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The CDC Yellow Book is available online now at www.cdc.gov/yellowbook and in print starting in June 2025 
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Launch of CDC Yellow Book 2026–  
A Trusted Travel Medicine Resource
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SYNOPSIS

Rickettsioses are vectorborne bacterial infections 
caused by obligate, intracellular, gram-negative 

coccobacilli belonging to the genera Rickettsia and 
Orientia, which are transmitted to humans through 
arthropods such as ticks, fleas, mites, and lice (1–4). 
Transmission occurs globally and is influenced by 
varying factors, such as vector populations, ecology, 
and human activities (5–7).

The 3 main rickettsioses groups are typhus group 
(TG), consisting of endemic murine typhus (Rickettsia 
typhi) and the rarely occurring epidemic typhus (R. 
prowazekii); spotted fever group (SFG), consisting of 
multiple Rickettsia species (e.g., R. rickettsii, R. conorii, 
R. felis); and the scrub typhus group (STG) (e.g., Ori-
entia tsutsugamushi) (2,8). Infection is associated with 
a broad range of symptoms, often including an acute 
nonspecific febrile illness accompanied by headache, 
myalgia, nausea, and rash (9–11). In scrub typhus and 
tickborne SFG infections, an eschar at the bite site 
might also be observed (9,10). Although most symp-
tomatic infections lead to mild or moderate illness, 
some cases can be severe and life-threatening if left 
untreated (11–14).

Throughout Southeast Asia, rickettsioses are a 
leading cause of acute febrile illness and dispropor-
tionately affect poorer communities (1,10,15,16). De-
spite being readily treatable with antibiotic therapy, 
particularly during the early course of infection, rick-
ettsioses often remain underdiagnosed and subse-
quently undertreated (1,10,13,17). A lack of appropri-
ate point-of-care diagnostics and the often nonspecific 
clinical manifestations associated with infection fur-
ther complicate definitive diagnosis (1,14,17–19). The 
substantial public health concerns associated with 

rickettsioses (1,20–22) reflect the need to elucidate the 
true burden of disease and the associated population 
risk profile to support effective clinical management 
and public health responses.

In Cambodia, as part of a long-term health facil-
ity–based disease surveillance initiative established 
in 2006 by the Royal Cambodian Ministry of Health, 
standardized laboratory testing procedures were 
conducted on healthcare-seeking patients with acute 
undifferentiated febrile illness (AUFI) (23–25). Aims 
of this passive surveillance included using AUFI se-
roprevalence surveillance data to describe the burden 
and long-term epidemiology of rickettsioses among 
AUFI patients in Cambodia.

Methods

Study Site Selection, Design, and Participant Enrollment
We conducted a cross-sectional prevalence study 
among participants with AUFI symptoms at se-
lected health facilities throughout Cambodia dur-
ing January 2007–December 2020. The Cambodian 
Ministry of Health selected 28 health facilities from 
9 provinces located within 4 terrestrial ecoregions 
(26) to represent a diversity of geographic locations 
throughout the country. Those facilities included 3 
rural provincial hospitals and 14 rural health cen-
ters, together with 11 urban health centers primar-
ily located around the capital, Phnom Penh (Figure 
1). We collected data continuously throughout the 
course of the study during both the dry season (No-
vember–April) and wet season (May–October). We 
used terrestrial ecoregions, defined as standardized 
large land areas classified by distinct biogeographic 
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During 2007–2020, we conducted a cross-sectional preva-
lence study among patients with acute undifferentiated fe-
brile illness to describe the burden and long-term epidemi-
ology of rickettsioses in Cambodia. Serum samples were 
collected from 10,243 participants, along with epidemio-
logic data, information on clinical symptoms, demographic 
characteristics, and risk factors. A total of 802 (7.8%) par-
ticipants met the definition for acute rickettsial infection af-
ter ruling out malaria, influenza, dengue, and chikungunya; 
557 (5.4%) cases were typhus, 154 (1.5%) spotted fever, 

and 136 (1.3%) scrub typhus. Overall seroprevalence was 
18.1% (1,857/10,243). Increased age, residence in urban 
settings, and recent travel to forests were significantly as-
sociated with rickettsial infection. Symptoms significantly 
associated with infection included rash, vomiting, and 
skin lesions. Our results confirm the underlying burden of 
rickettsioses and associated risk factors in Cambodia and 
highlight the need for accessible diagnostics and clinical 
guidance that consider rickettsioses when treating per-
sons with acute undifferentiated febrile illness.
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Disease Burden of Rickettsiosis, Cambodia

groups of species and ecosystems, to describe eco-
logic zones (26).

In this study, we defined AUFI as acute onset 
of fever lasting >24 hours but <10 days where, even 
after comprehensive clinical history and physical 
examination, a distinct etiology could not be identi-
fied as previously described (24,25,27). Persons >2 
years of age experiencing AUFI symptoms with an 
oral or tympanic temperature >38°C or axillary tem-
perature >37.5°C were eligible. As part of the AUFI 
surveillance initiative, patients who tested negative 
for influenza (by nasal swab or rapid test), malaria 
(by microscopy or rapid test), dengue (by rapid test 
or laboratory-confirmed diagnosis, including PCR or 
serologic assay), or chikungunya (by PCR, serologic 
assay, or both), as previously described (23–25,28), 
were tested for rickettsioses. Patients positive for 1 of 
those more common etiologies were not evaluated for 
rickettsioses.

We asked eligible patients to complete a ques-
tionnaire to capture demographic information such 
as gender, employment status, residential address, 
and contact details. As part of an acute-stage sam-
pling phase, participants underwent a medical his-
tory and physical examination, and blood samples 
were collected for laboratory testing. An acute clinical  

assessment questionnaire (Appendix Figure 1, 
https://wwwnc.cdc.gov/EID/article/31/6/24-
1752-App1.pdf) was also completed that detailed 
travel history or any time spent working in forested 
areas in the previous 2 months before assessment. 
Participants were asked to return 14–30 days later to 
complete a follow-up medical examination and pro-
vide a convalescent blood sample for laboratory anal-
ysis. If participants did not return for their scheduled 
convalescent visit, study-associated healthcare staff 
visited the participant’s place of residence to conduct 
follow-up assessment and specimen collection.

Laboratory Analysis
After collection, we labeled blood samples and sent 
them to Phnom Penh for processing. Serum was sepa-
rated from the whole blood specimen, aliquoted into 
prelabeled cryovials, and stored at –70°C or in liquid 
nitrogen. We performed rickettsioses antibody test-
ing on serum samples using IgG in-house ELISAs 
developed by the Naval Medical Research Center 
(Silver Spring, Maryland, USA). The assays targeted 
antibodies against specific rickettsial antigens of the 
typhus group (R. typhi, Wilmington strain), scrub 
typhus group (O. tsutsugamushi, Gilliam, Kato, and 
Karp strains), and spotted fever group (R. conorii), 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1071

Figure 1. Study site locations of urban and rural health facilities included in cross-sectional prevalence study of clinical manifestations, 
risk factors, and disease burden of rickettsiosis, Cambodia, 2007–2020, overlayed on top of terrestrial ecoregions of Cambodia.

https://wwwnc.cdc.gov/EID/article/31/6/24-1752-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/6/24-1752-App1.pdf
http://www.cdc.gov/eid
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as previously described (25,29–31). Positive and 
negative controls for each assay were derived from 
pooled serum samples collected from participants in 
the Cambodia AUFI surveillance initiative with net 
optical density (OD) values of <0.2 (negative) and 
>1.0 (positive). For initial screening, we tested con-
valescent samples at 1:100 dilution and scored them 
as positive if they yielded a net OD of >0.5 for any 
of the 3 antigen preparations. All screen-positive 
serum samples were titrated at 4 dilutions of 1:100, 
1:400, 1:1,600, and 1:6,400. We considered samples 
positive when the cumulative net OD value for the 
4 dilutions was >1,000. Titers for the positive sam-
ples were determined to be the inverse of the high-
est dilution that gave a net OD of >0.2. Samples that 
achieved an OD of >0.5 at screening but failed to be 
confirmed by titration were reported as negative 
for all later analyses. We then paired convalescent 
samples identified as IgG-positive with their corre-
sponding acute serum samples and retested to iden-
tify a positive rickettsial infection.

Definition of a Positive Rickettsial Infection
In this study, we defined a positive rickettsial infec-
tion as either a 4-fold increase in titer from acute to 
convalescent sample or a result change of negative in 
the acute sample to positive in the convalescent sam-
ple, considered indicative of seroconversion. We de-
fined previous exposure (seroprevalence) as any par-
ticipant with a seropositive result in either the acute 
or convalescent sample, regardless of seroconversion.

Data Management and Statistical Analysis
We matched and double-entered data into Access 
(Microsoft, https://www.microsoft.com) and per-
formed statistical analysis using R version 4.3.0 (The 
R Project for Statistical Computing, https://www.r-
project.org). We used the Pearson χ2 test to analyze 
frequency of categorical variables and generalized 
linear models for binomial regression analysis to cal-
culate odds ratios (ORs) and 95% CIs to measure the 
association between rickettsioses and recorded symp-
toms, demographics, and environmental characteris-
tics. We also analyzed potential interactions between 
key variables including urban or rural status and ter-
restrial ecosystems.

Ethical Clearance and Consent
We obtained written informed consent from eligible 
participants >18 years of age or the parent/legal 
guardian of eligible nonadult participants <18 years 
of age. Ethics approval was obtained by the Kingdom 
of Cambodia’s National Ethics Committee for Health 

Research (208 NECHR) and the United States Naval 
Medical Research Center (NAMRU2.2012.0001), in 
compliance with all applicable federal regulations 
governing the protection of human subjects.

Results
We enrolled a total of 42,221 participants during 
2007–2020, of whom 29,982 (71.0%) provided paired 
acute-convalescent blood samples (Figure 2). In ac-
cordance with the study testing protocol, we tested 
10,243 (34.2%) paired samples for rickettsioses after 
seeing the results of rapid and laboratory testing; we 
did not test 9,340 (31.1%) participants because they 
tested positive for influenza, malaria, dengue, or chi-
kungunya (Figure 2). We did not test the remaining 
10,399 (34.7%) participants because of supply limita-
tions and logistical challenges experienced during the 
study, as well as because of host country operational 
priorities, including no participants being tested for 
rickettsioses in 2009 because of a reallocation of re-
sources to address the swine influenza pandemic. 
Participants tested for rickettsioses were 2–90 years of 
age; the mean age was 24.2 (SD 17.3) years. The me-
dian number of tested participants per year was 512 
(mean 787.9 [SD 619.6]) (Appendix Table 1).

We identified a total of 847 rickettsial infections 
among 802 (7.8%) participants during the study. Of 
those infections, most belonged to the TG (65.8%, n = 
557), followed by the SFG (18.2%, n = 154), and STG 
(16.0%, n = 136) (Table 1). We detected co-infections 
with multiple rickettsioses in 44 (0.4%) of the 10,243 
tested participants, including 1 participant who test-
ed positive for all 3 rickettsial groups (Appendix Ta-
ble 2). We recorded significant positive associations 
between TG and STG (OR 2.36 [95% CI 1.34–3.88]), 
SFG and TG (OR 2.50 [95% CI 1.49–3.97]), and STG 
and SFG (OR 6.13 [95% CI 3.06–11.1]) infections (Ap-
pendix Table 3). Among the 10,243 participants test-
ed, 1,857 (18.1%) recorded a positive result in either 
the acute or convalescent sample, indicative of rick-
ettsioses exposure, including 1,068 (10.4%) recording 
positive exposures to TG, 596 (5.8%) to SFG, and 451 
(4.4%) to STG.

We identified a significant association between 
year and number of rickettsial infections detected 
over the 14-year study period (p<0.001). Most rick-
ettsial infections were detected during 2016–2019 
(70.7%, n = 567); the highest number of cases (n = 227) 
and proportion of positive tests by year (13.3%) oc-
curred in 2018 (Figure 3).

Most rickettsial infections were detected among 
study participants >15 years of age (83.3%, n = 684), 
which had a recorded test positivity percentage of 
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11.2% (684/6,132); percentage of test positivity in par-
ticipants <15 years of age (14.7%, n = 118) was 2.9% 
(118/4,111) (Table 2; Appendix Tables 4, 5). The high-
est overall percentages of positivity for rickettsial in-
fections were recorded among participants >46 years 
(14.7%, 216/1,468) and 36–45 (14.2%, 156/1,096) years 
of age (Appendix Figure 2). In participants who re-
ported travel to the forest, 14.8% (406/2,735) tested 
positive, whereas 12.0% (165/1,375) of participants 
who reported travel outside their home region tested 
positive. Similarly, high test-positivity percentages 
for TG infections were recorded within those cat-
egories; 11.9% (326/2,735) of participants who re-
ported traveling to the forest tested positive for TG 
infections, and 9.0% (124/1,371) of participants who 
reported travel outside their home regions tested 
positive. A strong positive association was observed 

among participants testing positive for TG and travel-
ing to the forest (OR 4.26 [95% CI 3.58–5.08]). 

All persons in age groups >15 years had signifi-
cantly higher odds of infection than did participants 
<15 years of age; persons in the 36–45-year age group 
had the highest likelihood (OR 4.17 [95% CI 3.14–
5.54]), followed by the >46-year group (OR 4.02 [95% 
CI 3.07–5.26), the 16–25-year age group (OR 3.68 [95% 
CI 2.79–4.86), and the 26–35-year age group (OR 3.06 
[95% CI 2.30–4.06]) (Table 3). In addition to age and 
forest exposure (OR 1.87 [95% CI 1.52–2.30]); other 
risk factors included participants testing positive in 
health facilities located in Central Indochina dry for-
est (OR 3.68 [95% CI 2.51–5.60]) and Tonle Sap-Me-
kong peat swamp forest ecoregions (OR 1.74 [95% CI 
1.03–2.98]), and urban areas (OR 1.95 [95% CI 1.29–
2.99). In addition to education, significant negative 
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Figure 2. Flowchart of patients 
enrolled in rickettsioses cross-
sectional prevalence study of 
clinical manifestations, risk 
factors, and disease burden 
of rickettsiosis, Cambodia, 
2007–2020. Columns indicate 
percentage of total AUFI patents 
(blue), percentage of participants 
tested for rickettsioses 
(yellow), and percentage of 
infected persons detected 
per year (red). No testing was 
conducted in 2009. AUFI, acute 
undifferentiated febrile illness. 
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associations were recorded among employed partici-
pants (OR 0.69 [95% CI 0.50–0.94). We did not observe 
any significant association between rickettsial infec-
tion and gender, general travel, or season (wet or dry) 
in this study (Appendix Table 6).

Positive symptom associations included rash (ad-
justed OR [aOR] 2.21 [95% CI 1.63–2.97]), vomiting 
(aOR 1.64 [95% CI 1.29–2.07]), and skin lesions (aOR 1.63 
[95% CI 1.25–2.12]) (Table 4). Among participants test-
ed for rickettsioses, 23.1% (129/559) of persons with 
skin lesions and 22.8% (76/334) of persons with rash 
tested positive for a rickettsial infection (Table 4).

Discussion
Using laboratory-level diagnostics and associated pa-
tient and community level variables, this study pro-
vides a unique opportunity to describe the variable 
burden and characteristics of rickettsial infection in 
Cambodia over a 14-year period. The overall rickettsi-
oses test-positivity percentage of 7.8% observed in this 
study demonstrates a notable burden of disease among 
febrile patients seeking treatment who had tested neg-
ative for influenza, malaria, dengue, and chikungunya. 
Similarly, the positive detection of antibodies in 18.1% 
of all tested participants suggests a significant level 
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Figure 3. Detected rickettsial infections by year and season and yearly percentage of rickettsioses-positive patients with acute 
undifferentiated febrile illness in cross-sectional prevalence study of clinical manifestations, risk factors, and disease burden of rickettsiosis, 
Cambodia, 2007–2020. p values determined using the Pearson χ2 test. The year 2009 is omitted because no testing was conducted. 

 
Table 1. Rickettsial infections detected by type and diagnostic method among patients with acute undifferentiated febrile illness tested 
for rickettsioses at health facilities as part of study of rickettsiosis in Cambodia, 2007–2020* 

Group Result 
Diagnostic method, no. (%) patients 

4-fold increase Seroconversion Seroconversion or 4-fold increase 
STG Negative 10,211 (99.7) 10,139 (99.0) 10,107 (98.7)  

Positive 32 (0.3) 104 (1.0) 136 (1.3) 
TG Negative 10,176 (99.3) 9,753 (95.2) 9,686 (94.6)  

Positive 67 (0.7) 490 (4.8) 557 (5.4) 
SFG Negative 10,221 (99.8) 10,111 (98.7) 10,089 (98.5)  

Positive 22 (0.2) 132 (1.3) 154 (1.5) 
*SFG, spotted fever group; STG, scrub typhus group; TG, typhus group.  
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of exposure to rickettsioses among the population of 
Cambodia. Wide variances in rickettsioses seropreva-
lence proportions are noted in the literature (5%–30%); 
differences are often explained by geography, study 
design, targeted population immunological profiles, 
diagnostic approaches used, and thresholds or clini-
cal definitions applied, likely contributing to this wide 
range (10,32). However, this study recorded a higher 
prevalence of TG cases (5.4%) than STG cases (1.3%), 
in contrast to previous studies from adjacent countries 
such as Thailand (9.0% TG vs. 9.8% STG), Vietnam 
(3.7% TG vs. 26.4% STG), and Laos (9.6% TG vs. 14.8% 
STG) (33–35). Of note, the prevalence of confirmed STG 
cases (1.3%) and overall STG seroprevalence (4.4%) in 
this study were lower than that observed in studies ref-

erenced from neighboring countries but are similar to 
those reported for similar AUFI studies in Cambodia 
(36). The discordance might relate to vector dynamics, 
disease reservoirs, or differences among target popula-
tion risk profiles across studies, which will require fur-
ther research to confirm the causative factors driving 
these variances.

Although we did not compare the prevalence 
of rickettsioses to influenza, malaria, dengue, and 
chikungunya, our results indicated that almost 1 in 
10 cases of AUFI in this study were likely caused 
by rickettsiosis (after those more common etiolo-
gies had been ruled out). Given rickettsial infections 
are known to be chronically underdiagnosed, those 
findings highlight a clear need for accessible point-
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Table 2. Characteristics of study participants and seroprevalence of rickettsial infection by type among patients with acute 
undifferentiated febrile illness tested for rickettsioses at health facilities as part of study of rickettsiosis in Cambodia, 2007–2020* 

Category 
Total tested, 

no. (%)‡ 
Negative, no. 

(%)† 
Positive, no. (%)† 

STG TG SFG All rickettsiae 
Participants 10,243 (100) 9,441 (92.1) 136 (1.3) 557 (5.4) 154 (1.5) 802 (7.8) 
Age group, y       
 <15 4,111 (40.1) 3,993 (97.1) 28 (0.7) 74 (1.8) 22 (0.5) 118 (2.9) 
 16–25 1,805 (17.6) 1,637 (90.7) 36 (2.0) 107 (5.9) 38 (2.1) 168 (9.3) 
 26–35 1,763 (17.2) 1,619 (91.8) 17 (1.0) 97 (5.5) 36 (2.0) 144 (8.2) 
 36–45 1,096 (10.7) 940 (85.8) 13 (1.2) 120 (10.9) 32 (2.9) 156 (14.2) 
 >46 1,468 (14.3) 1,252 (85.3) 42 (2.9) 159 (10.8) 26 (1.8) 216 (14.7) 
Sex       
 F 4,936 (48.2) 4,601 (93.2) 68 (1.4) 221 (4.5) 62 (1.3) 335 (6.8) 
 M 5,307 (51.8) 4,840 (91.2) 68 (1.3) 336 (6.3) 92 (1.7) 467 (8.8) 
Education 6,182 (60.4) 5,653 (91.4) 91 (1.5) 376 (6.1) 86 (1.4) 529 (8.6) 
 Lower primary school 2,224 (21.7) 2,062 (92.7) 29 (1.3) 110 (4.9) 38 (1.7) 162 (7.3) 
 Primary school 938 (9.2) 875 (93.3) 6 (0.6) 40 (4.3) 19 (2.0) 63 (6.7) 
 Lower secondary school 816 (8.0) 770 (94.4) 10 (1.2) 29 (3.6) 11 (1.3) 46 (5.6) 
 High school 83 (0.8) 81 (97.6) 0 (0) 2 (2.4) 0 (0) 2 (2.4) 
 Diploma or university       
Employment status  
 Unemployed 8,907 (87.0) 8,164 (91.7) 115 (1.3) 521 (5.8) 149 (1.7) 743 (8.3) 
 Employed 1,336 (13.0) 1,277 (95.6) 21 (1.6) 36 (2.7) 5 (0.4) 59 (4.4) 
Season       
 Dry, Nov–Apr 4,497 (43.9) 4,139 (92.0) 49 (1.1) 251 (5.6) 78 (1.7) 358 (8.0) 
 Wet, May–Oct 5,746 (56.1) 5,302 (92.3) 87 (1.5) 306 (5.3) 76 (1.3) 444 (7.7) 
Area       
 Rural 5,331 (52.0) 4,875 (91.4) 67 (1.3) 330 (6.2) 70 (1.3) 456 (8.6) 
 Urban 4,912 (48.0) 4,566 (93.0) 69 (1.4) 227 (4.6) 84 (1.7) 346 (7.0) 
Had traveled       
 No 8,872 (86.6) 8,235 (92.8) 115 (1.3) 433 (4.9) 121 (1.4) 637 (7.2%) 
 Yes 1,371 (13.4) 1,206 (88.0) 21 (1.5) 124 (9.0) 33 (2.4) 165 (12.0%) 
Traveled to forest       
 No 7,508 (73.3) 7,112 (94.7) 97 (1.3) 231 (3.1) 100 (1.3) 396 (5.3) 
 Yes 2,735 (26.7) 2,329 (85.2) 39 (1.4) 326 (11.9) 54 (2.0) 406 (14.8) 
Terrestrial ecosystem       
 Southeastern Indochina dry evergreen 
 forests 

869 (8.5) 840 (96.7) 7 (0.8) 10 (1.2) 13 (1.5) 29 (3.3) 

 Cardamom Mountains rain forests 292 (2.8) 287 (98.3) 2 (0.7) 3 (1.0) 1 (0.3) 5 (1.7) 
 Central Indochina dry forests 6,791 (66.3) 6,135 (90.3) 95 (1.4) 482 (7.1) 114 (1.7) 656 (9.7) 
 Tonle Sap-Mekong peat swamp 
 forests 

2,291 (22.4) 2,179 (95.1) 32 (1.4) 62 (2.7) 26 (1.1) 112 (4.9) 

Antibiotic use in past 30 d       
 No 9,736 (95.0) 8,979 (92.2) 129 (1.3) 523 (5.4) 149 (1.5) 757 (7.8) 
 Yes 507 (5.0) 462 (91.1) 7 (1.4) 34 (6.7) 5 (1.0) 45 (8.9) 
*SFG, spotted fever group; STG, scrub typhus group; TG, typhus group. 
†Percentages of participants by category. 
‡Percentages of total participants. 
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of-care diagnostics and effective surveillance. Simi-
larly, strengthening awareness and education among 
healthcare providers and ensuring appropriate anti-
biotic treatments are available is critical to addressing 
rickettsiosis in Cambodia.

The number of positive cases detected over time 
was shown to differ in this study; yearly test positivity  

percentages ranged from 2.5% in 2015 to 11.6% in 
2020, illustrating variable transmission dynamics. 
Such longitudinal variability indicates a need to in-
corporate effective surveillance into routine health 
system practice to adequately monitor transmission 
and identify potential disease outbreaks. Challenges 
associated with early diagnosis, variable transmis-
sion rates, and the potential for serious and life-
threatening illness, when paired with exposure and 
infection rates observed in this study, highlight the 
public health impact of rickettsioses in Cambodia. 
The final 3 years of the study recorded the 3 highest 
test-positivity percentages recorded over the 14-year 
study period, which also saw positivity percentages 
for rickettsial DNA as high as 36% in ectoparasites 
collected in southern Cambodia (37), indicating a 
potential resurgence of rickettsial infections in re-
cent years. That period was immediately before 
lockdowns associated with the COVID-19 pandemic 
and might not be reflective of current patterns, war-
ranting the investigation of contemporary epidemio-
logic data.

Consistent with previous studies from neigh-
boring countries, including Thailand, Laos, and 
Malaysia (33,38,39), our findings demonstrated 
a significant association between increasing age 
and rickettsial infection. Higher case rates among 
adults than in children suggests potential increased 
exposure among participants >15 years of age to 
environmental settings favorable to the vectors and 
vector hosts known to transmit rickettsial bacteria, 
likely because of occupational or lifestyle activi-
ties. This study also identified a negative associa-
tion between rickettsial infection and participants 
with formal employment and higher levels of ed-
ucation, consistent with findings from previous 
studies within the region examining those sociode-
mographic variables (33,38). Of note, we observed 
similar proportions of STG seroprevalence and in-
fection between urban and rural participants in this 
study. Given the high percentage of the labor force 
engaged in the agricultural sector (32%), particular-
ly rice production, together with Cambodia’s rela-
tively small size and good transport network (40), 
those findings warrant further detailed investiga-
tion into the effects of occupational exposure and 
risk stratification on STG infection.

In addition to age across all 3 main rickettsioses 
groups, we identified significant associations be-
tween SFG infection and urban settings, as well as 
associations between infection and travel to forests 
and associations between the Central Indochina dry 
forests and Tonle Sap-Mekong peat swamp forest 
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Table 3. Association between key participant characteristics and 
rickettsial infection among patients with acute undifferentiated 
febrile illness who tested positive for rickettsioses as part of study 
of rickettsiosis in Cambodia, 2007–2020* 
Characteristic OR (95% CI) p value 
Year 1.04 (1.02–1.07) 0.001 
Age group, y 

 

 <15 Referent 
 

 16–25 3.68 (2.79–4.86) <0.001 
 26–35 3.06 (2.30–4.06) <0.001 
 36–45 4.17 (3.14–5.54) <0.001 
 >46 4.02 (3.07–5.26) <0.001 
Sex 

  

 F Referent 
 

 M 1.16 (0.99–1.36) 0.072 
Education 

  

 Lower primary school Referent 
 

 Primary school 0.77 (0.63–0.95) 0.014 
 Lower secondary school 0.70 (0.52–0.94) 0.019 
 High school 0.56 (0.39–0.77) <0.001 
 Diploma or university 0.23 (0.04–0.77) 0.047 
Employment status 

 

 Unemployed Referent 
 

 Employed 0.69 (0.50–0.94) 0.022 
Season 

  

 Dry, Nov–Apr Referent 
 

 Wet, May–Oct 0.97 (0.84–1.13) 0.7 
Area 

  

 Rural Referent 
 

 Urban 1.95 (1.29–2.99) 0.002 
Terrestrial ecosystem  

 

 Southeastern Indochina dry 
 evergreen forests 

Referent 
 

 Cardamom Mountains rain 
 forests 

0.90 (0.30–2.21) 0.8 

 Central Indochina dry forests 3.68 (2.51–5.60) <0.001 
 Tonle Sap-Mekong peat swamp 
 forests 

1.74 (1.03–2.98) 0.041 

Influence of rural/urban setting within terrestrial ecosystem† 
 Urban/Cardamom Mountains rain 
 forests 

  

 Urban/Central Indochina dry 
 forests 

0.52 (0.32–0.85) 0.009 

 Urban/Tonle Sap-Mekong peat 
swamp forests 

  

Had traveled   
 No Referent 

 

 Yes 0.79 (0.62–1.01) 0.061 
Traveled to forest   
 No Referent 

 

 Yes 1.87 (1.52–2.30) <0.001 
Antibiotic use in past 30 d  

 

 No Referent 
 

 Yes 1.02 (0.72–1.41) >0.9 
*Determined by generalized linear model for binomial regression. OR, 
odds ratio. 
†Reference group is rural location (data not listed) for respective urban 
ecosystems. 
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ecoregions with TG infection. Those findings sug-
gest lifestyle and occupational and environmental  
exposure, such as living in high-density residencies or 
engaging in forest-based and forest-fringe–based in-
formal occupations (such as agriculture, logging, and 
animal trapping), are all associated with an increased 
risk for specific types of infection. Providers should 
have a higher index of suspicion for rickettsial infec-
tion if those risk factors are present. We also found no 
significant difference in association between wet and 
dry seasons in this study, indicating that rickettsial 
infections should be considered as a potential etiol-
ogy regardless of season.

In this study, we sought to elucidate the bur-
den of rickettsial disease in Cambodia after ruling 
out more common pathogens. Consistent with other 
studies, significant symptoms associated with rick-
ettsial infections observed after multivariable analy-

sis consisted of rash, vomiting, skin lesions, head-
ache, diarrhea, chills, and muscle aches (10,19,41,42). 
Despite those associations, the nonspecific nature 
of those symptoms is common to many febrile ill-
nesses, emphasizing the challenges associated with 
the clinical diagnosis of rickettsioses, particularly 
in the absence of specific laboratory diagnostics 
(3,10,19). Of note, we observed a high proportion of 
specific gastrointestinal symptoms among infected 
participants. Previous research highlights a higher 
propensity for the misdiagnosis of rickettsial infec-
tions if gastrointestinal symptoms are prominent or 
no skin rash is present (10,19). Therefore, providers 
should not exclude rickettsioses from the differential 
diagnosis in the setting of vomiting or diarrhea and 
could consider empiric therapy if proper diagnos-
tics are not available. The overlap in the identified 
symptom associations of rickettsioses with other 
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Table 4. Association between reported symptoms and rickettsial infection among patients with acute undifferentiated febrile illness 
who tested positive for rickettsioses as part of study of rickettsiosis in Cambodia, 2007–2020* 

Symptom Present 

Rickettsial infection 

 

 

 

 
Total, n = 

10,243 
Negative,  
n = 9,441 

Positive,  
n = 802 

Unadjusted† Adjusted‡ 
OR (95% CI) p value OR (95% CI) p value 

Fever Yes 10,243 9,441 (92.2) 802 (7.8)  
  

 
  

Malaise No 3,373 3,204 (95.0) 169 (5.0)  Referent 
 

 Referent 
 

Yes 6,870 6,237 (90.8) 633 (9.2)  1.92 (1.62–2.30) <0.001  0.76 (0.60–0.96) 0.019 
Chills No 4,475 4,260 (95.2) 215 (4.8)  Referent 

 
 Referent 

 

Yes 5,768 5,181 (89.8) 587 (10.2)  2.24 (1.91–2.64) <0.001  1.39 (1.16–1.68) <0.001 
Joint pain No 7,359 6,921 (94.1) 438 (5.9)  Referent 

 
 Referent 

 

Yes 2,884 2,520 (87.4) 364 (12.6)  2.28 (1.97–2.64) <0.001  1.15 (0.95–1.38) 0.2 
Nausea No 7,594 7,104 (93.6) 490 (6.4)  Referent 

 
 Referent 

 

Yes 2,649 2,337 (88.2) 312 (11.8)  1.94 (1.67–2.25) <0.001  0.79 (0.62–1.00) 0.056 
Vomit No 8,347 7,820 (93.7) 527 (6.3)  Referent 

 
 Referent 

 

Yes 1,896 1,621 (85.5) 275 (14.5)  2.52 (2.15–2.94) <0.001  1.64 (1.29–2.07) <0.001 
Abdominal 
cramps 

No 9,083 8,349 (91.9) 734 (8.1)  Referent 
 

 Referent 
 

Yes 1,160 1,092 (94.1) 68 (5.9)  0.71 (0.54–0.91) 0.008  0.77 (0.55–1.04) 0.10 
Diarrhea No 9,813 9,048 (92.2) 765 (7.8)  Referent 

 
 Referent 

 

Yes 430 393 (91.4) 37 (8.6)  1.11 (0.78–1.55) 0.5  1.57 (1.02–2.38) 0.036 
Bloody stool No 10,203 9,403 (92.2) 800 (7.8)  Referent 

 
 Referent 

 

Yes 40 38 (95.0) 2 (5.0)  0.62 (0.10–2.02) 0.5  0.52 (0.08–1.87) 0.4 
Cough No 3,362 3,099 (92.2) 263 (7.8)  Referent 

 
 Referent 

 

Yes 6,881 6,342 (92.2) 539 (7.8)  0.86–1.17 >0.9  0.95 (0.77–1.18) 0.7 
Headache No 1,615 1,566 (97.0) 49 (3.0)  Referent 

 
 Referent 

 

Yes 8,628 7,875 (91.3) 753 (8.7)  3.06 (2.30–4.15) <0.001  1.47 (1.07–2.07) 0.020 
Sore throat No 4,348 4,040 (92.9) 308 (7.1)  Referent 

 
 Referent 

 

Yes 5,895 5,401 (91.6) 494 (8.4)  1.20 (1.04–1.39) 0.016  0.99 (0.81–1.21) >0.9 
Muscle aches No 6,223 5,944 (95.5) 279 (4.5)  Referent 

 
 Referent 

 

Yes 4,020 3,497 (87.0) 523 (13.0)  3.19 (2.74–3.71) <0.001  1.39 (1.12–1.74) 0.004 
Shortness of 
breath 

No 9,430 8,681 (92.1) 749 (7.9)  Referent 
 

 Referent 
 

Yes 813 760 (93.5) 53 (6.5)  0.81 (0.60–1.07) 0.15  0.84 (0.62–1.13) 0.3 
Rash No 9,909 9,183 (92.7) 726 (7.3)  Referent   Referent  

Yes 334 258 (77.3) 76 (22.7)  3.73 (2.84–4.84) <0.001  2.21 (1.63–2.97) <0.001 
Lesion No 9,684 9,011 (93.1) 673 (6.9)  Referent   Referent  

Yes 559 430 (76.9) 129 (23.1)  4.02 (3.24–4.95) <0.001  1.63 (1.25–2.12) <0.001 
Seizure No 10,172 9,375 (92.2) 797 (7.8)  Referent   Referent  

Yes 71 66 (93.0) 5 (7.0)  0.89 (0.31–2.01) 0.8  1.00 (0.34–2.35) >0.9 
Other symptoms No 9,670 8,881 (91.8) 789 (8.2)  Referent 

 
 Referent 

 

Yes 573 560 (97.7) 13 (2.3)  0.26 (0.14–0.44) <0.001  0.36 (0.19–0.60) <0.001 
*Values are no. (%) except as indicated. OR, odds ratio. 
†Unadjusted generalized linear model for binomial regression. 
‡Generalized linear model for binomial regression adjusted by age, gender, and enrollment year. 
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well-known febrile illnesses in the region, such as 
dengue and malaria, together with relatively high 
proportions of rickettsial infection identified among 
participants tested in this study, highlights the over-
lapping nonspecific clinical manifestations likely 
seen by frontline healthcare providers. The substan-
tial risk of underdiagnosing rickettsioses supports 
the development of a point-of-care diagnostic that 
can be used in low-resource settings.

The first limitation of this study is its reliance 
on deidentified passive surveillance data collected 
from symptomatic patients seeking care for AUFI; 
persons with asymptomatic and mildly symptom-
atic rickettsial infections might have been missed, 
because those patients would not seek care. Simi-
larly, only AUFI patients who tested negative for 
influenza, malaria, dengue, and chikungunya were 
tested for rickettsioses, meaning rickettsial-infected 
patients co-infected with any of those diseases could 
have been missed in this study because of selection 
bias. Testing proportions might also have been in-
fluenced by seasonal factors; 19.7% of AUFI patients 
were tested for rickettsioses during the wet season 
compared with 32.1% in the dry season, possibly 
because of higher positivity proportions for other 
diseases during the wet season or seasonal dynam-
ics of the vectors. Those factors might have led to 
underestimating the true prevalence of rickettsioses. 
Also, because most study site facilities were located 
within the Central Indochina dry forests and Tonle 
Sap-Mekong peat swamp forests ecoregions, the po-
tential for bias associated with the uneven distribu-
tion of sites should be considered when interpret-
ing the terrestrial ecoregion analyses. The collection 
of additional patient level data (such as occupation 
and specific participant interactions with domestic 
or agricultural animals), as well as household level 
information (such as number of persons residing in 
the household) and the expansion of data collection 
to all ecoregion types in Cambodia, should be incor-
porated into future surveillance efforts to fill addi-
tional knowledge gaps identified by this effort.

