
Sex
F 18 (72.0)
M 7 (28.0)
Ethnicity
New Zealand European 20 (80.0)
Maori 4 (16.0)
Samoan 1(4.0)
Specimen positive for OXA-48—producing E. coli
Urine sample collected in community 7 (28.0)
Urine sample collected in hospital 11 (44.0)
Stool sample collected in hospital through loose stool 4 (16.0)
Blood culture 1(4.0)
Tissue specimen 1(4.0)
Stool sample collected in hospital through contact tracing 1(4.0)
Infection associated with OXA-48—producing E. coli
Uncomplicated urinary tract infection 11 (44.0)
Pyelonephritis/urosepsis 2(8.0)
Osteomyelitis 1(4.0)
No illness due to OXA-48—producing E. coli 11 (44.0)
Hospital exposure
Hutt Valley Hospital admission 18 (72.0)
Wellington Regional Hospital admission 4 (16.0)
Any hospital admission in Wellington region 21 (84.0)
Healthcare use outside region or outside New Zealand 0
Other selected exposures*
Exposure to specific community food premises (premises A) 18 (75.0)
Untreated drinking water 1(4.2)
Recreational water exposure 5(20.8)
Exposure to domestic animals 8 (33.3)
Exposure to farm animals 2 (8.3)

*Data on nonhealthcare exposures were available for only 24 cases, because 1 case-patient died before an interview could be undertaken.

boards were used without apparent segregation in
usage between uncooked or cooked food, and equip-
ment and food supplies were not well organized. Per-
sonal clothing items were present in the kitchen area,
and the manager was laundering protective clothing
at their home. Statutory measures under the Food Act
2014 were taken to address food safety concerns: im-
provement notices in June 2019 and November 2020
and a formal warning in September 2019. The prem-
ises closed during the New Zealand government-
mandated COVID-19 lockdown periods in 2020 and
2021 (Figure 1).

No CPE was detected from surface swabs or food
or water specimens in July 2019 or January 2021;

however, non-OXA-48-producing E. coli were found
in multiple sites, including frequently touched kitch-
en surfaces such as the microwave oven door handle
and keypad, cash register, and service benchtop. All
specimens collected in May 2021 tested negative for
CPE and E. coli.

Stool specimens were obtained from 16 of 18 food
handlers working in May 2019. OXA-48-producing
E. coli was detected in 4 food handlers, 2 of whom
were not residents in Hutt Valley health district; 1
had a history of travel to Thailand in 2017 but had
no healthcare interaction abroad. All were asymp-
tomatic, and none were treated with antibiotic drugs.
Two had HVH admission history, neither concurrent

Table 2. Categorization of 24 case-patients with OXA-48—producing Escherichia coli, according to history of exposure to a community-
based food premises and history of HVH admission, in study of community outbreak linked to a food premises, Hutt Valley, New

Zealand, August 2018—December 2022*

No. with premises A
exposure but no HVH

Year of collection of sample from which

No. with premises A
exposure and HVH

No. with HVH inpatient
admission but no

OXA-48—producing E. coli was detected inpatient admission inpatient admission premises A exposure Total no.
2018 2 3 3 8
2019 2 3 1 6
2020 2 4 - 6
2021 1 - 1 2
2022 - 1 1 2
Total 7 11 6 24

*Categorization of premises A and HVH exposure was only possible for 24 cases, because 1 case-patient died before interview could be undertaken.

HVH, Hutt Valley Hospital; premises A, community-based food premises.
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with case-patients; 1 person had undergone an outpa-
tient procedure in a procedure room in which a case-
patient was treated 4 days previously. After further
testing in December 2020 (now of 11 staff members),
1 staff member had OXA-48-producing E. coli; this
person was 1 of only 3 who had been working at the
premises in 2019 and had returned a positive test at
that time.

Microbiology

We identified a total of 48 CPE-producing organ-
isms, 41 from the 25 case-patients and 7 from the 4
food handlers. All isolates were E. coli and possessed
OXA-48 carbapenemase and CTX-M-174 ESBL genes.
They were phenotypically resistant to ceftriaxone, az-
treonam, ciprofloxacin, and sulfamethoxazole/trim-
ethoprim and were susceptible to gentamicin, amika-
cin, nitrofurantoin, fosfomycin, mecillinam, colistin,
and meropenem.

WGS

We sequenced and analyzed 33 isolates, with >1 from
each case and each food handler (28 from case-patients
and 5 from food handlers). The 33 draft genomes had
a median total length of 5.03Mb (interquartile range
[IQR] 5.02-5.07 Mb; range 4.91-5.19 Mb), a median GC
content of 50.8% (range 50.7%-50.8%), and a median
N50 statistic of 138.65kb (IQR 116.48-156.84 kb; range
69.37-183.45 kb). We characterized all 33 genomes as
ST131 clade C. For context, we compared those 33 ge-
nomes against 12,185 ST131 clade C genome assem-
blies generated from publicly available sequence data
(Appendix Figure 1, panel A). This analysis identified
a cluster of 55 genomes. The genetic element bla,, .
was located on a 7,872 bp Col-type plasmid (GenBank
accession no. CP175693) (Appendix Table 5).

Further comparison with an already established
dataset (23) confirmed that the 55-genome sublineage
belongs to the ST131 clade C1/H30R sublineage (Ap-
pendix Figure 1, panel B). The 33 genomes formed a
monophyletic cluster (Appendix Figure 2, panel A),
with an observed median pairwise single-nucleotide
variant (SNV) distance of 7 (IQR 4-12; range 0-56)
SNVs. The phylogenetic analysis demonstrates that
those 33 genomes share a common ancestor with
the clinical strain Camb6978 (National Center for
Biotechnology Institute Sequence Read Archive
[https:/ /www.ncbi.nlm.nih.gov/sra] BioProject no.
ERR2538552), which was cultivated in 2016 from a pa-
tient with a bloodstream infection in Cambodia (24).

The outbreak isolates (n = 33) were closely re-
lated to ST131 genomes from other countries, pre-
dominantly Asia (n =14/50, 28%) (Figure 2). Of note,
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genomes from Vietnam collected during 2012-2013
(25) appear to represent the earliest detections of this
lineage. This lineage has since spread globally; rep-
resentatives have been detected in Denmark (2014),
France (2015 and 2018), Cambodia (2016), Ireland
(2016), Thailand (2017), Australia (2018), Japan (2019),
and now New Zealand (2018-2023). Screening iso-
lates from food handlers cluster with other outbreak-
associated genomes, underscoring their potential role
in the dissemination of this outbreak strain (Figure 2).
Furthermore, the other publicly available genomes
lack the OXA-48 gene, indicating that the acquisition
of this critical resistance gene likely occurred within
the lineage between 2008 and 2018 (based on the 95%
highest posterior density of key nodes). Evolutionary
modeling estimates the cluster emerged during 2016-
2018 (Appendix).

Discussion

We report a cluster of 25 patients with an OXA-48-
producing ST131 E. coli detected from hospital and
community specimens. The occurrence of a cluster
of this magnitude was unprecedented in our district:
during 2009-2017 in the Wellington region (of which
Hutt Valley health district is part), 14 patients had
been detected with CPE, only 3 of whom had OXA-
48-producing Enterobacterales (K. Dyet, unpub.
data). Our investigation suggests that the cluster was
at least partially linked to a community-based food
premises and that transmission from colonized food
handlers to customers is a likely explanation.

In total, 4 food handlers found to be colonized
with the outbreak strain were working at the prem-
ises; 1 was still colonized 18 months later. Concern
around food as a vector for community CPE trans-
mission has focused on food production (26); a com-
plex interplay of influences includes veterinary anti-
biotic use and wildlife and environmental reservoirs
(27). However, contamination from colonized food
handlers is a plausible route of spread to ready-to-eat
foods. In high-prevalence settings, food handlers are
not uncommonly found to be CPE carriers (28), and
highly dynamic patterns of colonization and recoloni-
zation are also not uncommon (29). E. coli transmission
in food preparation environments linked to colonized
food handlers has been demonstrated in community
outbreaks of enteroaggregative, enterotoxigenic, and
Shiga-toxigenic E. coli (30-32). A foodborne outbreak
of ESBL-producing Klebsiella pneumoniae arising from
hospital-prepared food detected the outbreak strain
in specimens from kitchen workers, food prepara-
tion surfaces, and food items; although the role of
the kitchen staff in propagating the outbreak was
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Figure 2. Evolutionary reconstruction for OXA-48—-producing Escherichia coli sequence type (ST)131 genomes obtained from cases
and food handlers compared with publicly available genomes in study of community outbreak linked to food premises, Hutt Valley,

New Zealand, August 2018—December 2022. A time-calibrated maximum clade credibility tree was inferred from 323 nonrecombinant
orthologous biallelic core-genome single-nucleotide variants (SNVs) from 50 ST131 genomes. SNVs were derived from a core-
genome alignment of ~4,767,900 bp and were called against the chromosome of 18AR0845 (GenBank accession no. CP175691). The
x-axis represents the emergence time estimates. Case numbers (1-25), shown in bold after the genome codes, correspond to case
reference numbers shown in Appendix Table 2 (https://wwwnc.cdc.gov/ElD/article/31/7/25-0289-App1.pdf). Case numbers FH1-4
indicate genomes obtained from food handlers working at a community-based food premises to which 18 of the case-patients had been
exposed. Asterisks indicate subsequent genomes obtained from the same case-patient or food handler.

unclear, evidence indicated that contaminated food
was the vehicle for transmission (33). The outbreak
reported in this study occurred in a population in
which community CPE carriage is likely very rare
(7). Detecting multiple cases within a relatively short
period was highly unusual, which led to the subse-
quent investigation and source identification. This
timing poses questions around how often foodborne
spread of antimicrobial resistance mechanisms occurs
but goes unnoticed in populations in which baseline
community prevalence is higher.

Although our data suggest that the outbreak lin-
eage likely originated abroad, possibly in Asia, the
role of food handlers in importing the strain to New
Zealand remains uncertain. One colonized food han-
dler had traveled to Southeast Asia, but the sequenc-
ing data cannot definitively link that person’s isolate
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to the introduction of the outbreak strain. Culturing
and sequencing of samples from food handlers was
conducted 9 months after the outbreak detection in
August 2018; continuing bacteria evolution in this
interval meant that the 2019 samples might not per-
fectly represent the strain initiating the outbreak. This
factor highlights the challenge of linking transmission
events retrospectively when there are delays in sam-
pling and sequencing.

Poor hand hygiene practices are often identified
in outbreaks from contaminated ready-to-eat food
(31,32), and hand hygiene faults occur frequently (34).
Among food handlers in long-term care facilities,
hand cleanliness was negatively correlated with E.
coli on food contact surfaces (35); pathogens on hands
are less likely if gloves are worn, but hygiene advan-
tages are lost without regular glove changes and hand
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hygiene practices (36). In this outbreak, numerous
food safety concerns were noted in the food premises,
particularly hand hygiene practices and improper
glove use, and E. coli was detected on food contact
kitchen surfaces and high-touch points; although CPE
was not detected, multiple possible food contamina-
tion pathways were present. Spread through other
premise facilities (such as the shared toilets) was also
possible, although CPE was not detected by testing.
Use of toilets has been linked to CPE spread in health-
care environments independent of healthcare work-
ers or person-to-person contact, including in a resi-
dential care home (37) and a hematological ward (38).

All case-patients without history of visiting prem-
ises A had been admitted to HVH; their CPE acquisi-
tion might have occurred through exposure to carri-
ers in hospital or in the community. Nosocomial CPE
transmission between patients with healthcare work-
ers acting as possible intermediaries has been demon-
strated previously in hospital outbreaks (39,40). Indi-
vidual examples of community intrahousehold CPE
transmission exist (15) but appear to be uncommon
(14); in contrast, ESBL cocarriage and definite house-
hold transmission appears relatively frequent (41,42).
Given the often-incidental case detection, further un-
detected carriers in the community might have been
sources of transmission; however, the existence of a
large pool of undetected community CPE carriage
was not uncovered through enhanced community
surveillance of routinely collected samples from resi-
dents from the area where case-patients lived.

The degree to which our findings can be general-
ized is limited. Case detection was often incidental;
demographics and other case characteristics therefore
skewed toward groups with higher frequency of hos-
pital visits or higher likelihood of testing for urinary
tract infection. Onset of case colonization or infec-
tion was unknowable; case exposure periods were
therefore wide and approximate, potentially affect-
ing accuracy of case-patients’ exposure recollections.
CPE was not detected in food, and so our assump-
tion of a foodborne transmission pathway relies on
circumstantial observations. We did not measure the
epidemiologic association with premises A with an
analytical study because of difficulties inherent in re-
cruiting representative community controls willing to
be tested for CPE colonization. Finally, the outbreak
was likely larger than the number of detected cases,
potentially because this organism was carbapenem-
susceptible and so did not always grow reliably on
standard CPE screening media (Appendix).

This outbreak raises the possible role of commu-
nity food premises as a source of CPE transmission.
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It also demonstrates challenges with controlling com-
munity CPE spread. The justification for applying tra-
ditional individually focused public health communi-
cable disease control measures (e.g., case restriction,
identification and management of contacts) is weak in
a context in which short-term health risk to ambula-
tory colonized persons is marginal, yet the long-term
public health consequences from widespread CPE
spread could be formidable. CPE colonization is not a
notifiable health condition in New Zealand, limiting
public health action to investigate and control spread.
Those constraints are not peculiar to our context;
guidelines for CPE control from other jurisdictions
(4,43) are primarily oriented toward the healthcare
sector, and community control focuses on antibiotic
stewardship. CPE poses a daunting threat to the con-
tinued effectiveness of antibiotic treatment of gram-
negative infections, and a greater understanding of
the epidemiology of CPE in the community is re-
quired to develop comprehensive control strategies.
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Talaromycosis is a life-threatening fungal disease that
primarily affects immunocompromised persons in South-
east Asia. We conducted a multicenter, case—control
study recruiting participants with advanced HIV disease
in Vietnam; 205 case-patients with culture-confirmed
talaromycosis were matched to 405 control-patients by
age, sex, and CD4 count. Occupational exposure to trop-
ical plants (odds ratio [OR] 1.73 [95% CI 1.10-2.73]; p =
0.017) and to farmed animals (OR 2.07 [95% CI 1.20—
3.55]; p = 0.009) were independent risk factors for talaro-
mycosis. Talaromycosis risk was higher in participants
from highland regions than in persons from lowland re-
gions (p<0.05). Participants from lowland regions who
had lived or traveled to highland regions had a higher
risk for talaromycosis (OR 3.15 [95% CI 1.49-6.64]; p =
0.003). This study confirms the epidemiologic correlation
between talaromycosis and soil exposure and demon-
strates an epidemiologic link between talaromycosis and
residence in or travel to highland regions of Vietham.

Talaromycosis (formerly penicilliosis) is an inva-
sive fungal disease caused by Talaromyces marnef-
fei, a dimorphic fungus endemic to Southeast Asia.
First discovered in captive wild bamboo rats (Rhi-
zomys sinensis) in Vietnam in 1956, talaromycosis
remained rare in humans until the onset of the HIV
epidemic in the 1980s, when it rapidly emerged as a
leading HIV-associated opportunistic infection and
cause of HIV-associated death in Southeast Asia (1,2).
The highest reported disease burden is in northern
Thailand, Vietnam, and southern China, where ta-
laromycosis accounts for 4%-20% of HIV-related
hospital admissions and the mortality rate, despite
antifungal treatment, is between 15% and 30% (2-7).
Outside of those hyperendemic regions, talaromyco-
sis is likely underdiagnosed, and the true burden of
disease across Southeast Asia remains unknown (7,8).
Although most cases (x90%) are associated with ad-
vanced HIV disease, the incidence of talaromycosis
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is rising among persons with other immunocompro-
mising conditions, such as primary immunodeficien-
cy, malignancy, solid organ or stem cell transplant,
and autoimmune or inflammatory conditions that
require immunomodulating therapy (9-11). Cases
are increasingly reported outside of talaromycosis-
endemic regions because of increased migration and
international travel (8).

A lack of understanding of disease reservoirs
and exposure risk factors for talaromycosis has
hampered disease prevention. The bamboo rat is the
only known enzootic reservoir of T. marneffei. Sur-
veys of rodents in talaromycosis-endemic regions
have identified all 4 species of bamboo rat in South-
east Asia (R. sinensis, R. pruinosis, R. sumatrensis,
and Cannomys badius) (Appendix Figure 1, https://
wwwnc.cde.gov/EID/article/31/7/25-0143-App1.
pdf) as asymptomatic carriers of T. marneffei; re-
ported prevalence ranges from 10% to 100% (12-15).
The geographic distribution of bamboo rats follows
the distribution of human talaromycosis (Appen-
dix Figure 2), and T. marneffei isolates from bamboo
rats have been shown to share similar genotypes to
those infecting humans in the same region (16,17),
suggesting the potential for bamboo rat-to-human
transmission. However, epidemiologic evidence of
direct bamboo rat-to-human transmission is lack-
ing. A case-control study conducted in Chiang
Mai, a rural and mountainous region of Thailand
where bamboo rats are endemic, demonstrated no
link between exposure or consumption of bamboo
rats and human talaromycosis. Instead, agricul-
tural work and soil exposure, particularly during
the rainy season, were independent risk factors for
talaromycosis (18). Because T. marneffei has been
isolated more frequently in soil samples collected
from bamboo rat burrows than from non-bamboo
rat habitats (16,19), we hypothesize that exposure
to soil associated with bamboo rats could be the
primary driving factor for talaromycosis, rather
than direct exposure to bamboo rats.

Aside from soil exposure, weather factors have a
substantial effect on talaromycosis incidence. During
the monsoon season, the incidence of talaromycosis
rises 30% in Vietnam, 50% in Thailand, and 73% in
southern China from that observed during the dry
season and has been associated with increased tem-
peratures and humidity, which provide favorable
environmental conditions for T. marneffei (4,6,20,21).
Talaromycosis is also known to occur in geographic
hot spots in mountainous areas of Southeast Asia,

1These authors contributed equally to this article.
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such as the northern provinces of Chiang Mai and
Chiang Rai in Thailand, the southern provinces of
Guangdong and Guangxi in China, and the north-
eastern states of Manipur and Assam in India (22).
Vietnam presents a unique opportunity to study the
geographic and exposure risk factors for talaromy-
cosis because talaromycosis occurs across diverse
climatic and geographic ranges, from the temperate,
subtropical regions in the north to the tropical mon-
soon regions in the south (Figure, panel A). Three
quarters of the land in Vietnam is composed of high-
lands (defined as hills and mountains >400 m above
sea level), which include the Northeast and North-
west regions in the north and the Central Highland
region in the south. The remaining one quarter of
the land consists of lowlands, which include the
Red River Delta in the north, the coastline, and the
Mekong Delta in the south. Talaromycosis is seen in
both rural and urban settings in Vietnam, where risk
factors for infection might be very different than in
the rural settings of Chiang Mai, Thailand (18). This
study aimed to evaluate the behavioral, environ-
mental, and geographic risk factors for talaromyco-
sis in the diverse climatic and geographic setting of
the hyperendemic country of Vietnam.

Risk Factors for Talaromycosis

Methods

Study Design and Participants
We conducted a multicenter, matched, case-control
study recruiting participants with advanced HIV dis-
ease from the inpatient and outpatient departments
of the National Hospital for Tropical Diseases (Hanoi,
Vietnam) and the Hospital for Tropical Diseases (Ho
Chi Minh City, Vietnam), during January 2013-July
2016. Those hospitals were estimated to receive 40%
of all HIV inpatient referrals in Vietnam, which has
a catchment population of 72 million. We predeter-
mined risk factors of interest (n = 13) after a compre-
hensive literature review and included behavioral,
environmental, and geographic risk factors (Table 1).
We consecutively recruited participants from a
population of adults with HIV >18 years of age with a
CD4 cell count <100 cells/ pL who had culture-proven
talaromycosis (defined as a compatible clinical syn-
drome and isolation of T. marneffei in blood, skin le-
sion, bone marrow, lymph node, or other specimens
as clinically indicated). We consecutively recruited
control-patients who came from the same at-risk
population but had no clinical suspicion for or mi-
crobiological evidence of talaromycosis. To reduce

Figure. Geographic distribution of recruited cases and controls in multicenter study of behavioral, environmental, and geographic risk
factors for talaromycosis, Vietnam. A) Municipal regions of Vietnam, showing topography and locations of recruitment centers in Hanoi
and Ho Chi Minh City; B) number of cases by region; C) number of controls by region; D) ratio of cases to controls by region. Darker
color represents a higher number of cases relative to controls for that region. A case-to-control ratio of 0.5 is expected because 2
controls were recruited for every case. Aratio <0.5 indicates a lower-than-expected number of cases relative to controls. A ratio >0.5
indicates a greater-than-expected number of cases relative to controls. Data for northern regions of Vietnam are excluded from panel D
because study enrollment from these regions was insufficient to draw meaningful conclusions from the analysis. Both cases and controls
are concentrated in Southern Vietnam, where most participants were recruited. The ratios of cases to controls are higher in the Central
Highlands and the adjacent Southeast and South-Central Coast regions than in Ho Chi Minh City and the Mekong Delta; the highest

ratio was seen in the Central Highlands region.
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Table 1. Thirteen predefined exposure variables in multicenter case—control study of behavioral, environmental, and geographic risk

factors for talaromycosis, Vietnam

Exposure variable Definition

. Antiretroviral therapy Current use of antiretroviral therapy
. Antifungal prophylaxis
. Cigarette smoking

. Injection drug use

. Outdoor occupations

. Soil exposure

Current cigarette smoking
Current injection drug use

OO WNE

Current use of antifungal prophylaxis

Current or previous job in construction, agriculture, gardening, or long-distance truck driving
Living within 100 meters of agricultural/industrial soil-excavation sites or direct occupational exposure

to construction work, farming, soil digging, gardening, or rubbish collection

. Natural water

. Tropical plants

. Highland plants

10. Bamboo rats

11. Farming animals

12. Domestic animals
13. Raw animal products

© 00~

Living within 100 meters of or direct occupational exposure to river, lake, pond, canal, or ditch

Living within 100 meters of or direct occupational exposure to any type of bamboo, sugar cane, or rice
Living within 100 meters of or direct occupational exposure to rubber, cashew, coffee, or tea

Any direct contact or consumption with bamboo rats

Direct occupational exposure to pigs, cows, chickens, or ducks

Frequent contact or caring of dogs, cats, birds, or fishes

Any consumption of uncooked meats, eggs, milk, or blood

the potential confounding effect, we matched cases to
controls at a 1:2 ratio according to age (+5 years), sex,
and CD4 cell count +50 cells/puL. When a CD4 count
was not performed or available, we matched partici-
pants by absolute lymphocyte count (+330 cells/uL,
calculated on the basis of an assumed 15% CD4-posi-
tive lymphocyte count, 50/0.15 = 330) or HIV disease
at stage 3 or 4 according to World Health Organiza-
tion (WHO) clinical staging. We recruited control-
patients within the same week as the corresponding
case-patients from the same site.

Sample Size Estimation

We calculated the sample size estimate for the
matched case-control study according to Parker and
Bregman (23). The target sample size of 200 in the
case group and 400 in the control group was chosen
to allow 90% power to detect an odds ratio (OR) of
>1.9 for a risk factor, assuming a proportion of risk
exposure of 0.2.

Data Collection

After participant recruitment, trained study nurses
conducted face-to-face interviews using a standard-
ized questionnaire of prespecified exposure variables
(Table 1). To control for assessment bias, study nurses
were blinded to the assignment of case and control
and the study hypotheses. A photograph of the 4 spe-
cies of bamboo rats (Appendix Figure 1) was shown
to all participants to ensure that the history of expo-
sure was correctly elicited. We assigned participants
to 8 municipal regions based on current residential
address. We categorized data from Ho Chi Minh City
as a separate region because of the high number of
participants recruited within the city limits. We per-
formed a posthoc follow-up of participants residing in
lowland regions (Ho Chi Minh City and the Mekong
Delta) to investigate the risk posed by previous travel
to or previous residence in highland regions that had
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been identified through the geographic mapping to
be talaromycosis risk regions. The post hoc follow-up
consisted of phone interviews conducted by research
nurses who were blinded to the participant status as
case or control.

Statistical Analysis

We used univariate and multivariable conditional lo-
gistic regressions to evaluate risk factors for talaro-
mycosis using a complete case analysis. We included
all 13 predefined exposure variables (Table 1) in the
regression model. The Central Highlands and some
provinces in the adjacent Southeast and South Cen-
tral Coast regions in southern Vietnam consist of
hills and mountainous terrain >400 meters in eleva-
tion (Figure, panel A). To investigate whether par-
ticipants residing in those highland regions were at
greater risk for talaromycosis than were residents
of the lowland regions of Ho Chi Minh City and
the Mekong Delta, we performed conditional logis-
tic regression with the region as the only covariate.
We adjusted pairwise comparisons between regions
for multiple comparisons using a parametric single-
step method (24). Participants recruited in northern
Vietnam were excluded from this geographic analysis
because of the later start date, which meant a substan-
tially smaller number of patients were recruited with
too diverse geographic distribution to enable robust
statistical analysis in northern regions. We estimated
the number of talaromycosis cases recruited per total
HIV population in each region using HIV prevalence
data obtained from the Vietnam Ministry of Health
Administration of HIV/AIDS Control from 2007 to
evaluate for any bias in referral pattern (25).

We visualized maps of the number of cases, con-
trols, and case-to-control ratios in different geograph-
ic regions in southern Vietnam using the Quantum
Geographic Information System version 1.5 (https://
qgis.org). We performed all statistical analyses by
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using R version 3.2.1 (The R Project for Statistical
Computing, https:/ /www.r-project.org).

Ethics

This case-control study was a substudy of the Itra-
conazole and Amphotericin B for Talaromycosis clini-
cal trial that was approved by the Vietham Ministry
of Health (protocol 781-Vietham MOH), by the Ox-
ford University Tropical Research Ethics Commit-
tee (protocol OxTREC 12-09), and by the ethical and
scientific committees of the 2 study sites in Vietnam.
All participants provided written consent before
study enrollment.

Results

Characteristics of Study Participants

During January 2013-July 2016, a total of 236 cases
of talaromycosis were diagnosed across the 2 centers,
of which 205 cases were recruited into the study and
matched to 405 controls. Of the 31 cases screened
but not recruited (5.1%), 25 died or were discharged
before the talaromycosis diagnosis was confirmed
(80.6%), and the remaining 6 declined to participate.
Participants were mostly men (75% [456/610]), con-
sistent with the HIV-infected population in Vietnam.
Median age was 34 years (interquartile range [IQR]
31-38 years), and median CD4 count was 17 cells/pL

Risk Factors for Talaromycosis

(IQR 7-36). Case-patients and control-patients were
similar in age, sex, and absolute lymphocyte counts
(Table 2). CD4 count was significantly lower in case-
patients than in control-patients. According to WHO
HIV disease staging, all case-patients were classified
as stage 4 (severe), whereas control-patients were
mostly stage 3 or 4 (moderate or severe). Most par-
ticipants were inpatient (100% [205/205] of case-pa-
tients and 91% [369/405] of control-patients). Other
opportunistic infections, most commonly tuberculo-
sis, pneumonia (caused by bacteria or Pneumocystis),
oral/esophageal candidiasis, or cryptococcosis, were
diagnosed in controls. Concurrent opportunistic in-
fections were common among case-patients with tal-
aromycosis (Table 2).

Analysis of Behavior and Environmental Risk Factors

Data were 100% complete for all 610 participants for
12 of 13 covariables (Table 1). Data were incomplete
for only 1 area, fluconazole prophylaxis, in which
data were missing for 14 (2%) participants (Table 3).
In the univariate analysis, patients with talaromyco-
sis were significantly more likely to work in outdoor
settings, live within 100 meters of or have direct occu-
pational contact with a tropical plant (bamboo, sug-
ar cane, or rice), or have direct occupational contact
with a highland plant (rubber, tea, coffee) and farm
animals (cattle, swine, poultry). In the multivariable

Table 2. Characteristics of participants in multicenter case—control study of behavioral, environmental, and geographic risk factors for

talaromycosis, Vietham*

Characteristic All patients, N = 610 Cases, n =205 Controls, n = 405 p valuet
Median age, y (IQR) 34 (31-38) 33 (30-38) 34 (31-39) 0.401
Sex
M 456 (74.8) 154 (75.1) 302 (74.6) 0.882
F 154 (25.2) 51 (24.9) 103 (25.4)
Median CD4, cells/pL (IQR) 16.5 (7.0-36.0), n =194 9.0 (5.0-18.8), n =66  25.5(9.0-54.3), n =128 0.003
Median absolute lymphocyte, cells/pL (IQR) 520 (300-750), n =585 410 (230-600), n =197 570 (380-810), n = 388 0.184
WHO stage n = 606 n =204 n =402
1 3(0.5) 0 3(0.7)% 0.217
2 16 (2.6) 0 16 (4.0)F 0.004
3 146 (24.1) 0 146 (36.3)% <0.001
4 441 (72.8) 204 (100) 237 (59.0) <0.001
Hospitalization status
Inpatient 573 (93.9) 205 (100) 368 (90.9) <0.001
Outpatient 37 (6.1) 0 37 (9.1)
Concomitant opportunistic infections
Nontuberculosis pneumonia, including PcP 130 (21.3) 24 (11.7) 106 (26.2) <0.001
Oral/esophageal candidiasis 90 (14.8) 14 (6.8) 76 (18.8) <0.001
Tuberculosis 84 (13.8) 23 (11.2) 61 (15.1) 0.193
Cryptococcosis 45 (7.4) 0 45 (11.1) <0.001
Toxoplasmosis 40 (6.6) 1(0.5) 39 (9.6) <0.001
Herpes simplex virus 12 (2.0) 3(.5) 9(2.2) 0.524
AIDS-associated wasting syndrome 23 (3.8) 2(1.0) 21 (5.2) 0.010
Other opportunistic infection 73 (12.0) 22 (10.7) 51 (12.6) 0.504
No opportunistic infection 66 (10.9) 0 66 (16.3) <0.001
*Values are no. (%) except as indicated. IQR, interquartile range; PcP, Pneumocystis pneumonia; WHO, World Health Organization.
ty? test was used for categorical variables and 2-tailed Student t-test was used for continuous variables.
FThese control patients had CD4 counts or absolute lymphocyte counts in the same ranges as their matched case-patients.
Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025 1313
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Table 3. Univariate and multivariable conditional logistic regression analysis of risk factors for talaromycosis in multicenter case—
control study of behavioral, environmental, and geographic risk factors for talaromycosis, Vietnam*

All patients, Cases, Controls, Univariate effect Multivariate effect
Exposure covariate N =610 n =205 n =405 OR (95% CI) p value OR (95% CI) p value
Antiretroviral therapy ~ 250/610 (41.0) 72/205 (35.1) 178/405 (44.0) 0.68 (0.47-0.97) 0.04 0.75(0.50-1.13) 0.17
Fluconazole 61/596 (10.2) 15/198 (7.6) 46/398 (11.6) 0.59 (0.31-1.11) 0.10 0.68 (0.35-1.34) 0.27
prophylaxis
Cigarette smoking 413/610 (67.7) 130/205 (63.4) 283/405 (69.9) 0.65(0.42-1.01) 0.06 0.71(0.43-1.18) 0.19
Injection drug use 232/610 (38.0)  71/205 (34.6) 161/405 (39.8) 0.79 (0.54-1.15) 0.21 0.85 (0.54-1.35)  0.50
Outdoor occupation 263/610 (43.1) 100/205 (48.8) 163/405 (40.2) 1.47 (1.03-2.09) 0.04 1.23(0.81-1.87) 0.34
Soil exposure 409/610 (67.0) 143/205 (69.8) 266/405 (65.7) 1.22 (0.85-1.75)  0.29 1.06 (0.69-1.63) 0.80
Natural water 285/610 (46.7) 90/205 (43.9) 195/405 (48.1) 0.83 (0.58-1.19) 0.31 0.76 (0.51-1.13) 0.18
exposure
Tropical plant 218/610 (35.7) 90/205 (43.9) 128/405 (31.6) 1.75(1.22-2.56) 0.002 1.84 (1.17-2.90) 0.008
exposure
Highland plant 49/610 (8.0) 25/205 (12.2) 24/405 (5.9)  2.25(1.24-4.01) 0.008 1.71 (0.86-3.41) 0.13
exposure
Bamboo rat exposure 6/610 (1.0) 3/205 (1.5) 3/405 (0.7) 2.00 (0.40-9.91) 0.40 1.71(0.33-8.87) 0.53
or consumption
Farming animal 93/610 (15.2) 40/205 (19.5)  53/405 (13.1) 1.60 (1.02-2.51) 0.04 2.03 (1.18-3.49) 0.010
exposure
Domestic animal 170/610 (27.9) 57/205 (27.8) 113/405(27.9) 1.01(0.67-1.51) 0.97 1.39 (0.87-2.22) 0.17
exposure
Raw animal product 411/610 (67.4) 132/205 (64.4) 279/405 (68.9) 0.82(0.57-1.18) 0.28 0.91 (0.60-1.37) 0.64
consumption

*Values are no. (%) except as indicated. OR is based on conditional logistic regression. Multivariate analysis is a complete case analysis excluding 7
cases and 7 controls with missing fluconazole prophylaxis data. A p value <0.05 is considered statistically significant and highlighted in bold. For

definitions of exposure covariates, refer to Table 1. OR, odds ratio.

analysis, exposure to tropical plants (OR 1.73 [95% CI
1.10-2.73]; p = 0.017) and exposure to farm animals
(OR 2.07 [95% CI 1.20-3.55]; p = 0.009) were the only
independent risk factors for talaromycosis (Table 3).

Mapping of Cases and Controls and

Geographic Risk Analysis

Geographic data were available for 204 (99.5%) of 205
case-patients and 403 (99.5%) of 405 control-patients
(Figure, panels B, C). We performed mapping and
geographic analysis only for southern Vietnam be-
cause recruitment in southern Vietnam began earlier
and more case-patients (86% [175/205]) and control-
patients (86% [348/405]) were enrolled in southern
Vietnam to provide robust data for these analyses.
The case-to-control ratio demonstrated regions with
a higher or lower than expected number of cases rela-
tive to controls; 0.5 was the expected case-to-control
ratio, given that 2 controls were recruited for each
case (Figure, panel D). We found that case-to-control
ratios were highest in the Central Highlands (2.18),
followed by the surrounding provinces in the South-
Central Coast (1.20) and the Southeast region (0.87).
Case-to-control ratios were the lowest in Ho Chi
Minh City (0.32) and the Mekong Delta (0.25), where
the number of persons recruited was the highest (Fig-
ure, panel D). Conditional logistic regression dem-
onstrated that participants in the highland regions
in the Central Highlands, Southeast, and South-Cen-
tral Coast were significantly more likely to develop
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talaromycosis than those residing in the lowlands of
Ho Chi Minh City and Mekong Delta (multiplicity-
corrected p<0.05 for all pairwise comparisons) (Table
4). The point estimate of the risk for talaromyco-
sis was higher in the Central Highlands than in the
Southeast lowland region, suggesting a risk expo-
sure relationship for closer proximity to the highest
risk Central Highland region, but this difference did
not reach statistical significance (OR 3.32; p = 0.06).
In the southern regions of Vietnam, the highest rela-
tive number of talaromycosis cases was in the Central
Highlands (Table 5).

To investigate whether previous travel to or resi-
dence in any of the 3 identified risk regions was asso-
ciated with the risk for talaromycosis, we performed a
posthoc follow-up interview of participants residing
in the lowlands of Ho Chi Minh City and the Mekong
Delta. A total of 69 (90%) of 77 case-patients and 82
(32%) of 254 control-patients responded to the blind-
ed posthoc follow-up phone interview. Participants
who had lived or traveled to a high-risk region for >3
days were at significantly higher risk for talaromyco-
sis (55/69 [81%] case-patients vs. 47 /82 [57 %] control-
patients; OR 2.90 [95% CI 1.33-6.59]; p = 0.005).

Discussion

This large case-control study investigated the behav-
ioral, environmental, and geographic exposure risk
factors for talaromycosis in susceptible persons liv-
ing in a highly endemic region, Vietnam. Participants
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Table 4. Case-to-control ratio and risk for talaromycosis per region in multicenter case—control study of behavioral, environmental, and
geographic risk factors for talaromycosis, Vietnam*

Regiont No. cases No. controls  Case-to-control ratio OR (95% Cht p value
Mekong Delta 17 69 0.25 Referent

HCMC 60 185 0.32 1.31 (0.56-3.03) 0.91
Southeast 68 78 0.87 3.42 (1.44-8.10) 0.001
South Central Coast 6 5 1.20 8.76 (1.25-61.56) 0.02
Central Highlands 24 11 2.18 11.36 (2.92-44.24) <0.0001
Total 175 348 0.5

*Conditional logistic regression analysis with the region as the only covariate was conducted to investigate whether participants residing in the highland
regions were at greater risk for talaromycosis than were residents of the lowland regions of HCMC and the Mekong Delta. Pairwise comparisons between
regions were adjusted for multiple comparisons using a parametric single-step method. HCMC, Ho Chi Minh City; OR, odds ratio.

tParticipants recruited in northern Vietham were excluded from this geographic analysis because of the later start date and, hence, a smaller number of

patients in northern regions were recruited.

FOR is based on conditional logistic regression. p values are multiplicity-adjusted for pair-wise comparisons between all regions. Comparisons to the
Mekong Delta are shown above. The remaining pair-wise comparisons are comparisons to HCMC: Southeast OR 2.62 (1.41-4.85); p = 0.0003; South
Central Coast OR 6.71 (1.04-43.45); p = 0.04; Central Highlands OR 8.70 (2.61-28.97); p<0.0001. Comparisons to Southeast: South Central Coast

OR 2.57 (0.40-16.52); p = 0.63; Central Highlands OR 3.32 (0.98-11.26); p = 0.06. Comparison to Central Highlands: South Central Coast OR 0.77 (0.12

—5.06); p =1.00.

living within 100 meters of or having direct expo-
sure to tropical plants (bamboo, sugar cane, or rice)
or to farm animals (cattle, swine, or poultry) had
2-fold higher odds for talaromycosis. Our findings
are consistent with the results of a previous smaller
case-control study from Chiang Mai, Thailand (n =
180), which also found a 2-fold increase in the odds
of talaromycosis with recent exposure to animals or
plants (18). The strength of those associations is also
similar across the 2 studies, despite the difference in
study settings (urban vs. rural) and an 8-fold larger
sample size in our study. Although direct exposure
to soil was not identified as a risk factor in our study,
soil is a known reservoir for other dimorphic fungal
pathogens including Coccidioides spp., Paracoccidioides
spp., Histoplasma capsulatum, and Sporothrix schenckii
(26-28). Specifically, soil contaminated with animal
droppings (bird or bat) is a known reservoir for Histo-
plasma spp., whereas soil mixed with decaying plant
materials has been identified as a reservoir for Spo-
rothrix spp. (29,30). Soil contaminated with farmed
animal excreta or decaying tropical plant substrate is
likely also favorable to T. marneffei’s growth, which
supports the observed risk for talaromycosis in per-
sons exposed to or living in proximity to animal and
agricultural farming activities.

Direct contact with or consumption of bamboo
rats was not associated with talaromycosis in our
study, which is consistent with the previous case-

control study from Thailand (18). Early efforts to
isolate T. marneffei from the soil within bamboo rat
burrows yielded some success (14,31,32). An environ-
mental survey in Guangdong Province, China, dem-
onstrated a higher prevalence of T. marneffei in soil
collected from bamboo rat burrows (8.2% [15/184])
than in soil from sites not associated with bamboo rats
(2.0% [1/50]) (19). T. marneffei was isolated in bam-
boo rat stool on the surface of the soil and around the
bamboo roots found deep in the bamboo rat burrows
(19). In Thailand, T. marneffei DNA was found in soil
around a bat cave and elephant camp (33). However,
the bamboo rat is the only known nonhuman host of
T. marneffei (16,19). T. marneffei is found in the liver,
spleen, and lungs of healthy-appearing bamboo rats,
suggesting that bamboo rats are asymptomatic carri-
ers of T. marneffei and serve as a zoonotic reservoir
(19). Bamboo rats construct extensive burrow systems
for foraging among bamboo crops by digging 1-2
meters into the ground. Although their primary food
source is bamboo roots and shoots, bamboo rats are
known to feed on sugar cane and cassava roots. In our
study, exposure to tropical plants was an independent
risk factor for talaromycosis, possibly because of their
association with the bamboo rat environment. By bur-
rowing into the soil and feeding on a variety of tropi-
cal vegetation, bamboo rats likely enhance T. marneffei
transmission. Soil disturbance, caused by bamboo rat
foraging, heavy rainfall, or agricultural activity (e.g.,

Table 5. Recruited talaromycosis cases per regional HIV population in southern Vietham in multicenter case—control study of
behavioral, environmental, and geographic risk factors for talaromycosis, Vietham*

Estimated HIV population, 2007

Cases/100,000 HIV population

Region Talaromycosis cases
Mekong Delta 17
Ho Chi Minh City 60
Southeast 68
South Central Coast 6
Central Highlands 24

103,615 16
72,566 83
52,132 130
11,878 51
12,123 200

*The number of talaromycosis cases recruited per total HIV population in each region was estimated using HIV prevalence data obtained from the
Vietnam Ministry of Health Administration of HIV/AIDS Control from 2007 to evaluate for any bias in referral pattern.
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tillage, plowing, livestock grazing), causes aerosoliza-
tion of T. marneffei conidia, the infective form inhaled
by bamboo rats and humans (4,6,20,21). The findings
of our study suggest that exposure to soil associated
with bamboo rats (and possibly other animals) and
activities that disturb soil are the main drivers for the
acquisition of talaromycosis, rather than direct zoo-
notic transmission.

Geographic mapping was very informative and
demonstrated that the Central Highlands and the ad-
jacent Southeast and South-Central Coast regions are
high-risk regions for talaromycosis, compared with the
lowlands of Ho Chi Minh City and the Mekong Delta
regions in Vietnam. Assuming the referral patterns of
patients with HIV were similar among regions, talaro-
mycosis cases per 100,000 persons with HIV were 8-10
times higher in the Southeast and Central Highlands
regions than in the Mekong Delta and were 2-3 times
higher than in Ho Chi Minh City. Highland regions
are the known natural habitat of bamboo rats, and pre-
vious studies outside of Vietham have demonstrated
that human talaromycosis follows the geographic dis-
tribution of bamboo rats (16,17). Further interrogation
of participants from the lowlands of Ho Chi Minh City
and Mekong Delta revealed that previous residence
in or travel to highland regions increased the odds of
talaromycosis 3-fold. Our study demonstrates an epi-
demiologic link between human talaromycosis and
residence in or travel to highland regions in a highly
endemic country. Further research is needed to deter-
mine whether localized geographic hotspots of talaro-
mycosis exist within those highland regions. Our data
can inform prevention strategies for talaromycosis,
including patient education and the consideration of
primary itraconazole prophylaxis in high-risk persons
considering travel to or living in regional hotspots.

The first limitation of our study is that 31 persons
with talaromycosis were screened but not enrolled
in our study, largely because of discharge or death.
Those participants might have exhibited different risk
factors from those enrolled in the study, which is a
potential source of selection bias; however, the num-
ber is very small (5.1%). Second, control-patients who
had concurrent bacteremia could potentially have
been misclassified because bacteria can outgrow T.
marneffei in culture, leading to false-negative results.
CD4 count was only available for 30% of participants,
and therefore matching was performed on the basis
of absolute lymphocyte count and WHO HIV dis-
ease staging, which are suboptimal measures of im-
mune susceptibility. Some characteristics of case-pa-
tients and control-patients, such as median CD4 cell
count, WHO HIV stage, and proportion of inpatients,
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differed significantly. However, our control popula-
tion consisted of clinically relevant persons with ad-
vanced HIV disease (CD4 <200 cells/mL) and other
opportunistic infections, which are representative of
the population at risk for talaromycosis. Although in-
terviewers were blinded to the classification of case
and control, observer bias is possible, because 40%-
70% of persons with talaromycosis display character-
istic umbilicated skin lesions (6,34,35). However, that
possibility was mitigated because interviewers were
blinded to study hypotheses to minimize observer
bias. The differential referral pattern between cases
and controls in different regions might have skewed
the geographic results, but that skewing was unavoid-
able because of limited diagnostic capacities outside
of major referral centers in Vietnam. The number of
cases recruited in Ho Chi Minh City and Hanoi was
imbalanced because enrollment started earlier in Ho
Chi Minh City, resulting in overrepresentation of res-
idents from southern Vietnam. Finally, potential for
recall bias is inherent to a case-control study design.
Further studies are needed to uncover more specific
geographic risk factors and risk behaviors and to es-
tablish the causal link between environmental expo-
sure and the development of talaromycosis.

In conclusion, this study demonstrates an epi-
demiologic link between human talaromycosis and
geospatial proximity or travel to highland regions in
a hyperendemic country, thus informing disease ed-
ucation and prevention strategies. Results from this
large case-control study validate the previous find-
ings that disturbance of soil associated with tropical
plants and farmed animals, such as through agricul-
tural or construction activity, increases the risk for
talaromycosis.
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Persistence of SARS-CoV-2
Alpha Variant in White-Tailed Deer,

Ohio,

USA

Natalie N. Tarbuck,! Sofya K. Garushyants,* Dillon S. McBride, Patricia M. Dennis,
John Franks, Karlie Woodard, Austin Shamblin, Michael G. Sovic, Derek T. Collins,
Kyle Van Why, Richard J. Webby, Martha I. Nelson, Andrew S. Bowman

Free-ranging white-tailed deer (WTD) are highly suscep-
tible to the SARS-CoV-2 virus. Through an opportunistic
sampling of WTD in northeast Ohio, USA, during Janu-
ary—March 2023, we identified 6 SARS-CoV-2 lineages
from 36 sequences using the pangolin lineages tool, in-
cluding the B.1.1.7 lineage (Alpha variant) and BQ.1.1,
BQ.1.1.63, BQ.1.1.67, BQ.1.23, and XBB.1.5.35 lineag-
es (Omicron variant). The Alpha variant, introduced by a
single human-to-deer transmission event, was detected
in 5 WTD in January 2023, more than 1 year after the
most recent detection of the Alpha variant in humans in
Ohio (August 2021). A genetically similar B.1.1.7 lineage
virus from WTD in a nearby county in Pennsylvania was
positioned with our Ohio deer transmission cluster, sug-
gesting deer-to-deer transmission. The persistence of
the Alpha variant in WTD in Ohio warrants continued
surveillance to monitor if WTD can become a reservoir
for displaced SARS-CoV-2 variants.

ince the beginning of the COVID-19 pandemic,
SARS-CoV-2 evolution has produced multiple vari-
ants that affected public health by causing new epi-
demics, replacing prior variants, and evading existing
immunity. SARS-CoV-2 is primarily transmitted from
human to human, although human-to-animal trans-
mission is documented in a wide variety of animal spe-
cies (1). The role of host-switching in viral evolution of
SARS-CoV-2 is not fully understood, yet some specu-
late that the emergence of the Omicron variant may be
a result of animal-acquired mutations (2,3)
Free-ranging white-tailed deer (WTD) are sus-
ceptible to the SARS-CoV-2 virus, raising concerns

that they might become a new animal reservoir for a
diverse viral population or sustain older variants dis-
placed in humans (4). SARS-CoV-2 infection in WID
was reported in northeast Ohio, USA, in 2021 (5) and
the virus has since been detected in WTD across North
America (4,6-10). SARS-CoV-2 evolves =3 times fast-
er in deer than in humans, which makes evolutionary
divergence possible (11). Of note, a highly divergent
SARS-CoV-2 lineage, B.1.641, was linked to suspected
deer-to-human transmission (8), emphasizing the risk
associated with emergence of a deer-adapted virus in
human populations.

There are =30 million WTD in the United States,
and population levels pose ecologic and human safety
challenges as hunting rates decline (12,13). Interactions
between deer and humans create pathways for zoonot-
ic transmission of SARS-CoV-2, yet the mechanisms
driving this transmission remain unclear. If WTD be-
come a natural reservoir for SARS-CoV-2, there is po-
tential for deer-lineage and human-lineage viruses to
diverge over time. To monitor the persistence and evo-
lution of SARS-CoV-2 and define mutations and muta-
tion rates in WTD, we conducted SARS-CoV-2 surveil-
lance in northeast Ohio, an area with a historically high
prevalence of SARS-CoV-2 in WID.

Methods
Sample Collection

We collected 519 nasal swab specimens from free-
ranging WTD that were culled during management
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activities in northeast Ohio during January-March
2023. The WTD were from 10 study sites covering
~1,000 km? of landscape of varying human popula-
tion density where hunting is not permitted. We col-
lected nasal swab specimens from each fresh deer
carcass by using a sterile polyester tipped swab then
placed into a 3-mL vial containing viral transport
medium (VIM). We chilled samples in the field and
stored them at —80°C until testing. Sample collection
was conducted after death and was exempt from
oversight by The Ohio State University Institutional
Animal Care and Use Committee.

Diagnostic Testing

We tested all collected samples for SARS-CoV-2 RNA
by using quantitative real-time reverse transcription
PCR (RT-PCR). We extracted viral RNA from 200
pL of VIM by using the MagMAX Viral/Pathogen
II Nucleic Acid Isolation Kit (Thermo Fisher Scien-
tific, https://www.thermofisher.com). We tested
the extracted viral RNA from each sample with
quantitative real-time RT-PCR by using the TagPath
COVID-19 Combo Kit with MS2 phage control (Ther-
mo Fisher Scientific). We considered any sample with
a cycle threshold (Ct) value of <37 on >2 targets (nu-
cleocapsid gene, spike gene, open reading frame 1ab)
SARS-CoV-2 positive. We sent samples with a Ct <33
for whole-genome sequencing.

Genomic Sequencing

We reverse transcribed extracted RNA into cDNA by
using Lunascript RT Supermix (New England Bio-
labs, https:/ /www.neb.com). After transcription, we
divided the sample in half and separately enriched for
SARS-CoV-2 with 35 cycles of PCR by using the AR-
TIC 4.1 primer sets and Q5 Hot Start (New England
Biolabs). We then recombined the enriched products
and conducted a 1.8x cleanup by using AmpureXP
beads (Beckman Coulter, https://www.beckman.
com) and resuspended in resuspension buffer (Illu-
mina, https://www.illumina.com). We conducted
tagmentation with enrichment beads according to
the Illumina DNA Prep protocol (Illumina) with
unique dual indexes. We pooled individual librar-
ies in equimolar amounts and performed 2 x 150 bp
sequencing on an Illumina NextSeq2000 (Illumina).
We generated fastq files by using BCL Convert and
ran the files through DRAGEN Covid Lineage v3.5.1
on Basespace (Illumina). We filtered the fastq files
with sequencing reads by using fastp v0.23.4 (14) and
mapped the filtered reads to the SARS-CoV-2 refer-
ence genome MN908947.3 with BWA-MEM v 0.7.17
(Li H, unpub. data, http:/ /arxiv.org/abs/1303.3997).
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We used reference genome MN908947.3 when
some positions problematic for variant calling were
masked as recommended for ARTIC 4.1 protocol
(https:/ / github.com/joshquick/artic-ncov2019/
tree/ master/primer_schemes/nCoV-2019/V4.1).
We used iVar v1.4.2 to trim primers and generate fi-
nal fasta sequences (15).

Virus Isolation
We shipped the SARS-CoV-2-positive nasal swab
specimens to St. Jude Children’s Research Hospital
(Memphis, TN, USA), where virus isolation, charac-
terization, and in vivo experiments were performed
under Biosafety Level 3 laboratory and animal Bio-
safety Level 3+ conditions. We received Vero E6 cells
expressing both TMPRSS2 and ACE2 genes (VE-
6A2T?2; kindly provided by Dr. Barney Graham at the
National Institute of Allergy and Infectious Diseases).
We washed confluent cultures with sterile phosphate
buffered saline and overlaid with 100 pL of swab
suspension plus 900 pL of infection media (Dulbecco
Modified Eagle Medium supplemented with 2% heat
treated fetal bovine serum and 1x antimicrobial solu-
tion) for 1 hour to enable virus adsorption. We aspi-
rated the inoculum and added fresh infection media to
the cells. We checked the cells daily for cytopathic ef-
fect and harvested cultures reaching >90% cytopathic
effect. We then subjected negative cultures from swab
specimens previously identified as Alpha lineage
SARS-CoV 2 to a second, undiluted blind passage.
We attempted virus isolation on all Alpha lin-
eage swab specimens (n = 10) by first passing VIM
through a 32-mm 0.8/0.2 pM syringe filter. We
anesthetized 8-10-week male lakeview golden Syr-
ian hamsters (Charles River Laboratories, https://
www.criver.com) with 4% isoflurane and inoculat-
ed intranasally with 100 pL of filtered VIM (n =1/
swab). We monitored the hamsters daily. On 2 and 6
days postinfection, we anesthetized the animals with
100mg/ kg ketamine and washed nasal passages with
0.5mL phosphate buffered saline. All animals were
humanely euthanized after the second postinfection
nasal wash, and we collected lung and nasal turbinate
samples that were homogenized in 5% volume of me-
dia. We inoculated supernatants from nasal washes
and tissue homogenates onto VE6A2T2 cell cultures
for virus isolation. Animal studies were approved by
St. Jude Children’s Research Hospital’s Animal Care
and Use Committee (protocol no. 442).

Phylogenetic Analysis
We used the pangolin tppl (16) to determine the
SARS-CoV-2 lineage for the 36 viruses sequenced for
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this study. On the basis of those results, we divided
the data into 2 datasets, 1 for the Alpha variant (SARS-
CoV-2 B.1.1.7) and 1 for the Omicron variant, which
included 5 PANGO SARS-CoV-2 lineages (BQ.1.1,
BQ.1.1.63, BQ.1.1.67, BQ.1.23, and XBB.1.5.35). We
downloaded separate background datasets from GI-
SAID (https:/ /www.gisaid.org) for Alpha and Omi-
cron. The date range for the Omicron sequences was
November 1, 2022-March 31, 2023. For the Alpha
background dataset, we used the same dataset in our
previously published study of Alpha viruses circulat-
ing in WTD in Ohio (11), with the addition of more
recently published sequences from GISAID from
humans, deer, and mink. Although the large human
dataset was randomly subsampled, all sequences
from deer and mink were retained. We aligned the
2 datasets (Alpha and Omicron) by using NextClade
(version 3.13.3, https://clades.nextstrain.org) with
the wild-type SARS-CoV-2 as a reference. We used
in-house Python scripts to remove noncoding regions
and mask sites that are known to be unreliable. We
inferred phylogenetic trees by using maximum-like-
lihood methods available in IQ-TREE version 1.6.12
(17) with a general time reversible with unequal rates
and unequal base frequency plus discrete gamma
model of nucleotide substitution and 1,000 bootstrap
replicates, by using the high-performance computa-
tional capabilities of the Biowulf Linux cluster at the
National Institutes of Health (http://biowulf.nih.
gov). We visualized the inferred tree by using Fig-
Tree v.1.4.4 (https://github.com/rambaut/figtree/
releases). We defined deer transmission clusters by
monophyletic groups of WTD viruses supported by
high bootstrap values (>70) and confirmed or refined
by using ultrafast sample placement on existing trees
(18). None of the deer transmission clusters involved
genetically identical viruses, which would be the case
if the deer had acquired the virus from a common en-
vironmental source such as water.

We reconstructed mutations on the phylogenetic
tree by using TreeTime v0.11.4 (19). We reconstructed
root-to-tip regression and mutation contexts with in-
house R scripts in R (The R Project for Statistical Com-
puting, https://www.r-project.org), as described
previously (11). We visualized the spike glycoprotein
mutations with ChimeraX (20) and visualized muta-
tions in B.1.1.7 deer clusters with the ete3 package in
Python (21).

Bayesian Analysis

We examined the evolutionary relationships between
humans and WTD in greater detail for the Alpha vari-
ant. The analysis included an additional 17 genome
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sequences from B.1.1.7 viruses collected from WTD
in Pennsylvania during 2022-2023 that were pro-
vided by the US Department of Agriculture (USDA).
We contacted the submitting authors of all B.1.1.7
sequences collected from humans in 2022-2023 and
published on GISAID. Those communications result-
ed in identifying some GISAID entries as mislabeled;
those entries were subsequently corrected and, in
rare cases, confirmed as chronically infected patients.
We retained all B.1.1.7 sequences with virus collec-
tion dates during 2022-2023 confirmed by submitting
authors to have the correct date for our analysis. We
performed a time-scaled Bayesian analysis by using
the Markov chain Monte Carlo method available by
using the latest version of the BEAST (22) package
with graphics processing units available from the Bio-
wulf Linux cluster. We used a host-specific local clock
(23) to accommodate differences in the evolutionary
rate between WTD and humans. Because WTD vi-
ruses were not monophyletic on the Alpha or Delta
tree, owing to multiple independent human-to-deer
transmission events, we identified separate WTD
transmission clusters on the maximume-likelihood
tree. We used a Bayesian nonparametric demograph-
ic model (24) with a general time reversible model
of nucleotide substitution with gamma-distributed
rate variation among sites. We ran the Markov chain
Monte Carlo separately 3-5 times for each dataset by
using the BEAGLE 3 library (25) to improve compu-
tational performance, until all parameters reached
convergence as assessed visually by using Tracer
v.1.7.2 (26). We removed >10% of the chain as burn-
in and combined runs for the same dataset by using
LogCombiner v1.10.4 (https://beast.community/
logcombiner). We summarized a maximum clade
credibility tree by using TreeAnnotator version 1.10.4
(https:/ /beast.community/treeannotator). We con-
ducted a phylogeographic discrete trait analysis (27)
to quantify rates of viral gene flow, particularly in the
directions of human-to-deer and long-distance deer-
to-deer transmission. We specified a location state
for each viral sequence. The 5 categories were B.1.1.7
viruses collected in humans; B.1.1.7 viruses collected
in WTD in Ohio, including northern Ohio sequences
generated for this study and sequences from south-
ern Ohio generated for our previous study; B.1.1.7
viruses collected in WTID in Pennsylvania during
2022-2023 that were provided by USDA; all other
B.1.1.7 viruses collected in WTD; and B.1.1.7 viruses
collected from mink in Europe (including Poland and
Lithuania). We estimated the expected number of lo-
cation state transitions in the ancestral history on the
basis of the data observed from the tree tips by using
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Markov jump counts (28,29), which provided a quan-
titative measure of asymmetry in gene flow between
defined populations.

Results

High Prevalence of SARS-CoV-2 in WTD in

Northeast Ohio

Of nasal swab samples collected from WTD in north-
east Ohio during January-March 2023, a total of
12.3% (64/519) were positive for SARS-CoV-2 by RT-
PCR (Appendix Table 1, Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/31/7/24-1922-Appl.
pdf). SARS-CoV-2 was detected in 4 of the 10 study
sites, ranging in estimated prevalence of 6.5%-50.0%.
We estimated the highest prevalence (50.0%, 95% CI
33.38%-66.62%) at site 9, a location adjacent to an area
of high human population density (Figure 1). We
attempted virus isolation on 58 of the 64 SARS-CoV-2
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RT-PCR-positive samples, yielding 12 SARS-CoV-2
isolates, all belonging to the Omicron lineage (Ap-
pendix Table 2).

Alpha and Omicron Variants Identified in WTD

We generated whole-genome sequences from36SARS-
CoV-2 RT-PCR-positive samples collected from WTD
in northeast Ohio during January 25-March 13, 2023.
Whole-genome SARS-CoV-2 sequences are available
in GenBank (Appendix Table 3). Most viruses (86.1%,
31/36) were classified as PANGO lineages belonging
to the Omicron variant (BQ.1.1, BQ.1.1.63, BQ.1.1.67,
BQ.1.23, and XBB.1.5.35) (Table) that was circulating
in humans at the time in Ohio and globally. However,
5 viruses collected from WTD in this study were classi-
fied as PANGO lineage B.1.1.7 (Alpha variant). B.1.1.7
viruses caused an outbreak in humans in Ohio dur-
ing the spring of 2021, almost 2 years before our sam-
pling period in deer. The last B.1.1.7 virus sampled

Figure 1. Locations of SARS-
CoV-2 viruses in white-tailed
deer in northeast Ohio, USA.
The map shows the 6 pangolin
lineages (17) identified in

deer (boxes) located within 4
sampling sites during January—
March 2023. The dotted

lines between sampling sites
represent inferred routes of
transmission, as inferred from
deer clusters identified on the
phylogenetic tree shown in
Figure 2. The SARS-CoV-2
XBB.1.5.35 lineage transmission
between locations 1 and 9 is
inferred from Omicron cluster
1. The SARS-CoV-2 BQ.1.1
(including BQ.1.1.67) lineage
transmission between locations
5 and 9 is inferred from Omicron
cluster 2. Map created by using
ArcGIS Pro 3.1.0 (Esri, https://
www.esri.com).
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Table. SARS-CoV-2 whole genome sequences generated for a study on the persistence of SARS-CoV-2 Alpha variant in white-tailed

deer, Ohio, USA

Strain name Region Pangolin lineage (17) Date Cluster
SC2/deer/lUSA/OH-OSU-COV0045057/2023 R6 B.1.1.7 2023 Jan 26 Alpha cluster
SC2/deer/lUSA/OH-OSU-COV0045054/2023 R6 B.1.1.7 2023 Jan 26 Alpha cluster
SC2/deer/USA/OH-OSU-COV0045056/2023 R6 B.1.1.7 2023 Jan 26 Alpha cluster
SC2/deer/lUSA/OH-OSU-COV0045058/2023 R6 B.1.1.7 2023 Jan 26 Alpha cluster
SC2/deer/lUSA/OH-OSU-COV0045967/2023 R6 B.1.1.7 2023 Jan 26 Alpha cluster
SC2/deer/USA/OH-OSU-COV0054305/2023 R1 XBB.1.5.35 2023 Feb 23 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0054309/2023 R1 XBB.1.5.35 2023 Feb 23 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0054308/2023 R1 XBB.1.5.35 2023 Feb 23 Omicron cluster 1
SC2/deer/USA/OH-OSU-COV0054313/2023 R1 XBB.1.5.35 2023 Feb 23 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0054303/2023 R1 XBB.1.5.35 2023 Feb 23 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0054306/2023 R1 XBB.1.5.35 2023 Feb 23 Omicron cluster 1
SC2/deer/USA/OH-OSU-COV0054343/2023 R9 XBB.1.5.35 2023 Feb 27 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0054342/2023 R9 XBB.1.5.35 2023 Feb 27 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0060785/2023 R1 XBB.1.5.35 2023 Mar 9 Omicron cluster 1
SC2/deer/USA/OH-OSU-COV0060778/2023 R1 XBB.1.5.35 2023 Mar 9 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0060777/2023 R1 XBB.1.5.35 2023 Mar 9 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0060782/2023 R1 XBB.1.5.35 2023 Mar 9 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0060781/2023 R1 XBB.1.5.35 2023 Mar 9 Omicron cluster 1
SC2/deer/lUSA/OH-OSU-COV0060793/2023 R1 XBB.1.5.35 2023 Mar 9 Omicron cluster 1
SC2/deer/USA/OH-OSU-COV0045880/2023 R9 BQ.1.1 2023 Jan 30 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0045866/2023 R9 BQ.1.1 2023 Jan 30 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0045876/2023 R9 BQ.1.1 2023 Jan 30 Omicron cluster 2
SC2/deer/USA/OH-OSU-COV0045889/2023 R9 BQ.1.1 2023 Jan 30 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0045870/2023 R9 BQ.1.1 2023 Jan 30 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0045877/2023 R9 BQ.1.1 2023 Jan 30 Omicron cluster 2
SC2/deer/USA/OH-OSU-COV0045873/2023 R9 BQ.1.1.67 2023 Jan 30 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0045874/2023 R9 BQ.1.1.67 2023 Jan 30 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0045887/2023 R9 BQ.1.1 2023 Jan 30 Omicron cluster 2
SC2/deer/USA/OH-OSU-COV0045890/2023 R9 BQ.1.1 2023 Jan 30 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0054341/2023 R9 BQ.1.1.67 2023 Feb 27 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0054302/2023 R9 BQ.1.1 2023 Feb 27 Omicron cluster 2
SC2/deer/USA/OH-OSU-COV0060771/2023 R5 BQ.1.1 2023 Mar 13 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0060768/2023 R5 BQ.1.1 2023 Mar 13 Omicron cluster 2
SC2/deer/lUSA/OH-OSU-COV0060769/2023 R5 BQ.1.1 2023 Mar 13 Omicron cluster 2
SC2/deer/USA/OH-OSU-COV0045465/2023 R5 BQ.1.23 2023 Jan 25 Omicron singleton 1
SC2/deer/lUSA/OH-OSU-COV0054384/2023 R5 BQ.1.1.63 2023 Feb 13 Omicron singleton 2

in humans in Ohio was on August 23, 2021 (GISAID
accession no. EPI_ISL,_3897556). All 5 B.1.1.7 viruses
identified in WTD from this study were sampled at
the same location (region 6) (Figure 1) on the same
date (January 26, 2023). The most closely related hu-
man B.1.1.7 virus was collected >1 year earlier on No-
vember 19, 2021 (strain identification no. hCoV-19/
USA/DC-DFS-PHL-03511/2021).

Deer-to-Deer Transmission between Locations

Two major deer clusters of Omicron viruses were evi-
dent on the phylogenetic tree (Table; Figure 2). Omi-
cron cluster 1 includes 14 viruses belonging to the
XBB.1.5.35 lineage sampled at the region 1 (n = 12)
and region 9 (n = 2) locations (Figure 1) during Feb-
ruary 23-March 9, 2023. Omicron cluster 2 includes
15 viruses belonging to the BQ.1.1 lineage and closely
related BQ.1.1.67 lineage and was sampled in the re-
gion 5 (n = 3) and region 9 (n = 12) locations (Figure
1) during January 30-March 13, 2023. The presence
of 2 clusters spanning multiple locations separated
by >10 km is consistent with substantial deer-to-deer
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transmission of Omicron viruses. No BQ.1.1 or
XBB.1.5.35 viruses were observed in any other non-
human population outside this study on the basis of
the sequences available in GISAID.