This long-term surveillance study has docu-
mented the rate of rickettsial infections among 
AUFI patients in Cambodia as ≈8% once more com-
mon etiologies were ruled out; seroprevalence was 
18%. Clinical and epidemiologic risk factors identi-
fied over the 14-year study period associated with 
rickettsial infection, in addition to fever, include 
rash, skin lesions, and vomiting, as well as age, 
residence in urban settings, and recent travel to 
forests. Given the complex diagnostic challenges, 
clinical prognosis, and disease burden identified in 

this study, point-of-care diagnostics for resource-
limited settings are needed. In the meantime, pro-
viders with clinical suspicion could consider em-
piric therapy. Additional surveillance and research 
are needed to better define transmission dynamics, 
the associated risk profiles of populations most at 
risk, the specific rickettsial pathogens responsible 
for disease (i.e., species specific molecular and se-
rologic assays), and the influence of environmen-
tal and economic changes to inform appropriate 
public health interventions. Our results add to our 
overall understanding and awareness of rickettsio-
ses in Cambodia and make a strong case for deploy-
ing diagnostic tools for detecting TG, SFG, and STG 
rickettsiae in clinical settings.
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etymologia revisited
Petri Dish  
[pe′tre ′dish]

The Petri dish is named after the German inventor and bac-
teriologist Julius Richard Petri (1852–1921). In 1887, as an 

assistant to fellow German physician and pioneering microbi-
ologist Robert Koch (1843–1910), Petri published a paper titled 
“A minor modification of the plating technique of Koch.” This 
seemingly modest improvement (a slightly larger glass lid), 
Petri explained, reduced contamination from airborne germs 
in comparison with Koch’s bell jar.
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SYNOPSIS

Infantile cataracts are rare diseases, with an incidence 
varying from 6.3 to 136 per 100,000 births (1–5). The 

etiology is diverse, including genetic disorders, meta-
bolic diseases, or ocular infections. Intrauterine infec-
tious causes are referred to by the TORCH acronym: 
toxoplasmosis, other infectious pathogens (such as 
HIV, syphilis, parvovirus B19/fifth disease, varicel-
la/chickenpox, and Zika), rubella, cytomegalovirus, 
and herpes viruses (6,7).

Uveitis in children is even rarer; a recent study 
reported an incidence of 0.69/100,000 person-years 
in children from South Korea 0–6 years of age (8). 
Furthermore, uveitis manifests only exceptionally in 
the first months after birth. In a retrospective study 
performed in Finland, no child <1 year of age had 
uveitis (9). A study from India reported 15 cases of 
neonatal uveitis out of a population of 1,450 prema-
ture infants. All those cases were of infectious etiol-
ogy, with toxoplasma, rubella, cytomegalovirus, vari-
cella zoster, Mycobacterium tuberculosis, other bacteria, 
and fungi as the causative organisms (10), illustrating 
that neonatal uveitis is usually infectious in nature 
and causative organisms are similar to those causing 
cataracts. Diagnostic tests are readily available for the 

most common of those pathogens, making diagnosis 
relatively straightforward.

In 2002, the first case of unilateral infantile cata-
racts with anterior uveitis caused by Spiroplasma ixo-
detis was published (11). In this article, we provide a 
review of the cases published before 2024 and evalu-
ate an additional series of unpublished cases from 
different centers in Europe. We aim to describe a 
phenotype characterizing Spiroplasma-related cata-
racts and uveitis in infants through a review of the 
available literature and the newly published cases. In 
addition, we describe diagnostic steps and effective 
treatment options.

Methods and Materials
After confirmation of a S. ixodetis diagnosis in a child 
from Romania and treated in Antwerp, Belgium, 
L.V.O. and M.T. contacted the authors of previously 
published cases and asked if they had encountered 
new patients since case publication. We also reached 
out to other centers that contacted the authors of 
the published cases for assistance in diagnosis and 
treatment of S. ixodetis in their patients. The result-
ing study group was named the Spiroplasma Infan-
tile Cataract Group.

After initial contact through email, the group 
held a virtual meeting on June 1, 2023, to discuss the 
setup of the study and article. We determined pa-
tients were eligible for inclusion when cataracts were 
diagnosed and >1 of 3 diagnostic tests (16S RNA PCR, 
transmission electron microscopy [TEM], or culture) 
confirmed the presence of S. ixodetis in 1 or both eyes. 
Each center provided anonymized case reports for 
their cases with identifying parameters as limited as 
possible. We included patients through July 14, 2023. 
We combined the information from the new cases 
with information available from published cases (12–
16). We then made separate tables summarizing the 
demographic data, diagnostic approach, and char-
acteristics of the cataracts; the aspects of the uveitis; 
and the treatment details for each included case (Ap-
pendix 1 Tables 1, 2, https://wwwnc.cdc.gov/EID/
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Spiroplasma ixodetis has been reported to cause the rare 
combination of cataract and uveitis in infants. Through 
a retrospective analysis of available literature and ad-
ditional unpublished cases, we identified 28 eyes from 
18 infants from 8 countries in Europe with cataracts and 
intraocular inflammation. The cataracts were bilateral in 
55.6%, unilateral in 44.4%, and progressive in 46.4% of 
patients. Granulomatous anterior uveitis was found in all 
infants. Presence of S. ixodetis was supported by PCR 
(positive in 89.3% of eyes tested), transmission electron 
microscopy (positive in 90% of eyes tested), or culture of 
aspirated lens material (positive in 87.5% of eyes test-
ed). Treatment with macrolide antimicrobial drugs, cor-
ticosteroids, and lensectomy appeared to be effective. 
Two patients had a recurrence of the uveitis after lens 
extraction and needed prolonged treatment. To increase 
awareness of S. ixodetis, we suggest its inclusion with 
the organisms of the TORCH acronym.

https://wwwnc.cdc.gov/EID/article/31/6/24-0954-App1.xlsx
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article/31/6/24-0954-App1.xlsx). We filled in the in-
formation on active cases after the tables were created 
on the basis of published reports.

Our study aim was 3-fold: first, to specify the 
characteristics of the clinical manifestations regarding 
the uveitis and the cataracts; second, to evaluate the 
different diagnostic modalities; and third, to compare 
the different treatment regimens used in the included 
cases. This research adhered to the tenets of the Dec-
laration of Helsinki. Informed consent was obtained 
from the parents or guardians of every patient. The 
Ethical Committee of the Antwerp University Hospi-
tal considered this work exempt from formal review 
because of the observational nature of the research.

Results
In addition to the 7 cases published to date (11–14), we 
have included information on 3 patients reported as 
2 poster presentations (15,16) and 8 new patients. We 
have included a total of 18 children and 28 eyes from 
8 countries in Europe (Germany, n = 6; France, n = 5; 
Austria, n = 2; Luxembourg, n = 1; the Netherlands, n 
= 1; Norway, n = 1; Romania, n = 1; and Switzerland, n 
= 1). Since finalization of this study, 1 additional case 
was published outside of this study group, reporting 
a similar clinical manifestation of uveitis, progressive 
cataracts, and ocular hypertension (17). 

We created a list of the clinical manifestations of 
S. ixodetis infection in the cases reported in this study 
(Table). In addition, we summarized the characteris-
tics and demographics of the previously published 
cases and additional descriptions and figures of each 
(Appendix 1 Tables 1, 2; Appendix 2, https://ww-
wnc.cdc.gov/EID/article/31/6/24-0954-App2.pdf). 

We found anterior uveitis in all patients (Figure 1, 
panel A). Anterior uveitis is classified as granuloma-
tous or nongranulomatous depending on the clinical 
manifestation and does not refer to any histological 
aspects. A granulomatous uveitis is characterized by 
the presence of large endothelial precipitates or iris 
nodules. Of the 28 eyes from 18 patients included in 
the study, we found large endothelial precipitates in 
25 (89.3%) eyes of 16 (88.9%) patients and iris nodules 
in 10 (35.7%) eyes of 8 (44.4%) patients. In patient 9, 
the uveitis affected only 1 eye, whereas the cataracts 
were bilateral, although less pronounced in the eye 
without uveitis (Figure 1, panel B). Patient 6 had vit-
reous infiltration, snowballs (cell aggregates in the 
vitreous), and some peripheral necrotic retinal infil-
trates, and patient 10 demonstrated a clinical mani-
festation of endophthalmitis. Those patients’ clinical 
manifestations demonstrate uveitis can extend to the 
posterior segment. Patient 14 had unilateral cataracts 
with uveitis but bilateral macular scarring without a 
documented presence of posterior segment inflam-
mation and a negative workup for other infectious 
causes. The relation of those scars to the inflamma-
tion is not clear.

Posterior synechiae were found in all eyes with 
uveitis (96.4%) and were often extensive, possibly 
leading to complete pupillary seclusion. In 14 (50%) 
eyes from 9 (50%) patients, a pupillary membrane 
was found. Both synechiae and pupillary membranes 
can lead to angle closure and a secondary increase 
of intraocular pressure (IOP), leading to an enlarged 
corneal diameter, which was seen in patients 5, 7, 
and 8. Twelve (42.8%) eyes from 9 (50%) patients had 
an increased IOP. Four (14.3%) eyes from 4 (22.2%) 
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Table. Common clinical manifestations documented in multicenter retrospective study of Spiroplasma ixodetis infantile cataract in 8 
countries in Europe that should prompt the clinician to consider a diagnosis of S. ixodetis–related infantile cataract with uveitis* 
Clinical manifestation in eyes (%) Characteristics (%) Additional comments 
Lens opacity (100), can be highly 
asymmetric 

Bilateral (55.6) NA 
Unilateral (44.4) NA 

Progressive over time (46.4) NA 
White lens opacity (35.7) NA 

Abnormal lens anatomy (25) Fibrous plaque, fibrovascular 
membranes, improperly formed lens 

Anterior uveitis (96.4), can be highly 
asymmetric 

Extensive posterior synechiae (96.4) May lead to the full seclusion of the pupil 
and increased intraocular pressure with 

enlarged corneal diameter 
Large endothelial precipitates (89.3) Peculiar shape over the entire surface of 

the cornea 
Dilated immature iris vessels (71.4) Can be adherent to the anterior lens 

capsule or to a pupillary membrane 
Pupillary membranes (50) NA 

Involvement of the posterior segment (14.3) Inflammation, retinal scars 
Elevated intraocular pressure (42.8) Preoperative (14.3) NA 

Postoperative (25) NA 
Pre and postoperative (3.6) NA 

Requiring glaucoma surgery (14.3) NA 
*We defined elevated intraocular pressure as the need for treatment for increased eye pressure on the basis of the treating physicians clinical judgement. 
NA, not applicable. 
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patients had increased IOP before cataract surgery, 
and increased IOP developed in 7 (25%) eyes from 6 
(33.3%) patients after the initial cataract surgery. One 
(3.6%) eye from 1 (6.3%) patient had increased IOP 
before and after cataract surgery. Two patients (pa-
tients 8 and 18) had 1 eye with increased IOP before 
surgery and developed increased IOP in the other eye 
after surgery.

Of the 12 eyes with ocular hypertension, 4 needed 
glaucoma surgery (14.3% of all eyes): patient 8 (right 
eye) underwent a trabeculotomy, patient 14 (right 
eye) received a glaucoma drainage device, and pa-
tient 16 (left eye) underwent trabeculectomy with 
mitomycin C. Patient 18 (left eye) underwent cyclo-
photocoagulation because of severe scarring of the 
trabecular meshwork and continued to require topi-
cal IOP lowering medication. Furthermore, 20 (71.4%) 
eyes from 14 (77.8%) patients demonstrated severely 
dilated iris vessels adherent to the lens (Appendix 1 
Tables 1, 2).

Eight (44.4%) infants had unilateral cataracts, of 
whom 1 showed bilateral macular scars without the 
presence of uveitis. Bilateral cataracts manifested in 
10 (55.6%) infants; patient 9 was affected by cataracts 
in both eyes but uveitis only in the right eye.

The cataracts were variable in clinical manifesta-
tion. In 10 (35.7%) eyes, the cataracts manifested as 
a white cataract within the first weeks of life. In 13 
(46.4%) eyes, we found the cataracts got denser dur-
ing the first months of life, as described previously 
(11). No progression was reported in 5 (17.9%) eyes.

Abnormal lens anatomy was found in 7 (25%) 
eyes from 5 (27.8%) patients. The abnormal anatomy 
found included fibrotic subcapsular membranes (pa-
tients 8 and 14), persistent fibrovascular membranes 
(patient 17), small and deformed lens (patients 8 and 
15), and lens subluxation (patient 18).

There is currently no standardized technique to 
diagnose Spiroplasma infection. 16S-rRNA PCR was 

performed on lens fiber material from the patients 
reported in this study. The PCR testing generated a 
positive result in 25 (89.3%) eyes. We created a phy-
logenetic tree with the 16S sequences (Figure 2); the 
available sequences were uploaded to the GenBank 
database. TEM was performed on lens material in 10 
eyes from 7 patients and identified Spiroplasma spp. 
within lens fibers in 9 (90%) of the eyes tested. Cul-
ture was attempted on lens material of 8 eyes from 6 
patients and S. ixodetis was cultured from 7 (87.5%) of 
those eyes (14).

Of the 18 patients, 77.8% received topical cortico-
steroids before surgery, and all patients had topical 
corticosteroids in the postoperative period. In addi-
tion, 5 (27.8%) patients received systemic steroids to 
control the ocular inflammation. Systemic antimicro-
bial treatment was used in 17 (94.4%) patients. In 16 
(88.9%) patients, the antimicrobial drug was a mac-
rolide (erythromycin, azithromycin, clarithromycin, 
or josamycin). The remaining patient (patient 5) re-
ceived a systemic antimicrobial drug, but we could 
not determine which type.

Discussion
We describe 28 eyes in 18 infants from 8 countries 
in Europe that had cataracts and intraocular inflam-
mation caused by S. ixodetis. Three modes of diag-
nosis were used: 16S-rRNA PCR on aspirated lens 
tissue, TEM on lens tissue, and culture on aspirated 
lens material (Mycoplasma A7 agar medium [ELI-
TechGroup]). All 3 tests seemed equally likely to 
generate a positive result in the affected eyes. PCR 
was positive in 89.3% of eyes (all eyes were tested), 
TEM was positive in 90% of 10 eyes tested, and cul-
ture was positive in 87.5% of 8 eyes where culture 
was attempted. The positive cultures are an addi-
tional requirement of Koch’s postulates to confirm 
S. ixodetis as the cause of this clinical entity. Lens tis-
sue was obtained by simple aspiration with either a 
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Figure 1. Spectrum of 
Spiroplasma spp.–caused 
eye disease documented in 
a multicenter retrospective 
study of Spiroplasma ixodetis 
infantile cataract in 8 countries 
in Europe. The study included 
a total of 18 children and 28 
eyes. A) Preoperative image of 
patient 15, showing extensive 
endothelial precipitates and 
cataract and iris vascularization 
extending to the lens. B) Mild 
cataract in the left eye of patient 
9 without apparent uveitis.
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syringe or a vitrector. Patients from cases 9 and 10 
demonstrate that PCR can be negative but TEM can 
still confirm the diagnosis; therefore, we recommend 
using each of the available diagnostic paths in cases 
with a high clinical suspicion.

In several of the patients, aqueous humor sam-
ples were analyzed by 16S-rRNA PCR. This testing 
yielded a positive result only for case 11, in which the 
aqueous humor sample was obtained after lensecto-
my and could have been contaminated with Spiroplas-
ma spp. DNA from inside the lens. Spiroplasma spp. 
most likely cannot survive in the eye outside of the 
lens and needs the presence of cells for survival. The 
refreshing of the aqueous humor within the eye could 
play an additional role in the absence of positive PCR 
results. This potential role highlights the need to  

perform PCR on lens tissue obtained during cataract 
surgery to confirm the diagnosis.

Cataracts were bilateral in 55.6%, unilateral in 
44.4%, and progressive in 46.4% of patients. All pa-
tients had a granulomatous uveitis in >1 eye, with 
thick endothelial precipitates scattered over the entire 
endothelium. Similar deposits were seen on the iris. 
The uveitis can be highly asymmetric. Diagnosis of a 
very limited uveitis in a newborn can be challenging 
and could easily remain unnoticed.

In the left eye of patient 9, no uveitis was found, 
and the cataract was very limited, although it was 
progressive over time. PCR and TEM results were 
positive in the eye with uveitis (right eye) but nega-
tive in the left eye. This positivity might indicate the 
load of Spiroplasma spp. was lower in the eye with 
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Figure 2. Neighbor-joining unrooted tree based on rrs gene sequences recovered from a multicenter retrospective study of Spiroplasma 
ixodetis infantile cataract in 8 countries in Europe. The study included a total of 18 children and 28 eyes. Numbers in parentheses are 
GenBank accession numbers. Scale bar represents substitutions per nucleotide position.
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mild cataract and no detectable uveitis and that the 
inoculum of Spiroplasma spp. has a role in the patho-
physiology. Furthermore, the examinations are con-
ducted on only a portion of the removed lens tissue, 
which can leave the Spiroplasma spp. undetected. The 
presence of minor lens changes could disturb the nor-
mal metabolism of the lens, causing the cataracts to 
progress further over time. This progression possibly 
happens in the absence of the Spiroplasma spp. that 
triggered the cascade. The cataract with negative PCR 
result illustrates that Spiroplasma spp. could cause an 
isolated mild cataract without signs of inflammation 
and may escape detection by PCR and TEM.

Cataract progression was seen in 46.4% (n = 13) 
eyes before surgery, even after reducing inflamma-
tion, as previously described (11,16). Several factors 
could be involved in this progression, and they are 
not mutually exclusive. Topical steroids, when used 
for several months, can cause progression of cataracts, 
as can the ongoing anterior chamber inflammation. 
The clinical picture of cataracts in those cases does 
not fit the manifestation of a purely corticosteroid-in-
duced cataract, and cataract was documented before 
the start of steroids in most cases. Extensive fibrosis 
of the lens capsule was noted in 3 patients (patients 8, 
14, and 17), and the lens was deformed in 3 patients 
(patients 8, 15, and 18) with abnormal or absent zon-
ules. This finding might indicate that the infection 
with Spiroplasma spp. can interfere with normal lens 
development. Progression of the cataract might be be-
cause of poor penetration of the antimicrobial in the 
lens material, enabling Spiroplasma spp. to trigger the 
capsular lens epithelial cells to transform into fibro-
blasts and lose their transparency.

The timing of surgery for infants with cataracts is 
critical to avoid amblyopia. A balance between early 
surgery to improve visual prognosis and reduction of 
inflammation before surgery needs to be sought. We 
recommend starting a systemic antimicrobial drug 
treatment as soon as Spiroplasma spp. is suspected 
and adding an antiinflammatory treatment guided 
by the amount of intraocular inflammation. In this 
review, treatment regimens varied between patients, 
but most received a perioperative systemic macrolide 
antimicrobial in combination with topical or system-
ic steroids. The inflammation resolved rapidly once 
treatment was started. The patient in case 3 did not 
receive systemic antimicrobial drugs, only topical 
tobramycin in the first postoperative month. In that 
patient, there were no recurrences in the 18 months 
after surgery. The lens removal could be part of the 
treatment because it is possible Spiroplasma spp. can-
not survive in the eye after lens removal.

Intraocular lens (IOL) implantation is considered 
controversial both in young children and in eyes with 
inflammation. In patients 8 and 10, an IOL was im-
planted after the bag-in-the-lens technique. In our 
experience implanting the lens, we saw very little 
postoperative inflammation in patients with uveitis, 
even at a young age (18,19). However, the threshold 
for implantation of an IOL in those children should 
be very high, no classic in-the-bag approach should 
be used, and aphakia is preferred when there is any 
doubt regarding activity of inflammation.

Reactivation of uveitis has not been reported in 
any of the previously published cases. However, 2 
of the patients reported in this article suffered a re-
occurrence after initial control of the inflammation. 
Those relapses were treated with a combination of 
a repeated course of systemic macrolide antimicro-
bials and a low dose of topical steroids, which was  
slowly tapered.

A strength of this study is that we provide ad-
ditional information on many newborns with Spiro-
plasma-induced cataracts and uveitis in a multicentric 
cooperation. This additional information adds to the 
known information on the topic, therefore strength-
ening the generalizability of the data.

A limitation of this study is that we cannot give 
a clear mechanism of the infection with Spiroplasma 
spp., but our findings could serve as a basis for fur-
ther research to enlighten this process. A standardiza-
tion of the diagnostic approach can make diagnosis 
easier and will help in giving those children the ap-
propriate treatment.

The genus Spiroplasma belongs to the class Mol-
licutes, which contains only bacteria without a cell 
wall. Spiroplasma spp. can be found on plants, in in-
sects, or crustaceans (20). Spiroplasma spp. are symbi-
onts of ticks and are transmitted vertically from the 
female tick to her eggs (21). S. ixodetis was first de-
scribed in Western blacklegged ticks (Ixodes pacificus) 
in Oregon, USA (22), and has since been identified in 
other tick species, such as I. ricinus and Dermacentor 
marginatus (23). Several studies have found a hetero-
geneous geographic distribution of the presence of 
Spiroplasma spp. in harvested ticks (24–26).

Spiroplasma spp. is not generally considered 
a human pathogen, but several reports of human 
disease caused by Spiroplasma spp. have been docu-
mented (11–15,27–30). The first reported human in-
fection with Spiroplasma spp. in a premature child 
with unilateral cataract and uveitis occurred within 
a prospective study examining lens material from 
a series of infant cataracts that were not hereditary 
in origin (11). Since then, further cases of coincident 
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progressive cataract and granulomatous uveitis be-
cause of infection with Spiroplasma spp. in neonates 
have been published (12–17). We identified a small 
number of reports on systemic infections with Spiro-
plasma spp. occurring in immunocompromised pa-
tients (27,29,30). One case in an elderly woman (28) 
led to the suggestion of advanced age as a possible 
cause of relative immunosuppression. In addition, 1 
report identified Spiroplasma spp. in a series of per-
sistent root canal infections (31).

A derivative of a related species, S. mirum, known 
as suckling mouse cataract agent (SMCA), has been 
used in experimental eye models. In those models, 
injection of SMCA into the brain of newborn rodents 
caused inflammatory eye disease, microphthalmia, 
and structural defects of cornea, lens, and retina. In 
adult animals, no disease could be induced (32–34). 
Those findings confirm the preference for the eye as a 
target organ and agree with the reports of uveitis and 
cataracts in newborns caused by S. ixodetis.

The exact mode of infection in the patients re-
viewed in this article is unclear. In the first pub-
lished case and in cases 9 and 10, a maternal in-
fectious disease was noted during the pregnancy. 
In patient 9, a Mycoplasma infection was suspected. 
Mycoplasma also belongs to the class Mollicutes 
and therefore could have been a misdiagnosis of 
an infection with a relative of Spiroplasma spp. In 
patients 8 and 11, there was a positive history of a 
tick bite during the pregnancy, as well as a wasp 
sting in case 11. That history demonstrates 2 pos-
sible modes of maternal infection: either communi-
ty-acquired or by an arthropod vector (most likely 
a tick), but other modes of infection could still be 
possible. Those modes of infection may not be mu-
tually exclusive and could lead to a possibly as-
ymptomatic or mild maternal infection.

Because infection is possibly transplacental (11), 
both eyes would be equally likely to be affected. 
However, of note, the manifestations ranged from 
unilateral cases (44.4%) to asymmetric and bilateral 
cases (55.6%) in both cataracts and uveitis. We also 
found a case of a child from a diamniotic, dichorionic 
twin in which the sibling was unaffected (patient 18) 
(Appendix 2).

Because S. ixodetis can be cultured from lens tis-
sue of affected infants and positive PCR results are 
similarly found in the lens tissue itself, S. ixodetis 
might be contained inside the lens, within the bar-
rier formed by the lens capsule. TEM clearly shows 
the intracellular location within lens fibers (11,16). 
This containment could mean S. ixodetis was already 
present before the closure of the lens vesicle (35), as 

described previously (36). However, in animal stud-
ies (32–34), pathological changes in the lens are seen 
in rabbits inoculated with SMCA within 48 hours of 
birth, which indicates SMCA can penetrate the lens 
capsule of an immature lens after birth. Research on 
the involvement of S. mirum in transmissible spongi-
form encephalopathies has shown Spiroplasma spp. 
use curli-like fibers to drill into the cell wall (37). 
There may be a similar pathway enabling S. ixodetis 
to perforate the lens capsule. Because Spiroplasma spp. 
have been proven to cause cataracts in both newborn 
humans (11–17) and newborn animals (32–34), it is 
possible the ability to invade the lens is limited to a 
certain period, probably related to the immaturity 
and thickness of the lens capsule at the time of infec-
tion (35). Both pathways of infection, either before 
closure of the lens vesicle or by penetration of the im-
mature capsule, are not mutually exclusive.

Factors such as timing of the infection, genetic 
susceptibility, the inoculum of S. ixodetis, host im-
mune responses, or differences in the local microen-
vironment could influence the development and se-
verity of the disease. To better study those factors and 
further characterize the disease, we are setting up a 
prospective study with a standardized diagnostic and 
treatment approach. This prospective study might 
generate more robust data on the performance of the 
different diagnostic modalities and can help in de-
veloping a targeted quantitative PCR, which would 
make diagnosis easier.

Because of the rarity of these manifestations, we 
suggest considering S. ixodetis along with the organ-
isms implied in the TORCH acronym in the diagnos-
tic workup of cataracts and uveitis in infants. Analy-
sis of lens material with 16S-rRNA PCR, culture, and 
TEM is crucial to confirm the diagnosis.
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Cholera is an acute diarrheal disease caused by 
ingestion of food or water contaminated with 

the bacterium Vibrio cholerae (1). Since mid-2021, 
the seventh cholera pandemic, associated with the 
V. cholerae O1 El Tor biotype, has been on an acute 
upsurge. Several large outbreaks have occurred in 
endemic and nonendemic countries; countries in 
Africa were particularly heavily affected (2). Those 
outbreaks have been driven by multiple factors, in-
cluding extreme weather events, humanitarian cri-
ses, overlapping health emergencies (particularly 

during the COVID-19 pandemic), and consequently 
overstretched health systems (3,4).

In Malawi, cholera was first reported in 1973 and 
has been endemic since 1998. Annual increases in in-
cidence occur during the rainy season (November–
May, average temperature 30°C–35°C), particularly 
in the southern part of the country (5). During 2022–
2024, Malawi experienced a widespread cholera 
outbreak that persisted throughout the dry season 
(May–November, average temperature 13°C); 59,325 
cases and 1,774 deaths were reported as of March 31, 

In the aftermath of 2 extreme weather events in 2022, Ma-
lawi experienced a severe cholera outbreak; 59,325 cases 
and 1,774 deaths were reported by March 31, 2024. We 
generated 49 Vibrio cholerae full genomes from isolates 
collected during December 2022–March 2023. Phylogenet-
ic and phylogeographic methods confirmed that the Malawi 
outbreak strains originated from Pakistan’s 2022 cholera 
outbreak. That finding aligns with substantial travel between 
the 2 countries. The estimated most recent ancestor of this 

lineage was from June–August 2022, coinciding with Paki-
stan’s floods and cholera surge. Our analysis indicates that 
major floods in Malawi contributed to the outbreak; repro-
duction numbers peaked in late December 2022. We con-
clude that extreme weather events and humanitarian crises 
in Malawi created conditions conducive to the spread of 
cholera, and population displacement likely contributed to 
transmission to susceptible populations in areas relatively 
unaffected by cholera for more than a decade.
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2024 (6). The outbreak in Malawi unfolded amidst a 
global surge in cholera outbreaks, intensifying the 
scarcity of vaccines, tests, and treatments (7). Several 
other countries in southeastern Africa, in particular 
Mozambique, South Africa, Tanzania, Zambia, and 
Zimbabwe, were experiencing outbreaks concomi-
tant with the outbreak in Malawi (7).

Previous genomic analysis has revealed cholera ep-
idemics in Africa to be associated with transcontinental 
transmission of V. cholerae O1 El Tor sublineages from 
Asia, followed by regional cross-border spread within 
Africa (8,9). To explore the origin and drivers of the 
2022–2023 Malawi cholera outbreak, the Public Health 
Institute of Malawi (PHIM) partnered with the Centre 
for Epidemic Response and Innovation (CERI), a special-
ized genomics facility of the Africa Centres for Disease 
Control and Prevention and World Health Organiza-
tion Regional Office for Africa (AFRO) (10), to perform 
in-country genomic sequencing of V. cholerae. Using 
phylogenetic and phylogeographic methods alongside 
epidemiologic modeling that incorporates flooding and 
vaccination data, we investigated the genomic epidemi-
ology of the cholera outbreak in Malawi, while delving 
into its climate-amplified implications.

Methods

Ethics, Sample Selection, Culture, and DNA Extraction
To investigate the origin of the current cholera outbreak 
in Malawi, the Public Health Institute of Malawi, sup-
ported by CERI and the Climate Amplified Diseases 
and Epidemics (CLIMADE) program, performed on-
site genomic sequencing of local isolates. Isolates were 
anonymized and did not contain any personal iden-
tifiers. The Stellenbosch University Health Research 
Ethics Committee approved the CLIMADE initiative 
(BES-2023-24266). The Public Health Institute of Ma-
lawi and Ministry of Health National Health Sciences 
Research Committee approved this study. 

We collected fecal samples from patients with 
cholera symptoms who sought care in district and 
central hospitals. We used rapid diagnostic tests 
(RDTs) to identify the presence of V. cholerae and then 
performed culture on all samples that were RDT posi-
tive. We performed drug susceptibility testing on all 
positive cultures. We sent all positive culture plates to 
the National Genomic Sequencing Reference Labora-
tory for DNA extraction; we used the QIAamp DNA 
Mini Kit 51304 (QIAGEN, https://www.qiagen.com) 
for extraction and Qubit High Sensitivity DNA kit 
Q32854 (Thermo Fisher Scientific, https://www.ther-
mofisher.com) on Qubit 4 for quantification. We ob-
tained DNA extracts from 70 V. cholerae isolates from 

samples collected during December 2022–February 
2023 from the Southern, Central, and Northern  Re-
gions of Malawi. We extracted demographic, clinical, 
and diagnostic data from the routine cholera surveil-
lance system.

Sequencing
We prepared libraries using the Illumina DNA li-
brary preparation kit and Nextera CD indexes (Il-
lumina, https://www.illumina.com), according to 
the manufacturer’s protocol. We performed whole-
genome sequencing using the NextSeq 1000 instru-
ment with P2 (300) cycle kit reagents (Illumina). 
We have deposited the genomic sequences into the 
National Center for Biotechnology Information Se-
quence Read Archive (BioProject no. PRJNA967700).

Assembly and High-Quality Single-Nucleotide  
Polymorphism Calling
We obtained full genomes and single-nucleotide 
polymorphism (SNP) alignments with our Chol-
eraSeq pipeline (https://github.com/CERI-KRISP/
CholeraSeq). In brief, we assessed read quality and 
trimmed all residual adaptors with fastp (11) and 
used Snippy version 4.6.0 (https://github.com/tsee-
mann/snippy) to perform reference-based assembly 
against the N16961 strain (GenBank accession nos. 
NZ_CP028827.1, NZ_CP028828.1) before assembly.  
We set FreeBayes variant calling thresholds (E. Gar-
rison, G. Marth, unpub. data, https://arxiv.org/
abs/1207.3907) as >10× for site coverage, >60 for 
mapping quality, and >90% for base concordance. 
We merged individual vcf files using bctfools version 
1.15 (12). We ran core genome alignment through 
fastBaps version 1.0.8 (13) before recombination 
screening with Gubbins version 3.2.1 (14). We ma-
nipulated FASTA files with seqkit version 2.0.0 (15) 
and the Biostrings R package version 2.58 (https://
bioconductor.org/packages/release/bioc/html/ 
Biostrings.html). We extracted parsimony informative 
sites from consensus genome alignments in MEGAX 
version 10.0.3 (16). We downloaded all available V. 
cholerae whole-genome sequencing experiments from 
the National Center for Biotechnology Information 
Short Read Archive and the European Nucleotide 
Archive. We assembled paired-end reads and called 
SNPs using the same methodology applied to the 
newly sequenced Malawi strains.

Phylogenetic Inference with Worldwide Cholera Dataset
We inferred a maximum-likelihood phylogenetic 
tree from the parsimony informative sites using IQ-
TREE (17) to investigate the genetic relationship of 
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the Malawi outbreak to that of other strains from 
around the world (sampled during 1957–2023; N = 
2,778) (Appendix 1 Table 1, https://wwwnc.cdc.gov/
EID/article/31/6/24-0930-App1.xlsx). The reference 
set included 1,160 sequences from Africa, 898 from the 
Americas, 693 from Asia, 26 from Europe, and 1 from 
Oceania. We determined phylogenetic signal using a 
likelihood mapping test in IQ-TREE (17). We used Tree-
time (18) to obtain a maximum-likelihood tree scaled 
in time employing a standard mutation rate of 0.0179 
substitutions/SNP site/year, as estimated by phylody-
namic inference, after rerooting the tree by oldest tip.

Phylodynamic Inference
We investigated the phylogenetic relationships of the 49 
new clinical strains from Malawi with strains within a 
monophyletic multicountry clade containing 31 strains 
collected in 2022 from Pakistan, 49 publicly available 
strains from the same outbreak in Malawi (19), 114 
strains collected from South Africa in 2023 (20), and 20 
strains collected from Zimbabwe in 2023 (21) (Appendix 
1 Table 2). We determined phylogenetic signal using the 
likelihood mapping test in IQ-TREE (17) and estimated 
temporal signal by plotting the root-to-tip divergence 
using TempEst (22). We used the Bayesian framework 
to infer a posterior distribution of trees and estimate the 
time of the most recent common ancestor (tMRCA) of 
the sampled sequences. We considered different molec-
ular clock models (strict or uncorrelated relaxed molecu-
lar clock) and demographic priors (constant or Bayesian 
Skygrid) (23). We used BEASTX version 10.5.0-β5 (24) to 
run Markov chain Monte Carlo samplers for 500 million 
generations, sampling every 50,000 generations, which 
was sufficient to achieve mixing of the Markov chain as 
evaluated by effective sampling size >200 for all param-
eter estimates under a given model. We performed hy-
pothesis testing for best molecular clock, demographic 
model, by obtaining marginal likelihood estimates via 
path sampling and stepping-stone methods for each 
model to be compared, then calculating the Bayes factor 
(BF). BF is the ratio of the of the null (H0) and the alter-
native hypothesis (HA) marginal likelihood estimation 
s (25), where lnBF<0 indicates support for H0; lnBF<2, 
negligible difference; 2<lnBF<6, strong support for HA; 
and lnBF>6, decisive support for HA

46 (Appendix 2 Ta-
ble 1, https://wwwnc.cdc.gov/EID/article/31/6/24-
0930-App2.pdf). We estimated the mutation rate at 
0.0179 substitutions/SNP site/year, which is in line 
with previous rates for cholera (26,27). We obtained the 
maximum clade credibility (MCC) tree from the pos-
terior distribution of trees using optimal burn-in with 
TreeAnnotator (https://beast.community/programs). 
We manipulated the MCC phylogeny in R using the 

package ggtree as described (28) for publishing purpos-
es. We inferred the geographic origin of the epidemic 
in Malawi using discrete trait model with asymmetric 
transition (migration) and Bayesian stochastic search 
variable selection, enforcing the best molecular clock 
and demographic model (uncorrelated relaxed molecu-
lar clock and Bayesian Skygrid) in BEASTX. BF values 
of 3–20 indicate positive evidence, values of 20–150 in-
dicate strong evidence, and values >150 indicate very 
strong evidence (29,30) (Appendix 2 Table 2). We inves-
tigated cholera movement across Malawi, South Africa, 
and Zimbabwe by ancestral state reconstruction using 
continuous traits with the migration extension of Tree-
Time (18). We used a custom Python script to estimate 
dates of exchange events. We mapped results using the 
R packages maptools, raster, rgdal, and sf (The R Project 
for Statistical Computing, https://www.r-project.org). 
XML, MCC tree, ML phylogeny, and Treetime migra-
tion files are available at https://github.com/cmavian/
cholera_Malawi_2022-2023.

We used the WebPlotDigitizer tool (https://apps.
automeris.io/wpd) to extract data from a WHO re-
port on cholera in the Africa region (https://iris.who.
int/bitstream/handle/10665/366745/AFRO%20
Cholera%20Bulletin.06.pdf). The report provided 
daily information on cholera cases and deaths within 
Malawi until April 4, 2023.