Persistence of the Alpha Variant in WTD

Because B.1.1.7 viruses were reported previously in
WTD in Ohio, New York, Pennsylvania, and other
US states, as well as in mink in Europe (Poland and
Lithuania), we performed an expansive global analy-
sis including B.1.1.7 sequences from humans, deer,
and mink that were downloaded from GISAID. We
also included 17 additional B.1.1.7 sequences pro-
vided by the USDA from WTD in Pennsylvania,
which borders northeast Ohio. The maximum clade
credibility tree inferred from this dataset (Figure 3)
reveals that B.1.1.7 viruses repeatedly transmitted
from humans to WTD in New York (9 introductions),
Pennsylvania (6 introductions), Ohio (3 introduc-
tions), Massachusetts (1 introduction), Delaware (1
introduction), Illinois (1 introduction), and West Vir-
ginia (1 introduction). As expected, most suspected
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human-to-deer B.1.1.7 transmission events occurred
during spring 2021, when the Alpha variant was
peaking in humans in the United States. Nearly three
quarters of B.1.1.7 viruses in WTD were collected in
2021 (73.5%, n = 89/121). A small number of B.1.1.7
viruses were still found in WID during January 1-
March 31, 2022 (8.3%, n = 10/121). However, our
sampling in northeast Ohio in 2023 and USDA’s sam-
pling in Pennsylvania occurred a year later, during
October 2022-March 2023, and still found 3 clades of
B.1.1.7 viruses circulating in WTD in Ohio and Penn-
sylvania (Figure 3). Our sampling occurred ~1 year
after the virus was no longer identified in WTD in
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other states. A small number of B.1.1.7 viruses were
identified in humans in other US states during 2022~
2023 that were collected from a confirmed chronically
infected patient (strain identification no. hCoV-19/
USA/IL-RIPHL_120858_G/2022 from July 26, 2022
[A. Kittner, Chicago Department of Public Health,
pers. comm., email, 2024 Jan 1]) or a suspected chroni-
cally infected patient (strain identification no. hCoV-
19/USA/VA-VCUVAS3-WCCD884559/2023). We
found no other B.1.1.7 sequences in humans glob-
ally during 2022-2023, after excluding sequences on
GISAID that were determined to be mislabeled, as
verified by direct correspondence with the sequence

Figure 2. Maximume-likelihood
tree inferred for the complete
genome sequences of 31 SARS-
CoV-2 viruses collected from
white-tailed deer and a random
subsample of 1,000 SARS-
CoV-2 viruses collected from
humans from northeast Ohio,
November 1, 2022—-March 30,
2023. Branches are shaded
according to 3 categories of
Omicron viruses: red, BA.2-

like; orange, XBB.1.5-like; and
green, BA.5-like. Circles at

tips indicate the deer viruses
and are shaded according to
region: orange, R1; pink, R5;
and blue, R9. Two deer clusters
(Omicron cluster 1 and 2) are
labeled, along with the 2 single
deer singleton viruses. All branch
lengths are drawn to scale and
bootstrap values are provided for
key nodes. Scale bar represents
substitutions per site.
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Figure 3. Time-scaled maximum clade credibility tree of the Alpha variant of SARS-CoV-2 viruses circulating in WTD in northeast Ohio,
USA. The tree was inferred by using a host-specific local clock for the complete genome sequences of 362 SARS-CoV-2 clade B.1.1.7
viruses sampled December 29, 2020—-November 3, 2023. Branches are shaded by host: gray, human or mink; pink, WTD. Circles at tips
are shaded by location and source: blue, WTD from Ohio; green, WTD from Pennsylvania (2022—2023); pink, WTD from other states
(or Pennsylvania in 2021); white, mink (Lithuania and Poland); and gray, human (2022-2023). Deer transmission clusters are shaded
similarly and indicated by paired deer illustrations. Single-deer illustrations indicate singleton introductions into WTD. Singleton WTD
viruses are labeled, and a representative virus is provided for each WTD transmission cluster, with the number of additional viruses in
the cluster in parentheses. Posterior probabilities are provided for key nodes. WTD, white-tailed deer.
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submitters. Of note, the B.1.1.7 viruses collected in
deer are not closely related to the viruses sequenced
from chronically infected patients (or suspected
chronic infection) in Virginia or Illinois, suggesting
that deer did not acquire B.1.1.7 from the chronically
infected patients for which we have sequence data.
Most Pennsylvania deer B.1.1.7 viruses from
2022-2023 cluster separately from the Ohio deer
B.1.1.7 viruses collected in 2023 and represent inde-
pendent introductions from humans to WTD in Penn-
sylvania (Figure 3). However, 1 Pennsylvania virus
collected from WTD on November 27, 2022 (strain
identification no. SC2/WTD/Pennsylvania/23-
031606-129s/2022), clusters with the 5 B.1.1.7 Ohio
viruses collected in WTD 2 months later, forming a
distinct clade that appears to be a deer-to-deer trans-
mission cluster that spans Pennsylvania and Ohio.
The Pennsylvania virus was collected in a county sit-
uated in the northwest region of the state, bordering
northeast Ohio. The maximum clade credibility tree
estimates that the human-to-deer transmission event
that led to the Ohio/Pennsylvania deer transmission
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cluster occurred during October 26, 2021-July 23,
2022. We suspect transmission occurred closer to the
2021 end of this range, given that B.1.1.7 was more
prevalent in humans in 2021 than 2022. The maxi-
mum clade credibility tree also shows that the B.1.1.7
viruses found in WTD from northeast Ohio in 2023
are not closely related to the B.1.1.7 viruses that were
found in WTD from southern Ohio in 2021 from our
previous study (11) and represent a third indepen-
dent introduction of B.1.1.7 from humans into WTD
in Ohio. Whether B.1.1.7 was first introduced from
humans into WTD in Ohio and then spread to deer in
Pennsylvania, or vice versa, is difficult to determine
because of the long branch length and ~1-year time
gap between the estimated human-to-deer introduc-
tion and first detection of the cluster in deer. SARS-
CoV-2 detections in WID in Ohio were limited near
the end of 2022, and no sequences were recovered
from positive samples despite multiple attempts, con-
tributing to uncertainties around transmission and
persistence in deer. The most closely related human
virus was sampled in the District of Columbia, but

Figure 4. Mutations in the spike
glycoprotein of SARS-CoV-2
viruses circulating in white-tailed
deer in northeast Ohio, USA.
SARS-CoV-2 spike glycoprotein
structure obtained from the Protein
Data Base (identification no. 7jji;
https://www.rcsb.org). RBD and
NTD are labeled. Circles indicate
the location of mutations in the
SARS-CoV-2 clade B.1.1.7 viruses
collected from white-tailed deer

in Ohio and other US states: red,
L18F; orange, T22l; pink, A982S.
Mutation S12F (located in NTD) is
not shown because it is located at
the flexible N terminus, for which a
3D structure is not available.

NTD, N-terminal domain; RBD,
receptor-binding domain.
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the high mobility of humans and long lag time means
this data point does not inform our inference of the
location of human-to-deer transmission.

SARS-CoV-2 Mutations in Spike Protein in WTD

B.1.1.7 viruses in WTD accumulated mutations at
a rate that was >2-fold higher than in humans (Ap-
pendix Figure 1, panel A). Consistent with our prior
findings (11), the higher rate of evolution in WID is
not driven by a higher rate of nonsynonymous mu-
tations, which would be evidence of strong selective
pressures. Rather, both synonymous and nonsyn-
onymous mutations are accumulated at higher rates
(Appendix Figure 1, panels B, C). In particular, T>C
substitutions occur more often in deer than in hu-
mans (Appendix Figure 1, panels D, E). The presence
of multiple independently evolving WTD clusters of
B.1.1.7 provides an opportunity to look for recurring
mutations that could be adaptive to deer. We ob-
served recurring mutations in the N-terminal domain
of the spike protein (S12F, L18F, and T22I) (Figure 4)
that each occur independently in 2 different deer clus-
ters (Appendix Figures 1, 2). The L18F mutation was
observed in 2021 in WTD in New York and again in
2023 in Pennsylvania. L18F is associated with escape
from multiple N-terminal domain binding antibodies
in humans (30). The 2023 B.1.1.7 viruses from Penn-
sylvania also contain the A982S reversion mutation in
the spike protein. Although S982A was 1 of the char-
acteristic mutations of B.1.1.7, we observed the A982S
reversion in 12 samples (3 independent events).

Discussion

An apparent decrease in SARS-CoV-2 detections in
North America WTD after emergence of the Omi-
cron variant in humans in late 2021 led to specula-
tion that the highly mutated and human-adapted
Omicron variant could have reduced capacity to
infect other species. Instead, we found evidence in
northeast Ohio of extensive deer-to-deer transmis-
sion of >2 Omicron lineages (XBB.1.5.35 and BQ.1.1)
that each spread between 2 sampling sites separated
by interstate highways. An even more surprising
finding in our study was the detection of 5 Alpha
variant B.1.1.7 viruses in WTD in January 2023, more
than 1 year after the last detection of B.1.1.7 in hu-
mans in Ohio. Additional B.1.1.7 deer transmission
clusters were identified in Pennsylvania in late 2022,
as well as a cluster in WTID in a neighboring Penn-
sylvania county that is positioned with our Ohio
deer transmission cluster, emphasizing the impor-
tance of coordinated surveillance across state lines.
Together, those data support the capacity of WID
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to sustain Alpha variant transmission after the virus
disappeared in humans, even longer than previous-
ly reported in WTD in New York and our previous
study (4,11). The retention of SARS-CoV-2 lineages
no longer circulating in humans, evolving with an
increased mutation rate and accumulation of muta-
tions evading immunity, warrants further monitor-
ing of the persistence and evolution of SARS-CoV-2
in deer. SARS-CoV-2 evolution also provides a rare
opportunity to study pathogen emergence and early
adaptations in wildlife hosts, before the disease be-
comes widely established.

A recent report of SARS-CoV-2 spillover from
humans to farmed mink to WTD underscores the
virus’s high capacity for host-switching (A. Crespo-
Bellido, unpub. data). SARS-CoV-2 viruses were also
recently detected in a wide range of species in Virgin-
ia (31). Given the broad host range of SARS-CoV-2,
it is possible that the Alpha variant was maintained
by multiple host species before detection in WTD in
our study, including some that are not sampled, but
no detections in other species from this region were
reported (I). Active surveillance and serosurveys of
SARS-CoV-2 in a broad range of species are warrant-
ed, along with targeted studies in WTD. Experimen-
tal studies also are needed to determine the mode of
transmission (e.g., environmental, airborne) between
humans and deer and from deer to deer.

More questions than answers remain surround-
ing the human-animal interface for SARS-CoV-2. Cur-
rently, phylogenetic analyses do not suggest the SARS-
CoV-2 variants circulating in WTD in northeast Ohio
have transmitted back to humans or present a major
zoonotic risk, but suspected deer-to-human transmis-
sion has been documented in Ontario, Canada (8). If
SARS-CoV-2 becomes endemic in WTD, the virus
may persist with relatively few mutations over time.
However, it is also possible the virus could accumulate
functional mutations, leading to deer-adapted variants
with unknown spillover potential to other hosts. Evi-
dence of sustained transmission of the Alpha variant
in WTD, alongside more recent introductions of Omi-
cron lineages in WTD, highlights the need for contin-
ued surveillance to monitor the long-term dynamics of
SARS-CoV-2in WTD and the associated zoonotic risks.
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Transmission Dynamics and
Parameters for Pertussis
during School-Based Outbreak,
South Korea, 2024

U. Jin Cho,! Seonghui Cho,* Hyeokjin Lee, Seul-Ki Kang, Bryan Inho Kim,
Yukyung Nam, Chiara Achangwa, Jun-Sik Lim, Dong Han Lee,? Sukhyun Ryu?

We estimated the serial interval and superspreading po-
tential to quantify pertussis transmission dynamics in a
2024 school-based outbreak of a population in South Ko-
rea that had received a series of pertussis vaccinations.
We analyzed 48 cases of pertussis and reconstructed 36
transmission pairs. We then used maximum-likelihood
estimation to assess serial interval and offspring distribu-
tion from transmission pair data. We identified that the
mean serial interval was 9.5 (SD 1.6) days; 15% (95%
Cl 8%-23%) of cases seeded 80% of all transmissions
in this outbreak. Our findings suggest that pertussis was
highly transmissible in vaccinated children during this
outbreak. Rapid contact tracing and strict adherence to
public health measures are needed to reduce community
pertussis transmission.

ertussis, also known as whooping cough, is a

highly contagious respiratory infection caused by
Bordetella pertussis, a gram-negative bacterium (1,2).
B. pertussis, which is found only in humans, accumu-
lates in the respiratory tract and is mainly transmitted
through respiratory droplets (1,3). The distinguishing
clinical characteristic of pertussis is a cough that grad-
ually develops into a severe hacking cough, which
can persist for several weeks (1).

After immunization programs began in the 1940s,
the incidence of pertussis was reduced globally (2-4).
However, since the 1980s, a resurgence in pertussis
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D.H. Lee); The Catholic University of Korea, Seoul, South Korea
(S. Cho, Y. Nam, C. Achangwa, S. Ryu); Korea Disease Control
and Prevention Agency, Cheongju-si, South Korea (S.-K. Kang,
B.l. Kim); Korea University, Seoul (S.-K. Kang, Y. Nam);
National University of Singapore, Singapore (J.-S. Lim)
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cases has been observed in countries (2,4). In 2024,
the United States and Europe saw an increase in the
number of reported cases (5,6). Although East Asia,
including Taiwan, Singapore, and Japan, has not seen
an increased number of the cases in 2024 compared
to those of 2020-2023 (7), in South Korea, pertussis
cases have risen sharply, particularly among school-
age children (7,8). Pertussis vaccines are available,
including the DTaP (diphtheria, tetanus, and acellu-
lar pertussis) vaccine for children and the Tdap (teta-
nus, diphtheria, and acellular pertussis) vaccine for
adolescents and adults. Those vaccines are effective
in preventing severe pertussis, but recipients may
experience waning immunity acquired from the vac-
cination over time (9,10). In South Korea, pertussis
has been managed as a notified disease since 1954; a
national immunization program provides DTap vac-
cine at 2, 4, and 6 months of age; between 15 and 18
months of age; and between 4 and 6 years of age. Fur-
thermore, a booster dose of Tdap is recommended for
adolescents 11-12 of age in South Korea.

Identifying epidemiologic characteristics pro-
vides valuable information for public health practi-
tioners and the public. However, pertussis’s epide-
miology and transmission dynamics, including its
superspreading potential in a vaccinated population,
remain unclear. In March 2024, a pertussis outbreak
occurred in a boarding school in Busan, a city in
southeastern South Korea with a population of 3.2
million (11). The Korea Disease Control and Preven-
tion Agency (KDCA) implemented active case find-
ing under the test-trace-isolate strategy to control the
outbreak. In this study, we analyzed the case data
associated with this pertussis outbreak and explored

1These first authors contributed equally to this article.
2These authors were co—principal investigators.
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the epidemiologic characteristics and transmission
dynamics, including the superspreading potential of
pertussis from an outbreak that occurred in the school
setting. The Institutional Review Board of KDCA
waived ethics approval for this study (Institutional
Review Board no. KDCA-2024-09-06).

Methods

Epidemiologic Investigation

On April 17, 2024, the local education and public
health authority in Busan, including the Gyeongnam
Regional Center for Disease Control and Prevention,
initiated an epidemiologic investigation to identify
possible pertussis cases in the school, screening per-
sons who had been in any contact with the case-pa-
tient or had any respiratory illness. The public health
authority staff interviewed those persons to collect
information including demographics, symptom
onset date, exposure to the case-patient, and DTaP
vaccination history. When vaccination history was
unavailable through the interview, public health au-
thorities obtained it from the vaccine registry data-
base of the KDCA. We defined a case as illness in a
person who had confirmed B. pertussis by laboratory
PCR in accordance with KDCA guidelines (12). All
specimens from all suspected carriers were collected
with nasopharyngeal swabs and were tested using
a KDCA-approved commercial kit that targets gene
coding for an insertion element (IS481) and the per-
tussis toxin promoter (12). We defined controls as
persons at the school who tested negative by PCR
during the outbreak. We defined the first day of ill-
ness as the onset of coughing or cough-preceding
cold symptoms. We traced subsequent transmission
back to the case-patient on the basis of the epidemio-
logic investigation report. Then, using contact trac-
ing data and line lists, we established a transmis-
sion network (13). We determined the transmission
network by the timing of exposure of infector and
the symptom onset of infectee. When we could not
definitively determine transmission pairs based on
symptoms and exposure history alone, we investi-
gated shared environments, such as classroom and
dormitory interactions, to strengthen the epidemio-
logic link. Furthermore, we calculated the attack rate
as the proportion of persons confirmed as cases dur-
ing the outbreak out of the total number of persons
at risk for infection in the school.

As aresponse to this outbreak, case-patients were
required to stay home until they completed antimi-
crobial drug treatment. For the person in close contact
with the cases, additional pertussis vaccination and
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preventive drugs (e.g., macrolides) were recommend-
ed in accordance with KDCA guidelines. All persons
in the school were recommended to wear face masks
until June 24, 2024, when the KDCA declared the out-
break over.

Serial Interval

Serial interval is an essential epidemiologic param-
eter that describes the time delay between consecu-
tive generations of infected persons. We examined
cases with symptom onset dates and reconstructed
the transmission pairs by identifying the infector-
infectee pair from the established transmission net-
work. We computed the serial interval as the number
of days between the symptom onset of the infector
and the symptom onset of infectee. Then, we fitted 3
different parametric distributions (log-normal, gam-
ma, and Weibull), which are right-skewed continu-
ous probability distributions, using maximum-likeli-
hood estimation (14). We also opted for the best-fitted
distributions for serial intervals based on the Akaike
information criterion (AIC), in which lower values in-
dicate a better-fitted model. We compared the mean
serial intervals between 2 groups of infectors: those
vaccinated with DTaP within the previous 5 years
and those vaccinated >5 years ago. In addition, we
examined the differences in the mean serial intervals
between infectors who had received final vaccination
doses of 4-5 doses or 6 doses total. We performed
comparisons using the Student t-test.

Superspreading Potential

We generated the observed offspring distribution
by calculating the number of secondary cases. We
fitted the offspring distribution to negative bino-
mial distributions. Then, we presented the param-
eters, including the effective reproduction number
(R), which is the mean number of infected persons
resulting from an infector, and overdispersion (k),
which indicates the individual level of heterogene-
ity in transmission (15). We also compared the k
between the 2 infectors” groups (<5 years and >5
years from the vaccination). We examined the sta-
tistical significance of the difference using a boot-
strap method, resampling with replacement from
the fitted negative binomial models to construct
10,000 bootstrap samples (16). We then calculated
95% Cls from the 2.5th and 97.5th percentiles of
the resulting distribution of differences in k values.
Furthermore, we estimated the expected propor-
tion of cases responsible for 80% of the total sec-
ondary transmission using the estimated R, and k
obtained from this study (17,18).
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Waning of Tdap Effectiveness

In South Korea, after the fifth dose of DTaP in children
<7 years of age, a booster dose of Tdap with smaller
concentrations of pertussis antigens (19) is recom-
mended in children 11-12 years of age (20,21). We
assessed the waning of protection against pertussis
after the sixth dose of the pertussis vaccine (i.e., Tdap
vaccination) by comparing case-patients with con-
trols in this outbreak. To assess the effect of time since
vaccination (i.e., the number of years elapsed since
the sixth dose of vaccination) on the odds of acquir-
ing pertussis, we used logistic regression models (9).
We first modeled time since vaccination as an ordinal
categorical variable, assuming a structured trend (i.e.,
monotonic relationship) between the number of years
postvaccination and the odds of a positive pertussis
PCR test. Furthermore, to assess the validity of this
assumption and explore potential nonlinear trends in
waning immunity, we employed an unordered cat-
egorical model, estimating separate odds ratios for
each year following vaccination. By comparing the
results from these models, we assessed the appropri-
ateness of assuming a consistent trend in waning im-
munity over time. Furthermore, in the model, we in-
cluded covariates to adjust for sex. We performed all
statistical analyses in R version 4.4.1 (The R Project for
Statistical Computing, https:/ /www.r-project.org).

Results

Characteristics of the Study Population

This outbreak started on April 2, 2024, and lasted until
May 28, 2024. The overall attack rate in the study was
10.1% (48 cases/476 persons). Of the 48 case-patients,

34 (70.8%) were male and 14 (29.2%) female, and the
overall median age was 15 years (range 12-18 years)
(Table; Figure 1). There were 5 (10.4%), case-patients
who had received the fourth dose of the pertussis vac-
cine, 4 (8.3%) who had received the fifth dose, and 39
(81.3%) who had received the sixth dose. There were
43 (89.6%) symptomatic infections and 5 (10.4%)
asymptomatic cases (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/31/7/24-1643-App1.
pdf). The median delay between symptom onset
and laboratory confirmation was 6 days (interquar-
tile range 3.0-12.3 days).

Serial Interval

We identified 36 transmission pairs with a symptom
onset date for both infector and infectee (Figure 2;
Appendix Table 1). The Weibull distribution was the
best fit for the serial interval distribution, estimated
as a mean of 9.5 (95% CI 8.9-10.0) days; SD was 1.6
(95% CI 1.7-2.3) days (Figure 3; Appendix Table 2).
We could not identify significant differences in the se-
rial interval between the infector vaccinated within 5
years and those vaccinated >5 years ago, or between
infectors with final vaccination doses of 4-5 (p = 0.72)
and 6 (p = 0.69) (Appendix Figure).

Superspreading Potential

The overall R, estimated from the observed offspring
distribution and negative binomial distribution,
was 0.93 (95% CI 0.41-1.85), and k was 0.23 (95% CI
0.11-0.53) (Figure 4; Appendix Table 3). We identi-
fied k of 0.44 (95% CI0.12-10.27) for persons who had
the latest vaccination doses <5 years and 0.38 (95%
CI 0.11-6.00) for those who had the latest dose >5

Table. Demographic characteristics of confirmed pertussis cases and controls in a boarding school in Busan, South Korea, 2024

Characteristic Total No. cases (%) No. controls (%) p value*
Overall 400 48 (12) 352 (88)
Sex 0.69
M 269 34 (70.83) 235 (66.76)
F 131 14 (29.17) 117 (33.24)
Age group, y 0.43
12-15 134 19 (39.58) 115 (32.67)
16-18 266 29 (60.42) 237 (67.33)
Most recent vaccination 0.36
1st dose 5 0 5(1.42)
3rd dose 1 0 1(0.28)
4th dose 31 5 (10.42) 26 (7.39)
5th dose 39 4 (8.33) 35 (9.94)
6th dose 321 39 (81.25) 282 (80.11)
Unavailablet 3 0 3(0.85)
Years since last vaccination 0.18
0-4 228 26 (54.17) 202 (57.39)
5-9 138 20 (41.67) 118 (33.52)
10-15 31 2(4.17) 29 (8.24)
Not available 3 0 3(0.85)

*Calculated by y? test, Mann-Whitney U test, or Student t-test, where appropriate.
tVaccine history could not be obtained either from the persons or from the vaccine registry database of the Korea Disease Control and Prevention Agency.
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years previously (Appendix Table 4). The difference
in k between the 2 groups was not statistically signifi-
cant; bootstrap 95% CI for the difference was —0.11 to
0.24. We estimated that 15.4% (95% CI 8.0%-22.8%) of
cases were responsible for 80% of all transmission in
this outbreak.

Waning of Tdap Effectiveness

In the ordered and unordered categorical model for
the time since vaccination, the odds ratio (OR) of ac-
quiring pertussis fluctuated across the years. In the
ordered model, OR was 0.39-4.72, and in the unor-
dered model, OR was 0.36-3.98. Results for both
models had wide Cls and were not statistically sig-
nificant (Appendix Table 5).

Discussion
Countries in which a large portion of the population
has received a series of pertussis vaccines have report-
ed increased cases since late 2023. In our study, we
identified the transmission characteristics of pertus-
sis, including its serial interval and superspreading
potential, using contact tracing data in South Korea.
The serial interval is an important factor in deter-
mining infectious disease control that is directly cor-
related with the infection spread rate throughout the
community (22,23). We found that the gamma distri-
bution had a similar mean serial interval with compa-
rable AIC values to the Weibull distribution (Appen-
dix Table 2), which indicated that our serial interval
estimate is reliable and that both gamma and Weibull
distributions are plausible models for our serial inter-
val data. Previous studies in the United Kingdom, be-
fore pertussis vaccine was introduced, demonstrated
that the median serial interval was 7 (range 4-56) days
(24); another study in the Netherlands demonstrated
the mean was 23 (95% CI 22-24) days (25). Our mean
serial interval of 9.5 days is smaller than that deter-
mined in previous research (25), probably because of
differing case definitions; the earlier study accounted
for only cases with persistent coughing for >2 weeks.
However, because most pertussis cases in South Ko-
rea seek care for mild respiratory illness (48%) and
atypical cough (i.e.,, 4% had whooping cough, and
10% had night cough and paroxysmal cough) symp-
toms (8), we defined illness in any person with respi-
ratory illness who had contact with a person with a
positive PCR test result as a case. We also found that
there was no significant difference in serial intervals
according to the postvaccination time of infectors
(i-e., 5 years before and after vaccination). Additional
study is needed to determine whether the serial inter-
val varies across settings, such as in households.
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Figure 1. Epidemic curve of daily cases, by symptom onset and
number of vaccine doses received, in outbreak of pertussis in a
boarding school, Busan, South Korea. Asymptomatic cases

(n = 5) were excluded.

Regarding superspreading potential, a previous
modeling study demonstrated that irregular pertussis
epidemics may arise because of stochasticity and non-
linearity in transmission (26). Our k suggests that per-
tussis transmission is highly overdispersed; hence, this
pertussis outbreak had substantial potential for super-
spreading events. The k in our study was comparable
to other outbreaks of respiratory viruses in South Ko-
rea: 0.26 for Middle East respiratory syndrome corona-
virus (27) and 0.10 for the SARS-CoV-2 Omicron vari-
ant (28). Therefore, enforcing monitoring and physical
distancing in high-risk settings and promptly identify-
ing and isolating cases should be the main strategies
for controlling pertussis outbreaks.

Biologic and behavioral factors are known driv-
ers of superspreading events of infectious diseases.

Figure 2. Transmission network of persons who received 4th,
5th, and 6th doses of the DTaP (diphtheria, tetanus, and acellular
pertussis) vaccine in outbreak of pertussis in a boarding school,
Busan, South Korea. The person with no epidemiologic link was
the case-patient identified through laboratory confirmation who
had no known contact with another case.
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Figure 3. Estimated serial interval distribution associated with
pertussis outbreak in a boarding school, Busan, South Korea.
We fitted 36 infector—infectee pairs to a Weibull, gamma, and log-
normal distribution. Bars indicate frequency of the serial interval;
lines indicate the estimated distribution.

In other words, the superspreading potential of an
infector could be associated with the infectiousness
of the infector and the number of contacts made by
the infector (29). In this study, we identified that the
k values were not significantly different between the
persons vaccinated within 5 years and those vacci-
nated >5 years earlier. A previous study indicated
that protection against pertussis wanes 5 years after
the fifth dose of DTaP (9). Therefore, the number of
contacts made by the case-patients could play a ma-
jor role in increasing the risk for infection (i.e., in-
creasing superspreading potential in this outbreak).

Figure 4. Estimated offspring distribution of cases associated with
pertussis outbreak in a boarding school, Busan, South Korea. The
offspring distribution is fitted to a negative binomial distribution
using effective reproduction number = 0.93 and overdispersion
k=0.23.
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However, because we were not able to quantify the
exact number of contacts made per case, additional
research with more detailed contact tracing data are
warranted on how the number of contacts affects the
superspreading events.

Waning immunity after acellular pertussis vacci-
nation in children is known as a contributing factor
to community pertussis transmission (9,30). Previous
studies demonstrated a decline in immunity against
pertussis beginning in the fourth year postvaccina-
tion (10); the protection against pertussis waned after
the fifth dose of DTaP (9). However, the duration of
protection after the sixth dose (i.e., Tdap vaccination),
which was recommended between 11-12 years of age
in South Korea, remains unclear (2). In this study, we
could not identify a statistically significant trend of
the estimated OR of acquiring pertussis infection per
additional year after the sixth dose of vaccination. The
likely reason for that finding is the limited sample size
and variability in waning immunity and human be-
havior for the infection (i.e., biologic and behavioral
factors) by persons over time. The age group most af-
fected by pertussis in South Korea in 2024 was 13-14
years of age, with 25% overall incidence of pertussis,
followed by 15-16 years (19% incidence), and 17-18
years (9%) (31); the highest vaccination coverage rate
(83%) was in the 11-12 years age group. Study of the
waning effectiveness of protection after the sixth dose
of vaccination in a large sample size, with a detailed
matrix of contact between infectors and infectees,
would clarify our interpretations.

The overall attack rate in this study (10.1%) was
larger than that of the previous outbreak (0.8%) in a
South Korea school setting in 2017 (32). The increased
attack rate in our study is likely a result of the dif-
ferent school settings (i.e., more physical activity in
a sports boarding school). Furthermore, decreased
immunity acquired from the reduced probability
of being exposed to natural infection of pertussis
in previous years (i.e., period of public health so-
cial measures implemented during the COVID-19
pandemic) is likely to affect the differences. There-
fore, the recent increase in pertussis cases in many
countries including South Korea may appear so be-
cause of fewer opportunities to become infected dur-
ing the COVID-19 pandemic.

In 2023, South Korea immunization guidelines
recommended either a Td or Tdap booster vaccina-
tion every 10 years for adults. However, this recom-
mendation has not been fully incorporated into the
National Immunization Program (7). Additional
nationwide surveillance to support seroprevalence
studies across different age groups could determine
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the exact burden of pertussis in South Korea and an
effective booster administration schedule (2). Further-
more, developing new pertussis-containing vaccines
that provide long-lasting immunity would reduce the
burden of pertussis (2,7,9).

Our study estimated the serial interval and
superspreading potential among persons who re-
ceived a sixth dose of the pertussis vaccine in South
Korea. One limitation of our work is that, although
PCR is a sensitive and widely used diagnostic
method for identifying B. pertussis infection, it can
lead to false positives from other co-circulating
respiratory pathogens (33). False positives could
overestimate our results, including the attack rate
and superspreading potential. Second, we based
our serial interval estimates on self-reported data,
which are not free from reporting (i.e., recall) bias,
which could lead to either underestimation or over-
estimation of serial interval depending on the ac-
curacy of symptom onset reporting. Third, natural
immunity, acquired from previous B. pertussis in-
fection, could introduce bias into our results (2).
Persons with previous infection, in combination
with vaccination, may exhibit different immunity
profiles and transmission potential than those who
only had vaccination without prior infection (34).
The combination could affect our result of super-
spreading potential estimates and the vaccine effec-
tiveness. Fourth, some cases may have been incor-
rectly attributed to clusters when the true infection
source was elsewhere, which could affect our se-
rial interval estimates and offspring distribution
analysis. Fifth, our mean confirmation delay (i.e.,
the period between symptom onset and case confir-
mation) was 8 days; the delay with rapid isolation
of suspected cases could shorten the serial interval
by truncating the infectious period. Thus, the se-
rial interval in our result may be underestimated.
Sixth, we did not account for potential confounding
factors, such as underlying conditions, which could
modify the viral shedding dynamics and affect
our results for attack rate and superspreading po-
tential. Last, we could not examine the household
secondary attack rate because we could not obtain
the information for household composition of the
case-patients and their household contacts. Further
study is warranted to gain a more comprehensive
understanding of pertussis transmission dynamics.

In conclusion, our study reveals the superspread-
ing potential of pertussis among vaccinated children.
Strict adherence to personal preventive measures,
rapid case tracing, and isolation are essential to re-
duce community transmission of pertussis.
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Estimation of Incubation Period for
Oropouche Virus Disease among
Travel-Associated Cases,
2024—-2025

Sarah Anne J. Guagliardo, Stacey Martin, Carolyn V. Gould, Rebekah Sutter, Daniel Jacobs,
Kevin O’Laughlin, Ralph Huits, Concetta Castilletti, J. Erin Staples; GeoSentinel Network Collaborators?

Determining the incubation period of Oropouche virus dis-
ease can inform clinical and public health practice. We an-
alyzed data from 97 travel-associated cases identified by
the Centers for Disease Control and Prevention (n = 74) or
the GeoSentinel Network (n = 13) and 10 cases from pub-
lished literature. Using log-normal interval-censored sur-
vival analysis, we estimated the median incubation period
to be 3.2 (95% CI 2.5-3.9) days. Symptoms developed
by 1.1 (95% CI 0.6-1.5) days for 5% of patients, 9.7 (95%
Cl 6.9-12.5) days for 95% of patients, and 15.4 (95% CI
9.6—21.3) days for 99% of patients. The estimated incuba-
tion period range of 1-10 days can be used to assess tim-
ing and potential source of exposure in patients with Oro-
pouche symptoms. For patients with symptom onset >2
weeks after return from travel, clinicians and public health
responders should consider the possibility of local vector-
borne transmission or alternative modes of transmission.

ropouche virus disease (Oropouche) is caused

by infection with Oropouche virus (OROV; ge-
nus Orthobunyavirus, Simbu serogroup). In late 2023, a
large outbreak of Oropouche originated in the Brazil-
ian Amazon, later expanding into endemic and nonen-
demic regions in the Americas, and >16,000 cases were
reported by the end of 2024 (1). Since 2023, >140 cases
have been identified in travelers returning to Europe
and North America, predominantly from Cuba (2).

Clinical manifestations of Oropouche are simi-
lar to those of other vectorborne diseases, such as
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dengue, Zika, and chikungunya, and are character-
ized by acute onset of fever, headache, myalgia, fa-
tigue, chills, and arthralgia (3). Other symptoms can
include diarrhea, nausea, vomiting, maculopapular
rash, abdominal pain, retroorbital pain, back pain,
and photophobia (4). Although most Oropouche
cases are mild, severe disease and death have been
reported (5). Severe manifestations of illness include
hemorrhagic symptoms (e.g., gingival bleeding, me-
lena, and menorrhagia), neurologic symptoms (e.g.,
meningitis, meningoencephalitis, Guillain-Barré syn-
drome), and adverse pregnancy outcomes (6-9).

OROV is primarily transmitted to humans
through the bites of infected biting midges (Culicoi-
des paraensis) and possibly certain mosquito species,
such as Culex quinquefasciatus. Other observed trans-
mission modes have included accidental inoculation
via oral and respiratory routes in a laboratory setting
(10). Oropouche viral RNA was recently detected in
the semen of 2 travelers returning to Europe from
Cuba, raising questions about the possibility of sexual
transmission, although that mode of transmission has
not yet been confirmed (11,12). Congenital transmis-
sion is also suspected because of reported maternal
infections during pregnancy that resulted in birth de-
fects and laboratory evidence of OROV infection in
those infants (9).

The incubation period for Oropouche was previ-
ously estimated to range from 3 to 10 days, but that
estimate was based on just 2 cases (3,6,10). Having a
more precise estimation of the incubation period can
help clinicians form a differential diagnosis on the
basis of timing of potential exposures and help pub-
lic health officials distinguish between travel-associ-
ated cases and local transmission. We estimated the

Members are listed at the end of this article.
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Oropouche incubation period using data from infect-
ed travelers returning to nonendemic areas.

Methods

Data Sources

We used 3 data sources: the laboratory database of
OROV testing conducted during 2024-2025 through
the Centers for Disease Control and Prevention (CDC)
Arboviral Diseases Branch (Division of Vector-borne
Diseases, National Center for Emerging and Zoonotic
Infectious Diseases); the GeoSentinel Network data-
base (https://geosentinel.org) of patients identified
with Oropouche during 2024; and a PubMed search
of the literature through March 15, 2025, using the
search terms “Oropouche” or “Oropuche” (Figure 1).
At CDC, suspected cases were tested by real-time re-
verse transcription PCR (rRT-PCR) or 90% plaque re-
duction neutralization test, depending on the timing
of specimen collection relative to symptom onset (16).
The GeoSentinel Network, a collaboration between
CDC and the International Society of Travel Medicine,
is a global surveillance system for illnesses affecting
international travelers currently comprised of =70
clinical sites in 30 countries. Patients identified and
tested through the GeoSentinel Network were tested
for evidence of OROV infection by rRT-PCR or IgG
and IgM serology. For each case-patient, we extract-
ed basic demographic data (age and sex), symptom
onset date, travel dates, and whether the patient was
hospitalized. Patients self-reported symptom onset
date and travel dates. We ensured no overlap among
patients identified through those sources by verifying
that demographic data and travel dates were unique.

Case Classification and Inclusion Criteria

We included probable and confirmed cases of Oro-
pouche. We defined a probable case as a patient with
a known epidemiologic link whose blood or cerebro-
spinal fluid sample tested positive for OROV-specific
IgM or neutralizing antibodies. We defined a con-
firmed case as a patient with a known epidemiologic
link whose sample was OROV-positive by rRT-PCR,
had a >4-fold change in neutralizing antibody titers
in paired serum samples, or was positive for IgM in
blood or cerebrospinal fluid with confirmatory virus-
specific neutralizing antibodies. We only included
symptomatic patients that had complete informa-
tion about travel destinations, departure and return
dates, and symptom onset date. We considered any of
the symptoms included in the suspected case defini-
tion (e.g., fever, chills, headache, myalgia, arthralgia,
retro-orbital pain, or generalized rash) to denote the
onset of symptoms, as self-reported by patients.

Statistical Analysis

We conducted descriptive statistics on patient de-
mographics (age and sex) and travel characteristics
(travel duration and location). We used paramet-
ric interval-censored survival modeling to estimate
the incubation period distribution (17,18). We de-
termined the exposure period by using the dates of
travel relative to the timing of illness onset. Specifi-
cally, for patients whose symptoms developed after
travel, we considered the exposure period to be the
duration of travel, and for patients whose symptoms
developed during travel, we considered the exposure
period to be from the beginning of travel through the
illness onset date (Figure 2) (17,18).

Figure 1. Flowchart of data sources and 97 cases included in an estimation of incubation period for Oropouche virus disease among
travel-associated cases, 2024—-2025. The study included patients who developed symptoms and had positive test results for Oropouche
in the laboratory database of the CDC Arboviral Diseases Branch (Division of Vector-borne Diseases, National Center for Emerging and
Zoonotic Infectious Diseases), through GeoSentinel (https://geosentinel.org), or in reports available on PubMed as of March 15, 2025.
We excluded patients without complete travel data. *(6,11,13-15). CDC, Centers for Disease Control and Prevention.
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Figure 2. Time of exposure
relative to symptom onset in an
estimation of incubation period
for Oropouche virus disease
among 97 probable and
confirmed travel-associated
cases, 2024-2025. Each
horizontal line corresponds to
an individual patient’s exposure
time. The vertical black line
represents symptom onset.
The horizontal lines represent
the exposure durations before
(dark blue) and after (light blue)
symptom onset. Observations
are ordered by duration of
travel, and long travel durations
are truncated from the graph
for ease of interpretation. The
black triangle represents the
median incubation period for
probable and confirmed cases;
the white triangle represents
the 95th quantile.

We fitted probability distributions (Weibull, log-
normal, and Gamma) to the data by using the dic.fit
function in the coarseDataTools package in R (The
R Project for Statistical Computing, https://www.r-
project.org) and selected the best-fitting distribution
using the Akaike information criterion (17,18). We
calculated cumulative distribution functions and as-
sociated 95% Cls, along with means, medians, and
5th, 95th, and 99th quantiles. We also evaluated
whether estimated incubation period varied by age,
sex, and hospitalization status by fitting paramet-
ric log-normal models for each covariate using the
survreg procedure in the survival package in R.

The initial analysis included all patients that met
inclusion criteria. To provide a more precise estimate
of incubation periods, we also performed an analy-
sis on a subset of patients meeting the case definition
for confirmed Oropouche and who had <14 days of
travel. Last, we analyzed a subset of cases detected
in 2024-2025 to examine if the current viral strain af-
fected the incubation period estimates.

Ethics Considerations

This activity was reviewed by CDC, was deemed not
research, and was conducted consistent with applica-
ble federal law and CDC policy (project no. 0900f3eb-
824f7cc8). Applicable federal laws include 45 C.F.R.
part 46.102(1) (2), 21 C.E.R. part 56; 42 U.S.C. Sect.
241(d); 5 U.S.C. Sect. 552a; 44 U.S.C. Sect. 3501 et seq.
A human subjects advisor at CDC’s National Cen-
ter for Emerging and Zoonotic Infectious Diseases
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reviewed the GeoSentinel surveillance data collec-
tion protocol and classified it as public health surveil-
lance and not human subjects research (project no.
0900£3eb81bc3a03). Additional ethics clearance was
obtained by GeoSentinel sites, as required by their re-
spective institutions.

Results

In total, 97 cases met the inclusion criteria, consisting
of 74 cases identified on the basis of testing conducted
at CDC, 13 reported to GeoSentinel, and 10 identified
in the peer-reviewed literature (Figure 1). The symp-
tom onset dates ranged from October 2010 to Janu-
ary 2025, and 98% (n = 95) of cases occurred during
2024-2025.

Most (96%, n = 93) patients were adults >19 years
of age; 54 (56%) were female and 43 (44%) were male
(Table 1). More than half (57%, n = 55) of patients had
initial symptoms develop during travel, and the me-
dian exposure period was 7 days (interquartile range
[IQR] 6.0-14.0 days; range 2-135 days) (Figure 2). The
most common travel location was Cuba, as reported
by 97% (n = 94) of patients. The demographic char-
acteristics of the confirmed and probable cases com-
pared with confirmed cases with <14 days of travel
were similar (Table 1). Compared with cases identi-
fied through GeoSentinel and published literature,
patients whose samples were tested at CDC were
older (median age 51 years for cases tested at CDC
vs. 30 years for cases identified elsewhere; p<0.0001),
less likely to have been hospitalized (16% vs. 40%;
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Table 1. Characteristics of probable and confirmed cases used in
an estimation of incubation period for Oropouche virus disease
among travel-associated cases, 2024—2025*

Probable and

Characteristics confirmed, n =97 Confirmed, n = 40t
Age group, y
0-19 4(4.1) 1(2.5)
20-39 32 (33.0) 12 (30.0)
40-59 41 (42.3) 21 (52.5)
>60 20 (20.6) 6 (15.0)
Missing 0 0
Sex
F 54 (55.7) 22 (55.0)
M 43 (44.3) 18 (45.0)
Missing 0 0
Hospitalized
N 72 (78.3) 32 (80.0)
\% 20 (21.7) 8 (20.0)
Missing 5 0
Travel duration, d
<7 21 (21.6) 11 (27.5)
7-13 38 (39.2) 25 (62.5)
14-20 17 (17.5) 4 (10.0)%
21-27 8(8.2) NA
>28 13 (13.4) NA
Missing 0 0
Onset during travel
N 42 (43.3) 22 (55.0)
Y 55 (56.7) 18 (45.0)
M 0 0
Exposure period, d
Mean 13.6 7.3
Median (IQR) 7 (6.0-14.0) 7 (6-9)
Range 2-135 2-14

*Values are no. (%) except as indicated. NA, not applicable.
tTraveled <14 days.
fTraveled for 14 days.

p = 0.041), and had shorter exposure periods (me-
dian 7 days vs. 14 days; p<0.0001) (Appendix Table
1, hittps://wwwnc.cdc.gov/EID/article/31/7/25-
0468-Appl.pdf).

The log-normal distribution was the best fit
for all case sets (Appendix Table 2). For probable
and confirmed cases (n = 97), the estimated me-
dian incubation period was 3.2 (95% CI 2.5-3.9)
days (Table 2). We estimated symptoms developed
within 1.1 (95% CI 0.6-1.5) days for 5% of patients
and within 9.7 (95% CI 6.9-12.5) days for 95% of
patients. We estimated that most (88%) patients’
symptoms developed within 7 days (Figure 3). Our

Table 2. Parameters and quantiles of log-normal distribution in
an estimation of incubation period for Oropouche virus disease
among 97 probable and confirmed travel-associated cases,
2024-2025

Parameter and quantile

Estimate (95% CI)

Location parameter, U 3.2 (2.6-4.0)
Dispersion parameter, o 2.0 (1.6-2.3)
Quantile
5th 1.1 (0.6-1.5)
50th 3.2 (2.5-3.9)
95th 9.7 (6.9-12.5)
99th 15.4 (9.6-21.3)
1340

estimates show that almost all (99%) patients had
symptoms develop by 15.4 (95% CI 9.6-21.3) days.
The estimated median incubation period for con-
firmed cases only was similar at 3.1 (95% CI 2.1-4.0)
days, and 95% of confirmed cases had symptoms
develop within 9.3 (95% CI 5.4-13.2) days (Appen-
dix Table 3). Estimated incubation periods did not
differ substantially by age, sex, hospitalization sta-
tus, or when we excluded the 2 cases that occurred
before 2024 (Appendix Tables 3, 4).

Discussion

In this analysis of travel-associated Oropouche cases,
we estimated the median incubation period to be 3-4
days, with a range of 1 day (5% of cases) to 10 days
(95% of cases). We estimated symptoms developed
within 3 days of exposure for 50% of patients and
within 15 days for 99% of patients.

Globally, most travel-associated Oropouche
cases during the 2024 outbreak were among persons
returning from Cuba to the United States, and the
data used in this analysis reflect that pattern (2,19).
Before 2024, OROV transmission was not suspected
in Cuba, and the population likely had no immunity.
By the end of 2024, Cuba had 24,259 suspected cases,
of which 626 were confirmed cases (20), suggesting
high levels of transmission and increased likelihood
of repetitive exposure among visitors to Cuba. Com-
pared with travelers to other areas, the estimated in-
cubation period might have been shorter for US trav-
elers to Cuba because they traveled to an area with an
active outbreak and likely were exposed, potentially
repeatedly, soon after arrival. Going forward, addi-
tional data from travelers to other geographic areas
can be incorporated to improve the representative-
ness and precision of the estimate of this Oropouche
incubation period.

Prior estimates for the range of the incubation pe-
riod of Oropouche have included 3-8 days, 4-8 days,
and 3-10 days (3,21,22). Our estimate of 1-10 days
has a wider overall range than prior estimates, noting
symptom onset can occur within 1 day of exposure
for 5% of patients. The previous lower estimate of 3
days was based on the symptom onset in a labora-
tory worker who was exposed orally, and the previ-
ous upper estimate of 10 days was documented in a
traveler from Brazil who returned to a nonendemic
area after visiting the Amazon region (6,10). The in-
cubation period of 4-8 days was based on an assess-
ment of historical outbreaks in the Brazilian Amazon
in the 1960s and 1970s but could not be determined
with precision because the exact timing of exposure
was unknown for cases in or near endemic areas (10).

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 7, July 2025
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Figure 3. Estimated cumulative
distribution of incubation period for
Oropouche virus disease among
97 probable and confirmed travel-
associated cases, 2024-2025.
Solid blue line represents the
estimated log-normal cumulative
distribution function; shaded

area represents 95% CI. Dashed
lines correspond to the 50th

and 99th quantiles, in addition

to the proportion of patients that
experienced symptoms within

1 week (88th quantile). The

solid horizontal lines at bottom
represent the 95% Cls for

the quantiles.

However, evidence suggests that the current viral
reassortant replicates faster than the prototype strain,
possibly impacting incubation period for infections
associated with recent outbreaks (23).

In clinical settings, providers should take a thor-
ough history to determine the timing of the patient’s
initial symptom onset because relapse of symptoms
has been described in up to 70% of Oropouche pa-
tients (24). Suspicion for Oropouche should be
heightened when a patient has a compatible illness
within 10 days of returning from an area with active
virus transmission. Clinicians should also consider
the patient’s underlying immunocompetence, which
has been shown to affect incubation period in other
arboviral infections, such as West Nile virus (25).
However, no data are available on the effect of immu-
nosuppression on the Oropouche incubation period.
For most patients with clinically compatible illness >2
weeks after return from travel, alternative diagnoses
should be considered. If the patient has laboratory
evidence of OROV infection, clinicians should evalu-
ate the possibility of local vectorborne transmission
or alternative transmission modes.

Although Oropouche is clinically similar to oth-
er arboviral diseases, the median incubation period
estimated from this analysis (3-4 days; range 1-10
days) is shorter than those for dengue (5-7 days;
range 3-10 days), chikungunya (3-7 days; range
1-12 days), and Zika (6-7 days; range 3-14 days)
(17,26,27). However, because the estimated ranges of
those incubation periods overlap, clinicians should
consider potential exposures and other clinical and
epidemiologic information when deciding on testing
and differential diagnosis.

Knowing the Oropouche incubation period can
help direct case investigations and public health
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response to outbreaks. For example, when OROV
infection is confirmed in a traveler >2 weeks after re-
turning to a nonendemic area, public health authori-
ties should consider the possibility of local vector-
borne transmission, provided competent vectors are
present and seasonality is appropriate, or alterna-
tive modes of transmission. Although sexual trans-
mission of OROV has not yet been documented,
identification of culturable virus on a day 16 semen
sample indicates sexual transmission could occur
and should be investigated (11). Accurate incubation
periods can also help develop criteria for determin-
ing the end of an outbreak. A commonly used cri-
terion is twice the longest estimated incubation pe-
riod without observing any new cases since the last
transmission event (28). On the basis of the upper
limit of the extrinsic incubation period in the vector
Cu. paraensis midge (8 days) and the upper limit of
our estimate of intrinsic incubation (95th quantile of
10 days), a period up to 5 weeks (=18 days x 2) with
no new cases in an area under adequate epidemio-
logic surveillance could be used to declare the end of
an outbreak (29).

The first limitation of this study is that the clini-
cally apparent cases included in this analysis poten-
tially biased our results toward shorter incubation
periods compared with cases of mild disease. Second,
our estimates were based on data from infected trav-
elers, who might have different underlying demo-
graphic and medical characteristics compared with
nontravelers. Third, our dataset was relatively small,
resulting in estimates with less certainty for the up-
per end of the log-normal distribution (95th and 99th
quantiles). Not unexpectedly, 1 extreme observation
in our dataset had an exposure window that ended
>15 days (99th quantile) before symptom onset.
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Unusually long lapses between the end of an expo-
sure period and symptom onset could be explained
by recall bias because travel duration and symptom
onset dates were self-reported by patients. Fourth,
data for this project were derived from distinct sourc-
es, so event data (e.g., symptom onset) might have
been collected differently, impacting the precision of
our estimates. Finally, we considered exposures to
be vectorborne for cases included in the analysis, but
patients with alternative exposures might also have
been included in the dataset.

In conclusion, our results indicate that 50% of
travelers infected with OROV will develop symp-
toms within 3-4 days of exposure and 99% will
develop symptoms within 15 days. Clinicians and
public health responders should evaluate the pos-
sibility of alternative modes of transmission (e.g.,
sexual transmission) or local vectorborne transmis-
sion for travelers with Oropouche who have symp-
toms develop >2 weeks after return from travel.
Our estimate of the distribution of the Oropouche
incubation period will help clinicians and pub-
lic health officials develop a differential diagnosis
based on the timing of travel-related exposures and
inform prevention and control measures.
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Spatiotemporal Distribution and
Clinical Characteristics of Zoonotic
Tuberculosis, Spain, 2018—-2022

Alvaro Roy, Diana Gémez-Barroso, Elena Cruz-Ferro, Ana Fernandez, Isabel Martinez-Pino,
Maria del Henar Marcos, Isabel Urstua-Diaz, Susana Miras, Nuria Echave, Evi Ounarou,
Beatriz Romero, Laura Herrera-Leon,! Zaida Herrador,* Study Group on Zoonotic Tuberculosis?

Zoonotic tuberculosis (zTB) is a communicable disease
that has major effects on both human and animal health.
Spain reports the highest number of zZTB cases in humans
annually in the European Union. We describe the epidemi-
ology of human cases of zTB caused by Mycobacterium
bovis and M. caprae in Spain during 2018-2022. The in-
cidence of M. bovis infection compared with M. tuberculo-
sis infection was higher in patients who were native-born

uberculosis (TB) in humans is caused by myco-

bacterial species of Mycobacterium tuberculosis
complex (MTBC), mainly M. tuberculosis. Zoonotic TB
(zTB) is a form of human TB caused by closely related
species of mycobacteria, such as M. bovis and M. cap-
rae, that are normally isolated from domestic or wild
mammals, their natural hosts (1). M. bovis is the sec-
ond most common cause of TB in humans and was
estimated to be responsible for ~1.4% of human TB
cases worldwide (2). Cattle are the main reservoir of
M. bovis, known as bovine TB, but M. bovis also causes
TB in other animal species, including wildlife (1). M.
caprae also has a notable importance in ZIB incidence
in Spain (3); it is the main causal agent of TB in goats
and has also been reported in domestic and wild ani-
mals (4). It differs from M. bovis in that it is evolution-
arily older and that most of the reported human cases
are mainly concentrated in a few countries in central
and southern Europe (5).

(adjusted odds ratio [aOR] 2.32, 95% CI 1.44-3.82), HIV-
negative (aOR 3.39, 95% CI 1.24-14.0), or had extrapul-
monary forms of TB (aOR 2.20, 95% CI 1.46-3.28). The
spatial pattern differed by M. tuberculosis complex species;
we identified 3 significant clusters of M. bovis and 1 of M.
caprae in bovine TB—free regions. Our results show the im-
portance of including animal and human data on circulating
zoonotic pathogens under the One Health umbrella.

Transmission of the agents of ZTB to humans is
mainly indirect and usually occurs through consump-
tion of contaminated milk and other dairy products
that have not been subjected to sanitization processes.
More rarely, it may result from consuming contami-
nated raw or undercooked meat. Cases of direct air-
borne transmission from animals or animal products
to humans, as well as person-to-person transmission,
have also been reported (6,7). Current molecular
techniques suggest potential airborne transmission
between animals and humans, until recently unclear
and debatable (8); this possibility is particularly im-
portant in professions with a higher risk for exposure,
such as farmers, veterinarians, hunters, or slaughter-
house workers (9).

The implications of zZTB go beyond human health;
it also causes losses to the livestock sector through re-
duced meat and milk production and slaughter of in-
fected animals and movement restrictions, and losses

Author affiliations: Instituto de Salud Carlos Ill, Madrid, Spain

(A. Roy, D. Gémez-Barroso, N. Echave, L. Herrera-Ledn,

Z. Herrador); CIBER in Epidemiology and Public Health, Madrid
(D. Gémez-Barroso, I. Martinez-Pino, L. Herrera-Ledn,

Z. Herrador); Consejeria de Sanidad Xunta de Galicia, Santiago
de Compostela, Spain (E. Cruz-Ferro, |. Urstia-Diaz, S. Miras);
Consejeria de Salud y Servicios Sanitarios Gobierno del
Principado de Asturias, Oviedo, Spain (A. Fernandez); Consejeria
de Sanidad Junta de Castilla y Ledn, Valladolid, Spain

1344

(I. Martinez-Pino, M.H. Marcos); Aristotle University of
Thessaloniki, Thessaloniki, Greece (E. Ounarou); VISAVET
Health Surveillance Centre, Madrid (B. Romero); Complutense
University of Madrid Faculty of Veterinary Medicine, Madrid

(B. Romero)

DOI: https://doi.org/10.3201/eid3107.250031

1These authors were co—principal investigators.
2Members of the group are listed at the end of this article.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 7, July 2025



to the state through the costs of eradication programs
(10). Although infection in cattle herds appears to be
under control in most high-income countries through
bovine TB eradication programs, complete elimina-
tion of the disease is complicated by the limitations
of diagnostic tests and the maintenance of infection in
wild and domestic reservoirs (11).

Spain is the European Union (EU) country that
reports the highest number of zTB cases annually in
humans (0.11 confirmed cases/100,000 population in
2023) (3). It has a herd prevalence of tuberculosis in
cattle of 1.5%, although this percentage varies widely
by region (12). Animal TB in the Iberian Peninsula is
mainly found in cattle and goats, but it also occurs
in wildlife, so we should consider maintenance com-
munities rather than specific hosts as reservoirs of in-
fection (13). To estimate the real burden of disease in
Spain and thus be able to design and evaluate specific
and concerted actions, the zTB public health problem
must be addressed with a One Health approach. In
this article, we describe the reported cases of zIB in
Spain during 2018-2022, making a clinical and epi-
demiologic comparison with TB cases caused by M.
tuberculosis in the same study period.

Methods

Study Design, Population, and Data Sources

Our study used epidemiologic data from the Na-
tional Network of Epidemiologic Surveillance (RE-
NAVE), hosted by the National Center of Epidemiol-
ogy. We conducted a retrospective descriptive study
using surveillance data on human zTB and TB cases
caused by M. tuberculosis reported to RENAVE dur-
ing January 1, 2018-December 31, 2022. The regional
surveillance systems of the autonomous communities
(CCAA) report individual data on suspected (meet-
ing the clinical criteria), probable (meeting both clini-
cal criteria and laboratory criteria for a probable case),
and confirmed (meeting both clinical and laboratory
criteria for a confirmed case) cases of TB through the
national reporting electronic platform. The notifica-
tion is made following the protocol agreed by all the
members of RENAVE, who are representatives of the
CCAA, Carlos IlII Health Institute, and Ministry of
Health. Case definitions in our protocol are based on
the EU case definitions, as published in the Official
Journal of the European Union (Commission Imple-
menting Decision [EU] 2018/945) (14,15).

For our study, and to improve data quality,
we contacted all the regions of Spain comprising
17 CCAA and 2 autonomous cities and requested
they check the information provided on zTB cases
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from 2018-2022 at the beginning of the study. This
process enabled us to recover 56 cases of zTB in
RENAVE that did not have information about the
causal agent. We included populations officially
residing in Spain, obtained from the National In-
stitute for Statistics, in the denominator (at na-
tional, provincial or municipal level depending on
the analysis). We calculated incidence of zTB and
TB cases per year and annual incidence rates per
100,000 population per year by age group and sex
and by 1 million population per year by province.
For the spatial cluster analysis, we calculated inci-
dence at the municipal level.

Data Analysis

After excluding imported cases, we conducted a
retrospective descriptive analysis on the main so-
ciodemographic and clinical characteristics: age, sex,
country of birth, primary location of disease, HIV sta-
tus, hospitalization, and treatment outcome. For the
descriptive analysis of the qualitative variables, we
calculated frequencies and percentages. We explored
differences in the characteristics of zIB and TB (M.
tuberculosis) patients with bivariate analysis; we used
x? for multiple comparisons of qualitative variables
and Mann-Whitney U tests with Bonferroni adjust-
ment for quantitative variables. We estimated crude
odds ratios (ORs) and adjusted ORs (aORs) and 95%
ClIs; we included those variables with p<0.1 in a lo-
gistic regression model. We used R version 4.4.0 (The
R Project for Statistical Computing, https://www.r-
project.org) for analyses.

To assess temporal and geographic patterns, we
calculated zTB and TB incidence per 100,000 popula-
tion by year and per 1 million population by province
using population denominators obtained from the
National Statistics Institute. We analyzed temporal
trends using linear and joinpoint regression analysis
(Joinpoint version4.9.1.0, https:/ /surveillance.cancer.
gov/joinpoint). We used purely spatial Poisson prob-
ability model of SaTScan software version 10.2.4
(https:/ /www.satscan.org) to analyze geographic
clusters of M. bovis and M. caprae incidence at the
municipal level during 2018-2022. We restricted the
spatial window to a maximum radius of 25 km, rep-
resenting the mean distance between municipalities
in Spain. We created maps using QGIS version 3.36.0
(QGIS, https://qgis.org) and ArcGIS version 10.8.1
(ESRI, https:/ /www.esri.com).

Ethics Considerations

We obtained data from the National Statistics Institute
through open data access; thus, no ethical approval
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or informed consent was required to conduct data
analysis, in accordance with the Spanish Human Re-
search Act. All data were anonymized and deiden-
tified. The research ethics and animal welfare com-
mittee at the Health Institute Carlos III approved the
overall project (CEI PI40_2023).

Results

Characteristics of Zoonotic TB Cases

A total of 18,852 autochthonous TB cases were re-
ported to RENAVE during 2018-2022; of those,
6,098 (32.3%) cases had information on the species
of MTBC. M. tuberculosis was identified in 5,849 TB
cases, M. bovis in 218 cases, and M. caprae in 31 cases.
The male-to-female ratio in M. caprae cases was 4.2,
more than twice the ratio for M. bovis (1.9) and M. tu-
berculosis (1.8) cases.

The percentage of cases born in another country
was 19.4% (6/31) for M. caprae, 24.8% (54/2,018) for
M. bovis, and 36.5% (2,133/5,849) for M. tuberculosis
(Table 1). The aOR of M. bovis infection among con-
firmed TB cases was more than twice as high for those

born in Spain than for those born outside (aOR 2.32;
95% CI1.44-3.82; Table 2).

The median age of diagnosis for M. bovis TB was
60 years (interquartile range [IQR] 37-77 years), high-
er than that for M. caprae (55 [IQR 28-65] years) or
M. tuberculosis (46 [IQR 32-63] years) (p<0.001, deter-
mined by pairwise comparisons of median age at di-
agnosis across the 3 Mycobacterium species, using the
Mann-Whitney U test with Bonferroni correction for
multiple comparisons.). When stratifying by country
of origin, we observed significantly higher median
age for case-patients infected with M. caprae (58 [IQR
28-65] years), M. bovis (68 [IQR 53-79] years), and M.
tuberculosis (55 [IQR 40-73] years) (p<0.001, where p
indicates statistically significant differences in me-
dian age at diagnosis between patients born in Spain
and those born outside of Spain for each Mycobacte-
rium species, based on Mann-Whitney U tests with
Bonferroni correction for multiple comparisons). For
those born elsewhere, median age for case-patients
was 35 (IQR 26-44) years for those with M. caprae, 38
(IQR 26-62) years for those with M. bovis, and 36 (IQR
27-47) years for those with M. tuberculosis.

Table 1. Characteristics of patients with confirmed Mycobacterium caprae, M. bovis, and M. tuberculosis infection in study of

tuberculosis, Spain, 2018-2022*

Category M. caprae, no. (%), n =31 M. bovis, no. (%), n =218 M. tuberculosis, no. (%), n = 5,849
Age,y
0-19 3(9.7) 20 (9.2) 355 (6.1)
20-39 10 (32.3) 38 (17.4) 1,834 (31.4)
40-59 5(16.1) 49 (22.5) 1,951 (33.4)
60-79 10 (32.3) 70 (32.1) 1,113 (19.0)
80-99 3(9.7) 41 (18.8) 593 (10.1)
Unknown 0 0 3(0.1)
Sex
M 25 (80.7) 143 (65.6) 3,796 (64.9)
F 6 (19.4) 75 (34.4) 2,053 (35.1)
Country of birth
Other 6 (19.4) 54 (24.8) 2,133 (36.5)
Spain 25 (80.6) 136 (62.4) 2,426 (41.5)
Unknown 0 28 (12.8) 1,290 (22.1)
Primary location
Pulmonary 16 (51.6) 115 (52.8) 4,460 (76.3)
Extrapulmonary 15 (48.4) 98 (45.0) 1,346 (23.0)
Unknown 0 5(2.3) 43 (0.7)
HIV laboratory result
Positive 3(9.7) 3(1.4) 368 (6.3)
Negative 18 (58.1) 146 (67.0) 3,713 (63.5)
Unknown 10 (32.3) 69 (31.7) 1,738 (30.2)
Hospitalization
No 16 (51.6) 60 (27.5) 2,016 (35.4)
Yes 14 (45.2) 145 (66.5) 3,689 (63.1)
Unknown 1(3.2) 13 (6.0) 144 (2.5)
Treatment outcome
Complete/cure 26 (83.9) 147 (67.4) 3,563 (60.9)
Abandon/moved/loss 0 5(2.3) 268 (4.6)
Death 2 (6.5) 27 (12.5) 500 (8.5)
Failure/prolongation 2 (6.5) 7(3.2) 161 (2.8)
Unknown 13.2 32 (14.7) 1,357 (23.2)

*Treatment outcome was defined as follows: complete/cure, complete treatment or cure; abandon/moved/loss, abandonment of treatment, relocation, or
loss of contact; death, death during treatment; failure/prolongation, treatment failure or patient still in treatment 12 mo after initiation.
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Table 2. Determinants of Mycobacterium bovis infection versus M. tuberculosis infection in study of tuberculosis in Spain, 2018—2022*

Category Crude odds ratio (95% CI) p value  Adjusted odds ratio (95% CI)  p value
Age,y

0-19 Referent Referent

20-39 0.37 (0.21-0.65) <0.001 0.59 (0.26-1.47) 0.28

40-59 0.45 (0.27-0.78) 0.003 0.67 (0.31-1.62) 0.34

60-79 1.12 (0.68-1.91) 0.7 1.37 (0.64-3.29) 0.45

80-99 1.23 (0.72-2.17) 0.5 1.29 (0.53-3.38) 0.58
Sex

M Referent

F 0.97 (0.73-1.28) 0.8
Country of birth

Other Referent Referent

Spain 2.21 (1.62-3.07) <0.001 2.32 (1.44-3.82) <0.001
Primary infection location

Pulmonary Referent Referent

Extrapulmonary 2.82 (2.14-3.72) <0.001 2.20 (1.46-3.28) <0.001
HIV laboratory result

Positive Referent Referent

Negative 4.82 (1.82-19.6) 0.007 3.39 (1.24-14.0) 0.04
Hospitalization

No Referent Referent

Yes 1.32 (0.98-1.80) 0.075 1.10 (0.72-1.70) 0.66
Treatment outcomet

Complete/cure Referent Referent

Abandon/moved/loss 0.45 (0.16-1.00) 0.084 0.74 (0.18-2.05) 0.61

Death 1.31 (0.84-1.96) 0.2 1.22 (0.66-2.18) 0.51

Failure/prolongation 1.05 (0.44-2.13) 0.9 0.97 (0.23-2.73) 0.96

*Bold text indicates statistical significance, defined as p<0.05 and an odds ratio with 95% CI not including 1.
tTreatment outcome was defined as follows: complete/cure, complete treatment or cure; abandon/moved/loss, abandonment of treatment, relocation, or
loss of contact; death, death during treatment; failure/prolongation, treatment failure or patient still in treatment 12 mo after initiation.