Estimation of Time Varying Reproduction Number 
We inferred the instantaneous reproduction number 
over time (Rt), at the national level, for Malawi using 
a semimechanistic Bayesian framework described in 
Bhatt et al. (31). To estimate the model, we used the ep-
idemia package in R (https://imperialcollegelondon. 
github.io/epidemia), which enables us to estimate the 
effects of flooding and vaccinations as covariates. The 
estimate of Rt is based on daily national case counts, 
flooding, and vaccination data. We report the mean Rt 
estimate and 95% credible interval (CrI), a compari-
son of the observed and fitted case counts, and the 
effect sizes of our covariates (Appendix 2).

To check for robustness of our results, we esti-
mated Rt with both flooding and vaccinations, only 
flooding, and with no covariates. We also confirmed 
that the estimation of Rt without any covariates is con-
sistent with that of EpiEstim (32), which is an alterna-
tive implementation of a branching process model in 
R. Our Rt estimates were more stable because of the 
weekly random walk we used instead of daily data.

Flooding Data and Processing
We obtained real-time or near–real-time flooding data 
by remotely sensed Earth observation imagery (33). 
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Three sources are the Sentinels in Europe (34), the 
US National Aeronautics and Space Administration 
LANCE MODIS NRT global flood product (MCDWD) 
product using images generated from the Moderate 
Resolution Imaging Spectroradiometer instrument 
(https://www.earthdata.nasa.gov/global-flood-
product), and Flood version 1.0 (35) using images gen-
erated from the Visible Infrared Imaging Radiometer 
Suite instrument available at the RealEarth website 
(https://floods.ssec.wisc.edu) and associated archives 
(https://jpssflood.gmu.edu). Sentinels in Europe 
are generally used to provide data for emergency re-
sponse rather than long-term archives; MCDWD pro-
vided a long-term time series through 2022; and Flood 
provides ongoing daily and 5-day composites, which 
were downloaded for all of 2022 and then until April 
13, 2023. Image values distinguish normal open water 
(value <99) from flood water, for which values >100 
represent percentage flooding plus 100. The 5-day 
composite is the maximum value recorded during the 
period. The files are in simple tiled geotiff format; 2 
tiles are required to cover the whole of Malawi, which 
must be combined and cropped before analysis.

International Passenger Flight Data
We evaluated travel data generated from the Inter-
national Air Transport Association (36) to quantify 

passenger volumes originating from international air-
ports and arriving in Malawi. International Air Trans-
port Association data account for ≈90% of passenger 
travel itineraries on commercial flights, excluding 
transportation via unscheduled charter flights; the re-
maining data are modeled using market intelligence.

Results

Overview of the Cholera Outbreak in Malawi
Before 2022, Malawi had experienced major cholera 
outbreaks in 1998–1999, 2001–2002, and 2008–2009 (5,7) 
(Figure 1). On March 3, 2022, Malawi declared a chol-
era outbreak after a confirmed case (symptom onset 
February 25, 2022) was found in Machinga District after 
Tropical Storm Ana (January 2022) and Cyclone Gombe 
(March 2022) caused severe flooding with resulting dis-
placement of populations with low immunity to chol-
era and limited access to clean water and sanitation (7). 
Initially confined to flood-affected areas, the outbreak 
spread to central and northern regions by August 2022 
(7). At the initiation of this study, 58,577 confirmed 
cases and 1,756 deaths were reported (Table; Figure 1). 
Given the consistent high case-fatality rate (>3%) and 
continued spread, the Malawi government declared a 
public health emergency on December 5, 2022. From 
December on, cases surged again affecting all regions, 
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Figure 1. Cumulative case counts and deaths from cholera in Malawi by year, 1998–2023. Outbreaks occurred in 1998–1999, 
2001–2002, 2008–2009, and 2022–2023. Scales for the y-axes differ substantially to underscore patterns but do not permit direct 
comparisons.
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including Blantyre and Lilongwe, the country’s 2 largest 
cities (7). We obtained 70 V. cholerae isolates from stool 
samples collected during December 2022–March 2023. 
A total of 67 from the southern (n = 44), central (n = 18) 
and northern (n = 5) regions were processed into librar-
ies (Table). From these 67 isolates, we generated 49 high-
quality, near-complete V. cholerae genomes (Appendix 2 
Figure 1).

Global Origin and Timing of 2022–2023 Cholera Outbreak 
We constructed a time-scaled maximum-likelihood 
phylogeny based on high-quality SNPs of the 49 ge-
nomes from Malawi obtained in this study, 40 publicly 
available genomes (that passed quality filter) from the 
same outbreak (19), and 2,689 worldwide genomes 
(Figure 2). The genomes of the Malawi strains from this 
study clustered within a well-supported monophyletic 
clade (bootstrap >90%) together with the previously re-
ported genomes from the same outbreak (19), denoting 
AFR15 introduction (20) (Figure 2). Those strains did 
not cluster with historical strains obtained from previ-
ous outbreaks within Malawi, which would indicate 
a new single introduction of cholera into the country. 
Instead, they were closely related to isolates from the 
2022 outbreak in Pakistan (37) that clustered at the 
base of the clade, suggesting that the Malawi outbreak 
may have been caused by a strain introduction from 
Pakistan. However, we cannot reject that another un-
sampled country may have been involved in the origin 

of the Malawi cholera strain. The outbreak in Pakistan 
began in January 2022 and recorded >335,000 suspected 
cholera cases during January 15, 2022–March 15, 2023 
(38). Phylogeographic analyses confirmed movement 
of cholera from Pakistan into Malawi (BF = 180.7) (Ap-
pendix 2 Table 3). The maximum clade credibility tree 
estimated tMRCA of the Malawi strains to be July 4, 
2022 and determined a 95% highest posterior density 
(HPD) interval of June 11–August 6 (Figure 3). The tM-
RCA shared between Pakistan and Malawi outbreaks 
was June 4, 2022 (95% HPD interval of March 24–July 
1, 2022), which suggests that the Malawi outbreak may 
have resulted from a long-range transmission event 
from Pakistan as early as March 2022, a close estimate to 
the beginning of the outbreak (7). Because the spread of 
cholera in Africa is associated with human movement 
(9), we queried the passenger volumes originating from 
international airports and arriving in Malawi (Figure 4). 
We found that Malawi was well connected to Pakistan 
by large numbers of air passengers traveling between 
them during the first half of 2022 (Figure 4).

Cholera Transmission across Malawi and Africa
Next, we explored the spread of cholera within Ma-
lawi. Our phylogeographic analysis supported a sin-
gle source introduction into Malawi with consequent 
spread within the country and confirmed epidemio-
logic reports indicating that the outbreak expanded 
from southern regions, initially affected by flooding, 
to the northern and central parts of the country (Fig-
ure 5). The analysis showed evidence of dispersal 
from multiple hubs, including Machinga Blantyre, 
and Lilongwe, in the epidemic acceleration phase 
(Figure 5). Introduction of cholera from Malawi into 
South Africa occurred through multiple transmission 
events (Figure 5). Phylogeographic analyses strongly 
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Figure 2. Phylogenetic history of 
cholera outbreaks within Malawi 
shown as part of a time-scaled 
maximum likelihood global 
phylogeny of 2,778 cholera 
genomes. Clade branches are 
colored by the previous 12 
introduction events involving 
Africa (T1–T14 and AFR15) as 
described by Weill et al. (9). We 
denote the clade containing the 
genomes from the 2022–2023 
outbreaks in Malawi, South Africa, 
and Zimbabwe as the AFR15 
lineage. Heat map below the tree 
shows continent of sample origin. 

 
Table. Epidemiologic characteristics of cholera outbreak by 
region, Malawi, 2022–2023 

Region 
No. samples 
sequenced No. cases No. deaths 

Northern 5 4,373 94 
Central 18 23,274 750 
Southern 44 30,930 912 
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suggested that cholera spread into South Africa from 
Malawi (BF = 50,222) on multiple separate introduc-
tions (Appendix 2 Table 3). The substantial flow of 
air passengers between Malawi and South Africa un-
derscores the strong connectivity between the coun-
tries (Figure 4). After the introduction in South Africa, 
cholera futher spread into Zimbabwe from South Af-
rica (BF = 25,109) on >2 separate occasions (Figure 5). 
Our analysis was limited by the sampling date range 
(September 2022–September 2023) and thus might 
not provide accurate insights into the dispersal pat-
terns during the early phase of the outbreak.

Effect of Severe Flooding in Malawi
Because the 2022 Pakistan cholera outbreak was ex-
acerbated by major floods during June–October 2022 
(39), we next examined the Malawi outbreak in light 
of the extreme weather events that occurred in 2022 
(Figure 6, panel A; Appendix 2 Figure 2). The outbreak 
started after Tropical Storm Ana (January 28, 2022), 
which caused widespread flooding and damage in 
southern Malawi and left >200,000 persons displaced, 
many in emergency camps without adequate access to 
safe water and sanitation (7). Soon after the start of the 

outbreak, Cyclone Gombe caused further flooding (as 
measured by area flooded) and heavy damage across 
southern Malawi, including many areas already af-
fected by Tropical Storm Ana (Appendix 2 Figure 2). 
The interval of the introduction of cholera into Malawi 
(95% HPD March 2022–August 2022) correlates with 
the beginning of the reported cases for the current 
cholera outbreak in the country (Figure 6, panel A; Ap-
pendix 2 Figure 2) and overlaps with flooding in Paki-
stan that exacerbated the ongoing cholera outbreak in 
that country. Initial floods in Malawi did not seem to 
correlate with amplification of cases, suggesting that 
the introduction was followed only by low circulation 
restricted to the flood-affected areas in the southern 
region (Appendix 2 Figure 2). Floods that occurred 
during the normal rainy season in late November 2022 
likely intensified transmission; cases surged particu-
larly in Blantyre and Lilongwe, the 2 main urban cen-
ters (Appendix 2 Figure 2) (7). The rapid surge of cases 
was likely spurred on by the extreme flooding events 
causing a lack of access to safe drinking water, poor 
sanitation and hygiene, and displacement of a vulner-
able population (Figure 6) (7). Because we did not have 
genomes from the early phase of the outbreak in our 
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Figure 3. Maximum clade 
credibility phylogeny depicting 
the clade containing genomes 
from the 2022–2023 outbreak 
in Malawi (n = 89, sampled 
December 10, 2022–February 
2023) with a basal clade of 
genomes sequenced from 
Pakistan in 2022. tMRCA 
estimate is shown. The 
blue curve shows posterior 
distribution of tMRCA. Black 
diamonds at nodes indicate 
posterior probability >0.9. 
HPD, highest posterior density; 
tMRCA, time to most recent 
common ancestor.
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study and because the introduction interval was rela-
tively wide, spanning several months, we must con-
sider an alternative hypothesis: the initial floods may 
have led to low-level circulation of endemic cholera 
strains, initiating the outbreak in Malawi. Subsequent-
ly, during the dry season, the introduction of the strain 
from Pakistan occurred with minimal transmission un-
til later floods permitted the amplified transmission of 
a potentially more transmissible strain.

We estimated that Rt from daily case data in-
creased after November 28, 2022, to a maximum of 
1.619 on December 29, 2022, before starting to de-
cline in early January 2023; it was consistently <1 
from mid-February 2023 and at 0.704 at the end of the 
study period (Figure 6, panel B). Flooding (Figure 6, 
panel A) was positively associated with Rt (0.262 [95% 
CrI 0.003–0.509]) (Appendix 2 Figure 3, panel D). 

Two oral cholera vaccination campaigns have 
been conducted since the onset of the outbreak; a to-
tal of 2,825,229 doses were administered by Decem-
ber 2, 2022, covering 96.8% of the population residing 
in communities with high risk and burden of cholera 
(7). We estimated a negative association between the 
vaccination campaigns and Rt (−0.320 [90% CrI −0.638 
to −0.013]) (Appendix 2 Figure 3, panel D) but note 
that the association is only significant at a 90% CrI. 
Our results were robust to a varying level of the ini-
tial susceptible population (S0), which is important 
because the initial vaccination campaign in early 2022 

may have reduced the S0 further than the S0 we used 
as our baseline, and we do not know about any prior 
immunity in the community caused by previous out-
breaks (Appendix 2 Figure 3).

Discussion
In this genomic analysis, we provide evidence of a link 
between the recent large cholera outbreaks in Pakistan 
and Malawi, consistent with previous genomic analy-
ses revealing the importance of long-range V. cholerae 
transmission events between Asia and Africa (8,9). 
However, we cannot rule out that another unsampled 
country could be the origin of both the Malawi and 
Pakistan outbreaks. Our main findings support anoth-
er recent analysis of the Malawi outbreak (19), which 
was linked to the strains previously identified in Asia, 
and another report of cases from South Africa in 2023 
epidemiologically linked to Malawi (20). The extreme 
weather events and humanitarian crises in Malawi 
provided a suitable environment for the amplified 
spread of V. cholerae, and the subsequent movement of 
large numbers of persons may have enabled its spread 
to susceptible populations in areas relatively unaffect-
ed by cholera for more than a decade.

The relatively narrow sampling date range for this 
genomic analysis meant that we cannot confidently dif-
ferentiate whether the introduction of V. cholerae was 
responsible for initiating the outbreak or if it only con-
tributed to the later expansion of the outbreak through 
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Figure 4. Number of passengers 
arriving by air travel into Malawi, 
by country of origin, January–
June 2022. DRC, Democratic 
Republic of the Congo.
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multiple transmission chains. Further sequencing of 
isolates from earlier stages of the outbreak could elu-
cidate the initial dynamics, emphasizing the critical-
ity of controlling cholera outbreaks and preventing  

introductions during the dry season to prevent esca-
lation during subsequent flooding seasons. We are 
also working with partners in other heavily affected 
countries in Africa to conduct genomic sequencing of  
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Figure 5. Spatiotemporal 
reconstruction of the spread of 
cholera in Malawi, South Africa, 
and Zimbabwe (A) and within 
Malawi (B) during the 2022–
2023 outbreak. Circles represent 
nodes of the maximum likelihood 
phylogeny, and curved lines 
denote the links between nodes. 
Line colors indicates inferred 
time of occurrence. Directionality 
of spread is counterclockwise 
along each curve.

Figure 6. Relationships between confirmed cholera cases and cholera outbreak dynamics in Malawi during the 2022–2023 outbreak. 
A) Cyclones and flooding events affecting Malawi are shown. Green dots represent flooding conditions across Malawi as the daily 
number of pixels detected from remotely sensed satellite imagery; dashed green line indicates the moving average. Dark red mark 
indicates inferred time of introduction of a Pakistan strain into Malawi; the lighter shaded line indicates the 95% highest posterior density 
interval for the time estimate. B) Weekly number of newly confirmed cholera cases and deaths in Malawi during February 2022‒April 
2023. Estimation of Rt and association with other variables is shown above the case data for September 2022‒April 2023 with plots of 
posterior distributions, median (black), and sample paths (blue). In both plots, red rug plot below charts indicates temporal distribution of 
cases sequenced in our study. Rt, time-varying reproduction number.
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V. cholerae isolates, which will help with understand-
ing the extent of cross-border regional transmission at 
different phases of the outbreak.

We modeled Rt over the course of the outbreak, 
incorporating satellite data to assess the effect of flood-
ing on cholera transmission, which is particularly im-
portant in studying a waterborne disease like cholera. 
A substantial positive association between flooding 
and reproduction numbers explained the sustained 
high case numbers in January. The decline after Feb-
ruary 2023 was likely caused by a successful vacci-
nation campaign, infection-acquired immunity, and 
depletion of susceptible persons. Our model, based on 
national case data, lacked precise vaccination rollout 
details, which limited its accuracy. Future research 
should use spatially disaggregated data to better as-
sess the effects of flooding and vaccination on cholera 
dynamics. Overall, our study highlights the need for 
coordinated global and regional cholera prevention 
and control efforts and the importance of heightened 
awareness, data sharing, and preparedness whenever 
outbreaks occur in any part of the world (40). 
This article was preprinted at https://www.medrxiv.org/
content/10.1101/2023.08.22.23294324v1.

With permission from the Public Health Institute of 
Malawi, raw reads of the isolates that were successfully 
sequenced have been made publicly available and  
deposited in the National Center for Biotechnology  
Information Short Read Archive (BioProject PRJNA967700).
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In Europe, highly pathogenic avian influenza (HPAI) virus 
circulates in avian wildlife, undergoing frequent reassort-
ment, sporadic introductions in domestic birds, and spill-
over to mammals. An H5N1 clade 2.3.4.4b reassortant, 
EA-2023-DG, affecting wild and domestic birds was de-
tected in western Europe in November 2023. Six of its 
RNA segments came from the EA-2021-AB genotype, but 
the polymerase basic 2 and polymerase acidic segments 
originated from low pathogenicity avian influenza viruses. 
Discrete phylogeographic analyses of concatenated ge-
nomes and single polymerase basic 2 and polymerase 

acidic segments suggested reassortment in summer 2023 
near the southwestern Baltic Sea. Subsequent continuous 
phylogeographic analysis of all concatenated EA-2023-
DG genomes highlighted circulation in northwestern Eu-
rope until June 2024 and long-distance dispersal toward 
France, Norway, England, Slovakia, Switzerland, and Aus-
tria. Those results illustrate the value of phylodynamic ap-
proaches to investigate emergence of novel avian influen-
za virus variants, trace their subsequent dispersal history, 
and provide vital clues for informing outbreak prevention 
and intervention policies.
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Since 2016, Europe has experienced periodic intro-
ductions of clade 2.3.4.4b highly pathogenic avian 

influenza (HPAI) subtype H5 viruses via wild migra-
tory bird movements and sporadic spillover events 
to poultry, which have resulted in several outbreaks 
affecting wildlife and poultry (1). In 2021, the typical-
ly seasonal epidemiologic cycle changed, and HPAI 
viruses became enzootic in Europe (2). The hemag-
glutinin (HA) gene of HPAI clade 2.3.4.4 viruses (3) 
showed rapid wild bird–mediated expansion, includ-
ing global spread (4), and rapid evolution in all af-
fected geographic areas (5–7). After 2021, increased 
HPAI incidence in Europe resulted in greater genetic 
diversity and in the evolution of new genotypes by 
frequent reassortment events. By 2022, the continued 
circulation of HPAI viruses led to numerous poultry 
outbreaks, affected an increasing number of wild bird 
species, and led to frequent reassortment, making as-
sessment of the epidemiologic situation difficult (2). 
Sporadic infection of mammals is observed, including 
the unexpected spread to cattle in North America and 
cases of human infection (8,9), and is sometimes asso-
ciated with adaptive mutations for viral replication in 
mammalian cells. Those observations stress the zoo-
notic risk associated with this particular HPAI virus 
(HPAIV) clade and the need for surveillance efforts, 
including whole-genome sequencing.

By the end of 2023, continued circulation and 
frequent reassortment events resulted in the co-circu-
lation of 11 H5Nx HPAIV genotypes in Europe, 7 of 
which emerged during the fall of 2023 (10,11). One of 
those novel reassortants was assigned genotype EA-
2023-DG, according to the standardized avian influ-
enza virus (AIV) genotyping nomenclature in Europe 
(2). EA-2023-DG was first reported in Germany in 
November 2023 and shared most of its genomic seg-
ments with the contemporary dominating genotype 
EA-2021-AB but also gained polymerase basic protein 
(PB) 2 and polymerase acidic protein (PA) segments 
from low pathogenicity avian influenza viruses cir-
culating in western Europe (10). Using all available 
EA-2023-DG genotype complete genome sequences, 
we conducted recombination and discrete as well as 
continuous phylogeographic analyses to investigate 
the emergence and subsequent dispersal dynamic of 
this genotype. 

Methods

Data Selection and Genotyping
The European Union Reference Laboratory, national 
reference laboratories, and some other partners per-
form sequencing analyses of the complete genome 

of HPAI H5Nx viruses detected through ongoing 
surveillance programs. All sequences are depos-
ited in the GISAID EpiFlu database (http://www. 
gisaid.org). Partners perform genotyping on the ba-
sis of the phylogenetic tree topology, using previ-
ously described methods (2). During November 1, 
2023–June 25, 2024, genotyping identified a total of 
54 virus genomes as belonging to genotype EA-2023-
DG. We extracted publicly available complete ge-
nomes comprising 8 segments from GISAID EpiFlu 
on January 15, 2025, resulting in a dataset consisting 
of all 54 identified EA-2023-DG genomes associated 
with exact temporal and spatial sampling metadata 
(Appendix 1 Table 1, https://wwwnc.cdc.gov/EID/
article/31/6/24-1870-App1.pdf). The earliest public-
ly available EA-2023-DG genome, A/Gallus_gallus/ 
Belgium/11307_0002/2023 (GISAID EpiFlu acces-
sion no. EPI_ISL_18607170), was sequenced from a 
chicken sample collected in Belgium on November 
30, 2023. We used that strain as the reference strain 
for genotype EA-2023-DG in this study.

Investigation of Geographic Origin of  
Reassortant EA-2023-DG Genotype
To retrieve a selection of the most homologous sequenc-
es to each of the EA-2023-DG viral genome segments, 
we conducted a search in GISAID EpiFlu on May 27, 
2024. For each of the genome segments of reference 
strain A/Gallus_gallus/Belgium/11307_0002/2023, 
we identified the 500 sequences with highest nucleo-
tide homology and downloaded the sequences of all 
8 gene segments of those genomes along with any 
available metadata (Appendix 2, https://wwwnc.
cdc.gov/EID/article/31/6/24-1870-App2.xlsx). The 
accompanying metadata included sampling location 
and precise collection date. 

We used MAFFT 7.453 (12) to align sequences. 
Because genotyping identified EA-2023-DG as a re-
assortant containing the PB1, HA, nucleoprotein 
(NP), neuraminidase (NA), matrix protein (MP), and 
nonstructural (NS) protein segments from EA-2021-
AB–like viruses, as well as PB2 and PA segments of 
other circulating AIVs, we assembled 3 distinct da-
tasets. One dataset was an alignment concatenating 
the 6 nonrecombinant segments, PB1, HA, NP, NA, 
MP, and NS, of all 54 EA-2023-DG samples and the 
500 most homologous H5N1 virus samples found for 
those 6 segments. We removed duplicates from the 
6 segment searches by using a custom Python script 
(Python Software Foundation, https://www.python.
org), resulting in a total dataset of 958 samples. The 
second and third datasets, 1 for PA and 1 for PB2, 
used a distinct PA or PB2 alignment from all 54  

http://www.cdc.gov/eid
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https://wwwnc.cdc.gov/EID/article/31/6/24-1870-App1.pdf
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EA-2023-DG samples and the 500 most homologous 
samples for the corresponding segment. 

Because the initial concatenated alignment was 
computationally too large to conduct Bayesian phy-
logeographic inference, we conducted a prelimi-
nary maximum-likelihood phylogenetic inference 
in IQTREE 1.6.12 (13), using default settings and the 
best-fitting substitution model identified by Mod-
elFinder (14). We used that preliminary phylogenetic 
inference to restrict the alignment to a large mono-
phyletic clade of 225 samples containing the 54 EA-
2023-DG samples. Thus, that phylogeny-guided 
downsampling reflects the evolutionary history of the 
larger set of 958 samples.

To assess the presence of a recombination signal 
within the resulting PB1-HA-NP-NA-MP-NS concat-
enated alignment of those 6 segments, we performed 
the Φ test (15) implemented in the SplitsTree 4.14.8 
program (16), which confirmed the occurrence of past 
recombination events (p<0.001). We then used the 
RDP4 program (17) to identify recombinant samples: 
we identified and discarded 41 recombinants within 
the set of background samples, which resulted in a 
PB1-HA-NP-NA-MP-NS concatenated alignment of 
184 samples. We performed a new Φ test on that final 
alignment and confirmed the absence of a remaining 
recombination signal.

We conducted a discrete phylogeographic analy-
sis based on each of the 3 alignments (PA, PB2, and 
recombinant-free PB1-HA-NP-NA-MP-NS) to recon-
struct the transition history of viral lineages among 
countries and investigate the country from which EA-
2023-DG genotype emerged. For those analyses, the se-
lection of countries as discrete locations was imposed 
by the lack of higher sampling precision for most pub-
licly available background sequences retrieved from 
GISAID EpiFlu. We performed the discrete phylogeo-
graphic analyses by using the discrete diffusion model 
(18) implemented in the BEAST 1.10 software package 
(19), specifying a GTR+Γ (general time-reversible with 
a gamma-distributed rate heterogeneity) nucleotide 
substitution model (20), a relaxed molecular clock 
with an underlying log-normal distribution to model 
branch-specific evolutionary rates (21), and a skygrid 
coalescent model for the tree prior (22). We ran the PA 
analysis for 300 Markov chain Monte Carlo (MCMC) 
iterations, the PB2 analysis for 500 MCMC iterations, 
and the concatenated analyses for 210 million MCMC 
iterations and sampled posterior trees every 100,000 
iterations. We assessed the MCMC convergence and 
mixing by using the Tracer 1.7 program (23), checking 
that all estimated parameters were associated with an 
effective sample size value >200. After discarding the 

initial 10% of sampled posterior trees as burn-in, we 
retrieved and annotated the maximum clade credibil-
ity (MCC) tree by using TreeAnnotator 1.10 (19) and 
eventually plotted the tree in R (The R Project for Sta-
tistical Computing, https://www.r-project.org) by us-
ing a custom script (https://github.com/sdellicour/
ea-2023-dg_emergence).

Reconstruction of Reassortant EA-2023-DG  
Dissemination History
To reconstruct the spread of the EA-2023-DG geno-
type after the reassortment event at its genesis, we 
performed a continuous phylogeographic reconstruc-
tion on the basis of the concatenated alignment of all 
8 genomic segments of the 54 EA-2023-DG genomes 
available on January 15, 2025. We then aligned se-
quences again using MAFFT 7.453 (12) and per-
formed the Φ test (15) in SplitsTree (16) to confirm 
the absence of a recombination signal within the 
concatenated alignment made of EA-2023-DG ge-
nomic sequences. The availability of precise sampling 
coordinates for all considered samples in this align-
ment made a spatially explicit phylogeographic re-
construction possible. We performed that continuous 
phylogeographic reconstruction by using the relaxed 
random walk model (24,25) in BEAST version 1.10 
(19). As with the discrete approach, the continuous 
phylogeographic approach involves a joint inference 
of both the phylogenetic tree representing the evo-
lutionary relationships between sampled sequences, 
and the locations, in this case the geographic coordi-
nates (latitude and longitude) of unsampled common 
ancestors (26). Specifically, we used a gamma distri-
bution to model the among-branch heterogeneity in 
diffusion velocity, and modeled branch-specific evo-
lutionary rates according to a relaxed molecular clock 
with an underlying log-normal distribution and the 
nucleotide substitution process according to a GTR+Γ 
parameterization. As for the tree prior, we specified 
a flexible skygrid model (22). We ran the MCMC for 
250 million iterations, sampling posterior trees every 
100,000 iterations, and eventually discarded the first 
25 million sampled trees as burn-in. We used Trac-
er 1.7.2 to assess the MCMC convergence and mix-
ing properties and ensure that estimated parameters 
were all associated with an effective sample size >200. 
We used TreeAnnotator version 1.10 to identify and 
annotate the MCC tree and R functions in the SERA-
PHIM package (27,28) to extract the spatiotemporal 
information embedded within the 1,000 trees sampled 
from the post–burn-in posterior distribution and to 
estimate the weighted diffusion coefficient (29) asso-
ciated with the spread of the EA-2023-DG genotype.

http://www.cdc.gov/eid
https://www.r-project.org
https://github.com/sdellicour/ea-2023-dg_emergence
https://github.com/sdellicour/ea-2023-dg_emergence


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1103

HPAI A(H5N1) Clade 2.3.4.4b Genotype EA-2023-DG 

Results

Epidemiologic Findings
Our analysis showed that the EA-2023-DG geno-
type was initially detected in a sample from a 
swan found dead on a Baltic Sea island in Fin-
land on November 1, 2023 (GISAID accession no. 
EPI_ISL_19409779) (Figure 1; Appendix 1 Table 
1). Then, on November 17, 2023, the EA-2023-DG 
genotype emerged in a hobby farm near the North 
Sea coast in northern Germany that had a mixed 
population of 52 chickens, 3 turkeys, and 11 ducks 
(Appendix 1 Table 1). EA-2023-DG subsequently 
spread to a total of 11 countries, and 54 cases were 
detected (Appendix 1 Table 2). The most affected 
countries included Germany, Sweden, and Poland. 
Germany was most affected, with cases in 13 poul-
try farms, 8 wild birds, 1 captive bird, and 1 wild 
mammal (red fox). Sweden experienced cases on 1 

poultry farm and in 11 wild birds, and Poland had 
5 poultry and 3 wild bird cases. Affected poultry 
were among the Phasianidae family (n = 21), which 
includes chickens (Gallus gallus) and turkeys (Me-
leagris gallopavo), and the Anatidae family (n = 1), 
which includes geese and ducks. Domestic poultry 
were only infected in Germany, Poland, Sweden, 
and Belgium. Captive animals included 1 captive 
barn owl (Tytonidae family, Tyto alba) and 1 black 
necked swan (Anatidae family, Cygnus melancory-
phus) in a zoo. Wild birds, all found dead during 
passive surveillance efforts, included birds from the 
Anatidae (n = 24), Accipitridae (n = 3), Falconidae 
(n = 1), Strigidae (n = 1), Gruidae (n = 1), and Ardei-
dae (n = 1) families (Appendix 1 Table 1). A single 
mammal sample from a red fox (Vulpes vulpes) from 
the Hamburg district of Germany was EA-2023-DG 
positive. The most recent (June 25, 2024) occurrence 
was a wild goose sample in Germany.

Figure 1. Discrete phylogeographic analysis from study of genesis and spread of novel highly pathogenic avian influenza A(H5N1) 
clade 2.3.4.4b virus genotype EA-2023-DG reassortant, western Europe. The maximum clade credibility (MCC) tree was obtained 
from discrete phylogeographic inference based on the analysis of the PB1-HA-NP-NA-MP-NS (polymerase basic 1, hemagglutinin, 
nucleoprotein, neuraminidase, matrix protein, nonstructural protein) concatenated alignment of EA-2023-DG samples and selected EA-
2021-AB reference sequences sourced from GISAID EpiFlu (http://www.gisaid.org). Vertical gray shaded bars reflect the 95% highest 
posterior density interval associated with each internal node age estimate; internal nodes are colored according to their inferred location, 
and tip nodes are colored according to their sampling location. For the internal nodes, when a single location could not be inferred 
with a posterior probability >0.95, we used a pie chart to display the posterior probabilities associated with inferred locations with a 
posterior probability of >0.05. The gray transparent box highlights the position of the EA-2023-DG clade. The discrete phylogeographic 
reconstruction based on the analysis of the polymerase basic 2 and polymerase acidic segments are available as supplementary 
information (Appendix 1 Figures 1, 2, https://wwwnc.cdc.gov/EID/article/31/6/24-1870-App1.pdf).
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Genesis of AIV Genotype EA-2023-DG in  
Western Europe
The discrete phylogeographic analyses conducted 
on the recombinant-free PB1-HA-NP-NA-MP-NS 
concatenated alignment and the PB2 and PA align-
ments confirmed the monophyletic nature of the EA-
2023-DG clade (Figure 1; Appendix 1 Figures 1, 2). 
The analysis based on the PB1-HA-NP-NA-MP-NS 
concatenated alignment inferred the origin of the EA-
2023-DG clade at the end of July 2023 (July 22, 2023; 
95% highest posterior density [HPD] interval June 
10–August 27, 2023) in Sweden with a posterior prob-
ability >0.99 (Figure 1). The analyses of the PB2 and 
PA segments, inferred its origin in Germany (poste-
rior probability = 0.99); the PB2 analysis inferred its 
origin on January 6, 2023 (95% HPD September 17, 
2022–April 20, 2023), and the PA analysis inferred its 
origin on June 30, 2023 (95% HPD April 14–Septem-
ber 24, 2023) (Appendix 1 Figures 1, 2). 

Outcomes of discrete phylogeographic infer-
ence are known to be notably affected by sampling 
bias (30). Thus, the discrepancy between the country 
of origin inferred from the discrete phylogeographic 
analyses conducted for the recombinant-free PB1-
HA-NP-NA-MP-NS concatenated alignment on the 
one hand and on the PB2 and PA alignments on the 
other could arise from the heterogeneous sampling 
of closely related sequences in the different countries 
within the study area. However, those results over-
all indicated that EA-2023-DG emerged during the 
spring and summer of 2023 in the southwestern Baltic 
Sea region. The continuous phylogeographic analy-
sis further confirms the emergence of the reassortant 
genotype in this region and time frame (Figure 2).

Spread History and Dynamics of EA-2023-DG
Our continuous phylogeographic analysis using 
concatenated EA-2023-DG sequences for all 8 seg-
ments confirmed that the ancestral node of this clade 
traces back to the southwestern Baltic Sea shores of 
Sweden, Germany, and Denmark (Figure 2, panel B). 
Although the most ancestral nodes of the MCC tree 
are inferred in northern Germany (Figure 2, panel C), 
the uncertainty associated with the Bayesian phylo-
geographic inference (shaded 80% HDP polygons) 
highlights a potential area of origin that is relatively 
large and corresponds to the larger southwestern 
Baltic Sea area, which aligns with the results of the 
discrete phylogeographic reconstructions. Our con-
tinuous phylogeographical analysis dates the most 
ancestral node of the EA-2023-DG clade as August 
2, 2023 (95% HPD July 16–September 7, 2023), also 
aligning with the discrete phylogenetic analyses  

(Figure 2, panel A). The continuous phylogeographic 
analysis indicated that after its emergence, lineages of 
the EA-2023-DG genotype further spread in Germany 
and Poland, toward the Netherlands, and to southern 
Sweden and southern Finland before November 2023. 
Its lineages then reached Belgium, England, Slovakia, 
and Switzerland during November and December 
2023. By June 2024, EA-2023-DG spread as far north 
as the island of Åland in south Finland; as far south 
as Lyon, France; as far east as Slovakia; and as far 
west as England (Figure 2, panels B–F). Overall, the 
virus predominantly circulated in Germany, Sweden, 
and Poland, with only occasional detections in other 
countries in Europe.

Discussion
The ongoing panzootic caused predominantly by 
clade 2.3.4.4b HPAIVs is notorious for its diversifying 
evolution, including frequent reassortment events 
that result in an ever-changing range of circulating 
genotypes (2,6). Reassortment events represent cru-
cial shifts in virus evolution that can affect host range, 
pathogenicity, and other epidemiologically relevant 
aspects of the virus phenotype; thus, understanding 
the dynamics behind the emergence and spread of 
such novel reassortants is critical. Combining com-
plete avian influenza genomes and exact spatial and 
temporal sampling data enables detailed reconstruc-
tion of virus dispersal during an outbreak (31) and 
identification of reassortment events (2).

In this study, we analyzed all available full-ge-
nome sequences of novel reassortant HPAIV H5N1 
genotype EA-2023-DG, which emerged in 2023 in 
western Europe (10), to reconstruct its genesis and 
dispersal dynamics. We traced its origin to the south-
western Baltic Sea area in the spring and summer of 
2023. More precisely, most of the genome (i.e., PB1, 
HA, NP, NA, MP, and NS segments) originated from 
the dominant EA-2021-AB genotype, and the most re-
cent common ancestor of those EA-2023-DG genomic 
segments likely emerged in or close to Sweden during 
summer 2023. As for the PA and PB2 segments, we 
inferred their origin in Germany, meaning that they 
could have originated from low pathogenicity avian 
influenza viruses circulating in Germany during win-
ter and spring 2023, as suggested by others merely 
on the basis of sequence similarity (10). Overall, our 
results point toward a local reassortment event that 
occurred in the southwestern Baltic Sea area, which 
is in line with the first occurrence of the genotype in 
southern Finland. 

Of note, our phylogeographic reconstructions  
of the genesis of EA-2023-DG agree with the AIV  

http://www.cdc.gov/eid
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introduction risk prediction on the basis of wild bird 
migration data and AIV occurrences by the EFSA Bird 
Flu Radar Tool (32). Those predictions indicated high 
introduction risk near the southwestern Baltic Sea 
along the shores of Germany, Denmark, and Sweden 
for the week fitting the time to most recent common 
ancestor (tMRCA) of the EA-2023-DG clade (August 
7–13, 2023). In addition, the population density and 
ringing recapture data of species from the Anatidae 
family associated with the most distant translocations 
of EA-2023-DG and captured in Germany and Den-
mark around the week of the tMRCA according to the 

Migration Mapping Tool, Bird Flu Radar Tool (32), do 
not contradict the viral lineage movements we recon-
structed here. Those observations confirm the contin-
ued involvement of an increasing spectrum of wild 
bird species in the epidemiology of HPAIV.