The frequency of pulmonary and extrapulmonary
forms was similar for both M. bovis and M. caprae TB
cases; approximately half of the cases had extrapul-
monary forms: 98/218 (45%) of those infected with
M. bovis and 15/31 (48.4%) of those with M. caprae.
M. bovis case-patients were 2.20 (95% CI 1.46-3.28)
times more likely to have extrapulmonary TB devel-
op than were M. tuberculosis case-patients (Table 2).
Of note, we observed a high proportion of lymphatic
forms (46/213 [21.6%]) for M. bovis and of genitouri-
nary location (7/31 [22.6%]) for M. caprae (Appendix
Table 1, https://wwwnc.cdc.gov/EID/article/31/7/
25-0031-Appl.pdf).

The percentage of HIV co-infection was 9.7%
(3/31 [95% CI 3.3-24.9]) in M. caprae cases, compared
with 1.4% (3/218 [95% CI 0.5-4.0]) in M. bovis cases.
M. bovis case-patients were 3.39 (95% CI 1.24-14.0)
times more likely to be HIV negative than were M.
tuberculosis case-patients.

Two-thirds of M. bovis and M. tuberculosis case-
patients were hospitalized: 145/218 (66.5% [95% CI
60.0%-72.4%]) of case-patients with M. bovis infection
and 3,689/5,849 (63.1% [95% CI161.8%-64.3%]) of those
with M. tuberculosis. Less than half (14/31; 45.2% [95%
CI 29.2%-62.2%]) of M. caprae TB case-patients were
hospitalized. More than three-quarters (26/31; 83.9%
[95% C1 67.4%-92.9%]) of M. caprae TB case-patients
completed treatment, followed by approximately

two thirds of M. bovis (147/218; 67.4% [95% CI 60.9%-
73.3%]) and M. tuberculosis (3,563/5,849; 60.9% [95%
CI 59.7%-62.1%]) case-patients (Table 1).

Temporal Trends

The mean incidence rate per 100,000 population in
2018-2022 was 0.092 for M. bouvis, 0.013 for M. caprae,
and 2.48 for M. tuberculosis. TB cases notified with M.
tuberculosis as a causative agent increased in 2021 and
remained stable in 2022 (Figure 1; Appendix Table 2).
The statistical trend analysis by joinpoint regression
revealed no significant annual percentage change of
M. bovis and M. caprae incidence.

Geographic Distribution and Spatial Analysis

We observed higher rates of M. bovis in north and
northwestern Spain. M. caprae cases were reported in
the central and southern part of Spain and the prov-
ince of Barcelona; 9 of 54 provinces reported human
cases of M. caprae during 2018-2022 (Figure 2).

We detected 3 notable spatial clusters of M. bo-
vis and 1 of M. caprae cases (Table 3; Figure 3). The
most likely cluster of M. bovis was located in the east-
ern part of the province of Leén. Two other clusters
with a significantly higher number of cases observed
than expected were located in the coastal area of the
Basque Country (relative risk [RR] 13.01; p<0.001) and
the west part of Galicia (RR 14.89; p = 0.013). The only
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Figure 1. Incidence rates of tuberculosis cases per 100,000
population by causative agent and year of notification,

Spain, 2018-2022. Scales for the y-axes differ substantially to
underscore patterns but do not permit direct comparison.

significant spatial cluster of M. caprae TB cases was sit-
uated in the Barcelona metropolitan area (RR 9.90; p =
0.012) (Table 3; Figure 3). All case-patients from M. bo-
vis clusters were native born older adults (median age
75 [IQR 66-86] years), mostly men (16/24, 63%), and
all HIV-negative; 67% (16/24) had pulmonary mani-
festations. TB case-patients from the M. caprae cluster
were all native born and mostly older men (median
age 72 [IQR 65-74] years); 7/9 had genitourinary mani-
festations.

Discussion

This study describes characteristics and spatiotempo-
ral distribution of human TB cases caused by M. bovis
and M. caprae bacteria at the national level in Spain
over a 5-year period. First, we aimed to describe and
compare the population and clinical characteristics
of the infections by different MTBC species, which
may contribute to better understanding of the epi-

demiology of the disease. We found differences in
age, country of birth, primary location of infection,
and HIV status in M. bovis, M. caprae, and M. tuber-
culosis cases. Although no significant sex differences
were detected, case-patients were predominantly
male for all 3 MTBC species, especially for M. caprae
infection. Higher male-to-female ratio was previously
described in Spain and other countries in Europe in
older adults, which has been related to different be-
havioral and environmental risks, lifestyle, or bio-
logical factors (6,16). Native-born case-patients were
significantly older than foreign-born case-patients for
all 3 MTBC species; the age difference was more pro-
nounced for M. bovis cases, which could suggest reac-
tivations rather than new infections. A similar scenar-
io of possible reactivation of latent infections has been
suggested in the United Kingdom and Italy, where M.
bovis cases occurred predominantly in the elderly and
native-born (17,18). However, recent infections as-
sociated with occupational exposure cannot be ruled
out; Palacios et al. demonstrated that in a region of
low incidence of bovine TB in Spain, half of patients
>45 years of age shared the genotype with circulating
cattle strains, suggesting a recent transmission (19).
M. bovis and M. caprae case-patients in our study
were mainly native-born and had an extrapulmo-
nary infection, in contrast to M. tuberculosis case-pa-
tients, corroborating previous results in Europe and
the United States (20,21). Those differences could
also be attributed to consuming unpasteurized dairy
products as the main route of transmission of zTB.
Lymph nodes and genitourinary system, followed
by bones and joints, were the most common primary
locations of extrapulmonary TB in M. bovis and M.
caprae cases, as previously described for zTB cases
(20,22). The high proportion of extrapulmonary
forms observed in M. bovis and M. caprae cases may
hinder the detection and diagnosis; therefore, it is
essential to improve the knowledge of the clinical
manifestations caused by zTB species to contribute
to raising awareness and guiding clinicians” diagno-

Figure 2. Incidence of tuberculosis reported by province, Spain, 2018—-2022. A) Mycobacterium bovis; B) M. caprae; C) M. tuberculosis.

Incidence rates for regions are per 1 million population.
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Table 3. Spatial clusters of Mycobacterium bovis and M. caprae cases, Spain, 2018-2022

Cluster No. municipalities  Radius, km  No. observed cases No. expected cases Relative risk p value
M. bovis
1, most likely 38 24.4 6 0.77 80.34 <0.001
2 34 18.5 11 0.89 13.01 <0.001
3 13 21.8 7 0.48 14.89 0.013
M. caprae
1 5 6.4 9 1.26 9.90 0.012

sis and treatment.

HIV co-infection was more common in M. tuber-
culosis than M. bovis cases, which could be associated
with younger patient age and a more urban profile
of M. tuberculosis cases (23). The low number of HIV
infections among M. caprae cases made it difficult to
draw conclusions. More than two thirds of M. bovis
and M. tuberculosis case-patients were hospitalized; in
contrast, less than half of M. caprae were hospitalized.
Those differences could be related to the higher age
observed in M. bovis cases or the less severe extrapul-
monary manifestations observed for M. caprae. More-
over, we did not observe differences in treatment
outcome among MTBC species, but the limited com-
pleteness of the information collected for this variable
limited its interpretation.

We did not observe a notable upward or down-
ward temporal trend in the incidence rate during the
study period for M. bovis or M. caprae cases. Similar
figures were reported by EFSA and ECDC at the Eu-

rope level; Spain accounted for one third of the cases
of M. bovis and M. caprae (3). We observed no decline
in median age of native-born M. bovis and M. caprae
cases over the study period, as previously observed
in the United Kingdom during 2014-2022 (24). It
was suggested that our findings might be related to
increased consumption of unpasteurized milk; how-
ever, per capita raw milk consumption has been in
steady decline since the 1990s in Spain, with the ex-
ception of the COVID-19 pandemic in 2021-2022 (25).

The geographic distribution indicated a pattern
of higher incidence in northwest Spain for M. bovis
and M. tuberculosis, whereas M. caprae, cases were
reported in the central and southern part of Spain
and the province of Barcelona. This pattern con-
trasted with the reported incidence of TB in bovines
(12); northwest Spain is where most of the officially
TB-free provinces, in which cattle farms are mainly
for dairy animals, are concentrated. In contrast, the
central-western and southern regions have the high-

Figure 3. Spatial clusters of tuberculosis infections caused by Mycobacterium bovis and M. caprae, Spain, 2018-2022. RR, relative risk.
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est incidence, where most of the beef cattle farms are
located. For M. caprae infections, the distribution of
human cases and the prevalence and population
density in goats shows some overlap, as described in
an integrative genomic analysis of human and goat
strains in Andalusia (26). Three spatial clusters of M.
bovis cases were detected in bovine TB-free regions
of the northern and northwestern part of Spain, af-
fecting mainly old native-born men with pulmonary
tuberculosis. However, those clusters were located
in historically milk-producing regions of northern
Spain, 2 of them in a humid area with an oceanic cli-
mate (27), whereas higher incidence of infection has
been negatively associated with sunshine exposure
and vitamin D levels (28). The M. caprae cluster also
affected mainly older native-born persons, but con-
versely to M. bovis clusters, it was located in a large
metropolitan area and manifested as genitourinary
presentation. The geographic distribution of zTB
cases observed together with the characteristics of the
patients could support the previously described hy-
pothesis of reactivation of an old infection. Our study
of the epidemiology of zIB in Spain is part of a larger
project that will include a genomic analysis of human
strains and those circulating in cattle and goats to
confirm our findings and to establish epidemiologic
links and zoonotic transmission.

We note that we did not have information on oc-
cupational activities and other individual risk factors
or medical history for case-patients. We used place
of residence, which does not have to correspond to
the place of exposure, for the spatial cluster analysis.
In addition, 32.3% of reported TB cases had data on
MTBC species, which could have led to an underesti-
mation of M. bovis and M. caprae cases; the low rate is
likely because most TB laboratories identify mycobac-
teria at the level of the MTBC and do not differentiate
between species or do not report the MTBC species.
Zoonotic cases account for only a small proportion of
TB cases; clinical management is the same, and ad-
ditional molecular methods not available in all labo-
ratories are required to distinguish species. Efforts
to improve completeness of information on MTBC
species have included assessment reports sent to the
CCAA to retrieve information, as well as investments
in the information systems interoperability; we were
able to recover unreported zTB cases through collabo-
ration with the CCAA.

The findings from our study of the clinical and
demographic characteristics and spatiotemporal
distribution of the different zZTB cases in Spain can
support future genomic epidemiology studies that
include data on circulating strains in humans and
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animals. Understanding the epidemiology of the
human cases of M. bovis and M. caprae and the un-
derlying mechanisms of transmission can contribute
to the prevention and control of zoonotic outbreaks.
Our study also highlights the need for improved in-
tegrated epidemiologic and laboratory information,
in particular on circulating MTBC species. We recom-
mend the close and active collaboration of public and
animal health institutions to contribute to zTB control
and eradication.
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Tuberculosis

World TB Day, falling on March 24th each year, is
designed to build public awareness that tubercu-
losis today remains an epidemic in much of the
world, causing the deaths of nearly one-and-a-
half million people each year, mostly in develop-
ing countries. It commemorates the day in 1882
when Dr. Robert Koch astounded the scientific
community by announcing that he had discov-
ered the cause of tuberculosis, the TB bacillus.
At the time of Koch’s announcement in Berlin,
TB was raging through Europe and the Ameri-
cas, causing the death of one out of every seven
people. Koch’s discovery opened the way to-
wards diagnosing and curing TB.

http://wwwnc.cdc.gov/eid/
page/world-tb-day
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etymologia
Scotochromogenic
[sko’’to-kro’'mo-jan-ik]
Christoffel Opperman, Rob Warren

he scotochromogenic pigmentation pattern is named

after the Greek terms oxotog (skotos, darkness), xpwpa
(khroma, color), and yevr|g (genés, offspring or kind). The
term is used to describe bacteria that form pigmentation
without exposure to light. Pigmentation in the dark has
the potential evolutionary advantage to increase microbi-
al fitness by acting as antimicrobial agents, antioxidants,
or virulence factors.

In 1959, US bacteriologist Ernest Runyon (1903-1994)
classified nontuberculous mycobacteria into 4 groups
based on growth rates, pigmentation, and colony mor-
phology. Group II nontuberculous mycobacteria are slow-
growing scotochromogens with the unique ability to pro-
duce pigmentation without light exposure; thus, they are
scotochromogenic. Common group II members include
Mycobacterium szulgai, named after the microbiologist
Teofil Szulga (Ludwik Hirszfeld institute, Wroclaw, Po-
land) in 1962; M. scrofulaceum (Greek scrofa [sow, female
pig]) named by Prissick and Masson (McGill University,
Montreal, QB, Canada) in 1956; and M. gordonea (Figure),
documented in 1962 in honor of the US bacterial taxono-
mist Ruth Evelyn Gordon (1910-2003) by Bojalil, Cerbon,
and Truyjillo (National Autonomous University of Mexico,
Mexico City, Mexico).

Professor Gordon held a doctorate in bacteriol-
ogy from Cornell University. In later years, the study
| of streptomycetes and aerobic spore-forming bacteria
became her field of expertise, which led to her employ-
ment in the United States Department of Agriculture as
a soil microbiologist. After World War II, she was a cu-
rator for the American Type Culture Collection (ATCC)
Society beginning in 1947. She continued her work in
recording bacterial collections as an ATCC visiting in-
vestigator even after her formal retirement in 1981. Dur-
ing the 1950s at Rutgers University, she pioneered the
classifying, naming, and reliable descriptions of rapidly
growing acid-fast bacteria. Because of her international
reputation, she held various prestigious positions, in-
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Figure. Slow-growing, scotochromogenic
Mycobacterium gordonea, showing smooth, yellow-
orange pigmented colonies. The sample was
cultured aerobically on 8 mL of solid Léwenstein—
Jensen media for 14 days at 37°C without
exposure to light. This opportunistic nontuberculous
mycobacterium was isolated repeatedly from the
sputum of an immunocompromised, HIV-positive
patient, who had an absolute CD4 count of 1.
Sample processing and culture were performed at
the National Health Laboratory Service, Green Point
TB-laboratory, Cape Town, South Africa. Vial size is
28 mL. Photograph courtesy of the author.

cluding honorary president of the International Sym-
posium on the Biology of Actinomycetes in Venezuela
(1974) and Germany (1979). In addition, she received
numerous accolades during her life, including the Alice
Evans Award from the American Society of Microbiol-
ogy (1992) and the J. Roger Porter Award from the US
Federation for Culture Collections (1983).
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Emergence of Flucytosine-
Resistant Candida tropicalis
Clade, the Netherlands

Fatima Zohra Delma,* Bram Spruijtenburg,* Jacques F. Meis, Auke W. de Jong, James Groot,
Johanna Rhodes, Willem J.G. Melchers, Paul E. Verweij, Theun de Groot, Eelco F.J. Meijer,2 Jochem B. Buil?

Candida tropicalis is the second most virulent Candida
species after C. albicans. Previous studies from the
Netherlands and France reported a notable reduction in
susceptibility to flucytosine (5-FC) in a substantial pro-
portion of C. tropicalis isolates. We investigated epide-
miologic patterns of C. tropicalis isolates in the Nether-
lands and the genetic mechanisms driving widespread
non-wild-type (WT) 5-FC resistance. We conducted
antifungal susceptibility testing and used advanced mo-
lecular techniques, including short tandem repeat geno-
typing and whole-genome sequencing paired with sin-
gle-nucleotide polymorphism analysis, to analyze 250 C.
tropicalis isolates collected across the Netherlands dur-
ing 2012—-2022. Our findings revealed the rapid emer-
gence of a 5-FC—resistant, non-WT C. tropicalis clade,
accounting for >40% of all C. tropicalis isolates by 2022.
Genomic analysis identified a homozygous nonsense
mutation in the FCY2 gene, which was exclusive to this
non-WT population. Continued surveillance efforts are
needed to detect and prevent the spread of drug-resis-
tant Candida species.

andida tropicalis is among the 5 most common

Candida species found in healthcare settings (1-3).
This diploid yeast is prevalent in Latin America and
Asia and is occasionally reported in Africa and Eu-
rope (3,4). Since the 2000s, C. tropicalis has emerged as
a substantial cause of candidemia, particularly in pa-
tients with neutropenia (5). C. tropicalis is considered
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the second most virulent Candida species, after C. albi-
cans (6). Antifungal drug resistance has been increas-
ingly reported for C. tropicalis, especially resistance
to azoles (7,8) and, to a lesser degree, amphotericin B
and echinocandins (9,10). The World Health Organi-
zation lists C. tropicalis as a high-risk pathogen (11,12),
underscoring its considerable threat to public health
and the need for research and surveillance.

Echinocandins are the first-line treatment for
candidemia. Flucytosine, also known as 5-fluorocy-
tosine (5-FC), is used to treat severe invasive can-
didiasis, which can cause endocarditis, endophthal-
mitis, or meningitis (13,14). Although 5-FC is only
used in combination therapy because of the rapid
emergence of isolates with high MICs (14), it shows
potent activity against most yeasts, including C.
tropicalis (15). Global rates of 5-FC-resistant, non-
wild-type (WT) C. tropicalis are low, at #10% (15,16).
However, we previously found a high percentage of
C. tropicalis isolates with increased 5-FC MICs in the
Netherlands (17), which has also been observed in
France, where susceptibility to 5-FC has been docu-
mented in non-WT C. tropicalis since the 1980s (18).
A 4-year survey conducted during 2002-2006 in the
Paris area revealed increased 5-FC MICs in 45 (35%)
of 130 C. tropicalis isolates recovered from blood cul-
tures. Specific genetic mutations in the URA3 gene
were observed in all isolates with increased 5-FC
MICs. In addition, the non-WT strains shared identi-
cal multilocus sequence typing (MLST) genotypes,
indicating clonal spread (18).

To investigate the recent decrease in 5-FC suscep-
tibility in C. tropicalis isolates in the Netherlands, we
performed a literature review and used available epi-
demiologic data from the Radboud University Medi-
cal Center CWZ Center of Expertise for Mycology

1These first authors contributed equally to this article.
2These senior authors contributed equally to this article.
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(Nijmegen, the Netherlands). We applied a newly
developed, highly reproducible short tandem repeat
(STR) assay and whole-genome sequencing (WGS)
to genotype C. tropicalis isolates (19,20), describe the
epidemiology of C. tropicalis isolates over time, and
identify the genetic basis of the non-WT 5-FC-resis-
tant phenotype. Because the data consisted solely of
information about clinical strains and did not include
patient details, no ethics approval was required ac-
cording to local guidelines.

Materials and Methods

Literature Review

To obtain an updated overview of 5-FC resistance
in C. tropicalis, we conducted a comprehensive lit-
erature search across electronic databases, including
PubMed and Google Scholar, by using the keywords
“C. tropicalis,” “5-FC/flucytosine/fluorocytosine re-
sistance,” and “clonal resistance in C. tropicalis.” We
also reviewed citations within the retrieved studies.
We identified 15 relevant studies and extracted data
on geographic region, time period, number of iso-
lates, antifungal susceptibility testing (AFST) meth-
ods, interpretation criteria, and rates of non-WT
5-FC resistance.

Clinical Isolate Collection

A total of 250 nonreplicated clinical isolates of C. trop-
icalis were collected from patients across the Neth-
erlands during January 2012-May 2022. The sources
of isolates were as follows: blood, other sterile sites,
oropharynx (including sputum and bronchoalveolar
lavage samples), vagina, feces, urine, and other su-
perficial sources. We identified Candida spp. by us-
ing matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (Bruker, https://www.
bruker.com). We stored isolates at —70°C in 10%
glycerol and grew them on Sabouraud dextrose agar
plates at 30°C for 2-5 days before testing.

Antifungal Susceptibility Testing

We determined MICs for 5-FC and 9 other antifun-
gal drugs (fluconazole, voriconazole, itraconazole,
posaconazole, miconazole, amphotericin B, anidu-
lafungin, caspofungin, and micafungin) according
to the European Committee on Antimicrobial Sus-
ceptibility Testing (EUCAST) E.def 7.4 microdilu-
tion method (21). We established local epidemiologic
cutoffs (ECOFFs) for 5-FC by using the eyeballing
method (17) and classified isolates with a 5-FC MIC of
>0.5 mg/L local ECOFF as non-WT. For fluconazole,
we classified isolates with MICs >1 mg/L ECOFF as
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non-WT. We defined resistance by using EUCAST
breakpoints (version 5.0) as follows: fluconazole,
>4 mg/L; itraconazole, >0.125 mg/L; voriconazole,
>0.25 mg/L; posaconazole, >0.06 mg/L; anidulafun-
gin, >0.06 mg/L; micafungin, >0.06 mg/L; and am-
photericin B, >1 mg/L.

DNA Extraction and STR Genotyping

We extracted DNA from the isolates after 24 hours of
incubation on Sabouraud agar. We suspended single
colonies in 1 mL of distilled water in a microcentri-
fuge tube and extracted DNA by using the High Pure
PCR Template Preparation Kit (Roche Diagnostics,
https:/ /www.roche.com) according to manufacturer
instructions. We genotyped the isolates by PCR am-
plifying and analyzing 6 STR markers, as previously
described (20).

WGS and Single-Nucleotide Polymorphism Analysis
We selected 16 C. tropicalis isolates for WGS, including
five 5-FC-resistant, non-WT isolates that clustered in 1
clade according to STR genotyping, 3 non-WT isolates
that grouped outside the clade, and 8 phenotypically
WT isolates. We extracted DNA by using InstaGene
Matrix (Bio-Rad Laboratories, https://www.bio-rad.
com) and sequenced by using Illumina technology
(Nlumina, https://www.illumina.com). Initially, we
added 200 pL of InstaGene Matrix to the yeast pellets,
vortexed at 500 rpm, and incubated for 30 minutes at
56°C, followed by another 30 minutes at 99°C. We then
transferred samples to tubes containing glass beads
with a particle size of <106 um (Sigma Aldrich, https:/ /
www.sigmaaldrich.com) and conducted 2 rounds of
bead beating at 17,000 rpm by using a MagNA Lyser
(Roche Diagnostics). We assessed DNA integrity by
using a TapeStation 2200 system (Agilent, https://
www.agilent.com) and measured DNA concentra-
tions by using a Qubit fluorometer (Thermo Fisher
Scientific, https:/ /www/thermofisher.com). We pre-
pared libraries by using the Nextera DNA Flex kit (1I-
lumina) following the manufacturer’s instructions. We
performed paired-end, 2 x 150-bp mode sequencing on
an [llumina NextSeq 550 system (Illumina).

We compared isolate sequences to C. tropicalis
sequences retrieved from the National Center for
Biotechnology Information Sequence Read Archive
(SRA) database (https:/ /www.ncbi.nlm.nih.gov/sra)
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/7/24-1918-Appl.pdf). We performed WGS
single-nucleotide polymorphism (SNP) analysis by
using Illumina reads, as previously described (19). We
aligned reads with the C. tropicalis reference genome
MYA-3404 (SRA accession no. GCA_013177555.1)
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by using BWA-MEM version 0.7.17 (https://github.
com/j-levy/bwa) and subsequently filtered to re-
move duplicates, unpaired reads, and reads with
MAPQ scores <60. We detected SNPs by using Free-
Bayes version 1.3.6 (https://github.com/freebayes/
freebayes) and removed SNPs with a read depth of
<25, quality of <100, allele frequency between 0.15 x
depth and 0.45 x depth, and allele frequency between
0.55 x depth and 0.9 x depth. We performed phylo-
genetic analysis by using VCF2PopTree (https://
github.com/sansubs/vcf2pop), MEGAI11 version
11.0.10 (https:/ /www.megasoftware.net), and iTOL
version 6 (https://itol.embl.de) for visualization. We
located the resistance-associated genes FURI (Gen-
Bank accession no. EU327981.1), FCY1 (accession no.
EU327982.1), FCY2 (accession no. HQ166001.1), and
URA3 (accession no. EU288195.1) within the refer-
ence genome MYA-3404 and inspected those for mis-
sense mutations by using IGV version 2.17.3 (22). We
assessed copy number variation and large-scale dele-
tions by using YMAP (23) for all C. tropicalis assem-
blies, as well as for the MYA-3404 reference strain.

URAS3 Gene Sequencing

We investigated whether the mechanism underlying
5-FC resistance was related to the URA3 gene mu-
tation resulting in a K177E amino acid substitution
(18). We sequenced the URA3 gene from six 5-FC WT
(susceptible) and 24 randomly selected 5-FC-resistant
non-WT C. tropicalis isolates. We grew the isolates on
yeast extract/peptone/dextrose agar plates for 24
hours at 30°C and used a standard DNA extraction
protocol (24). We transferred cells to 1.5-mL tubes
containing 600 pL glass beads (diameter 0.4-0.6 mm)
and 250 pL breaking buffer (2% Triton X-100, 1% so-
dium dodecyl sulfate, 2 mol/L NaCl, 1 mol/L Tris-
HCI pH 8, 0.5 mol/L EDTA pH 8, and Milli-Q water),
shook the tubes for 30 minutes at 60°C, and centri-
fuged them at 1,000 x g. After centrifugation, we add-
ed 700 pL of phenol/chloroform/isoamyl alcohol and
shook the mixture for 5 minutes at room temperature.
We centrifuged the tubes at 10,000 x g for 5 minutes
and then transferred the resulting upper layer to a
new tube and stored at 20°C (room temperature) un-
til analysis. We amplified the URA3 gene by using
the PCR primers and methods described previously
(25). All sequence data generated in this study were
deposited in the SRA database (BioProject accession
nos. PRINA1090665, PRINA110750, PRINA1107503).

Epidemiologic Analysis and Data Analysis

We analyzed epidemiologic data from the Radboud
University Medical Center laboratory information

1356

system to assess the distribution of 5-FC non-WT iso-
lates over time and evaluated temporal trends. We
plotted the annual rates of 5-FC non-WT isolates and
performed linear regression analysis by using Graph-
Pad Prism (GraphPad, https://www.graphpad.
com). We considered the trend to be significant if the
slope deviated from zero (p<0.05). We also examined
correlations between 5-FC and fluconazole resistance.

Results

Literature Review

We retrieved 15 studies describing C. tropicalis resis-
tance to 5-FC and summarized those data (Table).
Most (n = 12) studies were published during 2000-
2012. Data on C. tropicalis have been reported from
various regions, including global collections and
countries, such as the United States, United Kingdom,
Japan, South Korea, France, Italy, Spain, and Germa-
ny. The Clinical and Laboratory Standards Institute
broth microdilution method (38) was used predomi-
nantly (8 studies) to test C. tropicalis isolates, followed
by the EUCAST reference broth microdilution meth-
od, and then E-test gradient strips, ATB Fungus, and
VITEK automated susceptibility testing (all bioMéri-
eux, https:/ /www.biomerieux.com).

The frequency of C. tropicalis isolates with elevat-
ed MICs to 5-FC ranged from 0%-10% (Italy, Spain,
South Korea) to 10%-30% (including studies from
Spain, United States, and United Kingdom) in global
collections and was >30% in France and Germany. A
genetic survey of non-WT C. tropicalis isolates from
blood samples in Paris, collected during 2002-2006,
identified a group of non-WT isolates with the same
MLST profile, all having a URA3X””F mutation (18).
Epidemiologic analysis indicated that the group of
non-WT clones frequently caused candidemia in
patients with malignancies and was associated with
better outcomes; recurrent spread was noted during
the study period. Genetic relatedness of 5-FC non-
WT isolates from specific clades in the United King-
dom (2002-2003) and Belgium (1998) has also been
suggested (39). The spread of the clade from Paris to
other regions of France and other countries in Europe
has not been investigated further.

Antifungal Drug Susceptibility Testing

To gain more insight into the susceptibility of C.
tropicalis isolates to 5-FC in the Netherlands, we per-
formed AFST on 250 clinical strains, for which the iso-
lation source of 104 isolates was available, by using
the EUCAST microbroth dilution (Appendix Table
2). The modal 5-FC MIC was 0.06 mg/L, and local
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Table. Reported 5-FC resistance rates in different published reports in study of non—wild-type Candida tropicalis clade, the

Flucytosine-Resistant Candida tropicalis Clade

Netherlands*
Total no. Year Body site of MIC criteria,¥  No. (%) isolates with
isolates collected isolation Methods usedt Country mg/L elevated 5-FC MICs  Reference
70 NA NA NA France NA NA (80) (26)
60 NA Different sites  Disc diffusion test, United I, 2-8 6 (10) 27)
macrodilution with Kingdom R, >8 17 (28)
YNBG broth
30 NA NA NCCLS Italy I, 8-16; R, >32 0 (28)
117 1998-2000 Different sites NCCLS Spain 1, 8-16 6 (5.1) (29)
R, >32 0
759 1992-2001 Different sites NCCLS Worldwide 1, 8-16 60 (1) (16)
collection§ R, >32 NA (7)
33 2000-2001 Blood CLSI M27-A2 United States I, 8-16 0 (30)
R, >32 1(3)
34 NA NA ATB Fungus Spain R, >32 3(8.8) (31)
62 2001-2002 Blood NCCLS M27-A2 Japan R, >32 NA (8.1) (32)
60 2004-2006 Different sites CLSI M27-A2, Etest Germany R, >32 NA (58.3) (33)
130 2002-2006 Blood EUCAST France R, >8 45 (35) (18)
97 2006 NA Etest Taiwan 1, 8-16 1(1) (34)
R, >32 NA
303 NA Blood CLSI M27-A3 United States 1, 8-16 5(1.65) (35)
R, >32 4 (1.32)
149 2007-2008 Blood VITEK-2 South Korea |, 8-16; R, >32 0 (36)
126 NA Blood CLSI M27-A3 Worldwide NA NA (10.3) 37)
collection(
359 2008-2024 Different sites EUCAST The >16 106 (29.5) a7
Netherlands

*5-FC, flucytosine; CLSI, Clinical and Laboratory Standards Institute; EUCAST, European Committee on Antimicrobial Susceptibility Testing; I,
intermediate resistance; NA, not applicable; NCCLS, National Committee for Clinical Laboratory Standards; R, resistant; YNBG, yeast nitrogen base

glucose.

TCLSI was formerly known as NCCLS. CLSI M27 broth dilution method for yeast (38). ATB Fungus test, Etest, and VITEK-2 were purchased from

bioMérieux (https://www.biomerieux.com).

fResistance status and MICs used to interpret level of resistance to 5-FC in each study.

8North America, Latin America, Europe, and Asia-Pacific.
fUnited States, Europe, Latin America, and the Asia-Pacific region.

ECOFF was 0.5 mg/L (Figure 1). C. tropicalis isolates
displayed a bimodal distribution; we observed a clear
separation of 2 subpopulations. The first subpopula-
tion consisted of 168 (67.2%) isolates with low 5-FC
MICs (<0.5 mg/L) and were classified as WT, where-
as the second subpopulation consisted of 82 (32.8%)
isolates with high 5-FC MICs (>0.5 mg/L) and were
classified as non-WT. AFST of 9 additional antifungal
agents did not show that typical bimodal distribu-
tion (Appendix Table 3). All isolates were susceptible
to amphotericin B. Resistance rates (EUCAST clini-
cal breakpoints) were as follows: fluconazole, 11.3%
(28/248); itraconazole, 7.3% (7/95); voriconazole,
8.8% (22/249); posaconazole, 7.7% (4/52); and an-
idulafungin, 0.8% (2/246). We did not interpret MIC
data for miconazole, caspofungin, and micafungin
because of the lack of EUCAST clinical breakpoints
for those drugs. Overall, 25 (10%) isolates exhibited
cross-resistance. We did not observe a correlation be-
tween 5-FC non-WT and azole resistance.

Phylogenetic Analysis Using STR

We performed STR genotyping for all 250 isolates. Ex-
cept for 2 isolates (nos. v139-74 and v267-58), which
had identical genotypes, all isolates displayed a
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unique genotype (Appendix Figure). Of the 82 isolates
with the 5-FC non-WT phenotype, 65 (79.3%) were
closely related and formed a distinct clade, whereas
the remaining non-WT isolates did not cluster (Fig-
ure 2). Isolates within this clade differed by <4 STR
markers; high variability occurred in the first and sec-
ond markers of the PCR M6 panel, and little variation

Figure 1. 5-FC MIC distribution for 250 Candida tropicalis isolates
collected in the Netherlands in study of emerging 5-FC—resistant
clade. MICs were determined according to European Committee
on Antimicrobial Susceptibility Testing microdilution method (21).
5-FC, flucytosine.
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Figure 2. Phylogenetic
analysis of Candida tropicalis
isolates in study of emerging
5-FC-resistant clade, the
Netherlands. Maximum
parsimony tree of 250

C. tropicalis isolates was
constructed. Colors indicate
the number of isolates per
flucytosine interpretive
category. Isolates with a MIC
of <0.5 mg/L were classified
as WT and >0.5mg/L as non-
WT. WT, wild-type.

occurred in PCR M3a and M3b panels (Appendix Fig-
ure) (20). In contrast, isolates outside this clade dif-
fered in >4 markers, usually 5 or 6, and had larger
copy number differences. Non-WT strains within the
distinct clade containing genotypes 84-147 were iso-
lated during the entire study period.

WGS Analysis

To validate the inferred genetic relatedness, STR out-
comes were compared with WGS SNP calling. Iso-
lates that were part of the non-WT clade, according to
the STR data (n = 5), also clustered according to WGS
SNP analysis (Figure 3). Within the non-WT clade,
the genetic diversity was relatively low (304/2,289
SNPs), whereas isolates outside the clade displayed
>20,000 SNPs compared with the most related isolate.
Isolate v186-48 was most closely related to the non-
WT clade (according to 19,365 SNPs). The remaining
5-FC non-WT isolates, which were not located in this
clade, did not cluster. To assess the global dispersal of
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the resistant clade, we compared the 5 isolates from
the Netherlands belonging to the 5-FC non-WT clade,
together with the other isolates from the Netherlands
(from the WGS data), with 27 previously reported
C. tropicalis MLST clades. Using WGS SNP analysis,
including 1 representative isolate from each MLST
clade, we found five 5-FC non-WT isolates from the
Netherlands were most closely related to C. tropicalis
MSLT 15 (Figure 4). The other isolates from the Neth-
erlands formed a distinct branch.

Molecular Mechanisms of 5-FC Resistance

To investigate the mechanism of 5-FC resistance, we
sequenced the URA3 gene of 30 isolates (6 WT and
24 non-WT) and inspected it for substitutions. The
URAS3X77E mutation occurred in all 5-FC non-WT iso-
lates. However, two 5-FC susceptible isolates (M.040-
37 and v252-37) also exhibited this mutation (either
heterozygous or homozygous mutation), which
we confirmed by visual inspection of WGS reads
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(Appendix Table 4). Therefore, we analyzed the resis-
tance-associated genes FUR1, FCY1, FCY2, and URA3
by using available WGS data. In FCY2, the mutation
causing an E49X amino acid nonsense substitution

Flucytosine-Resistant Candida tropicalis Clade

was homozygous in all isolates from the non-WT
clade, whereas that mutation was either absent or
heterozygous in isolates outside the clade (40). For
the other resistance-associated genes, no missense

Figure 3. Phylogenetic comparison of relatedness of 16 Candida tropicalis isolates in study of flucytosine-resistant C. tropicalis clade, the
Netherlands. A) Tree was constructed by using SNPs identified by whole-genome sequencing. Number on left side below tree indicates
number of SNPs for that branch. Scale bars indicate number of SNPs. B) Similarities were determined by short tandem repeat genotyping.
M3 and M6 a, b, and c indicate the PCR panel used for genotyping (20). Numbers under each PCR panel indicate copy numbers of

short tandem repeats for that specific locus. Single numbers indicate homozygous copy numbers; 2 numbers separated by slash indicate
heterozygous copy numbers. Flucytosine interpretive category is indicated after the isolate identification number; a MIC of <0.5 mg/L was
classified as WT and >0.5 mg/L as non-WT. ID, identification; NWT, non—wild-type; SNP, single-nucleotide polymorphism; WT, wild-type.
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Figure 4. Phylogenetic analysis
of global collection of Candida
tropicalis isolates and 16 isolates
from the Netherlands in study of
flucytosine-resistant clade. Tree
was constructed to compare
SNPs. MLST numbers at branch
tips correspond to clades. Bold
font indicates isolates were
flucytosine non—wild-type; red font
indicates isolates originating in the
Netherlands. Zoomed-in part of
tree indicates the five 5-FC non-
WT isolates from the Netherlands
most closely related to C.
tropicalis MSLT 15. Scale bars
indicate number of SNPs. MLST,
multilocus sequence typing; SNP,
single-nucleotide polymorphism.

mutations were exclusively present in the non-WT
isolates. Subsequently, we assessed the isolates for
copy number variation by using YMAP (23) and com-
pared them with the MYA-3404 reference genome.
For FUR1, FCY1, FCY2, and URA3, we found no copy
number variation in the non-WT clade when com-
pared with the 5-FC-susceptible isolates.

Epidemiology of 5-FC Non-WT clade

To elucidate the emergence of 5-FC non-WT C. tropica-
lis isolates over time, we compared those isolates with
fluconazole non-WT and fluconazole-resistant isolates
collected during 2012-2022 (Figure 5). The percentage
and clustering of 5-FC-resistant non-WT isolates both
increased during this timeframe, particularly since
2018; a substantial peak indicating a higher preva-
lence in the non-WT population occurred in 2022. In
contrast, we observed no downward or upward trend
for the fluconazole non-WT or resistant isolates.
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Discussion

We conducted a comprehensive analysis of 5-FC
resistance in and genetic relatedness of clinical C.
tropicalis isolates collected in the Netherlands dur-
ing 2012-2022. The analyses showed a recent and
substantial emergence of non-WT, 5-FC-resistant
C. tropicalis isolates across the Netherlands since the
2010s. STR typing and WGS identified a circulating
non-WT 5-FC-resistant clade; a marked increase in
the percentage of isolates belonging to this clade was
observed, particularly since 2018.

Approximately one third (32.4%) of the C. tropi-
calis isolates in our collection comprised non-WT
strains resistant to 5-FC with a bimodal MIC distri-
bution, indicating a heterogeneous population. Most
5-FC-resistant non-WT isolates had a MIC of 32
mg/L (Figure 1). STR genotyping demonstrated that
~80% of non-WT isolates were genetically related and
formed a distinct clade. The genetic diversity within
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that clade was low (304-2,289 SNP differences) but
distinct, indicating past diversification and environ-
mental spread rather than recent clonal transmis-
sion. The increasing prevalence of this clade suggests
better adaptation compared with other C. tropicalis
strains in the Netherlands, although changes in clini-
cal practices and referral patterns might confound
this observation.

Our study raises questions regarding the rela-
tionship between the 5-FC non-WT clade identified in
the Netherlands and similar clades reported in other
countries of Europe. A comparison of our WGS data
with those of publicly available C. tropicalis isolates
indicated the clade from the Netherlands is closely
related to C. tropicalis MLST clade 15 from Denmark
(41,42). A previous global study of 1,571 C. tropicalis
isolates identified 10 isolates from MLST clade 15 (42),
which included isolates from Denmark (n = 1) (41),
Ireland (n = 1) (43), United Kingdom (n = 2), Belgium
(n =2), Taiwan (n = 1), and Thailand (n = 3) (42). The
isolates from Belgium, cultured in 1993 and 1994, had
5-FC MICs of 128 mg/L. The UK isolates, cultured in
2004, had 5-FC MICs of 32 and 64 mg/L. The 5-FC
MICs of the isolate from Taiwan cultured in 2006 and
those from Denmark (date unknown) and Ireland
(cultured in 2018) remain unknown (41,43). Several
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isolates from this study clustered with isolates from
Belgium and the United Kingdom that had increased
5-FC MICs, indicating spread across Europe (39). The
MLST 15 isolates from Thailand, cultured during
2015-2017, had 5-FC MICs of <0.5 mg/L (44), sug-
gesting intraclade variation in 5-FC susceptibility.

In this study, we analyzed C. tropicalis isolates
collected during 2012-2022. We conducted an ear-
lier study, which included isolates cultured before
2012 (17). In that study, all 18 isolates tested during
2008-2010 were phenotypically 5-FC WT. In 2011, a
total of 24 isolates were tested, 6 of which were 5-FC-
resistant non-WT isolates. However, genetic analysis
of those isolates has not been performed. All isolates
collected since 2012 have been genotyped, and the
first non-WT isolate from the clade in the Netherlands
was identified in 2012 (Figure 5). In parallel with
our study, investigators in Denmark also showed a
marked increase in 5-FC-resistant, non-WT C. tropi-
calis isolates since the 2010s (40). In contrast, 5-FC-re-
sistant non-WT isolates were documented in France
as early as the 1980s (18), suggesting a later introduc-
tion or evolution of the 5-FC-resistant, non-WT clade
in the Netherlands. Previous studies using MLST in
the United Kingdom, Belgium, and France have also
indicated the presence of non-WT C. tropicalis clades

Figure 5. Trends in percentages

of flucytosine-resistant and
fluconazole-resistant non—wild-type
(WT) Candida tropicalis isolates,
the Netherlands, 2012-2022. A)
Percentages of flucytosine (5-FC)
non-WT isolates within the specific
clade identified in the Netherlands.
B) Percentages of all 5-FC non-
WT isolates, regardless of clade
affiliation. Isolates with a 5-FC

MIC above the local epidemiologic
cutoff of 0.5 mg/L were classified
as non-WT. C) Percentage of
fluconazole non-WT isolates.
Isolates with a MIC above the

local epidemiologic cutoff of 1

mg/L were classified as non-WT.
D) Percentage of fluconazole-
resistant non-WT isolates. Isolates
with values above the EUCAST
clinical breakpoint of 4 mg/L were
classified as resistant. Solid vertical
lines indicate slopes; dotted lines
above and below the slope indicate
95% Cls. Error bars indicate SEM.
Slopes significantly deviated from
zero in panels A and B (p<0.001
for both) but not in panels C (p =
0.992) or D (p = 0.640).
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(18,39), although the lack of full-genome sequences
prevents direct comparisons with our findings.

No 5-FC-resistant, non-WT clade has been report-
ed outside Europe. However, C. tropicalis has dem-
onstrated the ability to spread globally, evidenced
by the worldwide distribution of other C. tropicalis
clades. Azole-resistant C. tropicalis clades have been
documented worldwide (42). The fluconazole-resis-
tant MLST clade 4, comprising 248 of 1,571 isolates,
mainly originated from Asia, whereas fluconazole-re-
sistant MLST clades 2 and N2 have a global distribu-
tion (42). Despite the confinement of 5-FC-resistant,
non-WT C tropicalis to Europe, the widespread preva-
lence of MLST clades 2 and N2 suggests a potential
for global dissemination, emphasizing the impor-
tance of vigilance and global surveillance.

We found that 32.4% of C. tropicalis isolates were
5-FC-resistant non-WT strains, which was higher
than the 19% fluconazole-resistant non-WT and 11%
fluconazole-resistant strains. Higher fluconazole
resistance rates have been reported in lower and
middle income countries, such as China (23.1%) (42),
Algeria (31.6%) (45) and Egypt (37.5%) (19), where
fluconazole is the primary treatment for invasive fun-
gal infections. Most fluconazole-resistant isolates in
our study were from the 5-FC WT population; only
2 isolates exhibited non-WT 5-FC MICs. Despite the
rising rate of 5-FC-resistant non-WT isolates, a major
national trend was not observed for rates of flucon-
azole-resistant non-WT isolates.

The factors driving the recent emergence of the
5-FC-resistant, non-WT clade in the Netherlands are
unclear. Possible reasons are selective pressure from
antifungal drugs or cancer treatments, such as 5-fluo-
rouracil, and better adaptation to human hosts, lead-
ing to greater colonization and spread. Unlike azole
resistance, which might be linked to extensive clinical
or agricultural azole use, 5-FC is rarely used outside
medical contexts and seldom prescribed for invasive
candidiasis, making resistance development through
drug exposure unlikely. Increased 5-FC MICs were not
linked to resistance to other antifungal agents, such as
fluconazole or echinocandins, and genotyping did not
suggest a clonal outbreak. Therefore, the factors be-
hind the rise of this 5-FC-resistant, non-WT C. tropicalis
clade remain unknown, necessitating further investi-
gation to elucidate mechanisms and prevent spread.

Although 5-FC resistance has been previously
associated with the K177E amino acid substitution
from a mutation in URA3, this association has not
been confirmed through transformation studies (18).
In our study, the K177E mutation was present in all
sequenced 5-FC-resistant, non-WT clade isolates;
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however, it was also detected in non-WT isolates,
indicating that this mutation alone cannot fully ex-
plain the non-WT resistant phenotype. In Denmark,
a mutation in the FCY2 gene resulting in the E49X
amino acid substitution was found in all 5-FC non-
WT isolates, possibly overlooked previously because
of an error in the FCY?2 reference sequence (40). When
checking for this mutation, we found it to be homozy-
gous in the 5-FC clade isolates from the Netherlands,
which has previously been shown to cause a 5-FC
non-WT phenotype (34). That laboratory study ex-
posed isolates heterozygous for this mutation to 5-FC
and showed that those isolates developed a non-WT
5-FC-resistant phenotype because of loss of heterozy-
gosity for that mutation (34). In addition, constructed
strains homozygous for the truncated protein and for
glutamic acid at amino acid position 49 indicated that
the homozygous truncated protein caused a non-WT
phenotype, whereas isolates with glutamic acid at po-
sition 49 were WT (34).

In conclusion, our study confirmed the presence
of a 5-FC-resistant, non-WT clade in the Netherlands;
similar trends were observed in Denmark (40), likely
because of the same 5-FC non-WT clade. Further pro-
spective studies are required to gain more epidemio-
logic insights and clarify the effect of this 5-FC non-
WT clade on patient outcomes. Our findings highlight
the importance of continuous surveillance, advanced
genotyping techniques, and comprehensive clinical
data collection to prevent the spread of drug-resistant
Candida spp.
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Peromyscus spp. Deer Mice as
Rodent Model of Acute Leptospirosis

Ellie J. Putz, Claire B. Andreasen, Paola Boggiatto, Mitchell V. Palmer, Luis G.V. Fernandes,
Bienvenido W. Tibbs-Cortes, Judith A. Stasko, Camila Hamond, Steven C. Olsen, Jarlath E. Nally

Leptospirosis is a global zoonotic disease affecting hu-
mans, wildlife, companion, and domestic animals. Inci-
dental hosts can contract the disease directly or indirect-
ly from asymptomatic reservoir hosts, most commonly
small rodents. The Golden Syrian hamster is recognized
as the dominant rodent model for acute leptospirosis be-
cause the animals are susceptible to many serovars and
are used to maintain laboratory strains and test bacterin
vaccine efficacy. However, hamsters are primarily used
in survival-based studies, and investigations into host
immune response and disease pathogenesis are lim-
ited. We found that Peromyscus leucopus white-footed
deer mice are susceptible to acute leptospirosis, and
thus might be an alternative rodent model. Furthermore,
similar to hamsters, deer mice produce circulating foamy
macrophages in response to Leptospira challenge. Deer
mice exhibit differences in response to different se-
rovars, clinical disease severity, kidney and liver lesions,
and an overall sex effect, with male mice demonstrating
more severe clinical signs and higher bacterial burden.

eptospirosis is a global zoonosis causing severe

disease in humans, domestic animals, and wildlife
(1). In cattle and most livestock species, leptospirosis
causes abortions and reproductive losses, resulting in
serious veterinary health and economic concerns for
producers (2,3). Commercial vaccines are available but
are not cross-protective across Leptospira serogroups.
Because of the range in clinical sign severity and the
fastidious nature of culturing the pathogen, leptospi-
rosis diagnosis can be challenging, and the disease is
consistently underrecognized by clinicians. Leptospira
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spp. bacteria colonize the kidneys and are typically
shed by reservoir hosts in their urine, where they are
transmitted from the environment to incidental hosts
(4). The primary reservoir hosts are members of the ro-
dent family. Infected mice and rats are largely asymp-
tomatic, and cohabitation in field environments, barns,
and dwellings presents ample opportunity to foster
transmission to humans and domestic animals.

The small animal models used to study acute lep-
tospirosis are hamsters, guinea pigs, and gerbils (5-7).
Although vaccines exist for many domestic species,
commercial bacterins require validation before release.
For those purposes, Golden Syrian hamsters (Mesocti-
cetus auratus) are widely considered the standard mod-
el for leptospirosis research (8). Unlike most wildlife
rodents, hamsters demonstrate acute and typically
fatal signs of infection when challenged, although se-
verity of disease can vary among Lepfospira serovars,
species, and strains (9-11). Hamsters are used to pas-
sage laboratory strains for research purposes, such as
tests or the recovery of virulence (8). Similarly, ham-
sters are used in survival studies to test commercial
bacterin vaccines (as required by the US Department
of Agriculture), regardless of the intended host species
(12). Although the research community relies heavily
on the hamster model, it has notable limitations. They
are mostly used for survival metrics instead of disease
mechanism or immunology-based studies and suffer
from a lack of reagents (such as markers of immune
cell types) and resources (such as genomic/ proteomic
databases). Further, hamsters are largely not found in
the wild and thus do not accurately model naturally
occurring leptospirosis transmission.

Peromyscus mice, commonly known as deer mice,
are phylogenetically more similar to hamsters in the
Cricetidae family than are the classic Muridae Mus
musculus mice (13,14). Wild deer mice, including a
variety of subspecies (one of the most abundant be-
ing P. leucopus white-footed deer mice), are found in
parts of North America and are used for bacterial and
viral disease research, including research into Lyme
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disease, anaplasmosis, hantavirus (P. maniculatus
mice), and viral encephalitis (15,16). For many of
those diseases, deer mice serve as reservoir hosts and
play crucial roles in tickborne disease life cycles and
transmission kinetics, where they are characterized
by a lack of clinical signs and reduced inflammatory
immunological responses (16,17). Some aspects of the
transmission and movement of strains of Leptospira
from wildlife to livestock are unknown, and deer mice
might serve as a potential environmental wildlife res-
ervoir similar to other documented rodent hosts (18).

Our group strives to improve tools and metrics
to assess immunological responses in rodent models
that are key for leptospirosis research. Previously, we
established that hamsters produce circulating foamy
macrophages in response to Leptospira and bacillus
Calmette-Guérin challenge, and the presence of those
cell populations is correlated with disease severity
(11,19,20). Foamy macrophages are best known for
their characteristic appearance in the tissue of granu-
lomas caused by Mycobacterium tuberculosis complex
but are not typically found in circulation. Foamy mac-
rophage vacuoles contain defined lipid droplets, but
unlike the foamy macrophages that contain mycobac-
teria in tuberculous granulomas, those cells do not
appear to contain leptospires in the challenged ham-
ster model (11,21). In this study, we sought to assess
the suitability of Peromyscus spp. mice as an alterna-
tive rodent model of leptospirosis.

Materials and Methods

Animals

We obtained P. leucopus deer mice 6-13 weeks of age
from the LL stock Peromyscus Genetic Stock Center
at the University of South Carolina (Columbia, SC,
USA). All procedures and experiments were ap-
proved by the National Animal Disease Center Ani-
mal Care and Use Committee. Deer mice were moni-
tored daily for health evaluation and had ad libitum
access to food and water.

Experimental Design

This work includes data from 3 independent experi-
ments. Leptospira borgpetersenii serogroup Ballum se-
rovar Arborea strain LR131 and L. interrogans sero-
group Canicola serovar Canicola strain LAD1 were
propagated at 29°C in HAN media (22). Animals
were challenged by intraperitoneal injection with 0.5
mL containing 1 x 107 leptospires (LR131 or LAD1)
or 0.5 mL HAN media alone. Noninjection (negative)
male and female control mice were used for nontreat-
ment comparisons.
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We monitored deer mice daily for clinical signs
including lethargy; blood in urine; blood from nose,
urogenital tract, or on paws; or lack of grooming/
hygiene. We euthanized animals at the appearance of
severe clinical signs such as blood from nose, paws,
or urogenital tract or extreme lethargy (monitored by
response to a human handler). We collected whole
blood smears, kidney and liver samples for culture
and quantitative PCR (qPCR) and tissues for histo-
pathologic examination (spleen, lung, heart, kidney,
liver, pancreas, and omental adipose).

Because severe clinical signs developed in male
and female mice at different timepoints, we harvested
control animals of the opposite sex as necessary. In a
subset of female mice challenged with L. interrogans
strain LAD1, acute signs of disease did not develop;
we euthanized those mice =3 weeks postchallenge.

Culture and gPCR

For all challenged animals, we harvested a kidney or
section of liver and macerated the specimen in 5 mL
of HAN media containing 5-fluorouracil (100 pg/pL)
for Leptospira culture. We used numerous dilutions of
macerated suspensions to inoculate HAN media plus
5-fluorouracil as described previously (22) and incu-
bated at 37°Cin 5% CO, (23). We determined bacterial
burden of liver and kidney by using genomic lipL32
qPCR as previously reported (19).

Blood and Tissue Processing and Evaluation
We collected blood smear slides using the feathered
edge technique, stained them with Giemsa solution,
and evaluated them by microscopy. We performed a
100-cell differential count classifying the number of
neutrophils, lymphocytes, monocytes, foamy macro-
phages, and combined eosinophils and basophils.
We took tissue samples of similar size and section
for all groups from liver, kidney, spleen, lung, heart, and
omental adipose tissue. We collected tissues into forma-
lin and transferred to 70% ethanol after 24 hours. We
used standard paraffin-embedding techniques to fur-
ther process the fixed samples. We transferred cut par-
affin-embedded tissues sections (4-pm-thick sections)
to Superfrost Plus charged microscope slides (Thermo
Fisher Scientific, https:/ / www.thermofisher.com), after
which we stained them with hematoxylin and eosin. We
evaluated histologic sections by light microscopy using
an Olympus B41 microscope and DP 23 Olympus cam-
era and captured images with cellSens Olympus soft-
ware (Evident Scientific, https:/ / evidentscientific.com).
We performed immunohistochemistry with the
Ventana Ultra Discovery on representative forma-
lin-fixed, paraffin-embedded tissue sections 4 pm
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thick. We deparaffinized sections in Discovery Wash
(Roche, https://www.roche.com) and achieved an-
tigen retrieval by incubation with cell-conditioning
solution 1, a citrate-based buffer (pH 6.0). We per-
formed a blocking step with Discovery Goat Ig Block
(Roche) for 20 minutes at 35°C. We incubated sections
for 32 minutes at 35°C with primary antibody against
LipL32 at 1:100 dilution in Discovery antibody dilu-
ent (Roche). The signal was detected with rabbit Dako
EnVision-HRP system (Agilent, https:/ /www.agile-
nt.com) for 32 minutes at 35°C and visualized with
3,3'-diaminobenzidine (Roche). We counterstained
the sections with Harris Hematoxylin (Leica Biosys-
tems, https:/ /www leicabiosystems.com).

Statistics

We evaluated stained whole-blood smear cell counts
(cell numbers/100 leukocytes) using simple linear re-
gression models in R version 4.1.0 (The R Project for
Statistical Computing, https://www.r-project.org).
We evaluated each cell type independently (lympho-
cytes, neutrophils, monocytes, foamy macrophages,
and combined eosinophils and basophils). For bacte-
rial burden data, we evaluated genomic lipL32 qPCR
independently between kidney and liver. For all, each
group was fit as a fixed effect detailing male mice with
acute disease, female mice with acute disease, and time-
matched nonclinical control female mice (showing no
signs of disease) taken when acute male mice reached
endpoint. We included 2 control groups, media alone
and noninjection negative controls. We evaluated spe-
cific contrasts within cell types with pairwise contrasts.
We determined significance by a p value of <0.05; error
bars represent SEs. We analyzed Spearman correlations
in R between foamy macrophage counts and bacterial
burden of liver and kidney across all deer mice.

Peromyscus Mice as Model of Acute Leptospirosis

Results

We challenged acclimated male and female Pero-
myscus spp. deer mice with L. interrogans serogroup
Canicola serovar Canicola (strain LAD1) and L. borg-
petersenii serogroup Ballum serovar Arborea (strain
LR131) and evaluated both media alone and noninjec-
tion controls. Deer mice showed severe clinical signs
of disease within the first week postchallenge, estab-
lishing them as an alternative rodent model of acute
leptospirosis (Figure 1). Although both L. borgpeterse-
nii and L. interrogans strains caused acute disease,
endpoint separation between male and female mice is
striking and demonstrates that male mice were more
susceptible than female mice to both LR131 and LAD1
(p<0.01 between sexes for both) (Figure 1). Because
male mice were more susceptible, we also evaluated a
control group of nonclinical female mice not display-
ing severe signs of disease but euthanized at the same
time as acutely ill male mice.

Previously, our group described the unique pro-
duction of circulating foamy macrophages by ham-
sters challenged with Leptospira (11), a feature not
replicated in experimentally infected laboratory mice,
guinea pigs, or rats (E. Putz et al., unpub. data). By
examining Giemsa-stained slides of whole blood
smears, we identified circulating foamy macrophages,
consistent with those described in hamsters, in deer
mice (Table; Figure 2). Intracellular lipid droplets are
defining features of foamy macrophages. We con-
firmed the presence of those lipids with microscopy
techniques including Oil Red O staining (Figure 3)
and transmission electron microscopy (Figure 4). Simi-
lar to findings in the hamster model, no leptospires were
detectable within foamy macrophages by transmission
electron microscopy (24). Additional hematologic find-
ings included neutrophilia and lymphopenia (Table).

Figure 1. Endpoint and survival curves for Peromyscus deer mice experimentally infected with Leptospira in study of the species as
rodent model of acute leptospirosis. Graphs indicate survival curves for severely diseased female and male deer mice infected with
Leptospira borgpetersenii strain LR131 (A) and L. interrogans strain LAD1 (B). p value <0.01 between sexes for both LR131- and LAD1-

infected animals.
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Table. Manual differential cell counts on Giemsa-stained whole blood smears in study of Peromyscus species deer mice as rodent
model of acute leptospirosis*

Cells/100 leukocytes

Group Foamy macrophages Monocytes Neutrophils Lymphocytes  Eosinophils and basophils
LR131 female 3.75 +1.25% 3.08 + 0.541  34.00 + 3.12t 58.2 + 3.40t 0.92 +0.48
LR131 male 7.63 + 1.53t 4.13+0.667 36.62+3.82t 50.4+4.17t 0.88 + 0.59
LR131 nonclinical female 0.33 + 2.50 1.33 +1.07 47.33 + 6.24% 49.7 + 6.811 1.33 +0.96
LAD1 female 1.70 + 1.37 2.00 + 0.59 24.00 + 3.42 70.6 + 3.73T 1.70 + 0.53
LAD1 male 3.36 + 1.16t 2.86+0.50f 35.50 +2.89t1  55.1 +3.15% 3.14 + 0.45t
LAD1 nonclinical female 0.50 +2.17 1.75+0.93 26.50 +5.41 68.2 + 5.90t 2.75 + 0.84%
HAN media 0.22 +0.90 1.04 + 0.39 16.26 + 2.26 81.6 +2.46 0.87 +0.35
Negative 0.00 + 1.53 0.88 + 0.66 8.38 +3.82 90.6 + 4.17 0.13 + 0.59

*Table shows the least square means of foamy macrophages, monocytes, neutrophils, lymphocytes, and combined eosinophils and basophils, with their
respective SEs.
tDenotes a significant difference (p<0.05) compared with HAN media controls.

Substantial populations of foamy macrophages
were found in the blood of deer mice challenged
with both L. borgpetersenii and L. interrogans (Figure
5). Control noninjected animals did not produce any
foamy macrophages, but media alone controls had
sparse production of an occasional foamy-filled cell,
suggesting a possible immune response to HAN
media. LAD1-challenged male mice produced sig-
nificantly more foamy macrophages than did media
alone (p<0.01) and negative control (p = 0.02) ani-
mals. Male LAD1-infected deer mice also produced
more foamy macrophages (3.36 + 1.16/100 counted
leukocytes) than did acute female (1.70 + 1.37/100
counted leukocytes; p = 0.22) or control female counter-
parts (0.50 + 2.17/100 counted leukocytes; p =0.12), but
differences were not significant (Figure 5, panel A).
Differences among challenged groups were stronger
for L. borgpetersenii LR131-infected animals, whereas
male deer mice generated significantly greater num-
bers of foamy macrophages than did acute female
(p = 0.05), nonclinical control female (p = 0.01), HAN
media alone (p<0.01), or negative control (p<0.01)
groups (Figure 5, panel B). Given that LR131-chal-
lenged deer mice reached endpoints more quickly
than LAD1-challenged deer mice, foamy macrophage
cell percentages appear to be associated with disease
severity. This finding further corroborates the sex
effect seen in this study; higher foamy macrophage

proportions were found in male mice than in acutely
diseased female mice (Figure 5).

No significant histologic findings were present
in the HAN media only and negative control groups.
Challenge groups for strain LR131 and strain LAD1
had variable and nonspecific changes in the spleen and
lung. The spleen had variable lymphoid follicle ex-
pansion, which can result from antigenic stimulation,
and extramedullary hematopoiesis. The lung had
variable hemorrhage and congestion; some vessels
contained neutrophils, attributed to the peripheral
blood neutrophilia.

Both strains LR131 and LAD1 kidney-associated
omental adipose tissue had hemorrhage and inflam-
matory cell infiltrates when associated with kidney
inflammatory lesions. Cell infiltrates consisted of
variable numbers of neutrophils, lymphocytes, mac-
rophages, and suspected foamy macrophages (Figure
6). Some macrophages, or possible foamy macro-
phages, contained erythrocytes (Figure 6), also seen
in the blood (Figure 2). Immunohistochemistry also
confirmed the presence of leptospires within kidney
adipose tissue (Appendix Figure, https://wwwnc.
cdc.gov/EID/article/31/7/24-1579-Appl.pdf).

Significant lesions of interest were present in
the kidney and liver and varied between challenge
strains; inflammatory lesions in the kidney were more
severe and diffuse in a higher number of deer mice

Figure 2. Whole blood smears depicting foamy macrophages in study of Peromyscus species deer mice as rodent model of acute
leptospirosis. Representative blood smears containing foamy macrophages mice experimentally infected with Leptospira borgpetersenii
strain LR131 (A), L. interrogans strain LAD1 (B), and noninfected control monocyte (C) are shown. Original magnification x100.
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Figure 3. Microscopy
presentation of lipid within foamy
macrophages from infected
mice in study of Peromyscus
species deer mice as rodent
model of acute leptospirosis.
Representative Oil Red
O-stained whole blood smears
from a Leptospira infected
animal (A) and a noninfected
control (B) are shown. Original
maghnification x20.

challenged with strain LR131 than those challenged
with LAD1 (Figure 7). The LR131-challenged acute
disease group had renal cortex intratubular neutro-
phils that extended into the medulla, tubular necro-
sis, interstitial neutrophilic nephritis, hemorrhage,
and perivascular neutrophils and lymphocytes (Fig-
ure 7). The LAD1-challenged acute disease group had
similar renal lesions, but they were less severe and
diffuse, and hemorrhage and medullary inflamma-
tory infiltrates were rare. Lesion severity differences
were further supported by immunohistochemistry,
which demonstrated a greater number of leptospires
in LR131-infected mice (Figure 7).

In the histologic assessment of the liver, animals
infected with strain LR131 had mild hepatic lesions
consisting of intrasinusoidal neutrophils, possibly as-
sociated with peripheral neutrophils, and low num-
bers of occasional perivascular lymphocytes (Figure
8). This finding contrasted with the LAD1-challenged
group, which had mild to severe diffuse liver lesions
(Figure 8). The contrasting severity of lesions and

density of leptospires differences were confirmed
by immunohistochemistry (Figure 8). Milder lesions
consisted of hepatocyte vacuolar change, hepatocyte
swelling (cell edema), and a few areas of perivascu-
lar lymphocytic inflammation. Severe liver lesions
consisted of hepatocyte dissociation and purulent he-
patocyte necrosis that was multifocal to diffuse with
a midzonal to centrilobular pattern, often bridging
(Figure 8).

Culture was positive in liver and kidney sam-
ples from all challenged animals, and we quantified
bacterial load by using genomic equivalent qPCR
for lipl32. Bacterial loads were similar between chal-
lenges, but the highest levels of leptospires per gram
were seen in the liver (Figure 9). For both Leptospira
species—infected deer mice, bacterial load was higher
in kidney and liver samples from male mice than in
samples from acute female, nonclinical female, HAN
media alone, and negative control groups (Figure 9,
panels A, B) (p<0.01). As seen previously in hamsters
(25), between LAD1- and LR131-challenged female

Figure 4. Transmission electron microscopy presentation of whole blood indicating foamy macrophages from infected mice in study
of Peromyscus species deer mice as rodent model of acute leptospirosis. A) Image of foamy macrophages with membrane-bound
lipid droplet in black box; original magnification x6,800. B) Close-up of membrane-bound lipid droplet from box in panel A (original
magnification x49,000). C) Noninfected control monocyte (original magnification x6,800).
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Figure 5. Concentrations of foamy
macrophages per 100 leukocytes
in whole blood smears from

male and female Peromyscus
deer mice in study of the species
as rodent model of acute
leptospirosis. Concentrations of
foamy macrophages are shown
for acute disease male, acute
disease female, and NC female
mice taken when acute male mice
reached endpoint for challenge
with Leptospira interrogans strain
LAD1 (A) or L. borgpetersenii
strain LR131 (B). Error bars depict
SEs. Asterisk denotes a significant
difference (p<0.05) from media
alone and negative control groups,
whereas pound sign denotes a
significant difference (p<0.05)
between male and female groups.
NC, nonclinical.

mice, bacterial burdens were higher in both liver and
kidney samples for L. borgpetersenii challenge than L.
interrogans (p<0.01). In contrast, bacterial load in male
mice did not differ in kidney (p = 0.56) or liver (p =
0.33) specimens between challenge strains (Figure 9).
Foamy macrophage percentages were significantly
correlated with bacterial load of leptospires in liver
and kidney specimens (p<0.01), further demonstrat-
ing their association with virulence.

Discussion

Acute disease developed in P. leucopus deer mice in
response to Leptospira challenge, offering an alter-
native acute rodent model to elucidate pathogenic
mechanisms of leptospirosis. From an evolutionary
standpoint, deer mice are more closely related to
hamsters than to M. musculus mice (13,14). In addi-
tion to displaying severe clinical signs such as he-
maturia, blood on nose and foot pads, and lethargy,
deer mice produced foamy macrophages in response
to both L. interrogans and L. borgpetersenii challenge,
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which correlated with disease severity. Our group
previously identified that hamsters produce circulat-
ing foamy macrophages in response to bacterial in-
fection, but in our studies, those cells do not appear
in mouse, guinea pig, or rat models of leptospirosis.
Because circulating foamy macrophages are present
in low numbers and can be unevenly distributed in
blood smears, we found visual examination of the
entire blood smear (versus a 100-cell count differen-
tial) was sometimes needed to detect foamy macro-
phages. Also, foamy macrophages can be missed if
only automated analyzer evaluation is used for he-
matology analysis (with specific parameters flagged
to require visual examination, as can occur in human
medicine). This work suggests that circulating foamy
macrophages might be limited to the Cricetidae fam-
ily, but evaluation of additional rodent species, fur-
ther investigation in Peromyscus subspecies, and re-
view of blood smears from other species susceptible
to leptospirosis would be necessary to confirm this
unique finding.
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Peromyscus spp. mice are commonly recognized
as asymptomatic reservoir hosts, particularly for the
Lyme disease bacteria Borrelia burgdorferi. Much work
has been done exploring the reservoir host compo-
nents and pathogen interactions between Peromys-
cus species and other rodents. Gene expression work
suggests Peromyscus spp. mice respond differently
than M. musculus mice to lipopolysaccharide chal-
lenge (17,26) and have altered immune cell interac-
tions, such as largely inactive or altered immuno-
globulin gamma Fc receptors (27). Previous work
in deer mice has established that Peromyscus tran-
scriptomic profiles are more aligned with M2 macro-
phage than M1 polarization in response to endotoxin
(26) and are associated with alternatively activated
monocytes (17). Specifically, deer mice showed a low
inducible nitric oxide synthase 2 (Nos2), high arginase
1 (Argl) expression ratio in response to lipopolysac-
charide challenge (28), which is typically associated
with a damage repair or antiinflammatory response.
Such nonclassical activation profiles could contrib-
ute to the production of foamy macrophages, but the
mechanism of circulating foamy macrophage forma-
tion and their functional capabilities are still unclear.
Implications of foamy macrophages for host immune
response and bacterial persistence are also of inter-
est, because the acquisition of low-density lipopro-
tein cholesterol within foamy macrophage vacuoles
is viewed as a nutrient source for pathogens (29). Of
note, foamy macrophages have been tissue-associated
with other infectious agents, such as Chlamydia spp.
and Toxoplasma spp., so the association with foamy
macrophages might not be leptospirosis-specific (29).
However, Leptospira infection in hamsters, and now
deer mice, is to our knowledge the only model to

Peromyscus Mice as Model of Acute Leptospirosis

produce foamy macrophages in circulation. A small
portion of foamy macrophages were produced in a
minority of deer mice injected with HAN media ab-
sent of leptospires. Although the mechanism behind
foamy macrophage formation remains unknown in
the context of leptospirosis, HAN media is rich in
fatty acids and nutrients (22), and some level of im-
mune activation from the intraperitoneal challenge
could conceivably have resulted in rare circulating
foamy macrophages.

In cases of human leptospirosis, primary kidney
lesions of acute tubular necrosis and acute interstitial
nephritis are observed, which were also seen in deer
mice histology. Both LR131- and LAD1-challenged
deer mice had acute nephritis, primarily affecting the
renal tubules and with more severe lesions in LR131-
challenged tissues. Renal failure might have result-
ed in the LR13l-infected animals reaching severe
endpoints before their LAD1-infected counterparts.
On histologic sections, suspected foamy macro-
phages in challenged deer mice were only associated
with renal omentum. When conducting hematoxy-
lin and eosin staining on deer mice samples in this
study, identifying foamy macrophages was more
complex than in hamsters because the clear round
vacuoles associated with lipid content were also as-
sociated with smaller foamy diffuse vacuoles and,
sometimes, erythrophagocytosis. Histologic findings
of foamy macrophages, macrophages with cytoplas-
mic vacuoles, and the erythrophagocytosis in either
macrophages or foamy macrophage tended to over-
lap. Collectively, this finding suggests that foamy
macrophages might phagocytose erythrocytes (30).

Human leptospirosis patients who experience
Weil’s syndrome have a high mortality rate (=10%)

Figure 6. Histological examination of omental tissue from Peromyscus deer mice in study of the species as rodent model of acute
leptospirosis. A) Leptospira borgpetersenii strain LR131—challenged deer mouse (original magnification x40); B) foamy macrophages
with intracytoplasmic erythrocytes and clear lipid vacuoles in sample taken from LR131-challenged deer mouse (original magnification
x100); C) foamy macrophage within vessel lumen and foamy macrophage, also present in peripheral blood L. interrogans strain LAD1—
challenged deer mouse (original magnification x100); D) omentum sample from noninfected deer mouse (original magnification x40).
Black arrows indicate possible foamy macrophages/macrophages with intracytoplasmic erythrocytes (erythrophagocytosis).
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Figure 7. Microscopic and immunohistochemical examination of kidney samples taken from challenged and control deer mice in
study of Peromyscus species deer mice as rodent model of acute leptospirosis. A-C) Samples taken from LR131-challenged deer
mice showing acute diffuse purulent nephritis and nephrosis. The renal cortex and medulla appeared similar with severe diffuse
intratubular neutrophilic inflammation, loss and necrosis of tubular lining cells, and resulting nephrosis. Intertubular neutrophilic
infiltrates in the interstitium and some neutrophilic glomerular infiltrates (not common) were present. There were scattered areas of
hemorrhage (not pictured). A, B) Hematoxylin and eosin—stained tissue (A, original magnification x20; B, original magnification x40);
C) LipL32 immunohistochemistry-labeled kidney (original magnification x20). D—F) Samples taken from LAD1-challenged deer mice
showing most severe renal lesion associated with LAD1. Examination showed acute multifocal purulent nephritis and nephrosis with
lymphocytic and slightly purulent interstitial nephritis. The renal cortex contained multifocal intratubular neutrophilic inflammation, loss
and necrosis of tubular lining cells with the accumulation of eosinophilic material and resulting nephrosis. Intertubular lymphocytes
and fewer neutrophils were scattered in the interstitium. D, E) Hematoxylin and eosin—stained tissue (D, original magnification x20; E,
original magnification x40); F) LipL32 immunohistochemistry-labeled kidney (original magnification x20). G—I) Sample of noninfected
control animal kidney. G) Hematoxylin and eosin—stained tissue (G, original magnification x20; H, original magnification x40); I)
LipL32 immunohistochemistry negative (original magnification x20).
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because of renal and hepatic failure (31) associated that ranged from mild hepatocyte swelling (cell
with direct damage of hepatocytes and Kupffer cells edema) with vacuolar hepatopathy, often in a centri-
(32,33). LAD1-challenged deer mice had lesions lobular pattern, to severe necrotizing hepatitis with a

Figure 8. Microscopic and immunohistochemical examination of liver samples from challenged and control deer mice in study of Peromyscus
species deer mice as rodent model of acute leptospirosis. A-C) Samples from LR131-challenged deer mice showing minimal change and
intravascular neutrophils. The liver had intact architecture, minimal hepatocyte change, and some areas of vascular intrasinusoidal neutrophils.
The presence of neutrophils may represent peripheral blood versus recruitment to the liver. A) Hematoxylin and eosin—stained tissue (A,
original magnification x20; B, original magnification x40); (C) LipL32 immunohistochemistry-labeled liver (original magnification x20). D—F)
Samples from LAD1-challenged deer mice showing acute diffuse purulent hepatitis and necrosis. There was marked disruption of hepatic
architecture with hepatocyte dissociation, diffuse neutrophilic (purulent) inflammation, and hepatocyte necrosis. Necrosis of hepatocytes
resulted in confluent midzonal and centrilobular necrosis, sometimes bridging, with hemorrhage. The necrosis resulted in tissue fragility. D)
Hematoxylin and eosin—stained tissue (A, original magnification x20; B, original magnification x40); F) LipL32 immunohistochemistry-labeled
liver (original magnification x20). G—I) Sample of noninfected control animal liver. G) Hematoxylin and eosin—stained tissue (A, original
magnification x20; B, original magnification x40); I) LipL32 immunohistochemistry negative (original magnification x20).
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Figure 9. Genomic equivalent
burden of calculated leptospires
per gram of tissue between male
and female Peromyscus deer
mice in study of the species

as rodent model of acute
leptospirosis. Graphs show the
PCR-calculated bacterial load in
infected kidneys (A) and livers
(B) from deer mice infected

with strain LR131 Leptospira
borgpetersenii or strain LAD1

L. interrogans, HAN media
alone, and noninfected negative
control. Groups shown consist of
acute disease male mice, acute
disease female mice, and NC
female mice taken when acute
male mice reached endpoint.
Error bars depict SEs. Asterisk
denotes a significant difference
(p<0.05) from media alone and
negative control groups, whereas
pound sign denotes a significant
difference (p<0.05) between
male and female groups.

NC, nonclinical.

midzonal to centrilobular pattern. The milder lesions
of hepatocyte vacuolar change and cell swelling are
not specific and appeared more consistent with the
foamy cytoplasm of hydropic degeneration that can
result from hypoxia, anorexia, or altered metabolic or
nutritional states. Alternatively, those lesions might
precede the more advanced necrotizing hepatitis,
considering clinical signs ranged from absent to mild
in the LAD1-challenged deer mice with milder he-
patic lesions.

Bacterial burden data illustrate high patho-
gen loads in major organs of interest; the highest
burden of leptospires per gram was found in liver
tissue, not kidney tissue (Figure 9). That finding is
consistent with pathogenesis tracking of acutely
ill hamsters challenged with L. interrogans, where
heavy dissemination to immune responsive or-
gans is apparent (34). Over time in nonfatal con-
ditions, host immune responses control leptospires
in most systems, whereas persistent colonization of
the kidneys enables persistent shedding. Most no-
table differences in burden data are reflected in the

1374

significantly reduced bacterial load in female LAD1-
challenged animals and female controls (Figure 9).
That finding supports the sex effect differences re-
ported but also suggests that reduced disease se-
verity in those animals is associated with reduced
leptospire presence in liver and kidneys. Although
unsurprising, the same was not true of LR131-chal-
lenged female mice and female controls, suggest-
ing L. interrogans and L. borgpetersenii pathogenesis
and interactions with host sex could be different.
Although a Leptospira dose response was not evalu-
ated in this study, follow-up research with the con-
current investigation of alternative routes of inocu-
lum administration, such as conjunctival challenge,
could be warranted.

Sex effects are associated with leptospirosis in
humans and animals, including hamsters, and consis-
tently favor more severe disease in male infectees (35-
37). We found the same; male deer mice succumbed
more quickly to severe disease endpoints (Figure 1),
produced more circulating foamy macrophages (Fig-
ure 5), and harbored higher bacterial burdens in kid-
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ney and liver samples (Figure 9). Of note, Borrelia in-
fection studies in P. leucopus mice show no difference
between male and female littermates (28), but other
work illustrates older male deer mice caught in the
wild were more likely to harbor tick infestation (38).
The mechanism of the leptospirosis sex effect is still
unknown, but work with hamsters in leishmaniasis
showed that treating female hamsters with testoster-
one increased the size of lesions (39), suggesting an-
drogens might play a role in pathogenesis. In other
rodent models of bacterial disease with sex effects,
sex differences of Listeria monocytogenes in mice (more
resistance in males) found that more severe disease
was associated with increased levels of interleukin-10
(IL-10), and IL-10 knockout mice showed no differ-
ences between sexes (40). Of additional relevance, M2
macrophages can secrete IL-10, illustrating another
immune component that should be investigated in
the deer mouse model of leptospirosis.

In conclusion, our results demonstrate that deer
mice are susceptible to acute leptospirosis. Ultimate-
ly, an alternative rodent model for acute disease is
valuable. Unlike hamsters, deer mice are found read-
ily in the wild; additional field work should survey
leptospirosis prevalence among those populations.
The role of circulating foamy macrophages in the
pathogenesis of leptospirosis is yet to be elucidated
but currently appears limited to the Cricetidae family.
Collectively, this work demonstrates that deer mice
represent a possible real-world host that could enable
further modeling of transmission kinetics and patho-
genesis of leptospirosis.
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Disseminated Histoplasmosis
In Persons Living with HIV,
France and Overseas Territories,
1992—-2021

Mathieu Nacher, Esaie Marshall, Firouze Bani-Sadr, Sandrine Peugny,
Blandine Denis, Elise Ouedraogo, Sebastien Gallien, Agnes Meybeck, Ugo Francgoise,
Antoine Adenis, Nicolas Vignier, Pierre Couppié, Pierre Sellier, Sophie Grabar

Disseminated histoplasmosis is a major issue among per-
sons with advanced HIV in the Americas; it might also af-
fect persons in sub-Saharan Africa, the Caribbean, and
Asia and can be mistaken for other infections. By using
1992-2021 data from the French hospital database on
HIV, we analyzed 198,798 persons with HIV follow-up
in France and its overseas territories, identifying 553
(2.8/1,000 person-years) first episodes of disseminated
histoplasmosis. Incidence rates varied by site of follow-up:

istoplasmosis is common in the Mississippi and

Ohio Valleys in the United States, and the dissem-
inated form was classified as an AIDS-defining disease
in 1987 (1,2). Although much of the early work on dis-
seminated histoplasmosis in persons with HIV (PWH)
took place in the United States, Central and South
America have also recognized the effects in PWH (3-
5). Disseminated histoplasmosis is the leading AIDS-
defining infection and cause of death in French Guiana
and possibly in other South and Central America coun-
tries (6). In most endemic countries, the nonspecific
manifestation of histoplasmosis, the low awareness of
its epidemiologic importance among clinicians, and
the lack of diagnostic tools leads to delays in timely di-
agnosis and treatment. The problem of histoplasmosis

9.41 in French Guiana, 0.76 in Guadeloupe, 0.62 in Mar-
tinique, and 0.079 in mainland France. Incidence rates
in France also varied between regions of origin or travel:
4.73 for Central or South America, 1.36 for the Caribbean,
and 0.19 for sub-Saharan Africa or Asia. Differences per-
sisted after adjusting for age, sex, CD4 count, and viral
load at baseline. Overall, incidence and early death have
declined, likely because of antiretroviral drug rollout in
France.

also seems to be ignored in Africa and Asia, where His-
toplasma capsulatum is endemic (7-9). In the Caribbean,
the extent of histoplasmosis is unclear (10). Given the
movement of people between endemic zones and Eu-
rope, the number of cases in hospitals in France and its
overseas territories might not be negligible.

The surge of disseminated histoplasmosis was
closely linked to the HIV epidemic and the large num-
bers of PWH with advanced HIV disease. However,
because antiretroviral drug therapy has been recom-
mended for all PWH, the epidemiology is likely to
have evolved with the gradual decrease in the pro-
portion of severely immunocompromised patients
(11). We have located few reports to date assessing
this evolution.
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For >30 years, the Agence Nationale de Recher-
che sur le SIDA et les Hépatites (ANRS) cohort 4
(CO4) French hospital database on HIV (FHDH),
a large national hospital cohort, collects data from
hospitals throughout France and, of note, from hos-
pitals from overseas territories of France in South
America (French Guiana), the Caribbean (Martinique
and Guadeloupe), and the Indian Ocean (Reunion
Island and Mayotte) (12). The cohort includes many
PWH coming from a wide range of countries that are
known as or suspected to be endemic for histoplas-
mosis (7,8,13,14). The different exposure to Histoplas-
ma among PWH, combined with most being cared for
by university hospitals with diagnostic tools capable
of testing for fungal pathogens, enables assessment of
the incidence of disseminated histoplasmosis accord-
ing to the territory of residence or origin of PWH.

We used the ANRS CO4 FHDH to study the inci-
dence of disseminated histoplasmosis in territories of
France and the main factors associated with the dis-
ease and its prognosis in PWH during 1992-2021. We
focused on the national or regional origins of PWH
with disseminated histoplasmosis.

Methods

The ANRS CO4 FHDH

Starting in 1989, the ANRS CO4 FHDH was an open
hospital cohort of PWH. The cohort collects clinical,
biological, and treatment data from adult PWH. The
cohort is populated by data from 23 regional coor-
dination committees for the fight against sexually
transmitted infections and HIV (Comité de Coordina-
tion de la lutte contre le VIH et les IST [COREVIH]),
including those from overseas territories (12). Each
COREVIH has trained clinical research technicians
collecting and verifying the quality of the local data
and then transferring the data to the FHDH, where
additional verifications are conducted to avoid incon-
sistencies and duplicates. Approximately 180 hospi-
tals in France currently collect data for this cohort that
includes 64% of PWH receiving care in France.

Study Design

From data collected during January 1, 1992-Decem-
ber 31, 2021, we selected PWH with a confirmed
HIV-1 or HIV-2 infection with >2 follow-up visits
and 1 CD4+ T-cell measurement. Because diagnostic
tools and first-line treatment for histoplasmosis are
not always extensively collected in the FHDH, we
contacted hospitals reporting cases of histoplasmo-
sis over a 5-year period (2015-2020) to obtain addi-
tional information.

1378

ANRS CO4 FHDH Variables Studied

We extracted for the patients with (as main or second-
ary diagnoses, irrespective of the number of associ-
ated diagnoses) the B39 series of codes from the In-
ternational Classification of Diseases, 10th Revision:
B39, B390, B391, B392, B393, B394, B395, and B399,
all defining histoplasmosis (15). We extracted date of
birth, country of birth, and notion of residence in an-
other country as a composite variable accounting for
the geographic origin; we also extracted date of HIV
diagnosis, date of first inclusion in the cohort, date
of antiretroviral treatment initiation, first CD4 count,
first viral load, date of histoplasmosis, date of follow-
up, location of follow-up (mainland France, overseas
territory), date of last news, and date of death. We
classified AIDS by using the Centers for Disease Con-
trol and Prevention definition (16).

Statistical Analysis

We computed incidence rates by using the Stata 16
(https:/ /www.stata.com) suite of commands for sur-
vival analyses. We measured follow-up time from the
date of inclusion in FHDH until a first diagnosis of his-
toplasmosis, death, last follow-up visit, or December
31, 2021. We computed crude incidence rates stratified
for mainland France and different overseas territories
and for different countries or regions of origin. We
also computed the incidence rate of histoplasmosis by
year in mainland France; in the French Antilles (Gua-
deloupe and Martinique); in French Guiana, Reunion
Island and Mayotte; and by the following calendar
periods: 1993-1996, 1997-2001, 2002-2006, 2007-2011,
2012-2016, and 2017-2021. For the initial viral load
measurements, we categorized the variable as <20, 21-
400, 401-1,000, 1,001-10,000, 10,001-100,000, >100,000
copies/mL, or missing. We introduced a missing cat-
egory because viral load measurements only became
available in 1997. For the first CD4+ T-cell count mea-
surements, we categorized the variable as <50, 50-199,
200-349, 350-500, or >500 cells/ mm?.

We identified factors associated with the risk for
histoplasmosis by using a multivariable Cox propor-
tional hazard model adjusted for first CD4 count at
inclusion in the FHDH, categorized first viral load at
inclusion in the FHDH, antiretroviral treatment sta-
tus before histoplasmosis diagnosis, age at inclusion,
sex, origin (categorized as France, Western Europe,
Eastern Europe, North Africa, sub-Saharan Africa,
Middle East, Asia, Australasia, Oceania, North Amer-
ica, South and Central America, and the Caribbean),
and residence in mainland France or in 1 of the over-
seas territories. For participants treated in mainland
France whose origin was 1 of the overseas territories,
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we classified their origin as French Guiana in South
America; Martinique, Guadeloupe and Saint Martin
in the Caribbean; or Reunion Island and Mayotte in
the Indian Ocean. We verified the proportionality of
hazards graphically. Age, a time-varying covariate,
violated the assumption, and therefore we removed
it from the Cox model and used it for stratification.

We computed overall mortality rates as the num-
ber of deaths divided by the total person-time since
histoplasmosis diagnosis. We plotted Kaplan-Meier
curves for the first 6 months after diagnosis of histo-
plasmosis to avoid misattributing death from another
cause (17). For the subsample analysis, we conducted
cross-tabulations between different hospitals and di-
agnostic methods used.

Ethical and Regulatory Aspects

All persons enrolled in the cohort provided written
informed consent for the use of their data for research
purposes. The French data protection authority, the
Commission Nationale de I'Informatique et des Lib-
ertés, first approved the cohort on November 27, 1991
(18). This authorization was later updated to comply
with the new regulations, including the European
Union’s general data protection regulation. On July
20, 2018, the ANRS CO4-FHDH cohort was also ap-
proved by the Comité d’Expertise pour les Recherch-
es, les Etudes et les Evaluations dans le domaine de la
Santé. On February 19, 2021, the cohort was also ap-
proved as a hospital data warehouse by the Commis-
sion Nationale Informatique et Libertés. On March
30, 2021, the ANRS CO4 FHDH cohort received the
authorization to conduct research projects on the data
warehouse by the Commission Nationale Informa-
tique et Libertés (18). This study was approved by the
scientific committee of the ANRS CO4 FHDH cohort.

Results

Description of Study Population

We analyzed 198,798 PWH (130,866 men, 66,625
women, and 1,307 other [persons whose personal
identity is discordant from their birth sex]) during
January 1, 1992-December 31, 2021, contributing
2,188,750 person-years of follow-up with a median
follow-up of 9 (interquartile range [IQR] 2.6-7.2)
years. The median age at inclusion in the FHDH was
34.4 years (IQR 28.8-41.9) years, and the median age
at first episode of histoplasmosis was 41.3 (IQR 33.2-
48.8) years. The median CD4 count in the cohort at
last follow-up visit or on December 31, 2021, was 542
[IQR 361-753] cells/mm?, and 8.6% had CD4 counts
<200 cells/mm?. Of live patients in the cohort, 22.5%
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were classified with AIDS at the last follow-up visit or
on December 31, 2021.

Among the 198,798 PWH, the living area was
recorded in 182,352 (91.7%) of cases. Most, 168,330
(91.9%) cases, were living in mainland France, 4,689
(2.5%) in French Guiana, 4,426 (2.4%) in Guadeloupe,
2,617 (1.4%) in Martinique, 1,863 (1%) in La Reunion
Island, and 427 (0.2%) in Mayotte; information was
missing for 16,446 (8.3%) cases. Patient origin was
recorded in 183,650 (92.4%) cases, including 117,251
(58.9%) cases from mainland France, 49,103 (24.7%)
from sub-Saharan Africa, 6,163 (3.1%) from Northern
Africa, 5,765 (2.9%) from Central and South America,
and 5,368 (2.7%) from the Caribbean; for 15,148 (7.6%)
PWH, the information was missing.

Overall, there were 553 first incident episodes of
disseminated histoplasmosis (Table 1). Apart from
those first incident cases, 232 prevalent cases were re-
ported at enrollment (171 men, 59 women, and 2 other),
and in 92 cases (66 men, 25 women, 1 other), histoplas-
mosis occurred before enrollment in the FHDH. Those
cases did not account for the incidence calculations.

For the 553 first episodes of disseminated his-
toplasmosis, median CD4 count was 171 (IQR 6-53)
cells/mm?®, and 89.9% of PWH were not on antiret-
roviral treatment when disseminated histoplasmosis
occurred. Nearly two thirds (61%) of PWH were fol-
lowed in French Guiana, and 15% of PWH originated
from sub-Saharan Africa. No cases were reported from
Eastern Europe, North Africa, Australasia, or Oceania.

Diagnostic and Treatment Characteristics

of 2015-2020 Samples

We identified 138 PWH to contact for additional infor-
mation and received 90 responses with the requested
information. Of those who responded, diagnosis was
confirmed by PCR for 11 PWH (12.2%), direct ex-
amination for 29 PWH (32.2%), culture for 60 PWH
(66.6%), and pathology for 35 PWH (38.8%). Antigen
detection testing was not available.

Patients received induction treatment with liposo-
mal amphotericin B in 61 (72.2%) cases (52.2% alone,
20% in combination with itraconazole) and with itra-
conazole alone in 25 (27.8%) cases. Information about
treatment was missing in 4 cases. There was no statisti-
cal difference between hospitals (p = 0.36).

Subgroups Associated with Incidence Variations

We organized specific incidence rates for disseminat-
ed histoplasmosis according to different subgroups
(Figure 1). Younger patients, persons with low CD4
counts, persons originating from Central and South
America and the Caribbean, and persons living in

1379



RESEARCH

Table 1. Summary characteristics of first disseminated histoplasmosis cases among persons living with HIV from the French Hospital

Database on HIV, France and overseas territories, 1993—-2021*

Variable

Value

Median age, y (IQR)

41.3(33.2-48.8)

Sex
M 352 (63.7)
F 197 (35.6)
Othert 4 (0.7)
Geographic origin
Mainland France 166 (30)
Western Europe 1(0.2)
Sub-Saharan Africa 83 (15)
Middle East 2(0.3)
Asia 6 (1.1)
North America 1(0.2)
South and Central America 189 (34.2)
Caribbean 105 (19)
Residence
Mainland France 150 (28.8)
Martinique 17 (3.3)
Guadeloupe 34 (6.5)
French Guiana 318 (61)
Reunion Island 2(0.4)
AIDS stage before histoplasmosis
Yes 244 (44.1)
No 309 (55.9)
On antiretroviral treatment before histoplasmosis
Yes 56 (10.1)
No 497 (89.9)
Median CD4, cells/mm? (IQR) 20 (6-53)
CD4/CD8 ratio >1 at time of histoplasmosis
Yes 29 (5.7)
No 479 (94.3)

Median viral load at time of histoplasmoses, copies/mL (IQR)

16,480 (485—205,000)

*Values are no. (%) except as indicated. IQR, interquartile range
tOther indicates that personal identity is discordant from birth sex.

French Guiana or the French Antilles had higher in-
cidences than other groups. The incidence rate was
9.41/1,000 person-years in French Guiana, 0.76/1,000
person-years in Guadeloupe, 0.62/1,000 person-years
in Martinique, and 0.079/1,000 person-years in main-
land France. The incidence rate was 4.73 /1,000 person-
years for PWH originating from Central and South
America, 1.36/1,000 person-years for PWH originat-
ing from the Caribbean, and 0.19/1,000 person-years
for PWH originating from sub-Saharan Africa or Asia.

After adjustments, a lower initial CD4 count, a
higher initial HIV viral load, and residing in French
Guiana or in the French Antilles (Guadeloupe/Mar-
tinique) were associated with higher hazard ratios
of histoplasmosis. Regarding country or region of
origin, PWH from Central and South America, Asia,
and sub-Saharan Africa had an independently greater
hazard ratio of histoplasmosis than those from main-
land France (Table 2).

Incidence and Trends According to Places of Residence
The crude overall incidence of disseminated histoplas-
mosis was 0.25/1,000 person-years, and we observed
an incidence decline of histoplasmosis in mainland

1380

France, the French Antilles, and in French Guiana
(Figure 2). No cases were reported in the Antilles in
2003, 2008, 2014, or 2017. Incidence rates were con-
siderably higher in French Guiana and in the French
Antilles than in mainland France. Incidence declined
over time in all 3 locations. In 2020, there seemed to be
a reversal of the trend in French Guiana, the French
Antilles, and mainland France.

Mortality Rates in PWH with

Disseminated Histoplasmosis

Of the 553 PWH with histoplasmosis, 128 died. The in-
cidence rate of death was 2.98 (95% CI 2.20-4.04)/100
person-years. Most deaths occurred within 6 months
of the diagnosis of histoplasmosis; 17.7% deaths over-
all occurred by 1 month after diagnosis. Over time,
there was a marked reduction of early death after his-
toplasmosis, from 51% during 1992-1996 to 3% dur-
ing 2017-2021 (p<0.0001 by log-rank test) (Figure 3).

Discussion

We found the incidence of disseminated histoplasmo-
sis in PWH was much higher (>100-fold) among per-
sons residing in French Guiana and among persons
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residing in the French Antilles (+10-fold) than among
persons residing in mainland France. Analysis of inci-
dence by country or region of origin revealed persons
originating from Central and South America and from
the Caribbean were at greatest risk for disseminated
histoplasmosis. Of note, the incidence of disseminated
histoplasmosis was higher among PWH who had lived
in sub-Saharan Africa or Asia than those originating
from mainland France who had not lived elsewhere.

We demonstrated that, over the 30-year study
period, with the increased proportion of virologically
controlled HIV and with high CD4 count PWH, the
incidence of disseminated histoplasmosis has de-
creased everywhere by 2-3-fold. However, the de-
crease of the incidence was the most critical in French
Guiana and the French Antilles. Early death after a
first episode of histoplasmosis was very high in the
1990s but also substantially decreased over time, as
shown previously (19).
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This study provides an overview of the risk for
disseminated histoplasmosis in PWH having lived
with or currently living with different levels of expo-
sure. Because of the lack of diagnostic tools, histoplas-
mosis has often been overlooked in Latin America,
the Caribbean, and in sub-Saharan Africa, where the
reservoir of PWH with advanced HIV is the largest
(7-9,20). In this cohort, around one quarter of PWH
originated from sub-Saharan Africa. We hypoth-
esized if the incidence of histoplasmosis is so much
higher in PWH originating from Latin America and
the Caribbean than from other regions, it is because
histoplasmosis is endemic in the former. New stud-
ies in different parts of the world seem more frequent
since the Manaus declaration and the greater avail-
ability of antigen detection tests (5,21-32). However, a
systematic review found only 6 studies using antigen
detection to determine prevalence in PWH in Latin
America and 9 in sub-Saharan Africa, but even fewer

Figure 1. Incidence rate of
disseminated histoplasmosis

in persons living with HIV

from France and overseas
territories of France by different
subgroups,1992-2021. Other
sex refers to persons whose
personal identity is discordant
from their birth sex.
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Table 2. Crude and adjusted hazard ratios for disseminated histoplasmosis in persons living with HIV from France and overseas

territories of France,1992-2021*

Variable

Person-time, y

First events

Hazard ratio (95% CI)

Crude

Adjustedt p value

Sex <0.0001
M 1,438,462 352 Referent Referent
F 741,990 197 1.1 (0.92-1.30) 0.50 (0.40-0.63)

Initial CD4 count, cells/mm?
<50 51,925 79 15.40 (11.10-21.38) 8.94 (6.26-12.77) <0.0001
51-199 181,448 113 8.11 (6.00-10.96) 4.63 (3.38-6.35) <0.0001
200-349 326,745 97 4.09 (3.00-5.58) 2.60 (1.88-3.58) <0.0001
350-500 406,760 52 1.78 (1.24-2.56) 1.36 (0.94-1.97) 0.10
>500 948,770 68 Referent Referent

Initial viral load, copies/mm?
<20 1,069,688 94 Referent Referent 0.24
21-400 240,498 51 2.40 (1.70-3.37) 1.27 (0.84-1.93) 0.001
401-1,000 53,468 22 4.68 (2.94-7-44) 2.42 (1.40-4.17) 0.003
1,001-10,000 135,410 35 2.93 (1.99-4.33) 1.89 (1.23-2.91) 0.005
10,001-100,000 143,257 51 4.04 (2.87-5.69) 1.78 (1.18-2.67) <0.0001
>100,000 64,702 79 13.79 (10.22-18.61) 4.20 (2.88-6.13) <0.0001
Missing 485,100 221 5.21 (4.08-6.66) 3.26 (2.43-4.36)

Residence
Mainland France 1,889,675 150 Referent Referent <0.0001
Guadeloupe 44,325 34 9.35 (6.44-13.57) 12.15 (7.42-19.91) <0.0001
Martinique 27,112 17 7.69 (4.65-12.69) 11.95 (6.47-22.07) <0.0001
French Guiana 33,767 318 102.88 (84.64-125.06) 111.43 (79.18-156.82) 0.36
Reunion Island 19,482 2 1.28 (0.31-5.16) 1.90 (0.46-7.73)

Origin
France 1,437,390 166 Referent Referent 0.47
Western Europe 58,573 1 0.16 (0.02-1.15) 0.48 (0.06-3.50) NA
North America 5,414 1 1.67 (0.23-11.94) NA <0.0001
Central and South America 39,905 189 31.88 (25-70-39.54) 2.57 (1.84-3.58) 0.36
Caribbean 76,849 105 13.30 (10.38-17.03) 1.17 (0.82-1.65) <0.0001
Sub-Saharan Africa 435,761 83 2.00 (1.52-2.62) 4.52 (3.18-6.42) NA
Middle East 9,368 2 2.14 (0.53-8.66) NA <0.0001
Asia 30,572 6 1.99 (0.88-4.51) 5.50 (2.21-13.69) NA

*NA, not available.

TModel stratified on age group (age categories are time-varying and violate hazard proportionality assumption); excluded by Stata

(https://www.stata.com).

from Asia, North America, Europe, and Australia (33).
Studies using biobanked samples could enable assess-
ment of the extent of histoplasma in countries without
any data. The study also shows the dramatic decrease
of incidence and early death from disseminated

histoplasmosis with virological control and high CD4

count in PWH.

The first limitation of our study is that our cohort
could reflect the global epidemiology of histoplasmo-
sis, but we cannot rule out biases because of varying

Figure 2. Evolution of the
annual incidence rate of
disseminated histoplasmosis
per 1,000 person-years in
mainland France, the French
Antilles, and French Guiana,
1992-2021. Scales for the
y-axes differ substantially to
underscore patterns but do not
permit direct comparisons.
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Figure 3. Kaplan-Meier
survival curve representing
deaths among disseminated
histoplasmosis in persons living
with HIV, by calendar time
periods, France and overseas
territories, 1992—-2021.

durations and levels of exposure. Second, the case re-
cords, the types of diagnostic tools (sometimes by us-
ing the European Organization for Research and Treat-
ment of Cancer’s Mycoses Study Group criteria [34]),
and treatment schedules were not standardized and
may vary from 1 clinician to another or from 1 hospi-
tal to another. Third, in our 2015-2020 sample, none of
the diagnoses were on the basis of antigen detection
tests (unavailable in France), despite most PWH in our
cohort being followed in university hospitals. Fourth,
in our 2015-2020 sample, the first-line treatment was
liposomal amphotericin B in about three quarters of
cases, which, according to World Health Organiza-
tion guidelines (35), implied most cases were severe or
moderately severe. We did not observe such severity
in French Guiana, which has the largest histoplasmosis
cohort (17). Fifth, the cause of death was not always
precisely defined so similar to previously published re-
ports, so we could only assume that early deaths were
because of histoplasmosis (17). Finally, differing from
the residence enables categorizing a patient in a poten-
tial endemic zone, the country or region of origin is a
more inconclusive variable: we assumed that the pa-
tient born or having spent time in a potential endemic
zone (or not) influenced the probability of acquiring
histoplasmosis. In 2019, a doctoral thesis based on the
French National Mycology Reference Laboratory data
identified 107 cases of histoplasmosis (61% in PWH);
all either came from or had traveled to endemic areas,
mostly the Americas, western sub-Saharan Africa, and
Asia (36). Despite those potential limitations, the large
size and longitudinal design provide precious infor-
mation about a major global pathogen.

This article underscores that the Americas have
the highest prevalence of histoplasmosis (37) and
suggests there are cases elsewhere, perhaps fewer
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than the number of cases found in simulations (9).
Because of the burden of HIV in sub-Saharan Africa
or Asia, even modest prevalence could lead to sub-
stantial illness and death in those regions. Finally,
with the antiretroviral-for-all recommendations for
PWH (11), the effects of histoplasmosis could decline
worldwide. Because the prevalence of histoplasmosis
appears related to advanced HIV disease, HIV test-
ing and proactive care are potent tools to decrease the
prevalence of histoplasmosis.

In conclusion, this article reveals the incidence
of disseminated histoplasmosis was highest in PWH
whose follow-up was in French Guiana and the French
Antilles. Among those living in mainland France, in-
cidences were highest in PWH coming from or hav-
ing stayed in Central and South America, followed by
Caribbean. PWH originating from sub-Saharan Afri-
ca or Asia had higher incidences than those originat-
ing from mainland France. Because having spent time
in each region can correspond to a range of durations,
studies should directly estimate the incidence of his-
toplasmosis among PWH in each region. During the
30-year study period, the incidence and early death
rates of histoplasmosis have steadily decreased, likely
because of broadening use of antiretroviral drugs.
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Emergence of Distinct Salmonella
enterica Serovar Enteritidis
Lineage since 2020, South Korea

Eunkyung Shin,* Tae-Min La,* Jaeil Yoo, Junyoung Kim,? Ji-Yeon Hyeon?

We analyzed whole-genome sequences of Salmonella
enterica serovar Enteritidis isolates in South Korea that
had the SEGX01.049 pulsed-field gel electrophoresis
pattern. That lineage has emerged and circulated in
South Korea since 2020, leading to 2 fatal infection
cases. We investigated the genomic characteristics
and identified potential sources of that lineage. Isolates
from outbreaks during 2020-2023 clustered in the
Global lla clade, along with other Salmonella Enteritidis
strains from chicken farms in South Korea and human
isolates from the United Kingdom. Bayesian molecular
clock analysis estimated the time to the most recent
common ancestor of our isolates in the Global lla clade
was 2017.57. Moreover, phylogeographic analysis
supported substantial statistical evidence (Bayes factor
111.415; posterior probability 0.97) for the introduction of
this lineage into South Korea from the United Kingdom.
Continued genomic surveillance will be needed to monitor
the spread of foodborne pathogens such as Salmonella
Enteritidis and improve prevention strategies.

Salmonella enterica serovar Enteritidis is a major
pathogen responsible for human salmonellosis
worldwide; substantial public health implications
exist because of its rapid transmission and frequent
association with foodborne outbreaks (1). In South
Korea, Salmonella Enteritidis has emerged as a lead-
ing cause of foodborne illness and one of the most
prevalent bacterial pathogens (2,3). Poultry prod-
ucts, especially eggs, have been consistently iden-
tified as primary sources of transmission; recent
severe outbreaks have led to fatal salmonellosis
cases (4). That trend highlights the critical need for
comprehensive surveillance systems and effective
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outbreak response strategies to control Salmonella
Enteritidis infections.

In South Korea, surveillance of Salmonella
Enteritidis has substantially transitioned within the
PulseNet Korea network, part of a global network
designed to detect and investigate foodborne
infections. PulseNet Korea has evolved from reliance
on pulsed-field gel electrophoresis (PFGE) to the
use of whole-genome sequencing (WGS) to track
genomic patterns and trace infection sources. Since
the nationwide implementation of WGS in 2020, more
detailed analyses of genetic diversity and phylogenetic
relationships among strains exhibiting identical PFGE
patterns has become possible. High-resolution typing
methods, such as whole-genome single-nucleotide
polymorphism (SNP) analysis and core-genome
multilocus sequence typing (cgMLST), have become
standard for pathogen surveillance, including for
S. enterica (5-7). Furthermore, cgMLST data are
commonly analyzed by using the HierCC hierarchical
clustering package, a threshold-based method
grouping isolates by allelic differences, implemented
in the EnteroBase web-based platform (7,8). Although
previous studies in South Korea have applied WGS
to Salmonella Enteritidis strains isolated from poultry
and food sources (9,10), research focusing on human
Salmonella Enteritidis isolates remains limited.

We analyzed whole-genome sequences of
Salmonella Enteritidis isolates with the SEGX01.049
PFGE pattern submitted to the Korea Disease Control
and Prevention Agency (KDCA); isolates with that
pattern have emerged and circulated in South Korea
since 2020 and have caused 2 fatal salmonellosis
cases. Two foodborne outbreaks associated with that
PFGE pattern were reported in Gyeongnam Province,
South Korea, in 2021 (11). Despite repeated detection
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in outbreak investigations, limited genomic data have
been available to contextualize that Salmonella subtype
within a global framework. Therefore, we investigated
the genomic characteristics and phylogenetic
relationships of those isolates and compared them
with Salmonella Enteritidis strains from other global
regions to identify potential food sources and trace
the origins of this subtype in South Korea. No ethics
approvals were required for this study.

Materials and Methods

Bacterial Isolates

Member laboratories of national gastrointestinal in-
fection disease surveillance networks (EnterNet and
PulseNet Korea) collected and anonymously submit-
ted Salmonella spp. isolates to KDCA. We identified
the bacteria by using a VITEK-II automated system
(bioMérieux, https://www.biomerieux.com). We
performed Salmonella serotyping according to the
Kauffmann-White scheme using specific antiserum
(BD Biosciences, https://www.bdbiosciences.com).
We analyzed isolates by using PFGE after DNA re-
striction enzyme digestion with Xbal in accordance
with the PulseNet International protocol (https://
www.pulsenetinternational.org). We determined
genetic similarities between PFGE patterns by using
BioNumerics version 7.5 (bioMérieux). For WGS, we
selected 38 SEGX01.049 Salmonella Enteritidis isolates
collected from patients, workers, the environment,
and food associated with 3 sporadic infection cases
in 2013 and 2014 and 8 outbreaks during 2020-2023
(Appendix 1 Table 1, https:/ /wwwnc.cdc.gov/EID/
article/31/7/25-0043-Appl.pdf).

Whole-Genome Sequence Analysis

We isolated genomic DNA by using a DNA Blood
and Tissue Kit (QIAGEN, https:/ /www.qiagen.com).
We performed WGS on the MiSeq platform by using
the v2 kit (500 cycles, 2 x 250-nt reads) (Illumina Inc.,
https:/ /www illumina.com). We adaptor-trimmed
raw reads by using Bbduk (https:/ /sourceforge.net/
projects/bbmap) and used a quality threshold of
Q>20 and a minimum length of 50 bp. We de novo
assembled trimmed reads by using SPAdes 3.15.5 (12)
with default settings in Geneious Prime 10 (https://
www.geneious.com). We determined the presence
of acquired antimicrobial resistance genes by us-
ing ABRicate version 1.0.1 (https://github.com/
tseemann/abricate) and the ResFinder database (13)
and determined virulence genes by using default
settings in the virulence factor database (14). We
identified prophages by using PHASTEST (15). We
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deposited paired-end reads of Salmonella Enteritidis
isolates from this study into the National Center for
Biotechnology Information (NCBL https://www.
ncbi.nlm.nih.gov) Bioproject database (accession no.
PRJNA1150652).

Phylogenetic Analysis

We constructed 2 whole-genome SNP (wgSNP) phy-
logenetic trees: 1 tree to compare the 38 isolates from
this study with 223 Salmonella Enteritidis isolates
from South Korea and 1 tree to compare the 38 iso-
lates with 1,230 Salmonella Enteritidis isolates, which
included the 223 genomic sequences from South Ko-
rea, 93 selected sequences from the HC5_2301 clus-
ter (7), and 914 sequences reported previously (16).
We compiled genomic sequences of Salmonella Enter-
itidis isolates from South Korea (n = 223) from mul-
tiple sources (Appendix 1 Table 2). We retrieved 118
genome sequences from GenBank and EnteroBase
(https:/ /enterobase.warwick.ac.uk) public databases
by using the search terms “Salmonella Enteritidis”
and “South Korea” for GenBank and “Enteritidis”
(serovar) and “South Korea” (country) for Enterobase
(both databases accessed January 2024). We identified
and excluded duplicate or redundant entries across
the 2 databases. We obtained an additional 24 ge-
nomes from our previous study (9); those were not in-
dexed under the “Salmonella Enteritidis” in GenBank
and, thus, could not be retrieved by using standard
search terms. Furthermore, 81 genomes were provid-
ed by KDCA and Konkuk University, Seoul, South
Korea. We identified wgSNPs for the downloaded
sequences and 38 Salmonella Enteritidis isolates from
this study by using Snippy version 4.6.0 (https://
github.com/tseemann/snippy); we used Salmonella
Enteritidis strain P125109 (GenBank accession no.
NC011294) as the reference genome. We identified
prophages in the reference genome by using PHAST-
EST (15). We identified repetitive regions by aligning
the reference genome to itself by using the NUCmer
commands in the MUMmer package version 3.23 (17)
along with the --maxmatch and --nosimplify options.
We predicted recombination regions by using Gub-
bins version 3.3.1 (18) and defined repetitive regions
by using the default threshold of >20 bp; the shortest
masked region in this study was 68 bp. We excluded
prophage, repetitive, and recombinant regions, and
the final alignment had 4,326 SNP sites for the dataset
from Korea and 4,591 SNP sites for the global dataset.
We constructed a maximum-likelihood phylogenetic
tree from the clean alignment by using a transversion
model plus empirical base frequencies, selected by
ModelFinder in IQ-TREE (19), with 1,000 bootstrap
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replicates. We analyzed the population structure of
Salmonella Enteritidis isolates by using default param-
eters in FastBAPS (20).

For global phylogenetic analysis, we retrieved 914
whole-genomesequencesof SalmonellaEnteritidisused
in a previous study (16) from the NCBI SRA database
(https:/ /www.ncbinlm.nih.gov/sra) according to
their accession numbers by using fasterq-dump
from the SRA Toolkit (https://github.com/ncbi/
sra-tools); those sequences represented epidemiologic,
geographic, and phylogenetic diversity. In addition,
we downloaded 3,609 genomic sequences in the
cgMLST HC5_2301 cluster from EnteroBase (8),
because the isolates from this study clustered with
Salmonella Enteritidis strain MFDS1018147 (GenBank
accession no. CP110220.1) within that cluster. We
constructed a neighbor-joining tree by using Mashtree
version 1.4.6 (21) according to Mash distance; the
tree included the 3,609 cgMLST HC5_2301 genomes
and 261 isolates from South Korea (including the 38
isolates from this study). From this tree, we selected
93 of the 3,609 sequences showing close Mash
distance proximity to the isolates in this study for
wgSNP analysis. (Appendix 1 Table 2, Figure). For
wgSNP analysis, we used a total of 1,268 sequences,
comprising the isolates from this study (n = 38),
those from the cgMLST HC5_2301 cluster (n = 93),
sequences used in a previous study (n = 914) (16),
and other Salmonella Enteritidis isolates from South
Korea (n = 223), and we determined the population
structure by using FastBAPS (20).

Bayesian Phylogenetic Analysis

To reconstruct the evolutionary history, we aligned
wgSNPs sequences (n = 180) within the FastBAPS
Global II clade from the phylogenetic tree of 1,268 se-
quences (Figure 1, panel A). Among 185 sequences in
the FastBAPS Global II clade, we excluded 1 wild ani-
mal sample from Germany, 1 from the United King-
dom, and 1 isolate labeled as ND from the United
Kingdom within the cgMLST HC5_2301 cluster be-
cause of ambiguous host or source metadata, includ-
ing undefined host or sampling origin. In addition,
we excluded sequences from Vietnam and Australia
(n =1 each) reported in the previous study (16) be-
cause of their limited representation.

We explored the temporal signal (R?>0.686)
for molecular clock analysis of the phylogenetic
tree by using TempEst version 1.5.3 (22). We
performed Bayesian phylogenetic analysis by
using BEAST version 1.10.4 (23). We selected the
transversion nucleotide substitution model with
empirical base frequencies by using ModelTest-NG
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(24). To identify the best-fit model for the data, we
compared the marginal likelihood of 2 clock models
(strict and lognormal relaxed) in combination with
3 tree priors (constant population size, exponential
growth, and Bayesian skyline) by using path
sampling and stepping-stone sampling (25). The
lognormal relaxed clock model with a constant
population size prior consistently yielded the
highest Bayes factor, indicating the best fit for
our dataset.

For Bayesian discrete trait phylogeographic
analysis, we reconstructed ancestral locations and
estimated asymmetric exchanges between regions
by using a nonreversible, continuous-time Markov
chain model. To minimize potential sample size
bias, we grouped sequences from regions with low
representation into broader categories according
to geographic relevance. The Africa group had 11
sequences from Mauritius (n = 3), Cote d'Ivoire (n =
1), Uganda (n = 2), and South Africa (n = 5). The Other
Europe group comprised 25 sequences from Austria
(n =3), Belgium (n = 2), Denmark (n = 3), Finland (n =
1), Germany (n = 3), Italy (n = 5), Poland (n = 7), and
Sweden (n = 1). The United Kingdom group was the
largest group with 97 sequences, followed by South
Korea with 38 sequences and the United States with
10 sequences.

We applied a Bayesian stochastic search variable
selection procedure to identify well-supported
transitions between discrete states by using the Bayes
factors test in SPREAD3 software version 0.9.6 (26).
We considered transitions to be significant when the
posterior probability was >0.5 and the Bayes factor
was >3 (26). We ran 3 independent chains of 100
million generations in parallel, sampling every 10,000
generations. We evaluated the results in TRACER
version 171 (http://beast.community/tracer) to
ensure that the effective sample sizes were >200 and to
ensure convergence between all 3 runs. We combined
the log and tree files of 3 independent runs by using
LogCombiner version 1.8.3 (https:/ /beast.community/
logcombiner) and 10% burn-in. We generated a
maximum clade credibility tree by using TreeAnnotator
version 1.8.2 (https:/ /beast.community/treeannotator)
and 10% burn-in and common ancestor node heights.
We used Interactive Tree of Life version 6 (https:/ /itol.
embl.de) to annotate the tree.

To evaluate the potential effect of sampling bias, we
constructed a generalized linear model as an extension
of phylogeographic inference by using BEAST. That
analysis assessed the influence of source and sink
sample sizes as predictors on migration rates within
the Bayesian framework. Coefficients quantified the
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Figure 1. Phylogenetic analysis of Salmonella enterica serovar Enteritidis global lineages and those from South Korea. A) Maximum-
likelihood phylogenetic tree of whole-genome single-nucleotide polymorphisms of 1,268 global Salmonella Enteritidis isolates. Global
clades separated by using FastBAPS (20) and isolates from South Korea are indicated. Scale bar indicates number of single-nucleotide
polymorphisms per site. B) Time-scaled maximum clade credibility tree of the Global Il clade of Salmonella Enteritidis. Box shows Global
Ila clade sequences from South Korea and the United Kingdom; inferred median MRCA and 95% HPD interval are indicated for isolates
from South Korea. HPD, highest posterior density; MRCA, most recent common ancestor.

effect size, whereas indicators determined predictor
inclusion, which we analyzed by using TRACER. We
used sample sizes for each discrete state as predictors
to inform transition rate estimates.

Results

Prevalence of SEGX01.049 PFGE Patterns

We determined the 10 most prevalent PFGE pat-
terns of Salmonella Enteritidis isolates from sporadic
cases and outbreaks submitted to the KDCA during
2013-2024 (Appendix 1 Table 3). The frequency of
SEGX01.049 isolates markedly increased from 3.2% in
2018 to 96.5% by August 2024; in addition, the per-
centage of SEGX01.049-related outbreaks rose from
33.3% in 2020 to 91.7% in 2024 (Appendix 1 Table 3).
Among the 23 reported SEGX01.049 outbreaks during
2020-2024, 13 (56%) outbreaks were caused by egg-
associated foods, 9 from an unknown source, and 1
from another food type (Appendix 1 Table 4).

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025

Phylogenetic Analysis of Salmonella Enteritidis Isolates
We constructed 2 wgSNP phylogenetic trees to com-
pare the isolates from this study with 223 other Sal-
monella Enteritidis genome sequences from South
Korea or 1,230 global Salmonella Enteritidis genome
sequences. The genomes from South Korea grouped
into 5 clades (Korea I-V) (Figure 2). All 38 isolates
in this study grouped within the distinct Korea III
clade, except for isolate 25-DJ-24-5950, which was
obtained from a sporadic case in 2014 and grouped
within the Korea V clade (Figure 2; Appendix 1 Ta-
ble 1). Among the 223 Salmonella Enteritidis genome
sequences from South Korea, 3 sequences from poul-
try sources (4_chicken farm, 5_chicken farm, and
KR40) and 1 sequence (CP11020.1) from food asso-
ciated with an outbreak (braised burdock) grouped
within the Korea III clade (Figure 2). Other genome
sequences from poultry sources clustered in Korea I,
II, IV, and V clades, indicating a divergence from the
isolates in the Korea III clade.
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In the phylogenetic tree comprising 1,268 global
Salmonella Enteritidis sequences (Figure 1, panel A),
the sequences grouped into 5 clades (Global I-V);
isolates from South Korea grouped into Global I-1V
clades. All outbreak-associated isolates collected
during 2020-2023 in this study (n = 35) grouped in
the Global II clade, along with 3 Salmonella Enteritidis
genome sequences (CP11020.1, 4_chicken farm,
and 5_chicken farm) from South Korea, all isolates
selected from the HC5 2301 cluster, and isolates

from the Atlantic lineages described previously (16)
(Appendix 1 Table 1). Three isolates from sporadic
cases in 2013 and 2014 in this study belonged to
Global I and Global III clades (Appendix 1 Table 1).

Phylogeographic Analysis of Isolates from

Other Countries

We performed Bayesian phylogenetic analysis to re-
construct the temporal history of the Global II clade
(Figure 1, panel A). The time to most recent common

Figure 2. Phylogenetic analysis of distinct Salmonella enterica serovar Enteritidis lineage since 2020, South Korea. Maximum-likelihood
phylogenetic tree was constructed for whole-genome single-nucleotide polymorphisms of Salmonella Enteritidis from South Korea (n =
223) and isolates sequenced in this study (n = 38). Red text indicates isolates from this study. Innermost ring indicates clades separated
by using FastBAPS (20), followed by sources of isolates. Five outer rings indicate the presence of different prophages; red boxes
indicate the presence of prophages with a total count of >30. Isolation year is indicated at the end of each isolate number. Scale bar

indicates number of single-nucleotide polymorphisms per site.
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ancestor of isolates from South Korea, including the
isolates from outbreaks during 2020-2023 (4_chicken
farm, 5_chicken farm, and CP110220.1), was estimat-
ed as 2017.57 (95% credible interval 2016.32-2018.65)
(Figure 1, panel B). The isolates from South Korea
within the Global II clade shared recent common an-
cestors with human isolates (n = 16; Global Ila clade)
from the United Kingdom (Figure 1, panel B).
Bayesian phylogeographic analysis of the
Global 1II clade strongly supported the most likely
introduction of Salmonella Enteritidis into South Korea
from the United Kingdom (Bayes factor 111.414;
posterior probability 0.97), suggesting the most
probable source of this distinct lineage (Appendix 1
Table 5). Other transmission routes were also possible
(Appendix 1 Table 5). The generalized linear model
analysis indicated sample size had minimal influence
on introducing potential bias toward the origin or
destination state in the analysis (source indicator,
1.555 x 1073, source coefficient, 4.346 x 1073 sink
indicator, 8.88 x 10, and sink coefficient, 2.48 x 10-2).

Prophage Patterns, Antimicrobial Drug Resistance,
and Virulence Gene Profiles

We summarized the prophage pattern, antimicrobial
drug resistance, and virulence gene profiles of the
isolates in this study, along with the isolates from
the United Kingdom that shared recent common an-
cestors with our isolates in the Global Ila clade (Ap-
pendix 1 Table 6; Appendix 2 Tables 1, 2, https://
wwwnc.cdc.gov/EID/article/31/7/24-0043-App2.
xIsx). We identified 21 prophages in the isolates
from South Korea and those in the Global Ila clade
(Figure 2; Appendix 1 Table 6). All isolates within
the Global Ila clade exhibited a distinct prophage
pattern, harboring Shigel Stx, Phage_Gifsy_2, and
Salmon_RE_2010; the Salmon_RE_2010 prophage
pattern was absent in other isolates from Korea (Fig-
ure 2; Appendix 1 Table 6). All isolates from South
Korea carried the aac(6')-Ina aminoglycoside resis-
tance gene. All isolates in the Global II clade, except
for 1 isolate (4_chicken farm), exhibited an identical
antimicrobial drug resistance profile; the aac(6')-Iaa
gene was their sole antimicrobial drug resistance de-
terminant (Appendix 2 Table 1). We identified 115
virulence genes in the isolates (Appendix 2 Table 2).
The isolates from this study, along with those from
the United Kingdom within the Global Ila clade, ex-
hibited similar virulence gene profiles. All isolates
carried the complete set of 115 virulence genes, ex-
cept for gogB and ssek2, and were divided into 2 dis-
tinct profiles according to the presence or absence of
the shdA gene.
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Discussion

Nontyphoidal Salmonella serovars generally cause
self-limiting gastroenteritis in humans. However, in
industrialized countries, <5% of cases can progress to
invasive extraintestinal disease, leading to bacteremia
and focal systemic infections (27). Despite the 2 fatal
cases associated with the SEGX01.049 type Salmonella
Enteritidis strains in the Korea III clade, the antimi-
crobial drug resistance and virulence gene profiles
of the fatality-linked isolates from this study were
not substantially different from those of other Salmo-
nella Enteritidis isolates in South Korea. According
to clinical data submitted to KDCA, both fatal cases
occurred in patients without documented underly-
ing health conditions. Although host-related factors
are known to considerably affect disease outcomes,
those clinical findings raise the possibility that patho-
gen-specific factors, potentially located in noncoding
or regulatory regions of the bacterial genome, might
also contribute to clinical outcomes. Furthermore, the
HC5_2301 cluster has been associated with fatal cases
and elevated hospitalization rates in a multicountry
outbreak in Europe (5).

Phylogenetic analyses suggested that SEGX01.049
Salmonella Enteritidis isolates from outbreaks during
2020-2024 formed a distinct group, separate from
other isolates from South Korea, and shared a
recent common ancestor with human Global Ila
clade isolates from the United Kingdom. Moreover,
the human isolates within the Global Ila clade
exhibited similar prophage patterns, antimicrobial
drug resistance profiles, and virulence gene profiles,
further supporting the hypothesis of potential
introduction of those strains into South Korea. The
estimated time to most recent common ancestor of
isolates from South Korea within the Global Ila clade
was 2017.57, suggesting that introduction into South
Korea occurred =5 months before the first detection of
the SEGX01.049 PFGE pattern in October 2018.

Global dissemination of Salmonella Enteritidis
has been driven by centralized poultry breeding
and international trade (16). On the basis of genome
sequences and their metadata used in our analysis,
it was not possible to determine whether the
SEGX01.049 strain was introduced into South Korea
via poultry products, trade, or infected travelers.
Data from the Food and Agriculture Organization
of the United Nations indicated that an average of
~177,000 live chickens per year were imported into
South Korea from the United Kingdom during 2015-
2020; the average annual declared value was =$3.26
million US (28). Although the specific breed and
production purpose of live chickens imported from
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the United Kingdom are not disclosed in those data,
such shipments typically involve breeding stock.
Given the central role of imported breeding stock
in South Korea’s poultry industry, this trade route
represents a plausible pathway for the introduction
of the SEGX01.049 type Salmonella Enteritidis
lineage. After the introduction, poultry products
played a substantial role in dissemination of that
strain, leading to foodborne outbreaks. We showed
that 12 of 23 SEGX01.049 outbreaks during 2020-
2024 were caused by contaminated eggs (Appendix
1 Table 4), and outbreak-related isolates sequenced
in this study, which included samples from human,
food, and environmental sources, phylogenetically
clustered with Salmonella Enteritidis strains from
chicken farms in South Korea (Figure 1); those
data support the association between SEGX01.049
outbreaks in Korea and domestically produced
poultry products. Consistent with that finding,
Salmonella Enteritidis isolates within the HC5_2301
cluster have been linked to multiple foodborne
illness outbreaks associated with the consumption
of chicken meat or eggs across Europe since
2014 (5,6,29).

The first limitation of our study is that the
analyses relied on retrospective data, which might
not capture all instances of SEGX01.049 strains.
Second, the genomic analysis was constrained
by the availability of reference genomes. Future
research should focus on expanding genomic
studies to include more diverse isolates and regions.
Investigating the role of specific genetic elements
in pathogenicity and exploring environmental
factors influencing the prevalence of SEGX01.049
would provide valuable insights. Moreover, studies
on the potential effects of preventive measures
and interventions in controlling outbreaks would
be beneficial.

In conclusion, we provide insights into the phy-
logenetic relationships and potential introduction
routes of Salmonella Enteritidis into South Korea. En-
hanced biosecurity is required to prevent the intro-
duction and dissemination of Salmonella Enteritidis
across the poultry industry; the role that human activ-
ity can play in spread should not be underestimated.
Continued genomic surveillance remains invaluable
to monitor the spread of foodborne pathogens; such
efforts could further the design of improved preven-
tion strategies.

This work was supported by the Konkuk University
Research Professor Program and a grant from the Korea
Disease Control and Prevention Agency (grant no.
6331-301-210).
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Epidemiologic and Genomic
Investigation of Sexually
Transmitted Shigella sonnei,
England

Hannah Charles, David R. Greig, Craig Swift, Israel Olonade,
lan Simms, Katy Sinka, Kate S. Baker, Gauri Godbole, Claire Jenkins

Shigellosis is a bacterial infection that causes enteric
ilness and can be sexually transmitted, particularly
among gay, bisexual, and other men who have sex with
men. Multiple extensively drug-resistant Shigella strains
have been detected through genomic surveillance and
are associated with plasmids carrying the gene variant
bla ., .., in the United Kingdom. We report an increase
in possible sexually transmitted cases of Shigella bacte-
ria carrying the bla_ , .. gene variant, which was pre-
viously associated with travel. In 2023, there were 117
cases belonging to the 10 single-nucleotide polymor-
phism linkage cluster t10.1814. Although this cluster has
been documented in England since August 2019, genet-
ic analyses revealed that the bla_, ,, .. gene variant en-
tered the lineage on a novel resistance plasmid coincid-
ing with the first outbreak case. Our analysis highlights
the shifting antimicrobial resistance landscape of sexu-
ally transmitted Shigella bacteria. Parallel emergence of
resistance determinants against third-generation cepha-
losporins in sexual transmission networks suggests high
levels of antimicrobial selection pressure.

higellosis is a gastrointestinal infection caused by

1 of 4 bacterial species, Shigella sonnei, S. flexneri, S.
boydii, or S. dysenteriae. Common symptoms include
bloody diarrhea, abdominal pain, cramps, fever, nau-
sea, and vomiting (1). Shigella spp. are anthroponotic
and transmitted by fecal-oral contact (1), from hands
or objects that were in contact with human feces, in-
cluding through sexual contact (2). Infection can also
occur through contaminated food and water (3,4)
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or travel to endemic countries (5). Community out-
breaks are associated with childcare settings, schools,
residential institutions, and restaurants (6-8). Persons
at highest risk for infection include those attending
childcare settings, travelers to endemic countries,
and gay, bisexual, and other men who have sex with
men (GBMSM).

The implementation of whole-genome sequenc-
ing (WGS) for public health surveillance of bacte-
rial pathogens has enabled global monitoring of the
emergence and transmission of epidemic strains of
Shigella spp. and antimicrobial resistance. Antimicro-
bial-resistant S. sonnei were first described >60 years
ago (9-11), and multidrug-resistant (MDR) strains
resistant to aminoglycosides, sulphonamides, trim-
ethoprim, or chloramphenicol are endemic in the hu-
man population on every continent (12). Resistance
to fluroquinolones has recently emerged, including
from regions where antimicrobial use is unregulated
(13-15). The increasing incidence of MDR and exten-
sively drug-resistant (XDR) shigellosis in high-prev-
alence regions where surveillance is limited can be
monitored by sequencing strains of S. flexneri and S.
sonnei isolated from returning travelers and analyzing
the genome derived antimicrobial resistance profiles.

Since 2010, surveillance systems maintained by
the United Kingdom Health Security Agency (UKH-
SA) have identified a series of epidemics of MDR S.
flexneri serotypes 3a, 2a, and 1b and S. sonnei among
GBMSM,; the strains are circulating nationally and
internationally (12,16-18). Previous studies have
demonstrated the acquisition of a plasmid encoding
resistance to macrolides corresponded with the emer-
gence of epidemics of S. flexneri 3a and 2a and S. son-
nei during 2010-2015 (17,19). The subsequent global
increase in notification of S. sonnei among GBMSM
was enabled by strains belonging to global lineage
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3.6.1.1.2 (clonal complex [CC] 152), exhibiting resis-
tance to both macrolides and fluroquinolones (16).
During the COVID-19 pandemic, a rapid decrease in
notifications of S. sonnei was observed in the United
Kingdom. However, after the relaxation of social dis-
tancing and travel restrictions, notifications quickly
returned to prepandemic levels (20). We observed an
increase in XDR S. sonnei with the bla,, ,, .. gene vari-
ant conferring resistance to third-generation cephalo-
sporins (21). Localized and short-lived outbreaks of
XDR S. sonnei and S. flexneri containing the bla_, ,, .
gene variant, primarily circulating within GBMSM
sexual networks, were described previously (18,22).
In contrast, an epidemic of sexually transmitted XDR
S. sonnei was recorded in September 2021 (designated
t10.377 by using the UKHSA single-linkage hierarchi-
cal clustering methodology, contained within global
lineage 3.6.1.1.2 and CC152), continued into 2022 and
was reported internationally (21).

After the publication of a study from France re-
porting an increase in the proportion of Shigella spp.
isolates simultaneously resistant to ciprofloxacin,
third-generation cephalosporins, and azithromycin
(23), we reviewed genome-derived antimicrobial re-
sistance profiles of the S. sonnei in the UKHSA archive
isolated during 2016-2023. We identified an increas-
ing trend of XDR strains of S. sonnei and found XDR
S. sonnei isolated from MSM almost exclusively had
the bla_.,, \,,, gene variant, whereas XDR S. sonnei iso-
lated from travelers returning from high-risk regions
almost exclusively had the bla_.,, .. gene variant
(24). In 2023, we detected an increase of XDR S. son-
nei in England that contained the bla_, , .. gene vari-
ant. The aim of this study was to use a combination
of epidemiologic data with short-read and long-read
genomic sequencing data for outbreak investigation
to determine emergence and transmission patterns
of the S. sonnei outbreak strain and acquisition of the
bla.,y \,.5 geNe variant.

Methods

Routine Laboratory and Epidemiologic Surveillance

Shigella spp. isolates from hospital and community
cases with gastrointestinal symptoms are referred
to the gastrointestinal bacterial reference unit at the
UKHSA for confirmation and typing. Since Septem-
ber 2015, we have conducted WGS for all Shigella iso-
lates submitted to the gastrointestinal bacterial refer-
ence unit as previously described (25) and derived
the serotype and antimicrobial resistance profile in
silico from the genome. S. sonnei isolates submitted
to the gastrointestinal bacterial reference unit during
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January 2016-December 2023 were included in this
study. Because of the lack of sexual orientation infor-
mation available in this dataset, we used a proxy indi-
cator of cases that might be attributed to sexual trans-
mission among GBMSM, defined as cases among
male adults (>16 years) without a history of travel
or where travel history was unknown (presumptive
men who have sex with men [MSM]) (26).