The spectrum of bird families affected by EA-
2023-DG, including Phasianidae, Anatidae, Accipi-
tridae, Falconidae, Strigidae, Tytonidae, Gruidae, 
and Ardeidae, aligns largely to the host spectrum 
of genotype EA-2021-AB that donated most of the 
genome (2). A single dead fox was found infected in 
the core area of EA-2023-DG circulation in northern 

Figure 2. Continuous phylogeographic analysis from study of genesis and spread of novel highly pathogenic avian influenza A(H5N1) 
clade 2.3.4.4b virus genotype EA-2023-DG reassortant, western Europe. A) Time-scaled maximum clade credibility treeretrieved and 
annotated from the continuous phylogeographic inference based on analysis of 54 publicly available complete EA-2023-DG genomes 
and associated sampling metadata from GISAID EpiFlu (http://www.gisaid.org). The tree shows horizontal shaded bars reflecting 
the 95% highest posterior density (HPD) associated with each internal node age estimate. The tree and HPD estimates are based 
on 1,000 trees sampled from the posterior distribution of trees and are colored according to time of occurrence; internal nodes are 
displayed as dots and tip nodes are displayed as squares. Dotted vertical lines correspond to 2-month intervals beginning July 1, 2023. 
B–F) Phylogeographic reconstruction of EA-2023-DG viral lineages across western Europe. We mapped the MCC tree and 80% HPD 
regions reflecting the uncertainty related to the Bayesian phylogeographic inference as of June 25, 2024 (B), and for other time points: 
C) September 1, 2023; D) November 1, 2023; E) January 1, 2024; and F) June 25, 2024. On the maps, the dispersal direction of viral 
lineages is indicated by the edge curvature in a counterclockwise direction.
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Germany, confirming the role of wild carnivores as 
dead-end hosts of HPAIV clade 2.3.4.4b (5). Because 
of the reassortment event, we could not include an-
cestral DG precursor genomes in the detailed whole-
genome–based phylogeographic reconstruction, re-
sulting in a substantial spatial uncertainty covering 
the western Baltic Sea shores and North Sea coast 
of Germany. Another factor that might have con-
tributed to the temporal and spatial uncertainty in 
our predictions is the lack of standardized surveil-
lance approaches between countries, especially for 
wildlife surveillance. Our spatially explicit phylo-
geographic reconstruction highlights continued cir-
culation with a focus in Germany, Poland, and Swe-
den and sporadic occurrences as far north as central 
Sweden, as far south as central France, as far west as 
England, and as far east as Slovakia.

During its period of circulation, EA-2023-DG be-
came the second most frequent (54 cases) genotype 
in the countries it affected, but EA-2021-AB remained 
the dominant genotype with 84 reported cases. Other 
prevalent genotypes were EA-2023-DB (32 cases), EA-
2024-DI (26 cases), EA-2022-BB (16 cases), EA-2021-I 
(14 cases), and EA-2023-DA (13 cases) (33,34). Ten ad-
ditional genotypes circulated at lower frequency (<10 
cases), reflecting the known diversification potential 
of H5N1 clade 2.3.4.4b viruses (2).

In vivo experiments following up on the emer-
gence of HPAIV H5N1 in cattle in the United States 
(35), and its subsequent spillover to other mammals, 
including cats (35) and exposed humans (36), used an 
EA-2023-DG genotype virus as a model of contem-
porary circulating viruses in Europe. Those studies 
indicated that these viruses efficiently replicate in 
bovine mammary tissue and can produce adaptive 
mutations (PB2 E627K) during replication (37). Those 
findings underscore the value of phenotypic charac-
terization of currently circulating H5Nx clade 2.3.4.4b 
viruses, including the newly emerged EA-2023-DG 
genotype, because the zoonotic potential of the virus-
es can evolve, driven and shaped by epidemiologic 
events that could increase the likelihood of spillover 
to mammals and subsequent adaptation. In response 
to HPAIV reassortment promiscuity resulting in fast 
evolution and diversification (2,6), efficient livestock 
and wildlife surveillance programs including a viral 
genomic characterization are essential. 

In conclusion, although gaps in surveillance data 
will always exist, we demonstrated that viral genomic 
data collected from surveillance programs combined 
with precise spatial and temporal metadata can en-
able a comprehensive investigation of the genesis of 
novel AIV reassortants and of their spread dynamics.  

In addition to viral genetic characterization, such as 
adaptive mutations and genotyping, these param-
eters provide vital clues for informing outbreak pre-
vention and intervention policies.
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Clostridioides difficile, a gram-positive, spore-form-
ing anaerobe, is the leading cause of healthcare-

associated (HA) diarrhea in high-income countries 
(1). Disease manifestations can range from asymp-
tomatic colonization to pseudomembranous colitis, 

toxic megacolon, and death (2). In the past 2 decades, 
C. difficile has become a major public health concern; 
the Public Health Agency of Canada and the US 
Centers for Disease Control and Prevention declared 
it an urgent health threat in 2019 (3,4). Healthcare 
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We investigated epidemiologic and molecular characteris-
tics of healthcare-associated (HA) and community-asso-
ciated (CA) Clostridioides difficile infection (CDI) among 
adult and pediatric patients in Canadian Nosocomial In-
fection Surveillance Program hospitals during 2015–2022. 
Of 30,824 reported CDI cases, 94.9% (29,250/30,824) 
were among adult (73.2% HA; 26.8% CA) and 5.1% 
(1,574/30,824) pediatric (77.6% HA; 22.4% CA) patients. 
During the study period, adult HA CDI rates decreased by 
19.9% and CA CDI rates remained stable; pediatric HA 

CDI rates decreased by 29.6% and CA CDI decreased by 
58.3%. Ribotype (RT) 106 was most common among both 
groups and replaced RT027 as the predominant strain 
type. RT027 was most associated with adult patients, HA 
acquisition, severe CDI, and severe outcomes. Moxifloxa-
cin resistance was higher in adult than pediatric cases; 
clindamycin and rifampin resistance rates were similar be-
tween groups. Continued national surveillance is integral 
to understanding the epidemiology of adult and pediatric 
CDI in Canada and informing prevention efforts.
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costs for treating C. difficile infection (CDI) are sub-
stantial, and recurrent episodes further complicate 
case management (5,6).

Although some countries have reported increased 
incidence of HA or community-associated (CA) CDI, 
the paucity of global data primarily focuses on CDI in 
adult rather than pediatric populations (7,8). Studies 
suggest that pediatric CDI is more likely to be com-
munity-associated and have rapid onset and shorter 
and less complicated infections, whereas illness in 
adults is characterized by more complicated and se-
vere disease, increased recurrence rates because of 
more underlying conditions, and risk for infection 
with hypervirulent strain NAP1/027/BI (9,10).

Here, we contrast findings of adult and pediatric 
HA and CA CDI identified in a multicenter study in 
Canada evaluating incidence, patient characteristics, 
outcomes, ribotype (RT) prevalence, and antimicro-
bial resistance during 2015–2022. We also evaluate as-
sociations between predominant C. difficile RTs and 
all-cause and CDI-attributable deaths.

Methods

Data Sources and Collection
Hospitals participating in the Canadian Nosocomial 
Infection Surveillance Program (CNISP) have con-
ducted prospective surveillance for HA CDI in hos-
pitalized patients in Canada since 2007 and CA CDI 
since 2015. By 2022, CNISP encompassed a network 
of 88 acute-care hospitals across 10 provinces and 1 
territory, representing 35% of all acute-care beds in 
Canada (11). We analyzed data collected during 2015–
2022 from adult, pediatric, and mixed (adult and pe-
diatric) hospitals. Stool samples, severity indicators, 
and outcomes were collected during a 2-month tar-
geted surveillance period (March–April) each year for 
adult patients and year-round for pediatric patients. 
We included adult and pediatric patients from mixed 
hospitals in age-specific CDI rate calculations if age-
specific denominators were available. Data were 
collected through the Canadian Network for Public 
Health Intelligence platform; we verified clinical and 
laboratory surveillance data to ensure accuracy, as 
previously described (12).

Case Definition
We used previously described case definitions for 
primary CDI (13). We defined HA CDI as laboratory 
confirmation of CDI accompanied by compatible clin-
ical symptoms developing >72 hours after admission, 
or <72 hours after admission if the patient had a pre-
vious hospital admission and was discharged within 

the previous 4 weeks. We defined CA CDI as onset 
of CDI symptoms <72 hours after admission with no 
history of hospitalization or healthcare exposure, in-
cluding outpatient healthcare exposures, within the 
previous 12 weeks.

A severe CDI case was an albumin level <30 g/L, 
leukocyte count >15 × 109/L, or both. Severe outcomes 
were CDI-attributable admission to an intensive care 
unit (ICU), colectomy, or death <30 days after first C. 
difficile–positive specimen, where CDI was the cause 
of or contributed to death. All deaths were reviewed 
by an infectious disease physician or medical micro-
biologist to determine whether deaths were CDI-at-
tributable, as defined in our published protocol (14).

Laboratory Methods
Hospitals sent stool samples to the National Microbi-
ology Laboratory (NML; Winnipeg, MB, Canada) for 
C. difficile isolation and molecular characterization. 
We performed C. difficile isolation by using an ethanol 
shock treatment, then selection on C. difficile Moxalac-
tam Norfloxacin agar (Oxoid, https://www.oxoid.
com) (15,16). We prepared DNA for PCR analysis and 
ribotyping by using InstaGene Matrix (Bio-Rad Labo-
ratories, https://www.bio-rad.com) (16). We per-
formed multiplex PCR targeting toxin A (tcdA), toxin 
B (tcdB), binary toxin (cdtB), negative regulator of tox-
in production (tcdC), and triose phosphate isomerase 
(tpi) housekeeping genes (17). We performed capil-
lary gel electrophoresis–based ribotyping and RT as-
signment as previously described (18,19).

We used Etest strips (bioMérieux, https://www.
biomerieux.com) to perform susceptibility testing for 
metronidazole, clindamycin, vancomycin, rifampin, 
moxifloxacin, and tigecycline, as previously described 
(16,20). We interpreted antimicrobial resistance in ac-
cordance with published guidelines (20).

Statistical Analysis
We calculated HA CDI incidence rates as number of 
cases per 10,000 patient-days and CA CDI incidence 
rates as number of cases per 1,000 patient admissions. 
We conducted a sensitivity analysis, restricting our 
analysis to hospitals participating in the entire 8-year 
surveillance period. We used the Cochran-Armitage 
test for categorical variables and the Mann-Kendall 
test for continuous variables to assess statistically 
significant trends over time for patient characteris-
tics and outcome results. To compare characteris-
tics between adult and pediatric patients, we used 
χ2 test for categorical variables and Student t-test or 
Wilcoxon rank-sum test for continuous variables. 
Denominators for individual case characteristics  

http://www.cdc.gov/eid
https://www.oxoid.com
https://www.oxoid.com
https://www.bio-rad.com
https://www.biomerieux.com
https://www.biomerieux.com
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vary because we excluded missing or unknown val-
ues from the analysis.

We used multivariable logistic regression to 
model factors associated with select CDI strains 
(RT027 and RT106) and a severe CDI outcome and 
adjusted for a priori–selected confounders of age 
group, sex, severe CDI, and CDI case type (i.e., HA 
vs. CA). We used 2-tailed statistical tests and consid-
ered p<0.05 significant. We performed all analyses in 
R version 4.3.0 (The R Project for Statistical Comput-
ing, https://www.r-project.org).

Results
The study encompassed 30,824 inpatient cases of pri-
mary CDI from CNISP during 2015–2022. Adult CDI 
accounted for 94.9% (n = 29,250) and pediatric CDI 
for 5.1% (n = 1,574) of cases. Among adult patients, 
HA CDI accounted for 73% (n = 21,405) and CA CDI 
for 27% (n = 7,845) of cases. Among pediatric patients, 
HA CDI accounted for 78% (n = 1,222) and CA CDI 
for 22% (n = 352) of cases. Hospital participation  

varied by age group and case type throughout the 
study period (Appendix 1 Table 1, https://wwwnc.
cdc.gov/EID/article/31/6/25-0182-App1.pdf).

During 2015–2022, adult HA CDI rates decreased 
by 19.9%, from 4.83 to 3.87 cases/10,000 patient-days 
(p = 0.006), whereas CA CDI rates remained stable, 
ranging from 1.39 to 1.75 cases/1,000 admissions. Pe-
diatric HA CDI rates decreased by 29.6%, from 4.52 
to 3.18 cases/10,000 patient-days (p = 0.003), and CA 
CDI rates decreased by 58.3%, from 0.84 to 0.35 cas-
es/1,000 admissions (p = 0.0133) (Figure 1).

Regionally, adult HA CDI rates decreased signifi-
cantly in the central (27.4%; p = 0.003) and western 
(20.8%; p = 0.003) regions of Canada, but rates in-
creased by 34% in the eastern region (p = 0.0478) (Fig-
ure 2). Pediatric HA CDI rates significantly decreased 
by 54.7% (p = 0.0065) in the western region, but central 
and eastern region rates fluctuated. Pediatric CA CDI 
rates decreased significantly by 65.3% (p = 0.0178) in 
the western region, but eastern region rates fluctu-
ated from 0.19 to 0.58 cases/1,000 admissions after an 

Figure 1. National adult and 
pediatric healthcare-associated 
and community-associated 
Clostridioides difficile infection 
(CDI) rates, Canada, 2015–2022. 
A) Healthcare-associated CDI; B) 
community-associated CDI.

http://www.cdc.gov/eid
https://www.r-project.org
https://wwwnc.cdc.gov/EID/article/31/6/25-0182-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/6/25-0182-App1.pdf
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initial decrease from 2.22 cases/1,000 admissions in 
2015. Sensitivity analyses that restricted analysis to 
hospitals participating for the entire study period by 
region for adult and pediatric surveillance and those 
that conducted both HA and CA CDI surveillance 
yielded no statistically significant differences (data 
not shown).

Clinical Manifestations
We aggregated patient characteristics and outcomes 
by age group (adult and pediatric) and case type (Ta-
bles 1, 2). For HA CDI, fewer pediatric than adult pa-
tients were female (45% vs. 49%; p = 0.024), but differ-
ences between pediatric and adult CA CDI were not 
statistically significant for female sex (49% vs. 55%; p 
= 0.07). Adults with HA CDI were significantly old-
er than adults with CA CDI (70 [interquartile range 
(IQR) 59–81] vs. 67 [IQR 54–78] years; p<0.0001). Pe-
diatric patients with CA CDI were older than those 
with HA CDI (10 [IQR 3–13] vs. 7 [IQR 4–15] years; 
p=0.0007). For HA CDI, the median days from admis-
sion to infection were longer in adult (10  [IQR 5–21] 
days) than pediatric patients (7 [IQR 2–15] days) 
(p<0.001). Adult patients experienced significantly 
longer hospital stays for HA CDI than did pediatric 
patients (15 [IQR 9–24] vs. 9 [IQR 5–18] days for HA 
CDI, 7 [IQR 4–13] vs. 5 [IQR 2–8] days for CA CDI; 
p<0.001 for both). Regardless of acquisition type, 
metronidazole was the drug most used to treat CDI 
among pediatric patients and vancomycin was most 

common among adult patients. Fecal microbiota 
transplantation referral was uncommon among adult 
and pediatric patients.

Ribotyping Analysis
Of 30,824 cases with linked epidemiologic data, NML 
successfully characterized 4,622 (3,560 adult, 1,062 
pediatric) samples that met study criteria. Of 3,560 
adult samples analyzed, 74.7% (2,659/3,560) were 
HA CDI and 25.3% (901/3,560) were CA CDI, and we 
identified 241 unique RTs.

The most common adult RTs were RT106 (11.9% 
HA, 13.2% CA), RT027 (13.2% HA, 5.9% CA), RT014 
(9.1% HA, 8.0% CA), RT020 (6.7% HA, 8.4% CA), and 
RT002 (5.8% HA, 5.3% CA) (Figure 3). The 20 most 
common adult CDI RTs accounted for 73.9% of iso-
lates tested (Appendix 1 Figure 1). Among adult CDI 
cases, RT027 rates decreased from 21.9% in 2015 to 
3.2% in 2022 (p = 0.003). RT106 rates fluctuated over 
the study period but increased overall from 7.1% in 
2015 to 15.8% in 2022. During 2015–2022, RT106 re-
placed RT027 as the predominant strain type and had 
an overall combined prevalence of 12.2% (434/3,560).

Of 1,062 pediatric samples analyzed, 834 (78.5%) 
were HA CDI and 228 (21.5%) were CA CDI, and 
we identified 145 unique RTs. The most common 
RTs among pediatric CDI cases were RT106 (17.0% 
HA, 13.2% CA), RT020 (8.2% HA, 11.4% CA), RT014 
(7.9% HA, 9.2% CA), RT056 (4.4% HA, 4.0% CA), 
and RT002 (4.4% HA, 3.1% CA) (Figure 4). The 20 

Figure 2. Regional adult and pediatric healthcare-associated and community-associated Clostridioides difficile infection (CDI) rates, 
Canada, 2015–2022. A) Healthcare-associated CDI; B) community-associated CDI. Western region includes British Columbia, Alberta, 
Saskatchewan, and Manitoba; Central region includes Ontario and Quebec; Eastern region includes Nova Scotia, New Brunswick, 
Prince Edward Island, and Newfoundland and Labrador. Northern region is Nunavut. The Northern region has reported 0 cases of CDI 
since they started conducting surveillance in 2020. 

http://www.cdc.gov/eid
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most prevalent pediatric RTs accounted for 74.6% 
of isolates tested (Appendix 1 Figure 2). RT106 rates 
increased from 13.3% in 2015 to 16.8% in 2021 and 
decreased to 8.8% in 2022 (p = 0.02). In contrast to 
adult cases, RT027 prevalence was lower in pediatric 
cases (average 3.2%) and fluctuated throughout the 
study period.

Prevalence of livestock-associated strains RT078 
and RT126 averaged 2.8% (range 1.8%–5.8%) among 
adult CDI cases. Among pediatric CDI cases, those 
strains averaged 2.1% (range 1.1%–3.8%) (Appendix 
1 Table 2).

Clinical Outcomes
Of the 30,824 cases analyzed, 19.1% (n = 5,902) had 
outcome data available for adult (n = 4,715) and pe-
diatric (n = 1,265) patients. Overall, the 30-day all-
cause mortality rate was 10.6% (494/4,655) for adult 
patients, and 26.8% (128/477) of those deaths were 

directly or indirectly attributable to CDI. HA CDI 
comprised most adult all-cause (80.8%; 399/494) and 
CDI-attributable (76.6%; 98/128) deaths. We noted no 
major differences in adult CDI-attributable death by 
sex or older age (data not shown). In contrast, 1.4% 
(17/1,247) of pediatric CDI patients died of any cause 
at 30 days, and only 1 death was CDI-attributable and 
was HA CDI. We noted no statistically significant 
differences in all-cause death by age group (1 to <2 
years of age: 2.9% [4/139]; 2 to <12 years of age: 1.2% 
[8/676]; 12 to <18 years of age: 1.2% [5/432]; p = 0.3) 
(data not shown).

Comparing acquisition types, pediatric patients 
had significantly lower all-cause mortality rates than 
adult patients for HA CDI (1.7% vs. 12%; p<0.001) 
and CA CDI (0 vs. 7.9%; p<0.001) (Tables 1, 2). We 
observed no significant differences in ICU admission 
resulting from CDI complications between adult and 
pediatric patients for either acquisition type.

 
Table 1. Characteristics of adult and pediatric healthcare-associated Clostridioides difficile infections, Canada, 2015–2022* 
Characteristics Overall, n = 22,627 Adult cases, n = 21,405 Pediatric cases, n = 1,222 p value† 
Median age, y (IQR) 69 (56–80) 70 (59–81) 7 (3–13)  
Sex    0.024 
 F 10,994/22,625 (49) 10,445/21,404 (49) 549/1,221 (45)  
 M 11,631/22,625 (51) 10,959/21,404 (51) 672/1,221 (55)  
Median days from admission to infection (IQR) 10 (4–21) 10 (5–21) 7 (2–15) <0.001 
Median length of stay, d (IQR) 14 (7–23) 15 (9–24) 9 (5–18) <0.001 
Treatment 

   
NA 

 Metronidazole 6,377/18,907 (34) 5,818/17,947 (32) 559/960 (58) 
 

 Vancomycin 10,876/18,907 (58) 10,588/17,947 (59) 288/960 (30) 
 

 Metronidazole and vancomycin 982/18,907 (5.2) 957/17,947 (5.3) 25/960 (2.6) 
 

 Fidaxomicin 22/18,907 (0.1) 22/17,947 (0.1) 0/960 (0)  
 Other 186/18,907 (1.0) 170/17,947 (0.9) 16/960 (1.7) 

 

 No treatment 464/18,907 (2.5) 392/17,947 (2.2) 72/960 (7.5) 
 

 FMT referral 17/9,825 (0.2) 17/9,318 (0.2) 0/507 (0) >0.9 
30-day outcomes‡     
 Loop ileostomy§ 14/2,413 (0.6) 14/1,816 (0.8) 0/597 (0) 0.028 
 All-cause mortality 416/4,429 (9.4) 399/3,454 (12) 17/975 (1.7) <0.001 
 Severe outcome¶ 205/4,232 (4.8) 180/3,270 (5.5) 25/962 (2.6) <0.001 
 ICU admission for CDI complications 73/4,448 (1.6) 61/3,477 (1.8) 12/971 (1.2) 0.3 
 Colectomy 62/4,296 (1.4) 50/3,329 (1.5) 12/967 (1.2) 0.5 
 CDI-attributable death 99/405 (24) 98/388 (25) 1/17 (5.9) 0.084 
CDI recurrence#     
 Recurrence 223/2,709 (8.2) 205/2,514 (8.2) 18/195 (9.2) 0.6 
 Median days from primary infection to 
 recurrence (IQR) 

29 (21–40) 29 (21–41) 26 (22–30) 0.4 

 Recurrence length of stay, d (IQR) 10 (6–19) 10 (6–16) 30 (30–30) 0.2 
 Recurrence FMT referral 0/81  0/79  0/2  NA 
 Recurrence loop ileostomy 1/81 (1.2) 1/78 (1.3) 0/3 >0.9 
 Recurrence all-cause mortality 16/189 (8.5) 16/177 (9.0) 0/12 0.6 
 Recurrence severe outcome¶ 8/186 (4.3) 8/174 (4.6) 0/12 >0.9 
 ICU admission for recurrent CDI complications 3/198 (1.5) 3/185 (1.6) 0/13 >0.9 
 Recurrence-attributable death 5/16 (31) 5/16 (31) 0 NA 
 Recurrence colectomy 1/196 (0.5) 1/183 (0.5) 0/13 >0.9 
*Values are no. cases/no. in category (%) except as indicated. Denominators for individual case characteristic vary because missing or unknown values 
were excluded from the analysis. Bold font indicates statistical significance. CDI, C. difficile infection; FMT, fecal microbiota transplant; ICU, intensive care 
unit; IQR, interquartile range; NA, not applicable. 
†p value determined by Wilcoxon rank-sum test, Fisher exact test, or Pearson 2 test. 
‡Outcome data were collected during March–April of each calendar year for adult patients and year-round for pediatric patients. 
§Loop ileostomy added in 2018. 
¶Severe outcome was defined as CDI-attributable admission to an intensive care unit, colectomy, or death within 30 d of positive C. difficile specimen 
where CDI was the cause of death or contributed to death. 
#Adult and pediatric cases identified during March–April of each calendar year were followed prospectively for 8 weeks for recurrence. 
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Of 5,686 cases with available data, 5.4% (242/4,454) 
of adult cases and 2.8% (34/1,232) of pediatric cases 
had a severe CDI-related outcome <30 days after the 
first C. difficile–positive specimen. More adult than 
pediatric patients experienced a severe outcome for 
HA CDI (12% vs. 1.7%; p<0.001), but we noted no sta-
tistically significant difference for CA CDI (5.2% adult 
vs. 3.3% pediatric; p = 0.2) (Tables 1, 2).

Compared with patients with non-RT027 CDI, 
patients with RT027 had adjusted odds of 2.15 (95% 
CI 1.63–2.90; p<0.0001) times higher for severe CDI 
and of 1.93 (95% CI 1.31–2.90; p = 0.0005) times higher 
for CDI-related severe outcome (Table 3). In addition, 
RT027 patients had much higher odds of being adult 
than pediatric and of having HA rather than CA CDI. 
In contrast, RT106 strains were less likely to be associ-
ated with adult cases, but we found no evidence of 
association with severe CDI outcomes compared with 
non-RT106 strains.

CDI Recurrence
Rates of recurrent CDI within 8 weeks of the first pos-
itive specimen were similar in adult (7.9%) and pedi-
atric (7.2%) patients (p = 0.6). Median time from pri-
mary infection to recurrence was 29 (IQR 22–40) days, 
and we noted no major difference between adult and 
pediatric patients (data not shown). We noted no sta-
tistically significant differences in recurrence by age 
group (Tables 1, 2); however, pediatric recurrence 
was significantly higher for HA CDI (9.2%; 18/195) 
than CA CDI (2.4%; 2/84) (p = 0.04), and adult recur-
rence was similar, 8.2% (205/2,514) for HA and 7.4% 
(79/1,065) for CA (p = 0.5) (data not shown). Among 
cases with recurrent outcome data (n = 247), 9 (3.6%) 
had severe outcomes; all were adult patients.

Antimicrobial Susceptibility
We conducted antimicrobial resistance testing for iso-
lates collected during 2015–2022 (Appendix 2 Tables 

 
Table 2. Characteristics of adult and pediatric community-associated Clostridioides difficile infections, Canada, 2015–2022* 
Characteristics Overall, n = 8,197 Adult cases, n = 7,845 Pediatric cases, n = 352 p value† 

Median age, y (IQR) 66 (52–78) 67 (54–79) 10 (4–15)  
Sex     
 F 4,525/8,197 (55) 4,351/7,845 (55) 174/352 (49) 0.070 
 M 3,672/8,197 (45) 3,494/7,845 (45) 178/352 (51)  
Median length of stay, d (IQR) 7 (4, 12) 7 (4, 13) 5 (2, 8) <0.001 
Treatment 

   
NA 

 Metronidazole 2,264/7,497 (30) 2,100/7,225 (29) 164/272 (60) 
 

 Vancomycin 4,515/7,497 (60) 4,441/7,225 (61) 74/272 (27) 
 

 Metronidazole and vancomycin 448/7,497 (6.0) 436/7,225 (6.0) 12/272 (4.4) 
 

 Fidaxomicin 7/7,497 (<0.1) 7/7,225 (<0.1) 0/272  
 Other 72/7,497 (1.0) 72/7,225 (1.0) 0/272 

 

 No treatment 191/7,497 (2.5) 169/7,225 (2.3) 22/272 (8.1) 
 

 FMT referral 13/4,360 (0.3) 13/4,228 (0.3) 0/132 >0.9 
30-day outcomes‡     
 Loop ileostomy§ 8/874 (0.9) 8/730 (1.1) 0/144 0.4 
 All-cause mortality 5/1,473 (6.4) 95/1,201 (7.9) 0/272 <0.001 
 Severe outcome¶ 71/1,454 (4.9) 62/1,184 (5.2) 9/270 (3.3) 0.2 
 ICU admission for CDI complications 27/1,482 (1.8) 22/1,203 (1.8) 5/279 (1.8) >0.9 
 Colectomy 23/1,470 (1.6) 19/1,193 (1.6) 4/277 (1.4) >0.9 
 CDI-attributable death 30/89 (34) 30/89 (34) 0 NA 
CDI recurrence#     
 Recurrence 81/1,149 (7.0) 79/1,065 (7.4) 2/84 (2.4) 0.083 
 Median days from primary infection to  
 recurrence (IQR) 

29 (23–38) 29 (23–38) 36 (36–36) 0.5 

 Recurrence length of stay, d (IQR) 9 (5, 17) 9 (5, 17) NA NA 
 Recurrence FMT referral 0/35 0/34  0/1  NA 
 Recurrence loop ileostomy 0/37 0/36  0/1  NA 
 Recurrence all-cause mortality 3/67 (4.5) 3/66 (4.5) 0/1  >0.9 
 Recurrence severe outcome¶ 1/61 (1.6) 1/61 (1.6) 0 NA 

 ICU admission for recurrent CDI complications 0/69 0/69  0 NA 
 Recurrence-attributable death 1/2 (50) 1/2 (50) 0 NA 
 Recurrence colectomy 0/68 0/67  0/1  NA 
*Values are no. cases/no. in category (%) except as indicated. Denominators for individual case characteristic vary because missing or unknown values 
were excluded from the analysis. Bold font indicates statistical significance. CDI, C. difficile infection; FMT, fecal microbiota transplant; ICU, intensive care 
unit; IQR, interquartile range; NA, not applicable. 
†p value determined by Wilcoxon rank-sum test, Fisher exact test, or Pearson 2 test. 
‡Outcome data was collected during March–April of each calendar year for adult patients and year-round for pediatric patients. 
§Loop ileostomy added in 2018. 
¶Severe outcome was defined as CDI-attributable admission to an intensive care unit, colectomy, or death within 30 d of positive C. difficile specimen 
where CDI was the cause of death or contributed to death. 
#Adult and pediatric cases identified during March–April of each calendar year were followed prospectively for 8 weeks for recurrence. 
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1, 2, https://wwwnc.cdc.gov/EID/article/31/6/25-
0182-App2.xlsx). Among HA CDI during the study 
years, 18.0% of adult and 5.8% of pediatric cases were 
moxifloxacin resistant, 27.7% of adult and 24.0% of 
pediatric cases were clindamycin resistant, and 1.6% 
of adult and 1.7% of pediatric cases were rifampin re-
sistant. For CA CDI, 10.7% of adult and 7.9% of pedi-
atric cases were moxifloxacin resistant, 28.4% of adult 
and 23.7% of pediatric cases were clindamycin resis-
tant, and 1.3% of adult and no pediatric cases were ri-
fampin resistant. Overall moxifloxacin resistance was 
higher in adult (16.2%) than pediatric (6.2%) popula-
tions. Of note, from 2015 to 2022, moxifloxacin resis-
tance decreased by 27.3% for adult HA CDI and 14.2% 
for adult CA CDI. Despite variability in clindamycin 
resistance (range 8.8%–50.4%) during the study pe-
riod, overall resistance was 27.9% for adult and 23.9% 
for pediatric cases.

Among the isolates examined, RT027 accounted 
for 55.0% (316/575) of adult and 24.2% (16/66) of pe-
diatric moxifloxacin-resistant isolates. Among RT027 
samples, 78.2% (316/404) of adult and 47.1% (16/34) of 

pediatric isolates were moxifloxacin resistant. Among 
moxifloxacin-resistant RT027, all pediatric (n = 16) and 
97.5% (308/316) of adult samples had MICs >32 µg/
mL. In contrast, RT106, the most prevalent (13.1%) pe-
diatric strain type and second most prevalent (12.2%) 
adult strain type, accounted for 16.7% (11/66) of pe-
diatric and 6.6% (38/575) adult moxifloxacin-resistant 
isolates. Overall, fluoroquinolone resistance in RT106 
isolates was much lower in adult (8.8%, 38/434) and 
pediatric (6.4%, 11/172) populations.

Of note, multidrug resistance was more com-
mon among tested RT027 strains. Of 231 (206 adult, 
25 pediatric) isolates resistant to both moxifloxacin 
and clindamycin, 37.2% (n = 86; 83 adult, 3 pediatric) 
were RT027. Of 31 (29 adult, 2 pediatric) isolates re-
sistant to moxifloxacin, clindamycin, and rifampin, 
51.6% (n = 16) were RT027. In contrast, no RT106 iso-
lates exhibited resistance to moxifloxacin, clindamy-
cin, and rifampin.

One RT012 isolate from a 2018 pediatric HA CDI 
case was metronidazole resistant (MIC 48 µg/mL), 
and 2 adult cases were vancomycin intermediate  

Figure 3. Percentages of 
5 most common ribotypes 
detected among isolates in 
a characterization of adult 
healthcare-associated and 
community-associated 
Clostridioides difficile infection 
(CDI), Canada, 2015–2022. 
A) Healthcare-associated CDI 
rates; B) community-associated 
CDI rates. RT, ribotype.

http://www.cdc.gov/eid
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resistant: an RT002 HA CDI case in 2019 (MIC 6 µg/
mL) and an RT126 CA CDI case in 2021 (MIC 12 µg/
mL). Treatment and outcome data were not avail-
able for the metronidazole-resistant case. For the 2 
adult vancomycin intermediate resistant cases, both 
were treated with vancomycin and had no severe 
outcomes, indicated treatment failure, or reported re-
currence. We did not observe tigecycline resistance in 
any cases during the study period.

Discussion
We analyzed 8 years of CDI surveillance data from 
adult and pediatric inpatients from acute care hos-
pitals in Canada. Nationally, HA CDI rates declined 
by 19.9% in adult and 29.6% in pediatric inpatients 
and CA CDI rates declined by 58.3% among pediat-
ric inpatients. Epidemiologic and molecular charac-
terization of CDI in adult and pediatric populations 
revealed more severe 30-day outcomes among adult 
than pediatric patients and that RT106 was the pre-
dominant ribotype in both populations.

Decreasing national adult and pediatric HA CDI 
rates coincided with global declines in CDI, including  

in the United States (21,22). One study reported the 
annual rate of pediatric CDI-associated hospital-
ization in the United States increased from 7.24 to 
12.8/10,000 hospitalizations during 1997–2006 (23), 
and another reported a doubling in annual inci-
dence among 22 pediatric hospitals in a multicenter 
study during 2001–2006 (24). A more recent estimate 
showed the overall CDI burden in the United States 
decreased 24% from 2011 to 2017, after adjusting for 
testing method (22). The decreases in pediatric HA 
CDI rates we report during 2015–2022 are a reversal 
from trends reported by CNISP from 2007–2011 (25), 
and adult HA CDI rates continued the decline trends 
observed during 2011–2016 (19). Although the rea-
sons for declining incidence in Canada are not fully 
elucidated, enhanced infection control and antimi-
crobial stewardship measures might have contribut-
ed (26,27). Declines in RT027 and changes in testing 
methodology and criteria might have further contrib-
uted to decreased CDI rates (28).

The nondecreasing trends in adult CA CDI in-
cidence during 2015–2022 could be attributed to 
the increase in adult CA CDI during the COVID-19  

Figure 4. Percentages of 5 most 
common RTs detected among 
isolates in a characterization of 
pediatric healthcare-associated 
and community-associated 
Clostridioides difficile infection 
(CDI), Canada, 2015–2022. 
A) Healthcare-associated CDI 
rates; B) community-associated 
CDI rates. RT, ribotype.

http://www.cdc.gov/eid


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1117

 Adult and Pediatric C. difficile Infections

pandemic period (2019–2022), after our previous re-
port of declining incidence during 2015–2019 (17). In 
agreement with previous findings, our study showed 
that adult CA CDI patients were more likely to be 
younger and female compared with HA CDI patients 
(29–31). In contrast, pediatric CA CDI patients were 
more likely to be older, and we noted no differences 
in sex. Although age group–specific data on CA CDI 
incidence is sparse, population-based estimates in the 
United States increased during 2012–2017 (32). Data 
from Europe reported a 2018–2020 mean CA CDI hos-
pital incidence of 1.35 cases/1,000 patient admissions 
(33), but those data were not stratified by age group. 
The decreases in pediatric CDI rates we report coin-
cide with other reported decreases among hospital-
ized pediatric patients from 49 US pediatric tertiary 
care centers without distinction of acquisition type 
(34). A single-center study in Taiwan reported an over-
all 2013–2019 pediatric CA CDI incidence rate of 0.564 
cases/1,000 patient admissions, although that rate in-
creased substantially from the 2007–2012 period (35). 