We analyzed the sequencing data for genomic
markers of resistance to azithromycin (defined as the
presence of ermB or mphA), ciprofloxacin (defined as the
presence of mutations in gyrA, parC, or gnr), and third-
generation cephalosporins (defined by the presence of
bla_., ,, genes). We defined XDR isolates as those con-
taining genomic markers of resistance to azithromycin,
ciprofloxacin, and third-generation cephalosporins.

We conducted single-nucleotide polymorphism
(SNP) typing on S. sonnei isolates. We applied sin-
gle-linkage hierarchical clustering at 7 descending
thresholds of SNP distances (A250, A100, A50, A25,
A10, A5, AQ) as previously described (26). That clus-
tering resulted in a discrete 7-digit code in which each
number represents the cluster membership at each
descending SNP distance threshold. For Shigella spp.
surveillance, we designated isolates that cluster at the
10 SNP threshold t10.X. We duplicated sequencing
data in line with routine genomic surveillance of Shi-
gella spp. at UKHSA. We tested the differences in pro-
portions by using 2-proportion Z-tests and defined
p=<0.05 as significant.

Phylogenetic Tree Construction

We used the WGS data from routine laboratory sur-
veillance to create a phylogenetic tree of S. sonnei
isolates with bla., , gene variants. We produced
1,325 samples from a soft-core genome alignment
of CC152 within nucleotide cluster t25:1, in which a
given variant position belonged to <80% of strains in
the alignment, by using SnapperDB v0.2.8 (27). We
previously masked recombinant sequences from a
whole genome alignment derived from SnapperDB
v0.2.8 (27) on the same dataset by using Gubbins v3.2
(28). We used the alignment (2,142,354 bp) as the in-
put for IQ-TREE v2.0.4 (29) to generate a phylogenetic
tree. We then repeated the methodology to produce
subtrees of each cluster containing genomes with
bla.,, ,, variants. For each phylogeny, the tree was
rooted by the most closely related strain outside the
cluster range in question.

Nanopore Sequencing and De Novo Assembly

We used Illumina (Illumina, https://www.illumina.
com) for routine sequencing and Oxford Nanopore
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(Oxford Nanopore Technologies, https://nanopore
tech.com) for long-read sequencing to generate com-
plete assemblies of selected bla_,, ,, variant samples to
understand the genetic context for antimicrobial resis-
tance determinants. We extracted and sequenced ge-
nomic DNA by using the MinlON (Oxford Nanopore
Technologies) and processed data, trimmed reads, and
assembled as described previously (30).

We conducted de novo assembly by using Flye
v2.9.2 (31). We corrected the assemblies by using
Medaka version 1.0.3 (https://github.com/nano-
poretech/medaka) with a Shigella-specific medaka-
trained model, and then by using Polypolish v0.5.0
(32) with the equivalent Illumina FASTQs (Illumina)
for each assembly. Because all the contigs were circu-
lar and closed, we reoriented them to start at the dnaA
gene (GenBank accession no. NC_000913) from E. coli
K12, by using the fix start parameter in Circlator ver-
sion 1.5.5 (33).

Antimicrobial Resistance Gene Detection and

Plasmid Typing

We detected the plasmid replicon for each nonchro-
mosomal contig within the final assembly of each
sample by using PlasmidFinder version 2.1 (34) with
the Enterobacteriaceae database and these param-
eters: minimum identity = 90% and minimum cover-
age = 90%. We annotated the mobile genetic elements
with antimicrobial resistance determinants by using
the Prokaryotic Genome Annotation Pipeline build
2022-12-13 (35). We generated gene-level alignments
by using Clinker version 0.0.27 (36).

Data Deposition
We submitted the FASTQ files and gene assemblies
to the National Center for Biotechnology Information

(BioProject no. PRJNA315192). Accession numbers
have been provided (Appendix Table 1, https:/ / ww-
wnce.cdc.gov/EID/ article/31/7/24-1584-Appl.xlsx).

Ethics Statement

This study was undertaken for health protection pur-
poses. Permission was granted to UKHSA to collect
and process confidential patient data under Regula-
tion 3 of The Health Service (Control of Patient In-
formation) Regulations 2020 and Section 251 of the
National Health Service Act 2006.

Results

Descriptive Epidemiology

S. sonnei diagnoses increased during 2016-2018, then
declined slightly in 2019 and declined markedly in
2020 and 2021, likely because of reduced access to
healthcare services and testing, social distancing,
and travel restrictions during the COVID-19 pan-
demic (Figure 1). In 2022 and 2023, there was a sub-
stantial increase in S. sonnei diagnosis notifications,
and the 2023 notifications exceeded prepandemic
levels. The trends of S. sonnei among presumptive
MSM mirror those among all persons. However,
the rate of increase was larger among presumptive
MSM, leading to an increase in the proportion of all
S. sonnei diagnoses seen among presumptive MSM,
from 26% in 2016 to 46% in 2023. The increase be-
tween 2022 and 2023 was also higher among pre-
sumptive MSM (82% increase) compared with all
persons (50% increase).

Including the increase in S. sonnei among pre-
sumptive MSM in 2023, there was a corresponding in-
crease in the number and proportion of S. sonnei iso-
lates with the bla ., ,, .. gene variant in the population.

Figure 1. Epidemiologic and genomic investigation of sexually transmitted Shigella sonnei diagnoses in presumptive MSM classification,
England, 2016-2023. Presumptive MSM category was defined as cases among male adults (>16 years of age) without a history of
travel or where travel history was unknown. MSM, men who have sex with men.
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Figure 2. Sexually transmitted
Shigella sonnei isolates among
presumptive men who have sex
with men by the presence of the
bla,, .5 Or bla.,, .., gene variant
from an epidemiologic and genomic
investigation, England, 2016—-2023.
Presumptive men who have sex
with men category was defined

as cases among male adults (>16
years of age) without a history of
travel or where travel history

was unknown.

During 2016-2022, an average of 10% of S. sonnei iso-
lates contained the bla_, ,, .. gene variant, increasing
to 33% in 2023. That increase in the proportion of S.
sonnei isolates with the bla_., ,, .. gene variant in 2023
corresponded with a decrease in S. sonnei isolates
with the bla_. ,, ., gene variant in this population
group (Figure 2).

Before 2023, S. sonnei isolates with the bla_, .
gene variant were identified at a much lower fre-
quency among presumptive MSM compared with
non-presumptive MSM (i.e., women, children, and
men reporting recent travel). During 2016-2022, the
proportion of S. sonnei with the bla_., ,, .. gene vari-
ant among presumptive MSM remained stable at an
average of 17%, increasing to 38% in 2023 (Figure 3).

Phylogenetic Analysis of S. sonnei with the
bla_,, ., Gene Variant

Of the 262 S. sonnei isolates with the bla_, ,, ., gene
variant collected during 2016-2023 from presumptive
MSM, 84 (32%) fell within a 10-SNP single linkage
cluster (SCL) designated t10.1814 (full SNP address
1.1.1.1.1814) and belonging to global lineage 3.6.1.1
(37) (Figure 4). In addition, 2 other 10-SNP SCLs con-
tained isolates with the bla_, ,,,; gene variant were
identified, t10.1148 (full SNP address 1.1.29.49.1148)
and t10.2187 (full SNP address 1.1.29.49.2187). Those
2 clusters fall within the same 25-SNP SCL (t25:49),
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a lineage that is associated with travel to Pakistan
(82% of case-patients reporting travel to Pakistan)
and Tunisia (94% of case-patients reporting travel to
Tunisia), but distinct from the 25-SNP SCL contain-
ing t25:1. The remaining S. sonnei isolates with the
bla,y \,.5 gene variant from presumptive MSM were
phylogenetically sporadic and did not form large
clusters (Figure 5). Therefore, our phylogenetic anal-
ysis focuses on the t10.1814 cluster to explore the in-
crease in S. sonnei containing the bla_.,, . gene vari-
ant among presumptive MSM (Figure 4).
At the end of 2023, the t10.1814 cluster contained
124 isolates in total. The first 3 cases within the cluster
were diagnosed in August and October 2019. None of
those isolates contained bla_, ,,, however, 2 of the 3
isolates contained the bla ., ,,,, gene variant (Figures
4,5, and 6). There was no reported activity within the
t10.1814 cluster until March 2022, but 4 cases were
reported during March-December 2022. There was a
substantial increase in cases in 2023, and most isolates
(94%, 117/124) in the cluster had specimen dates in
2023. Of the 2023 isolates, 92% (108/117) contained
the bla_.,, ,, .- gene variant (Figure 6). Of the 124 cases
in the cluster, 75% (n = 93) were adult men with no or
unknown travel, 16% (n = 20) were adult men with
travel outside the UK (mostly to countries in Europe),
and 9% (n = 11) were women or children with no or
unknown travel (Table 1).
Figure 3. Shigella sonnei
isolates with the bla_, ,, .. gene
variant among presumptive
men who have sex with men
compared with nonpresumptive
men who have sex with men
from an epidemiologic and
genomic investigation, England,
2016-2023. Presumptive MSM
was defined as cases among
male adults (>16 years of
age) without a history of
travel or where travel history was
unknown.MSM, men who have
sex with men.
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Figure 4. Maximum-likelihood
phylogenetic tree of the
Shigella sonnei clonal complex
152 within the 10 single-
nucleotide polymorphism
linkage cluster t10.1814

(n = 125) found during an
epidemiologic and genomic
investigation of sexually
transmitted S. sonnei from
presumptive men who have
sex with men, England, 2016—
2023. Atotal of 125 isolates
included in tree. Sequence
read run accession is sample
identification, additional
information provided is gender,
presence of bla_,, ,, gene
variants, and association with
travel. Presumptive men who
have sex with men was defined
as cases among male adults
(>16 years of age) without a
history of travel or where travel
history was unknown.
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The increase in t10.1814 occurred in parallel to a
decline in cases within the 1.1.1.1.377.% cluster (des-
ignated t10.377; the % indicates that t3 and t0 posi-
tions of the SNP address can take any value). The
cluster was dominant since 2017, declined substan-
tially during the first few months of the COVID-19
pandemic, but reemerged in September 2021 with
third-generation cephalosporin resistance caused by
the bla_, ,, ., gene variant (21) (Figure 7). Despite the
different trends in those clusters, t10.1814 and t10.377

Sexually Transmitted Shigella sonnei, England

share similarities in demographic characteristics of
cases; the t10.377 cluster was also associated with pre-
sumptive MSM (Appendix Table 2).

Of the 124 isolates in the t10.1814 cluster, 112
(90%) harbored the bla_,, ,,,; gene variant, whereas
only 2 isolates had the bla_, ,, .. gene variant; no iso-
lates expressed both the bla_, ,,,, and bla., , . gene
variants. Resistance to ciprofloxacin and azithromy-
cin was very high; 94% of isolates (116/124) exhib-
ited mutations in either gyrA, parC, or the plasmid

Figure 5. Maximum-likelihood phylogenetic tree of clonal complex 152 within nucleotide cluster t25:1 found during an epidemiologic

and genomic investigation of sexually transmitted Shigella sonnei from presumptive men who have sex with men, England, 2016—2023.
Included in the tree were 1,325 isolates. Blue, t10.377 cluster; green, t10.2218 cluster; red, t10.1814. The outer ring indicates presence
of bla . red, bla_, ., ..; blue, bla_, . ... orange, bla_, ,,...; green, bla., . .. Presumptive men who have sex with men was defined as
cases among male adults (>16 years of age) without a history of travel or where travel history was unknown.
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Figure 6. Diagnoses of Shigella sonnei in cluster t10.1814 by the bla ., .., gene variant status from an epidemiologic and genomic

investigation, England, 2016—2023.

mediated gnr gene variant, and 88% of isolates
(109/124) had genomic markers for azithromycin re-
sistance (ermB or mphA). Most (86%) isolates had both
the bla_, ., gene variant and markers of azithro-
mycin resistance. Overall, 109 (88%) isolates in the
t10.1814 cluster were XDR (Table 2).

Phylogenetic analysis revealed that t10.1814
fell within the wider t25:1 cluster that also includes
t10.377. Although located within the same t25 SLC,
the t10.1814 cluster with bla_, ,, .. was located on a

separate branch and did not evolve from the t10.377

Table 1. Characteristics of sexually transmitted Shigella sonnei
from an epidemiologic and genomic investigation of the t10.1814
cluster, England, 2016—-2023*

Characteristics Cases, N =124
Sex
M 113 (91)
F 11 (9)
Age,y
Median [IQR] 35 [30-43]
Adult, >16 123 (99)
Child, <16 1(1)
Travel
Yes 20 (16)
No/Unknown 104 (84)
Travel destination of those reporting travel
Belgium 1(5)
Brazil 1(5)
Europe, country unknown 1(5)
Germany 1(5)
India 1(5)
Netherlands 1(5)
North America 1(5)
Spain 8 (40)
Thailand 1(5)
United states 1(5)
Unknown 3(15)
Presumptive MSM
Yes 93 (75)
No 31 (25)

*Values are no. (%) except as indicated. Presumptive MSM category was
defined as cases among male adults (>16 years of age) without a history
of travel or where travel history was unknown. MSM, men who have sex
with men.

1400

cluster with the bla_, ,,,, gene variant (Figure 5).
The progenitor strains of t10.1814 clustered with the
bla ., \,,s gene variant also contained the bla

gene variant.

CTX-M-27

Analysis of t10.1814 IncFll Plasmids and Comparison
to t10.377 IncFIl Plasmids

Plasmids within t10.1814 with the bla ., ,, .. gene vari-
ant were all determined to be of the IncFII replicon
type and ranged from 77.6 to 149.0 kbp in size (Figure
8). Plasmids from progenitor strains within t10.1814
with the bla_, ,, .. gene variant were larger on aver-
age (148 kbp) than plasmids with the bla_.,, ., gene
variant (78.4 kbp). Despite the difference in size, al-
most all the gene content of the =74 kbp plasmids
were also found within the larger =148 kbp plasmids.
Of note, when comparing t10.1814 plasmids to IncFII
plasmids from t10.377, the plasmid structure is the
same except for small alterations to the variable re-
gion, including the bla_, , .. and bla,, ... integrons
(Figure 8).

After the analysis of the long-read sequenc-
ing data, we identified 1 isolate of S. sonnei with the
bla.,, \,,s gene variant in the same clade as t10.1814
but in a different t10 SLC (t10.2404). In that cluster, the
bla.,, \,,s gene variant was located on a 7.6-kbp cas-
sette or an element integrated on the chromosome.
The integration site appears to be a prophage rem-
nant near a tRNA-Phe gene (Figure 9). The IncFII
plasmid was lost in this sample.

Discussion

Overall, except for 2020 and 2021 when notifications
were affected by the COVID-19 pandemic, we ob-
served a steady increase of S. sonnei diagnoses in Eng-
land during 2016-2023. During the past decade, di-
agnostic methods for the detection of gastrointestinal
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Figure 7. Diagnoses of
Shigella sonnei in the t10.377
cluster compared with the
t10.1814 cluster among
presumptive men who

have sex with men from an
epidemiologic and genomic
investigation, England, 2016—
2023. Presumptive MSM was
defined as cases among
male adults (>16 years of
age) without a history of
travel or where travel history
was unknown.

pathogens have improved with widespread imple-
mentation of commercial PCRs. PCR is more sensi-
tive than culture for detecting Shigella spp. (38,39),
and this move toward molecular methods after cul-
ture will increase case confirmation. Furthermore, the
increase might be associated with increased travel
to high-risk regions outside the United Kingdom,
although confirming that theory is difficult because
travel history is poorly captured by the current sur-
veillance system. We also observed a steady increase
in notifications of S. sonnei among presumptive MSM.
Although our observation may reflect a true increase
in sexual transmission, it might also be influenced by
increased implementation of PCR testing and travel.
The increase in reported diagnoses might be because
of the publication of briefing notes and other out-
break-related communications by UKHSA during the
study period.

Numerous factors enable the emergence, trans-
mission, and persistence of epidemic strains circu-
lating within GBMSM sexual networks, involving
pathogen characteristics, host behaviors, and envi-
ronmental pressures. We have previously hypoth-
esized that the sequential waves of shigellosis among
GBMSM in the United Kingdom have been enabled by
acquisition of antimicrobial resistance to an increas-
ing number of classes of antimicrobial drugs (40). The
epidemic strains of S. sonnei were initially resistant to
macrolides, then to both azithromycin and ciprofloxa-
cin, and most recently to macrolides, fluroquinolones,
and third-generation cephalosporins (16,21). How-
ever, the acquisition of antimicrobial resistance alone
does not explain the emergence and persistence of all
shigellosis epidemics among GBMSM. In this study,
we showed the previous epidemic S. sonnei strain
(t10.377) was replaced by another strain of S. sonnei
(t10.1814) with the same genotypic antimicrobial re-
sistance profile, and the reemergent strain of S. flex-
neri 3a in 2019 was more susceptible to antimicrobials
than the strain that caused the original S. flexneri 3a
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epidemic (41). Asymptomatic transmission of Shigella
spp. among GBMSM might be a factor driving anti-
microbial pressure in this group (42). Other strains
during previous epidemics are examples of the emer-
gence and persistence of strains exhibiting the same
antimicrobial resistance profiles. Other factors could
be at play, such as transient host immunity to circu-
lating serotypes providing emergent serotypes with
a competitive advantage. Host immunity seems an
unlikely explanation for the strain replacement event
because both strains were S. sonnei.

Overall, the case characteristics in the t10.1814
cluster were similar to those in the t10.377 cluster in
terms of the proportion of male cases and age distri-
bution. Some regional variation exists; cases in the
t10.1814 cluster were more dispersed across regions
of England, and the t10.377 cluster was more concen-
trated in London (Appendix Table 2). The difference
in travel history between cases in the clusters could
be because of missing data on recent travel history.

Phylogenetic analyses showed clustering of
bla.,, , variants within the Shigella spp. population
structure, consistent with horizontal acquisition and
vertical transmission. Non-GBMSM clades associ-
ated with the bla_, ,, . gene variant comprised cas-
es reporting travel to high-risk regions outside the
United Kingdom, highlighting the possibility that
this resistance determinant was brought in through
travel, similar to Shigella in other regions (43,44). One

Table 2. Antimicrobial resistance profile of sexually transmitted
cases of Shigella sonnei from an epidemiological and genomic
investigation of cases within the t10.1814 cluster, England,
2016-2023*

Antimicrobial and resistance determinant Cases, N =124
Third-generation cephalosporin
blacrx.m1s gene variant 112 (90)
blactx-m-27 gene variant 2 (2
Ciprofloxacin: gyrA, parC, or gnr 1161 (94)
Azithromycin: ermB or mphA 109 (88)
Extensively drug resistant 109 (88)

*Values are no. (%).
TAll isolates had 2 point mutations in gyrA and 1 point mutation in parC.
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Figure 8. Alignment of IncFIl plasmids in samples selected for Nanopore sequencing during an epidemiologic and genomic investigation

of sexually transmitted Shigella sonnei from presumptive men who have sex with men, England, 2016—2023. Red gene is the bla

CTX-M

variant. Presumptive men who have sex with men was defined as cases among male adults (>16 years of age) without a history of

travel or where travel history was unknown

GBMSM bla.,, ., gene variant isolate fell within the
same 10 SNP SLC, and although the bla_., ,, .. gene
variant decrease coincided with the bla, ,, ., gene
variant increase, there was no evidence the bla_.,, ,, .
gene variant emerged from the clade with the
bla.,, .., gene variant. The acquisition of the bla ., ,, .-
gene variant appears to be an independent evolution-
ary event on a different branch of the phylogeny.
Long-read sequencing analysis revealed that,
like the bla_., ,,,, gene variant in the t10.377 cluster,
the bla_., ,, ., gene variant in the current epidemic
t10.1814 cluster was located on an IncFII plasmid.
Despite encoding different bla_. ,, variants, the
plasmid encoding the bla_, ,, .. gene variant exhib-
ited high levels of similarity to the plasmid encoding
the bla.,, ,,,, gene variant. Those data reveal simi-
lar IncFII plasmids persist and remain stable in the
strains of S. sonnei circulating among GBMSM, de-
spite acquisition of different antimicrobial resistance
determinants. Because of the apparent plasmid sta-
bility in this population, our demonstration of the

acquisition of the bla_, ,, ., and bla, ,, . gene vari-
ants and subsequent clonal expansion, the potential
other antimicrobial resistance determinants could be
acquired onto this plasmid and worsen the already
concerning antimicrobial resistance picture of S. son-
nei remains. In addition, we report an isolate in a
separate clade (t10.2404) in which the bla_, ,, .. gene
variant was located on the chromosome and the as-
sociated plasmid was lost.

Social distancing and travel restrictions in 2020
and 2021 related to the COVID-19 pandemic had a
greater effect on reducing notifications of S. sonnei
than S. flexneri (25). Previously, we considered that
globalization and increased travel might have a role
in seeding sexually transmissible shigellosis. The ac-
quisition of the bla_., ,, .. gene variant previously as-
sociated with travel-related cases of S. sonnei, on the
GBMSM-associated IncFII pKSR-100-like plasmid,
may provide further evidence for this hypothesis.
The reporting of S. sonnei with the bla.., ,, .. gene
variant among GBMSM in other countries in Europe

Figure 9. Alignment of exemplar IncFIl plasmid from a Shigella sonnei strain during an epidemiologic and genomic investigation of

sexually transmitted Shigella sonnei from presumptive men who have sex with men, England, 2016—2023. The strain fell within the 10
single-nucleotide polymorphism linkage cluster t10.1814 and strain 01233204 (GenBank accession no. SRR29176725), showing the
cassette containing bla_,, ,, ,s (highlighted in red) has moved to the chromosome. Presumptive men who have sex with men was defined
as cases among male adults (>16 years of age) without a history of travel or where travel history was unknown.
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suggests the potential international distribution of
this lineage (45,46).

With a lack of information about sexual orien-
tation and incomplete travel histories, it is possible
that adult male case-patients who traveled were cat-
egorized as presumptive MSM within this cluster if
the travel histories were not known. Identifying as
GBMSM and reporting recent travel are also not mu-
tually exclusive; therefore, there are limitations with
the use of the presumptive MSM proxy definition. It
is also not mandatory for primary diagnostic labora-
tories to send S. sonnei isolates to the gastrointestinal
bacterial reference unit, so the data available for this
analysis represents about two thirds of the total num-
ber of reported infections.

Despite those limitations, the introduction of
WGS for typing gastrointestinal pathogens greatly
improved surveillance of S. sonnei at UKHSA. Pre-
viously, we relied on phenotypic methods that were
highly specialized, labor intensive, and difficult to
standardize, such as phage typing and antimicro-
bial susceptibility testing. During the past decade,
sequencing data has been used to construct the
population structure of S. sonnei from UK residents
and mapped clades associated with travel and as-
sociated with sexual transmission among GBMSM.
We have tracked the rise and fall of different clades
circulating within GBMSM sexual networks and
showed that acquisition of antimicrobial resistance
and genetic factors contribute to emergence, trans-
mission, and persistence. However, notifications
continue to rise, and the circulating strains are in-
creasingly resistant to first- and second-line antimi-
crobial drugs.

The results in this article highlight the contin-
ued utility of genomic surveillance in detecting
outbreaks of sexually transmissible shigellosis and
the ever-growing importance of antimicrobial stew-
ardship for shigellosis (47). Furthermore, through
detailed analyses of the data, we can clarify the
complex origins and transmission pathways for an-
timicrobial resistance in increasingly antimicrobial-
resistant strains. We recurrently see conjugative
plasmids carrying resistance against key antimicro-
bial classes mobilizing among Shigella spp. strains
circulating in different transmission networks. This
plasmid mobilization underlines the need to address
Shigella spp. as an urgent antimicrobial threat, in line
with the World Health Organization priority patho-
gen list of 2024 (48), and highlights the need to cre-
ate innovative solutions to slow sexual transmission
in networks in which heavy antimicrobial use drives
the emergence of XDR strains.
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etymologia revisited

Petri Dish
[pe’tre 'dish]

he Petri dish is named after the German inventor and bac-
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HISTORICAL REVIEW

Role of Nonpharmaceutical
Interventions during 1918-1920
Influenza Pandemic, Alaska, USA

Uddhav Khakurel, Lisa Sattenspiel, Svenn-Erik Mamelund

Previous studies investigating the 1918-1920 influenza
pandemic have provided a comprehensive overview of
the spread of the pandemic and possible explanations
for high mortality rates in Alaska, USA. Our understand-
ing of the role of nonpharmaceutical interventions (NPIs)
is limited, however. To gain an overview of various agen-
cies’ efforts to protect communities during the pandemic,
we conducted a mixed-method assessment of a large
pool of digitized historical newspapers and archival ma-
terials covering Alaska’s local and territorial responses
to the pandemic. The study encompassed 14 local
units of Alaska that implemented NPIs during October
1918-January 1919. Analyses indicated that 8 local units
avoided the outbreak by implementing NPIs and that the
other 6 units controlled the spread of influenza by imple-
menting NPIs after the virus was introduced. In addition,
some Indigenous communities escaped the pandemic
by implementing mandatory and voluntary restrictions.
Information on the effects of NPI could guide future influ-
enza pandemic preparedness and response.

During the 1918-1920 influenza pandemic, al-
though scientists were aware of the existence
of infectious agents smaller than bacteria (1), they
thought that the Hemophilus influenzae bacterium was
responsible for causing the disease. Influenza was
not identified as a virus in swine until 1931 and in
humans in 1933 (2,3). In 1918, however, public health
officials and healthcare workers were aware that in-
fluenza spread through the air (4). The national and
local authorities of Canada, Australia, and the United
States attempted to implement different nonpharma-
ceutical interventions (NPIs), including travel restric-
tions and quarantine, to prevent the spread of the
influenza pandemic (5). The primary focus in those
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countries was to avoid the worst impacts of the pan-
demic by directing efforts toward implementing pro-
tective measures, such as establishing quarantine sta-
tions and stopping travel between influenza-infected
and uninfected communities (6).

However, quarantines did not prevent introduc-
tion of influenza in all communities (7). Once the dis-
ease was introduced, large cities across the United
States implemented a wide range of NPIs to limit
community-level influenza transmission. Commu-
nity-level interventions included isolation, school
closures, public gathering bans, and surface clean-
ing (8-10). Local efforts to contain the spread of the
infectious agent were derived from cities” experience
in managing outbreaks of tuberculosis, cholera, and
smallpox in the 18th and 19th Centuries (1).

During the 1918-1920 influenza pandemic, Alas-
ka was a US territory. The territorial government of
Alaska was forewarned about the risk for an influen-
za outbreak and implemented quarantine regulations
to prevent the introduction of the disease (11). The
territorial governor ordered all communities to estab-
lish quarantines and to create cordon sanitaire (pro-
tective buffer zones), by limiting travel at trailheads
and along rivers (12-15). A previous report showed
that communities and residents adopted different
community-level NPIs to control the spread of influ-
enza (8). Those interventions included travel restric-
tions, quarantine of travelers, isolation, prohibition of
public gatherings and native festivals, fumigation of
public places, and school closures. However, imple-
menting NPIs did not prevent introduction of influ-
enza into Alaska (8). The 1918-1920 influenza pan-
demic killed at least 50 million persons worldwide,
including 675,000 persons in the United States (12). In
Alaska, the average influenza mortality rate ranged
from 1% to 38% at the regional level, and some local
communities reported mortality rates of >90% (8,16).

Researchers have previously investigated the
role of NPIs in 1918-1920 influenza mortality rates in
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urban settings (9). Those studies focused on the larger
US cities and concluded that, although implementa-
tion of NPIs did not stop the spread of the pandemic,
it helped delay its spread, known contemporarily and
colloquially as flattening the curve (17). Peak mortal-
ity rates in cities under NPI use was lower than in
cities with no reported NPIs (9).

Little previous research has considered the ef-
fects of NPIs on local-level variation in influenza
spread and mortality rates in geographically iso-
lated areas like Alaska. One study discussed several
factors that influenced patterns of influenza deaths
in Alaska and Labrador (11), an isolated region in
Canada with a similar culture and latitude to Alas-
ka. That study highlighted the cocirculation of other
pathogens, environmental influences, and access to
healthcare but did not consider the effects of NPIs
implemented by the local board of health and terri-
torial government on the variation in mortality rates
across the 2 regions.

We investigated the role of NPIs in reducing the
spread of the influenza during the 1918-1920 pan-
demic and on pneumonia and influenza (P&I) mor-
tality rates in Alaska. We focused on the first wave
of influenza in Alaska, during September 1918-Janu-
ary 1919 because evidence for the implementation of
NPIs in later waves is lacking. We investigated the
type and duration of interventions implemented at
local levels, patterns of influenza spread, daily mor-
tality rates in Alaska, and types and effects of NPIs
implemented by Alaska Native populations.

Methods

Study Context

In 1910, Alaska was inhabited by 64,356 persons in
an area of 1.72 million km? and had a predominantly
male (71.25%) population. During the 1918-1920 in-
fluenza pandemic, the territory was divided into 4
judicial districts (First, Second, Third, and Fourth)
and 42 local units. The territorial headquarters was
located in Juneau in the First Judicial District. From
1910 to 1920, the population of Alaska dropped by
14.5% to 55,036 (19). The Alaska Native popula-
tion numbers were similar, at 27,000, in both 1910
and 1920 (16).

Influenza in Alaska came in 3 distinct waves
(8,16). The first wave started in October 1918 and
corresponded with the second worldwide influenza
wave. In some communities, the first wave contin-
ued until January 1919 (12). Influenza was introduced
into Alaska by persons entering and leaving trading
and fishing vessels or coastal steamers (8). A similar
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observation was made in the second influenza wave
in Alaska (the third worldwide wave), which started
in May 1919. A small third wave occurred in Alaska
in 1920 (16).

We examined the role of NPIs in 14 local units
and 4 Alaska Native villages during the first influ-
enza wave, October 1918-January 1919, for which
we have information on the pandemic and NPIs
(Figure 1). We focused on the first wave of influ-
enza because evidence for the implementation of
NPIs in later waves is lacking. The limited infor-
mation available for subsequent waves might be
attributed to pandemic fatigue, a phenomenon ob-
served during the COVID-19 pandemic (18). How-
ever, definitive evidence on pandemic fatigue in
Alaska during the 1918-1920 influenza pandemic
has not been identified.

Data Sources

We collected historical data on the influenza pandem-
ic and NPIs implemented in Alaska during 1918-1920
from the digital archive of the Library of Congress
(https:/ /www.loc.gov) and the National Archives
Catalog (https:/ /catalog.archives.gov). Photographs
and newspaper articles, a primary source of informa-
tion in this study, are available in the digital archive
of the Library of Congress. Government letters, an-
nouncements, reports, and regulations are available
in the National Archives Catalog. We collected ad-
ditional materials from the Alaska State Archives
(https:/ /archives.alaska.gov). We wused all local
newspapers from the first influenza wave in Alaska
that were available in the digital archive (Table 1).
We screened a total of 15 newspapers to identify the
types of interventions implemented at the local level.
Those records contained information on the influenza
pandemic in Alaska and NPIs implemented by the
territorial and local governments and health boards.
Further, we extracted information on quarantine ex-
penses and reimbursement, hiring of quarantine of-
ficers, arrival of steamships, and NPIs adopted by
Indigenous communities from the Alaska newspaper
articles and additional archival resources.

We obtained death certificates from Health Ana-
lytics and Vital Records, Division of Public Health,
State of Alaska Department of Health. A total of
2,390 death certificates were recorded during October
1918-January 1919, of which 1,024 were P&l deaths
and were included in the study. Death certificates
include information on the place of death, sex, race,
birth date, and cause of death and cover all parts of
the Alaska territory. We excluded 51 death certifi-
cates from the study because the cause of death was
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DISPATCHES

Figure 1. Locations of Judicial
Districts, quarantine stations,
native villages, and local

units included in study of the
role of nonpharmaceutical
interventions during 1918-1920
influenza pandemic, Alaska,
USA. Quarantine stations were
located along the Iditarod,
Valdez, Yukon, Innoko River, and
Fairbanks Trails at Elam, Akiak,
Okiekogamute, Tooliksack,
Walla Walla, Piledriver, Board
Pass, Nulato, Ruby, Fort Yukon,
Eagle, and Skagway. This study
includes data from Cape Nome,
Douglas, Juneau (territorial
headquarters; denoted by red
star), Cordova, Kenai, Ketchikan,
Nenana, Skagway, Unalakleet,
Marshall, Kennecott, Akiak,
Copper Center, and Fairbanks.

missing. The full analysis of the death certificates was
done in a previous study (16).

Data Analysis
We used a mixed-method approach to analyze the role
of NPIs in the spread of the influenza pandemic and
the effects of NPIs on P&I mortality rates. We catego-
rized NPIs implemented by authorities into preven-
tive and spread control (Table 2). Preventive interven-
tions were implemented to prevent the introduction
of influenza in the community, also known as protec-
tive sequestration (6). We defined spread control NPIs
as the interventions implemented after the introduc-
tion of influenza in the community (9). We further
categorized spread control NPIs into 4 groups on the
basis of the categorization used for the 1918 influenza
pandemic (Table 2), which reflect the understanding
of the authorities from 1918 (9,20,21). By comparison,
the COVID-19 pandemic categorized NPIs into >13
categories using more granular information (22-24).
We measured NPI duration from the day the in-
tervention began to the day it was lifted (Table 3).
To study the role of NPIs in P&I deaths in Alaska,
we examined the P&I deaths in the local units. We

1408

compared the mortality rate among local units that
implemented NPIs with Alaska’s overall average re-
gional mortality rate. We investigated the interven-
tions the local units applied and the spread of the pan-
demic. We calculated the reproduction number (R)
for all of Alaska and the local units that implemented
NPIs after the first reported P&I death. Finally, we ex-
amined the use of NPIs among Alaska Natives.

Table 1. List of newspapers used to investigate the role of
nonpharmaceutical interventions during 1918-20 influenza
pandemic, Alaska, USA

Local newspapers City or town
Nome Tri-Weekly Nugget Nome
Daily Progressive Miner Ketchikan
Cordova Daily Times Cordova
Alaska Daily Empire Juneau
The News Letter Kodiak
Alaska Juneau Douglas Island News Juneau
Seward Gateway Daily Edition Seward
The Alaska Weekly Post Seward
Seward Gateway Seward
Douglas Island News Douglas City
Nenana Daily News Nenana
Weekly Alaska Citizen Fairbanks
Wrangell Sentinel Wrangell
McCarthy Weekly News McCarthy
Weekly Nome Industrial Nome
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Table 2. Nonpharmaceutical interventions used during 1918-20 influenza pandemic, Alaska, USA

Preventive NPIs Spread control interventions

Travel restriction to the community
contact with ill persons

Quarantine and isolation: orders to separate ill persons and persons suspected of having

School closures: closure of all schools under the jurisdiction of local authorities

Quarantine, >5 days
libraries, and local festivals

Public gathering bans: closure of saloons, restaurants, indoor gatherings, sports halls, public

Personal and ancillary actions: mask ordinance, fumigation of mail, and cleaning of surfaces

Estimating R
We estimated R from the early growth phase of the epi-
demic trajectories by using the GrowthPredict toolbox
(25) and mortality data from Alaska. GrowthPredict is
a user-friendly tool designed for analysis of outbreak
trajectories that accommodates subexponential growth
patterns often observed in real-world situations. To cal-
culate R, we extracted the mortality data for the first 20
days after the first reported P&I death in the local units.
For that analysis, we excluded Cape Nome because
the community did not introduce NPIs until after P&I
deaths were reported among its population. For the cal-
culation, we used 3 as an estimation of the serial inter-
val for influenza on the basis of previous literature (26).

GrowthPredict toolbox uses the generalized
growth model and characterizes the growth rate (r)
and growth parameter (p). The growth parameter
modulates the growth from purely exponential (p =
1) to subexponential (0<p>1). In our study, we used
maximum-likelihood estimation to determine the
best fit of the observed data.

We calculated R with the relationship defined
in the renewal equation (26). The renewal equation

incorporated the generation time distribution of
influenza, which represents the time interval be-
tween successive infections in a transmission chain
(26). We determined the generation time by using
data from existing epidemiologic literature (26),
which we input into the toolbox as a fixed param-
eter. The GrowthPredict toolbox provides Cls for
R by performing parametric bootstrapping, gener-
ating multiple resampled datasets, and re-estimat-
ing R for each resample to account for statistical
uncertainty (25).

Results

Data available from archival resources indicated that
the territorial government acted promptly to attempt
to prevent the onset of influenza in the whole of
Alaska. Once influenza was introduced, local govern-
ments and health boards implemented NPIs to pro-
tect persons living within their jurisdiction.

Introduction of NPIs in Alaska
The territorial government of Alaska was warned
about influenza spreading across the United States

Table 3. Local units with spread control NPIs in a study of the role of nonpharmaceutical interventions during 1918—1920 influenza

pandemic, Alaska, United States

Location 1910 population  No. deaths Period of NPI (start—end) Types of NPIs
Cape Nome 3,924
Phase 1 0 4 d (1918 Nov 20-23) Quarantine
Phase 2 334 63 d (1918 Nov 4-1919 Jan 6) School closure, public gathering ban,
guarantine, and isolation
Douglas 1,722
Phase 1 0 41 d (1019 Oct 30-Dec 9) School closure, public gathering ban,
guarantine, and isolation
Phase 2 6 16 d (1918 Dec 19-1919 Jan 3) School closure, public gathering ban,
guarantine, isolation, and mandatory
mask ordinance
Juneau 2,910
Phase 1 19 33 d (1918 Oct 29-Dec 1) School closure, public gathering ban,
guarantine, and isolation
Phase 2 8 13 d (1918 Dec 18-30) School closure, public gathering ban,
guarantine, isolation, and mandatory
mask ordinance
Cordova 1,779
Phase 1 6 25 d (1918 Dec 27-1919 Jan 20) School closure, public gathering ban,
guarantine, and isolation
Kenai 1,692
Phase 1 24 28 d (1918 Nov 8-Dec 5) School closure, public gathering ban,
guarantine, and isolation
Ketchikan 3,520
Phase 1 21 30 d (1918 Oct 23-Nov 22) School closure, public gathering ban,

guarantine, and isolation
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in late September 1918. In mid-October 1918, the US
Public Health Department sent an official health bul-
letin to Governor Riggs with details on the incubation
period, mode of transmission, and preventive mea-
sures (27). In response to the bulletin, in early Octo-
ber, the territorial government introduced quarantine
regulations at port towns, including Juneau, Cordo-
va, Seward, Valdez, and Cape Nome, to prevent the
introduction of influenza into Alaska from incoming
steamships:

Quarantine is established by the Governor
against all incoming steamers and other
marine craft on October 15th. All vessels
are met at arrival at any port by designated
physicians and should cases of influenza be
found immediate action is taken [The Alaska
Daily Empire (Juneau), October 24, 1918] (28).

A special request was made to steamship com-
panies to examine all passengers for influenza. Those
examinations were focused on close inspection of the
nose and throat, with an emphasis on evidence of in-
flammation, and the gathering of information about
exposure to infection.

Spread Control NPIs
On the first appearance of influenza at the local level,
the territorial government requested that local units
implement interventions to prevent the spread of
the disease. Cape Nome, Douglas, Juneau, Cordova,
Kenai, and Ketchikan implemented school closures,
public gathering bans, and quarantine and travel re-
strictions (Table 3). Those local units further tried to
restrict the transmission of influenza to neighboring
communities by restricting outgoing travel, common-
ly known as cordon sanitaire (29). Mask use was rec-
ommended through an official health notice. The Red
Cross made and distributed cloth masks to popula-
tions in Alaska (Figure 2), but their reach was limited.
Cape Nome introduced a short quarantine when
the last steamship of the season, Victoria, arrived on Oc-
tober 20, 1918. The containment measure was lifted on
October 23, 1918, because the local health officer did not
record any symptoms of influenza among the incoming
passengers (30). The early lifting of quarantine resulted
in several P&l deaths in Cape Nome. After November 3,
1918, several deaths with P&l listed as a primary cause
were recorded. The local board of health again imple-
mented NPIs on November 4, 1918, a measure that last-
ed for 63 days and was lifted on January 6, 1919.
Douglas, a community located in the First Judicial
District, isolated itself from late October to early De-
cember with quarantine regulations, school closures,
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Figure 2. Archival photo of Juneau Chapter of the Red Cross
from study of nonpharmaceutical interventions during 1918-1920
influenza pandemic, Alaska, USA. During the pandemic, the Red
Cross made cloth mask and distributed to populations in Alaska.
However, their reach was limited. Source: Library of Congress
(https://www.loc.gov/resource/anrc.06015).

and public gathering bans. After lifting the restric-
tions, Douglas reported P&l deaths on December 9,
1918, after which NPIs were again introduced along
with mandatory mask ordinances (ancillary mea-
sures), which they strictly enforced:

Several arrests were made in Douglas
yesterday on account of not wearing face
masks. After one or two citizens had been
fined, everyone began to see that officials
meant business and after the second trip
of the ferry everyone on the streets were
wearing the ‘bug catchers’ [The Alaska Daily
Empire (Juneau), November 13, 1918] (31).

The local units of Alaska maintained NPIs until
local health officers reported no new influenza cases
within the community and neighboring communi-
ties, at which point they lifted restrictions (32). A total
of 1,024 P&l deaths during the first influenza wave
were reported from the parts of the First, Second, and
Third Judicial Districts, an aggregate population of
27,667 persons. Besides Cape Nome, which reported
high (8.5%) mortality rates, the other local units with
known NPIs reported low (1%-2%) P&l mortality
rates compared with the territorial average of 3.7%,
including local units with reported P&I deaths. Simi-
larly, R for local units implementing NPIs, apart from
Cape Nome, was lower (R = 0.31 [95% CI 0.26-0.89])
than the overall R for the whole territory (R = 0.92
[95% CI 0.87-0.97]).

Preventive NPIs
Eight local units escaped the pandemic during Alas-
ka’s first influenza wave (Table 4). Although those
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Table 4. Communities with preventive NPlIs in a study of the role of nonpharmaceutical interventions during 1918—1920 influenza

pandemic, Alaska, United States*

Place 1910 populationt  No. days NPI implemented (start—end dates) Types of NPIs

Nenana 190 53 (1918 Nov 8-Dec 31) Travel restriction and quarantine
Skagway 872 110 (1919 Nov 2—-1919 Feb 20) Travel restriction
Unalakleet 247 96 (1918 Nov 6-1919 Feb 10) Quarantine

Marshall NA 14 (1919 Jan 24-Feb 7) Travel restriction
Kennecott NA 42 (1918 Dec 21-1919 Feb 1) Travel restriction and quarantine
Akiak NA 35 (1919 Jan 8—Feb 12) Travel restriction
Copper Center 553 75 (1918 Dec 18-March 1919)% Quarantine
Fairbanks 3,511 80 (1918 Nov 11-1919 Jan 27) Travel restriction and quarantine

*NA, not available; NPIs, nonpharmaceutical interventions.

tMarshall, Kennecott, and Akiak were not reported in the 1910 population census.

FMinimum estimate.

units were well connected with the communities
experiencing influenza outbreaks via sled roads,
pack trails, and railroads (33), they did not report
P&l deaths during September 1918-February 1919.
Those local units implemented protective sequestra-
tion measures by imposing travel restrictions, estab-
lishing quarantine stations along the trails leading to
their communities (Figure 1), placing armed guards
at the quarantine stations, and not allowing anyone
to enter their communities beginning in early No-
vember 1918 (34).

Nenana adopted a unique approach by requiring
residents to wear a red ribbon in their headgear to in-
dicate that they were free from influenza:

The quarantine regulations at Nenana
require the dwellers of that town to wear
a red, green, blue yellow or other badge
displayed upon their headgear. ... The red
badge is the indication that the wearer is
free from such disease... dire penalties - fine
and imprisonment - are threatened all who
do not wear them prominently displayed on
their headpieces [The Cordova Daily Times.
December 23, 1918] (35).

Fairbanks used a similar strategy, in which health
authorities examined residents periodically for in-
fluenza and gave an “OK Fairbanks Health Depart-
ment” band to wear to indicate that the person was
free from influenza.

NPIs among Alaska Natives

Alaska Natives experienced high mortality rates
during the first influenza wave in the territory. Local
newspapers repeatedly reported that Alaska Natives
were at higher risk for the disease (36,37). The terri-
torial government implemented stringent measures
against public gatherings among Alaska Natives.
The directive forwarded by the territorial govern-
ment urged Alaska Natives not to visit neighbors,
to keep houses well aired, to wear influenza masks,
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and to avoid gatherings; it also banned potlatch, a
native festival mostly celebrated in southeastern
Alaska (Figure 3).

In addition to those regulations, Alaska Natives
implemented voluntary quarantine measures to safe-
guard themselves from influenza. The introduction
of voluntary quarantine protected the Alaska Native
villages of White Mountain, Elim, and Chignik (Fig-
ure 1). At Mary’s Igloo, Alaska Natives coming from
Teller spread influenza among residents of the lower
part of the settlement:

Chena Indians are enforcing quarantine
regulations against natives from farther
down the Tanana River [that river crosses
through Judicial Districts 3 and 4 and passes
close to Fairbanks and Nenana] [The Nome
Tri-Weekly Nugget. April 18, 1919] (38).

Local teachers immediately enforced a quaran-
tine measure to prevent the spread of influenza to the
upper part of the settlement.

Discussion

Despite being geographically isolated, the govern-
ment of Alaska became aware of the imminent threat
of an influenza outbreak in early October 1918, which
enabled authorities to implement protective mea-
sures. Contrary to reports from other geographically
isolated areas like American Samoa, New Caledonia,
and Rotuma, where the forewarned governments
were able to protect their inhabitants during the 1918-
1920 influenza pandemic, influenza began spreading
quickly in Alaska in late October (10,39-41). The first
P & I death occured in Cape Nome after the early lift-
ing of quarantine because the health officer observed
no symptoms among passengers quarantined from
a steamship. Similar observations were made in Fiji
and Tahiti in French Polynesia in 1918, where author-
ities released asymptomatic steamship passengers
without quarantine and saw an influenza outbreak in
the community (10).
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Researchers have mentioned that infected persons
can transmit diseases like influenza 24-48 hours before
showing symptoms (42). A similar spread might have
contributed to the introduction and subsequent large
influenza outbreak in Cape Nome. NPIs were reintro-
duced only after a reported influenza death in the com-
munity. Similar observations were made in Douglas
where the local authorities prevented an outbreak un-
til early December 1918. The lifting of the quarantine
resulted in a few cases in the middle of December, but
Douglas reported only a few P&l deaths. In addition,
except for Cape Nome, local units with NPIs had low
R compared with the whole of Alaska. The increased
awareness among residents during that period might
have contributed to their adoption of precautionary
measures against the subsequent outbreak. Despite re-
peated reporting by local newspapers on precaution-
ary measures, available information is not sufficient to
draw definitive conclusions.

Douglas, Juneau, Cordova, Kenai, and Ketchikan
implemented influenza-informed NPIs during the
pandemic (Table 3). Communities implemented NPIs
on the basis of the risk for new cases as assessed by the
health officer and local authorities. Researchers have
concluded that low mortality rates were achieved in
large cities that had long and sustained NPI imple-
mentation (9,21). In Alaska, we found that local units
that implemented NPIs had lower mortality rates and
reproduction numbers compared with the average
mortality rate at the territorial level, which included
all areas with reported influenza deaths. Although
this study does not allow for a direct comparison of
mortality rates between local units with varying lev-
els of NPI use, the findings offer valuable insights
into the role of NPIs in P&l mortality rates. Further-
more, the lower mortality rate in the First Judicial
District might be related to greater access to health-
care (8,11). In addition, the role of NPIs in flattening
the morbidity curve has been well understood from
the 1918 influenza pandemic and the COVID-19 pan-
demic (9,17,43,44) and might have contributed to the
low mortality rate in the First Judicial District.

Eight Alaska communities implemented quar-
antine regulations and travel restrictions that pro-
tected them from the influenza outbreak and helped
stop spread of the virus into the interior of Alaska.
Similar observations were made in 6 US communities
where the local authorities implemented protective
measures and took advantage of geographic isolation
(6). As explained in earlier studies on the pandemic
in Alaska, the mobility of the population during the
fall of 1918 was limited because of rugged geography
and lack of snow during the fall of that year (8,11).
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That limited mobility likely contributed to the effec-
tiveness of quarantine regulations (45). In addition,
Fairbanks and Nenana introduced an identification
mechanism to separate infected and uninfected per-
sons, comparable to COVID-19 vaccine certificates
issued in many countries during that pandemic (46).
Indigenous communities worldwide faced high
mortality rates during the 1918-1920 influenza pan-
demic (8,47-49). The local governments at the time were
aware of the elevated influenza risk and implemented
stringent measures to protect Indigenous communities.
Our findings argue that implementing strict measures
prevented influenza from reaching all Indigenous com-
munities, which complements the results from previ-
ous research in South Pacific islands (10). Indigenous

Figure 3. News clipping used in study of the role of
nonpharmaceutical interventions during 1918-1920 influenza
pandemic, Alaska, USA. This clipping from The Alaska Daily
Empire, Juneau, dated November 7, 1918, is an example of
nonpharmaceutical interventions imposed by the territorial
government against Alaska Natives. A potlatch is an Alaska
Native festival mostly celebrated in southeastern Alaska. Source:
Library of Congress.
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communities living in Alaska also implemented protec-
tive measures through voluntary initiatives. Although
this finding is specific to the 1918-1920 influenza pan-
demic, researchers noted similar observations from
around the globe during the COVID-19 pandemic (50).

The first limitation of this study is that we could
only include 14 local units in Alaska because of a lack
of data. Second, the level of travel to Alaska’s inte-
rior during the winter months is yet to be explored
in full detail. Because transmission relies on human
contact, we could only include the parts of Alaska
with complete information on NPIs and travel. Fi-
nally, we were not able to include public opinion and
opposition or adherence to the NPIs and the possible
effects of those actions on P&I mortality rates. Future
explorations of the 1918-1920 influenza pandemic in
Alaska will be directed toward those issues.

Although several previous studies have focused
on the city-to-city variation in mortality rates in the
continental United States, this study provides insight
into the role of NPIs in geographically isolated areas
in Alaska and the role of NPIs in limiting the spread of
influenza. Results from the study suggest that the ter-
ritorial government made efforts to prevent the spread
of the pandemic in Alaska. The eventual spread of the
pandemic in October 1918, however, led the local gov-
ernments to implement NPIs. School closures, public
gathering bans, and quarantine and isolation were the
main NPIs used in Alaska. The lower R for the areas
with NPIs further provides quantitative evidence that
NPIs helped to protect the communities. This study
supports previous studies concluding that protective
sequestration measures protect isolated communities.
Further, through this study, we found additional evi-
dence of Alaska Natives adopting voluntary NPIs.

To capture the overall picture of entire territory
of Alaska, further work will examine other written
sources from the time, such as diaries and letters, to
investigate whether more information can be sourced.
The oral traditions of the Indigenous communities
need to be studied by historians to determine the abil-
ity of written documents to represent the situation.

In summary, we examined the use of NPIs and
their effects on the 1918-1920 influenza pandemic in
Alaska. These insights provide valuable information
to inform pandemic preparedness and management
in geographically isolated areas like Alaska.
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Borrelia Lineages Adjacent
to Zoonotic Clades in Black

Flying Foxes (Pteropus alecto),
Australia, 2018-2020

Taylor B. Verrett, Caylee A. Falvo, Evelyn Benson, Devin N. Jones-Slobodian, Daniel E. Crowley,
Adrienne S. Dale, Tamika J. Lunn, Manuel Ruiz-Aravena, Agnieszka Rynda-Apple, Clifton D. McKee,
Kerry L. Clark, Alexander W. Gofton, Bat One Health, Alison J. Peel, Raina K. Plowright, Daniel J. Becker

We explored the role of black flying foxes (Pteropus alecto)
in Australia as reservoirs of Borrelia bacteria. We found
bats infected with 2 Borrelia haplotypes phylogenetically
distinct from Lyme or relapsing fever clades. Efforts to
sample black flying foxes and their ectoparasites are need-
ed to evaluate zoonotic potential of those Borrelia lineages.

Bacteria in the genus Borrelia are causative agents
of 2 diseases of substantial public health concern,
Lyme borreliosis and relapsing fever. Lyme bor-
reliosis is the most frequently reported vectorborne
infection in the Northern Hemisphere; its vector is Ix-
odidae family ticks (1). By contrast, relapsing fever is
globally distributed; its vector is predominantly Ar-
gasidae family ticks, and thousands of cases of febrile
illness in humans are attributed to it annually (2).
Two of the 3 well-recognized monophyletic Bor-
relia clades are the B. burgdorferi sensu lato complex
that causes Lyme borreliosis and the relapsing fever
group that causes relapsing fever; the third clade is
a group hosted by reptiles and echidnas (3). Borrelia
from the B. burgdorferi s.1. and relapsing fever clades
are harbored by a broad range of vertebrate hosts,
including birds, reptiles, and mammals. Identifying

reservoir hosts and clarifying their role in propagat-
ing Borrelia are critical for monitoring and mitigat-
ing spillover risk. For example, migratory birds can
contribute to the long-distance dispersal of B. burg-
dorferi s.1. by transporting millions of ticks within and
across continents (4).

Bats might play an underrecognized role in the
dispersal and enzootic maintenance of Borrelia bacte-
ria. Bats are volant mammals that have been known for
more than a century to harbor borrelial spirochaetes
(5), and surveys within the last 5 years indicate bats
can host Borrelia spp. from the relapsing fever group
and from a clade adjacent to B. burgdorferi s.l. (6,7).
Evidence has shown that bat-associated Borrelia infec-
tions can be zoonotic because Borrelia lineages recov-
ered from bats and bat ticks have been implicated in
febrile illness in humans (8). Therefore, the expansion
of Borrelia research in chiropteran hosts could provide
more information about the current and future wel-
fare of both bat and human populations.

Pteropodidae family flying foxes (Pteropus spp.
bats) represent a group that is highly prominent
at the human-wildlife interface in Australia and
therefore a target for Borrelia bacteria surveillance.
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The increasing propensity for flying foxes to roost
in or near human settlements could increase the
overlap of humans and bat ectoparasites and cre-
ate a potential Borrelia bacteria spillover pathway
(9,10). Although black flying foxes (P. alecto) have
been the subject of extensive research as reservoir
hosts of Hendra virus, relatively little study has
been devoted to their bacterial communities, in-
cluding those that could be pathogenic (11). We
assessed the presence, diversity, and phylogenetic
placement of Borrelia spp. associated with black fly-
ing foxes in Australia.

The Study

As part of ongoing research on the ecology of Hen-
dravirus, we collected blood samples from 840 black
flying foxes across 6 sites in southern Queensland
and northern New South Wales, Australia, dur-
ing May 2018-September 2020 (Figure 1). We cap-
tured bats with mist nets, anesthetized them with

isoflurane, and took blood samples and preserved on
Whatman FTA cards (QIAGEN, https://www.qia-
gen.com) until further processing (12). The Mon-
tana State University Institutional Animal Care
and Use Committee (approval no. 201750, https://
www.montana.edu/ric/iacuc/iacuc-committee.
html) and Griffith University Animal Ethics Com-
mittee (approval nos. ENV/10/16/AEC and
ENV/07/20/AEC, https://www.griffith.edu.au/
research/research-services/research-ethics-integ-
rity /animal/animal-ethics-committee) approved
the field protocols.

We used QIAamp DNA Investigator Kits (QIA-
GEN) to extract genomic DNA from blood (four to
five 2-mm punches per sample), according to the
manufacturer’s instructions. To determine Borrelia
spp-infection, we used PCR targeting of the 165rRNA
gene, flagellin (flaB) gene, and 165-23S rRNA inter-
genic spacer (IGS) (Appendix Table 1, https:/ /ww-
wnc.cdc.gov/EID/article/31/7/24-1864-Appl.pdf).

Figure 1. Sampling sites in eastern Australia (Queensland and New South Wales) of Borrelia lineages adjacent to zoonotic clades in
black flying foxes (Pteropus alecto), Australia, 2018-2020. P. alecto geographic distribution (beige shading) is shown as defined by the
International Union for Conservation of Nature. Circles are colored by the presence or absence of Borrelia spp. infections detected in
blood samples from bats at each site. Black box at left indicates area enlarged at right, showing donut plots with the fraction of PCR-

positive samples in black; circles are scaled by sample size.
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We purified PCR products within the expected
size range for positive results with the Wizard SV
Gel and PCR Clean-Up System (Promega, https://
www.promega.com) and had the products Sanger
sequenced in both directions at Eurofins Genom-
ics (https://ww.eurofinsgenomics.com). We report
prevalence data for IGS, but that gene was not in-
cluded in phylogenetic analyses because of insuf-
ficient reference sequences in GenBank. We manu-
ally edited and trimmed the Borrelia spp. sequences
from black flying foxes and aligned those sequences
with reference sequences in GenBank by using the
MUSCLE algorithm in Geneious version 2024.0.5
(https:/ /www.geneious.com).

We constructed single-marker phylogenies
by using both Bayesian and maximume-likelihood
methods because too few bat-associated refer-
ence sequences of either flaB or 16S were avail-
able in GenBank to provide an informative concat-
enated analysis. For Bayesian analyses, we used
MrBayes version 3.2 (https://nbisweden.github.
io/MrBayes/download.html) with 10 million Mar-
kov chain Monte Carlo generations and a default
burn-in of 25%. For maximum-likelihood analyses,
we used RAXML version 8.0 (https:/ /github.com/
amkozlov/raxml-ng) and a starting tree obtained
by searching for the best-scoring maximum-like-
lihood tree in a single run and calculating branch
support with 1,000 rapid bootstrap replicates. For
all trees, we used a general time reversible with a
proportion of invariable sites and gamma distribu-
tion nucleotide substitution model (13).

Across our ~2-year study period and 6 roosts,
17 (2% [95% CI 1.3%-3.2%]) of 840 black flying

Borrelia in Black Flying Foxes, Australia

foxes tested positive for Borrelia spp. by using PCR
(Table). Roost-specific infection prevalence ranged
from 0 of 20 samples (no infection found in 3 of the 6
roosts) to 3 (15% [95% C15.2%-36.0%]) of 20 samples
in Gympie, Queensland, Australia. The roosts with
greatest sampling volume were in Toowoomba (402
bats sampled, 3 [0.7%] infected) and Redcliffe (374
bats sampled, 11 [2.9%] infected) in Queensland,
Australia (Appendix Table 2). Most (13/17) infect-
ed bats yielded usable sequence data from either
16S rRNA or flaB gene targets, which represented
2 haplotypes (p-distances = 8.2% for flaB and 1.3%
for 165 rRNA). Topologies were similar across tree-
building methods (Appendix Figures 1, 2) but were
somewhat discordant between gene targets. The flaB
phylogeny grouped black flying fox Borrelia spp.
with lineages from Macaregua Cave in Colombia in
a clade sister to B. burgdorferi s.1. (Figure 2), but 16S
rRNA sequence data are not available from Maca-
regua Cave as of 2025, and no other sequences from
bats in Australia are available. The 165 rRNA phy-
logeny (Figure 3) was also less effective at resolv-
ing relationships across the relapsing fever and B.
burgdorferi s.1. groups supported in previous analy-
ses using multiple markers (3). All sequences in-
cluded here are available at GenBank (accession nos.
PQ488732-41 [16S rRNA], PQ492350-60 [flaB], and
PQ490736-46 [165-23S IGS]).

Conclusions

This study corroborated that bats can host Borrelia
infections evolutionarily distinct from recognized
clades. However, the clades are more closely related
to B. burgdorferi s.l. than the relapsing fever group.

Table. Metadata on bats PCR positive for Borrelia spp. in lineages adjacent to zoonotic clades in black flying foxes (Pteropus alecto),

Australia, 2018—-2020

Bat no. Site Date collected Sex Life stage Borrelia sequence GenBank accession nos.
ACGMPO001-1 Gympie 2019 Jan F Adult PQ492350,* PQ490736T
ACGMPO001-4 Gympie 2019 Jan F Adult PQ492351,* PQ490737t
ACGMPO001-5 Gympie 2019 Jan F Adult PQ488732,1 PQ490738t
ACREDO001-15 Redcliffe 2018 May M Adult PQ488733,1 PQ492352,* PQ490739t
ACREDO003-23 Redcliffe 2018 Sep M Subadult PQ488734,1 PQ492353,* PQ490740t
ACREDO004-31 Redcliffe 2018 Dec F Adult PQ488735%
ACREDO006-54 Redcliffe 2019 May F Adult PQ488736,F PQ492354,* PQ490741t
ACREDO007-51 Redcliffe 2019 Jul F Adult PQ488737,1 PQ492355,* PQ490742t
ACREDO008-54 Redcliffe 2019 Sep F Adult PQ492356,* PQ490743t
ACREDO009-72 Redcliffe 2019 Dec M Subadult PQ488738,+ PQ492357*
ACREDO010-32 Redcliffe 2020 Mar M Adult PQ488739,F PQ492358*
ACREDO010-42 Redcliffe 2020 Mar F Adult PQ488740,1 PQ490744t
ACREDO011-45 Redcliffe 2020 May F Adult PQ492359,* PQ490745t
ACREDO011-60 Redcliffe 2020 May M Adult PQ488741,1 PQ492360,* PQ490746t
ACTOWO001-15 Toowoomba 2018 Jun F Adult No sequences
ACTOWO002-30 Toowoomba 2018 Jul F Subadult No sequences
ACTOWO006-21 Toowoomba 2019 Mar F Subadult No sequences

*Flagellin gene.
116S-23S rRNA intergenic spacer.
$16S rRNA.
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We recovered sequences from 11 of 17 infected bats
in 2 Borrelia spp. lineages (Figure 2). Haplotype 1
was represented by a single host that shared a roost
in Gympie with a bat infected with haplotype 2,
suggesting that variation is unlikely to be structured
by geographic isolation. Phylogenetic reconstruction

of flaB and 16S rRNA suggested Borrelia infections
from black flying foxes belong to a clade adjacent
to existing B. burgdorferi s.l. and that relapsing fe-
ver groups and are most closely related to Borrelia
spp. hosted by phyllostomid bats (Chiroptera order)
in Colombia (7).

Figure 2. Bayesian phylogenetic tree of flaB gene in a study of Borrelia lineages adjacent to zoonotic clades in black flying foxes
(Pteropus alecto), Australia, 2018-2020. The tree displays evolutionary relationships between Borrelia spp. and Borrelia lineages

from black flying foxes. The tree was constructed by using a general time reversible with a proportion of invariable sites and gamma
distribution substitution model and 10 million Markov chain Monte Carlo generations. Colors represent major Borrelia groups and clades
of interest: blue, relapsing fever group; green, Borrelia burgdorferi sensu lato complex; yellow, Borrelia spp. from Macaregua Cave,
Colombia; light orange, new Borrelia haplotypes from black flying foxes in Australia. Red node text represents posterior probabilities

<0.70. Host associations are noted when GenBank lineages were isolated from vertebrates, barring experimental infections. GenBank
accession numbers are provided. Lineages associated with bats or bat ticks are marked with a bat graphic (sourced from Noun Project,
https://thenounproject.com).

1418 Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 7, July 2025


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

Borrelia in Black Flying Foxes, Australia

Figure 3. Bayesian phylogenetic tree 16S rRNA gene in a study of Borrelia lineages adjacent to zoonotic clades in black flying
foxes (Pteropus alecto), Australia, 2018-2020. The tree displays evolutionary relationships between Borrelia spp. and Borrelia
lineages from black flying foxes. The tree was constructed by using a general time reversible with a proportion of invariable sites
and gamma distribution substitution model and 10 million Markov chain Monte Carlo generations. Colors represent major Borrelia
groups and clades of interest: blue, relapsing fever group; green, Borrelia burgdorferi sensu lato complex; light orange, new
Borrelia haplotypes from black flying foxes in Australia. Red node text represents posterior probabilities <0.70. Host associations
are noted when GenBank lineages were isolated from vertebrates, barring experimental infections. GenBank accession numbers
are provided. Lineages associated with bats or bat ticks are marked with a bat graphic (sourced from Noun Project, https://

thenounproject.com).

Our results are a base for establishing the pres-
ence and phylogenetic placement of Borrelia infec-
tions in flying foxes but underscore research gaps
in characterizing their zoonotic potential. Viru-
lence of those lineages in flying foxes is unknown.
Although bats are tolerant of multiple viruses, le-
thal Borrelia infections in bats are documented (14).
The arthropod vector of lineages described in this
study also remains unidentified, but host specificity

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 31, No. 7, July 2025

and geographic range of that vector should strongly
influence zoonotic risk. For example, certain ixodid
bat ticks have generalist feeding habits that could
position them as an epidemiologic link between
bats, domestic animals, and humans (15). Targeted
efforts to sample black flying foxes and their ecto-
parasites across their range are needed to clarify
information regarding the zoonotic potential of the
novel Borrelia lineages described in this study.
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This article was preprinted at https:/ /www.biorxiv.org/
content/10.1101/2024.12.20.629695v1.
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Lyme Disease Testing Practices,
Wisconsin, USA, 2016-2019

Kiersten J. Kugeler, Erica Scotty, Austin Earley, Alison F. Hinckley, Sarah A. Hook,
Courtney C. Nawrocki, Alexandra M. Linz, Jennifer Meece, Anna M. Schotthoefer

Positive laboratory results are increasingly used for
Lyme disease surveillance in the United States. We
found 6%—15% of persons with a positive test each year
tested positive in a prior year; repeat testing frequency
increased with patient age. Repeat testing of persons
with previous seropositivity could affect surveillance
data interpretation.

yme disease, a tickborne illness caused by Borrelia

burgdorferi spirochetes, is the most commonly re-
ported vectorborne disease in the United States (1-3).
Most cases are reported from high-incidence states
in the Northeast, mid-Atlantic, and upper Midwest:
Connecticut, Delaware, Maine, Maryland, Massachu-
setts, Minnesota, New Hampshire, New Jersey, New
York, Pennsylvania, Rhode Island, West Virginia,
Wisconsin, Vermont, and Virginia and the District of
Columbia. Laboratory diagnostic tests primarily rely
on serology. For decades, the standard approach to
serologic testing for Lyme disease has been a stan-
dard 2-tier (STTT) reflex algorithm, in which speci-
mens with positive or equivocal results on a first-tier
screening assay, usually an enzyme immunoassay,
are then tested by immunoblots for IgM and IgG de-
tection to confirm specific antibody reactivity (4,5).
Detectable antibodies typically persist for months to
years; therefore, repeat testing is not generally expect-
ed to provide clinically relevant information about
the resolution of infection or evidence of possible
reinfection (4,6).

Since 2022, a positive laboratory result has been
considered sufficient to report Lyme disease cases
through public health surveillance in high-incidence
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states (7,8). However, relatively little is known about
test ordering and repeat testing practices that drive
the large volume of positive serologic tests in the
United States. That knowledge is integral to accu-
rately interpret Lyme disease surveillance data. We
summarized Lyme disease serologic test ordering fre-
quency, positivity rates, patient characteristics, and
repeat testing patterns in a health system in Wiscon-
sin, USA, during 2016-2019.

The Study

The Marshfield Clinic Health System serves north-
central Wisconsin, which is a state that has a high in-
cidence of Lyme disease (3). For this study, we used
laboratory data collated from a larger effort to identify
and describe Lyme disease cases in electronic health
records in the Marshfield Clinic Health System (9).

For analytic purposes, we grouped all Lyme dis-
ease tests occurring per person per calendar month
into 1 testing episode. We described the frequency
of testing episodes and positive results, including
repeat testing per person, and calculated 95% Wil-
son CIs around percentages and x> tests where ap-
propriate. We used SAS version 9.4 (SAS Institute,
https:/ /www.sas.com) for all analyses. The Marsh-
field Clinic and Centers for Disease Control and Pre-
vention determined that this study was exempt from
human subjects research regulations.

During 2016-2019, a total of 42,077 STTT testing
episodes occurred among 36,984 unique patients.
Test episodes were more common among female
(51.5%) than male (48.5%) patients, among persons
50-69 years of age (29.8%), and during May-August
(52.6%). We found that 2,911 (6.9%) persons had posi-
tive STTT results, and the results varied by age and
sex. Positive results were highest among children,
male patients, and specimens submitted in the sum-
mer months (Table 1; Figure).

Most (88.4%, 32,684) persons had only 1 testing
episode during the 4-year period; of those persons,
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Table 1. Patient characteristics and positivity rates of Lyme
disease serologic testing, Wisconsin, USA, 2016-2019*

No. (%) test % Positive
Characteristic episodes (95% CI)
Patient sext
F 21,656 (51.5) 5.8 (5.5-6.1)
M 20,420 (48.5) 8.1 (7.7-8.5)
Patient race/ethnicity
American Indian/Alaska Native 303 (0.7) 6.9 (4.6-10.4)
Asian 302 (0.7) 8.6 (6.0-12.3)
Black or African American 130 (0.3) 5.4 (2.6-10.7)
Native Hawaiian/other Pacific 28 (0.1) 7.1(2.0-22.7)
Islander
White 37,457 (86.6) 7.1(6.8-7.3)
>1 race 199 (0.5) 5.5 (3.1-9.6)
Hispanic 623 (1.5) 5.6 (4.1-7.7)
Unknown or not reported 4,035 (9.6) 5.9 (5.2-6.6)
Testing month
January 1,835(4.4) 4.6(3.8-5.7)
February 1,563 (3.7) 4.0(3.1-5.1)
March 1,746 (4.2) 4.8(3.9-5.9)
April 2,243 (5.3) 5.1(4.3-6.1)
May 4,215 (10.0) 5.0 (4.3-5.7)
June 6,229 (14.8) 6.7 (6.1-7.3)
July 6,399 (15.2) 9.6 (8.9-10.4)
August 5,306 (12.6) 9.4 (8.6-10.2)
September 3,696 (8.8) 7.3(6.5-8.2)
October 3,648 (8.7) 7.2 (6.4-8.1)
November 3,022 (7.2) 5.8 (5.0-6.7)
December 2,175(5.2) 5.4(4.5-6.4)

*Results reflect 42,077 test episodes.
TOne patient missing data on sex.

6.1% had a positive result. Among 34,585 persons
with an initial negative serologic test, we noted that
3,892 (11.3%) were tested again during the study
period, and 3,711 (95.3%) of those had negative re-
sults on all subsequent testing. The frequency of
repeat testing after an initial negative test did not
differ by patient sex but increased with patient age
(p<0.001). Among the 2,084 persons tested again
within 12 months of an initial negative serologic
testing episode, 110 (5.3%) had subsequent positive
STTT results.

1422

The 2,911 positive STTT episodes occurred among
2,580 persons; 450 (17.4%) persons with a positive
testing episode were tested again >1 time, at a mean
of 12 (median 11, range 1-39) months later. Among
those 450 persons, 275 were tested again within 12
months, and 64.4% of that subset remained seroposi-
tive. Another 111 persons were tested after 12 months
but <24 months after the first positive test, and 55.0%
of results from those subsequent testing episodes
were positive.

The percentage of positive testing episodes per
year that occurred among persons who had tested
positive in a prior year ranged from 5.8% in 2017,
when only 2016 testing was available, to 15.3% in
2018, when we considered data from 2016 and 2017
(Table 2). The percentage of persons who tested posi-
tive in a prior year increased with patient age (p =
0.01); 5.8% of persons with a prior positive result
were <15 years of age, 17.4% were 15-44 years of age,
33.3% were 45-64 years of age, and 43.5% were >65
years of age.

Patterns of positive laboratory tests mirrored the
demographics and seasonality of Lyme disease as
demonstrated through decades of public health sur-
veillance, having more positive results among male
persons, among children, and during the summer
months (2,3). However, testing more commonly oc-
curred among older adults and female persons, and
the largest discrepancy we observed between test
ordering frequency and positive results occurred
among middle-aged women, as documented else-
where (10,11). Excess negative tests among this group
might indicate greater frequency of healthcare visits
for signs and symptoms that overlap with or have the
potential to be misdiagnosed as Lyme disease or pos-
sible differences in the serologic response to B. burg-
dorferi by age and sex (12,13). Additional studies are

Figure. Lyme disease serologic

testing episodes and percentage
positivity by patient age and sex,
Wisconsin, USA, 2016—-2019.
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Lyme Disease Testing Patterns, Wisconsin

Table 2. Lyme disease serologic resting episodes and repeat positive results per year, Wisconsin, USA, 2016-2019*

No. serologic testing

No.

No. (%) persons
Prior positive

positive in a prior  Prior positive Prior positive

Year episodes (% positive) year/no. positive (%) in 2016 in 2017 in 2018
2016 11,878 (6.7) NA NA NA NA
2017 12,150 (7.9) 54/928 (5.8) 54 (5.8) NA NA
2018 9,444 (6.2) 86/563 (15.3) 33(5.9) 56 (10.0) NA
2019 8,605 (6.6) 81/545 (14.9) 26 (4.8) 33 (6.1) 37 (6.8)

*Some tested positive in >1 prior year. Thus, year-specific columns sum to more than the total number of persons in that year who had previously tested

positive.

needed to understand the drivers of increased testing
frequency and lower positivity rate in this group.

In 2022, the Council of State and Territorial Epi-
demiologists implemented a revised Lyme disease
surveillance case definition in high-incidence states
on the basis of positive laboratory results alone. The
revision in the subset of the most highly affected
states was intended to reduce human resource bur-
den on health departments in high-incidence states
and improve standardization of data captured across
states (14). However, by eliminating the requirement
for a concurrent clinically relevant illness, persons
might now be captured as Lyme disease cases when
their positive test does not reflect incident Lyme dis-
ease. The first year of data ascertained under the new
case definition showed that reliance on only positive
laboratory results in high-incidence states resulted in
a disproportionate increase in reported cases among
persons >65 years of age (8).

The first modified 2-tier testing assays were
cleared by the US Food and Drug Administration
in 2019, and commercial uptake gradually occurred
thereafter (15). The patterns associated with standard
2-tier testing positivity we report might not be gen-
eralizable to characteristics associated with testing
on modified 2-tier assays, all of which have different
performance characteristics from each other and stan-
dard 2-tier assays.

Conclusions

Although serologic testing on persons who previ-
ously tested positive for Lyme disease is often not
clinically relevant because antibodies to B. burgdor-
feri may persist years after infection, we found up to
15% of persons with positive serologic tests per year
also tested positive in a previous calendar year. The
frequency of such repeat positives increased with
patient age.

Our findings provide evidence that a percent-
age of reported Lyme disease cases each year may
not reflect incident Lyme disease and that percent-
age increases with patient age and thus might ex-
plain the substantial increase in reported Lyme dis-
ease cases among older adults beginning in 2022.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025

Knowledge of the frequency and characteristics of
repeat testing among persons who have previously
tested positive improves our ability to interpret na-
tional Lyme disease surveillance data in a more ap-
propriate context.
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Evidence of Viremia in Dairy

Cows Naturally

Infected with

Influenza A Virus, California, USA

Jason Lombard, Chloe Stenkamp-Strahm, Brian McCluskey,* Blaine Melody

We confirmed influenza A virus (IAV) by PCR in serum
from 18 cows on 3 affected dairy farms in California, USA.
Our findings indicate the presence of viremia and might
help explain IAV transmission dynamics and shedding
patterns in cows. An understanding of those dynamics
could enable development of IAV mitigation strategies.

n March 2024, the US Department of Agriculture’s
National Veterinary Services Laboratories (NVSL)
confirmed avian influenza virus (IAV) A(H5N1) clade
2.3.4.4b in dairy cows in Texas, USA (1,2). That subtype
was further characterized as genotype B3.13. Since that
detection, >1,070 herds in 17 states have been affected;
most of those herds are in California (3). Clinical signs
observed have been variable, but fever, nasal discharge,
loss of milk production, and mastitis are common (4).
Experimental and field investigations into the
transmission dynamics, pathogenesis, and epidemiol-
ogy of H5N1 virus in cows are ongoing. Researchers
have inoculated cows via the intramammary route in
3 studies, and resulting clinical signs were similar to
those from field reports of affected cows, including
severe disease requiring euthanasia. Viral RNA was
found in milk samples in all studies (5-7) but in blood
samples in only 1 study (7). Early in the ongoing out-
break, nasal swab, whole blood, serum, and milk sam-
ples were collected from affected dairies in Texas, New
Mexico, Kansas, and Ohio. Viral RNA was detected in
nasal swab (10/47 cows), whole blood (3/25 cows), se-
rum (1/15 cows), and milk (129/192 cows) samples (4).
We sampled cows using a serial sampling de-
sign early in the outbreak on affected dairy farms in
California. We report detection of IAV RNA in serum
samples from lactating dairy cows.
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The Study

In collaboration with a private veterinary prac-
tice, daily bulk tank milk (BTM) surveillance for
IAV was established in 19 initially unaffected dair-
ies in California; the dairies were in a geographic
area that had not experienced IAV infection. BTM
samples were collected and transported to the vet-
erinary practice’s in-house laboratory for testing
for IAV by real-time reverse transcription PCR
(RT-PCR). When positive results were detected,
a National Animal Health Laboratory Network
(NAHLN) laboratory performed confirmation test-
ing, and NVSL confirmed the viral subtype, clade
and genotype (H5N1, 2.3.4.4b, B3.13) of virus cir-
culating in each herd. One dairy farm was dropped
from surveillance because of inconsistent sampling.

During October 24-November 28,2024, all 18 herds
had TAV detected. For 5 of those herds, we initiated
individual cow sampling soon after BTM detection.
Individual cow samples were tested at the NAHLN
laboratory using the same methods. We considered
cycle threshold (Ct) values of <40 to have detectable
viral RNA. For Ct values of 38-40 that were initially
considered suspect, we retested and considered them
positive if Ct values remained <40. The objective was to
collect a battery of samples and cow-level information
to investigate viral transmission dynamics, viral shed-
ding, and other factors that might lead to development
of disease mitigation strategies on affected dairies.

For the 5 dairies where we conducted individual
cow sampling, thesampling plancalled for collection of
nasal swab, serum, urine, and milk (when applicable)
samples from preweaning heifers, nonlactating cows,
cows that had recently calved, and sick and healthy
lactating cows. Determination of sick versus healthy
cows varied by farm; we used results of pen milk
sampling, dairy management using clinical signs, and

!Current affiliation: Lonestar Epidemiology Consulting, Livermore,
Colorado, USA.
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Table. Summary of influenza A virus testing where viremia was detected by PCR in cows from 3 affected dairy herds in California, USA*

Interval for each sampling period, d

No. lactating No. No. (%) lactating cows Onset of clinical ~ First bulk tank milk ~ No. serum
cows sampling with RT-PCR—positive signs to positive  detection to positive ~ samples
Herd Breed sampled periods serum samples serum samples serum samples collected
A Jersey 40 2 11 (27.5) 3,10 14, 21 80
B Holstein 74 3 5(6.8) 3,9,13 5,11, 15 107
C Holstein 30 1 4(13.3) 5 14 30
Total 144 20 (13.9) 217

*RT-PCR, reverse transcription PCR.

biometric data, when available. For the purposes of
this study, we focused on testing serum from lactat-
ing cows to establish the presence of viremia. Overall,
3 of 5 farms had cows with detectable viral RNA in
serum; samples were taken from 144 cows (Table).
Although individual cows were sampled at multiple
time points, IAV was detected in serum at a single
sampling period.

For the 3 herds with serum RT-PCR IAV detec-
tion, we collected samples during 1 to 3 sampling pe-
riods within 21 days of BTM detection and within the
first 13 days from onset of clinical signs (Figure). Of
the 20 cows with serum detection, all cows had virus
detected in milk at the same sampling or within 24
hours, whereas 4 (20%) also had concurrent detection
in urine. We did not detect virus concurrently in any
nasal swab samples. Ct values from serum ranged
from 32.3 to 39.2, from milk ranged from 14.4 to 28.,
and from urine ranged from 28.5 to 38.7. The preva-
lence of viremia as a percentage of cows sampled per

herd ranged from 6.8% to 27.5%; the Jersey herd (herd
A) had the highest prevalence.

Conclusions
Our results suggest that a percentage of lactating cows
on dairies affected by H5N1 virus experience viremia
before or during the peak of clinical cases in the herd.
We detected viral RNA in serum of each PCR-posi-
tive cow at a single sample date. Viremia therefore
appears to be transient, but the duration is unknown
because cows were not sampled daily. Although the
finding of viremia does not specify how IAV made
it to the bloodstream, virus present in circulation
suggests that multiple exposure pathways might
be possible, including oral and respiratory routes.
Intramammary inoculation studies have shown viral
RNA to be in multiple tissues at necropsy (6,7), al-
though viremia had not been consistently detected.
Viremia enables virus to reach many tissues in the
body, including the kidneys, which is evident in this

Figure. Epidemic curve for clinical cases of influenza A virus in 3 affected dairy herds in California, USA. We averaged the percentage
of daily cases over the 3 farms and then calculated a rolling 3-day average. Open white circles on the curve represent days that virus

was detected in serum.
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study given detectable RNA in urine samples. That
process raises concern for food safety and whether
viremia could lead to the presence of H5N1 virus in
meat from culled dairy cows. A study that evaluated
condemned carcasses found viral RNA in 1 of 109 to-
tal samples (8). Further, an aborted fetus from farm
B, not from a known viremic cow, was positive for
H5N1 virus in lung and brain tissue by PCR and im-
munohistochemical staining. H5N1 virus can move
into the reproductive tract and is associated with
abortion, which also has implications for the use of
fetal serum products. All cows in this study had IAV
detection in serum and milk, so it is unclear whether
intramammary infection led to viremia or viremia led
to intramammary infection. Three cows classified as
healthy had viral RNA detected in serum, and 1 of the
3 had viral RNA detected in serum and urine. The re-
lationship between viremia and clinical signs is there-
fore unclear, although we might have sampled those
cows before the onset of clinical disease.

Determining whether the viremia we detected
is a rare event is crucial. Viremia has only been de-
tected in 1 previous H5N1 intramammary experi-
mental infection study and 1 field study. To clarify
the frequency of viremia, more studies that evaluate
IAV RNA in the serum of cattle should be complet-
ed. The prevalence of viremia detected in the Jersey
breed herd compared with the 2 Holstein breed herds
suggests breed differences in susceptibility to viremia
from IAV infection might be involved, but differences
in cow selection by farm might have affected preva-
lence. We also recommend a genetic comparison of
viral strains collected between studies and between
states. Viremia in California dairy cows could be the
result of viral evolution, because viremia was not well
documented previously, and experimental studies
used a strain of H5N1 virus from the early stages of
this outbreak. Further in-depth studies that include
viral sequencing are necessary to strengthen the evi-
dence supporting our conclusion.

In summary, findings of IAV in serum of cows on
farms in California indicates the presence of viremia
and could help explain viral transmission dynam-
ics and shedding patterns in cows. Understanding
such dynamics could help in development of mitiga-
tion strategies to prevent transmission and spread of
IAVs, including H5N1 virus.
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Emergence and Prevalence of
Vibrio cholerae O1 Sequence
Type 75 Clonal Complex, Fujian
Province, China, 2009-2023

Zili Ke, Bo Pang, Jinsong Yang, Yadong Gao, Xiaoxuan Zhang, Haibin Xu, Chaochen Luo, Biao Kan

We investigated the molecular epidemiology of Vibrio
cholerae O1 in Fujian Province, China, during 2009-
2023. Sequence type (ST) 75 clonal complex has
emerged continuously since 2020, and ST1480 and
ST182 have dominated. ST1480 strains appear to have
widespread transmission. To monitor V. cholerae evolu-
tion, continued global genomic surveillance is needed.

holera, an acute and severe diarrheal disease,

remains a major public health problem in devel-
oping countries. The Vibrio cholerae O1 El Tor strain
is responsible for the ongoing seventh pandemic of
cholera (7PC) (1). Most 7PC clinical isolates have be-
longed to sequence type (ST) 69 (2-4). However, in
the 2010s, ST75 instead of ST69 has emerged and be-
come the dominant clonal group in China and South
Africa, and it has several derived populations, includ-
ing ST169, ST170, and ST182 (5,6).

Although Fujian, China, experienced many 7PC
outbreaks in the past 100 years, cholera cases caused
by ST69 strains decreased dramatically after 2006.
However, diarrheal diseases caused by V. cholerae
ST75 and its derivatives have been reported continu-
ously during 2018-2023. To determine the molecular
epidemiology of V. cholerae in Fujian Province, espe-
cially among ST75 and its derivatives, we performed
a whole-genome sequence-based study of V. cholerae
O1 isolated from clinical and environment samples
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during 2009-2023. The Medical Ethics Committee
of Fujian Center for Disease Control and Prevention
provided ethical approval for this study.

The Study

During 2009-2023, a total of 20 cases of diarrhea
caused by V. cholerae O1 were reported in Fujian
Province. We selected 1 V. cholerae isolate from each
patient for this study and removed duplicate patient
isolates (Table). All 20 isolates were serotype Ogawa,
except 2 serotyped as Inaba. The epidemiologic data
showed that all the patients were from China and had
never traveled abroad. Twelve patients were male
and 8 female, a ratio of 1.5:1. One (5.0%) patient was
<14 years of age, and the other 19 (95.0%) were 15-65
years of age. During 2009-2019, only 6 sporadic cases
were reported, but 1 outbreak (n = 2 cases) occurred
in 2021 and 2 outbreaks (n = 3 cases per outbreak) oc-
curred in 2023.

The results of retrospective survey showed that
75% (15/20) of the patients had eaten seafood within
3 days before illness onset, and the 3 most suspicious
foods were shellfish, marine fish, and softshell turtle.
All the patients recovered after treatment, and no sec-
ondary transmission was observed.

Wesstudied the 20 isolates by obtaining whole-ge-
nomic sequences. We submitted short-read sequence
data to the National Center for Biotechnology Infor-
mation (BioProject accession no. PRJNA1191620).
We also provide GenBank accession numbers for
global sequences used in this study (Appendix 1,
https:/ /wwwnc.cdc.gov/EID/article/31/7/24-
1838-Appl.xlsx).

Of the 20 isolates, we identified 7 STs by multi-
locus sequence typing (MLST), including ST75 (n =
3), ST1480 (n = 6), ST182 (n = 4), ST170 (n = 3), ST169
(n =1), ST176 (n = 1), and ST167 (n = 2) (Table). In
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the 2 Inaba isolates, we found a previously reported
transposase insertion in the 70T gene (7), which
caused the serotype conversion.

For population structural analysis, we construct-
ed a minimum spanning tree on the basis of MLST
data (Appendix 2 Figure 1, https://wwwnc.cdc.
gov/EID/article/31/7/24-1838-App2.pdf). Accord-
ing to the rules of eBURST (8), ST75, ST1480, ST182,
ST170, and ST169 could be defined as a clonal com-
plex (CC) of ST75. Using 2,443 core genes ubiquitous
in V. cholerae, we obtained a minimum spanning tree
of the 20 isolates from Fujian by using a core-genome
MLST scheme (9) (Appendix 2 Figure 2). We found
that during 2009-2019, ST75 derivatives were rela-
tively dormant, and we only identified ST169 dur-
ing that timeframe. However, after the appearance
of ST1480 in 2020, ST75 derivatives were distinctly
active, and ST1480, ST182, and ST170 emerged with-
in 4 years. Compared with other ST75 derivatives,
such as ST169 and ST170, the genetic relationships
between ST75, ST1480, and ST182 were closer. The
core-genome MLST of ST1480 indicated only 1-43
alleles differences between the isolates collected in
2020, 2021, and 2023.

Most ST75 CC isolates were nontoxigenic, ex-
cept for 2 ST1480 isolates (strain nos. FJ2021001 and
FJ2021002) in 2021 and 1 ST75 isolate (strain nos.
FJ2022003) in 2022, which were toxigenic and con-
tained CTX phages of the ctxB3 genotype. All isolates
carried tcpA, rtxA, hlyA, toxR, and Vibrio pathogenic-
ity islands 1 and 2. However, we did not find Vibrio
seventh pandemic island I or II in those isolates.

Antimicrobial susceptibility testing by broth di-
lution method showed that all the ST75 CC isolates
were susceptible to ampicillin, cephalosporin, chlor-
amphenicol, tetracycline, ciprofloxacin, and azithro-
mycin. The qnrVC4 gene was the only antimicrobial-
resistance determinant found in those isolates. That
gene was in the super integron and is associated
with fluoroquinolone resistance (10). Although we
found the gnrVC4 gene in the 3 ST75 and 3 ST170
isolates, those isolates did not show fluoroquinolone
resistance. Whether the gnrVC4 gene can mediate
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resistance to fluoroquinolones in ST75 needs long-
term monitoring data.

To investigate the potential origin and phyloge-
netic relationship of clinical ST75 isolates and their
derivatives, we further compared those isolates with 5
environmental strains (2 ST169, 2 ST75, and 1 ST1480)
collected from Fujian Province during 2009-2023, and
to a global collection of 103 ST75 or closely related
ST169,ST170, ST182, ST1480, and ST725-728 genomes
(Appendix 1). We constructed a maximum-likelihood
phylogenetic tree on the whole-genome single-nucle-
otide polymorphism (SNP) profiles, which revealed
5 distinct lineages: L3 (Gulf Coast), L3b.1, L3b.2,
L3b.3, and L3b.4 (Figure). ST1480 and ST182 clus-
tered in L3b.1, and had a maximum pairwise distance
of 0-6 SNPs. We found that 3 ST1480 isolates (strain
nos. FJ2021001 and FJ2021002 isolated from patients,
and strain no. FJ2014078 isolated from turtle farm-
ing water) and 1 ST182 isolate from Fujian (strain no.
FJ2021008) were genetically close to 2 ST182 isolates
from Zhejiang (strain nos. 11-2_S78 and 11-1_522
isolated in 2011), and to 2 ST75 isolates from Taiwan
(strain R16.3429 isolated in 2010 and strain R16.3447
isolated in 2013). Fujian, Zhejiang, and Taiwan are
geographically adjacent in the southeastern region of
China. Given the geographic proximity and frequent
exchanges among those regions, and because V. chol-
erae O1 ST75 has dominated in Zhejiang and Taiwan
since 2009 (5,6), we speculate that the ST75 derivatives
in Fujian shared a common ancestor with the isolates
from those areas. ST75 seemed to be a valuable mark-
er for those V. cholerae lineages, which differed from
the 7PC strains. In addition, the persistence of V. chol-
erae O1 ST75 CC, such as ST1480, in the environment
and in patients, especially the emergence of toxigenic
isolates, suggest that V. cholerae ST75 CC should be
monitored more closely.

Conclusions

V. cholerae O1 ST75 CC has gradually expanded in
Fujian Province, China. The continuous emergence of
ST1480, ST182, ST170, and ST169 indicate the dynam-
ic evolution of this CC. Although no cholera epidemic
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Figure. Maximum-likelihood phylogeny of
genomic sequences from a study of emergence
and prevalence of Vibrio cholerae O1 ST75
clonal complex, Fujian Province, China, 2009—
2023. The tree revealed 5 distinct lineages: L3
(Gulf Coast), L3b.1, L3b.2, L3b.3, and L3b.4.
ST1480 and ST182 clustered in L3b.1 and had
a maximum pairwise distance of 0-6 SNPs. The
7PET genome N16961 (ST69) was included as
an outgroup. Isolates from Fujian Province are
show as red branch lines and labels for clinical
isolates (n = 17) and blue text for environmental
isolates (n = 5); and the other 102 isolates
(black text) are of global origin. Sequence type,
year and region of isolation, and types of ctxB
are shown at the tips of the tree; lineages are
marked on the right side of the tree. The scale
bar indicates substitutions per variable site.
7PET, 7th pandemic V. cholerae O1 El Tor; ctxB,
cholera toxin B subunit gene; ST, sequence type.
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caused by this CC was reported in Fujian before 2021,
the frequency of ctxAB genes and the toxin coregu-
lated pilus gene cluster in these strains deserves an
enhanced whole-genome sequence-based global sur-
veillance to closely monitor their evolution.

This study was funded by the Natural Science Foundation
of Fujian Province, China (grant no. 2022J01399), and Fujian
provincial health technology project (grant no. 2021CXA024).
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Multisystemic Disease and
Septicemia Caused by
Presumptive Burkholderia
pseudomallei in American
Quarter Horse, Florida, USA

Jason J. Thornton, John F. Roberts, David P. AuCoin, Apichai Tuanyok

We report a presumptive case of melioidosis caused by
an atypical Burkholderia pseudomallei serotype in an
American quarter horse in north-central Florida, USA,
through archived formalin-fixed paraffin-embedded
specimens dating back to 2006. This case underscores
the potential pathologic impact of emergent B. pseudom-
allei in the Gulf region of the United States.

Burkholderia pseudomallei is a gram-negative bacte-
rium and the causative agent of the deadly dis-
ease melioidosis (1). This pathogen is a saprophytic
bacillus distributed in the soil and water of tropical
and subtropical environments. Regions where meli-
oidosis is endemic include most of Southeast Asia,
South America, the Caribbean, and northern Austra-
lia (2). Recently, B. pseudomallei was isolated from 3
unrelated patients from Mississippi, USA, who had
no travel history to a melioidosis-endemic country
(3-5). Those patients demonstrated symptoms consis-
tent with melioidosis. Genetically similar organisms
were isolated from the local soil and water, suggest-
ing environmental transmission (3).

In addition to humans, many animal species, in-
cluding horses, have been identified as susceptible
to melioidosis (6,7). Clinical signs associated with
melioidosis in animals mimic those of other virulent
bacterial diseases and include lethargy, purulent
nasal discharge, multiorgan abscesses, septicemia,
and death by acute or chronic disease (8). Glanders,
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caused by the closely related B. mallei, can also cause
similar clinical signs. B. mallei does not survive in
the soil but can infect many species through animal-
animal or zoonotic infection (8). Glanders has long
been eradicated in the United States (§); however,
this pathogen remains endemic in some regions
of the Middle East, Asia, Africa, and Central and
South America (8). Diagnosing either entity within
the United States is critical because of the zoonotic
potential of both organisms and the possible impli-
cations for public health. In addition, horses and
livestock can be sentinel species for the environmen-
tal presence of B. pseudomallei, suggesting environ-
mental contamination and posing risks to animals
and humans. Predictive modeling studies indicate
that B. pseudomallei might be ubiquitous throughout
tropical and subtropical areas worldwide, including
the southern United States (4,5).

The primary routes of B. pseudomallei infection
are ingestion, inhalation, and percutaneous inocu-
lation (1,9). The incidence of melioidosis increases
dramatically after heavy rainfall (9). In addition, B.
pseudomallei is classified as a category B bioterror-
ism bacterium and a Tier 1 (top tier) agent by the
Centers for Disease Control and Prevention and
Tier 1 by the US Department of Agriculture (I).
Moreover, B. pseudomallei is highly resistant to an-
timicrobial drugs commonly used to treat sepsis in
humans and animals, and an effective vaccine has
not been approved (1). Furthermore, in apparently
successfully treated humans and animals, relapses
are common and precede development of chronic
melioidosis (9). This article discusses a presump-
tive case of B. pseudomallei causing melioidosis-like
diseases in an American quarter horse (Equus ca-
ballus) in Florida, USA.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 7, July 2025


http://www.cdc.gov/eid
https://doi.org/10.3201/eid3107.241009

The Study

In 2006, an 8-year-old quarter horse gelding with a
left retropharyngeal abscess was seen at the Universi-
ty of Florida Veterinary Medical Center (Gainesville,
Florida, USA). Clinical examination and radiographs
revealed a well-circumscribed 20 x 10 x 18-cm round
soft tissue mass caudal to the ramus of the mandible
with displacement of the left guttural pouch. Other
examination findings included diffuse interstitial
pneumonia, multiple cutaneous ulcers on the dorsal
midline, anterior uveitis in the right eye, enlarged
mesenteric lymph nodes, and an aneurysm of the
right renal artery. Because of the animal’s declin-
ing clinical condition, it was humanely euthanized.
At necropsy examination, gross findings included
a large, soft, round abscess in the retropharyngeal
space, compressing the guttural pouch with a drain-
ing tract into the epidermis (Figure 1, panel A). The
mesenteric lymph nodes were diffusely enlarged,
ranging from 2.0 to 6.0 cm in diameter, with purulent
material and hemorrhage (Figure 1, panel B). Other
gross findings included diffuse interstitial pneumo-
nia with multifocal 2.0 x 2.0 x 2.0-cm peribronchiolar
abscesses (Figure 1 panel C). Small 1.0 x 1.0 x 1.0-cm
randomly scattered areas of necrosis were multifocal-
ly scattered in the liver (Figure 1, panel D); anterior
uveitis was present in the right eye.

Tissue specimens were fixed in 10% neutral buff-
ered formalin, processed routinely, and embedded in
paraffin. Paraffin-embedded sections were cut 4 pm
thick and examined after staining with hematoxylin
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and eosin. We performed histochemical Gram stain
to screen for bacteria. Histologic sections from the af-
fected submandibular lymph node (Figure 2, panel
A), lung (Figure 2, panel B), and mesentery revealed
multifocal to coalescing abscesses and pyogranulo-
mas containing necrotic cellular debris and degen-
erative neutrophils mixed with hemosiderophages
(Figure 2, panels C-E). Numerous macrophages and
neutrophils contained intracytoplasmic 1-2 pm gram-
negative bacilli (Figure 2, panel F).

Postmortem aerobic culture of the retropharyn-
geal and mesenteric lymph nodes revealed pure B.
cepacia complex growth. A fatty acid analysis using
gas chromatography of the bacterial isolate support-
ed this finding. B. cepacia complex is a heterogeneous
group of bacteria from the Burkholderia genus that
typically causes opportunistic infections in immuno-
compromised hosts. Disease outbreaks often occur in
the hospital setting through contaminated medical
devices or in patients with chronic respiratory dis-
eases, such as cystic fibrosis (10).

The clinical manifestations of this case were un-
usual for B. cepacia complex and more consistent
with the clinical course of acute, highly pathogenic
Burkholderia species. We suspect that the organism
was misidentified. The precise methodology of the
original diagnosis was not reported in the case docu-
ments and is unknown to the authors of this report.
Current biochemical systems in historically nonen-
demic areas often mistakenly identify B. pseudomal-
lei strains as members of B. cepacia complex (11). Our

Figure 1. Postmortem
photographs of an American
quarter horse in study of
multisystemic disease

and septicemia caused by
presumptive Burkholderia
pseudomallei, Florida, USA.

A) The submandibular lymph
node was enlarged up to 20

cm in diameter and almost
completely effaced by purulent
material that extended into the
retropharyngeal space and drains
near the mandibular ramus. B)
Cecal lymph nodes were diffusely
enlarged up to 6 cm in diameter
and filled with purulent material
(red circle). C) The lung was
diffusely firm with rib impressions
and multifocal 5 x 5-mmto 1 x
2-cm abscesses (blue arrow).

D) The liver contained multifocal
random 1 x 1-cm pale tan foci
scattered throughout the hepatic
parenchyma (yellow arrows).
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team concluded that further investigation was neces-
sary. Unfortunately, because of DNA fragmentation
during routine tissue processing for histopathology,
attempts at isolating bacterial DNA from the forma-
lin-fixed paraffin-embedded tissue samples were un-
successful. A limitation of this study is the inability to
extract bacterial DNA from the tissue block, prevent-
ing definitive identification of B. pseudomallei.

B. pseudomallei employs a network of polysac-
charides, including capsular polysaccharides (CPS)
and lipopolysaccharides (LPS), to enhance virulence
and immune evasion (12,13). A panel of monoclonal
antibodies targeting B. pseudomallei and B. mallei CPS
(4C4), typical LPS O-Ag serotype A (4C7), atypical LPS
O-Ag serotype B and its variant B2 (3A2, 5B4), and B.
mallei LPS O-Ag (3D11) were used (13). The secondary
antibody was biotinylated goat anti-mouse IgG (1:200
dilution). Intrahistiocytic bacilli were immunopositive

1434

for 4C4, 3A2, and 5B4 and immunonegative for 4C7
and 3D11 (Figure 3). We tested 19 different strains of B.
cepacia complex and demonstrated no cross-reactivity
to 4C4, 4C7, 3A2, and 5B4 on Western blot analysis
(Table). Previous studies have shown B. pseudomallei
cross-reactivity by some B. cepacia complex strains to
B. pseudomallei-like CPS-specific antibodies (4C4) (14)
and B. mallei to monoclonal antibodies to typical type
A LPS (4C7); however, cross-reactivity of either species
to B. pseudomallei atypical type B LPS (3A2 and 5B4) has
not been reported, and cross-reactivity was not noted
in our experiments (15). The immunohistochemistry
and Western blot results suggest infection with B. pseu-
domallei with atypical O-Ag type B or B2.

Conclusions
This case report describes the histomorphology and
immunohistochemical identification of an atypical

Figure 2. Photomicrography

of tissues from study of
multisystemic disease

and septicemia caused by
presumptive Burkholderia
pseudomallei in American
quarter horse, Florida, USA.
Photomicrographs show
hematoxylin and eosin staining of
submandibular lymph node (LN)
(A, C,E)and lung (B, D) and
Gram stain of the submandibular
LN (F). A) Submandibular LN
shows multifocal to coalescing
pyogranulomas. Original
magnification x2. B) The lung
contains a parabronchial abscess
(star). Original magnification

x2. C) The submandibular LN
pyogranuloma contains necrotic
debris, suppurative inflammation,
and numerous hemosiderin laden
macrophages, multinucleated
giant cells surrounded by fibrosis.
Original magnification x20. D)
Macrophages and neutrophils

in the pulmonary abscess
contain a mixed population of
1-2 pum coccobacilli. Original
magnification x40. E) The
submandibular node neutrophils
and macrophages contain
numerous intracellular 1-2 pm
bacilli (red arrows). Original
magnification x40. F) The

bacilli in the submandibular
lymph node are diffusely gram-
negative (black arrows). Original
magnification x30.
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Figure 3. Immunohistochemical
examination of tissues from
American quarter horse with
multisystemic disease and
septicemia caused by presumptive
Burkholderia pseudomallei,
Florida, USA. Photomicrographs
show immunohistochemistry

for monoclonal antibodies 3A2
(A), 4C7 (B), 4C4 (C), and

5B4 (D) of the submandibular
lymph node. A) Intra-phagocytic
bacilli demonstrated strong
immunoreactivity to 3A2
monoclonal antibody to B.
pseudomallei lipopolysaccharides
(LPS) O-Ag B/B2 (black arrows).
Original magnification x100.

B) Intra-phagocytic bacilli were
diffusely immunonegative for

4C7 monoclonal antibody to

B. pseudomallei LPS O-ag
serotype A. Original magnification
x40. C) Intra-phagocytic bacilli
demonstrated weak multifocal

B. pseudomallei in American Quarter Horse

immunoreactivity to 4C4 monoclonal antibody to B. pseudomallei capsular polysaccharides (black arrows). Original magnification x100.
D) Intra-phagocytic bacilli demonstrated strong immunoreactivity to 5B4 monoclonal antibody to B. pseudomallei LPS O-Ag B/B2 (black
arrows). Original magnification x100. Bacilli were immunonegative to 3D11 (not shown) monoclonal antibody to Bm LPS O-Ag.

Table. Monoclonal antibody labeling through immunohistochemistry or Western blot analysis of various strains of Burkholderia species
in study of multisystemic disease and septicemia caused by presumptive Burkholderia pseudomallei in American quarter horse,

Florida, USA
B. pseudomallei B. pseudomallei B. pseudomallei  B. cepacia B. mallei ATCC
Florida case B. MSHR840, Bp82, serotype 576mn, complex (12), 23344, serotype
Monoclonal antibody pseudomallei serotype B2 A serotype B n=19 A variant
4C4, Bp CPS + + + + - -
4C7, Bp O-Ag serotype A — - + — — —
3A2, Bp O-Ag serotype B + + - + - -
5B4, Bp O-Ag serotype B2 + + - + - -
3D11, Bm O-Ag serotype A - - - - - +

variant

serotype of B. pseudomallei in a horse with clinical
signs consistent with melioidosis. Although type
A is the most common LPS O-Ag type of B. pseudo-
mallei, accounting for most infections, types B and
B2 are found more frequently in Australia (13). The
route of exposure and travel history of this horse is
unknown. On the basis of the immunohistochemis-
try results in this case, we conclude that the initial
culture and biochemical analysis misidentified B.
cepacia complex. Western blot assay analysis of pu-
rified LPS from numerous bacteria in the B. cepacia
complex failed to highlight any of the mentioned
monoclonal antibodies. This case underscores the
potential pathological effects of B. pseudomallei in
horses and other animals in the United States, em-
phasizing the need for increased awareness and un-
derstanding of its emergence as a potential pathogen
in diverse species.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025

Acknowledgments

We sincerely appreciate Puttawat Suphaprueksapong,
Sintara Pumin, and Pacharapong Khrongsee for their
invaluable assistance and contributions to this case study.
We would also like to acknowledge and thank the technical
and support staff at the University of Florida College of
Veterinary Medicine Histopathology Laboratory, particularly
Ana Herrera and Lindsay Vail, for their assistance in
providing outstanding histology, histochemistry, and
immunohistochemistry staining services.

This study was conducted in strict accordance with ethical
principles and guidelines to ensure the highest standards of
integrity, accountability, and respect for the animal subject.
Because this study was a retrospective analysis of formalin-
fixed paraffin-embedded tissue blocks and no live animals
were used, this work is exempt from review by the University
of Florida Institutional Animal Care and Use Committee.

1435


http://www.cdc.gov/eid

DISPATCHES

JJ.T. is funded by a Department of Defense Long-Term
Health and Education Training Program scholarship
program. The views expressed in this article are those
of the author and do not reflect the official policy of the
Department of Army/Navy/Air Force, Department of
Defense, or US Government.

About the Author

Dr. Thornton is a US Army Veterinary Corps Officer and a

diplomate of the American College of Veterinary
Pathologists. He is currently a PhD student at the
University of Florida College of Veterinary Medicine in
the Department of Infectious Diseases and Immunology,
studying Burkholderia pseudomallei and B. mallei and their
potential impact on the biosecurity in the United States.

References

1. Wiersinga W, Virk H, Torres AG, Currie BJ, Peacock SJ,
Dance DAB, et al. Melioidosis. Nat Rev Dis Primers.
2018;4:17108. https:/ / doi.org/10.1038 /nrdp.2017.107

2. Limmathurotsakul D, Golding N, Dance DA, Messina JP,
Pigott DM, Moyes CL, et al. Predicted global distribution
of Burkholderia pseudomallei and burden of melioidosis.
Nat Microbiol. 2016;1:15008. https:/ /doi.org/10.1038/
nmicrobiol.2015.8

3. Centers for Disease Control and Prevention. Melioidosis
locally endemic in areas of the Mississippi Gulf Coast
after Burkholderia pseudomallei isolated in soil and water
and linked to two cases —Mississippi, 2020 and 2022 [cited
2024 Jun 15]. https:/ /emergency.cdc.gov/han/2022/
han00470.asp

4. Petras JK, Elrod MG, Ty MC, Dawson P, O'Laughlin K,
Gee JE, et al. Locally acquired melioidosis linked to
environment — Mississippi, 2020-2023. N Engl ] Med.

2023,389:2355-62. https:/ /doi.org/10.1056/ NEJMoa2306448

5. Torres AG. The public health significance of finding
autochthonous melioidosis cases in the continental
United States. PLoS Negl Trop Dis. 2023;17:e0011550.
https:/ /doi.org/10.1371/journal.pntd.0011550

6. Ladds PW, Thomas AD, Pott B. Melioidosis with acute
meningoencephalomyelitis in a horse. Aust Vet J.
1981,57:36-8. https:/ /doi.org/10.1111/
j.1751-0813.1981.tb07082.x

1436

10.

11.

12.

13.

14.

15.

Choy JL, Mayo M, Janmaat A, Currie BJ. Animal melioidosis
in Australia. Acta Trop. 2000;74:153-8. https:/ /doi.org/
10.1016/S0001-706X(99)00065-0

Khan I, Wieler LH, Melzer F, Elschner MC, Muhammad G,
Ali S, et al. Glanders in animals: a review on epidemiology,
clinical presentation, diagnosis and countermeasures.
Transbound Emerg Dis. 2013;60:204-21. https:/ /doi.org/
10.1111/7.1865-1682.2012.01342.x

Chomkatekaew C, Boonklang P, Sangphukieo A,
Chewapreecha C. An evolutionary arms race between
Burkholderia pseudomallei and host immune system:

what do we know? Front Microbiol. 2021;11:612568.
https:/ /doi.org/10.3389/fmicb.2020.612568

Lagowski D, Nowicka B, Nowakiewicz A, Polkowska I,
Gnat S. Unusual penile prolapse with an infectious
background caused by the Burkholderia cepacia complex in a
stallion. ] Equine Vet Sci. 2021;97:103353. https:/ /doi.org/
10.1016/j.jevs.2020.103353

Zakharova IB, Lopasteyskaya YA, Toporkov AV,

Viktorov DV. Influence of biochemical features of
Burkholderia pseudomallei strains on identification reliability
by Vitek 2 system. ] Glob Infect Dis. 2018;10:7-10.
https://doi.org/10.4103/jgid jgid_39_17

Nualnoi T, Norris MH, Tuanyok A, Brett PJ, Burtnick MN,
Keim PS, et al. Development of immunoassays for
Burkholderia pseudomallei typical and atypical
lipopolysaccharide strain typing. Am J Trop Med Hyg.
2017;96:358-67. https:/ / doi.org/10.4269/ ajtmh.16-0308
Tuanyok A, Stone JK, Mayo M, Kaestli M, Gruendike J,
Georgia S, et al. The genetic and molecular basis of
O-antigenic diversity in Burkholderia pseudomallei
lipopolysaccharide. PLoS Negl Trop Dis. 2012;6:e1453.
https:/ /doi.org/10.1371/journal. pntd.0001453

Burtnick MN, Dance DAB, Vongsouvath M, Newton PN,
Dittrich S, Sendouangphachanh A, et al. Identification of
Burkholderia cepacia strains that express a Burkholderia
pseudomallei-like capsular polysaccharide. Microbiol
Spectr. 2024;12:0332123. https:/ /doi.org/10.1128/
spectrum.03321-23

Songsri ], Kinoshita Y, Kwanhian W, Wisessombat S,
Tangpong J, Rahman-Khan MS, et al. Cross-reactivity of
latex agglutination assay complicates the identification of
Burkholderia pseudomallei from soil. FEMS Microbiol Lett.
2018;365. https:/ /doi.org/10.1093 / femsle/ fny256

Address for correspondence: Jason Thornton, University of Florida
College of Veterinary Medicine, 1945 SW 16th Ave, PO Box 11880,
Gainesville, FL 32608, USA; email: jason.thornton@ufl.edu

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 7, July 2025


https://doi.org/10.1038/nrdp.2017.107
https://doi.org/10.1038/nmicrobiol.2015.8
https://doi.org/10.1038/nmicrobiol.2015.8
https://emergency.cdc.gov/han/2022/han00470.asp
https://emergency.cdc.gov/han/2022/han00470.asp
https://doi.org/10.1056/NEJMoa2306448
https://doi.org/10.1371/journal.pntd.0011550
https://doi.org/10.1111/j.1751-0813.1981.tb07082.x
https://doi.org/10.1111/j.1751-0813.1981.tb07082.x
https://doi.org/10.1016/S0001-706X(99)00065-0
https://doi.org/10.1016/S0001-706X(99)00065-0
https://doi.org/10.1111/j.1865-1682.2012.01342.x
https://doi.org/10.1111/j.1865-1682.2012.01342.x
https://doi.org/10.3389/fmicb.2020.612568
https://doi.org/10.1016/j.jevs.2020.103353
https://doi.org/10.1016/j.jevs.2020.103353
https://doi.org/10.4103/jgid.jgid_39_17
https://doi.org/10.4269/ajtmh.16-0308
https://doi.org/10.1371/journal.pntd.0001453
https://doi.org/10.1128/spectrum.03321-23
https://doi.org/10.1128/spectrum.03321-23
https://doi.org/10.1093/femsle/fny256
mailto:jason.thornton@ufl.edu
http://www.cdc.gov/eid

Environmental Exposures
Relative to Locally Acquired
Hansen Disease, United States

Danielle Chaney, Jennifer Breiman, Jessica K. Fairley

Nine-banded armadillos (Dasypus novemcinctus) are
suspected transmission sources of Hansen disease in
North America. We conducted a telephone survey and
chart review of patients with Hansen disease seen at a
Georgia, USA, clinic during 1997—2022. Findings sug-
gest frequent outdoor activities and armadillo contact
were likely sources of exposure.

ansen disease (HD), commonly known as

leprosy, is caused by Mycobacterium leprae
(1). HD is diagnosed in approximately 150-200
persons in the United States annually, with a re-
cent high of 225 cases in 2023 (https:/ /www.hrsa.
gov/hansens-disease); the disease is diagnosed in
200,000 persons globally (https://www.who.int/
news-room/ fact-sheets/detail/leprosy). HD leads
to nerve damage if left untreated, highlighting the
need for early diagnosis (1).

Recent literature shows increasing incidence of
HD in Florida (2), and case reports name Florida as
a site of travel or residence in persons receiving an
HD diagnosis elsewhere in the United States (3,4).
In addition, a study in Georgia showed a recent in-
crease in cases relating to US-born patients (5). The
9-banded armadillo (Dasypus novemcinctus), the only
known animal reservoir of M. leprae in North Amer-
ica, is the suspected source of locally acquired cases
(through molecular epidemiology) in the southeast
and Gulf states of the United States (6-8). M. leprae
can persist in free-living amoebae in soil, serving
as another potential reservoir for human infec-
tion, which might explain the connection between
human infections and the armadillo reservoir (9).
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Recognizing a need to increase epidemiologic un-
derstanding of HD in the United States, we describe
environmental exposures among patients from the
southern portion of the country with suspected local-
ly acquired HD infections. We also highlight clinical
and demographic differences between cases involv-
ing US-born and immigrant persons.

The Study

A telephone survey assessed exposures in 7 local
cases involving patients who were seen at the Emory
TravelWell Center (Atlanta, GA, USA). Local cases
were defined as HD in patients living in the United
States for at least the past 20 years without extensive
travel or residence in regions with moderate to high
HD endemicity. This study received approval from
the Emory Institutional Review Board, and partici-
pants provided verbal consent. To provide context
for the survey, we conducted a retrospective chart re-
view of local and immigrant cases (seen at TravelWell
Center during 1997-2022) (Table 1).

Seven patients participated in the telephone sur-
vey (Table 2; Appendix Table, https://wwwnc.cdc.
gov/EID/article/31/7/24-0986-Appl.pdf). The me-
dian age of participants was 69 years. Survey partici-
pants lived in Georgia (3 [43%]), Florida (3 [43%]), and
Mississippi (1 [14%]) (Figure 1, panel A). Two Geor-
gia participants previously resided in Florida and
regularly visited the state. Five participants lived in
areas with armadillos, and 5 participants had known
physical contact with an armadillo or its bodily fluids.
Five participants were in occupations that required
them to work outdoors. One of the 2 participants who
denied direct physical contact with armadillos or ar-
madillo droppings reported gardening.

We included 55 patients in the chart review (13
presumed local, including the 7 survey participants,
and 42 immigrant), noting the year of diagnosis for
each (Figure 2). Most immigrant cases originated
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DISPATCHES

Table 1. Clinical characteristics from chart review of local and immigrant cases in study of environmental exposures in suspected

locally acquired Hansen disease, United States*

Variable Local cases, n =13 Immigrant cases, n = 42 p valuet Odds ratio (95% CI)

Mean age at time of diagnosis, y (SD) 62 (+11) 36 (+13) <0.005 NA

Sex 0.88 1.71 (0.36-11.24)
F 3(23) 14 (33) NA NA
M 10 (77) 27 (64) NA NA
Unknown/not available 0 (0) 1(2) NA NA

Type of disease 1.00 1.11 (0.21-5.01)
Paucibacillary 4 (31) 12 (29) NA NA
Multibacillary 9 (69) 30 (71) NA NA

Had leprosy reaction 0.032 4.23 (1.13-17.14)
Y 5 (39) 30 (71) NA NA
N 8 (62) 11 (26) NA NA
Unknown 0(0) 1(2) NA NA

*Values are no. (%) except as indicated. NA, not applicable.

t2-sided p value was calculated by either t-test, %2 test, or mid-P exact test (for an expected value <5) as appropriate, comparing immigrant cases to local

cases as the reference.

Table 2. Survey responses for participants in survey from study
of environmental exposures in suspected locally acquired
Hansen disease, United States*

Survey

Variable participants, n =7
Median age, y (range) 69 (49-79)
Primary state of residence

Georgia 3(43)

Florida 3 (43)

Mississippi 1(14)
Lived internationally

Yt 3(43)

N 4 (57)
International travel in the past 10 y

Yt 4 (57)

N 3(43)
Live in areas with armadillos

Y 5(71)

N 2 (29)
Physical contact with armadillos

Y 3(43)

N 4 (57)
Contact with armadillo bodily fluids or droppings

Y 3(43)

N 4 (57)
Time spent outdoors per week, h

0-2 0 (0)

3-5 4 (57)

6-8 0

>9 3 (43)
Occupation requires working outside

Y 5(71)

N 2 (29)
Takes part in at least one outdoor activity

Y 6 (86)

N 1(14)
Outdoor activities reported

Gardening 4 (57)

Hiking 2 (29)

Hunting 2 (29)

Camping 3 (43)

Outdoor swimming 1(14)

Other activity§ 5(71)

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

tParticipants reported living in Germany, Morocco, and Canada.
fParticipants reported travel to The Bahamas, Australia, Spain, France,
Germany, Belgium, England, Scotland, Estonia, Denmark, Finland,
Norway, Russia, Japan, Mexico, and Canada.

§Other outdoor activities reported included kayaking, golfing, archery, and
fishing.
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from Brazil (11 [26%]), Mexico (6 [14%]), or India (6
[14%]) (Figure 1, panel B). The mean age at time of
diagnosis was 62 (SD +11) years for local cases and 36
(SD #13) years for immigrant cases (p<0.005). Patients
with leprosy reactions were more likely to be from
outside the United States (Table 1). None of the local
cases had a known contact with HD.

On the basis of the survey responses, living in
an environment with armadillos and spending time
outdoors were very frequently reported, lending
possible exposure routes to M. leprae (6-8). Most in-
terviewees reported direct physical contact with an
armadillo or its bodily fluids in their lifetime, and
>70% lived in an area where they see armadillos.
We posited that persons who did not report physi-
cal contact acquired the bacterium through indirect
means, considering that multiple studies have con-
firmed potentially viable M. leprae in environmental
sources (10-12). In fact, most interviewees regularly
took part in outdoor activities, such as golfing and
gardening, where they might have come in con-
tact with soil or grass contaminated with armadillo
urine or feces, which might have served as the route
of transmission. In addition, >70% of interviewees
worked in outdoor occupations, a much higher per-
centage than the 2020 national average of 4.3% (13).
Given the high level of reported outdoor activity of
survey participants, we considered also that trans-
mission of HD might have occurred via other zoo-
notic reservoirs, such as ticks, which have demon-
strated the ability to harbor M. leprae (14).

Conclusions

The participants in this survey lacked typical risk
factors for acquiring HD; none lived in or spent sig-
nificant time in countries with high endemic HD or
lived with or knew anyone with HD. We speculated
that transmission, thus, must have occurred within
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Environmental Exposures and Hansen Disease, USA

Figure 1. States of residence for patients in study of environmental exposures of suspected locally acquired Hansen disease, United
States. Primary states of residence are shown for 13 local case-patients (7 surveyed as part of study, 6 from chart review).

the United States. With studies linking the 9-band-
ed armadillo to locally acquired cases in the south-
ern United States (6,7), combined with the similar
exposure profiles of our survey participants to both
armadillos and soil where armadillos live, we be-
lieve data support armadillos as a possible route
of transmission. Literature is scarce regarding risk
factors for HD in the United States, and anecdotal
evidence from HD experts across the United States

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 31, No. 7, July 2025

suggests that cases in US-born persons are rare out-
side of southern states. A recent study of presumed
locally acquired HD cases in California identified
6 patients lacking traditional risk factors, such as
geographic location or contact with an infected per-
son. Although only 1 patient in that cohort reported
armadillo exposure, occurring >50 years prior to di-
agnosis, all of the patients reported travel to either
an endemic country or the US Gulf Coast (4).

Figure 2. Number of

Hansen disease cases from
chart review in study of
environmental exposures of
suspected locally acquired
Hansen disease, by year of
diagnosis, United States. A
total of 55 cases were included
in the review.
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We did find a statistically significant difference in
age of diagnosis between local and immigrant cases;
local case-patients were older. In addition, persons
with leprosy reactions had higher odds of being from
another country. We considered the possibility that
US-born patients have different exposure risks to
HD compared with patients born outside the United
States. For instance, persons from countries with a
higher HD prevalence might have a higher likelihood
of encountering the bacteria and becoming infected at
an earlier age. For person-to-person transmission to
occur, research suggests that prolonged close contact
with an untreated person is needed (15). If zoonotic
transmission —as opposed to person-to-person trans-
mission—is the primary source of infection in the
United States, and given that M. leprae infection was
not detected in southeastern US armadillo popula-
tions before 2009 (6), exposure opportunities for US-
born persons compared with persons from endemic
countries would be notably different. A counterpoint
to this theory is that M. leprae is slow-growing, and
disease manifestation can take years (15). In addition,
children and young adults in the United States typi-
cally are heavily exposed to dirt and the outdoors,
and thus hypothetically exposed to HD, making it
highly possible that local case-patients are actually
becoming infected earlier than data indicates, but
clinical manifestations are occurring at a later age.

The primary limitation of this study was the small
sample size, limiting the generalizability of the find-
ings. For our results to be more widely applicable, a
demographically and geographically diverse patient
population would need to be sampled, an undertaking
that would be difficult with this rare disease. Another
limitation is the lack of routine molecular genotyp-
ing of M. leprae isolates from US patients. Comparing
patient strains to those associated with armadillos or
other reservoirs could clarify sources of infection and
inform public health and clinical messaging.

Our study demonstrates the importance of studying
HD in a low-endemic setting because further research
into the transmission and host-pathogen interactions
in the United States could shed light on the larger-scale
questions plaguing HD researchers worldwide, namely,
how the bacteria is transmitted and who is most at risk
for disease. Early diagnosis and treatment of cases of
HD in the United States depends greatly on a clear un-
derstanding of the risk factors for transmission.
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Community Infections Linked
with Parvovirus B19 Genomic
DNA in Wastewater,

Texas, USA,

2023-2024

Alessandro Zulli, Rebecca Y. Linfield, Dorothea Duong, Bridgette Hughes, Alexandria B. Boehm

We assessed concentrations of parvovirus B19 DNA
from 2 wastewater treatment plants in a Texas, USA,
county with a known outbreak in 2024. \WWastewater viral
concentrations correlated significantly with clinical cases,
demonstrating wastewater’s potential for tracking parvo-
virus B19 infections. Peaks in wastewater concentrations
were aligned with the peak in hydrops fetalis diagnoses.

arvovirus B19 is a single-stranded DNA virus

transmitted through respiratory droplets. In 2024,
infections increased substantially across the United
States; seroprevalences in children rose from <3% in
2020-2022 to 24.9% in 2024 (1). Parvovirus B19 typi-
cally causes a mild slapped cheek rash in children but
can lead to serious complications in pregnant women,
including hydrops fetalis and fetal death (2-4). Per-
sons infected with the virus, particularly those who
are immunocompromised, are at risk for developing
aplastic anemia (3,5).

Parvovirus B19 is highly infectious, with an esti-
mated basic reproduction number (R)) of 8, and stud-
ies have shown that 20%-50% of susceptible persons
are infected during outbreaks in schools (6,7). No
vaccine is available for the virus and treatment op-
tions are limited, meaning prevention and early de-
tection are crucial (1,4,8). Nonetheless, parvovirus
B19 infection is not a notifiable condition to public
health authorities in the United States (6). This lack
of surveillance led to a Health Alert Network notice
from the Centers for Disease Control and Prevention
in August 2024, months after the initial rise in cases
had occurred (6).
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Wastewater-based epidemiology has been shown
to be an effective, real-time, and low-cost method of
generating epidemiologic data for a variety of human
pathogens, suggesting potential utility for parvovi-
rus B19 (9,10). Our study aimed to evaluate whether
wastewater surveillance can track parvovirus B19
infections by analyzing samples from 2 wastewa-
ter treatment plants (WWTPs) during a known out-
break in Montgomery, Texas, USA, and compar-
ing results with clinical information from electronic
health records systems. Our study was reviewed by
the Stanford University Committee for the Protec-
tion of Human Subjects and determined to be exempt
from oversight.

The Study
We collected 24-hour composite raw wastewater in-
fluent samples 3 times/week during December 18,
2023-August 30, 2024, from 2 treatment plants serv-
ing 65,000 (WWTP186) and 70,000 (WWTP187) per-
sons (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/31/7/24-1981-Appl.pdf). We collected a
total of 220 samples. From each sample, we collected
wastewater solids using settling and centrifugation.
We used a previously validated hydrolysis-probe
PCR targeting the nonstructural protein 1 gene of
parvovirus B19. We confirmed assay specificity and
sensitivity through in silico analysis against refer-
ence genomes and in vitro testing against common
respiratory viruses and bacteria (Appendix, Table 1).
We extracted DNA from wastewater solids using the
chemagic Viral DNA/RNA 300 kit (Revvity, https://
www.revvity.com), followed by column-based PCR
inhibitor removal. We quantified viral concentra-
tions of parvovirus B19 (fluorescent molecule FAM)
and SARS-CoV-2 (fluorescent molecule HEX) as a du-
plex assay in 6 replicate wells using digital droplet
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reverse transcription PCR (Appendix Table 2). We
included negative and positive extraction and PCR
controls. The lowest detectable concentration was
~1,000 copies/g of dry weight. Complete methods,
including primers and thermocycling conditions and
further details of various controls, are provided (Ap-
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pendix). Measured concentrations in the samples are
available through the Stanford Digital Repository
(https:/ /doi.org/10.25740/zn011jk5743).

We gathered clinical case and syndromic data
from Epic Cosmos (Epic Systems Corporation, https:/
cosmos.epic.com). First, we filtered all encounters

Figure. Comparison of case
reports and wastewater
surveillance reports from study
of community infections linked
with parvovirus B19 genomic
DNA in wastewater, Montgomery
County, Texas, USA, 2023-2024.
A) Numbers of confirmed
parvovirus infections and
hydrops fetalis logged into Epic
Cosmos (https://cosmos.epic.
com) for the county. Data on fetal
hydrops were provided quarterly;
parvovirus infection data were
provided weekly. Scales for the
y-axes differ substantially to
underscore patterns but do not
permit direct comparisons. B,

C) Concentrations of parvovirus
B19 DNA in wastewater solids
(in units of copies/gram of dry
weight) at WWTP186 (B) and
WWTP187 (C). Solid circles
indicate parvovirus B19 was
detected, open circles that it
was not detected; error bars
indicate SDs. Note the broken
y-axis in panel B. For the case
and syndromic data, numbers
<10 are redacted and reported
as 10. Kendall tau between
weekly cases and wastewater
concentrations for WWTP186
was 0.56 and between

weekly cases and wastewater
concentrations for WWTP187
was 0.52 (p<0.0001). WWTP,
wastewater treatment plant.
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in the dataset geographically and temporally to en-
counters within Montgomery County, Texas, dur-
ing October 16, 2023-October 16, 2024. Montgomery
County had a total population of 620,443 as of the
2020 census. From this subset, we identified par-
vovirus cases and hydrops fetalis diagnoses using
grouped codes from the International Classification
of Diseases, 10th Revision (ICD-10) (11). We iden-
tified parvovirus cases using ICD-10 codes B08.3,
B34.3, and B97.6, and hydrops fetalis using ICD-10
codes P56.*, 036.2%, and Z36.81. We aggregated data
weekly for parvovirus cases and quarterly for hy-
drops fetalis diagnoses; we redacted values <10 and
replaced with 10 (Appendix).

Our statistical analyses used Kruskal-Wallis tests
to compare viral concentrations between plants and
x* tests for detection frequencies. We assessed as-
sociations between wastewater concentrations and
clinical cases using Kendall tau correlation. Because
we made multiple comparisons (n = 11), we used p =
0.005 as the significance threshold.

Our analyses detected parvovirus B19 DNA in
45 (40%) of 111 samples from WWTP186 and in 62
(57%) of 109 samples from WWTP187; detection fre-
quencies were not significantly different (x*>=5.24; p =
0.02). Concentrations were mostly nondetectable be-
fore April, peaked in June, and returned to nondetect-
able levels by August. Median (interquartile range
[IQR]) concentrations were 0 (IQR 0-8,071 copies/g)
at WWTP186 and 6,121 (IQR 0-20,998 copies/g) at
WWTP187, showing significant differences between
plants (effect size = 6,121 copies /g; p = 0.001) even
when normalized by pepper mild mottle virus (effect
size =2.7 x 107%, p = 0.003).

Clinical parvovirus cases in Montgomery County
showed similar seasonality: <10 cases until April, a
peak in June, and a decline by August. Weekly vi-
ral concentrations correlated significantly with case
counts at both plants (Kendall tau = 0.56 at WWTP186
and 0.52 at WWTP187; both p<0.0001). During the
quarter of increasing wastewater concentrations, par-
vovirus cases rose from <10 to 223, coinciding with
hydrops fetalis cases increasing to 49 (Figure).

Conclusions

Our study demonstrates that parvovirus B19 DNA
can be quantified in wastewater and directly corre-
lated with clinical indicators of infection. Our results
validate the potential for wastewater to provide sen-
tinel surveillance during key early periods of an out-
break, especially in the absence of mandated public
health reporting. Previous studies have shown that
parvovirus B19 infects the intestinal mucosa and is
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present in the sputum of infected patients, indicat-
ing it could be shed into wastewater (12). Investi-
gators have shown related viruses, such as human
bocaviruses, to be shed in stool samples (13). Recent
studies have identified parvovirus B19 (often re-
ferred to as erythroparvovirus) in wastewater sam-
ples through shotgun sequencing and metagenomic
analysis (14,15).

Parvovirus B19 DNA concentrations in waste-
water at both treatment plants were significantly
correlated with clinical cases of parvovirus B19 in
the county. Most (>90%) of those diagnosed cases
were in children and adolescents <16 years of age,
likely because of the unique symptomatic presenta-
tion in children as a slapped cheek rash and clinical
diagnosis without further molecular diagnostics.
We also showed that B19 DNA concentrations in
wastewater at both treatment plants corresponded
to an increase in maternal care for hydrops feta-
lis, one of the known complications of parvovirus
B19 in pregnant women. This finding suggests that
parvovirus B19 DNA in wastewater is an indicator
of not only infections in children, but infections in
the adult population, for which clinical data are
highly limited.

In summary, wastewater represents a rapid and
cost-effective method of providing real-time infor-
mation on parvovirus B19 outbreaks in populations.
This early detection is especially important because
children are no longer viremic by the time the charac-
teristic rash appears. Proactive surveillance of waste-
water to detect viremia could aid in mitigation strate-
gies, such as warning or screening pregnant women
and those who are immunocompromised.

This article was originally published as a preprint at
https:/ /medrxiv.org/cgi/content/short/
2024.12.21.24319493v1.
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Extensively Drug-Resistant
Neisseria gonorrhoeae Strain,
Canada

Brigitte Lefebvre, Irene Martin, Robyn Thorington,
Julian Gitelman, Andrew Bui-Nguyen, Claude Fortin, Judith Fafard

We identified a case of extensively drug-resistant (cef-
triaxone- and cefixime-resistant and high-level azithro-
mycin-resistant) Neisseria gonorrhoeae in Canada. The
strain harbors the penA 60.001 allele, which includes the
A311V and 23S rRNA A2059G single-nucleotide poly-
morphisms associated with high-level azithromycin re-
sistance. The infection was likely acquired during travel
in Cambodia.