Molecular analysis of CDI isolates in Canada re-
vealed a dynamic and heterogeneous RT population 
and that RT106 predominated in both adult and pe-
diatric patients. RT106, first identified in the United 
Kingdom in 1999 (36), is now found worldwide and 
is among the most prevalent strains in the United 

States (37). Reports of enhanced spore-producing and 
biofilm-forming capabilities of RT106 suggest adap-
tive advantages that might enable greater persistence 
in the environment and hospital settings, possibly 
leading to increased infection and recurrence rates 
(36–39). 

RT027 prevalence in Canada decreased substan-
tially among adults and remained relatively low in 
pediatrics inpatients. Parallel decreases in RT027 
prevalence have been observed in North America, 
the United Kingdom, and elsewhere (1,32,40–42). De-
spite a decrease in prevalence, multivariable analysis 
revealed that patients infected with RT027 were more 
likely to be adults with HA CDI, who also experi-
enced more severe CDI-related ICU admission, col-
ectomy, or death.

Livestock-associated C. difficile RT078 and 
RT126, notable from a One Health perspective, have 
demonstrated increased virulence, disease severity, 
and epidemic potential in several countries in Eu-
rope (43,44) but appear to be uncommon in hospital-
ized CDI patients in Canada. Overall, adult RT078 
and RT126 prevalence was 2.8% and pediatric prev-
alence was 2.1%, a small increase from previously 
reported data (13).

Antimicrobial susceptibility testing suggested 
that resistance in C. difficile is lower in Canada than 

 
Table 3. Multivariate regression modeling of epidemiologic factors in characterization of adult and pediatric healthcare-associated and 
community-associated Clostridioides difficile infections, Canada, 2015–2022* 

Characteristics 
Univariable analysis 

 
Multivariable analysis 

Odds ratio (95% CI) p value Odds ratio (95% CI) p value 
RT027 (n = 438) vs. non-RT027 (n = 4,184) strains 
 Age group      
  Adult 3.87 (2.75–5.63) <0.0001  3.42 (2.35–5.18) <0.0001 
  Pediatric Referent   Referent  
 Sex      
  F Referent   Referent  
  M 0.97 (0.79–1.17) 0.720  0.97 (0.79–1.20) 0.970 
 CDI case type      
  Community-associated Referent   Referent  
  Healthcare-associated 2.16 (1.65–2.89) <0.0001  2.18 (1.64–2.95) <0.0001 
  Severe CDI† 2.24 (1.71–2.99) <0.0001  2.15 (1.63–2.90) <0.0001 
  Severe outcome‡ 2.27 (1.56–3.24) <0.0001  1.93 (1.31–2.90) 0.0005 
RT106 (n = 606) vs. non-RT106 (n = 4,016) strains 
 Age group      
  Adult 0.72 (0.59–0.87) 0.0007  0.71 (0.58–0.88) 0.002 
  Pediatric Referent   Referent  
 Sex      
  F Referent   Referent  
  M 0.905 (0.76–1.07) 0.251  0.89 (0.74–1.07) 0.208 
 CDI case type      
  Community-associated Referent   Referent  
  Healthcare-associated 0.99 (0.81–1.21) 0.921  1.01 (0.82–1.25) 0.936 
  Severe CDI† 0.83 (0.69–1.01) 0.0621  0.87 (0.72 – 1.06) 0.168 
  Severe outcome‡ 0.76 (0.41–1.17) 0.233  0.80 (0.50 – 1.24) 0.345 
*Bold font indicates statistical significance. CDI, C. difficile infection. 
†Severe CDI defined as albumin level <30 g/L, leukocyte count >15 × 109 cells/L, or both. 
‡Severe outcome was defined as CDI-attributable admission to an intensive care unit, colectomy, or death within 30 d of first positive C. difficile specimen 
where CDI was the cause of death or contributed to death. 
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in the United States or globally (8). The percent-
age of tested isolates resistant to moxifloxacin (2%–
87%), clindamycin (15%–97%), and metronidazole 
(0.1−18.3%) were previously reported (8,45). Strati-
fied by case type, HA and CA CDI isolates revealed 
no major differences in resistance for either adult or 
pediatric populations, except for moxifloxacin. Adult 
moxifloxacin resistance was 16.5% for HA CDI and 
10.0% for CA CDI. Moxifloxacin resistance was low-
er in the pediatric population; 5.7% of HA and 7.7% 
CA CDI isolates exhibited resistance. Most striking-
ly, among RT027 isolates characterized, moxifloxa-
cin resistance decreased from 92.1% to 9.1% in adult 
and from 66.7% to 0 in pediatric populations dur-
ing 2015–2022. The exceptionally high percentage 
of tested RT027 moxifloxacin-resistant isolates re-
corded at the beginning of our study parallels rates 
observed in the United States, where 98% resistance 
was recorded (46). Similarly, our findings are consis-
tent with a previously published study from North 
America that found RT027 strains are more likely to 
be resistant to multiple drugs, including clindamy-
cin, moxifloxacin, and rifampin (47). The lower re-
sistance observed in our diverse RT population is 
consistent with the suggestion that RT heterogeneity 
is inversely correlated with antimicrobial resistance, 
as measured by cumulative resistance scores (48,49).

The first limitation of our study is that hospitals 
self-select whether to participate in both HA and 
CA CDI surveillance; participation varied over time, 
which might have influenced comparisons between 
patients and observed temporal trends. Thus, we 
conducted sensitivity analyses restricted to hospitals 
that conducted both HA and CA CDI surveillance 
and to hospitals that participated in all 8 years of the 
study period, and results of those analyses were not 
significantly different from the full analyses. Second, 
although CDI diagnostic testing methods were col-
lected throughout the study period, data complete-
ness was not consistent from year to year, limiting 
the inferences we could make regarding the effect of 
CDI diagnostic testing methods on adult and pediat-
ric rates over time. Third, for CA CDI surveillance, 
we captured data from patients admitted to a CNISP 
hospital and requiring medical intervention for CDI 
symptoms or other underlying conditions. The fea-
tures and outcomes of those patients might not be 
relevant to patients with CA CDI who do not require 
hospital care. Fourth, isolates and outcome data were 
only collected for adults during a 2-month targeted 
period and might not represent the epidemiologic 
and molecular characteristics across the full year.  
Finally, although a qualified physician determined 

the cause of death in CDI patients, attribution of 
death is difficult and could be subjective.

In conclusion, rates of adult and pediatric HA 
CDI in Canada declined during 2015–2022, coinciding 
with decreased prevalence of RT027 and increased 
prevalence of RT106. We noted major decreases 
in antimicrobial resistance to moxifloxacin in both 
adult HA and CA CDI populations, concordant with 
an overall decrease in prevalence of RT027. Despite 
declining rates, CDI continues to be a major health 
burden in Canada. To ensure continued success in 
combatting this global health threat, robust national 
surveillance and infection prevention and control 
programs are integral to clarifying CDI epidemiol-
ogy, investigation, and control.
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Non–H. pylori Helicobacter (NHPH) species are 
helical corkscrew-like bacteria; Helicobacter spp. 

have been reported since the 1980s to infect the hu-
man stomach (1). In humans, NHPH infection causes 
gastric diseases, such as peptic ulcers, chronic gastri-
tis, gastric cancer, and gastric mucosa-associated lym-
phoid tissue (MALT) lymphoma (2–5). Although H. 
suis is the most common NHPH species that infects 
the human stomach (4,6,7), its pathogenicity remains 
unclear because isolation has not previously been fea-
sible. The recent successful isolation of H. suis from 
patients with gastric disease demonstrated H. suis 
pathogenicity in the human stomach (8), ushering in 
a new stage of NHPH research.

NHPH infection rates have mostly been ana-
lyzed in patients with specific gastric-related diseases 
(2–5,9–12). Most studies have used gastric biopsy 

to detect NHPH infection, making it difficult from 
an ethical standpoint to investigate NHPH infec-
tion in asymptomatic persons. Recent studies have 
shown the usefulness of gastric juice samples for H. 
pylori diagnoses (13,14), and we recently developed 
a method to detect NHPH infections by using gas-
tric juice samples (15,16) without performing a bi-
opsy. In addition, we developed a highly sensitive 
serologic diagnostic method for H. suis infection in 
humans (15,16). We conducted a multicenter survey 
of NHPH infection among patients who underwent 
gastric endoscopy during medical checkups in Japan 
by using those methods. We evaluated NHPH infec-
tion rates and regional differences, identified bacte-
rial species, and determined associations between 
NHPH stomach infections, demographics, and endo-
scopic findings. 
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To evaluate non–H. pylori Helicobacter (NHPH) infections 
in Japan, we enrolled 673 consecutive patients who un-
derwent gastric endoscopy during annual medical check-
ups at 4 hospitals during April 2022–February 2023. We 
collected intragastric fluid and serum samples to detect 
NHPH infection by PCR and serologic tests. The preva-
lence of NHPH was 3% (20/673); 70% (14/20) of patients 
were infected with H. suis and 30% (6/20) with non–H. 
suis NHPH species. All 14 H. suis–infected patients were 

men and had a history of pork offal ingestion. Among non–
H. suis NHPH-infected patients, 50% (3/6) owned pet 
cats, whereas only 22% (145/667) of other patients owned 
cats. Endoscopic evaluation revealed marbled crack-like 
gastritis was present in 93% (13/14) of H. suis–infected 
patients, a significantly higher prevalence than for H. py-
lori–infected (28.6%) and H. pylori eradication therapy 
(27.6%) groups. Pork offal ingestion and having pet cats 
increase risk for Helicobacter spp. infections.
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Materials and Methods

Ethics
We explained the study to all participants and ob-
tained written informed consent from each. The study 
was approved by the Ethics Committees of Kyorin 
University Hospital, Junpukai Health Maintenance 
Center (Kurashiki, Japan), Kenwakai Hospital, and 
Hokkaido Cancer Society (approval no. 810, project 
no. R03-052-52) and registered with the University 
Hospital Medical Information Network, Clinical Tri-
als Registry (UMIN registration no. UMIN000054538).

Study Design, Inclusion Criteria, and Sample Collection
We enrolled consecutive patients who underwent an 
upper endoscopy during annual medical checkups at 
4 hospitals in Japan during April 2022–February 2023. 
Hospital A is in Hokkaido, hospital B is in Tokyo, hos-
pital C is in Nagano, and hospital D is in Okayama. 
We excluded patients who underwent gastrectomy. 
We collected gastric washes (intragastric fluid) and 
serum samples from all patients to test for NHPH 
infection by PCR (fluids) and for H. suis by ELISA 
(serum samples). We collected the following clinical 
information: age; sex; endoscopic findings; and histo-
ries of H. pylori infection, H. pylori eradication therapy, 
pork offal ingestion, and pet ownership. We assessed 
the endoscopic grade of gastric mucosal atrophy by 
using the Kimura and Takemoto classification (17). 
To verify the endoscopic characteristics of NHPH 
infection, we confirmed the presence or absence of 
white-marbled appearance (18) and crack-like mu-
cosa (11). We defined white-marbled appearance as 
a mottled mucosa with a white mesh pattern from 
the gastric antrum to the angulus (Figure 1, panel A; 
Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/31/6/24-1315-App1.pdf) and crack-like mu-
cosa as a mesh pattern composed of faded, depressed, 
and varying width lines on a coarse surface from the 
gastric antrum to angulus (Figure 1, panel B; Appen-
dix Figure 1). Although both appearances are simi-
lar to atrophy, they have a white mesh; however, the 
crack-like mucosa appearance also has depressions 
in the white mesh. We defined a white-marbled with 
crack-like mucosa appearance as marbled crack-like 
(MARC) gastritis. In NHPH-infected patients, we also 
examined the presence and location of nodular gas-
tritis from the antrum to angulus (Figure 1, panel C), 
spotty redness from the antrum to the body (Figure 
1, panel D), and the regular arrangement of collect-
ing venules (RAC; Figure 1, panel E) (19). We defined 
endoscopic findings as normal if no atrophic gastri-
tis, peptic ulcers, gastric cancer, nodular gastritis,  

white-marble appearance, or crack-like mucosal gas-
tritis were present.

We divided H. pylori infections into the follow-
ing 3 groups: infected with H. pylori (H. pylori infec-
tion group), history of H. pylori infection treated with 
eradication therapy (posteradication group), and no 
history of H. pylori infection (no H. pylori infection 
group). Diagnosis of H. pylori infection was confirmed 
by endoscopy physicians (K.T., K.M., T.K., and M.K.) 
with >10 years of experience in diagnosing H. pylori 
infection, according to results of a urea breath test, se-
rum H. pylori antibody test, fecal antigen test, rapid 
urease test, histologic studies, and endoscopic obser-
vation, according to the Kyoto classification of gastri-
tis (20). The posteradication group also included pa-
tients with no history of H. pylori eradication but with 
an endoscopically suspected history of H. pylori infec-
tion, according to the Kyoto classification of gastritis.

NHPH Detection by PCR and ELISA
We detected NHPH infection by PCR of DNA extract-
ed from intragastric fluid collected during endoscopic 
examination. We centrifuged 1 mL of intragastric flu-
id and collected the precipitates for DNA extraction 
by using the DNeasy Blood and Tissue Kit (QIAGEN, 
https://www.qiagen.com). We performed PCR by 
using NHPH species–specific primers targeting 16S 
rRNA and H. suis–specific primers targeting the hsvA 
gene, as previously described (8). We determined 
the samples to be H. suis positive by using both PCR 
primer sets. However, if PCR targeting 16S rRNA for 
NHPH species was positive and PCR targeting hsvA 
was negative, we identified those samples as non–H. 
suis NHPH positive.

We measured serum H. suis antibody titers as 
previously described (15,16). In brief, we determined 
H. suis antibody titers by using ELISA and calculated 
the cutoff index (COI) value as the ratio of the absor-
bance of the sample to the absorbance of the positive 
control, both at 450 nm. We deemed the samples as 
positive when COI values were >1.

Statistics
We examined associations between clinical charac-
teristics of patients and the specific status of Helico-
bacter infection (i.e., infection by H. suis, non–H. suis 
NHPH, or H. pylori, as well as after H. pylori eradi-
cation and absence of Helicobacter infection without 
eradication therapy) by using the Fisher exact test 
for discrete characteristics and Wilcoxon rank-sum 
test for continuous characteristics. We also examined 
the association between specific hospitals and Helico-
bacter infection status by using the Fisher exact test. 

http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/31/6/24-1315-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/6/24-1315-App1.pdf
https://www.qiagen.com
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We evaluated differences in age and H. suis ELISA ti-
ters between groups by using the Kruskal-Wallis test. 
We used SPSS Statistics 29 (IBM, https://www.ibm.
com) and R version 4.3.2 (The R Project for Statistical 
Computing, https://www.r-project.org) for statisti-
cal analyses and set statistical significance at p<0.05.

Results

Prevalence of NHPH Infection
Five patients were excluded from the analysis; 2 at 
hospital B and 1 at hospital D underwent remnant 
gastrectomy, and intragastric fluid or serum could not 
be obtained from 2 other patients at hospital B. We in-
cluded 673 participants in the study: 100 at hospital A, 
198 at hospital B, 199 at hospital C, and 179 at hospital 
D. The median patient age was 55 (range 29–91) years; 
57.6% were male and 42.4% female (Table 1).

Intragastric fluid from all patients was tested for 
NHPH infection. NHPH infections were found in 
3% (20/673) of patients; H. suis infection was found 
in 70% (14/20) and non–H. suis NHPH infections in 

30% (6/20) of those patients. Among the 20 patients, 
15 were in the no H. pylori infection group, 3 in the 
H. pylori infection group, and 2 in the posteradication 
group. Diagnoses of the 3 NHPH-positive patients in 
the H. pylori infection group were made by using ei-
ther the urea breath test, serum H. pylori antibody test, 
or endoscopic findings. However, we found those pa-
tients to be H. pylori negative by PCR targeting the 
H. pylori–specific region of the 16S rRNA gene (21). 
Therefore, those 3 patients were considered to be false 
positives for H. pylori because of their NHPH infec-
tion. The 2 NHPH-positive patients in the posteradi-
cation group had no history of H. pylori eradication; 1 
of those patients was H. pylori negative by serologic 
and histologic analyses, and both showed H. pylori–
negative status by PCR. Therefore, both patients were 
placed in the posteradication group according to en-
doscopic observations of NHPH infection and Kyoto 
classification of gastritis. After detecting NHPH spe-
cies in intragastric fluid by PCR, patients were recat-
egorized as follows: no Helicobacter infection, n = 378; 
posteradication, n = 254; H. pylori infection, n = 21; 

Figure 1. Representative endoscopic images of gastritis types observed in study of non–H. pylori Helicobacter infections, Japan, 2022. 
A) White marbled appearance. A white mesh pattern composed of shallow depressions that looks like white marble from the gastric 
antrum to the angle. White light imaging (WLI). B) Crack-like mucosa. A mesh pattern composed of faded and depressed lines with 
varied widths on coarse surfaces (WLI). C) Nodular gastritis. Compared with nodular gastritis caused by H. pylori infection, nodules 
that are shorter and appear as white spots are also considered nodular gastritis (WLI). D) Spotty redness, includes findings similar to 
those of H. pylori infection in the gastric body and the antrum (linked-color imaging). E) Regular arrangement of collecting venules. 
Microvessels with starfish-like appearance are observed as minute red points in the gastric lower body (WLI).

http://www.cdc.gov/eid
https://www.ibm.com
https://www.ibm.com
https://www.r-project.org
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H. suis infection, n = 14; and non–H. suis NHPH in-
fection, n = 6. The proportion of patients with H. suis 
infections was significantly higher in hospital C than 
in the other hospitals (p<10−5) (Table 2).

Comparison of Clinical Characteristics among Groups
We compared clinical characteristics of patients in 
each of the recategorized groups (Table 3). The H. 
suis infection group consisted entirely of men (100%), 
which differed from the combined 4 groups not infect-
ed with H. suis (57% men; p = 0.0005) (Figure 2, panel 
A). When compared with the non–H. suis NHPH in-
fection group (66.7%), the percentage of atrophic gas-
tritis was 100% in the H. suis (p = 0.04) and H. pylori 
(p = 0.04) infection groups and 97.6% in the poste-
radication group (p = 0.01) (Table 3). The percentage 
of nodular gastritis was 42.9% for H. suis, 50.0% for 
non–H. suis NHPH, and 19.0% for H. pylori infec-
tion groups (p = 0.2 overall). The overall percentage 
of nodular gastritis among those 3 groups was 32%, 
which was significantly higher than that in the no He-
licobacter infection (0%; p<0.0001) and posteradication 
(2.8%; p<0.0001) groups. In addition, a white marbled  

appearance (18) was observed in 78.6% and crack-like 
mucosa (11) in 85.7% of the H. suis infection group, 
indicating endoscopic characteristics of H. suis infec-
tion. The percentage of patients with at least 1 of the 
2 endoscopic characteristics of NHPH infection was 
92.9% (13/14) among the H. suis–infected patients, 
which was significantly higher than that among  
H. pylori–infected (28.6% [6/21]; p = 0.0003) and post - 
eradication (27.6% [70/254]; p<0.0001) groups.

The atrophic grade of patients with H. suis infec-
tion was mostly C-2, and no patient had an atrophic 
grade greater than C-2. Among H. pylori–infected 
patients, most had atrophic grades of C-2; however, 
some had O-1 (4.8%) and O-2 (9.5%) grades (Table 3; 
Figure 2, panel B).

Among the non–H. suis NHPH-infected patients, 
50% (3/6) had a history of owning cats, which was 
higher than the 22% (145/667) observed among the 
other patients in the study. However, the difference 
was not statistically significant (p = 0.12) because of 
the small sample size of non–H. suis NHPH-infected 
patients (Figure 2, panel C). All (14/14) H. suis–in-
fected patients had a pork offal ingestion history, a  

 
Table 1. Characteristics of patients in study of non–H. pylori Helicobacter infections, Japan, 2022* 

Characteristics Total, n = 673 
Hospital 

A, n = 100 B, n = 198 C, n = 199 D, n = 176 
Median age, y (range) 55 (29–91) 64 (43–88) 61 (29–91) 52 (31–77) 51 (34–77) 
Sex 
 M 390 (57.9) 47 (47.0) 119 (60.1) 111 (55.8) 113 (64.2) 
 F 283 (42.1) 53 (53.0) 79 (39.9) 88 (44.2) 63 (35.8) 
Endoscopic findings 
 Normal 322 (47.8) 56 (56.0) 114 (57.6) 73 (36.7) 79 (44.9) 
 Atrophic gastritis 340 (50.5) 41 (41.0) 80 (40.4) 125 (62.8) 94 (53.4) 
 Peptic ulcer 5 (0.7) 0 2 (1.0) 0 3 (1.7) 
 Gastric cancer 7 (1.0) 0 1 (0.5) 0 6 (3.4) 
 Nodular gastritis 20 (3.0) 1 (1.0) 1 (0.5) 8 (4.0) 10 (5.7) 
 White marble appearance 80 (11.9) 0 9 (4.5) 31 (15.6) 40 (22.7) 
 Crack-like mucosa 67 (10.0) 0 4 (2.0) 62 (31.2) 1 (0.6) 
Atrophic grading† 
 C-0 333 (49.5) 59 (59.0) 118 (59.6) 74 (37.2) 82 (46.6) 
 C-1 133 (19.8) 5 (5.0) 14 (7.1) 90 (45.2) 24(13.6) 
 C-2 116 (17.2) 15 (15.0) 30 (15.2) 35 (17.6) 36 (20.5) 
 C-3 37 (5.5) 11 (11.0) 7 (3.5) 0 19 (10.8) 
 O-1 22 (3.3) 6 (6.0) 9 (4.5) 0 7 (4.0) 
 O-2 21 (3.1) 2 (2.0) 11 (5.6) 0 8 (4.5) 
 O-3 11 (1.6) 2 (2.0) 9 (4.5) 0 0 
Pets 
 No history 208 (30.9) 33 (33.0) 89 (44.9) 47 (23.6) 39 (22.2) 
 Dog 354 (52.6) 48 (48.0) 85 (42.9) 110 (55.3) 111 (63.1) 
 Cat 148 (22.0) 29 (29.0) 26 (13.1) 46 (23.1) 47 (26.7) 
Pork offal ingestion 
 No history 275 (40.9) 11 (11.0) 121 (61.1) 29 (14.6) 114 (64.8) 
 Sometimes 347 (51.6) 78 (78.0) 75 (37.9) 154 (77.4) 40 (22.7) 
 Often 51 (7.6) 11 (11.0) 2 (1.0) 16 (8.0) 22 (12.5) 
Infection status 
 H. pylori infection 24 (3.6) 7 (7.0) 3 (1.5) 6 (3.0) 8 (4.5) 
 Posteradication‡ 256 (38.0) 35 (35.0) 72 (36.4) 61 (30.7) 88 (50.0) 
 No H. pylori infection 393 (58.4) 58 (58.0) 123 (62.1) 132 (66.3) 80 (45.5) 
*Values are no. (%) except as indicated. Hospital A is in Hokkaido, B is in Tokyo, C is in Nagano, and D is in Okayama. 
†C-0, no atrophy; C-1 and C-2, mild atrophy; C-3 and O-1, moderate atrophy; and O-2 and O-3, severe atrophy. 
‡Patients who had previous H. pylori eradication therapy. 
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proportion that was significantly higher than that 
in the combined 4 groups not infected with H. suis 
(384/659; p = 0.0006) (Figure 2, panel D).

Endoscopic Characteristics of Patients  
with NHPH Infection
We determined the type and site of gastritis and the 
presence or absence of RAC in the 20 NHPH-infected 
patients (Appendix Table). In each patient, gastritis 
was observed from the glandular border around the 
angulus to the pyloric antrum (Figure 1; Appendix 
Figure 1). Endoscopic gastritis results differed by 
NHPH species. The percentages of MARC gastritis 

were significantly different between the H. suis–in-
fected (92.9% [13/14]) and non–H. suis NHPH–in-
fected (33.3% [2/6]) groups (p = 0.014), whereas 
spotty redness was observed at similar rates in the 
H. suis–infected (35.7% [5/14]) and non–H. suis 
NHPH–infected (50.0% [3/6]) groups (p = 0.6). Gas-
tritis of the pyloric canal was found in 50.0% (7/14) 
of the H. suis infection group, whereas it was absent 
in 83.3% (5/6) of the non–H. suis NHPH infection 
group, although the difference was not statistically 
significant (p = 0.3). RAC was absent in 1 patient 
who had petechial erythema spread over the entire 
gastric body.

 
Table 2. Infection status of patients in 4 hospitals in study of NHPH infections, Japan, 2022* 

Infection status 

No. (%) patients 

Total, n = 673  
Hospital† 

A, n = 100 B, n = 198 C, n = 199 D, n = 176 
No Helicobacter infection 378 (56.2)  57 (57.0) 121 (61.1) 121 (60.8) 79 (44.9) 
Posteradication‡ 254 (37.7)  35 (35.0) 72 (36.4) 59 (29.6) 88 (50.0) 
H. pylori infection 21 (3.1)  6 (6.0) 2 (1.0) 5 (2.5) 8 (4.5) 
H. suis infection 14 (2.1)  0 1 (0.5) 13 (6.5) 0 
Non–H. suis NHPH infection 6 (0.9)  2 (2.0) 2 (1.0) 1 (0.5) 1 (0.6) 
*NHPH, non–Helicobacter pylori Helicobacter.  
†Hospital A is in Hokkaido, B is in Tokyo, C is in Nagano, and D is in Okayama. 
‡Patients who had previous H. pylori eradication therapy. 

 

 
Table 3. Comparison of clinical characteristics between groups stratified by gastric Helicobacter species infection status in study of 
NHPH infections, Japan, 2022* 

Characteristics 

Gastric Helicobacter species infection status 
No Helicobacter 

infection H. pylori infection  Posteradication 
Non–H. suis NHPH 

infection H. suis infection  
Total no. patients 378 21 254 6 14 
Median age, y (range) 53 (29–84) 61 (35–88) 57 (30–84) 65 (44–91) 50 (35–66) 
Sex 
 M 224 (59.3) 10 (47.6) 139 (54.5) 3 (50.0) 14 (100.0) 
 F 154 (40.7) 11 (52.4) 115 (45.3) 3 (50.0) 0 
Endoscopic findings 
 Normal 317 (83.9) 0 5 (2.0) 0 0 
 Atrophic gastritis 53 (14.0) 21 (100.0) 248 (97.6) 4 (66.7) 14 (100) 
 Peptic ulcer 0 2 (9.5) 2 (0.8) 1 (16.7) 0 
 Gastric cancer 2 (0.5) 2 (9.5) 3 (1.2) 0 0 
 Nodular gastritis 0 4 (19.0) 7 (2.8) 3 (50.0) 6 (42.9) 
 White marble appearance 15 (4.0) 4 (19.0) 49 (19.3) 1 (16.7) 11 (78.6) 
 Crack-like mucosa 29 (7.7) 3 (14.3) 22 (8.7) 1 (16.7) 12 (85.7) 
 White marble appearance 
 or crack-like mucosa 

40 (10.6) 6 (28.6) 70 (27.6) 2 (33.3) 13 (92.9) 

Atrophic grading† 
 C-0 325 (86.0) 0 6 (2.4) 2 (33.3) 0 
 C-1 47 (12.4) 2 (9.5) 80 (31.5) 0 4 (28.6) 
 C-2 5 (1.3) 10 (47.6) 88 (34.6) 3 (50.0) 10 (71.4) 
 C-3 0 6 (28.6) 31 (12.2) 0 0 
 O-1 0 1 (4.8) 21 (8.3) 0 0 
 O-2 0 2 (9.5) 18 (7.1) 1 (16.7) 0 
 O-3 1 (0.3) 0 10 (3.9) 0 0 
Pets 
 No history 128 (33.9) 3 (14.3) 71 (28.0) 2 (33.3) 4 (28.6) 
 Dog 189 (50.0) 11 (52.4) 145 (57.1) 1 (16.7) 8 (57.1) 
 Cat 75 (19.8) 9 (42.9) 58 (22.8) 3 (50.0) 3 (21.4) 
Pork offal ingestion 
 No history 147 (38.9) 6 (28.6) 119 (46.9) 3 (50.0) 0 
 Sometimes 206 (54.5) 14 (66.7) 113 (44.5) 2 (33.3) 12 (85.7) 
 Often 25 (6.6) 1 (4.8) 22 (8.7) 1 (16.7) 2 (14.3) 
*Values are no. (%) except as indicated. NHPH, non–Helicobacter pylori Helicobacter. 
†C-0, no atrophy; C-1 and C-2, mild atrophy; C-3 and O-1, moderate atrophy; and O-2 and O-3, severe atrophy. 
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H. suis ELISA
The COI for the H. suis ELISA was significantly high-
er for the H. suis infection group than for the other 
groups (Figure 3). All patients in the H. suis infection 
group were considered H. suis positive according to 
H. suis ELISA criteria (16). In the non–H. suis NHPH 
infection group, 1 (16.7%) patient was H. suis posi-
tive and 5 (83.3%) were H. suis negative, according to 
ELISA. We determined that 28.6% (6/21) of patients 
in the H. pylori infection, 7.1% (18/254) in the post-
eradication, and 3.4% (13/378) in the no Helicobacter 
infection groups were H. suis positive, according to H. 
suis ELISA. Among the 13 H. suis–positive patients in 

the no Helicobacter infection group, atrophic gastritis 
was found in 3 patients, suggesting the possibility of 
previous H. suis infection or false-negative results by 
PCR of intragastric fluid.

Discussion
In this study of consecutive patients who underwent 
gastric endoscopy during medical checkups in Japan, 
the NHPH infection rate was 3%. NHPH infection 
rates of 0.25%–6.1% have been reported previously 
(2–5,9–11), indicating that rates among healthy per-
sons are not much lower than among patients with 
gastric diseases. A 10-year study on NHPH infection 

Figure 2. Comparison of patient groups stratified by gastric Helicobacter infection status in study of NHPH infections, Japan, 2022. 
A) Percentage of men and women in each group. All patients in the H. suis infection group were men. Prevalence of the male sex 
was significantly higher in the H. suis infection group than in the no Helicobacter infection (59.3%), H. pylori infection (47.6%), 
posteradication (54.7%), and non–H. suis NHPH infection (50.0%) groups. B) Percentages of patients categorized by each atrophic 
grade were compared between groups stratified by gastric Helicobacter infection status. In the H. suis infected group, 71.4% were 
C-2, with no higher grade of atrophy. C-0, no atrophy; C-1 and C-2, mild atrophy; C-3 and O-1, moderate atrophy; O-2 and O-3, severe 
atrophy. C) Percentages of patients who had no history of pets or who had a history of having pet dogs or cats. No significant differences 
were observed between the groups, although the proportion of patients with pet cats appeared higher (50%) in the non–H. suis NHPH 
infection group than in the no Helicobacter infection (19.8%) and H. suis infection (21.4%) groups. D) Patients in each infection group 
were subdivided into those who sometimes or those who often ingested pork offal. All patients in the H. suis infection group had a history 
of pork offal ingestion. Prevalence of patients with any history of pork offal ingestion was significantly higher in the H. suis infection group 
(100%) than in the no Helicobacter infection (61.1%; p = 0.0014), posteradication (53.1%; p = 0.0003), and non–H. suis NHPH infection 
(50.0%; p = 0.0175) groups. NHPH, non–H. pylori Helicobacter.
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rates in a single institution in Japan showed the in-
fection rate increased from 1.3% to 3.35% (30 of 896 
patients) in the last 2 years and 4 months of the study 
period because of increased recognition of charac-
teristic endoscopic findings (11). Therefore, NHPH 
infections might be missed in many patients with 
gastric diseases. In our survey, the H. pylori infection 
rate was 3.6%, and 38% of patients had a history of 
H. pylori infection. The estimated H. pylori infection 
rate in persons born in Japan in 1968 was reported to 
be 37.5% (22). Considering the median age (55 years) 
of the patients in our study, our sample represents a 
major section of the population in Japan.

Gastric NHPH species have been found in pa-
tients with gastric diseases by using culture tests, in-
cluding H. suis (8), which also infects pigs and mon-
keys, and H. ailrurogastricus (23), H. felis (24), and H. 
bizzozeronii (25,26), which infect cats and dogs. Other 
species that infect dogs and cats, such as H. heilmannii 
and H. salomonis, have also been detected by PCR in 

patients with gastric diseases (2–5,9–12). H. suis is the 
most prevalent NHPH species infecting humans in 
Japan and other countries, whereas other species in-
fecting dogs and cats have also been detected in most 
studies (2–5,9–12). In this study, H. suis was the most 
prevalent NHPH species (14/20), consistent with pre-
vious reports in Japan (4,11).

All patients infected with H. suis in this study 
were men. The percentage of men in the group infect-
ed with non–H. suis NHPH species was 50%, similar 
(57.8%) to that in the entire tested study population. 
Other studies have also demonstrated a high preva-
lence of H. suis infections among men (11). Future 
studies should investigate the difference in preva-
lence of H. suis infection between men and women 
by focusing on aspects such as the transmission route 
of infection. The natural hosts of H. suis are pigs and 
monkeys, and pork meat is suspected to be a carrier 
of H. suis infection to humans. In this study, a rela-
tionship between the history of pork offal ingestion 

Figure 3. Helicobacter suis 
antibody titers according to 
gastric Helicobacter infection 
status in study of NHPH 
infections, Japan, 2022. 
Antibodies were measured 
by using ELISA. Gastric 
Helicobacter infection status 
was categorized into 5 groups. 
Horizontal lines within each 
group indicate the median 
value for that group. Red dotted 
line indicates the threshold for 
diagnosing H. suis infection, 
as previously described (16). p 
value comparisons are indicated 
above the groups. NHPH, 
non–H. pylori Helicobacter.
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and H. suis infection was strongly suggested. Because 
a history of pork offal ingestion was found in only 
40% of the no Helicobacter infection group, it was not 
always a risk factor for H. suis infection. However, 
hospital C, which had the highest percentage of H. 
suis infections, is located in an area where pork and 
pork offal are commonly eaten. A survey held in Ja-
pan in 2008 showed by using PCR that 74% of slaugh-
tered sows were infected with Helicobacter spp. (27); 
however, updated surveys are needed to identify the 
current prevalence of H. suis infection in pigs.

Among NHPH-infected patients, 6 were infected 
with non–H. suis NHPH species. The non–H. suis 
NHPH species that infect dogs and cats are H. felis, 
H. bizzozeronii, H. heilmannii, H. ailirogastricus, H. cyno-
gastricus, H. baculiformis, and H. salomonis. A survey of 
NHPH infections in dogs and cats in Japan indicated 
that 34.7% of dogs and 50% of cats were infected with 
NHPH species (28,29). Compared with other groups, 
50% of patients infected with non–H. suis NHPH spe-
cies had pet cats. Because not all patients had pets, 
pets might not be the only risk factor for non–H. suis 
NHPH infection. Multiple reports have suggested 
that non–H. suis NHPH species are transmitted from 
dogs and cats to humans (23–26), and studies dem-
onstrating the genetic identity between strains from 
humans and pets will be needed to confirm that trans-
mission. Species identification was not possible in this 
study because of the small number of bacterial cells in 
the samples. Further analysis using culture tests will 
be needed to identify non–H. suis NHPH species in-
fecting humans.

No mixed infections of NHPH and H. pylori 
were observed; very low prevalences of mixed infec-
tions have been previously reported (7,30). Because 
NHPH infection was not observed in the posteradi-
cation group, H. pylori infection history might pre-
vent NHPH infection, although further investigation 
is needed to clarify this possibility. Alternatively, 
NHPH might have also been eradicated by H. pylori 
eradication treatment. This study was conducted with 
patients who had undergone health checks in Japan; 
therefore, a substantial proportion of study partici-
pants had a history of H. pylori eradication therapy. 
Further analysis of a population with no history of H. 
pylori infection will be needed to clarify whether H. 
pylori infection prevents NHPH infection.

After we developed serologic tests for H. suis 
infection (16), we compared those results with PCR 
results. Serologic tests for H. suis infection revealed 
high detection sensitivity. Some patients in the no He-
licobacter infection group tested positive in serologic 
tests for H. suis infection, and some of those patients 

had atrophic gastritis. Serologic tests will be useful to 
confirm PCR results and might help to detect over-
looked H. suis infections. The serologic test for H. suis 
infection had low reactivity with the serum samples 
obtained from non–H. suis NHPH–infected patients. 
PCR remains the standard method for detecting 
NHPH infection, and a diagnostic method for non–H. 
suis NHPH infection is required. Some H. pylori–in-
fected patients and patients with a history of H. pylori 
eradication showed positive serologic test results for 
H. suis infection, possibly because of cross-reactivity 
between H. pylori and NHPH species or NHPH in-
fection might have been overlooked by PCR because 
of extremely low bacterial counts. Alternatively, the 
patients might have had a history of NHPH infec-
tion. Various possibilities exist; therefore, interviews 
regarding H. pylori eradication history are critical for 
accurately diagnosing NHPH infection by PCR and 
serologic tests. In addition to diagnostic testing, rec-
ognizing endoscopic characteristics of NHPH gastri-
tis is essential. NHPH gastritis is antrum predominant 
and causes milder atrophy than H. pylori gastritis (2).

In this study, 94.1% (16/17) of patients with 
NHPH gastritis without H. pylori infection had RAC 
in the gastric corpus and had a Kimura-Takemoto 
classification of C-2 or lower, indicating that NHPH 
gastritis was localized within the angulus-antrum 
region and rarely extended to the gastric corpus 
(indicated by the presence of RAC). In addition, en-
doscopic gastritis of the pyloric canal was not ob-
served in 60.0% of patients, suggesting that NHPH 
gastritis progresses from the angulus to the antrum, 
which differs from H. pylori gastritis, in which atro-
phy progresses from the antrum to the gastric body 
(Appendix Figure 2). In H. pylori gastritis, the inci-
dence of gastric cancer increases as atrophy extends 
to the gastric body (31); however, in NHPH gastritis, 
atrophy does not extend to the gastric body, sug-
gesting that gastric cancer might be less common. 
Because all asymptomatic NHPH-infected patients 
had MARC gastritis, nodular gastritis, or spotty red-
ness similar to endoscopic gastritis, epidemiologic 
studies can determine whether NHPH gastritis is 
an etiopathogenic agent of gastric MALT lymphoma 
and peptic ulcers.

We found endoscopic characteristics of NHPH in-
fection (i.e., MARC gastritis) in 93% of the H. suis–in-
fected patients, which was more frequent than for H. 
pylori-infected patients (29%) and patients in the pos-
teradication group (28%). Those findings were not ob-
served in the non–H. suis NHPH group. Endoscopists 
should suspect NHPH infection, especially from H. 
suis, when NHPH-specific endoscopic characteristics 

http://www.cdc.gov/eid


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1129

Surveillance of Helicobacter Infections, Japan

are found in H. pylori–negative patients. Nodular gas-
tritis was found in 42.9% (6/14) of the H. suis–infected 
group, similar to the rate in the non–H. suis NHPH in-
fected group (50.0%), and was more frequent than in 
H. pylori–infected patients (19.0%), although the dif-
ference was not significant. Differences in the patho-
genesis and endoscopic findings between H. suis and 
non–H. suis NHPH infections might become more ap-
parent as the number of patients increases.

The first limitation of our study is that the study 
population was highly health conscious and had a 
large number of patients who had undergone H. py-
lori eradication therapy. Because a difference in the 
prevalence of H. suis infection was detected among 
the study areas, the population background must 
have had a substantial influence on the prevalence 
of NHPH species. Continued surveys targeting other 
areas in Japan and other countries can provide com-
prehensive information to elucidate the prevalence of 
NHPH infections. Second, because the participants 
underwent medical checkups, the age of the target 
group was relatively high; very few young persons 
were in the study population. Although endoscopy 
cannot be performed at all ages, a study using sero-
logic testing for H. suis infection might be useful to 
determine H. suis infection status in young persons.

In conclusion, the prevalence of NHPH infection 
in patients who underwent gastric endoscopy dur-
ing medical checkups in Japan was 3.0%, similar to 
that of H. pylori infection (3.1%). Whether all NHPH-
infected patients need to receive an eradication regi-
men remains controversial, as does the contribution 
of NHPH infections to gastric MALT lymphoma and 
peptic ulcers. In regions with decreasing rates of H. 
pylori infections, it is crucial to differentiate NHPH 
infections. Our findings provide critical information 
on the prevalence and endoscopic characteristics of 
NHPH infections in Japan. NHPH infections are zoo-
notic. Our findings that pork offal ingestion is a risk 
factor for H. suis infections and having pet cats in-
creases risk for non–H. suis NHPH infection can help 
prevent gastric Helicobacter diseases.
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Emerging infectious diseases are a growing 
threat to global biodiversity and particularly to 

endangered species (1). Since 2020, highly patho-
genic avian influenza (HPAI) virus (HPAIV) of 
the goose/Guangdong/1996 (GS/GD/96) lineage, 

specifically influenza A(H5N1) clade 2.3.4.4b, has 
caused a panzootic in poultry and wild birds (2,3) 
and subsequent spillover into some wild mammals 
(4). Birds, especially those in the orders Anseri-
formes and Charadriiformes, can be infected with 
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In 2023, an outbreak of highly pathogenic avian influenza 
occurred among critically endangered California condors 
(Gymnogyps californianus), and >21 died. We evalu-
ated safety, immunogenicity, vaccination strategies, and 
correlates of antibody response of an influenza vaccine 
for poultry in black vultures (Coragyps atratus) and then 
California condors. We noted differences in antibody ti-
ters between vaccinated and unvaccinated birds (vultures 
p<0.004; condors p<0.02) but no adverse effects of vac-
cination. All vaccinated vultures and 80% of vaccinated 

condors showed maximum measured antibody response 
within the published range associated with survival of vac-
cinated and virally challenged chickens. We noted weak 
evidence of higher antibody responses for birds given two 
0.5-mL vaccines versus those given one 1-mL vaccine but 
no correlation between antibody titers and sex for either 
species or between antibody titers and bone lead con-
centrations in vultures. Our results prompted initiation of a 
vaccination program for condors that could reduce spread 
of this disease among highly threatened species.
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avian influenza viruses, with or without showing 
clinical signs, and can shed high quantities of virus 
(5), enabling widespread dispersion. HPAIV infec-
tions from the current H5N1 lineage were first de-
tected in wild birds in the United States in January 
2022 (6). In addition, deaths among many wild bird 
species infected with H5N1 HPAIV appear to have 
contributed to deaths among predatory and scav-
enging mammals and birds that consume carcasses 
of infected animals (6–8).

One of the highest profile wildlife species known 
to be affected by HPAI in North America is the Cali-
fornia condor (Gymnogyps californianus) (Figure 1, 
panel A). California condors are critically endan-
gered, and only ≈560 birds exist in 5 geographically 
dispersed wild subpopulations and in captivity (9). 
Exposure to lead, an immunosuppressant that also 
lethally poisons avian scavengers, has been the most 
critical factor limiting growth and recovery of condor 
populations, and the continued existence of this spe-
cies is largely the result of ongoing field-based and 
captive conservation efforts that began in the 1970s 
(10). In 2023, the subpopulation of condors that oc-
cupies northern Arizona and southern Utah expe-
rienced an HPAI outbreak during which >21 birds 
(≈18% of the subpopulation) died; other subpopula-
tions were not affected (9,11).

Considering the conservation consequences of 
that outbreak, vaccination was evaluated as a poten-
tial means to reduce illness, death, and virus trans-
mission or shedding (12). Vaccines for HPAIV have 

been used for decades in some countries where the 
virus is endemic in poultry or where a high likelihood 
of virus transmission exists in the environment (13). 
However, we found no data on vaccination of con-
dors against avian influenza, although captive stud-
ies of other species, including raptors, demonstrated 
antibody responses (14) and a protective immune re-
sponse (15) from administration of an influenza sub-
type H5N2 vaccine.

For critically endangered species, evaluating the 
potential risk from vaccination by first conducting 
trials on surrogate species is appropriate (16). Black 
vultures (Coragyps atratus) (Figure 1, panel B) are a 
good surrogate for California condors because they 
are susceptible to HPAIV infection (8), are co-famil-
ial and abundant, and are readily available for study 
because they are sometimes lethally controlled as a 
nuisance species (17). We evaluated safety, immu-
nogenicity, vaccination regimens, and correlates of 
antibody response for a conditionally licensed influ-
enza subtype H5N1 vaccine designed for poultry, 
first in black vultures as a surrogate species, and 
then in California condors. Our specific objectives 
were to determine the safety and immunogenicity of 
the vaccine in vultures and, if warranted by those 
results, subsequently in condors; to compare the 
typical prime-boost vaccination regimen used for 
poultry to a single-vaccination regimen that could 
be more feasible for wild birds; and to evaluate 2 
correlates of antibody response of vultures, sex and 
lead exposure.

Figure 1. Photographs of avian 
species tested in study of safety 
and immunogenicity of poultry 
vaccine for protecting critically 
endangered avian species 
from highly pathogenic avian 
influenza virus, United States. A) 
California condor (Gymnogyps 
californianus), whose infection 
with highly pathogenic avian 
influenza virus was the 
motivation for this research. 
B) Black vulture (Coragryps 
atratus), closely related species 
used as a surrogate for condors 
in this research. Photo credits: 
panel A, US Fish and Wildlife 
Service public domain; panel B, 
Todd E. Katzner.

http://www.cdc.gov/eid
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Materials and Methods

Vaccines
For our trials, we used an H5N1 subtype, reverse 
genetics-derived, inactivated vaccine that includes 
genes from the gyrfalcon/2014 virus, avian influenza 
vaccine (1057.R1 serial 590088) (rgH5N1) (Zoetis, Inc., 
https://www.zoetis.com), as previously described 
(18). The US Department of Agriculture (USDA) 
(19), the US Fish and Wildlife Service (USFWS), the 
North Carolina Department of Agriculture, and the 
North Carolina Wildlife Resources Commission spe-
cifically authorized use of that conditionally licensed 
vaccine for vultures, and numerous state and federal 
agencies subsequently approved its use in condors 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/6/24-1558-App1.pdf).

Lead Exposure of Vultures
We evaluated lead exposure of vultures by measur-
ing bone lead concentrations with a portable x-ray 
fluorescence (XRF) device (20) 66 days after they were 
removed from the wild and 53 days after the start of 
the vaccine trial. An XRF device measures backscatter 
radiation signals to noninvasively infer lead density 
in bone, a technique used for years in humans and 
recently adapted for use with birds of prey (21,22). 
We placed the XRF device against the leg (tarsometa-
tarsus) of the living bird, where it measured spectra 
that were then interpreted as lead concentrations (21). 
Bone lead measurements are typically considered in-
dicative of cumulative or long-term exposure to lead, 
whereas blood measurements are indicative of more 
recent, acute, exposure (23). Because all condors in 
the study were captive and fed untainted food, we 
did not evaluate their bone lead.

Study Design
We randomly assigned 28 vultures to 1 of 3 treatment 
groups (Appendix). We vaccinated 1 group of 10 vul-
tures (4 male, 6 female) with a prime-boost (2-vaccine) 
regimen typically used for poultry, in which 0.5 mL is 
given on day 0 and again on day 21. We gave another 
group of 10 vultures (all female) a 1-vaccine regimen 
of 1.0 mL on day 0. A third group of 8 vultures (1 
male, 7 female) remained unvaccinated to serve as a 
control group. 

We administered vaccine subcutaneously be-
tween the shoulder blades because that location is 
near the standard subcutaneous vaccine site used 
for poultry (back of the neck) and because it avoids 
the cervical and other air sacs along the back. We did 
not use a sham vaccine (e.g., saline) on control birds. 

Experienced wildlife husbandry professionals moni-
tored all birds daily for signs of lethargy, reduction of 
food intake, and other potential indicators of an ad-
verse vaccine reaction. They also visually evaluated 
the vaccine site 3 days after each vaccination. We col-
lected blood samples from all vultures 1 day before 
and 10, 21, 31, and 42 days after the initial vaccina-
tion. We used 42 days postvaccination (dpv) as the 
experimental endpoint because that is the standard 
for vaccine experiments in poultry (18), and because 
of challenges in keeping vultures in captivity.

We used a similar design for the condor trial, giv-
ing the 2-vaccine regimen to 10 birds and the 1-vac-
cine regimen to 10 birds and using 5 unvaccinated 
birds as controls (Appendix). However, because 
condors are highly endangered and no single facility 
holds large numbers, we made several modifications 
to the design of the trial to reduce risk and stress to 
birds. Specifically, because birds are held at multiple  
different locations, we identified 10 birds at the Los 
Angeles Zoo and Botanical Gardens (LAZ) (2 male, 
6 female) and San Diego Zoo Wildlife Alliance (SDZ) 
(1 male, 1 female) for the prime-boost regimen, 10 
at SDZ (4 male, 2 female) and Oregon Zoo (ORZ) (2 
male, 2 female) for the single-vaccine regimen, and 
5 at ORZ (3 male, 2 female) as controls. We staged 
implementation of the trial and vaccinated 3 condors 
in each regimen group first, then vaccinated the re-
maining condors in that group only after confirming 
that the first birds had no apparent short-term nega-
tive effects, as described for vultures. For condors, 
we administered the vaccine in the inguinal region 
to avoid the cervical air sacs, which are larger than 
those found in vultures. Finally, because of concerns 
for potential problems caused by frequent handling 
of these critically endangered birds, we conducted 
blood draws for serologic analyses less frequently 
than for vultures, at 0, 21, and 42 dpv.

Laboratory Analyses
We evaluated vaccine-induced antibody formation 
for all birds by using both an ELISA, AI MultiS-
Screen Ab Test (IDEXX Laboratories, https://www.
idexx.com), to detect antibodies to the nucleoprotein 
of influenza A viruses and a hemagglutination inhibi-
tion (HI) assay (24). We also evaluated blood chemis-
try for vultures at 31 dpv (Appendix).

Data Analyses
We used HI titers to statistically compare the anti-
body response among treatment groups. We inferred 
potential conservation value of vaccinating condors 
by comparing HI titers obtained in our study to a  

http://www.cdc.gov/eid
https://www.zoetis.com
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prior study that established correlates of vaccine pro-
tection by linking postvaccination HI titers to surviv-
al of domestic chickens (Gallus gallus domesticus) in a 
viral challenge (18). Chickens given the same vaccine 
used in our study had antibody titers ranging from 
16 to 1,024, and 100% survived infection with the vi-
rus (18). Thus, to interpret the conservation value of 
the vaccines, we conservatively assumed that an an-
tibody titer of >16 was responsive to vaccination and 
that a titer of >32 likely provided adequate protection 
against death. We considered HI titers <8 as nonre-
sponsive and likely nonprotective.

We used a Wilcoxon test to compare antibody 
titers for vaccinated and unvaccinated birds using 
wilcox.test in R (The R Project for Statistical Comput-
ing, https://www.r-project.org). We used Kruskal-
Wallis tests (kruskal.test) with Dunn’s test (package 
dunn.test) of multiple comparisons in R to evaluate 
differences in antibody titers and in blood chemistry 
for birds given 0, 1, or 2 vaccinations. We used an-
other Wilcoxon test to test for sex-specific differences 
in antibody responses to vaccination for the subset 
of groups in which both sexes were represented. We 
generated effect estimates for both the Kruskal-Wal-
lis and Wilcoxon tests (25). Finally, because lead can 
suppress immune response to vaccination, we used 
a Pearson correlation (corr.test in R) to evaluate HI 
titers of vultures as a function of bone lead concentra-
tion. In all cases, we considered p<0.05 indicative of 
differences between groups.

Results

Vaccine Safety
Vaccinated vultures showed no adverse effects, and 
we detected no changes in behavior or food intake. 
We did detect small (≈5 mm) and temporary nodules 
at the injection site on 2 vultures after the first round 
of vaccination. Blood chemistry of vaccinated vul-
tures was generally unremarkable (Appendix Table 
2). No condors vaccinated in this trial showed adverse 
behavioral or physical effects linked to vaccination.

Vaccine Immunogenicity in Vultures
Of the 28 vultures, 27 had negative ELISA results at 
the start of the study; 1 bird had a positive ELISA 
result before vaccination, indicating prior exposure 
to an avian influenza A virus (Appendix Table 3). 
We detected a positive HI antibody response in all 
20 vaccinated vultures at some point during the 42-
day trial and in none of the control (unvaccinated) 
birds (Table 1; Figure 2, panel A; Appendix Table 
3). Statistical tests suggested that HI titers were 

different, and higher, for vaccinated birds than for 
unvaccinated birds starting at 21 days after the first 
vaccination: at 10 dpv, Wilcoxon rank-sum value 
(W) = 81 (p = 0.962); at 21 dpv, W = 28 (p = 0.004); at 
31 dpv, W = 4 (p<0.001); at 42 dpv, W = 8 (p<0.001). 
Outcomes of statistical tests were similar when we 
excluded the 1 bird previously exposed to an influ-
enza A virus (Appendix).

Of 20 vaccinated birds, 19 (95%) had titers >32 on 
>1 postvaccination blood draw. The exception was 1 
of the birds in the 1-vaccine group; its highest titer 
was 16 on day 42. The bird with presumed prior in-
fluenza A virus exposure was in the 2-vaccine group 
and appeared to have a faster and generally stronger 
antibody response to vaccination than the other birds 
(Appendix Table 3). At 10 dpv, 2 (10%) birds had ti-
ters >16; at 21 dpv, 13 (65%) birds had titers above 
that level, 19 (95%) did at 31 dpv, and 18 (90%) did 
at 42 dpv.

All vaccinated vultures also tested positive for 
an antibody response by ELISA at some point over 
the 42-day trial. At 42 dpv, 1 bird that received 
the 2-vaccine regimen and 1 bird that received the 
1-vaccine regimen had negative ELISA results; HI 
titers measured at the same time were 0 for the bird 
in the 2-vaccine group and 256 for the bird in the 
1-vaccine group.

Vaccine Immunogenicity in Condors
We detected a positive HI antibody response in 16 
(80%) of the 20 vaccinated condors at some point dur-
ing the 42-day trial and in none of the control (un-
vaccinated) birds (Table 1; Figure 2, panel B; Appen-
dix Table 4). Of the 4 nonresponsive but immunized 
birds, 1 that received the 1-vaccine regimen had an 
HI titer of 0; the other 3 birds, 2 from the 1-vaccine 
group and 1 from the 2-vaccine group, had HI titers 
of 8. Two of the birds that showed no antibody re-
sponse from the 1-vaccine group were only tested for 
HI antibodies at 21 dpv and not at 42 dpv. Statistical 
tests suggested higher HI titers at both blood draws 
for vaccinated birds relative to unvaccinated birds: at 
21 dpv, W = 17.5 (p = 0.020); at 42 dpv, W = 12.5 (p 
= 0.017) (note that at 42 dpv, HI data were available 
for only 6 birds in the 1-vaccine group). Nine (45%) 
of 20 vaccinated birds had HI titers >32 on >1 of the 
postvaccination blood draws. At 21 dpv, 10 (50%) 
birds had an HI titer >16, and 4 of those also were 
>32. At 42 dpv, 10 (62.5%) of 16 birds had an antibody 
response of >16, and 6 of those also were >32.

Of the 20 vaccinated condors, 18 (90%) also test-
ed positive for an antibody response by ELISA at 
some point over the 42-day trial. At 21 dpv, 9 birds 

http://www.cdc.gov/eid
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given the 1-vaccine regimen and 4 given the 2-vac-
cine regimen had a positive ELISA result. At 42 dpv, 
four 1-vaccine regimen birds and seven 2-vaccine 
regimen birds had positive ELISA test results. The 2 
birds with a negative ELISA were both in the 2-vac-
cine group, and both had HI titers of 16 at day 21 
and of 0 at day 42.

Response to Vaccine Regimen
We detected statistically relevant differences between 
vultures that were vaccinated and those that were not 
but not between vultures that received the different 
vaccination regimens (Table 1). The mean maximum 
HI titer (188.8) of vultures that received the 2-vac-
cine regimen trended higher compared with birds 
that received the 1-vaccine regimen (mean maximum 
= 126.4). At 21 dpv, 80% of the birds in the 1-vaccine 
group and 50% in 2-vaccine group had titers >32. At 
32 dpv, 80% of the birds in the 1-vaccine group and 
100% in the 2-vaccine group had titers >32. At 42 dpv, 
70% of the birds in the 1-vaccine group and 90% in the 
2-vaccine group had titers >32.

For condors, we detected statistically relevant 
differences between vaccinated and unvaccinated 
birds, but not between those given the different 
vaccine regimens (Table 1). Despite that finding, at 
21 dpv, only 1 of the 2-vaccine regimen birds had 
an HI titer >32, and 4 had titers >16; three birds in 
the 1-vaccine group had titers >32 and 6 had titers 
>16. At 42 dpv, of the birds in the 2-vaccine group, 
6 had titers >32, and 7 had titers >16; of the birds 
given the 1-vaccine regimen, 0 had titers >32 and 
3 had titers >16 (note that HI data are only avail-
able for 6 birds in the 1-vaccine group at 42 dpv). In 
the 2-vaccine group, only 1 bird was deemed non-
responsive over the course of the trial (titer was 8); 
in the 1-vaccine group, 3 birds met that criterion 
(titers were 0, 8, and 8).

Correlates of Antibody Response
We detected no sex-related differences in antibody 
response for vultures given the 2-vaccine regimen 
(Table 2) or condors given either regimen (Table 3). 
Although the sex ratio of our sample group was not 
even, for vultures, the maximum antibody response 
in each group was always highest for female birds. 
That did not appear to be the case for condors.

We did not detect a relationship between bone 
lead concentrations and antibody response of vul-
tures at any time postvaccination. The absolute value 
of the correlation coefficients tended to be low, rang-
ing from 0.1 to 0.5, and the tests indicated no evidence 
of correlations (p>0.05) (Appendix Table 5). Howev-
er, 7 of the 8 correlation coefficients were negative, 
and the strongest antibody responses tended to be in 
the vultures with the lowest bone lead concentrations 
(Appendix Figure).

Discussion
Many types of HPAIV vaccines have been developed 
(26), including inactivated whole virus vaccines, sub-
unit vaccines, and live vectored viral vaccines (27). 
Risk analysis for this vaccination trial included con-
sideration of the potential to stimulate a protective 
immune response, legal availability of the vaccine, 
and the antigenic relatedness of vaccines to a poten-
tial field challenge. That approach led us to select 
the inactivated adjuvanted reverse genetics vaccine 
for this trial because it safely stimulated immune re-
sponses in multiple avian species and because it has 
≈95.6% amino acid similarity to the currently circulat-
ing H5N1 2.3.4.4b virus isolates.

Although nearly all birds of both species respond-
ed immunologically to the vaccine, the generally 
stronger short-term antibody responses of black vul-
tures compared with California condors are notable. 
Interspecific differences are not surprising because 

 
Table 1. Hemagglutination inhibition antibody titers in surrogate and target species in a study of safety and immunogenicity of poultry 
vaccine for protecting critically endangered avian species from highly pathogenic avian influenza virus, United States* 

Time, 
dpv 

 

2 
p 

value η2 

Intergroup difference (p value) 
HI titer [SD] (range) per vaccine regimen None–1 

vaccine 
None–2 
vaccines 1–2 vaccines None, n = 8 1-vaccine, n = 10 2-vaccine, n = 10 

Black vultures (Coragryps atratus)        
 10 0 [0.7] (0–2) 0 [5.1] (0–16) 0 [81.0] (0–256) 0.01 0.994 −0.08 NA NA NA 
 21 0  32 [96.8] (0–256) 16 [82.9] (0–256) 9.65 0.008 0.31 −3.09 (0.006) −2.019 (0.130) 1.13 (0.774) 
 31 0  96 [75.6] (0–256) 64 [40.5] (32–128) 16.01 <0.001 0.56 −3.50 (0.001) −3.55 (0.001) −0.06 (1.00) 
 42 0  64 [73.6] (0–256) 128 [180.5] (0–512) 16.26 <0.001 0.57 −2.71 (0.020) −3.99 (<0.001) −1.35 (0.528) 
California condors (Gymnogyps californianus)       
 21 0  16 [19.3] (0–64) 4 [11.0] (0–32) 7.49 0.024 0.25 −2.72 (0.020) −1.59 (0.334) 1.38 (0.501) 
 42† 0  12 [7.9] (0–16) 32 [20.3] (0–64) 7.42 0.025 0.25 −1.40 (0.484) −2.71 (0.0203) −1.23 (0.656) 
*Bold text indicates statistical significance. Birds were vaccinated with a 1057.R1 serial 590088 Avian Influenza Vaccine, H5N1 subtype, reverse genetics-
derived, inactivated vaccine. See main text for details on the vaccine and vaccination regimens. Titers were compared by using Kruskal-Wallis test 
reporting a 2, a p value, and an effect estimate (η2); degrees of freedom = 2 in all tests and, when different, a Dunn’s multiple comparison (reporting a Z 
statistic and a p value). dpv, days postvaccination; HI, hemagglutination inhibition; NA, no difference detected so multiple comparison not relevant. 
†For day 42, HI titers are only available for 6 condors given a single vaccination. 
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vaccines developed for one species can have unex-
pected effects in other species and related species can 
have substantially different responses to vaccination 
(28). Despite those differences, maximum HI titers of 
vultures given a 2-vaccine regimen were similar to 
those reported for domestic fowl given a similar vac-
cination regimen (i.e., vulture maximum titers were 
32–512, chicken titers at 42 dpv were 16–1,024) (18). 
Similarly, maximum titers of condors given a 2-vac-
cine regimen were 8–64, and all but 1 titer was within 
the lower end of the range reported for chickens.

Work with endangered species presents many 
hurdles and often precludes the possibility of testing 
the effectiveness of a vaccine with a viral challenge 
(29). Furthermore, because of the dramatic impacts 
of HPAI on wild condors, we conducted the trials 
rapidly and in an extremely urgent context. Togeth-
er with biosafety considerations, those issues made 
it impractical to conduct a logistically difficult viral 
challenge for the vultures or to evaluate longer-term 
immune response. However, we can draw inference 
from prior work with this vaccine. As we noted, 100% 
of chickens given this same vaccine responded with 
similar antibody levels and survived a viral challenge 
at 42 dpv (18). Given the similarity of those responses, 
had a viral challenge at 42 dpv had been feasible, we 
reason that most if not all vultures, and perhaps con-
dors, would likely have survived.

The vaccine we evaluated was developed for 
prime-boost (2-vaccine) application. However, be-
cause trapping and handling can stress condors, we 
evaluated a 1-vaccine regimen as an alternative to 
the originally designed regimen. Despite the lack of a 
statistical difference between antibody responses as-
sociated with the 2 regimens, qualitative evaluation 
suggested that antibody responses were weaker and 
dissipated more rapidly for the birds that received the 
1-vaccine regimen. Thus, we suspect that if birds were 
given a viral challenge, birds that received prime and 
boost vaccinations would have been more effectively 
protected than those vaccinated once. However, be-
cause our study ended at 42 dpv, we could not evalu-
ate the potential for differences in waning immunity 
(30) between the 2 vaccine strategies.

Our failure to detect a statistical effect of either 
sex or bone lead concentration on antibody response 
might have been because of the small sample sizes 
and skewed sex ratios in our trials. Trends in the data 
suggested that if our sample size had been larger and 
the sex ratios more even, we might have detected 
differences in responses between sexes. Likewise, 
in the case of the response to bone lead concentra-
tions, the statistical approach we used might not have  

uncovered difficult-to-detect patterns. We noted that, 
regardless of vaccine regimen, the birds with the 
strongest antibody response were also those with the 
lowest bone lead level. Therefore, subsequent trials 
might evaluate the presence of threshold-type effects 
in those responses.

Figure 2. Hemagglutination inhibition (HI) titers in a study of 
safety and immunogenicity of poultry vaccine for protecting 
critically endangered avian species from highly pathogenic 
avian influenza virus, United States. A) Titers for 28 black 
vultures (Coragryps atratus); B) titers for 25 California condors 
(Gymnogyps californianus). Birds were included in 1 of 3 highly 
pathogenic avian influenza vaccine trial groups comprised of 10 
birds given two 0.5-mL vaccinations at days 0 and 21, another 
10 birds given a single 1-mL vaccination at day 0, and 8 vultures 
and 5 condors that were unvaccinated negative controls. 
Vaccinated animals were given a 1057.R1 serial 590088 avian 
influenza accine, H5N1 subtype, reverse genetics-derived, 
inactivated vaccine (see main text for details on the vaccine). For 
vultures, postvaccination blood draws were conducted at 10, 21, 
31, and 42 days after first vaccination; for condors, blood draws 
were on days 21 and 42. Box tops and bottoms show quartiles, 
whiskers are 95% CI, dots outliers; X indicates 0 values for 
control groups.
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Given the virulence and spread of the currently 
circulating HPAIV, vaccination of threatened and en-
dangered wild birds could be a potential tool to miti-
gate losses from this disease. Vaccination may be par-
ticularly relevant when the resiliency of populations 
has decreased to the extent that naturally occurring ill-
ness and death from disease could impair the species’ 
long-term persistence. Despite the potential value of 
that approach, negative consequences of vaccination 
are possible, and this trial and implementation in the 
condor program are unique within the United States. 
Given the importance of economic considerations as-
sociated with poultry farming, close coordination with 
the USDA and many other federal and state agencies 
was essential to receive authorization to implement 
these vaccination trials. However, the outcomes from 
these trials were positive enough, and the threat from 
HPAIV so great, that the USFWS subsequently decid-
ed to initiate a vaccination program for the California 
Condor Recovery Program (11). By October 2024, a 
total of 207 condors had received >1 vaccination (30).

Species-specific variations in physiological re-
sponse to vaccination are characteristic problems as-
sociated with vaccination programs for wildlife (31). 
Despite such variations, evidence suggests that vacci-
nation strategies that reach <50% of an affected wildlife 
population can still be effective at staving off extinc-
tion (32,33). Those trends, together with results of our 
work, suggest several next steps for protecting endan-
gered wildlife, whether condors or other species, from 
infectious diseases. Vaccination of the at-risk popula-
tion of the target species can begin once safety, immu-
nogenicity, and vaccination regimens have been estab-
lished and some correlate of protection established, 
either from published work with other species or from 
direct challenge trials. Critical next steps include moni-
toring vaccine effectiveness in field settings and de-
mographic modeling to understand the most effective 
strategy for vaccination of wild animals. Specifically, 
given the challenges inherent in vaccinating wild ani-
mals, using life history traits of the species in question, 
together with population modeling, can confirm the 

 
Table 2. Antibody titers and bone lead levels in black vultures (Coragryps atratus) in a trial to evaluate safety and immunogenicity of 
poultry vaccine for protecting a critically endangered avian species from highly pathogenic avian influenza virus, United States* 

Birds 
Mean 
lead 

10 dpv 

 

21 dpv 

 

31 dpv 

 

42 dpv 
Mean 

HI [SD] 
Median HI 

(range) 
Mean HI 

[SD] 
Median HI 

(range) 
Mean HI 

[SD] 
Median HI 

(range) 
Mean HI 

[SD] 
Median HI 

(range) 
Sex             
 F, n = 6 22.76 43 [104] 0 (0–256)  80 [99] 48 (0–256)  101 [46] 128 (32–128)  235 [218] 128 (64–512) 
 M, n = 4 18.67 0 0  8 [16] 0 (0–32)  56 [16] 64 (32–64)  96 [64] 128 (0–128) 
W  14  15  12  6.5 
p value  0.54  0.56  1.00  0.25 
R  0.37  0.39  0.35  0.25 
*Antibody titers (as determined by hemagglutination inhibition) and mean bone lead levels (as determined by XRF), organized by sex for black vultures 
given a 1057.R1 serial 590088 avian influenza vaccine, H5N1 subtype, reverse genetics-derived, inactivated vaccine (see main text for details on the 
vaccine). Only vultures given a 2-vaccine regimen were considered; those given a 1-vaccine regimen were all female. Titers were compared between 
sexes at each timepoint with a Wilcoxon rank-sum test (W), a p value (p), and an effect estimate (R). dpv, days postvaccination; HI, hemagglutination 
inhibition. 

 

 
Table 3. Antibody titers for California condors (Gymnogyps californianus) in a study of the safety and immunogenicity of poultry 
vaccine for protecting critically endangered avian species from highly pathogenic avian influenza virus, United States* 

Vaccine regimen 
21 dpv 

 
42 dpv 

Mean HI [SD] Median HI (range) Mean HI [SD] Median HI (range) 
1-vaccine†      
 Sex      
  F, n = 7 32 [23] 24 (16–64)  16 [0] 16 (16–16) 
  M, n = 3 11 [12] 8 (0–32)  6 [8] 4 (0–16) 
 W 20.5  7 
 p value 0.08  0.21 
 R 0.45  0.26 
2-vaccine      
 Sex      
  F, n = 4 8 [8] 8 (0–16)  21 [24] 16 (0–64) 
  M, n = 6 11 [18] 0 (0–32)  32 [0] 32 (32–32) 
 W 11  6 
 p value 1.00  0.32 
 R 0.33  0.24 
*Antibody titers were determined by hemagglutination inhibition organized by sex for California condors given a 1057.R1 serial 590088 Avian Influenza 
Vaccine, H5N1 subtype, reverse genetics-derived, inactivated vaccine (see main text for details on the vaccine and vaccination regimen). HI titers were 
measured only at 21 and 42 dpv. Titers were compared between sexes at each timepoint with a Wilcoxon rank-sum test (W), a p value (p), and an effect 
estimate (R). dpv, days postvaccination; HI, hemagglutination inhibition. 
†For day 42 , HI titers are only available for 2 female and 4 male condors given a single vaccination. 
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costs and benefits of vaccination in relation to its risks 
and, thus, can help identify vaccination strategies that 
can stabilize populations and enable them to recover. 
Relevant vaccination strategies might involve vary-
ing the time of year (especially relative to reproduc-
tive seasons and seasonal variation in survivorship), 
age classes, and proportion of the population that  
is vaccinated. 

In summary, we evaluated safety, immunogenic-
ity, vaccination regimens, and correlates of antibody 
response for a conditionally licensed influenza sub-
type H5N1 vaccine designed for poultry in black vul-
tures and California condors. Our work suggests that 
the use of licensed vaccines can be a realistic strategy 
to aid in conservation of condors and potentially oth-
er species facing similar threats, especially those with 
small and highly threatened populations.
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Mpox is a zoonotic disease caused by monkey-
pox virus (MPXV), which belongs to the Or-

thopoxvirus genus, Poxviridae family; it has 2 major 
clades: clade I, which is subdivided into subclade Ia 
and Ib; and clade II, which is subdivided into sub-
clade IIa and IIb (1). Historically, mpox was endemic 
to Central and West Africa. In May 2022, the num-
ber of mpox cases increased in a surge that includ-
ed rapid expansion in nonendemic countries; it was 
declared the first mpox public health emergency of 
international concern (PHEIC) by the World Health 
Organization (WHO) (2). Since then, >100,000 cases 

of mpox and >200 deaths have been described in >120 
countries not previously considered mpox endemic. 
The number of infections during the 20th Century has 
already been surpassed by the number of cases that 
occurred after the 2022 outbreak caused by clade II 
(3). On August 14, 2024, a second mpox PHEIC was 
declared by WHO after the substantial increase in 
mpox cases in the Democratic Republic of the Congo 
(DRC) and neighboring countries (4). In 2024, DRC, 
where mpox was first identified in 1970, reported the 
highest number of suspected cases globally, >27,000, 
and 800 deaths (5). 
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The ongoing outbreaks of mpox highlight the urgent need 
for a rapid and low-cost diagnostic test to accurately detect 
and control this emerging disease. We estimated the ana-
lytical sensitivity using viral culture of the monkeypox virus 
clade IIb lineage B1 and clinical diagnostic performance 
of 3 antigen detection rapid diagnostic tests (Ag-RDT) 
by using skin swab samples and upper-respiratory swab 
samples from mpox patients in the Democratic Republic of 
the Congo and the United Kingdom. The analytical limit of 

detection was 1.0 × 104 plaque-forming units/mL, fulfilling 
World Health Organization recommendations. Specificity 
of the 3 Ag-RDTs was 100%, but sensitivity was estimated 
at 0.00%–15.79% using skin samples and 0.00% using 
respiratory samples. None of the 3 Ag-RDTs reached the 
World Health Organization’s target clinical sensitivity, and 
we do not recommend them as diagnostic or screening 
tools for suspected mpox cases. Accurate Ag-RDTs for 
mpox diagnosis remain urgently needed.
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In the United Kingdom, most cases before 2022 
were associated with travel from mpox-endemic 
countries. During August 2018–September 2021, a 
total of 7 mpox cases were identified in the United 
Kingdom (4 imported cases and 3 secondary cases) 
(6). The discovery of the first mpox case of the 2022 
global outbreak in the United Kingdom was on May 
7, 2022, in a person who traveled from Nigeria; as of 
June 8, 2022, a total of 336 cases had been laboratory 
confirmed, a number that rose to 3,732 by the end 
of 2022. On October 30, 2024, the first clade Ib mpox 
case was confirmed in the United Kingdom; 3 further 
household contact cases were confirmed (7). Those 
were the first locally transmitted clade Ib mpox cases 
in the WHO European Region and the first outside 
Africa since a PHEIC was declared for a second time 
in August 2024 (4).