Neisseriu gonorrhoeae is the second most common
sexually transmitted infection reported in Cana-
da; the 92.34 cases /100,000 population reported 2022
represents an increase of 146.2% since 2010 (I). N.
gonorrhoeae with third-generation cephalosporin re-
sistance is in the high-priority category on the Bacte-
rial Priority Pathogens List published by the World
Health Organization in 2024 (https://iris.who.int/
bitstream/handle/10665/376776/9789240093461-
eng.pdf). Ceftriaxone is 1 of the last remaining em-
piric treatments options available for gonorrhea in-
fection and is currently the recommended therapy in
Canada. In 2017, we described a ceftriaxone-resistant
N. gonorrhoeae isolate identified in North America (2).
In 2018, we reported on the international dissemina-
tion of ceftriaxone-resistant N. gonorrhoeae isolates
(3), identified in Japan as FC428. More than 10 ex-
tensively drug-resistant (XDR) N. gonorrhoeae isolates
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have been reported worldwide, most since 2022 (4).
Those XDR isolates were found to harbor the penA-
60.001 allele associated with ceftriaxone resistance
and the 23S rRNA A2059G single-nucleotide poly-
morphism associated with high-level azithromycin
resistance. We report an XDR N. gonorrhoeae isolate
(no. 69155) identified in Canada that was cefixime
and ceftriaxone resistant and has a high level of
azithromycin resistance.

The Study

In May 2024, a man in his 40s experiencing urethritis
sought care in an outpatient STI clinic in Montreal,
Quebec, Canada. A strain of XDR N. gonorrhoeae from
a urethral specimen was isolated at Centre Hospital-
ier de I'Université de Montréal. The patient reported
that he had traveled to Cambodia and had sex with
female sex workers there. He reported sexual con-
tact with women only. He denied sexual contacts in
Canada in the 60 days before the onset of his symp-
toms and had no sexual contacts upon his return.
He was treated with 1 dose of oral azithromycin (2
g) combined with cefixime (800 mg) in accordance
with treatment guidelines for sexually transmit-
ted infections published in 2020 by Institut national
d’excellence en santé et en services sociaux (INESSS)
(https:/ /www.bibliotheque.assnat.qc.ca/ DepotNu-
merique_v2/ AffichageNotice.aspx?idn=101746) but
was still symptomatic at the time of the test of cure
(TOC) by nucleic acid amplification tests (NAAT) 2
weeks later. We prescribed a second round of treat-
ment with 1 intramuscular dose of ceftriaxone (250
mg) and oral doxycycline (100 mg 2x/d for 7 days);
2 weeks after the completion of the second treatment,
the TOC by NAAT still remained positive. Because
the patient was still symptomatic, providers used a
syndromic approach; he was treated for clinical ure-
thritis in accordance with the INESSS guidelines. The
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doxycycline was used to treat a possible C. trachomatis
infection and not the N. gonorrhoeae infection. A third
treatment of intramuscular ceftriaxone (500 mg) was
successful; urethral culture and urine NAAT were
negative at the third TOC.

We confirmed the bacterial isolate 69155 to be N.
gonorrhoeae by matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry (bioMéri-
eux, https://www.biomerieux.com) and by whole-
genome sequencing. We confirmed antimicrobial
susceptibilities by agar dilution in accordance with
Clinical and Laboratory Standards Institute (CLSI)
guidance (5). The ceftriaxone MIC for this N. gonor-
rhoeae isolate was 0.25 mg/L, which is susceptible by
CLSI guidelines and resistant by EUCAST guidelines
(6). The cefixime MIC was 2 mg/L, which is nonsus-
ceptible by CLSI guidelines and resistant by EUCAST
guidelines. CLSI does not have a resistant break-
point for cefixime or ceftriaxone; however, it defines
MIC <0.25 mg/L as susceptible. EUCAST defines
cefixime and ceftriaxone resistance as MIC >0.125
mg/L, whereas World Health Organization defines
decreased susceptibility to cefixime as MIC >0.25
mg/L and to ceftriaxone as MIC >0.125 mg/L (7). Al-
though there is no consistent resistance breakpoint,

Drug-Resistant Neisseria gonorrhoeae, Canada

MICs of 0.25 mg/L for ceftriaxone and 2 mg/L for
cefixime were previously reported in possible treat-
ment failure cases (8,9). The isolate was also resis-
tant to azithromycin (MIC >256 mg/L), ciprofloxa-
cin (MIC 4 mg/L), tetracycline (MIC 32 mg/L), and
penicillin (MIC >256 mg/L) but susceptible to spec-
tinomycin (MIC 8 mg/L). We also determined MICs
for gentamicin (MIC 4 mg/L) and ertapenem (MIC
0.5 mg/L).

We performed molecular typing in silico from
whole-genome sequence data and submitted to the
National Center for Biotechnology Information Se-
quence Read Archive (BioProject PRJNA415047,
Sequence Read Archive no. SRR33123384). We se-
quenced the strain using Illumina NextSeq platform
(llumina, https://www.illumina.com) and used
genomic quality, assembly, and annotation pipe-
lines as previously described (10). We identified se-
quence type (ST) 16406 by multilocus sequence typ-
ing (MLST), ST-22862 by N. gonorrhoeae multiantigen
sequence typing (NG-MAST; https://pubmlst.org/
organisms/neisseria-spp), and ST-5793 by N. gonor-
rhoeae Sequence Typing for Antimicrobial Resistance
(NG-STAR; https:/ /ngstar.canada.ca). The isolate
had the mosaic penA-60.001 allele associated with

Figure. Phylogenetic analysis of Neisseria gonorrhoeae isolates in study of extensively drug-resistant N. gonorrhoeae infection,
Canada. Isolate 69155 was identified from the patient in this investigation. Tree was generated using 3,691 sites. Scale bar indicates

number of substitutions per site.
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ceftriaxone resistance and the A2059G single-nucle-
otide polymorphism in 23S rRNA associated with
high-level azithromycin resistance. The penA-60.001
allele contains the A311V amino acid substitution,
which is highly associated with ceftriaxone resistance
(11). The MLST-determined ST16406 and penA-60.001
allele of the study isolate in Canada was identical to
that of XDR N. gonorrhoeae strains isolated in Cambo-
dia, Austria, United Kingdom, and France in 2022-
2023 (4). Because only 1 strain from initial sampling
was available, we did not perform genetic compari-
sons with other strains from this patient.

To compare the XDR N. gonorrhoeae strain we
isolated with other ceftriaxone-resistant isolates,
we performed phylogenetic analysis to determine
single-nucleotide variants (SNV) using the cus-
tom Galaxy SNVPhyl20 pipeline (SNVPhyl version
1.0.1b Paired-End, https://github.com/phac-nml/
snvphyl-galaxy) and included publicly available,
internationally reported ceftriaxone-resistant and
XDR gonorrhea genomes (BioProject PRINA909328)
(12) (Figure). The phylogenetic tree demonstrates
the similarity of the Canada XDR-N. gonorrhoeae
69155 isolate to gonorrhea genomes reported in
Southeast Asia; the study isolate differs from isolate
SRR22570596 by 320 SNVs and SRR22570612 (Bio-
Project PRINA909328) by 140 SN'Vs.

Conclusions

We identified the bacterial isolate 69155 from a pa-
tient in Canada as a ceftriaxone-resistant and high-
level azithromycin-resistant N. gonorrhoeae strain.
The strain is of ST-16406 (MLST) and contains the
penA-60.001 allele identical to cases previously re-
ported in France, United Kingdom, Austria, and
Cambodia. The patient’s infection was not cured by
cefixime (800 mg) but by a higher dose of ceftriax-
one (500 mg). Consistent with US Centers for Disease
Control and Prevention recommendations (13), Que-
bec has recommended use of ceftriaxone (500 mg) as
first-line treatment since September 2024 (14).

In 2020, guidelines in Europe recommended the
use of ceftriaxone (1 g) as probabilistic treatment for
uncomplicated genital infections (15). The European
Centre for Disease Prevention and Control noted an
increase of antimicrobial resistance in 2022 for N. gon-
orrhoeae (4). Moreover, >6 cases of XDR N. gonorrhoeae
infection have been reported in Europe since 2022.

The surveillance of antimicrobial resistance in N.
gonorrhoeae is crucial in the context of treatment fail-
ure and the dissemination of XDR strains worldwide.
Our isolate was susceptible to ceftriaxone according
to CLSI guidelines but resistant according to EUCAST
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guidelines; we therefore recommend using caution
when interpreting borderline MICs. In Quebec, we
published a directive asking frontline laboratories to
promptly submit all third-generation cephalosporin
borderline MIC isolates to the provincial laboratory
for testing.
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etymologia revisited

The Color Puce

For those with synesthesia, in whom stimulating 1 sensory pathway
gives rise to a subjective sensation of a different character, the word
plague may chromatically resonate with puce. In pre-revolutionary
France, an era of “evocative color nomenclature,” Marie Antoinette’s
reign was precipitating intense criticism. Her countrymen were expe-
riencing severe socioeconomic stress, thus her sartorial self-indulgence
was much resented.

After discovering the Queen wearing a new gown, her husband,
Louis XVI, the King of France, chided her, describing the dress’s unflat-
tering purple-brown hue as “couleur de puce” (color of fleas). This ad-
monishment had the unintended consequence of promoting puce as the
exclusive color worn by the French court. Puce, the French word for flea,
descends from pulex (Latin). Flea droppings leave puce colored “blood-
stains” on bedsheets. The role of fleas, however, as a vector for bubonic
plague was not proven until about 1895.
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Human Infections by Novel
Zoonotic Species Corynebacterium
silvaticum, Germany

Anja Berger,! Alexandra Dangel,! Vyacheslav G. Melnikov,? Katja Bengs,
Thomas Rupp, Hanns-Joerg Mappes, Christian Schneider, Andreas Sing

We report 2 human Corynebacterium silvaticum infec-
tions in Germany with axillary lymphadenitis and abscess
formation; in 1 case the infection likely originated from a
slaughtered wild boar. This recently described member of
the diphtheria toxin gene—bearing C. diphtheriae species
complex might be a new zoonotic pathogen.

Diphtheria is caused by toxigenic Corynebacterium
spp. producing the major pathogenicity factor
diphtheria toxin (DT). DT is encoded on the tox gene
and causes local respiratory or cutaneous symptoms,
as well as systemic neurologic and cardiologic symp-
toms. The 3 potentially DT-producing species are
the mainly human pathogen C. diphtheriae and the 2
zoonotic pathogens C. ulcerans and C. pseudotuberculo-
sis. In recent years, the C. diphtheriae species complex
(CdSC) was expanded, mostly on the basis of genom-
ic data, in some instances supported by biochemical
properties (1). Two closely related species were sep-
arated from C. diphtheriae (i.e., C. belfantii [2] and C.
rouxii [3]), and 2 were separated from C. ulcerans (i.e.,
C. silvaticum [4] and C. ramonii [5], previously known
as lineage 2 of C. ulcerans).

C. silvaticum (formerly C. ulcerans wildlife clus-
ter), was recently described as a novel zoonotic spe-
cies causing caseous lymphadenitis in 33 wild boars
and a roe deer in Germany (4,6). Subsequently, C. sil-
vaticum was identified in a wild boar from Germany
(7) and in a domestic pig from Portugal (8). So far,

all animal isolates from Germany were nontoxigenic
tox-bearing (NTTB) (4,8,9), whereas isolates from Por-
tugal and Austria were found to be either NTTB or
tox-positive, resulting in 2 recently postulated clades
depending on molecular characteristics of the tox gene
(10). Although C. silvaticum is considered a zoonotic
pathogen with the potential to infect humans, no hu-
man infections had been described. In this study, we
report 2 cases of human C. silvaticum infection.

The Study

In case 1, a 37-year-old male butcher sought care for
an indolent tumor in the lateral thorax and the right
axilla that had been present for 3 weeks. A bacteri-
al swab specimen taken during surgical extirpation
grew Corynebacterium sp. after 48 hours in pure cul-
ture; the pathogen was C. ulcerans by matrix-assist-
ed laser desorption/ionization time-of-flight mass
spectrometry (Bruker, https://www.bruker.com).
The strain was sent to the German Consiliary Labo-
ratory for Diphtheria (OberschleiSheim, Germany)
for further analysis. The strain (KL1848) showed an
atypical colony morphology (small waxy white, dis-
crete 3-hemolytic colonies after 48 hours” incubation)
and biochemical reactions: fermentation of glucose,
ribose, and maltose (like C. ulcerans), but no use of
D-xylose, mannitol, lactose, sucrose, or glycogen (like
C. pseudotuberculosis). It was sensitive to clindamycin,
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according to the European Committee on Antimicro-
bial Susceptibility Testing guidelines for C. diphtheriae
and C. ulcerans (https://www.eucast.org/clinical_
breakpoints). The isolate was identified as a NTTB C.
silvaticum strain using previously described methods
(11) (i-e., tox-PCR, an optimized Elek test, a lateral
flow immunoassay and whole-genome sequencing
[WGS] analyses) (Appendix 1, https://wwwnc.cdc.
gov/EID/article/31/7/25-0086-Appl.pdf). The pa-
tient was successfully treated with surgery and cefu-
roxime for 14 days. The patient reported to have re-
cently field-dressed a hunted wild boar that showed
suspicious mesenterial lymph nodes. The patient’s
immunization status was unknown. No secondary
human cases occurred.

In case 2, a 21-year-old man sought care for an
indolent axillary tumor that had been present for 4
weeks. Lymphoma was suspected on the basis of
computed tomography results. The affected lymph
node was removed, revealing a fibrosed soft tissue
with florid purulent abscess formation and chronic

Infections by Novel Zoonotic Species C. silvaticum

granulating histiocyte-rich granulomatous inflamma-
tion. After a few days of incubation, the tissue sample
grew a pure culture of Corynebacterium sp., identified
as C. ulcerans by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (Bruker).
The strain (KL1281) was sent to the German Consil-
iary Laboratory for Diphtheria. The atypical colony
morphology, biochemical reactions, and antimicro-
bial susceptibility were identical to those of strain
KL1848. We identified the isolate as NTTB C. silvati-
cum using the same methods as in case 1. The case 2
patient had a dog and lived in a rural area of northern
Germany. He reported no contact with wild animals.
Vaccination against diphtheria was completed. No
secondary human case was observed.

Average nucleotide identity analysis of WGS as-
semblies compared with public type-strain genomes
of the CdSC classified both isolates with highest con-
cordance as C. silvaticum with identity values >99.9%.
Identity values for the other species were nearly iden-
tical for both strains and clearly below the species

Figure 1. Gene phylogenies of isolates from 2 cases of infection by the novel zoonotic species Corynebacterium silvaticum, Germany
(isolates KL1281 and KL1848), compared with reference sequences from publicly available type strain sequences of C. diphtheriae
complex species and a close relative outgroup (C. kutscheri). A) 16S; B) rpoB. Substitutions per aligned site are indicated above
branches and local supporting values at intersections of branches. Scale bars indicate number of substitutions per site.
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threshold of 94%-96% (12); values were 90.6% for C.
ramonii FRC00117, 90.5% for C. ulcerans NCTC79107,
85.0% for C. pseudotuberculosis ATCC19410%, 74.3%
for C. diphtherine NCTC11397%, 74.1% for C. rouxii
FRC190", and 74.0% for C. belfantii FRC0043".

We constructed gene phylogenies of 165 and
rpoB from the WGS data and compared them with
the respective genes of the CdSC-type strains and
C. kutscheri as an outgroup. The phylogenetic trees
(Figure 1) show a clear assignment to C. silvaticum,
because both isolates share the branch of the C. silvati-
cum-type strain with clear separation from the other
species. Multilocus sequence typing (MLST) analysis
with the C. diphtheriae scheme showed sequence type
(ST) 578, exclusive to C. silvaticum and typically also
found in isolates from wild boar and roe deer in Ger-
many (Appendix 2, https://wwwnc.cdc.gov/EID/
article/31/7/25-0086-App2.xlsx). Evaluation of the
tox gene and an alignment with tox sequences from
Germany, published sequences from Portugal (10)
and a C. diphtheriae tox sequence as reference revealed
the presence of the insertion of 2 guanine residues af-
ter position 44 (Appendix 1 Figure), as found in the
other Germany isolates from wild boar and roe deer,
enabling assignment to C. silvaticum clade 2 (10).

To investigate the clade classification with a more
detailed core genome MLST analysis, we constructed

an ad hoc core genome MLST scheme on the basis of
publicly available C. silvaticum genomes from both
clades (Appendix 1). We generated a minimum-span-
ning tree from 45 genomes, consisting of KL1281,
K1.1848, an additional 35 isolates from animals from
Germany, and the 8 clade 1 genomes from Portugal
(10). The tree layout (Figure 2) and the allelic dis-
tances (Appendix 2xxxxx) clearly affiliate the patient
cases with the cases from clade 2 from Germany,
whereas the genomes from clade 1 from Portugal sit
on another branch and show >500 allelic differences
to clade 2. Thus, the classification by the fox gene is
also supported by a whole-genome context.

Conclusions

C. silvaticum (4) has been suspected to be a possible
zoonotic member of the newly expanded CdSC. Orig-
inally isolated from forest-associated animals such as
wild boars and roe deer, it has also been identified
in a domestic pig. In this study, we report 2 cases of
human infection linked to close animal contact (wild
boar and dog). In case 1, the most probable route of
infection was direct contact with infectious tissue and
possible microtrauma lesions during a slaughter-
ing or animal field-dressing procedure. In case 2, no
close contact to wild animals was reported, although
the patient lived in a rural area and owned a dog.

Figure 2. Minimum-spanning tree of an ad hoc Corynebacterium silvaticum core-genome multilocus sequence typing scheme of 2012
target loci displaying isolates from 2 cases in Germany (KL1281 and KL1848), and reference sequences. Shown are relationships with 35
animal-derived isolates from Germany and 8 isolates from clade 1 from pigs in Portugal. Allelic distances are indicated at connection lines.
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However, C. silvaticum has so far been only identified
in wild forest-dwelling animals and a pig. All cases in
Germany, including the 2 human cases described in
this study, were found to be NTTB and summarized
in a corresponding NTTB clade with a 2-bp insertion
in the fox gene sequence, named clade 2 (10). In con-
trast, in Portugal and Austria, another monophyletic
clade of DT-producing C. silvaticum was reported and
named clade 1 (10).

In conclusion, C. silvaticum should be considered
a zoonotic pathogen with possible animal-to-human
transmission. Therefore, animal sources, especially
wild boar and domestic pigs, should be included
when tracing sources of potentially toxigenic Cory-
nebacterium spp. of the broader C. diphtheriae and the
narrower C. ulcerans complex. C. ulcerans has also
been transmitted from pigs to humans (13,14). With
respect to the known clindamycin resistance in C. ul-
cerans (15), antimicrobial susceptibility testing should
support antibiotic therapy. Suitable precaution mea-
sures should be taken when handling wild boars and
pigs to avoid zoonotic risk for C. ulcerans or C. silvati-
cum infection.
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Detection of Novel Orthobunyavirus
Reassortants in Fatal Neurologic
Case in Horse and Culicoides
Biting Midges, South Africa

Matshepo Elizabeth Rakaki, Miné van der Walt, June Williams, Marietjie Venter

We detected Shuni virus in horses and ovine fetuses
and Shamonda virus in a caprine fetus in South Africa.
We identified a Shuni/Shamonda virus reassortant in
a horse and Shuni/Caimito, Shamonda/Caimito, and
Shamonda/Sango virus reassortants in Culicoides
midges. Continued genomic surveillance will be needed
to detect orthobunyavirus infections in Africa.

he Orthobunyavirus genus, in the family Peribun-

yaviridae, has 18 serogroups; several of those rep-
resent emerging or reemerging viruses of importance
to human and animal health transmitted by mosqui-
toes and Culicoides biting midges (1). Orthobunyavi-
rus genomes have 3 negative single-stranded RNA
segments, small (S), medium (M), and large (L) (2).
Those segments can reassort in nature (3,4), leading
to genetically diverse viruses with altered host ranges
and pathogenicity (3). We characterized the genomes
of orthobunyaviruses detected in animals with neu-
rologic signs and birth defects and in Culicoides biting
midges isolated in South Africa.

The Study

During January 2020-February 2023, samples from
280 equids, 35 ruminants, 53 wildlife species, 6 avians
species, and 7 cats or dogs displaying unexplained
febrile and neurologic signs or sudden unexplained
death were submitted from across South Africa to the
zoonotic arbovirus surveillance program at the Uni-
versity of Pretoria (Pretoria, South Africa). We extract-
ed RNA from blood, serum, plasma, cerebrospinal
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Witwatersrand, Johannesburg, South Africa (M. van der Walt,
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fluid, or tissue samples in a Biosafety Level 3 labo-
ratory by using the QIAamp Viral RNA Mini Kit or
RNeasy Mini Kit (QIAGEN, https://www.qiagen.
com). Wescreened animal samples by using in-house S
segment-specific TagMan real-time reverse transcrip-
tion PCR (RT-PCR) for Orthobunyavirus Simbo sero-
group, as previously described (5). We characterized
the M and L segments of positive samples by using
conventional nested PCR. Primers for the M segment
specifically targeted orthobunyaviruses (6), whereas
L segment primers targeted the Peribunyaviridae
family (7) (Appendix 1 Table 1, https://wwwnc.
cdc.gov/EID/article/31/7/24-1800-Appl.pdf).

A total of 6/381 (1.6%) animals tested positive for
orthobunyaviruses by PCR of the S segment (Table;
Appendix 1 Table 2) (5,8). Sanger sequencing identi-
fied 5/6 (83.3%) viruses as Shuni virus (SHUV); 4/5
(80.0%) infections were fatal. We found SHUV in sam-
ples from 2 aborted ovine fetuses from Mpumalanga
and Northwest Provinces and 3 horses from Gauteng
and the Northern Cape Provinces. An orthobun-
yavirus detected in an aborted goat fetus from the
Western Cape Province was identified as Shamonda
virus (SHAYV) through Sanger sequencing, as previ-
ously described (6). We attempted next-generation
sequencing but were unable to obtain full genomes.

We determined pairwise distances between or-
thobunyavirus sequences and constructed maxi-
mum-likelihood phylogenetic trees by using MEGA
X version 10.2.6 (https://www.megasoftware.net)
(Appendix 2 Tables 1-4, https://wwwnc.cdc.gov/
EID/article/31/7/24-1800-App2.xIsx). ~ We  per-
formed conventional RT-PCR to obtain a larger S seg-
ment fragment (291 bp) and successfully amplified
4 (66.7%) of 6 sequences (Figure 1). The ZRU099/22
(ovine fetus) S segment grouped with SHUV strains
from Israel (97.0%-98.0% identity) (Figure 1). Two
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Table. Orthobunyaviruses identified by PCR and sequencing of S, M, and L segments in samples from mammals and Culicoides biting

midges, South Africa*

Orthobunyavirus RT-PCR

Conventional nested PCR

Sample no. S segment S segment M segment L segment

Mammals
ZRU053/20 Shuni virus IS 1S
ZRUO012/21 Shuni virus Shuni virus Shamonda virus Shamonda virus
ZRU027/21 Shuni virus AF AF
ZRU093/21 Shamonda virus Shamonda virus Shamonda virus Shamonda virus
ZRU019/22 Shuni virus Shuni virus AF
ZRU099/22 Shuni virus Shuni virus Shuni virus

Culicoides biting midges
MAR538 16 Schmallenberg virus Schmallenberg virus Schmallenberg virus Schmallenberg virus
MARO085 13 Sabo virus AF Sabo virus AF
MARO032_12 Sango virus AF Shamonda virus AF
KYA229 16 Shuni virus Shuni virus Shuni virus
GAU272_17 Shamonda virus AF Caimito virus
GAU110_14 Shamonda virus AF Caimito virus
MARO057 13 Shuni virus AF Caimito virus

*AF, amplification failed; IS, insufficient sample; RT-PCR, reverse transcription PCR.

horse samples (ZRU12/22 and ZRU19/22) grouped M segments for 2 (33.3%) of 6 animal samples. Both
with SHUV strains from South Africa (97.0%-100.0% M segments of ZRU(093/21 (6) and ZRU012/21 (de-
identity). The S segment of the aborted goat sample tected in horse brain) clustered with SHAV (Figure
(ZRU93/21) clustered with SHAV (6). We amplified 2); the S segment of ZRU012/21 also clustered with

Figure 1. Phylogenetic analysis
of Orthobunyavirus S segments
in study of reassortants in fatal
neurologic case in horse and
Culicoides biting midges, South
Africa. Tree shows phylogenetic
analysis of positive animal cases
and Culicoides pools for the

S segment of sequences from
South Africa (black dots) relative
to orthobunyavirus reference
strains available in GenBank
within the Simbu serogroup.
Tree was constructed in MEGA X
(https://www.megasoftware.net)
by using the Tamura 3-parameter
model. Bootstrap values from
1,000 replicates are shown at
each node. Pacuvirus genus
was included as an outgroup to
root the tree. Bolded accession
numbers in parentheses indicate
sequences from this study that
were submitted to GenBank.
Scale bar indicates nucleotide
substitutions per site.
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Figure 2. Phylogenetic analysis
of Orthobunyavirus M segments
in study of reassortants in fatal
neurologic case in horse and
Culicoides biting midges, South
Africa. Tree shows phylogenetic
analysis of the positive animal
cases and Culicoides pools for
the M segment of sequences
from South Africa (black dots)
relative to orthobunyavirus
reference strains available in
GenBank within the Simbu
serogroup. Tree was constructed
in MEGA X (https://www.
megasoftware.net) by using

the Hasegawa-Kishino-Yano
model. Bootstrap values from
1,000 replicates are shown at
each node. Pacuvirus genus
was included as an outgroup to
root the tree. Bolded accession
numbers in parentheses indicate
sequences from this study that
were submitted to GenBank.
Scale bar indicates nucleotide
substitutions per site.

SHUV. The M segment of ZRU012/21 had 63.0%-
65.0% identity with SHAV. We amplified L segments
of 3/6 (50.0%) animal samples. Of those, 2 samples
grouped with SHAV, including the aborted goat fe-
tus (ZRU093/21) (6) and horse sample (ZRU012/21)
(Figure 3), suggesting ZRU012/21 is a reassort-
ment of the SHUV S segment and SHAV M and L
segments; the L segment had 96.0%-99.0% identity
with SHAV. The third sample (ZRU099/22) from the
ovine fetus clustered with SHUV and had 96% iden-
tity with strains from Israel and 92% identity with
strains from South Africa.

To determine if reassortants could be identified
in Culicoides midges previously identified as orthobu-
nyavirus positive, we screened pools of midges col-
lected from 6 surveillance sites in Mpumalanga, Lim-
popo, and Gauteng Provinces during 2013-2017 (9).
We performed M and L segment-specific RT-PCR
on RNA from 7 orthobunyavirus S segment-positive
Culicoides pools previously characterized by Sanger
sequencing (Table; Figure 1). We successfully am-
plified the M segment from 3 pooled samples, all
from Marakele National Park in Limpopo Province.
MARB538_16 grouped with the Schmallenberg virus
(SBV) M segment (97.0%-98.0% identity) (Figure 2),
as well as the SBV S segment (9) (Table). MAR085_13,

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025

previously positive for the Sabo virus (SABOV) S
segment, also grouped with the SABOV M segment
(95.0% identity). MAR032_12 grouped with the SHAV
M segment (97.0% identity) but also grouped with the
Sango virus (SANV) S segment, suggesting reassort-
ment. We amplified L segments for 5 pooled Culicoi-
des midge samples: 2 from Marakele National Park
in Limpopo Province, 2 from Boschkop in Pretoria
Province, and 1 from Kyalami in Midrand, Gauteng
Province. KYA299_16 grouped with L segments of
SHUYV strains from South Africa (97.0% identity) (Fig-
ure 3) and SHUV S segments. MAR538_16 grouped
with SBV L segments (97.0%-98.0% identity) and
both S and M segments. GAU272_17 and GAU110_14
grouped with the Caimito virus (CAIV) L segment
(61.0% identity); however, both grouped with SHAV
S segments, suggesting a possible reassortment.
MARO057_13 also grouped with the CAIV L segment
(59.0% identity) (Figure 3) but grouped with SHUV S
segments, suggesting another possible reassortment.
We summarized the orthobunyavirus-positive cases
tested in this study (Table). We deposited sequences
in GenBank (accession numbers in Figures 1-3).
SHUV has been circulating in South Africa in
both Culicoides midge and mosquito vectors and has
been detected in wildlife, ruminants, horses, birds,
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Figure 3. Phylogenetic analysis
of Orthobunyavirus L segments
in study of reassortants in fatal
neurologic case in horse and
Culicoides biting midges, South
Africa. Tree shows phylogenetic
analysis of the positive animal
cases and Culicoides pools for
the L segment of sequences
from South Africa (black dots)
relative to orthobunyavirus
reference strains available in
GenBank within the Simbu
serogroup. Tree was constructed
in MEGA X (https://www.
megasoftware.net) by using the
Tamura-Nei model. Bootstrap
values from 1,000 replicates

are shown at each node.
Pacuvirus genus was included
as an outgroup to root the tree.
Bolded accession numbers in
parentheses indicate sequences
from this study that were
submitted to GenBank. Scale bar
indicates nucleotide substitutions
per site.

and, more recently, in humans (5,8-12). SHAV was
first detected in Culicoides biting midges in Gauteng
Province of South Africa in 2017 and in an aborted
goat fetus from the Western Cape in 2021 (6,9). SHUV
was detected in 3 horses with neurologic signs, 2 from
Gauteng and 2 from the Western Cape during 2020-
2022. One of the 2 fatal cases was caused by a novel
SHUV/SHAV reassortment. SHUV was also detected
in 2 aborted ovine fetuses. Abortions associated with
SHUV have been described in ruminants in Israel.
We previously reported SHUV in cerebrospinal fluid
from a 13-day-old, hospitalized infant with hydrops
fetalis in Gauteng Province (12), suggesting SHUV
might be a risk factor for birth defects in humans.
SHUYV, SHAV, and SBV, as well as reassortants, were
detected in animals and Culicoides midges in this
study. Therefore, orthobunyavirus infections should
be considered a possible causes of birth defects in hu-
mans and animals in Africa.

Reassortments might alter pathogenesis, which
has been observed for Ngari virus (13,14). Reassor-
tants were detected in Culicoides midges collected
in Gauteng and Limpopo Provinces; 2 were SHAV/
CAlV, 1 SHUV/CAIV, and 1 SANV/SHAV reassor-
tants. SANV was previously detected in a springbok

1458

that displayed neurologic signs in Mpumalanga Prov-
ince in South Africa (5). Little is known about CAIV,
which belongs to the genus Pacuvirus isolated in Bra-
zil from rodents and sandflies (15). The M segment of
orthobunyaviruses detected in South Africa had only
61% identity to CAIV viruses from South America,
suggesting different virus species within that genus.

The first limitation of our study is that full ge-
nome sequencing was not successful for mammal and
Culicoides samples, likely because of low RNA levels.
We were also unable to reamplify all samples, sug-
gesting RNA degradation in older samples.

Conclusions

Co-circulation of several orthobunyaviruses in Africa
might give rise to novel reassortants with altered host
range, tissue tropism, and pathogenesis. Reassortants
might be missed without characterization of all 3 vi-
rus segments. A SHUV/SHAV reassortant described
in this study was associated with severe neurologic
infection and death in a horse, and SHUV and SHAV
were both associated with abortions in ruminants.
Several orthobunyaviruses were detected in Culicoi-
des midges, including variants clustering with SBV
and reassortants involving SHUV, SHAV, SANV, and
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a CAIV-like virus. Continued One Health genomic
surveillance will be needed to detect those and other
orthobunyaviruses to determine risks for infections in
animals and humans in Africa and elsewhere.
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Outbreak of Ceftriaxone-Resistant
Salmonella enterica Serovar Typhi,
Bangladesh, 2024

Yogesh Hooda, Arif Mohammad Tanmoy, Sudipta Deb Nath, Anannya Barman Jui, Al Amin,
Hafizur Rahman, Neoyman Nasir Shorkar, Naito Kanon, Md Asadur Rahman, Denise O. Garrett,
Mohammad Shabhidul Islam, ASM Nawshad Uddin Ahmed, Samir K. Saha, Senjuti Saha

We report an outbreak of ceftriaxone-resistant Salmo-
nella enterica serovar Typhi in Bangladesh; 47 cases
were identified during April-September 2024. Iso-
lates belonged to genotype 4.3.1.2 and harbored the
bla ., .15 gene on the pPCROB1 plasmid. This genotype-
plasmid lineage represents a recent introduction, calling
for strengthened surveillance, antimicrobial stewardship,
and vaccination strategies.

S almonella enterica serovar Typhi, which causes
typhoid fever, remains a major public health
concern, particularly in South Asia, which accounts
for 70% of global cases (1). Reports of drug-resis-
tant Salmonella Typhi have increased in recent de-
cades. Of particular concern are strains resistant
to ceftriaxone, azithromycin, or both (2). In 2016,
researchers identified an outbreak of extensively
drug-resistant Salmonella Typhi in Pakistan (3), in
which strains showed resistance to chlorampheni-
col, ampicillin, trimethoprim/sulfamethoxazole,
fluoroquinolones, and third-generation cephalo-
sporins (3). Additional reports noted sporadic cas-
es of independently acquired ceftriaxone-resistant
Salmonella Typhi from Bangladesh (4), India (5),
and the United Kingdom (6). Routine use of ceftri-
axone as empirical therapy in South Asia creates
selective pressure, heightening the need for public
health vigilance to prevent the spread of resistant
Salmonella Typhi (2).
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In Bangladesh, Salmonella Typhi is the most
common cause of bloodstream infections in children
>2 months of age; Dhaka, the capital city, is the pri-
mary focus of surveillance initiatives (7). To broaden
the scope of surveillance and monitor the burden of
disease and associated antibiotic drug susceptibil-
ity patterns nationwide, we began expanding our
surveillance network in January 2023 to include
clinics affiliated with Popular Diagnostic Centre
Ltd (PDCL), a large, Bangladesh-based diagnostic
services provider organization. As of May 2024, the
network encompassed 20 clinics across 11 districts,
including 10 in Dhaka (Figure 1, panel A). Leverag-
ing this expanded passive surveillance for typhoid
fever, we report data from January 2023-September
2024, describing the emergence, spread, and genom-
ic epidemiology of a ceftriaxone-resistant clone of
Salmonella Typhi in Bangladesh.

The Study
PDCL clinics are outpatient facilities that perform
physician-prescribed blood cultures for patients. If
a blood culture yields Salmonella Typhi, technicians
transport the isolate to the Child Health Research
Foundation (CHRF, https://chrfbd.org) laboratory
for serovar confirmation and antibiotic drug suscep-
tibility testing against ampicillin, cefixime, ceftazi-
dime, ceftriaxone, meropenem, chloramphenicol,
trimethoprim/sulfamethoxazole, ciprofloxacin, and
azithromycin. Those processes follow established
methodologies, including biochemical and slide-ag-
glutination tests (Salmonella-agglutinating antiserum;
Thermo Fisher Scientific, https://www. thermo-
fisher.com) and Clinical and Laboratory Standards
Institute-guided Kirby-Bauer disc diffusion methods
(Oxoid; Thermo Fisher Scientific) (8).

We identified the first ceftriaxone-resistant Salmo-
nella Typhiisolate on April 27,2024, at the PDCL clinic
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Figure 1. Overview of study of an
outbreak of ceftriaxone-resistant
Salmonella enterica serovar Typhi
in Bangladesh, 2024. A) Locations
of the 20 study clinics across 11
districts of Bangladesh (blue dots).
White indicates districts where

the study clinics are located are
shown in white; gray indicates
districts not included in this study.
B) Geographic distribution of CefR
Salmonella Typhi isolates across
Bangladesh. The size of each

red dot represents the number of
isolates per district. C) Timeline

of the surveillance network,
showing the inclusion of clinics
(text labels) and the total number
of Salmonella Typhi isolates

and CefR isolates detected.

Our surveillance efforts began

in January 2023 with 3 clinics in
Dhaka; more clinics in various
locations across Bangladesh were
added through May 2024. CefR,
ceftriaxone-resistant.

in Narayanganj, a city 30 km from Dhaka, which
was added to our surveillance network in February
2024. Subsequent monthly detection of ceftriaxone-
resistant strains continued through the study period,
culminating in 47 cases by September 2024. Of those,
41 cases were from Narayanganj and 6 were from
other districts (Figure 1, panel B). The isolation rate of
ceftriaxone-resistant Salmonella Typhi increased from
0% to 5% of all isolates during March 2024-Septem-
ber 2024 (Figure 1, panel C). All 47 isolates were resis-
tant to amoxicillin and ceftriaxone, nonsusceptible to
fluoroquinolones, but sensitive to chloramphenicol,
trimethoprim/sulfamethoxazole, azithromycin, and
meropenem (Table).

To investigate the basis of ceftriaxone resistance,
we performed whole-genome sequencing on 17 of
the 47 resistant Salmonella Typhi isolates (Appendix,
https:/ /wwwnc.cdc.gov/EID/31/7/24-1987-App1.
pdf). Those isolates included 14 from Narayanganj
and 1 each from Barishal, Mymensingh, and Rang-

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025

pur. We prepared genomic libraries using the New
England Biolabs DNA library preparation kit (New
England Biolabs, https://www.neb.com) and se-
quenced on a NextSeq2000 platform (2 x 150 bp). We
performed genome assembly using Unicycler v0.5.1
(9) and analyzed raw fastq files with Mykrobe v0.13.0
(D.J. Ingle et al., unpub. data, https://www.biorxiv.
org/content/10.1101/2024.09.30.613582v1).

We classified all 17 ceftriaxone-resistant genomes
as genotype 4.3.1.2, noting that ceftriaxone resistance
was conferred by the bla_,, ., gene, which showed
100% sequence identity with the gene found in exten-
sively drug-resistant Salmonella Typhi strains from
Pakistan (genotype 4.3.1.1.P1) (3). We performed
phylogenetic analysis using Bowtie2, Samtools, Gub-
bins, and RAXML, following the pipeline described
previously (10).

We identified an IncY plasmid in all 17 sequenced
strains, which we further characterized using
plasmidSPAdes v3.15.5 (11). We generated the longest
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plasmid sequence of 103.9 kbp from isolate STY_0313.
This IncY plasmid, referred to as pCROBI, carried the
bla.., .5 gene and encoded a phage element (Figure 2).
Public Health England previously identified a similar
phage-plasmid associated with genotype 4.3.1.1 among
travel-related typhoid cases from Iraq (6), suggesting a
unique genotype-plasmid lineage underpinning the on-
going outbreak in Bangladesh.

Genotype 4.3.1.2 is rarely identified in Bangla-
desh and accounted for only 0.5% (7/1,356) of all
Salmonella Typhi whole-genome sequences available
for 1999-2018 (13). The genotype is more commonly

Table. Clinical, demographic, and epidemiologic features of
patients with ceftriaxone-resistant Salmonella enterica serovar
Typhi 4.3.1.2.B1 infections based on data from an outbreak in
Bangladesh, 2024

No. (%)
Characteristic patients, n = 21
Sex
M 15 (72)
F 6 (28)
Age,y
1-5 7(33)
6-10 3(14)
11-15 4(19)
16-20 3(14)
21-25 2 (10)
>25 2 (10)
Clinical characteristics
Fever 21 (100)
Headache 11 (52)
Cough 10 (47)
Abdominal pain 11 (52)
Breathing difficulty 3(14)
VVomiting 7 (33)
Diarrhea 6 (28)
Jaundice* 1(5)
Nausea 2 (10)
Anorexia 2 (10)
Treatment outcome
Recovered 21 (100)
Treatment location
Outpatient department 14 (67)
Inpatient department 7 (33)
Initial antibiotic received
Third-generation cephalosporin 12 (57)
Cefixime 7 (30)
Ceftriaxone 4 (19)
Ceftibuten 1(5)
Second-generation cephalosporin: 1(5)
cefuroxime
Azithromycin 4 (19)
Ciprofloxacin 1(5)
Ciprofloxacin + azithromycin 1(5)
Tazobactam/piperacillin 1(5)
Unknown 1(5
Second antibiotic received
Third-generation cephalosporin: ceftriaxone 2 (10)
Meropenem 5 (24)
Azithromycin 1(5)
Amoxicillin/clavulanic acid, amikacin 1(5)
Ttrimethoprim/sulfamethoxazole 1(5)
Unknown 1(5)

*Participant had concomitant hepatitis A virus infection.
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found in India and Nepal (Figure 3). To investigate
the phylogenetic context of genotype 4.3.1.2, we
constructed a tree using global database sequences
from genotype 4.3.1 and its subtypes, with a focus
on 4.3.1.2 and its sublineages (Appendix). We found
that the recent ceftriaxone-resistant isolates from
Bangladesh are closely related to strains from India
and Nepal, rather than to earlier 4.3.1.2 genotypes
from Bangladesh (Figure 3). However, our research
showed no strains from India or Nepal were report-
ed to be ceftriaxone resistant or to carry the pCROB1
plasmid. We propose naming this distinct subclade
lineage 4.3.1.2.B1. Although researchers have report-
ed ceftriaxone resistance in genotype 4.3.1.2 strains
from India (5), the molecular basis of resistance in
lineage 4.3.1.2.B1 differs, suggesting an independent
acquisition of the ceftriaxone-encoding phage-plas-
mid by this genotype.

To better understand the progression of disease
in patients with ceftriaxone-resistant typhoid, we se-
lected 35 cases (identified through August 31, 2024)
for telephone interviews, successfully completing 21
(60%). Most (65%, 13/21) patients initially received
either second-generation (cefuroxime 5%, 1/21) or
third-generation (57%, 12/21; including cefixime
[30%, 7/21], ceftriaxone [19%, 4/21], and ceftibuten
[5%, 1/21]) cephalosporins. Forty-six percent (6/13)
of patients switched to meropenem (23%, 3/13),
azithromycin (8%, 1/13), or trimethoprim/sulfa-
methoxazole (8%, 1/13). One patient could not recall
the second antibiotic used. All patients recovered;
average illness duration was 19 (range 12-28) days.
No patients reported travel outside Bangladesh, sug-
gesting local circulation of this strain. Three cases oc-
curred outside Narayanganj, the initial outbreak site;
2 patients had no travel history to Narayanganj with-
in 15 days of illness onset, indicating potential spread
to other districts.

Conclusions

Our detection of a unique genotype-plasmid lin-
eage—4.3.1.2.B1, carrying the bla_., ,, .. gene on the
pCROB1 plasmid —associated with an outbreak of
ceftriaxone-resistant Salmonella Typhi in Bangladesh
represents a concerning development because of
the strain’s potential for regional and international
spread (2). Given the observed local spread of this
lineage, healthcare systems may need to prepare for a
shift back to older antibiotics, such as trimethoprim/
sulfamethoxazole and chloramphenicol. Of note,
4.3.1.2.B1 strains remain sensitive to those drugs, in-
dicating that first-line antibiotic drugs may serve as
viable alternatives to azithromycin and meropenem.
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Figure 2. Annotated map of plasmid pCROB1 from study of an outbreak of ceftriaxone-resistant Salmonella enterica serovar
Typhi, Bangladesh, 2024. pCROB1 harbors the bla,, ,, ,s 9ene and includes an intact phage element, as annotated using
PHASTEST (12). Tracks around the plasmid map highlight GC content and predicted ORFs. GC, guanine and cytosine

nucleotides; OFR, open reading frame.

Seven patients in this study received third-generation
cephalosporins and recovered from fever; however,
we did not follow those cases to investigate relapse
rates and other complications that could result from
improper antibiotic use.

Our investigation of a unique strain of ceftriax-
one-resistant Salmonella Typhi emerging in Bangla-
desh underscores the role of widespread ceftriaxone
use in selecting for antimicrobial-resistant strains of
typhoid fever. The outbreak was detected in April
2024, but the clone could have been circulating in
Narayanganj before detection in our surveillance
network. Because ceftriaxone remains a cornerstone
of empirical treatment for typhoid, its declining ef-
ficacy is of great public health concern. Public health
efforts should focus on bolstering antimicrobial

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025

stewardship and public education on appropriate
antibiotic drug use, strengthening surveillance sys-
tems, and implementing and promoting immuniza-
tion with typhoid conjugate vaccines to curb further
spread of resistant strains.

This article was preprinted at https:/ /www.medrxiv.org/
content/10.1101/2024.12.24.24319600v1.
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Figure 3. Phylogenetic tree of Salmonella Typhi genotype 4.3.1, including the 17 CefR 4.3.1.2.B1 strains detected in findings

from a study of an outbreak of CefR S. enterica serovar Typhi, Bangladesh, 2024. A) Phylogenetic tree of 546 genomes belonging

to genotype 4.3.1 and its subtypes. CefR strains sequenced in our study belong to genotype 4.3.1 and are highlighted in yellow.

Tree was built following a pipeline described earlier (10) and displays different CefR genes, countries of isolation, and associated
plasmid elements. For context, 529 genomes from genotype 4.3.1 and its subtypes were also included. Of those, 249 (10%) were
randomly selected from 2,567 genomes (genotype 4.3.1.2 and subtypes) available on Pathogenwatch by genotype, year, and country
(accessions available for 2,542; accessed on 14 July 2024), and 280 were from previous studies conducted in Bangladesh, India,
and Pakistan (14). B) Zoomed-in view of the subclade containing the CefR strains from our study in Bangladesh. Scale bars indicate

mean nucleotide substitutions per site. CefR, ceftriaxone-resistant.
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better days ahead.
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Plasmodium falciparum strains lacking P. falciparum
histidine-rich protein 2 (PfHRP2) and PfHRP3 threaten
malaria rapid test reliability. We show that pfhrp2/pfhrp3—
deleted parasites circulated in Ethiopia as early as 2009,
before widespread PfHRP2-based rapid test use, and
had high pfhrp3 deletion prevalence. Monitoring of pfhrp2
and of pfhrp3 deletions is needed.

RESEARCH LETTERS

alaria caused by Plasmodium falciparum re-

mains a major health problem. In 2023, an es-
timated 263 million cases and 597,000 deaths were
seen worldwide; most were in Africa. Introduction
of rapid diagnostic tests (RDTs) has substantially in-
creased malaria diagnosis and malaria control. P. fal-
ciparum histidine-rich protein 2 (PfHRP2)-detecting
RDTs rely on monoclonal antibodies raised against
PfHRP2. Those monoclonal antibodies cross-detect
PfHRP3 because of shared amino acid repeats.

The development of malaria RDTs began in the
early 1990s; however, it was not until 2008 that qual-
ity-controlled and reliable RDTs became available.
The World Health Organization policy shift in 2010
to a test-and-treat strategy boosted widespread use
of RDTs, and RDT sales increased to >415 million in
2022 (1). In 2010 in the Amazon region of Peru, re-
searchers identified the first P. falciparum strains that
lacked the pfhrp2 gene (and pfhrp3 gene) and caused
false-negative PfHRP2 RDT results (2). Subsequent
studies identified pfhrp2 gene-deleted and pfhrp3
gene-deleted parasites in other malaria-endemic re-
gions; the highest frequencies were reported in the
Amazon region in South America and parts of East
Africa, including Ethiopia (3). The high frequency of
gene deletions in countries in East Africa has already
led to a policy switch toward non-PfHRP2 RDTs in
Eritrea, Djibouti, and, in 2022, Ethiopia (4), despite
the lack of reliable alternative RDT types.

We suspected that treatment guided by PfHRP2-
based RDTs selects for PfHRP2 test-negative para-
sites that can be further transmitted and spread (3).
In the Amazon region of Peru, where the first pfhrp2-
deleted and pfhrp3-deleted parasites were found,
PfHRP2-based RDTs were not in common use (2).

Figure. pfhrp2 and pfhrp3

Nested PCR positive, n = 89

Plasmodium falciparum—

deletion frequency in genomic
deletion of PfHRP2 and PfHRP3
antigens in Plasmodium

|

falciparum strains, Ethiopia,

| 2009. P. falciparum—positive

Negative,

4-plex qPCR (pfcytb) n =12 (13.5%)

Positive,
n=77 (86.5%)

samples from 89 persons,
previously identified by species-
specific PCR were analyzed by

| 4-plex gPCR for the presence of

| P. falciparum by pfcytb to confirm

: e DNA quality and quantity by
Negative, Positive, . .
4-plexgPCR (pfBtub) _ _ amplification of the single copy
n=3(3.9%) n =74 (96.1%) gene pfBtub and then for deletion
| of pfhrp2 and pfhrp3. pfeytb, P.
l | | falciparum cytochrome b; pfBtub,
P. falciparum B-tubulin; pfhrp, P.
pfhrp2-/pfhrp3,| | pfarp2*/pfarp3-,| | pfhro2-/pfhrp37,|  falciparum histidine-rich protein;
4-plex qPCR (pfhrp2/pfhrp3) n=0(0%) n =21 (28.4%) n=2(2.7%) gPCR, quantitative PCR.
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Table. Study population and pfhrp2 and pfhrp3 deletion outcomes per study region in genomic deletion of PfHRP2 and PfHRP3 in

Plasmodium falciparum strains, Ethiopia, 2009*

No. samples Patient median _ Patient sex, %  pfeytb*/pfBtub*,  pfhrp2tipfhrp3-,  pfharp2ipfhrp3*, pfhrp2-pfhrp3,
Study sites  analyzed age, y (range) F M no. no. (%)t no. (%)t no. (%)t
Jimma 66 18 (1-73) 46 54 63 19 (30.2) 0 (0) 2(3.2)
Harar 23 25 (6-60) 30 70 11 2(18.2) 0 (0) 0 (0)
Total 89 21 (1-73) 38 62 74 21 (28.4) 0(0) 2(2.7)

*pfBtub, P. falciparum B-tubulin; pfcytb: P. falciparum cytochrome b; PfHRP, P. falciparum histidine-rich protein.
tPercentages were calculated by using the total number of eligible samples (pfcytb*/pfbtub*) from each site as denominator.

To shed light on the multifactorial forces driving
the spread of parasites with gene deletions, we ret-
rospectively analyzed samples collected in Ethiopia
in 2009, which was a time when PfHRP2-based RDTs
were not yet used globally. We obtained the samples
from eastern and southwestern regions of the country
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/31/7/24-1676-Appl.pdf).

We used 4-plex quantitative PCR (qPCR) analysis
on 89 samples that had already tested positive for P.
falciparum monoinfection by using species-specific PCR
as previously reported (5) and that were available in
sufficient quantities for testing (6) (Appendix); 74 were
quality confirmed. Of those 74 samples, 2 (2.7%) were

negative for pfhrp2 and pfhrp3 (pfhrp2-/ pfhrp3°) (Figure).
We did not detect any pfhrp2 single deletions (pfhrp2-/

pfhirp3*), but 21 samples (28.4%) lacked pfhirp3 (pfhrp2*/
pfhrp37). Because sample size was limited, we were
unable to analyze regional differences. Most (63/74)
samples were from the southwestern (Jimma) region,
where >90% of the deletions were found (Table).
PfHRP2 RDTs were not performed on the sample set.

To further profile the pfirp3 gene locus in the 23
samples lacking pfhrp3 (targeting the 5' end of pfhrp3
exon 2), we reassessed the samples by using a modi-
fied 4-plex qPCR that targets the 3' region of pfhrp3
exon 2 (7) (Appendix Figure 2). Of 21 analyzed samples
(2 samples had insufficient material), 7 samples were
positive for pfhrp3 (Appendix Table 1). We profiled 5
of those samples (2 samples lacked material) by PCR
(primer pairs 3, 4, and 5) that spanned various regions
within the pflirp3 locus. All 5 samples had a pflirp3 gene
deletion (Appendix Table 2, Figure 2). We therefore rec-
ommend continued use of unmodified 4-plex qPCR (6).

Studies of pfirp2 and pfhrp3 deletions in the P. fal-
ciparum population in Africa with a sufficiently large
sample size are lacking (8). Before intensive use of Pf-
HRP2-based RDTs, parasites with pfhrp2 deletions were
already present but at very low frequencies and only in
association with pfhrp3 deletions. In contrast, the per-
centage (28%) of pfhrp3-deleted parasites was surpris-
ingly high and agrees with multiple studies from Ethio-
pia conducted since 2015 (Appendix Table 3).

Our data clarify the emergence and spread of
PfHRP2 diagnostic-resistant parasites, supporting
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Feleke et al. (3). Frequently occurring pfhrp3 dele-
tions might favor selection and spread of occasion-
ally occurring pfhrp2 deletions under the selective
pressure of intensive use of PfHRP2 RDTs followed
by antimalarial treatment. Studies published in 2020
and 2021 identified a major role of PfHRP3 in the ac-
curacy of PfHRP2 RDTs, particularly at low parasit-
emia, where cross-binding can mask pfhrp2 deletions
and result in a positive test (9,10). In contrast, absence
of PfHRP3 in pfhrp2-deleted strains results in a false-
negative RDT and ultimately leads to positive selec-
tion of pfhrp2-deleted P. falciparum. Those results are
particularly relevant in areas of low transmission and
with extensive use of PfHRP2 RDTs and antimalarial
treatment (3; O.]. Watson et al., unpub. data, http://
medrxiv.org/lookup/doi/10.1101/2023.10.21.2329
7352). The frequency of pfhrp2 and pfhrp3 deletions
is much lower in West and Central Africa countries
that have a high transmission rate (O.]. Watson et al.,
unpub. data).

Use of different molecular tests provided valu-
able insights into the challenges of deletion detection
and nature of pflirp3 gene deletion. We confirmed
4-plex qPCR results by using 3 PCRs with commonly
used primers and highlight that outcomes might vary
depending on the assays applied. pfhirp3 deletions
might contribute to the spread of pfhirp2-deleted P.
falciparum and should be routinely monitored along
with pfhrp2 in deletion surveillance studies.
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Highly pathogenic avian influenza causes substantial
poultry losses and zoonotic concerns globally. Duck
vaccination against highly pathogenic avian influenza
began in France in October 2023. Our assessment pre-
dicted that 314-756 outbreaks were averted in 2023—
2024, representing a 96%—99% reduction in epizootic
size, likely attributable to vaccination.

Highly pathogenic avian influenza (HPAI) H5 vi-
ruses of clade 2.3.4.4b continue to affect diverse
regions and species worldwide. Since 2020, this ongo-
ing panzootic has reached unprecedented scale, caus-
ing the death or culling of >130 million poultry across
67 countries, substantially threatening food security
(1). Mass mortality in wild birds and spillover to >48
mammal species across 26 countries have raised con-
servation and zoonotic concerns (2).

Although most countries rely on poultry depop-
ulation and movement restrictions to control HPAI,
France recently implemented preventive vaccination
(3). Since October 2023, domestic ducks in the pro-
duction stage are vaccinated with the Volvac B.E.S.T.
AI+ND vaccine (Boehringer Ingelheim, https://
www.boehringer-ingelheim.com), administered at
10 and 28 days, and, in high-risk zones and during
winter, a third dose at 56 days (4). In May 2024, the
campaign expanded to include the RESPONS Al H5
vaccine (Ceva Animal Health, https://www.ceva.
us). Vaccinating breeder ducks remains optional. As
of July 1, 2024, >35 million ducks had received 2 doses
and 1.5 million had received 3 doses (4).

In 2023-2024, only 10 HPAI H5 poultry outbreaks
were reported, substantially reduced from 1,374 in
2021-2022 and 396 in 2022-2023 (Figure, panels A, B).
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Those 10 outbreaks (6 in turkeys, 3 in ducks, and 1
in chickens) were attributed to >4 primary introduc-
tions. The infected duck farms shared similar viruses,
supporting lateral transmission: 2 occurred in vacci-
nated flocks with suboptimal immune protection or
early virus exposure, and 1 occurred in an unvacci-
nated breeder flock (5). In contrast, outbreaks contin-
ued in nonvaccinating countries in Europe. Despite
encouraging results, the extent to which vaccination
contributed to this reduction remains unclear.

We compared the reduction in outbreaks to
what would have been expected based on historical
outbreak patterns and external infection pressure
and considered potential explanations. We extract-
ed HPAI H5 clade 2.3.4.4b detection data in Europe
(2016-2024) from the EMPRES Global Animal Dis-
ease Information System (https://empres-i.apps.
fao.org). For each epidemiologic year (September
1-August 31), we retrieved poultry outbreak num-

RESEARCH LETTERS

bers in France. We defined candidate predictors us-
ing poultry outbreak and wild bird case numbers
from neighboring countries as proxies for external
infection pressure, supported by phylogenetic links
between circulating viruses in those regions (6,7).
Predictors combined time windows (1-3 months be-
fore the first poultry outbreak in France) and regions
(region 1 [Norway, Sweden, Finland]; region 2 [Ger-
many, Denmark, The Netherlands, Belgium]; region
3 [United Kingdom, Ireland]; region 4 [Bulgaria,
Romania, Hungary, Poland, Czech Republic]) (Ap-
pendix Table 1, Figure 1, https:/ /wwwnc.cdc.gov/
EID/article/31/7/24-1445-Appl.pdf). We assumed
consistent surveillance across years, likely valid for
poultry because of standardized programs in Eu-
rope but less certain for wild birds given the oppor-
tunistic nature of passive surveillance. Using quasi-
Poisson univariate regressions, we identified the
predictor most statistically associated with yearly

Figure. Distribution of and predicted numbers of HPAI H5 cases in study of promising effects of duck vaccination against HPAI, France,
2023-2024. A) Temporal distribution of HPAI H5 clade 2.3.4.4b poultry outbreaks in France. Red vertical line indicates start of duck
vaccination campaign (October 1, 2023). B) Temporal distribution of HPAI H5 clade 2.3.4.4b wild bird cases in France. C) Predicted
number of HPAI H5 poultry farm outbreaks in France as a function of the predictor variable: number of HPAI H5 wild bird cases in region
1 (Norway, Sweden, Finland). Black dots represent observed number of outbreaks in France in 2016—-2023. D) Predicted and observed
number of HPAI H5 poultry farm outbreaks in France and in heavily affected, nonvaccinating countries in Europe in 2023-2024. Orange
stars represent observed numbers; error bars represent 95% prediction intervals. HPAI, highly pathogenic avian influenza.
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outbreak numbers in France during the prevaccina-
tion period 2016-2023 (p<0.05, pseudo-R?>0.80). We
then used the 2023-2024 value of that predictor to
predict the expected number of outbreaks in France,
assuming no changes in mitigation strategies. To
validate the method, we applied the same approach
to heavily affected and nonvaccinating countries in
Europe (Appendix Table 2, Figure 2).

The best predictor of the number of poultry
outbreaks in France was the number of wild bird
cases in region 1 a month before the first out-
break. That association does not imply direct cau-
sation but likely reflects infection pressure and
spillover risk. Using this variable, the model pre-
dicted 487 (95% CIl 314-756) outbreaks in France
in 2023-2024 (Figure, panel C), greatly exceeding
the 10 observed (96%-99% reduction). By contrast,
predictions for other countries closely matched
observed numbers, supporting model validity
(Figure, panel D). Outbreak numbers in Germa-
ny were near the lower prediction bound, pos-
sibly reflecting improved biosecurity or changes
in poultry population dynamics, which remain to
be investigated.

Our findings suggest the reduction in France’s
outbreak numbers in 2023-2024 likely resulted from
vaccination, an intervention absent in other coun-
tries in Europe. Although general declines in wild
bird cases might have reduced environmental con-
tamination (1), that alone cannot explain the dis-
crepancy in France, because such a trend would be
expected elsewhere in Europe (Appendix Figure 1).
Moreover, the number of primary virus introduc-
tions in France in 2023-2024 (n = 4) remained within
the same range as in previous waves (8,9). Although
the duck population declined in 2020-2022 because
of previous outbreaks, it increased in 2023 (5), rul-
ing out reduced duck population as an explanation.
Assuming farm biosecurity and other measures
(e.g., movement restrictions and indoor confine-
ment) remained unchanged, vaccination appears
the most likely driver of the reduction. Whether
duck vaccination might have indirectly protected
unvaccinated poultry or other factors (e.g., changes
in virus virulence) contributed remain to be inves-
tigated (5). Given differences in poultry sectors be-
tween countries, the vaccination strategy used in
France, if applied elsewhere, might not yield simi-
lar outcomes. Further modeling of vaccination cov-
erage is needed to better quantify its direct effects.
However, the potential of vaccination to reduce
HPAI incidence and protect both animal and public
health warrants consideration.
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Norovirus GIl.17 outbreaks in the United States in-
creased from <10% during the 2022—-23 season to 75%
during the 2024-25 season, surpassing the number of
Gll.4 outbreaks. The norovirus season also started ear-
lier in 202425 than in previous seasons. Continued
norovirus surveillance is needed to detect and monitor
emerging strains.

orovirus is the leading cause of acute gastroen-

teritis outbreaks in the United States (1). Genet-
ically, noroviruses are classified into 10 genogroups
(GI-GX) and further into 48 genotypes and 60 P-
types (2). Most outbreaks are caused by genogroup
GI and GII viruses. During 2011-2024, GII.4 viruses
have caused >50% of US outbreaks each season (de-
fined as September 1 of one year through August 31
of the next) (3).
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Laboratory surveillance of norovirus in the Unit-
ed States is conducted through CaliciNet, a network
of public health laboratories from local, state, and
federal agencies (4). As previously reported (5), sev-
eral countries, including the United States, observed
an increase in GII.17 cases and outbreaks during the
2023-24 season. Initially, GI1.17 outbreaks in the Unit-
ed States remained below GII.4 outbreak numbers.
We present an updated analysis on the increase of
GIIL.17 outbreaks since September 2022.

We analyzed the genotype distribution of out-
breaks uploaded to CaliciNet during September
2022-April 2025. We grouped genotypes into 3 cat-
egories: GII.17, GIL4 (including GII.4 Sydney, GIL.4
San Francisco, and GIL.4 Wichita), and other geno-
types (all other GI and GII genotypes). Complete
GIL17 genome sequences for 2022-2024 have been
reported previously (5), and strains representing the
2024-25 season are available from GenBank (acces-
sion nos. PV588655-8 and PV588796-7).

During the 2022-23 season, GII.17 accounted for
7.5% and GII.4 for 48.9% of all outbreaks (Figure 1).
The next season (2023-24), the percentage of GII.17
outbreaks increased to 34.3%, whereas GII.4 out-
breaks declined to 27.7% (Figure 1). By the 2024-25
season, GII.17 outbreaks had increased markedly to
75.4%, whereas GII.4 outbreaks further decreased
to 10.7% (Figure 1). In addition, during 2022-23 and
2023-24, seasonality was primarily driven by GIL4
viruses, showing peak activity in February 2023 and
March 2024, whereas during the 2024-25 season, nor-
ovirus peaked in January 2025 (Figure 2).

In April 2024, the percentage of GIL17 out-
breaks increased to 47.4%, overtaking GIL4 out-
breaks (23.7%), and from May 2024 through March
2025, GII1.17 accounted for >50% of all outbreaks each
month (Figure 2). During September-December of
the 2024-25 season, GII.17 accounted for 46.3% of
all outbreaks, compared with 13.4% in 2022-23 and
17.1% in 2023-24 during the same 4-month period.
We observed no regional differences in distribution
of GII.4 and GII.17 outbreaks.

Our data highlight a substantial shift in genotype
distribution of norovirus outbreaks in the United
States from 2022 to 2025, with GII.17 emerging as the
predominant genotype. That shift coincides with a
notable decline in GII.4, which has traditionally been
the leading cause of US outbreaks. In 2014, several
countries in Asia reported a GII.17 strain that com-
pletely replaced GII.4 Sydney (6). That strain was also
detected in several countries in Europe and the Unit-
ed States (6-8), but in 2016, GII.4 viruses rebounded
across the globe and became predominant again (4,9).
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Figure 1. Increase in
outbreaks of norovirus Gll.17
over Gll.4, United States,
2022-2025. Seasons are
defined as September 1 of
one year to August 31 of the
next. The 2024-25 season is
truncated to September 2024—
April 2025. Other genotypes:
Gl.1, Gl.2, GI.3, Gl.4, Gl.5,
Gl.6, Gl.7, Gll.1, Gll.2, GII.3,
Gll.6, Gll.7, GlI.8, GII.10,
Gll.12, GII.13, Gll.14, Gll.21,
GlIl.27, and GIX.1.

The likely ancestor of the current GIL.17 virus is a
strain that caused an outbreak in Romania in 2021 (5).

In the United States, the norovirus season typi-
cally starts in early December (1,4), but in 2024-25, the
onset of the season was in early October 2024, an ob-
servation further supported by data from NoroSTAT
(https:/ /www.cdc.gov/norovirus/ php/reporting/
norostat-data.html). In 2023-24, we observed a pro-
longed outbreak season with cases continuing into
the summer, likely the result of sustained circulation
of GII.17. In contrast, the 2022-23 and 2024-25 sea-
sons showed a more typical pattern, in which cases

rapidly decline during the spring months. Cannon et
al. (4) reported a decline after the winter peak in all 3
seasons they studied, and Wikswo et al. (1) reported
a yearly decrease in the number of outbreaks each
March over a 10-year study period. Those and other
studies have also shown that GIL.4 viruses are the
main driver for norovirus seasonality (1,4,7). With the
decrease of GII.4 outbreaks since 2024, it is too soon
to determine whether GII.17 viruses will continue to
cause an earlier onset of the norovirus season.

Our data highlight the value of CaliciNet, a na-
tional laboratory-based surveillance network that uses

Figure 2. Numbers and percentages of norovirus GlI.17 and Gll.4 outbreaks compared with total number of outbreaks by month, United
States, September 2022—April 2025. Seasons are defined as September 1 of one year to August 31 of the next. The 2024—-25 season is

truncated to September 2024—April 2025.
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standardized norovirus typing methods, includ-
ing whole-genome sequencing. Norovirus surveil-
lance plays a crucial role in detecting and monitoring
emerging strains, serving as an early warning system
that enables rapid response to outbreak investiga-
tions and timely implementation of interventions and
prevention strategies.

In conclusion, GII.17 has caused 75% of all noro-
virus outbreaks during the 2024-25 season so far,
thereby replacing GII.4 as the predominant norovi-
rus outbreak strain in the United States. Additional
sequence analysis of complete GII.17 genomes and
identification of cross-protective neutralizing anti-
bodies of GI1.17 compared with GIL.4 viruses could
help clarify whether GII.17 viruses will persist. Con-
tinued surveillance is needed to determine if this
genotype remains the dominant genotype, as well as
whether the norovirus season continues to start ear-
lier than previous years.
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We report on a patient in China with no underlying ill-
nesses who died of Burkholderia thailandensis infection
despite timely treatment. This case challenges the per-
ception that B. thailandensis is nonlethal or has low viru-
lence. Increased clinical awareness and prompt diagno-
sis are essential for managing B. thailandensis infections
and preventing fatal outcomes.