To confirm a clinical diagnosis, WHO advises test-
ing for MPXV as soon as possible in persons who fit the 
suspected case definition. Laboratory-based real-time 
PCR is the primary method used for MPXV detection. 
Laboratory-based PCR testing requires costly equip-
ment, up-front DNA extraction, and skilled personnel, 
which might only be available in specialized laborato-
ries, making rapid detection of cases during outbreaks 
more challenging. In contrast, rapid diagnostic tests 
(RDTs) are low cost, equipment free, easy to use, and 
suitable to use at the point of care (POC); results are 
available within 20 minutes (8). The value of antigen-
detecting RDTs (Ag-RDTs) in rapidly detecting infect-
ed persons and enabling isolation and management 
of patients has been proven for many viral diseases, 
notably during the COVID-19 pandemic (9).

The global increase in mpox cases after the 2022 
PHEIC and the subsequent PHEIC 15 months later 
brought to light the increased demand for decentral-
ized POC diagnostics for this highly infectious virus 
and highlighted the urgent need for Ag-RDTs for 
MPXV as a priority. This increased demand has re-
sulted in the availability of dozens of Ag-RDTs in the 
market. As of January 2024, >69 Ag-RDTs for MPXV 
were in varying stages of development, of which >35 
had received CE marking for in vitro diagnostics 
(IVD) (required for devices sold in Europe) and were 
commercially available (10). Despite the increased 
number of Ag-RDTs for MPXV, clinical evaluation 
data are still lacking (11). To ensure reliable and ac-
curate performance of Ag-RDTs, diagnostic evalu-
ation studies across multiple, independent sites are 
required to generate evidence of their effectiveness to 
guide implementation.

The aim of this study was to evaluate the diag-
nostic performance of 3 Ag-RDT brands at detecting 

MPXV antigens: FlowFlex Monkeypox Virus Antigen 
Rapid Test (ACON Biotech [Hangzhou] Co., Ltd., 
https://www.aconbio.com), Ecotest Monkeypox An-
tigen Rapid Test (Assure Tech [Hangzhou] Co., Ltd., 
https://www.assuretech-product.com), and Stan-
dard Q Monkeypox Ag Test (SD Biosensor, https://
www.sdbiosensor.com). We used skin lesion swab 
samples and upper respiratory tract swab samples 
from patients in DRC and the United Kingdom, 2 
countries with different MPXV epidemiologic charac-
teristics and clades (clade I [DRC] and clade II [United 
Kingdom]). We evaluated the Ag-RDTs in prospec-
tively collected samples in DRC and retrospectively 
in the United Kingdom.

Materials and Methods

Study Settings and Participants
In DRC, persons >2 years of age suspected to have 
mpox according to the WHO case definition (12) were 
eligible to participate in the study. Ethical approval 
was obtained by DRC’s National Ethics and Health 
Committee (Comité National d’Ethique et de la Santé 
[CNES], reference 452/CNES/BN/PMMF/2023). 
Recruitment took place during January–December 
2023 in Maniema Province through home visits of 
eligible persons. Paired skin samples and upper re-
spiratory specimens were collected from all recruited 
participants (n = 68) by trained heathcare workers 
and placed in 3 mL of noninactivating virus transport 
medium (VTM) for viral preservation. The Ag-RDTs 
could not be tested at the POC because of health and 
safety restrictions; all VTM samples were transported 
in cool boxes (2°C–8°C) to the Institut National de Re-
cherche Biomédicale (INRB) Biosafety Level 2 labora-
tories in Lubutu for processing according to national 
guidance for MPXV testing. All VTM tubes were pro-
cessed within 4 hours for MPXV Ag-RDT testing and 
quantitative PCR (qPCR).

In the United Kingdom, we used retrospectively 
collected skin samples (n = 30) and upper respiratory 
samples (n = 23 [1 nasopharyngeal, 22 oropharyngeal]) 
in universal transport media (UTM) (Copan, https://
www.copangroup.com) from a cohort of 16 adult pa-
tients positive for mpox by PCR from the Royal Liver-
pool University Hospital, Sheffield Teaching Hospital 
NHS Foundation Trust, and Royal Free London Hos-
pital for this study. Patients were recruited during the 
last 2 outbreaks of mpox in the United Kingdom in 
2018 and 2022. Trained healthcare workers collected all 
swab samples. Patients gave consent under the WHO 
ISARIC Clinical Characterization Collaboration Proto-
col for severe emerging infections (ISRCTN66726260). 
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Ethical approval was obtained from the National Re-
search Ethics Service and the Health Research Author-
ity (IRAS ID:126600, REC 13/SC/0149). 

Mpox diagnosis was confirmed by the UK Health 
Security Agency using qPCR before enrollment in the 
study. In addition to samples from mpox-positive 
patients, to fulfill the minimum number of negative 
swab specimens for mpox diagnostic evaluations rec-
ommended by the US Food and Drug Administration 
(13), we used a set of 32 leftover nasopharyngeal sam-
ples in UTM from previous COVID-19 studies (14) as 
mpox negative controls. The samples were collected 
under the Facilitating Accelerated Clinical Valida-
tion of Novel diagnostics for COVID-19 (FALCON), 
and ethical approval was obtained from the National 
Research Ethics Service and the Health Research Au-
thority (IRAS ID:28422, REC: 121 20/WA/0169). All 
samples were aliquots stored at –80°C and thawed for 
the first time for this study. Samples were processed 
and tested at the Biosafety Level 3 laboratories of the 
Liverpool School of Tropical Medicine (LSTM) as pre-
viously described (14).

MPXV Ag-RDT Testing
We selected the Ag-RDTs evaluated in this study after 
an expression of interest launched by FIND (https://
www.finddx.org) and a scoring process based on 
defined criteria. We evaluated 3 Ag-RDTs: FlowFlex 
Monkeypox Virus Antigen Rapid Test, Ecotest Mon-
keypox Antigen Rapid Test, and Standard Q Mon-
keypox Ag Test. The 3 RDTs are based on immuno-
chromatography and show the presence of MPXV 
A29L antigen using colloidal gold for visualization. 
Flowflex and Ecotest were commercially available, 
whereas Standard Q was for research use only at the 
time of evaluation. All test brands can be used with 
skin lesion samples. In addition, Flowflex can be used 
with serum, plasma, and upper respiratory samples; 
Standard Q can be used in serum, plasma, and whole-
blood samples; and Ecotest can be used in upper re-
spiratory samples.

We performed tests in INRB Biosafety Level 2 lab-
oratories in DRC and in LSTM Biosafety Level 3 labo-
ratories in the United Kingdom. In brief, we added 
the specified amount of VTM or UTM confirmed by 
the manufacturers (200 μL for Flowflex and Ecotest 
and 300 μL for Standard Q) into the extraction buffer 
and then added the number of drops of the extrac-
tion buffer specified in the instructions for use into 
the sample well (4 drops for Flowflex and Standard 
Q and 3 drops for Ecotest). We read tests and inter-
preted them visually after 15–30 minutes according 
to the instructions. Two independent technicians read 

the results; a third technician acted as a tiebreaker in 
case of discrepant results.

Reference MPXV qPCR Test
At both sites, we extracted DNA and performed 
MPXV qPCR using the same UTM or VTM tube used 
for the 3 Ag-RDT tests. At INRB, we extracted DNA 
from a 300-μL aliquot of sample by using the Natch 
16S automated platform with the Nucleic Acid Extrac-
tion-Purification Kit (both Sansure Biotech, https://
www.sansureglobal.com), according to the instruc-
tions for use. At LSTM, we extracted DNA from 200 
μL of UTM using the QiAamp96 Virus Qiacube HT 
kit (QIAGEN, https://www.qiagen.com), according 
to the instructions for use.

We used the same MPXV qPCR reference test 
in both sites for evaluating index tests (Monkeypox 
Virus Nucleic Acid Diagnostic Kit; Sansure Biotech). 
We carried out qPCR by using a MA-1620Q qPCR 
thermocycler (Sansure Biotech) at INRB and a Quant-
Studio 5 (Thermo Fisher Scientific, https://www.
thermofisher.com) at LSTM. We considered a qPCR 
result with a cycle threshold (Ct) <40 MPXV positive 
according to instructions for use. We used this qPCR 
kit as the reference test because it has been success-
fully demonstrated to detect MPXV clades I, IIa, and 
IIb (15), is CE marked for commercial use, and has 
demonstrated higher diagnostic accuracy than the 
mpox Centers for Disease Control and Prevention 
laboratory–based qPCR (16).

Analytical Limit of Detection of Ag-RDTs
We cultured mpox viral stock of a MPXV strain from 
clade II, subclade IIb, lineage B.1 (Slovenia_MPXV–
1_2022) obtained from the European Virus Archive 
Global (https://www.european-virus-archive.com) 
in Vero E6 cells (ECACC 85020206) in Dulbecco’s 
Modified Eagle Medium plus 10% fetal bovine serum 
and 1% penicillin/streptomycin solution to generate 
the MPXV stock. We serially diluted a fresh aliquot 
10-fold using UTM to produce concentrations from 
5.0 × 104 to 5.0 × 100 PFU/mL. We defined the limit of 
detection (LOD) as the lowest concentration at which 
all 3 replicates were positive. Once the LOD was 
achieved, half dilutions were tested above and below 
the LOD. We performed Ag-RDT testing to calculate 
the LOD and quantified the viral copy numbers per 
mL (copies/mL) of the serial dilutions, as previously 
described (14,16).

Statistical Analysis
To assess the diagnostic accuracy of Ag-RDTs in 
patients with suspected mpox, we calculated point 
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estimates of sensitivity and specificity for each Ag-
RDT on the basis of results of the reference MPXV 
qPCR assay from the same VTM or UTM tube used 
for the Ag-RDT. We derived the 95% CI for each 
point estimate on the basis of Wilson’s score meth-
od. To compare performance of the Ag-RDTs at dif-
ferent Ct values, we stratified point estimates of sen-
sitivity by Ct value of the reference test. We used 
2-tailed Fisher exact test and χ2 test to determine 
nonrandom associations between categorical vari-
ables. We assessed differences between the Ct values 
(expressed as mean +SD) in sample groups using the 
paired Student t test. Statistical significance was set 
at <0.05. We performed statistical analysis using R 
version 4.5.0 (R Foundation for Statistical Comput-
ing, https://ww.r-project.org) and GraphPad Prism 
version 9.1.0 (GraphPad Software, Inc., https://
www.graphpad.com).

Results

Clinical Evaluation
In DRC, 34/68 (50%) of mpox patients were men (Ta-
ble 1). The median time from onset of symptoms was 
4 (range 1–34) days. The most prevalent symptoms 
were fever (91%), skin lesions (100%), influenza-like 
symptoms (75%), headaches (54%), and cough (50%). 
In the United Kingdom, 16/16 (100%) mpox patients 
were men; mean age was 35.1 (range 24–58) years. The 

median time from onset of symptoms was 8 (range 
0–11) days. The most common symptoms were skin 
lesions (100%), skin rashes (87.5%), and fever (68.8%).

In DRC, 19/68 (28%) skin samples and 14/68 
(21%) upper-respiratory samples from persons sus-
pected of having mpox tested positive using the 
Sansure qPCR. Flowflex and Ecotest Ag-RDTs de-
tected MPXV antigens in 3/19 MPXV-positive skin 
samples, resulting in a clinical sensitivity of 15.79% 
(95% CI 5.52%–37.57%), whereas Standard Q de-
tected MPXV antigens in 2/19 samples, resulting 
in a clinical sensitivity of 10.53% (95% CI 2.94%–
31.39%). The Ag-RDT Flowflex was more sensitive 
when detecting MPXV antigen in skin samples with 
Ct <20 than those with Ct values >33 (p = 0.008); 
however, this difference was not observed with 
the other Ag-RDT brands. None of the Ag-RDT 
brands detected MPXV antigen in upper respira-
tory samples, resulting in 0% (95% CI 0%–23.2%) 
sensitivity. The clinical specificity was 100% (95% 
CI 92.73%–100%) for each of the Ag-RDTs in both 
sample types (Table 2).

In the United Kingdom, 16/23 upper-respirato-
ry samples (69.56%) and 27/30 skin samples (90%) 
from mpox-positive patients were positive by Sans-
ure qPCR. All 32 upper respiratory samples ana-
lyzed from the COVID-19 cohort tested negative for 
MPXV as expected. No positive results were obtained 
when testing either respiratory or skin swab samples  

 
Table 1. Clinical characteristics of recruited mpox patients in study of diagnostic accuracy of 3 mpox lateral flow assays for antigen 
detection, Democratic Republic of the Congo and United Kingdom* 
Characteristic Democratic Republic of the Congo, n = 68 United Kingdom, n = 16 
Mean age (range), y 17 (2–47) 35.1 (24–58) 
Sex   
 M 34 (50) 16 (100) 
 F 34 (50) 0 
Time from symptom onset, d   
 Median (interquartile range) 4 (3–7) 8 (4.25–12.75) 
 0–3 32 (47) 1 (6.25) 
 4–7 22 (32) 6 (37.5) 
 >8 14 (21) 9 (56.25) 
Symptoms 
 Skin lesions 68 (100) 16 (100) 
 Fever 62 (91) 11 (68.75) 
 Influenza-like symptoms  51 (75) 4 (25) 
 Skin rashes 0 14 (87.5) 
 Headache 37 (54) 4 (25) 
 Cough 34 (50) 1 (6.25) 
 Sore throat 25 (37) 4 (25) 
 Nausea 20 (29) 0 
 Abdominal pain 19 (28) 0 
 Chest pain 14 (21) 0 
 Vomiting 6 (9) 0 
 Diarrhea 5 (7) 1 (6.25) 
 Painful Urination 4 (6) 0 
 Eye discharge 3 (4) 0 
 Redness of eyes 2 (3) 0 
*Values are no. (%) except as indicated. 
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regardless of the Ag-RDT brand used (0%, 95% CI  
0%–20.59%). The specificity was 100% (95% CI 90.97%–  
100%) for the 3 Ag-RDT brands on both sample types 
(Table 3).

The difference in sensitivity in MPXV Ag-RDTs 
was lower when testing upper-respiratory samples 
than in skin samples (p = 0.007). We assessed the 
comparison of the Ct values and noted a difference in 
Ct values between upper-respiratory and skin sample 
groups (p=0.042) from DRC but not from the United 

Kingdom (Figure 1). The mean Ct value of upper-re-
spiratory samples in DRC was 30.7 (+4.79) and mean 
Ct value for skin samples was 26.63 (+6.87), whereas 
in the United Kingdom mean Ct value for respira-
tory samples was 27.2 (+2.34) and for skin was 28.83 
(+6.88). We found no difference in sensitivity between 
the 3 Ag-RDT brands and between countries. We also 
analyzed test results by onset of symptoms (Figure 
2) but observed no difference in Ag-RDT results by 
symptom onset group.

 
Table 2. Clinical diagnostic accuracy parameters of 3 MPXV antigen-detecting rapid diagnostic tests from 68 suspected mpox case-
patients, the Democratic Republic of the Congo* 

Category 
Skin lesion swab samples, n = 68 

 
Upper respiratory tract swab samples, n = 68 

Ecotest Flowflex Standard Q Ecotest Flowflex Standard Q 
True positive 3 3 2  0 0 0 
True negative 49 49 49  54 54 54 
False positive 0 0 0  0 0 0 
False negative 16 16 17  14 14 14 
Specificity, % (95% CI) 100 

(92.7–100) 
100 

(92.7–100) 
100 

(92.7–100) 
 100 

(93.4–100) 
100 

(93.4–100) 
100 

(93.4–100) 
Sensitivity, % (95% CI) 15.79  

(5.5–37.6) 
15.79  

(5.5–37.6) 
10.53  

(2.9–31.4) 
 0  

(0.0–23.2) 
0  

(0.0–23.2) 
0  

(0.0–23.2) 
PPV, % (95% CI) 100 (29.2–100) 100 (29.2–100) 100 (15.8–100)  NA NA NA 
NPV, % (95% CI) 75.38  

(71.6–78.8) 
75.38  

(71.6–78.8) 
74.24  

(71.2–77.1) 
 79.41  

(68.4–87.3) 
79.41  

(68.4–87.3) 
79.41 

(68.4–87.3) 
Sensitivity by Ct, % (95% CI)       
 Ct <20 0 (0.0–79.4),  

n = 1 
100 (20.7–100),  

n = 1 
0 (0.0–79.4),  

n = 1 
 NA NA NA 

 Ct <25 14.29 (2.6–51.3), 
n = 7 

28.57 (8.2–64.1), 
n = 7 

14.29 (2.6–51.3), 
n = 7 

 0 (0.0–79.4), 
n = 1 

0 (0.0–79.4), 
n = 1 

0 (0.0–79.4), 
n = 1 

 Ct <33 27.27 (9.8–56.7), 
n = 11 

27.27 (9.8–56.7), 
n = 11 

18.18 (5.1–47.7), 
n = 11 

 0 (0.0–39.0), 
n = 6 

0 (0.0–39.0), 
n = 6 

0 (0.0–39.0), 
n = 6 

 Ct <40 15.79 (5.5–37.6), 
n = 19 

15.79 (5.5–37.6), 
n = 19 

10.53 (2.9–31.4), 
n = 19 

 0 (0.0–21.5), 
n = 14 

0 (0.0–21.5), 
n = 14 

0 (0.0–21.5), 
n = 14 

*Tests evaluated: Ecotest, Ecotest Monkeypox Antigen Rapid Test (Assure Tech [Hangzhou] Co., Ltd., https://www.assuretech-product.com); Flowflex, 
FlowFlex Monkeypox Virus Antigen Rapid Test (ACON Biotech [Hangzhou] Co., Ltd., https://www.aconbio.com); Standard Q, Standard Q Monkeypox Ag 
Test (SD Biosensor, https://www.sdbiosensor.com). Ct, cycle threshold; MPXV, monkeypox virus; NA, not available; NPV, negative predictive value; PPV, 
positive predictive value. 

 

 
Table 3. Clinical diagnostic accuracy parameters of 3 MPXV antigen-detecting rapid diagnostic tests using retrospectively collected 
samples from 16 mpox patients and 32 COVID–19 patients, United Kingdom* 

Category 
Skin lesion swab samples, n = 30 

 
Upper respiratory tract swab samples, n = 55 

Ecotest Flowflex Standard Q Ecotest Flowflex Standard Q 
True positive 0 0 0  0 0 0 
True negative 3 3 3  39 39 39 
False positive 0 0 0  0 0 0 
False negative 27 27 27  16 16 16 
Specificity, % (95% CI) 100 (29.2–100) 100 (29.2–100) 100 (29.2–100)  100 (90.9–100) 100 (90.9–100) 100 (90.9–100) 
Sensitivity, % (95% CI) 0 (0.0–12.7) 0 (0.0–12.7) 0 (0.0–12.7)  0 (0.0–20.6) 0 (0.0–20.6) 0 (0.0–20.6) 
PPV, % (95% CI) NA NA NA  NA NA NA 
NPV, % (95% CI) 10.00 

(3.5–25.6) 
10.00 

(3.5–25.6) 
10.00 

(3.5–25.6) 
 70.9 

(57.9–81.2) 
70.9 

(57.9–81.2) 
70.9 

(57.9–81.2) 
Sensitivity by Ct, % (95% CI)       
 Ct <20 0 (0.0–84.2), 

n = 2 
0 (0.0–84.2), 

n = 2 
0 (0.0–84.2), 

n = 2 
 NA NA NA 

 Ct <25 0 (0.0–36.9), 
n = 8 

0 (0.0–36.9), 
n = 8 

0 (0.0–36.9), 
n = 8 

 0 (0.0–60.2), 
n = 4 

0 (0.0–60.2), 
n = 4 

0 (0.0–60.2), 
n = 4 

 Ct <33 0 (0.0–19.5), 
n = 17 

0 (0.0–19.5), 
n = 17 

0 (0.0–19.5), 
n = 17 

 0 (0.0–28.5), 
n = 11 

0 (0.0–28.5), 
n = 11 

0 (0.0–28.5), 
n = 11 

 Ct <40 0 (0.0–12.7), 
n = 27 

0 (0.0–12.7), 
n = 27 

0 (0.0–12.7), 
n = 27 

 0 (0.0–20.6), 
n = 16 

0 (0.0–20.6), 
n = 16 

0 (0.0–20.6), 
n = 16 

*Tests evaluated: Ecotest, Ecotest Monkeypox Antigen Rapid Test (Assure Tech [Hangzhou] Co., Ltd., https://www.assuretech-product.com); Flowflex, 
FlowFlex Monkeypox Virus Antigen Rapid Test (ACON Biotech [Hangzhou] Co., Ltd., https://www.aconbio.com); Standard Q, Standard Q Monkeypox Ag 
Test (SD Biosensor, https://www.sdbiosensor.com). Ct, cycle threshold; MPXV, monkeypox virus; NA, not available; NPV, negative predictive value; PPV, 
positive predictive value. 

 

http://www.cdc.gov/eid


 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1145

Diagnostic Accuracy of Mpox Lateral Flow Assays

Analytical Evaluation
Using the viral stock, all Ag-RDT brands were posi-
tive at 5.0 × 104 PFU/mL, 2.5 × 104 PFU/mL, and 1.0 
× 104 PFU/mL. The LOD of all the Ag-RDT brands 
using the MPXV viral culture was determined to be 
1.0 × 104 PFU/mL (1.3 × 105 copies/mL). All con-
centrations tested below the LOD were negative in  
all instances.

Discussion
After the recent PHEIC, WHO issued an urgent call 
to accelerate availability of POC diagnostics for mpox 
(17). The lack of validation data for MPXV Ag-RDTs 
represents a large gap in the diagnostics landscape 
that has slowed down rapid, effective responses to 
new outbreaks and ongoing endemic transmission 
(18). The primary aim of this study was to evalu-
ate the diagnostic accuracy of 3 Ag-RDT brands 
(Flowflex, Ecotest, and Standard Q) in DRC and the  
United Kingdom.

WHO’s target product profile (TPP) for MPXV 
Ag-RDTs recommends minimal clinical sensitivity 
of 80% and specificity of 97% (19). Specificity was 
fulfilled by the 3 Ag-RDTs evaluated in both coun-
tries, but sensitivity was extremely low (0%–15.79%), 
making the tests unsuitable for diagnostic or screen-
ing use. Evaluation data on Ag-RDT for MPXV are 
very limited. A previous study reported detection 
of MPXV antigens using the Ag-RDT Tetracore  
Orthopox BioThreat (https://tetracore.com) in 5 of 
6 tested MPXV-positive samples with low Ct values 
(Ct 15–22) (20). In addition to the limited number of 
samples, this assay required sonication for swab ma-
terial and dry ice/ethanol bath freezing followed by 
pestle grinding, making it unsuitable for POC use. An-
other study using an Orthopoxvirus Ag-RDT proto-
type failed to detect MPXV antigens among 80 MPXV 
qPCR-positive clinical samples in Belgium (21). That 
study suggested that the failure to detect MPXV anti-
gen in swab samples could be caused by inhibition by 
the inactivating components of the VTM, which can 
cause protein denaturation. In this study, we used 
noninactivating swab transport medium in both sites 
and different types of medium (VTM in the DRC and 
UTM in the United Kingdom); clinical sensitivity was 
not improved. Studies on Ag-RDTs for SARS-CoV-2 
comparing the use of dry swabs with Amies, VTM, 
and UTM have documented false-positive results be-
cause of nonspecific electrostatic interactions between 
the antibodies in the assay (22,23), a decreased LOD 
because of a dilution effect (23), or no changes in sen-
sitivity or specificity depending on the Ag-RDT brand 
(23). The use of different types of swab transport  

medium should be investigated to optimize perfor-
mance of Ag-RDT for mpox while preserving the vi-
rus for transport and storage.

Investigations of the analytical sensitivity of these 
Ag-RDTs gave an LOD of 1.0 × 104 pfu/mL, being 
more sensitive than previous analytical evaluations 
of Ag-RDTs for MPXV. The Orthopoxvirus Ag-RDT 
prototype had an LOD of 3.0 × 105 PFU/mL (21), and 
the commercially available Tetracore Orthopox Bio-
Threat had an LOD of 1.5 × 106 PFU/mL after soni-
cation (20). The recommended analytical LOD in the 
WHO TPP is at 106 PFU/mL, being fulfilled by the 
3 brands of Ag-RDTs evaluated here and the previ-
ously published study on the Orthopoxvirus Ag-RDT 
prototype (21), suggesting that laboratory sensitivity 
using the PFU/mL measurement does not align with 
clinical sensitivity in the field.

The use of LOD using viral isolates is often used as 
a proxy before having the test evaluated using clinical 
specimens; however, in this study and others (21), the 
correlation between analytical and clinical sensitivity 
for MPXV has been shown to be very poor, yielding 
lower sensitivity than expected among clinical sam-
ples. The reason for this variability in antigen detection 
sensitivity between mpox clinical samples and mpox 
viral isolates is still uncertain and needs further inves-
tigation, as does the quantity and type of accessible 
antigen in clinical samples. In addition, the targeted 
antigen of the Ag-RDTs evaluated in this study was 

Figure 1. Boxplots of Ct values from paired URS and SS tested 
by Sansure quantitative PCR in study of diagnostic accuracy 
of 3 mpox lateral flow assays for antigen detection, Democratic 
Republic of the Congo (DRC) and United Kingdom. A) DRC, n 
= 14; B) United Kingdom, n = 9. Horizontal lines within boxes 
indicate medians, box tops and bottoms indicate interquartile 
range, and whiskers indicate maximum and minimum values. Ct 
values were significantly higher (p<0.05) in the URS group than 
in the SS group in the DRC cohort. Ct, cycle threshold; SS, skin 
lesion samples; URS, upper respiratory specimens.

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


RESEARCH

1146 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025

MPXV A29L. Target antigens for other Ag-RDT brands 
include A29L, A35R, A5L, B6R, E8L, H3, and M1R (10). 
The antigen A27L (homologous of MPXV A29L in vac-
cinia virus) has previously been suggested to be a good 
candidate because it is conserved and abundant within 
the virion; however, the Ag-RDTS targeting this anti-
gen in this study and reported elsewhere (21) did not 
yield acceptable sensitivity. This finding highlights the 
need for further evaluations using clinical samples with 
Ag-RDTs that target different antigen types. Currently, 
manufacturers of >3 Ag-RDT brands in the market 
have disclosed the use of MPXV A29L as antigen target 
(Hangzhou Testsea Biotechnology, Guangdong Wesail 
Biotech, and Nanjing Synthgene Medical Technology).

Flowflex and Ecotest are designed to be used with 
upper-respiratory samples; however, none of the Ag-
RDTs detected MPXV antigens in those samples, sug-
gesting that using this sample type for antigen detec-
tion is not appropriate. Diagnostic evaluation studies 
using PCR found lower positivity rates in respiratory 
samples than in skin samples (24), which might be at-
tributed to lower viral titer levels (25) or earlier clear-
ance in this sample type (26), which is exacerbated by 
the lower sensitivity of the Ag-RDTs evaluated here.

Major limitations of this study were that test-
ing could not be done at the POC in DRC (because 
samples had to be transported to the designated  

laboratory) and that retrospective frozen samples 
were used in the United Kingdom. The effect of test-
ing delay and of sample storage and freeze-thawing 
on Ag-RDT results has not been studied with MPXV. 
Studies on SARS-CoV-2 Ag-RDTs noted a decline in 
test-line intensity (not false-negative results) after 
storage periods of 24 hours to >7 days at 2°C–8°C 
(27–30). Results of Ag-RDT testing for SARS-CoV-2 
did not find a significant difference between 101 da-
tasets that involved fresh specimens and 23 freeze-
thawed specimens (31). However, MPXV is a larger 
DNA virus, whereas SARS-CoV-2 is a smaller RNA 
virus; thus, the 2 are not directly comparable. The use 
of retrospective frozen and refrigerated samples is ac-
cepted for production of clinical diagnostic data (13), 
and the WHO TPP recommends that MPXV Ag-RDTs 
be compatible with samples that have been refrigerat-
ed or frozen with use of preservation media for qual-
ity control, repeats, or follow-up testing (19).

In conclusion, the results of this study raise con-
siderable doubts on the suitability of Ag-RDT for 
mpox surveillance and diagnosis because of their 
poor clinical sensitivity among suspected mpox 
cases. Recommendations for future mpox Ag-RDT 
evaluations should include brands that detect differ-
ent MPXV antigens and evaluation of different swab 
preservation mediums.

Figure 2. Number of positive 
and negative results by test 
and by days from symptom 
onset in study of diagnostic 
accuracy of 3 mpox lateral flow 
assays for antigen detection, 
Democratic Republic of the 
Congo (DRC) and United 
Kingdom. A) Skin lesion swab 
samples in DRC; B) upper 
respiratory swab samples in 
DRC; C) skin swab samples in 
the United Kingdom; D) upper 
respiratory swab samples in 
the United Kingdom. Rapid 
diagnostic tests evaluated: 
Ecotest, Ecotest Monkeypox 
Antigen Rapid Test (Assure 
Tech [Hangzhou] Co., Ltd., 
https://www.assuretech-
product.com); Flowflex, 
FlowFlex Monkeypox Virus 
Antigen Rapid Test (ACON 
Biotech [Hangzhou] Co., 
Ltd., https://www.aconbio.
com); Standard Q, Standard 
Q Monkeypox Ag Test (SD 
Biosensor, https://www.sdbiosensor.com). Sansure qPCR (Monkeypox Virus Nucleic Acid Diagnostic Kit; Sansure Biotech, https://www.
sansureglobal.com) was used to evaluate results of the rapid diagnostic tests.

http://www.cdc.gov/eid
https://www.assuretech-product.com
https://www.assuretech-product.com
https://www.aconbio.com
https://www.aconbio.com
https://www.sdbiosensor.com
https://www.sansureglobal.com
https://www.sansureglobal.com
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Dengue virus (DENV) is a mosquitoborne flavi-
virus that causes an estimated 100 million infec-

tions and >50 million febrile illnesses every year (1). 
Although primary DENV infections are typically clin-
ically mild, secondary infection with a different strain 
can be severe and can result in thrombocytopenia, 
plasma leakage, pleural effusion, circulatory failure, 

and death (2–6). Half of the global population lives in 
an area suitable for DENV transmission, and changes 
in climate and human mobility, and the subsequent 
expansion of mosquito habitats, will continue to in-
crease the global burden of dengue (7–10).

The development of new dengue vaccines brings 
with it the need for updated travel recommendations 
for protection against DENV infection. Four dengue 
vaccines have passed phase III trials and 2 have been 
licensed for use in several countries; many more are 
in earlier phases of development (11–14). The World 
Health Organization currently recommends that 
countries consider incorporating the Qdenga vac-
cine (Takeda, https://www.takeda.com) into rou-
tine immunization programs for populations with 
>60% DENV seropositivity by age 9 but does not 
make specific recommendations for travelers (15–17). 
Travelers to DENV-endemic regions have flavivirus 
exposure histories and associated immunologic pro-
files distinct from the local populations, which might 
necessitate unique vaccine and mosquito bite pre-
vention recommendations for travelers, particularly 
those who plan to stay for extended periods. The 
number of travel-associated dengue cases has been 
steadily increasing since 2007, hitting an all-time 
high in 2019 (18).

Long-term expatriates (persons who have 
moved from other countries but typically do not 
seek citizenship and might not plan to stay perma-
nently) might be at higher risk for DENV infection 
than short-term travelers (19). Census estimates in 
2010 for Thailand counted 80,000 expatriates from 
the United States, Europe, and Australia living in the 
capital city of Bangkok alone, representing almost 
1% of the city’s total population (20). Those persons 
represent a unique intersection between traditional  
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Dengue is a major cause of illness among local popula-
tions and travelers in dengue-endemic areas, particularly 
those who stay for an extended period. However, little is 
known about dengue risk among expatriates and other 
long-term travelers. We used catalytic models of force of 
infection to estimate time to 60% dengue virus (DENV) 
seropositivity for a cross-section of expatriates living in 
Bangkok and Pattaya, Thailand. Our model adjusted for 
daily time spent outside, years not exposed to DENV, sex, 
living environment, and use of mosquito repellent, nets, 
long sleeves, and air conditioning. We estimated an ad-
justed annual force of infection of 0.014 (95% CI 0.003–
0.054) per year spent in dengue-endemic areas (67.3 
years to 60% seropositivity), below that of local popula-
tions. Our findings suggest that expatriates have a DENV 
exposure profile distinct from locals and short-term travel-
ers and should likely be considered independently when 
developing vaccine and prevention recommendations.
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travelers and native-borne Thai persons because 
although expatriates (initially) have the naive im-
munologic profile of a visitor, their daily activities 
might more closely resemble those of long-term  
residents (21).

An improved understanding of the risks experi-
enced by travelers to dengue-endemic regions is es-
sential to develop safe and effective DENV vaccine 
usage guidelines for these populations. Although the 
force of infection (FOI) (the rate at which susceptible 
persons become infected) among local populations 
for DENV can be high, risk among travelers might 
be altered by factors such as increased access to air 
conditioning and window screens (which might de-
crease risk), increased immunologic susceptibility to 
DENV (which might increase risk), or a decreased un-
derstanding of local public health threats and mitiga-
tion measures for DENV (which might increase risk) 
(22,23). Previous studies from this group, including 
an ongoing cohort study in central Thailand, have 
indicated that most citizens of Thailand have experi-
enced >1 DENV infection by 6–10 years of age (23–26).

Previously published findings from a cross-
sectional study of expatriates living in Bangkok and 
Pattaya, Thailand, found DENV seroprevalence to be 
11%–21% and showed that expatriates who have been 
in Thailand for a longer duration are more likely to 
have DENV-neutralizing antibodies (27). In this anal-
ysis, we continue that work by contrasting the esti-
mated FOI by years of residence in a dengue-endemic 
area (DEA) (such as Thailand) among expatriates with 
that experienced by native-born Thai populations. 
To estimate the time to first DENV infection, we use 
catalytic models of FOI using age-stratified DENV 
seroprevalence data. The purpose of this study is to 
describe how closely the exposure profile of expatri-
ates resembles that of native residents to target public 
health messaging and inform optimal-use scenarios 
for DENV countermeasures in this unique population.

Methods

Participant Recruitment
The study population and methods for this study 
were described previously by Kitro et al. (27). In 
brief, visitors to the Travel Medicine Clinic, Hospi-
tal for Tropical Diseases, in Bangkok, Thailand, were 
actively recruited to participate in this study by a 
member of the study team staff. Advertisements in-
viting participants to visit the clinic to enroll in the 
study were also posted in expatriate groups on social 
media (i.e., Facebook). Finally, the study team trav-
eled to a meeting of the Pattaya City Expat Club to 

enroll participants and collect samples on site. Data 
were collected during December 2017–February 2020. 
Participants were eligible for inclusion if they were 
born in a non–flavivirus-endemic region, including 
the United States/Canada, Europe, the Middle East, 
Australia/New Zealand, and East Asia (Japan, South 
Korea, and China); resided in Thailand for >1 year 
cumulatively over their lifetime; were >18 years of 
age; had no contraindication to blood draw, no his-
tory of blood transfusion in the previous 6 months, 
and no history of dengue vaccination; and provided 
informed consent.