B urkholderia thailandensis is commonly regarded as
nonpathogenic, whereas B. pseudomallei is recog-
nized as the most clinically relevant species known to
cause melioidosis (1). We describe a rare case of fatal
acute hypoxemic respiratory failure and septic shock
caused by B. thailandensis in a previously healthy per-
son from Hainan Province, China. The Institutional
Review Board at Hainan General Hospital approved
the study protocol.

A 58-year-old male rice farmer from the cen-
tral region of Hainan Province was admitted to an
emergency department on May 23, 2019. He exhib-
ited an unexplained onset of cough, sputum produc-
tion, chest tightness, and shortness of breath that had
persisted for 8 days. He did not smoke, have a pre-
vious family history of those respiratory conditions,
or have immune deficiencies. His vital signs and
laboratory test results were recorded at admission
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/7/24-1920-Appl.pdf). His acute physi-
ology and chronic health evaluation II score was 24
and sequential organ failure assessment score was 13
after 1 day of hospitalization. A chest computed to-
mography scan (Figure) revealed a large high-density
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Figure. Chest computed tomography scan of patient who died

of acute hypoxemic respiratory failure caused by Burkholderia
thailandensis, China. Scan shows left lung consolidation and
pleural effusion. Red arrow indicates a large high-density shadow
in the left lung field. Scale indicates actual size of anatomical
structures and lesions. P, posterior; R, right.

shadow in the left lung field and a small effusion in
the left pleural cavity, indicating a substantial infec-
tion in the left lung. Tigecycline was administered for
infection control.

Bronchoalveolar lavage fluid was submitted for
bacterial culture on May 24, 2019. After 48 hours of
incubation, colonies consisted of short gram-negative
bacilli (Appendix Figure 1). We performed matrix-
assisted laser desorption/ionization time-of-flight
mass spectrometry profiling (Appendix Figure 2),
165 rRNA-based phylogenetic tree analysis (Appen-
dix Figure 3, panel A), and biochemical identification
(Appendix Figure 4). We identified the isolate as B.
thailandensis strain HNBTO001.

Whole-genome sequencing using Illumina
(https:/ /www.illumina.com) and Pacific Biosciences
(https:/ /www.pacb.com) pipelines revealed the B.
thailandensis strain consisted of 2 circular sequences:
a 3,929,948-bp chromosome and a 2,858,975-bp chro-
mosome (GenBank accession no. GCA_048688115.1),
having an average G/ C nucleotide content of 67.53%.
We used values of digital DNA-DNA hybridization
(dDDH) and average nucleotide identity (ANI) to
compare the isolated strain with representative ge-
nomes of Burkholderia spp. in the National Center for
Biotechnology Information RefSeq database (https://
www.ncbinlm.nih.gov/refseq; accessed on June 6,
2024). Using the Type Genome Server (2), we found
pairwise comparison with a B. thailandensis reference
genome (assembly no. GCF_001718635.1) indicated
the genomes of the strain in our study had a dDDH
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formula d4 value of 89% and an ANI value of 98.9%;
both values exceeded the thresholds for prokaryotic
species delineation (70% for dDDH) (3) and bacte-
rial species differentiation (96% for ANI) (Appendix
Figure 5) (4). The HNBTO001 strain was classified as
sequence type 80, previously identified in both non-
human-associated (E264) and human-associated
(FDAARGOS 240 and 2022Dzh) strains (Appendix
Figure 3, panel B).

On the basis of antimicrobial susceptibility test
results (Appendix Table 2), we replaced tigecycline
with imipenem for infection treatment. The patient’s
symptoms lessened after 2 days of imipenem therapy.
However, despite a transient improvement in symp-
toms, his blood oxygenation gradually deteriorated
while receiving invasive mechanical ventilation sup-
port, leading to multiorgan dysfunction, manifesting
as scattered low-density lesions of the liver, spleno-
megaly, persistent thrombocytopenia, and acute renal
failure characterized by substantially elevated serum
creatinine levels. In addition, on day 6 of hospitaliza-
tion, peripheral edema developed. After progressive
clinical deterioration, the patient elected to withdraw
from further treatment and was discharged after an
8-day hospital admission. During hospitalization, he
was treated with imipenem for 5 days. The patient
died 3 days after discharge.

B. thailandensis is generally considered nonpatho-
genic and is commonly found in tropical and sub-
tropical environments, particularly in humid soil and
water (5). In this case, the patient was a farmer who
had early clinical manifestations of cough, phlegm,
chest tightness, and shortness of breath and was
likely exposed to B. thailandensis through contact with
contaminated soil or water. However, unlike most re-
ported cases, this patient had no previous underlying
health conditions.

This case occurred in Hainan Province, located
>1,400 km from regions where 2 other cases have
been documented in China (6,7). However, medical
experts with extensive experience believed insuffi-
cient evidence existed to identify B. thailandensis in
the first case (6,8). Through 16S rRNA gene analysis
(Appendix Figure 3) and taxonomic comparisons in
GenBank (accession no. GCA_011578485.1), we clas-
sified the strain in this case as B. thailandensis. In the
previous case involving wound infection (7), colo-
nization by nonvirulent B. thailandensis could not be
definitively excluded. In our case, despite the iden-
tification of multiple potential virulence genes in the
HNBTO001 strain (Appendix Table 3), exact patho-
genic mechanisms remain to be elucidated through
further research. Because of the high potential for
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B. thailandensis to be misidentified as B. pseudomallei
(9), the prevalence and public health impact of B. thai-
landensis might be considerably underestimated.

In conclusion, contrary to the previously held
opinion that B. thailandensis is nonpathogenic or of
low virulence, we show it can cause severe infections
even in immunocompetent patients and potentially
fatal outcomes in otherwise healthy persons. We
strongly advise medical personnel to place greater
emphasis on strengthening biosafety precautions
during both laboratory work and clinical treatment
involving this underestimated pathogen.
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encompassing the disclosure of clinical particulars,
identifying images, and other relevant data.
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Mycoplasma phocimorsus is an identified zoonotic agent
of musculoskeletal infections. Osteomyelitis developed
in a patient after injury sustained while skinning a bear,
and he experienced delayed diagnosis after ineffective
treatments. Clinicians should use doxycycline or moxi-
floxacin therapy in treatment-refractory cases with ex-
posure to seals, cats, or bears while awaiting molecular
diagnostics results.

In September 2024, a 29-year-old hunter sought
care 7 days after he lacerated his left fifth finger
while skinning a brown bear (Ursus arctos) on the
Alaska Peninsula near Ivanof Bay, Alaska, USA.
The injury occurred when separating paw bones to
free skin. His hand and knife contacted the bear’s
mouth before injury, but the intestinal tract was
not penetrated. He reported 3 days of redness and
painful swelling over the proximal interphalangeal
(PIP) joint. He was placed on oral trimethoprim/
sulfamethoxazole (160 mg/800 mg) and topical
mupirocin (2% cream, 3x/d). On day 5 of illness,
he developed fever and tachycardia and was ad-
mitted to a hospital. His temperature was 38.2°C
and pulse 108 beats/min; blood pressure and respi-
ratory rate were unremarkable. A laceration with
scant drainage but substantial edema was present
over the dorsal left fifth PIP joint (Figure 1). Periph-
eral leukocyte count was 8,300 cells/uL (reference
range 4,500-11,0000 cells/pL), and C-reactive pro-
tein level was 11.6 mg/L (reference range 0.2-3.0
mg/L). Radiographs showed soft tissue swelling
without bone or joint abnormality.

We administered 1 dose of ceftriaxone (2 g),
followed by piperacillin/tazobactam (3 g/375 mg
every 8 h) and vancomycin (1.25 g every 8 h) for 3
days. We performed surgery on day 6 of illness and
noted left fifth finger PIP septic arthritis and necrot-
ic extensor tendon disruption. Gram stains of de-
brided tissue revealed no organisms. We inoculat-
ed tissue on tryptic soy agar with 5% sheep blood,
chocolate blood agar, and MacConkey agar plates
and in chopped meat broth and prepared Brucella
blood agar, phenylethyl alcohol blood, and Bac-
teroides bile esculin and laked Brucella blood agar
with kanamycin and vancomycin plates. We saw
no growth after 7-day incubation. Blood monitored
for 5 days on a BACTEC-FX blood culture system
(Becton Dickinson, https:/ /www.bd.com) grew no
organisms. Fever resolved on day 6 of illness, and
on day 8 of illness, we discharged the patient with
trimethoprim/sulfamethoxazole (160 mg/800 mg
2x/d for 21 d) and amoxicillin/clavulanate (875
mg/125 mg 2x/d for 21 d).
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On day 46 of illness, the patient had repeat de-
bridement of the finger because of persistent swelling
and magnetic resonance imaging evidence of PIP
joint osteomyelitis (Figure 2). Leukocyte count was
10,300 cells/pL, erythrocyte sedimentation rate was
5 mm/h (reference range <15 mm/h), and C-reac-
tive protein level was 8.6 mg/L. Vancomycin and
piperacillin/tazobactam treatment was repeated
concurrently for 3 days. At surgery, we found sub-
stantial cartilage and bone erosive changes in the
PIP joint. Gram stain of operative tissue revealed no
organisms, and we detected no growth in conven-
tional aerobic and anaerobic bacterial cultures after
7-day incubation. Fungal cultures inoculated on Sa-
bouraud and brain-heart infusion agar showed no
growth. On day 49 of illness, doxycycline (100 mg
2x/d) was started.

On day 53 of illness, tissue from surgery sent
to the University of Washington Molecular Micro-
biology Laboratory for broad-range 165 rDNA PCR
bacterial detection revealed Mycoplasma phocimorsus
(GenBank accession no. PV641041) using methods de-
scribed elsewhere (1). The amplified 315-nt sequence
was 100% identical with the 165 rRNA gene sequence
of M. phocimorsus type strain M5725.

In December 2024, the patient completed 42 days
of doxycycline according to standard treatment guide-
lines for osteomyelitis. Although pain and swelling
improved, decreased range of motion persisted at the
end of therapy. One month later, he had no signs or
symptoms of relapsing infection.

Seal finger was described in 1907 as a painful
swollen finger that developed after an injury when
butchering seals (2). In 2014, several authors treat-
ed a ringed seal (Pusa hispida) hunter in Alaska for
seal finger and hip septic arthritis caused by a My-
coplasma species detected by 16s rRNA sequencing,
but they could not propogate the organism in cul-
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Figure 1. Finger laceration in case of septic arthritis and
osteomyelitis in finger caused by Mycoplasma phocimorsus from
brown bear (Ursus arctos), Alaska, 2024. Left fifth finger
laceration occurred while skinning a brown bear. Laceration

is shown overlying the proximal interphalyngeal joint with
surrounding edema.

ture (3). Nine years later, researchers isolated 6 in-
dependent strains of a Mycoplasma species from pa-
tients from Scandinavia after contact with seals and
proposed the name M. phocimorsus (4). Strains were
susceptible to doxycycline and moxifloxacin and
showed >99.5% rRNA similarity with the sequence
identified in the seal hunter from Alaska, confirming
M. phocimorsus is present in Alaska. Subsequently,
M. phocimorsus was identified as the cause of tenosy-
novitis after a cat scratch (5). Our patient had no ex-
posure to seals and minimal exposure to a dog and
cat owned by his mother.

Harbor seals (Phoca vitulina), sea otters (Enhydra
lutris), and Steller sea lions (Eumetopias jubatus)
are encountered in that region of Alaska (D.D.W.
Hauser, University of Alaska, pers. comm., email,
2024 Mar 14). Brown bears are voracious hunters
and scavengers, so this case may reflect transient
colonization after predation of an infected seal or
other animal. However, Mycoplasma species occur

Figure 2. Magnetic resonance
imaging in case of septic
arthritis and osteomyelitis in
finger caused by Mycoplasma
phocimorsus from brown bear
(Ursus arctos), Alaska, 2024.
Left fifth finger sagittal (A) and
coronal (B) images demonstrate
edema of the proximal and
middle phalanges on short tau
inversion recovery sequences,
suggestive of osteomyelitis.
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in brown bear gut microbiomes (6), suggesting
that brown bears may be frequent reservoirs of M.
phocimorsus. As in previous cases, this patient ex-
perienced delayed diagnosis and ineffective treat-
ments because of Mycoplasma species’ resistance
to most antibiotic drugs and inability to be grown
in conventional cultures. Clinicians should remain
alert to the possibility of M. phocimorsus infection
after exposure to seals, cats, or bears and initiate
doxycycline or moxifloxacin therapy while await-
ing confirmatory molecular testing, particularly in
treatment-refractory infections.
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Next-generation sequencing might improve diagnosis of
infective endocarditis. A case in Switzerland was initially
attributed to Solobacterium moorei bacteria. Metage-
nomic analysis of the affected heart valve detected
Streptococcus gordonii, but not S. moorei, illustrating
that the results of molecular detection can vary depend-
ing on sampling time and anatomic site.

lasma microbial cell-free DNA (mcfDNA) refers

to extracellular microbial DNA in plasma, which
has a half-life of a few minutes (1). Next-generation
sequencing using mcfDNA is emerging as a diagnos-
tic tool in infections with negative cultures, includ-
ing endocarditis. Persistence of mcfDNA is associated
with metastatic infection (2). We used next-generation
mcfDNA sequencing to identify the causative agent
in a fatal case of infective endocarditis.

An 89-year-old man with aortic stenosis and pre-
served heart function sought care for weakness in
Geneva, Switzerland. He had recently sought care at
University Hospital of the Canary Islands (Tenerife,
Spain) after a fall; elevated troponin (2,172 ng/L) and
procalcitonin (157 mg/L) were observed. He received
empiric meropenem and linezolid before he returned
to Switzerland against medical advice. In Geneva, he
had no fever or peripheral signs of endocarditis. In-
vestigations revealed mild inflammation (C-reactive
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protein 17 mg/L), acute kidney injury (creatinine 387
umol/L), stroke, and carotid stenosis. Transesopha-
geal echocardiography showed an aortic valve per-
foration and a 4 mm para-aortic abscess at the root
of the aorta, without suspected vegetation (Figure 1).
Blood cultures remained negative after 5 days. We
started conservative treatment with ceftriaxone (2 g
every 12 h intravenously) and vancomycin (15 mg/kg
every 12 h intravenously). mcfDNA next-generation
sequencing (Noscendo, https:/ /noscendo.com) iden-
tified Solobacterium moorei (13 reads). We adjusted
the patient’s treatment to ceftriaxone (2 g every 12 h
intravenously) and metronidazole (500 mg every 6 h
intravenously) for 6 weeks.

Despite initial improvement, the patient experi-
enced heart failure and a second-degree AV block.
His condition declined 12 weeks later, and he died.
At autopsy, the heart showed a heavily calcified,
perforated noncoronary leaflet of the aortic valve
with a 15 x 10-mm blood-filled neocavity beneath it,
extending to the valvular ring (Figure 2). Although
we did not detect pus, our findings strongly sug-
gested infective endocarditis because degenerative
processes do not typically cause valve perforation
or cavity formation. Those conditions are consistent
with infective endocarditis (IE). A second mcfDNA
test detected no bacteria.

We performed metagenomic next-generation se-
quencing (mNGS) of the valve tissue as previously
described (3). We identified 1.28 million human reads
and 36,629 reads from the spiked (8.5 x 10%) control
organism Bacillus spizizenii, along with 4,654 reads
from Streptococcus gordonii, 146 reads from S. sangui-
nis, and 11 reads from Cutibacterium acnes (European
Nucleotide Archive accession no. PRJEB81450). We
used MetaPhlAn2 (https://huttenhower.sph.har-
vard.edu/metaphlan2) to confirm S. gordonii, which
suggested it was the dominant pathogen in tissue (4).
Reads identified as S. sanguinis were likely S. gordo-
nii as well because of their high genomic similarity.
We detected no Solobacterium moorei in the tissue. S.
moorei is a gram-positive anaerobic rod from oral and
intestinal microbiota. Although rarely detected, it has
been implicated in human infections, especially in im-
munocompromised patients (5-7). Its identification
is difficult because of its slow growth. It is generally
susceptible to antimicrobial drugs for anaerobic infec-
tions, although resistance to rifampin and moxifloxa-
cin has been reported (8).

This case demonstrates the utility of mcfDNA and
metagenomic sequencing in culture-negative endocar-
ditis. After negative routine work-up, we performed
mcfDNA because the conservative management
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prevented valve resection. Although S. moorei was
detected in plasma initially, a follow-up mcfDNA
test 6 weeks after antimicrobial treatment was nega-
tive. That result likely indicates bacterial clearance,
because it slightly exceeds the median 38-day posi-
tivity duration observed in infective endocarditis (9).
S. gordonii was the only pathogen identified in valve
tissue. The discrepancy between cfDNA and mNGS
may reflect differing bacterial loads, sampling timing,
or antimicrobial impact (10).

Our findings suggest an endocarditis caused by
both S. gordonii and S. moorei organisms in which
S. moorei mcfDNA predominated during the initial

Figure 1. Color doppler echocardiography images from fatal case
of subacute native aortic endocarditis, Geneva, Switzerland. A)
Mid-esophageal long-axis view during diastole, showing moderate
to severe aortic regurgitation. B) Mid-esophageal long-axis view
with left ventricular chamber, aortic valve, and aortic root during
systole. Red arrow indicates systolic flow with the pseudo-
aneurysm. AV, open aortic valve; LA, left atrial; LV, left ventricle.
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Figure 2. Autopsy results from fatal case of subacute native
aortic endocarditis, Geneva, Switzerland. A) Autopsy material of
the ascendant aorta (1) with the open blood-filled neocavity of 15
x 10 mm (blue arrow) just beneath the perforated noncoronary
leaflet of the AV (2) and extending to the valvular ring (3).

B) Autopsy material of the open aortic valve with perforated
noncoronary leaflet (1), left coronary leaflet (2), and right
coronary leaflet (3).

sampling but its culture likely failed because of an-
timicrobial exposure. In contrast, S. gordonii DNA
seemed to persist longer in the valve tissue, suggest-
ing greater stability in that environment. The absence
of S. moorei in the valve tissue raises questions about
its pathogenic role; its presence in mcfDNA could
represent a transient bacteremia, another unrelated
site of infection, or a contamination, but its relative
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abundance may have masked initial detection of S.
gordonii bacteria. S. gordonii is a known endocarditis
pathogen causing destructive IE, and its pathogenic
role is therefore highly probable.

In case of a high suspicion of IE and when surgery
is not feasible, we advise collecting additional blood or
plasma samples at least 2 times within the first 24-48
hours. If blood cultures yield negative results, stored
samples can undergo mcfDNA analysis. Testing mul-
tiple samples improves diagnostic reliability by mini-
mizing the risk for unrelated transient bacteremia or
contamination. If valve removal occurs, mNGS should
be done as a final test for pathogen identification.

In summary, we report a case of destructive na-
tive aortic valve endocarditis without fever or marked
inflammation. mcfDNA and mNGS were essential
to identify the pathogen. Molecular diagnostics are
valuable in culture-negative infections, particularly
when conventional methods and tissue sampling
are limited.
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Syphilis has a wide range of possible symptoms, mak-
ing it difficult to diagnose. We report a rare case of liver
abscess secondary to Treponema pallidum in a man in
Minnesota, USA, who had well-controlled HIV infection.
This case emphasizes the importance of appropriate
screening for syphilis, especially in high-risk populations.

yphilis is a sexually transmitted infection caused
by the spirochete bacterium Treponema pallidum.
Its diverse manifestations can make syphilis difficult
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to diagnose. The disease progresses through 4 main
stages. The early phase begins with a localized skin
lesion at the site of inoculation. If left untreated, he-
matogenous dissemination can lead to secondary
syphilis, characterized by a diffuse maculopapular
rash and systemic symptoms. Tertiary syphilis rep-
resents a later stage that can affect multiple organ
systems. Involvement of the liver is uncommon and
can result in syphilitic hepatitis or hepatic gummas,
granulomatous soft tissue lesions with central necro-
sis. We report an exceptionally rare case of syphilitic
liver abscess confirmed with 16s rDNA PCR.

A 52-year-old man in Minnesota, USA, with a his-
tory of well-controlled HIV infection (CD4 count 767)
on a regimen of dolutegravir/rilpivirine sought treat-
ment for symptoms including 3 months of diarrhea
and bilateral ankle edema. Two weeks before his ini-
tial visit and at the request of his healthcare provider,
the man provided blood samples for laboratory as-
sessment, which revealed elevated levels of alkaline
phosphatase (ALP [557 IU/L; reference range 35-144
IU/L)), aspartate transaminase (AST [67 IU/L; ref-
erence range 10-35 IU/L]), and alanine aminotrans-
ferase (ALT [160 IU/L; reference range 9-46 IU/LJ]).
Repeat laboratory results 1 week later showed persis-
tently elevated ALP (484 IU/L), AST (58 IU/L), and
ALT (88 IU/L). An abdomen ultrasound demonstrat-
ed hepatic steatosis.

Physical examination was notable for edema in
bilateral lower extremities. Blood analysis revealed
further elevation of ALP (586 IU/L), AST (68 IU/L),
and ALT (102 IU/L). Abdomen and pelvis computed
tomography with contrast (Figure, panel A) identi-
fied a 3.8 x 2.3 x 3.3-cm peripheral mass in the right
lobe of the liver, and he was subsequently admitted to
the hospital for further evaluation.

Viral hepatitis serology test results were nega-
tive. A stool multiplex PCR test was positive for
Shigella. Abdominal magnetic resonance imaging
(Figure, panel B) confirmed a 2.4-cm rim-enhancing
lesion in the lateral aspect of segments 5 and 6 of
the liver. Ultrasound-guided aspiration of the liver
lesion yielded 1 mL of yellow, purulent fluid and
provided 4 core biopsy samples. The patient elected
to leave the hospital early and was discharged home
with a 4-week course of oral ciprofloxacin (500 mg
2x/d) and metronidazole (500 mg 2x/d) for empiric
coverage of possible hepatic abscess as well as cov-
erage for shigellosis.

One week later, liver abscess cultures were nega-
tive. Pathology revealed a benign abscess, back-
ground intact liver parenchyma, and negative results
for neoplasia. We requested 16s rDNA and 28s rDNA
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Figure. Imaging findings from a
study of syphilis as a rare cause
of pyogenic liver abscess in an
HIV-positive man in Minnesota,
USA. Computed tomography

(A) and magnetic resonance
imaging (B) of the abdomen and
pelvis show rim-enhancing lesion
(yellow arrows) in segments 5
and 6 of the liver.

PCR tests on liver tissue. The man visited his health-
care provider for routine follow-up. Screening for T.
pallidum antibody demonstrated reactivity, and rapid
plasma reagin (RPR) testing revealed elevated results
(1:32). Previous RPR titers were negative. The man
received 1 doseof intramuscular benzathine penicil-
lin (2.4 million units). The following day, 16s rDNA
PCR testing of a liver tissue sample was positive for
T. pallidum. The man subsequently completed 2 ad-
ditional weekly doses of benzathine penicillin. One
week after completing treatment, his RPR test result
was 1:64, and tests measuring his hepatic function
and C-reactive protein were within reference ranges.
Computed tomography of his abdomen and pelvis
showed a reduction in the hepatic lesion to 1.1 x 0.9
c¢m, a marked improvement in size and appearance
and consistent with healing.

Syphilis resulting in abscess is rare. Few cases
have been reported, including abscess associated
with the pituitary gland (1), lungs (2), scrotum (3,4),
and lymph nodes (5). Three cases (6,7) in the 1920s
described what were thought to be liver abscesses
caused by syphilis. Researchers presumed their find-
ings based on symptoms and examination findings
suggestive of liver abscess in the setting of positive
serologic results and symptomatic improvement with
treatment. However, the suspected abscesses were
neither drained nor confirmed with further testing.

In this patient, the clinical picture was complicat-
ed by shigellosis, which was the likely etiology of his
diarrhea. He did not have additional symptoms sug-
gestive of hepatic abscess. He did have persistently el-
evated liver enzymes, particularly ALP. Liver function
tests are abnormal in up to 39% of patients diagnosed
with early syphilis, most of whom are asymptomatic
(8). Furthermore, an increase in RPR titers immedi-
ately after treatment is not uncommon in early stages
of treatment and is not indicative of treatment failure.
This patient had a marked decrease in abscess size and
resolution of transaminitis. Our question initially was
if this was syphilitic gumma of tertiary syphilis, but
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given the absence of granulomatous inflammation on
pathology, this man’s case more likely demonstrated
secondary syphilis with syphilitic hepatitis.

In its early stage, syphilitic hepatitis can be as-
ymptomatic with a disproportionally elevated ALP
in the setting of secondary syphilis, resulting in rare
occurrences of abscesses in the liver. It can also cause
hepatic inflammatory masses in HIV-positive men
who have sex with men (9). This case demonstrates
a rare and diagnostically complex clinical manifesta-
tion of secondary syphilis, emphasizing the impor-
tance of appropriate screening for syphilis, especially
in high-risk populations whose laboratory and imag-
ing assessments reveal elevated liver enzymes and
hepatic mass lesions.
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We sequenced Leishmania tropica genomes from 8 hu-
man skin samples collected in a newly emerging focus of
cutaneous leishmaniasis in the Somali region of Ethiopia.
We found a variant with unique genomic signatures of
drug resistance. Public health officials should use ge-
nomic surveillance to slow expansion of L. tropica.

Since the successful Kala-Azar elimination pro-
gram in the Indian subcontinent, the hotspot of
worldwide leishmaniasis has moved to East Africa
(1). Among the different affected countries, Ethiopia
deserves particular attention, given the heteroge-
neous eco-epidemiology of leishmaniasis, its clinical
polymorphism, and the complex taxonomy of Leish-
mania tropica parasites. The disease is endemic in
different biotopes from lowlands to highlands, and
transmission involves different hosts and vectors
(2). The 4 major clinical forms of leishmaniasis are
visceral leishmaniasis (VL), causing 2,500-4,000 re-
ported cases, and 3 forms of cutaneous leishmaniasis
(CL), localized, diffuse, and muco-cutaneous, causing
~50,000 reported cases. L. donovani (VL and occasion-
ally CL) and L. aethiopica (all 3 CL forms) are the most
reported species, and L. tropica (CL) was isolated once
from a human patient (2); several interspecies hybrids
have been observed (3).

The epidemiology of the disease is affected by
human migration and displacement because of fam-
ine and regular conflicts in the country and by en-
vironmental changes. We previously highlighted
the need for genomic surveillance of leishmaniasis
by using highly sensitive, resolutive, and untar-
geted whole-genome sequencing (WGS) methods
(4) for the following reasons: since the discovery of
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hybridization and genetic introgression (5), robust
species identification should theoretically be on the
basis of multigenic approaches covering several re-
gions of the genome (and not only single gene ap-
proaches); WGS is needed to assess the genetic
similarity among parasites sampled from different
patients, thereby confirming the outbreak nature of
a focus; and WGS can be used to find signatures of
drug resistance and guide patient management.

In August 2023, an outbreak of CL was detect-
ed among immunologically naive militia recently
deployed in the eastern Somali region of Ethiopia.
That area did not have a previous history of CL,
but sporadic cases of VL were reported. The clinical
manifestations of the CL cases (multiple wet lesions)
was not comparable to what is typically observed in
Ethiopia and neighboring countries (single dry le-
sions). Hsp70 amplicon sequencing identified the CL
pathogen as L. tropica (A. Abera et al., unpub. data,
https:/ /www.medrxiv.org/content/10.1101/2024.
10.05.24314933v1).

We undertook a more in-depth molecular charac-
terization of L. tropica samples collected in the focus in
the Somali region (Figure 1). We used direct genome
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sequencing of Leishmania in host tissues (SureSelect se-
quencing; AgilentTechnologies, https:/ /www.agilent.
com) that did not require parasite isolation and culti-
vation (6). That method was previously validated for
L. donovani in bone marrow (6) and blood samples (7),
and we used it for the first time for skin samples from
CL patients.

We submitted 8 of the CL samples from the Soma-
li region for SureSelect sequencing by using a capture
panel of probes designed for the L. aethiopica genome.
SureSelect sequencing should work well with phylo-
genetically related species such as L. tropica. We used
competitive mapping (Appendix Figure 1, https://
wwwnc.cde.gov/EID/article/31/7/24-1607-App1.
pdf) and phylogenetic analysis (Appendix Figure 2)
for the species identification of the 8 samples. Those
samples (Appendix Figure 2, yellow arrow) clearly
branch in the L. tropica cluster and are genetically
very different from L. aethiopica, L. major, L. donovani,
and interspecies hybrids.

In a second step, we only focused on L. tropica
genomes (Figure 2). That focus provided 4 major in-
sights. The 8 Somali region parasites constitute a L.
tropica variant not previously reported in analyzed

Figure 1. Locations of the
healthcare facilities (HF) for
the 8 study patients in genomic
characterization of Leishmania
tropica in cutaneous
leishmaniasis, Somali region,
Ethiopia, 2023. Map of Ethiopia
shows the Afar region in blue
and the Somali region in green.
Two cases (S04 and S06)
were diagnosed at Duunyar
Health Center, located at the
border of the Afar and Somali
regions, where the outbreak
occurred (red dot). One case
(S12) was diagnosed at Sitti
Primary Hospital, and 5 cases
(WHO08, WHO09a, WH11, WH12,
and WH15) were reported

at Jigjiga University Sheik
Hassen Yabare Comprehensive
Specialized Hospital (CSH),
each marked by a red H.
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Figure 2. Rooted phylogenetic tree for genomic characterization of Leishmania tropica in cutaneous leishmaniasis, Somali region,
Ethiopia, 2023. Phylogenetic tree of all publicly available L. tropica genomes (Appendix Table 3, https://wwwnc.cdc.gov/EID/
article/31/7/24-1607-App1.pdf) was generated with RAXML (https://github.com/amkozlov/raxml-ng) with the general time reversible
and gamma substitution model and showing close clustering of the 8 samples from Ethiopia (yellow arrow). Blue text indicates crucial
bootstrap values. The L. infantum LLM274 genome was included as an outgroup. Scale bar indicates number of single-nucleotide
polymorphism differences. NA, geographic origin of the L. tropica sample is unknown.

genomes. Those variants form a distinct cluster
separate from genotypes reported thus far from Is-
rael and Jordan and other Middle East variants. The
L. tropica variants cluster together and are geneti-
cally homogeneous (on average, 122 single-nucle-
otide polymorphisms between samples), consistent
with an outbreak-related scenario. We also found
homozygous missense mutations or frameshifts
in 14 genes reported to be involved in drug resis-
tance, mostly antimony (Appendix Figure 3). That
signature has not previously been reported in the
L. tropica genome, which confirms the unique char-
acter of the samples from this region. Further work
is required to understand the clinical effects of
the discovery.

L. tropica is essentially endemic in Morocco,
Turkey, Syria, Israel, Iraq, Azerbaijan, Iran, Uz-
bekistan, Afghanistan, Pakistan, and India (8). The
broad distribution of L. tropica likely results from
the anthroponotic nature of L. fropica transmission
and the old communication axes in many of those
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countries, such as trade routes. In some regions,
sporadic cases are reported, and the disease is
thought to be zoonotic; possible animal reservoirs
included hyraxes, bats, or wild rodents (9). The
high genomic homogeneity in our sampled popula-
tion shows the occurrence of an L. tropica outbreak
in the Somali region of Ethiopia. We do not have
the ability to trace whether the origin of the out-
break was a primary human case from which the
parasite population spread or an animal reservoir.
Nevertheless, this study highlights the risk for fur-
ther expansion of the parasites from the human
cases in the focus in the Somali region of Ethiopia.
Public health officials should use genomic surveil-
lance in humans, insect vectors, and animals in
Ethiopia and neighboring countries, such as Kenya,
where L. tropica was recently reported (10), to slow
expansion of L. tropica.

This article was preprinted at https://doi.org/10.1101/
2024.10.15.617758.
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Genomic sequence reads of the parasites from the 8
samples have been submitted to the National Center
for Biotechnology Information Sequence Read Archive
(https:/ /www.ncbi.nlm.nih.gov/sra; Bioproject no.
PRJNA1172382).
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We report a rare case of syphilitic aortitis with possible
neurosyphilis in an asymptomatic 89-year-old man in
Washington, DC, USA. This case highlights the need to
consider emerging infectious causes of aortitis, even in
patients without classic risk factors, by using multimodal-
ity imaging with confirmatory serologic and cerebrospinal
fluid testing.

yphilitic aortitis is exceptionally rare. However,
syphilis, caused by the bacterium Treponema palli-
dum, has reemerged as a global public health concern,
and the Centers for Disease Control and Prevention
has reported >200,000 cases in the United States in
2022 (1). After 10-30 years, <10% of untreated persons
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will develop syphilitic aortitis. Early recognition
and treatment are imperative to avoid high rates of
death (2), although the broad differential of aortitis
can complicate diagnosis. In this article, we describe
a rare case of syphilitic aortitis in an asymptomatic,
elderly patient in which using imaging, serology, and
epidemiologic context helped guide diagnosis.

An 89-year-old man with a history of chronic
lymphedema, deep vein thrombosis, and peripheral
artery disease sought care at Georgetown University
Hospital in Washington, DC, USA, having experi-
enced 1 week of right leg erythema and swelling. At
admission, his laboratory results revealed leukocyto-
sis and elevated inflammatory markers. Computed
tomography (CT) of the patient’s right leg revealed
soft tissue changes consistent with cellulitis unre-
sponsive to antimicrobial drugs. Because of the con-
cern for sepsis, we broadened the patient’s antimicro-
bial regimen, and an infectious disease consultation
prompted further evaluation for alternative sources.

Contrast-enhanced CT of the chest showed
circumferential soft tissue enhancement of the as-
cending aorta, aortic arch, and branching vessels,
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suggestive of aortitis versus intramural hematoma
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/31/7/25-0646-Appl.pdf). Follow-up mag-
netic resonance angiography confirmed a diagnosis
of aortitis (Figure). We consulted rheumatology be-
cause of the patient’s elevated inflammatory markers
but had low suspicion for autoimmune disease after
more specific antibody testing results were negative.
Because of our concern for an infectious etiology,
we pursued serologic testing. Initial chemolumines-
cence immunoassay testing was reactive for syphilis,
and subsequent rapid plasma reagin testing was posi-
tive with a 1:4 titer result. Despite no neurologic symp-
toms, we conducted cerebrospinal fluid (CSF) analysis
that was negative by Venereal Disease Research Labo-
ratory (VDRL) testing but positive for fluorescent trepo-
nemal antibody absorption. Full CSF results revealed
a slightly elevated red blood cell count, slightly low
monocytes, and unremarkable leukocyte and protein
counts. Findings were inconsistent across all samples.
Ultimately, we attributed the patient’s underly-
ing aortic pathology to syphilitic aortitis with con-
comitant neurosyphilis. The patient was treated with

Figure. Electrocardiogram-
gated magnetic resonance
imaging of the ascending aorta
in an 89-year-old patient with
syphilitic aortitis and concomitant
neurosyphilis, Washington, DC,
USA. A, B) A circumferential
periaortic T2 hyperintense
signal was depicted at the main
pulmonary artery (A) and aortic
arch (B) on black blood prepared
half-Fourier acquisition single-
shot turbo spin-echo sequence
images (white arrows). C, D)
Contrast-enhanced T1-weighted
magnetic resonance images at
the main pulmonary artery (C)
and aortic arch (D) show wall
thickening and enhancement
(white arrows) compatible

with aortitis.
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a 7-day course of intravenous penicillin G (3 million
units every 4 h), and was prescribed the same treat-
ment for an additional 7 days at discharge. The pa-
tient was discharged with reduced leg swelling, un-
remarkable vital signs, and resolved leukocytosis, but
he was lost to follow-up.

This article describes the diagnosis of syphilitic
aortitis with suspected neurosyphilis in an asymp-
tomatic, elderly man with no classic symptoms or
risk factors after using multimodality imaging and
confirmatory testing. At 89 years of age, this patient
is unusual and has a rare manifestation of syphilis,
which is again rising in prevalence.

Our patient reported no cardiovascular symp-
toms, no prior syphilis diagnosis or treatment, no rec-
ollection of genital lesions, and no history of high-risk
sexual behavior. Of note, he resided in Washington,
DC, where syphilis rates are among the highest in the
United States and have increased each year (3). Those
data underscore the importance of considering T. pal-
lidum infection in patients from high-risk areas, even
in the absence of symptoms or traditional risk factors.
Prompt treatment is critical, because some cases of
syphilitic aneurysmal formation confer a 2-year mor-
tality rate >80% (4). However, recognizing syphilitic
aortitis can be challenging because of longstanding
limitations in diagnostic strategies.

For source identification and subsequent control,
whole-body imaging is typically indicated. Although
CT imaging is sufficient for most aortopathies (2), it
cannot reliably differentiate between hematoma and
aortitis because of tissue density matching. Accord-
ingly, a magnetic resonance aortogram provided fur-
ther delineation of the abnormality, which was more
indicative of aortitis than a hematoma because a he-
matoma is usually irregularly shaped and primarily
diagnosed by using density-based imaging such as
CT. Although not used in this case, fluorodeoxyglu-
cose positron emission tomography/CT can be useful
to evaluate differential causes of unexplained fever
associated with vasculitis and ascertain treatment ef-
ficacy in cases of tertiary syphilis (5-7).

After ruling out more common autoimmune dis-
eases, we chose treponemal-specific chemolumines-
cence immunoassay testing for suspicion of syphilitic
aortitis. We selected this reverse sequence strategy
because of institutional preference and high pretest
probability (8), and a positive rapid plasma reagin ti-
ter of 1:4 confirmed active syphilis. Furthermore, dif-
fuse syphilitic disease of the aorta necessitated CSF
testing (9), showing negative VDRL and positive fluo-
rescent treponemal antibody absorption. VDRL test-
ing has poor sensitivity, and fluorescent treponemal
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antibody absorption has poor specificity. Fluorescent
treponemal antibody absorption might be influenced
by trace red blood cell contamination from the CSF
(10). Nonetheless, intravenous penicillin G was initi-
ated because of patient preference and the risk of not
treating our elderly patient.

Syphilitic aortitis remains a rare but challeng-
ing diagnosis, especially in patients without typi-
cal symptoms or risk factors. This report highlights
the importance of stepwise imaging and serologic
testing in identifying syphilitic aortitis. CT scan is
a reasonable first radiographic study, but magnetic
resonance imaging can better define the underlying
etiology. As syphilis cases continue to rise, clinicians
should use local epidemiologic trends to ensure early
disease detection.
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We describe 2 cases of Plasmodium knowlesi malaria in
persons from Israel who traveled to Thailand in 2023. One
patient, likely infected in northwestern Thailand, might
signal geographic expansion into areas not previously
associated with human infection. The infection’s rarity in
travelers, diagnostic challenges, and potential severity
underscore the importance of clinical awareness.
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lasmodium knowlesi, known as the fifth human

malaria parasite, is a zoonotic malaria species
maintained in a sylvatic cycle involving long-tailed
(Macaca fascicularis) and pig-tailed (Macaca nemestri-
na) macaques and Anopheles (Cellia) leucosphyrus mos-
quitoes (1). In Thailand, anthroponotic malaria cases
have decreased because of intervention programs,
whereas P. knowlesi infections have increased, raising
public health concerns (2,3). We report 2 cases of P.
knowlesi malaria in persons from Israel who traveled
to Thailand in 2023. Patient 1 likely acquired malaria
in northwestern Thailand and might represent a sen-
tinel case for geographic expansion. Patient 2 was in-
fected in a recognized endemic focus.

In July 2023, a 25-year-old man (patient 1) sought
care for fever, chills, nausea, and retro-orbital pain 1
day after returning from a 7-month trip across South-
east Asia. He spent his final month in northern Thai-
land, beginning in Chiang Mai and ending with 12
days in Pai, Mae Hong Son Province (Figure 1). He
reported jungle trekking, monkey sightings, and no
use of malaria prophylaxis. An initial rapid diagnos-
tic test for detecting histidine-rich protein 2 and al-
dolase was negative, and another for detecting his-
tidine-rich protein 2 and lactate dehydrogenase was
weakly positive. A thick smear was initially negative,
but a repeat smear 3 hours later revealed nonspeci-
ated Plasmodium. Laboratory findings included leu-
kopenia, thrombocytopenia, increased bilirubin and
transaminase levels, and increased C-reactive protein
level. TagMan real-time PCR targeting the 185 rDNA
gene performed at the Parasitology Reference Labora-
tory (https://www.gov.il/he/departments/units/
parasite-reference-lab) confirmed P. knowlesi (4,5).
PCR and 185 rDNA sequencing yielded a 939-bp frag-
ment with 99.36% identity to P. knowlesi strain H in
PlasmoDB (https://plasmodb.org/plasmo/app/re-
cord/gene/PKNH_0320900). We treated the patient
with artemether/lumefantrine (80 mg/480 mg at 0
and 8 hours and then every 12 hours for a total of 6
doses), and he fully recovered without recrudescence.

In March 2023, we evaluated a 34-year-old man
(patient 2), who had spent 6 months in Southeast
Asia, for P. knowlesi by using the same molecular di-
agnostics. He spent his last 2 weeks on Koh Phayam
Island in Ranong Province, a recognized endemic
area (Figure 1) (2). He reported jungle hiking and
macaque contact and did not use prophylaxis. We
also treated patient 2 with standard oral artemether/
lumefantrine, and he fully recovered.

We sequenced the polymorphic C-terminal re-
gion of the Pkmsp1 gene to explore genetic diversity.
The sequence from patient 1 (northern Thailand)
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showed 1 synonymous mutation, differentiating it
from the P. knowlesi H strain in PlasmoDB (https://
plasmodb.org/plasmo/app/record/gene/
PKNH_0728900). The closest sequences were from
Malaysia, consistent with shared ancestry (6). The
translated amino acid sequence matched haplotype
H3, which was similar to an amino acid sequence pre-
dicted from isolate JF837348 from southern Thailand.
The isolate from patient 2 (southern Thailand) was
identical to isolate JF837351 from southern Thailand
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and matched haplotype H2 that is common in the
region (6,7) (Figure 2).

The Institutional Review Board (Helsinki Com-
mittee, https://www.tasmc.org.il/rd/en/next-unit/
helsinki-committee) of Tel Aviv Sourasky Medical
Center waived ethical approval. We deposited se-
quences in GenBank (patient 1: 185 rDNA, accession
no. PV123279, and Pkmspl, accession no. PV132709;
patient 2: 185 rDNA, accession no. PV123278, and Pk-
msp1, accession no. PV132708).

Figure 1. Travel locations

of persons with Plasmodium
knowlesi malaria returning to
Israel from Thailand, 2023.
Patient 1 might represent a
sentinel case of human P.
knowlesi infection acquired in
northern Thailand. Patient 2
visited Koh Phayam Island in
Ranong Province in southern
Thailand, a recognized endemic
area near the Malaysia border.
Map created with ArcGIS Pro
software version 3.3.2 (ESRI,
https://www.esri.com).

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 7, July 2025



RESEARCH LETTERS

Figure 2. Phylogenetic analysis of Pkmspl sequences for Plasmodium knowlesi malaria in persons returning to Israel from Thailand, 2023.
Dendogram was based on an 850-bp fragment of the C-terminal region of Pkmsp1, including all published sequences from Thailand, the
isolates from patients 1 and 2 in this study (bold text), and the most closely related sequences identified through BLAST (https://blast.
ncbi.nlm.nih.gov) analysis. No exact matches were identified for patient 1 (northern Thailand); the geographic origin of 2 closely related
sequences is indicated. For patient 2 (southern Thailand), several identical sequences were found in GenBank (green box). Accession
numbers are given. Clustering analysis was performed by using the unweighted pair group with arithmetic mean method with open gap
penalty set to 100% and unit gap penalty set to 0%, without correction. Scale bar indicates percentage similarity between sequences.

The likely exposure of patient 1 in Pai or Chiang
Mai represents the northernmost documented loca-
tion of P. knowlesi human infection in Thailand. Pre-
viously, the northernmost reported endemic cases
were in Tak Province, bordering Myanmar and Ut-
taradit province, near the Laos border (8). The genetic
divergence of the isolate from patient 1 might reflect
local parasite diversity or the limited sequence data
from northern Thailand and neighboring regions. The
Pkmspl protein is subject to purifying selection by
the host immune system, with surviving variants po-
tentially representing fitter strains. Ongoing genomic
surveillance is needed to determine whether patient 1
reflects true local transmission or indicates a broader
haplotype range in the region.

Although >280,000 Israelis visited Thailand
in 2023, no other confirmed malaria cases were re-
ported among returning travelers, and no other P.
knowlesi cases have been reported in Israel in >20
years. In addition to its rarity in travelers, P. knowle-
si malaria poses diagnostic challenges because of
rapid diagnostic test insensitivity and morphologic
similarity to other Plasmodium species, increasing
the likelihood of underdiagnosis. Parasitemia levels
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might be low early in infection, but clinicians should
remain alert to the potential for rapid progression
to hyperparasitemia, which is a key risk factor for
severe malaria attributed to the ability of P. knowlesi
to infect all erythrocyte stages and its short asexual
replication cycle (9,10). In Malaysia, severe malaria
occurred in 6%-9% of cases in district hospitals and
up to 29% in tertiary care (9).

Both patients reported here met Centers for Dis-
ease Control and Prevention criteria for chemopro-
phylaxis, having stayed in forested regions near inter-
national borders (https://wwwnc.cdc.gov/travel/
yellowbook/2024/ preparing/ yellow-fever-vaccine-
malaria-prevention-by-country#6419). The patients’
extended travel and jungle exposure highlight the
importance of itinerary-specific pretravel counseling.

In conclusion, P. knowlesi malaria in patient 1
might represent early evidence of zoonotic spillover
of P. knowlesi in a new area (northern Thailand).
Traveler-based surveillance and molecular tools can
provide early warning of geographic shifts in malaria
transmission. Heightened clinical awareness and im-
proved diagnostics are essential for timely detection
and control.

1491


https://blast.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov

RESEARCH LETTERS

Acknowledgments

We thank Rona Grossman and David Maimoun for
assistance with protein sequence analysis and insightful
discussions and Belina Neuberger for valuable language
editing services.

About the Author

Dr. Paran is an infectious disease specialist at the Tel Aviv
Sourasky Medical Center in Tel Aviv, Israel. Her research
interests focus on emerging infectious diseases and
geographical medicine.

References

1. Singh B, Kim Sung L, Matusop A, Radhakrishnan A, Sham-
sul SS, Cox-Singh J, et al. A large focus of naturally acquired
Plasmodium knowlesi infections in human beings. Lancet.
2004;363:1017-24. https:/ /doi.org/10.1016/
50140-6736(04)15836-4

2. US President’s Malaria Initiative. Thailand malaria profile:
FY 2024. Washington (DC): US Agency for International
Development; 2024.

3. World Health Organization. World Malaria Report 2024:
addressing inequity in the global malaria response. Geneva:
The Organization; 2024.

4. Divis PC, Shokoples SE, Singh B, Yanow SK. A TagMan
real-time PCR assay for the detection and quantitation of
Plasmodium knowlesi. Malar J. 2010,9:344. https:/ / doi.org/
10.1186/1475-2875-9-344

5. Shokoples SE, Ndao M, Kowalewska-Grochowska K,
Yanow SK. Multiplexed real-time PCR assay for

discrimination of Plasmodium species with improved
sensitivity for mixed infections. ] Clin Microbiol. 2009;47:975-
80. https:/ /doi.org/10.1128 /JCM.01858-08

6. Tapaopong P, Chainarin S, Mala A, Rannarong A,
Kangkasikorn N, Kusolsuk T, et al. Declining genetic
polymorphism of the C-terminus Merozoite Surface
Protein-1 amidst increased Plasmodium knowlesi
transmission in Thailand. Malar J. 2024;23:342._
https:/ /doi.org/10.1186/s12936-024-05162-z

7. Jongwutiwes S, Buppan P, Kosuvin R, Seethamchai S,
Pattanawong U, Sirichaisinthop J, et al. Plasmodium
knowlesi Malaria in humans and macaques, Thailand. Emerg
Infect Dis. 2011;17:1799-806. https:/ / doi.org/10.3201/
€id1710.110349

8. Narapakdeesakul D, Pengsakul T, Kaewparuehaschai M,
Thongsahuan S, Moonmake S, Lekcharoen P, et al. Zoonotic
simian malaria parasites in free-ranging Macaca fascicularis
macaques and human malaria patients in Thailand, with a
note on genetic characterization of recent isolates. Acta
Trop. 2023;248:107030. https:/ /doi.org/10.1016/
j-actatropica.2023.107030

9. Barber BE, Grigg M], Cooper D], van Schalkwyk DA,
William T, Rajahram GS, et al. Clinical management of
Plasmodium knowlesi malaria. Adv Parasitol. 2021;113:45-76.
https:/ /doi.org/10.1016/bs.apar.2021.08.004

10. Lee WC, Cheong FW, Amir A, Lai MY, Tan JH, Phang WK,

et al. Plasmodium knowlesi: the game changer for malaria
eradication. Malar J. 2022;21:140. https:/ /doi.org/10.1186/
$12936-022-04131-8

Address for correspondence: Tamar Grossman, Reference
Parasitology Laboratory, Public Health Laboratories-Jerusalem,
Israeli Ministry of Health, Yaakov Eliav 9, Jerusalem 9134302,
Israel; email: tamar.grossman@moh.gov.il

Corrections

Vol. 30, No. 6

The first author’s name has changed in Evaluating Humoral Immunity Elicited by XBB.1.5
Monovalent COVID-19 Vaccine (X.H. Wrynla et al.). The article has been corrected online (https://
wwwnc.cdc.gov/eid/article/30/6/24-0051_article).

Vol. 30, No. 8

Figure 3 had several errors in Detection of Nucleocapsid Antibodies Associated with Primary
SARS-CoV-2 Infection in Unvaccinated and Vaccinated Blood Donors (E. Grebe et al.). The article
has been corrected online (https:/ /wwwnc.cdc.gov/eid/article/30/8/24-0659_article).
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We polled infectious disease specialists about cryp-
tococcal antigen screening for patients initiating HIV
antiretroviral therapy. Of 215 respondents, 33% re-
ported typically obtaining screening for patients with
CD4 counts <200 cells/mm? and 63% for counts <100
CD4 cells/mm3. Uncertainty about cryptococcal antigen
screening benefits and recommendations suggests op-
portunities for education and increased screening.

Cryptococcosis is a severe disease caused by the
environmental fungus Cryptococcus. In the Unit-
ed States, an estimated 3.4-6.5 cases/100,000 popu-
lation and nearly 5,000 cryptococcosis-associated
hospitalizations occur each year; most cases are as-
sociated with immunosuppression (1,2). Approxi-
mately one third of patients with cryptococcosis
have HIV (1,2).

Cryptococcal antigen (CrAg) testing is a sim-
ple, rapid, inexpensive, and highly accurate diag-
nostic method. It can detect early asymptomatic
cryptococcal infection in blood weeks to months
before symptom onset, enabling early treatment
and resulting in less illness and death. US federal
guidelines recommend routine CrAg screening for
persons with HIV and CD4 counts <200 cells/ mm?
(3). However, few data exist about CrAg screening
practices in the United States. To gain preliminary
insights about CrAg screening use and identify po-
tential barriers, we polled members of the Emerg-
ing Infections Network (EIN), a provider-based
network supported by the Centers for Disease Con-
trol and Prevention and the Infectious Disease So-
ciety of America (4).

EIN emailed a link to an online poll (https:/ /ein.
idsociety.org/surveys/survey/181/) 3 times during
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October 30-November 15, 2024, to its >3,100 network
members. We analyzed percentages of responses to
questions about CrAg screening utility for patients
other than those with advanced HIV; CrAg blood
test use for adult and adolescent patients with ad-
vanced HIV in 4 clinical scenarios (newly initiating
antiretroviral therapy [ART], reinitiating ART, ex-
periencing ART failure, or seriously ill regardless
of ART status); barriers to obtaining CrAg testing;
and management of patients with a positive CrAg
screening test.

In total, 215 EIN members responded. Most
were infectious disease physicians who primarily
care for adult patients (91%) and practice at uni-
versity or teaching hospitals (57%) (Table 1). When
asked whether patient groups other than those
with advanced HIV should routinely receive CrAg
screening, 40% of respondents said no, 33% said
yes (solid organ or stem cell transplant patients
were often mentioned in free-text responses), and
27% were unsure.

Of the 215 EIN members who responded, 181
(84%) reported caring for adult or adolescent patients
with HIV in the past year. Those respondents par-
ticipated in the remaining survey questions. The per-
centages of respondents who reported always or of-
ten obtaining CrAg screening for patients with HIV,
by CD4 cell count, were as follows: newly initiating
ART, <100 cells/mm?, 63%; <200 cells/mm?, 33%;
reinitiating ART, <100 cells/mm?, 35%; <200 cells/
mm?®, 17%; experiencing ART failure, <100 cells/ mm?,
20%; <200 cells/mm?®, 8%; and seriously ill regardless
of ART status, <100 cells/ mm?®, 77%; <200 cells/ mm?,
68% (Table 2).

The primary reported barriers (respondents
could choose >1 barrier) to obtaining CrAg screen-
ing among patients with HIV and CD4 <200 cells/
mm® were uncertainty about the benefit (42%) and
uncertainty around CrAg screening recommenda-
tions (32%). Ten percent expressed concern about
delaying ART, 2% reported CrAg test unavailabil-
ity, and 42% reported none of the specified barriers.
When asked about managing a patient with a posi-
tive CrAg screening test result (respondents could
choose >1 answer), respondents noted they would
perform lumbar puncture and order cerebrospinal
fluid testing (79%), evaluate for meningitis symp-
toms (77%), obtain a CrAg titer (69%), and treat with
fluconazole while awaiting cerebrospinal fluid test
results (36%).

The poll of EIN members showed moderate
(33%-63%, depending on CD4 count) adherence
to National Institutes of Health, World Health
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Organization, and European Confederation of Medi-
cal Mycology and International Society for Human
& Animal Mycology recommendations for obtaining
CrAg screening for patients with advanced HIV who
are initiating ART (3,5,6). A modest percentage of re-
spondents (42%) was unsure of the benefit of CrAg
screening. In general, limited data exist regarding
US CrAg screening implementation (7). In addition,
approximately 1 in 3 respondents expressed uncer-
tainty about CrAg screening recommendations, and
1 in 10 expressed concerned about delaying ART,
which might relate to general awareness of multiple
guidelines but unfamiliarity with differences among
them. For example, only the World Health Organi-
zation (5) and the European Confederation of Medi-
cal Mycology and International Society for Human
& Animal Mycology (6) explicitly recommend CrAg
screening for patients with HIV who are reinitiating

ART, which was not commonly reported (17 %-35%)
in the poll.

Most respondents (almost 80%) reported that
they typically obtain lumbar punctures and evaluate
for meningitis symptoms among patients with posi-
tive CrAg screening tests, consistent with guidelines.
CrAg screening utility for patients without HIV (e.g.,
transplant recipients) is unclear and has not been well
studied (8,9); 60% of respondents indicated that the
practice might be useful or that they were unsure.
More research is needed regarding CrAg screening
utility among patients without HIV.

A limitation of the survey is that poll respon-
dents might not be generalizable to all US infectious
disease physicians. Furthermore, results might over-
estimate CrAg screening use because of self-selection
bias among respondents who chose to participate in
the survey based on perceived importance of CrAg

Table 1. Practice characteristics and testing practices reported by 215 US infectious disease providers in Emerging Infections Network
survey of screening for cryptococcal antigenemia, United States, 2024*

Characteristic

Responses, no. (%)t

Primary practice setting n=214
Community hospital 48 (22)
Nonuniversity teaching hospital 39 (18)
University hospital 84 (39)
Veterans Affairs or Department of Defense hospital 13 (6)
City, county, or public hospital 10 (5)
Children’s hospital 10 (5)
Cancer facility 2 (1)
Outpatient only 3(1)
Other 5(2)

Respondent type n=212
Infectious disease physician (primarily for adults) 192 (91)
Infectious disease physician (primarily for children) 14 (7)
Other 3(1)

Besides adult and adolescent patients with advanced HIV, do you think that other patient groups should be n =209

routinely screened for cryptococcal antigenemia?

Yes 69 (33)
No 84 (40)
Not sure 56 (27)
Which barriers, if any, concern you or prevent you from obtaining CrAg testing for patients with HIV who are n=178
initiating or reinitiating ART and have a CD4 cell count <200 cells/mm?3?%
Unsure of benefit of CrAg screening 74 (42)
Uncertainty around CrAg screening recommendations 57 (32)
Concern about delaying ART initiation or reinitiation 18 (10)
Long turnaround time for send-out CrAg testing 13 (7)
Difficulty of interpreting CrAg test results 10 (6)
CrAg testing not available at my facility/institution 4 (2)
Challenges with insurance coverage 4 (2)
Other 2 (1)
None of the choices 74 (42)

Which of the following would you consider doing for a patient with a positive CrAg screening test result? ¥ n =181
Not applicable/l do not order CrAg testing 7(4)
Perform lumbar puncture and order cerebrospinal fluid testing for Cryptococcus or CrAg 143 (79)
Evaluate for symptoms of meningitis 140 (77)
Obtain CrAg titer 124 (69)
Treatment with fluconazole while awaiting CSF results 65 (36)
Other 7(4)
None of these 1(0.6)

*ART, antiretroviral therapy; CrAg, cryptococcal antigen; CSF, cerebrospinal fluid; N, total number of responses.

TAmong respondents who answered each question.
FRespondents could select all that apply.
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Table 2. Cryptococcal antigen blood test use for patients with
advanced HIV, reported by 215 US infectious disease providers
in Emerging Infections Network survey of screening for
cryptococcal antigenemia, United States, 2024*

CD4 count, no. (%)t

Characteristic <100 cells/mm?® <200 cells/mm?®
Newly initiating ART n=171 n =166
Never 23 (13) 34 (20)
Rarely 22 (13) 43 (26)
Sometimes 19 (11) 34 (20)
Often 27 (16) 19 (11)
Always 80 (47) 36 (22)
Reinitiating ART n=168 n =160
Never 35 (21) 48 (30)
Rarely 28 (17) 44 (28)
Sometimes 47 (28) 41 (26)
Often 20 (12) 13 (8)
Always 38 (23) 14 (9)
Experiencing ART failure n =166 n=161
Never 44 (27) 57 (35)
Rarely 37 (22) 47 (29)
Sometimes 51 (31) 44 (27)
Often 20 (12) 8 (5)
Always 14 (8) 5(3)
Seriously ill¥ n=176 n=168
Never 8 (5) 11(7)
Rarely 5(3) 16 (10)
Sometimes 27 (15) 27 (16)
Often 43 (24) 38 (23)
Always 93 (53) 76 (45)

*ART, antiretroviral therapy.
TAmong respondents who answered each question.
fRegardless of ART status.

screening. Future surveys of CrAg screening practic-
es among other specialist populations might be use-
ful because of increased integration of HIV care into
primary care. Our results reveal potential opportuni-
ties for improvement in advancing understanding of
and adherence to CrAg screening guidelines among a
sample of EIN members.

Emerging Infections Network queries are designated as
non-human subjects research by the institutional review
board of the University of Iowa. This activity was
reviewed by the Centers for Disease Control and
Prevention and was conducted consistent with applicable
federal law and CDC policy (e.g., 45 C.F.R. part 46.102(I)
(2), 21 CE.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. §552a; 44
U.S.C. 83501 et seq.).

This work was funded by the Centers for Disease Control
and Prevention (cooperative agreement no. 5 and grant
no. NU50CK000574).
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Albrecht Durer (1471-1528), The Syphilitic, 1496 (detail). Broadsheet: text and woodcut. 15.7 in x 11.4 in/40 cm x 29 cm.
Source: Wellcome Collection, London, UK (https://wellcomecollection.org/works/pt87tfém).

The Syphilitic—Diirer’'s Woodcut, a Pandemic Unveiled

Alexis Demas

In 1496, Albrecht Diirer, at the age of just 25, cre-
ated a haunting woodcut to accompany a poem
authored by German physician Theodoric Ulse-
nius. Entitled The Syphilitic, the image portrays a
grotesque figure with bloated limbs, ulcerated skin,
and a contorted face—an image both spiritual and
pathological. Born in Nuremberg in 1471, Direr

Author affiliation: Le Havre Hospital, Le Havre, France

DOI: https://doi.org/10.3201/eid3107.AC3107

1496

would become one of the most influential figures of
the Northern Renaissance, renowned for his tech-
nical mastery in engraving, his profound interest
in humanist thought, and his innovative fusion of
scientific observation and artistic expression. Al-
though this woodcut dates to 1496, the prominent
inscription of 1484 above the afflicted figure refers to
a planetary conjunction that was, at the time, widely
seen as an ominous sign. Diirer thus connects the
astronomical event of 1484 with the outbreak of the
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disease he depicted 12 years later, framing it within
a cosmological and prophetic context.

This woodcut is one of the earliest known artis-
tic representations of syphilis, capturing a moment
when Europe was gripped by a new and devastating
disease. Far beyond an artistic curiosity, this wood-
cut serves as a visual document—a Renaissance-era
screenshot — preserving the medical, cultural, and
existential shock of an emerging infectious disease.
The accompanying Latin text was composed by The-
odoricus Ulsenius, a German physician and human-
ist active in the late 15th Century. Although little is
known about Ulsenius’s life, he is remembered for his
medical writings and his interest in astrological ex-
planations for disease, reflecting the intellectual cur-
rents of his era.

Syphilis, or the French disease as it was known in
early texts, made its first explosive appearance in Eu-
rope in 1495, during the siege of Naples. The timing
was no coincidence. Historical and microbiological
evidence suggests that returning members of Chris-
topher Columbus’s crew introduced a New World
subspecies of Treponema (likely the agent of yaws),
which rapidly evolved into the sexually transmitted
Treponema pallidum in the environmental and social
conditions of Europe. In a tragic irony of microbial
globalization, this pathogen traveled eastward across
the Atlantic while, simultaneously, European settlers
from Europe carried diseases such as measles and
smallpox westward, decimating the immunologically
naive Native Americans. What emerged was an unin-
tentional epidemic spread, waged not with intent, but
with oblivious contact.

The image created by Diirer is imbued with
dense and deliberate symbolism. The afflicted man
stands prominently in the foreground, raising his
hands toward the heavens in a gesture of despair and
supplication, as if pleading for a divine explanation
for his suffering. He is clothed in a loose, tattered
robe, designed to conceal his skin and the visible
lesions that emerge on the exposed areas: his face,
legs, and hands. The garment, rendered in vivid red
tones, accentuates his vulnerability and social isola-
tion, the striking color drawing immediate attention.
His emaciated features and hunched posture vividly
evoke the physical devastation wrought by the dis-
ease. Behind him, an elaborate coat of arms displays
a grotesque face, possibly symbolizing the French
Disease. The accompanying Latin text by Ulsenius
attributes the cause of the epidemic to a celestial
phenomenon: the conjunction of Jupiter and Saturn
in the sign of Scorpio. In an age when science, as-
trology, and theology were inseparably intertwined,
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such a cosmological explanation sought to make
sense of a disease perceived as either divine punish-
ment or an apocalyptic omen. Thus, Diirer’s compo-
sition serves not merely as a depiction of physical
suffering but as a complex meditation on fate, hu-
man frailty, and the blurred boundaries between
medical and metaphysical knowledge.

From a modern diagnostic perspective, the image
invites an exercise in iconodiagnosis (the retrospec-
tive medical diagnosis carried out on a work of art
depicting a human person). The skin lesions and fa-
cial features evoke differential considerations includ-
ing leprosy, psoriasis, or even advanced scabies. But
the timing of the image, just 1 year after the Europe
outbreak, strongly favors a florid case of secondary or
early tertiary syphilis. Diirer's woodcut captures the
grotesque morphology and rapid dissemination of a
novel pathogen whose biologic behavior defied both

Figure. Full broadsheet of Albrecht Diirer’s The Syphilitic,
showing text of poem authored by German physician Theodoric
Ulsenius. Source: Wellcome Collection, London, UK
(https://wellcomecollection.org/works/pt87tfém).
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Galenic medicine and moral explanation (the inter-
pretation of disease as both a natural imbalance of the
bodily humors, according to Galenic medical theory,
and as a consequence of moral or sinful behavior).

Artists, often more sensitive to the undercurrents
of their time than chroniclers or physicians, became
inadvertent epidemiologists. Their works encode pat-
terns of disease and perception. Just as Pieter Brue-
gel’s The Triumph of Death reflected the cultural impact
of plague, Diirer’s syphilitic figure chronicles a micro-
bial invasion frozen in time. Rather than depicting a
microbial event in real time, Diirer’s woodcut offers
a visual chronicle of a society grappling with a new
and terrifying disease, blending observable symp-
toms with astrological and moral interpretations of
human suffering. These images allow today’s physi-
cians, historians, and scientists to revisit the past with
clinical insight and to better understand how societies
respond to emerging diseases.

Despite centuries of medical progress, syphilis
remains with us. Recent epidemiologic reports from
the World Health Organization show a rising global
incidence of syphilis and other sexually transmit-
ted infections, particularly among young adults and
marginalized populations. This resurgence, despite
the availability of effective antibiotics and preventive
tools, prompts a reevaluation of our current strategies
for public health education, access to care, and behav-
ioral interventions.

The pandemic of the 1490s may seem distant, but
it holds direct lessons for today. In both instances,
newly mobile populations, evolving pathogens, and
delayed institutional responses allowed infections to
flourish. The human body, caught between biology
and belief, becomes the ultimate witness to history.

Diirer’s syphilitic figure, though carved in wood
more than 5 centuries ago, reminds us that microbes
are protagonists in the story of civilization. Microbio-
logical incursions are often sudden, the consequences
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lasting, and their documentation—through sci-
ence and art—are essential to our understanding. In
today’s era of emerging pathogens and renewed
global vulnerability, this Renaissance woodcut stands
not only as an artistic relic but as a timeless warning,.
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