Data Collection
Study data were collected using a short survey, in-
cluding information about participant demograph-
ics, health behaviors, mosquito bite prevention habits 
and risk factors, history of flavivirus vaccination and 
infection, and travel history. Approximately 5 mL of 
blood was drawn by venipuncture from participants 
who met the inclusion criteria. Laboratory testing was 
performed at the Armed Forces Research Institute 
of Medicine in Bangkok. Specimens were tested for 
neutralizing antibody titers against all 4 DENV sero-
types, as well as Japanese encephalitis (JEV) and Zika 
virus (ZIKV), using plaque-reduction neutralization 
test (PRNT). The PRNT assay provides a quantitative 
measure of the antibody response after arbovirus ex-
posure by measuring the inhibition of virus infection. 
The in vitro study uses a monolayer of C6/36 cells 
on agar that are infected with virus, leading to cell 
death and creation of viral plaques. Viruses used in 
this study were DENV-1 (16007), DENV-2 (16681), 
DENV-3 (16562), DENV-4 (C0036/06), JEV 0423 (SA-
14-14-2, vaccine strain), and ZIKV (SV127/14, Thai 
isolated strain). When mixed with serum contain-
ing antibodies, the infection is inhibited, and plaque 
number is reduced. Serum dilutions can be compared 
with a control with no virus-neutralizing antibodies 
to determine the serum concentration at which a 50% 
plaque reduction is observed (PRNT50) (28).

A PRNT50 value of >0.5 in any >1 of the 4 DENV 
serotypes qualified a person as seropositive. Partici-
pants were defined as DENV naive if they were nega-
tive for all 4 DENV strains, monotypic if they were 
positive for only 1 DENV strain, and multitypic if 
they were positive for >2 DENV strains.

Variables
We calculated time in a DEA by adding cumulative 
time living in Thailand (in months) and travel of >1 
month to dengue-endemic countries. We rounded up 
time to the nearest year.

http://www.cdc.gov/eid
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We prioritized 6 potential demographic confound-
ers in the analysis for the association between time spent 
in a DEA and DENV seropositivity: time unexposed 
(calculated by subtracting time in DEA from age; this 
covariate was used as a proxy for age to minimize cor-
relation between age and years in DEA), average daily 
time spent outdoors, sex, marriage to a local of South-
east Asia, employment status, and living environment. 
Average daily time spent outside was reported in hours. 
Employment status was categorized into employed or 
unemployed/retired on the basis of an open-ended 
survey question. Participants selected urban, suburban, 
rural, or farm for living environment. Analyses used a 
binary variable comparing urban to any other response.

We also collected information about how fre-
quently 5 mosquito bite–prevention strategies were 
used: mosquito repellant, long sleeves, window 
screens, mosquito netting, and air conditioning. Par-
ticipants self-reported frequency on a scale of 1 (daily) 
to 5 (never). We split those measures at the median to 
create binary variables; we categorized values below 
the median as more frequent use and values greater 
than or equal to the median as less frequent use.

Data Analysis
We estimated FOI by fitting serocatalytic models, us-
ing seropositivity to >1 of the 4 DENV serotypes as the 
outcome. We fit serostatus by using a binomial model 
with a cloglog link function with log(years in DEA) as 
an offset. We adapted code from Ribeiro dos Santos 
et al. (23) and implemented it using R-INLA, which is 
syntactically similar to the lm function in R where lin-
ear predictors can be incorporated (29). We fit a crude 
model to estimate overall FOI, as well as univariate 
models incorporating each of the 6 demographic 
and 5 mosquito prevention variables described and 
a saturated model incorporating all 11 variables. We 
also used a 10% backward selection method to de-
velop a reduced model. In this method, variables are 

removed from the model sequentially. The variable 
with the least impact on the model is dropped, pro-
vided that removing that variable changes the FOI 
estimate to <10%. We repeated this process until no 
variables could be removed without >10% change in 
the FOI. All models included the log(years in DEA) 
offset term (Appendix, https://wwwnc.cdc.gov/
EID/article/31/6/24-1686.App1.pdf). We performed 
all analyses using R version 4.3.1 (The R Project for 
Statistical Computing, https://www.r-project.org).

Sensitivity Analysis
To assess the effect of cross-reactivity between flavi-
viruses, we performed a sensitivity analysis. We as-
sumed all persons with PRNT50 >0.5 for JEV or ZIKV 
were seronegative for DENV.

Ethical Considerations
The study was approved by the Ethics Committee of 
Mahidol University (FTM ECT-019-06), the Walter 
Reed Army Institute of Research Institutional Review 
Board, the oversight body for AFRIMS regulatory 
approval (WRAIR no. 2500), and the University of 
Minnesota Institutional Review Board, which was the 
funding source for this study. All study participants 
provided informed written consent, and all data were 
anonymized before analysis.

Results

Participants
Of 235 participants who met the inclusion criteria, 71 
(30%) were seropositive for >1 DENV strain. Of those, 
29 (41%) were monotypic and 42 (59%) were multi-
typic. Ten (4%) participants were JEV positive and 5 
(2%) were ZIKV positive (Table 1). Persons who were 
DENV negative had spent an average of 9 years in 
a DEA, compared with 14 years for those who were 
DENV positive (p = 0.02) (Table 2). Approximately 

 
Table 1. Serostatus of participants in study of force of infection model for estimating time to DENV seropositivity among expatriate 
populations, Thailand* 

Serostatus 
No. (%) participants 

Total, n = 235 DENV-negative, n = 164 DENV-positive, n = 71 
Dengue 

   

 DENV-negative 164 (70)   
 Monotypic† 29 (12)   
 Multitypic‡ 42 (18)   
Japanese encephalitis 

   

 JEV-negative 225  160 (71.1) 65 (28.9) 
 JEV-positive 10  4 (40) 6 (60) 
Zika 

   

 ZIKV-negative 230 161 (70) 69 (30) 
 ZIKV-positive 5 3 (60) 2 (40) 
*DENG, dengue virus; JEV, Japanese encephalitis virus; ZIKV, Zika virus. 
†Person was previously infected with only 1 DENV serotype.  
‡Person was previously infected with >2 different DENV serotypes. 
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1% (279 of 25,922 months) of the total months in a 
DEA were attributed to time spent in dengue-endem-
ic countries outside of Southeast Asia.

Study participants were primarily men (84%) and 
retired (57%). Participant age ranged from 23 to 94 years; 
the average age was 61 (median 66) years. Most (60%) 
participants lived in an urban area, and >1 in 4 (27%) 
were married to a person from Southeast Asia (Table 2).

FOI Models
Assuming a static FOI for the entirety of time spent 
in a DEA and incorporating no other risk factors, we 
estimated an annual FOI of 0.042 (95% CI 0.033–0.053) 
(≈23.9 years to first DENV infection). Using this mod-
el, 60% seroprevalence is reached after 21.9 years in 
DEA (Figure). Watanabe-Akaike information criteri-
on (WAIC), a Bayesian measure similar to the Akaike 
information criterion, was 295.0.

No covariates were significantly associated with 
DENV seropositivity in univariate models (Table 
3). The 10% backward selection method retained 
years unexposed, male, urban living setting, and fre-
quent use of mosquito repellent, mosquito nets, long 

sleeves, and air conditioning (Table 4). Only urban 
living setting was significantly associated with DENV 
seropositivity in the reduced model (OR 2.45 [95% CI 
1.09–5.49]). WAIC for that model was 300.8. A differ-
ence of 5.8 between WAIC values provides weak but 
not conclusive evidence that the crude model is a bet-
ter predictor than the reduced model (31).

Using the reduced multivariate model, we esti-
mated an annual FOI of 0.014 (95% CI 0.003–0.054) 
(73.5 years to first DENV infection, 67.3 years to 60% 
DENV seropositivity). Using the reduced multivari-
ate model, a person who is at higher risk for all in-
cluded variables, where higher risk means associated 
with higher odds of seropositivity in the reduced 
model regardless of significance (i.e., lived 60 years 
in a nonendemic region, male sex, urban living set-
ting, frequent use of mosquito repellent and nets, and 
infrequent use of long sleeves and air conditioning) 
would have an estimated annual FOI of 0.101 (95% 
CI 0.046–0.218). Conversely, a person who is at lower 
risk for those variables (i.e., lived 17 years in a nonen-
demic region, female sex) would have an estimated 
annual FOI of 0.007 (95% CI 0.002–0.025).

 
Table 2. Descriptive statistics of 235 expatriate participants in study of force of infection model for estimating time to DENV 
seropositivity among expatriate populations, Thailand* 
Characteristic Total, n = 235 DENV-negative, n = 164 DENV-positive, n = 71 p value 
Median time in DEA (range), y 7 (1–53) 7 (1–37) 10 (1–53) 0.02† 
Median age (range), y 66 (23–94) 65 (23–88) 68 (27–94) 0.16† 
Median time unexposed (range), y 54 (21–78) 53 (21–78) 54 (23–75) 0.94† 
Average time outside daily (range), h 5.0 (0.0–24.0) 6.0 (0.0–24.0) 4.5 (0.0–16.0) 0.21† 
Sex 

   
0.75‡ 

 M 186 (84) 129 (84) 57 (83) 
 

 F 36 (16) 24 (16) 12 (17) 
 

Married to person from Southeast Asia 
   

0.91‡ 
 Yes 64 (27) 45 (27) 19 (27) 

 

 No 171 (73) 119 (73) 52 (73) 
 

Employment status 
   

0.45‡ 
 Employed 50 (25) 36 (26) 14 (21) 

 

 Unemployed/retired 185 (75) 128 (74) 57 (79) 
 

Living setting 
   

0.084‡ 
 Urban 197 (84) 133 (81) 64 (90) 

 

 Nonurban 38 (16) 31 (19) 7 (10) 
 

Mosquito repellent 
   

0.68‡ 
 Frequent 56 (24) 38 (23) 18 (26) 

 

 Infrequent 179 (76) 126 (77) 53 (74) 
 

Long sleeves 
   

0.2‡ 
 Frequent 112 (48) 83 (51) 29 (41) 

 

 Infrequent 123 (52) 81 (49) 42 (59) 
 

Window screens 
   

0.8‡ 
 Frequent 94 (40) 65 (40) 29 (41) 

 

 Infrequent 141 (60) 99 (60) 42 (59) 
 

Mosquito nets 
   

0.83‡ 
 Frequent 72 (31) 50 (30) 22 (32) 

 

 Infrequent 163 (69) 114 (70) 49 (68) 
 

Air conditioning 
   

0.36‡ 
 Frequent 94 (40) 69 (42) 25 (36) 

 

 Infrequent 141 (60) 95 (58) 46 (64) 
 

*Values are no. (%) except as indicated. DEA, dengue-endemic area; DENV, dengue virus. 
†By Wilcoxon rank-sum test. 
‡By Pearson 2 test. 
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Sensitivity Analysis
Eight persons who were DENV positive in the orig-
inal analysis were positive for either ZIKV (n = 2) 
or JEV (n = 6) and were therefore considered DENV 
negative for the sensitivity analysis. Using those 
data, we estimated an average annual FOI of 0.037 
(95% CI 0.028–0.046) (26 years to 60% seropositive) 
in the crude model, representing a 17% decrease, 
and 0.011 (95% CI 0.003–0.049) (82 years to 60% se-
ropositive) in the adjusted model, representing a 
21% decrease.

Discussion
In our study of 235 expatriates living in Bangkok and 
Pattaya, Thailand, we found a crude DENV FOI of 
0.042/year spent in DEA, equating to an estimated 
23.9 years to first DENV infection and 21.9 years to 
60% DENV seroprevalence. When we adjusted for 
years unexposed to DENV, sex, living environment, 
and frequent use of repellent, mosquito nets, long 
sleeves, and air conditioning, the FOI estimate de-
creased to 0.014, or 73.5 years to first DENV infection 
and 67.3 years to 60% DENV seropositivity. Using the 

Figure. Crude force of infection 
by years in dengue-endemic 
area (DEA) in study of force of 
infection model for estimating 
time to DENV seropositivity 
among expatriate populations, 
Thailand. A serocatalytic 
model estimating dengue force 
of infection was fit using a 
binomial model with a cloglog 
link function with log(years in 
DEA) as an offset. Solid red line 
represents the crude model; 
solid green line represents the 
reduced model. The solid blue 
line represents approximate 
seroprevalence among locals 
of Thailand, as modeled by 
Hamins Puertolas et al. (25). 
Dotted line indicates 60% DENV 
seroprevalence. Black bars show 
the seroprevalence of DENV 
among all study participants in 
5-year bins of years spent in a 
DEA. Uncertainty in measured 
seroprevalence was calculated 
using the Wilson confidence 
interval for proportions (30). 
DENV, dengue virus.

 
Table 3. Estimates from univariate logistic models of dengue seropositivity by years in a dengue-endemic area in study of force of 
infection model for estimating time to dengue virus seropositivity among expatriate populations, Thailand* 
Covariate in univariate models Odds ratio (95% CI) 
Years unexposed 1.01 (0.9–1.02) 
Average daily time outside, h 0.98 (0.92–1.03) 
Male sex 1.24 (0.69–2.25) 
Married to native of Southeast Asia 0.75 (0.44–1.22) 
Employed 0.72 (0.45–1.48) 
Urban living setting 2.04 (0.93–4.49) 
Frequent use of mosquito repellent 1.11 (0.65–1.91) 
Frequent use of mosquito nets 1.02 (0.61–1.71) 
Frequent use of window screens 1.02 (0.63–1.65) 
Frequent use of long sleeves 0.66 (0.41–1.07) 
Frequent use of air conditioning 0.75 (0.46–1.24) 
*Force of infection for years in dengue-endemic area (DEA) is 0.04 (95% CI 0.03–0.06). Serocatalytic models estimating dengue force of infection were fit 
using a binomial model with a cloglog link function with log(years in DEA) as an offset. Crude model contains only log(years in DEA) offset. Univariate 
models included 1 covariate and the log(years in DEA) offset.  
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adjusted model, a person who is at high risk in all our 
exposure categories has an estimated FOI per year in 
DEA of 0.101, >8 times higher than that in the low-
risk group (0.007).

Our results suggest that expatriates are a unique 
population who should be considered as such when 
developing recommendations for DENV control and 
prevention. Our average time to 60% seroprevalence 
was more than twice that for Thai locals, suggesting 
that expatriates and other long-term travelers might 
experience a much lower risk for DENV exposure rel-
ative to native residents. Data from Rayong Province, 
which is geographically adjacent to Pattaya, found 
most persons to be infected by age 10; in other areas, 
that age is as low as 6 years (26,32,33).

The difference in the estimated annual FOI for 
high (13.5%) versus low (0.4%) risk participants high-
lights the need to consider risk when recommend-
ing vaccination to the expatriate population. For ex-
ample, short-term travelers who stay in urban areas 
might benefit from vaccination during periods of 
epidemic transmission because of possibly high and 
transient multitypic cross-protection, but they might 
experience increased risk with subsequent travel (in 
the months or early years after vaccination) as immu-
nity wanes. This area bears more study and explora-
tion and was not specifically addressed by Takeda or 
the manufacturers of the Dengvaxia vaccine (Sanofi 
Pasteur, https://www.sanofi.com), nor was specific 
guidance provided by the World Health Organization 
regarding vaccination of short- or long-term travelers.

The use of mosquito repellents such as DEET 
and picaridin has been shown to be effective in re-
ducing mosquito bite frequency when applied 
regularly (34,35). Those and other primary preven-
tion strategies, as well as community mosquito con-
trol measures, have been the recommendations for  

dengue prevention while awaiting more effective 
countermeasures for DENV (e.g., vaccines and antivi-
ral drugs) (2). Although we did not find a significant 
association between those prevention measures and 
DENV seropositivity, the difference in FOI between 
the groups at low risk and high risk (0.007 for low 
risk and 0.101 for high risk) suggests that those risk 
factors might still be drivers of infection risk and 
underscores the continued importance of nonvac-
cine interventions. Participants also could have over-
reported repellant usage to more closely align with 
recommendations, which would introduce bias into 
those findings.

Of note, our study population was primarily ur-
ban (60%) and male (84%), and the average age was 
61 years. This group might be slightly older and have 
a higher representation of men than the overall ex-
patriate population; a 2021 study from Kitro et al. 
(36) found Western expatriates in Bangkok and Chi-
ang Mai to be 75% men and an average of 56 years of 
age, and the 2010 census reports that expatriates in 
Bangkok were ≈64% male (37). Bangkok and Pattaya 
are both attractive retirement spots for Westerners 
and typically attract an older, more male population 
(38). Therefore, we do consider our study population 
to be representative of the expatriate population in 
those communities. Lifestyle differences, including 
working outside during the day and housing- and 
infrastructure-related risk factors, were expected to 
play a role in determining time to DENV infection. 
However, we found no significant association be-
tween DENV infection and age (measured as years 
unexposed to DENV), employment, or time spent 
outside in univariate or multivariate analyses (Table 
2). We did find an association with urban versus non-
urban residence (OR 2.45 [95% CI 1.09–5.49]) in the 
multivariate analysis. Future studies could examine 
this relationship in more depth by measuring housing 
and workplace infrastructure more explicitly.

The first limitation of our study is that our mod-
el does not directly take multiple infections into ac-
count. PRNT results across DENV serotypes are 
known to be highly cross-reactive, and it is therefore 
difficult to assess the number and timing of infections 
associated with multitypic serostatus (6). For this rea-
son, the FOI estimated in this model probably slightly 
underrepresents the actual value, whereas a model 
incorporating multiple infections would overestimate 
the true value. In addition, exposure to cross-reacting 
arboviruses such as JEV and ZIKV might also affect 
estimates, something we try to account for, making 
it difficult to address questions about time to postpri-
mary infection.

Table 4. Estimates from reduced multivariate model of DENV 
seropositivity by years in a dengue-endemic area in study of 
force of infection model for estimating time to seropositivity 
among expatriate populations, Thailand* 
Reduced multivariate model Odds ratio (95% CI) 
Years unexposed 1.01 (0.99–1.02) 
Male sex 1.35 (0.74–2.47) 
Urban living setting 2.45 (1.09–5.49) 
Frequent use of mosquito repellent 1.33 (0.75–2.35) 
Frequent use of mosquito nets 1.22 (0.69–2.16) 
Frequent use of long sleeves 0.62 (0.36–1.05) 
Frequent use of air conditioning 0.77 (0.46–1.30) 
*Force of infection (FOI) is 0.01 (95% CI 0.00–0.05). Serocatalytic models 
estimating dengue force of infection were fit using a binomial model with a 
cloglog link function with log(years in dengue-endemic area) as an offset. 
A 10% backward selection method was used to determine which variables 
were included in the reduced model. Variables were sequentially removed 
from the model, and the variable with the least impact on the model was 
dropped. This process was repeated until no variables could be removed 
without >10% change in the FOI. 
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Dengue has substantial interannual variation, in 
both number of cases and case serotype (39). Major 
outbreaks occur regularly in Thailand, most recently 
in 2015, 2019, and 2023 (40). This study does not inves-
tigate the possibility of cohort effects related to these 
outbreak years; future studies might use number of 
outbreaks experienced as a length-of-stay variable, or 
weight length of stay by annual disease burden. This 
study lacked the sample size to power a time-varying 
FOI analysis, but the use of constant FOI to describe 
DENV serology is common in hyperendemic regions 
like Thailand, and the models have been shown to fit 
DENV data well (25,26). However, more research is 
necessary to evaluate whether FOI varies over time, 
which could help identify periods at which expatri-
ates are at higher or lower risk. Finally, the inherent 
limitations of a cross-sectional study limit capacity 
to assess the effects of waning immunity and sero-
reversion. Previous studies have shown serorever-
sion rates of <4%, but many unknowns remain about 
the extent to which primary DENV infections provide 
lasting immunity (41–43). In addition, we are not able 
to determine consistency of covariates over time and 
are therefore only able to draw conclusions about 
each person’s current behaviors. A future prospective 
study should assess how these characteristics, and 
their associated outcomes, might change over time.

In conclusion, we found that the DENV infection 
profile of expatriates living in Bangkok and Pattaya, 
Thailand, does not closely resemble that of native-
born residents. The relatively low rate of DENV infec-
tion in expatriates suggests that we should consider 
them to be a group with a distinct exposure profile 
compared with both local residents and short-term 
travelers. Future studies examining longitudinal 
DENV exposure profiles in other native and expatri-
ate populations, and in other regions, will be key to 
place these findings in a global context. However, our 
findings should be considered when developing tar-
geted public health messaging and could help inform 
recommendations for both vaccine and nonvaccine 
DENV prevention measures.
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etymologia revisited
Haematospirillum jordania
[Hae.ma.to.spi.ril’lum jor.da’ni.ae]

For the sesquipedalian term Haematospirillum, Haema is derived from the 
Greek haima, meaning blood. Spirillum is derived from Medieval Latin in 

the mid-13th century Latin (spiralis), French in the 1550s (spiral), and Greek 
(speira). All suggest a winding or coil. A New Latin reference book entry in 
1875 implied a little coil.

Isolated from human blood, Haematospirillum jordaniae was reported 
as a novel genus and species in 2016 by Centers for Disease Control and 
Prevention (CDC) scientist Ben W. Humrighouse and his laboratory team, 
which included Jean G. Jordan, a microbiologist. This gram-negative bacte-
rium was isolated 14 times in 10 states during 2003–2012 before its identifi-
cation in 2016.

H. jordaniae was previously considered an environmental bacterium 
with limited pathogenicity, but increasing numbers of isolates indicated a 
possible emerging pathogen. All cases occurred in male patients, and the 
pathogen showed a  predilection for infecting lower leg injuries. In 2018, 
Hovan and Hollinger reported a case of infection in a Delaware man who, 
in 2016, had sepsis from a lower leg wound. The organism isolated was 
identified at the CDC Special Bacteriology Reference Laboratory (SBRL) 
in the Division of High-Consequence Pathogens and Pathology, National 
Center for Emerging and Zoonotic Infectious Diseases.
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COVID-19, attributable to SARS-CoV-2, has been 
a considerable cause of acute lung injury, multi- 

organ failure, and death (1,2). With advances in vac-
cines and treatments, the incidence of severe out-
comes has decreased; however, COVID-19 remains 
a public health concern (3). Some patients have  

reported prolonged symptoms after recovering 
from acute COVID-19, including fatigue, respiratory 
symptoms, cardiovascular symptoms, and abnormal-
ities in cognitive function (4–6). Early clinical trials 
during the COVID-19 pandemic provided valuable 
data on novel therapeutic strategies aimed at reduc-
ing the illness and death associated with acute severe  
COVID-19 pneumonia; however, long-term outcomes 
are underreported (7–11).

Long-term respiratory, cardiovascular, and neu-
rologic sequelae develop in some patients who have 
had severe COVID-19 pneumonia requiring invasive 
mechanical ventilation or intensive care unit admis-
sion (4–6). Pulmonary complications, such as a reduc-
tion in the diffusing capacity of the lungs for carbon 
monoxide (DLCO) and radiologic abnormalities, 
might persist for months (12). Mechanical ventilation 
for the treatment of severe COVID-19 pneumonia has 
been linked to the development of pulmonary fibro-
sis and worsening of underlying interstitial lung dis-
ease (ILD) (13). Cardiovascular complications, such 
as myocarditis, heart failure, and arrhythmias, have 
also been observed after COVID-19, possibly result-
ing from viral invasion of myocardial tissue, sys-
temic inflammation, and microvascular damage (14). 
Patients with underlying cardiovascular disease are 
particularly at risk for severe outcomes and have pro-
longed recovery periods (15). Neurologic sequelae, 
including cognitive impairment, headaches, and pe-
ripheral neuropathy, have been reported in patients 
recovering from severe COVID-19 (5,16). Neurotropic 
properties of the virus and effects of systemic inflam-
mation and hypoxia are thought to contribute to long-
term neurologic issues (17). To identify the extended 
health burden of patients hospitalized with severe 
COVID-19 pneumonia, we conducted the Long-Term 
Outcomes Post-Acute COVID-19 (LOPAC) study, 
a multicenter, observational, 12-month follow-up 
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We conducted a multicenter, observational, 12-month 
follow-up study to identify the extended health burden 
of severe COVID-19 pneumonia by characterizing long-
term sequelae of acute infection in participants previous-
ly enrolled in clinical trials for severe COVID-19 pneu-
monia requiring hospitalization. Overall, 134 (77.5%) 
of 173 participants completed the study. At 12 months, 
51 (29.5%) participants reported cough, 60 (34.7%) re-
ported dyspnea, 56 (32.4%) had residual lung texture 
abnormalities on high-resolution computed tomography 
scans, 26 (15.0%) had impaired forced vital capacity, 
52 (30.1%) had cognitive impairment, and 77 (44.5%) 
reported fatigue. Disease severity during acute infection 
and age were associated with persistent lung texture ab-
normalities; history of hypertension was associated with 
higher prevalence of fatigue and more frequent dyspnea 
and cough; and age and obesity were associated with 
long-term cognitive impairment. Our findings underscore 
the long-term health burden of severe COVID-19 pneu-
monia, reinforcing the importance of regular monitoring 
in older persons and those with underlying illnesses.
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study that explored long-term respiratory, cardiac, 
and neurocognitive sequelae occurring after acute 
COVID-19 pneumonia.

Methods

Participants and Assessments
Persons >18 years of age were eligible for enroll-
ment in the LOPAC study if they had participated in 
a Genentech/Roche-sponsored parent study while 
hospitalized for COVID-19 pneumonia. The parent 
studies were clinical trials (registered with https://
www.clinicaltrials.gov) as follows: EMPACTA (study 
no. NCT04372186), COVACTA (no. NCT04320615), 
MARIPOSA (no. NCT04363736), COVASTIL (no. 
NCT04386616), and REMDACTA (no. NCT04409262) 
(7–11). The parent studies recruited patients from a 
total of 15 countries. The LOPAC study was a fol-
low-up to the parent studies that participants could 
opt into; no investigational drugs were evaluated in 
the LOPAC study. Participants provided written in-
formed consent, and the study was conducted in ac-
cordance with the Declaration of Helsinki and Good 
Clinical Practice. The protocol was approved by in-
stitutional review boards or independent ethics com-
mittees at each study site.

We defined baseline as the time of enrollment in 
the LOPAC study and conducted the baseline study 
visit after participants completed or discontinued 
their participation in the parent study; longitudinal 
study visits occurred every 3 months for 12 months 
(Figure 1). Key clinical measures were high-resolution 
computed tomography (HRCT), echocardiogram, 
and Montreal Cognitive Assessment (MoCA) per-
formed at baseline and month 12; pulmonary func-
tion tests performed in a clinic every 3 months; and 
patient-reported outcomes recorded every 6 months. 
We assessed patient-reported outcomes by using the 
Short-Form 36 Question Health Survey version 2 (SF-
36v2; Quality Metric, https://www.qualitymetric.
com) and the Modified Living with Idiopathic Pul-
monary Fibrosis (L-IPF-M) (18) symptoms question-
naires. We assessed healthcare resource utilization 

at each visit. We analyzed blood samples for SARS-
CoV-2 antibodies every 6 months and for the MUC5B 
promoter variant rs35705950 (an allele associated 
with risk for idiopathic pulmonary fibrosis) at 1 visit. 
WorldCare Clinical, LLC (https://www.voiantclini-
cal.com), conducted and managed independent cen-
tralized reads for HRCT scans and echocardiograms, 
which were also assessed by independent thoracic 
and cardiology readers. Participants had the option 
to consent to additional study assessments, includ-
ing 6-minute walk tests (6MWTs), Borg dyspnea and 
fatigue scales, home spirometry, and daily monitor-
ing of activity, heart rate, and sleep patterns through 
a wearable device (Appendix, https://wwwnc.cdc.
gov/EID/article/31/6/24-1097-App1.pdf).

Statistical Analyses
We reported categorical variables as counts and 
percentages. We reported percentages by using the 
total analysis population (to account for missing 
data at later visits) and continuous variables by us-
ing mean (SD) or median with range (minimum–
maximum) or interquartile range. We considered 
data to be missing if obtained outside the assess-
ment window, the assessment was performed but 
results were not evaluable, or the assessment was 
not performed at a study visit. Longitudinal analy-
ses were descriptive and prespecified. We did not 
apply imputation methods.

To assess associations between lung texture ab-
normalities and selected pulmonary function tests 
(forced vital capacity [FVC], forced expiratory volume 
in 1 second [FEV1], and DLCO corrected for hemoglo-
bin), we stratified summary statistics (mean [SD] of 
percent-predicted values) according to HRCT lung 
texture abnormality status at concurrent visits. We 
also stratified longitudinal FVC according to baseline 
FVC status; we defined abnormal FVC at baseline as 
<80% of the predicted value and normal as >80% of 
predicted value. We performed this analysis in the 
overall study population and in the subgroup of par-
ticipants who attended all visits during baseline to 
month 12. We reported mean FVCs and 95% CIs.

Figure 1. LOPAC study design to determine long-term clinical outcomes of adults hospitalized for COVID-19 pneumonia. Parent studies 
were sponsored by Genentech (https://www.gene.com) and Roche (https://www.roche.com). LOPAC, Long-Term Outcomes Post Acute 
COVID-19.

Long-Term Clinical Outcomes of COVID-19 Pneumonia
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We summarized L-IPF-M questionnaire respons-
es by using mean patient-reported scores for each 
symptom domain: dyspnea (7 questions), cough-
ing (5 questions), and fatigue (3 questions). Scores 
ranged from 0 to 3; the lowest score corresponded 
to no symptoms, and a higher score corresponded 
to greater symptom severity (18). We analyzed the 
proportion of participants with no symptoms (mean 
score 0) versus any symptom level (mean score 1–3). 
We summarized SF-36v2 scores by using the median 
for each of 8 domains: general health, mental health, 
physical functioning, bodily pain, role-emotional, 
role-physical, social functioning, and vitality; we 
defined normal as a score >50 points (range 0–100 
points) for each domain (19).

We assessed associations between selected end-
points (lung outcomes, cognition, patient-reported 
outcomes) and selected medical history at LOPAC 
baseline to supplement the prespecified analyses. We 
stratified summary statistics according to the pres-
ence or absence of each selected medical condition 
and tested for significance by using a χ2 test, Student 
t-test, or Welch t-test. We also tested those endpoints 
for associations with age (>65 years) and disease se-
verity during the COVID-19 acute phase (>4 on the 
ordinal scale at baseline of the parent study, requir-
ing high-flow oxygen, invasive ventilation, or ad-
ditional life support). Those analyses did not adjust 
for measured confounders, and we did not apply 
multiple testing adjustment. We used SAS version 
9.4 (SAS Institute, Inc., https://www.sas.com) and R 
version 4.1.0 (The R Project for Statistical Computing, 
https://www.r-project.org) for analyses.

For descriptive purposes, we further summa-
rized baseline characteristics and a subset of key 
study endpoints according to the treatment arm that 
participants were randomly assigned to in the par-
ent studies. That summary resulted in 3 cohorts of 
LOPAC study participants: those who received to-
cilizumab as a study drug (including participants 
randomly assigned to receive tocilizumab and rem-
desivir), those who received a study drug other 
than tocilizumab (i.e., remdesivir, astegolimab, or 
efmarodocokin alfa), and those who received pla-
cebo. However, the LOPAC study was not designed 
to compare the long-term efficacy of tocilizumab 
versus other study drugs or placebo; therefore, we 
made no formal comparisons.

Results
We enrolled 173 participants from 29 centers in the 
United States, Kenya, and Peru who had been previ-
ously hospitalized for COVID-19 pneumonia and had 

participated in 1 of the 5 parent studies. Of the 173 
participants, 134 (77.5%) completed and 39 (22.5%) did 
not complete the LOPAC study (Figure 2). Of the 173 
enrolled participants, 94 had been randomly assigned 
to receive tocilizumab, 41 had been assigned to receive 
another study drug, and 38 had been assigned to re-
ceive placebo in the parent study. Of the 94 partici-
pants who had been randomly assigned to receive to-
cilizumab in the parent study, 58 had been assigned to 
receive tocilizumab only, and 36 had been assigned to 
receive tocilizumab plus remdesivir. Overall, the rea-
sons for early discontinuation from the LOPAC study 
were participant withdrawal (n = 18), loss to follow-up 
(n = 17), physician decision (n = 2), death (n = 1), and 
other (n = 1). Early discontinuation occurred in 28.7% 
(27/94) of participants randomly assigned to receive 
tocilizumab, 12.2% (5/41) of participants randomly as-
signed to receive another study drug, and 18.4% (7/38) 
randomly assigned to receive placebo (Figure 2).

We recorded demographics and clinical charac-
teristics of the study participants (Appendix Table 1). 
The mean age of participants was 56.3 + 11.9 years. The 
most common underlying illnesses were hyperten-
sion (63.0%), obesity (46.8%), hyperlipidemia (43.9%), 
diabetes (35.3%), and asthma (11.0%). At the time of 
enrollment in the parent studies, 158 (91.3%) partici-
pants were not on mechanical ventilation, whereas 15 
(8.7%) required mechanical ventilation or extracor-
poreal membrane oxygenation. At the completion of 
the parent study, almost all (97.4%) participants were 
discharged or ready for discharge from the hospital. 
The median duration of hospital stay during the par-
ent study was 11 (range 3–74) days, and the median 
time from finishing the parent study to enrolling in 
LOPAC was 155 (range −1 to 338) days. At the time of 
enrollment in the LOPAC study, 2 (1.2%) participants 
required supplemental oxygen.

HRCT Lung Texture Abnormalities and  
Impaired Pulmonary Function
At least 1 lung texture abnormality on HRCT scan 
was evident in 91 (52.6%) participants at baseline 
(i.e., at enrollment into the LOPAC study) and 56 
(32.4%) participants at month 12 (Table 1). Ground-
glass opacification was the most frequently observed 
abnormality, found in 86 (49.7%) participants at base-
line and 51 (29.5%) participants at month 12. Other 
lung texture abnormalities were reticular pattern in 
15 (8.7%) participants at baseline and 10 (5.8%) at 
month 12, bronchiectasis in 12 (6.9%) participants at 
baseline and 7 (4.0%) at month 12, and hyperlucency 
in 2 (1.2%) participants at both time points. No par-
ticipants had honeycombing at baseline or month 12.

http://www.cdc.gov/eid
https://www.sas.com
https://www.r-project.org
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Of the 173 participants, 54 (31.2%) had >1 lung 
abnormality at baseline that was still present at 
month 12, and 55 (31.8%) had no abnormality at ei-
ther time point (Figure 3). Six (3.5%) participants 
who had >1 lung texture abnormality at base-
line showed resolution at month 12, whereas ≥1 
lung abnormality had developed at the 12-month  

follow-up in 2 (1.2%) participants who had no ab-
normalities at baseline.

At baseline, the mean FVC was 84.5% + 16.6%, 
and the mean FEV1 was 87.8% + 19.9%. FVC and 
FEV1 remained stable across the 12-month follow-up 
period; the mean change from baseline to month 12 
was 2.8% + 9.1% for FVC and 1.7% + 10.3% for FEV1. 

Figure 2. Disposition of LOPAC study participants in study of long-term clinical outcomes of adults hospitalized for COVID-19 
pneumonia. The parent studies were clinical trials (registered with https://www.clinicaltrials.gov) as follows: EMPACTA (study no. 
NCT04372186), COVACTA (no. NCT04320615), MARIPOSA (no. NCT04363736), COVASTIL (no. NCT04386616), and REMDACTA 
(no. NCT04409262). Participants might have received remdesivir or another antiviral drug as part of the standard of care in the 
EMPACTA, COVACTA, and MARIPOSA studies. Participants who were randomly assigned to receive placebo, astegolimab, or 
efmarodocokin alfa might have also received TCZ or remdesivir or both as part of the standard of care in the COVASTIL study. 
Participants randomly assigned to receive TCZ or placebo in the REMDACTA study also received remdesivir. *Number of participants in 
each parent study; †number of participants from each parent study who participated in the LOPAC study; ‡1 participant initially enrolled 
in the LOPAC study did not receive treatment in the parent study and was not included in any analyses for the parent or LOPAC study. 
LOPAC, Long-Term Outcomes Post Acute COVID-19 study; TCZ, tocilizumab.

 
Table 1. Proportion of participants with lung texture abnormalities on HRCT scan in LOPAC study of long-term clinical outcomes of 
adults hospitalized for COVID-19 pneumonia* 

HRCT characteristics 
No. (%) participants  

LOPAC study, baseline LOPAC study, month 12 
Participants with >1 lung texture abnormality 91 (52.6) 56 (32.4) 
 Ground-glass opacification 86 (49.7) 51 (29.5) 
 Reticular pattern 15 (8.7) 10 (5.8) 
 Bronchiectasis 12 (6.9) 7 (4.0) 
 Hyperlucency† 2 (1.2) 2 (1.2) 
 Honeycombing 0 0 
Participants with no lung texture abnormality‡ 71 (41.0) 62 (35.8) 
Participants with missing data 11 (6.4) 55 (31.8) 
*Total number of participants enrolled in the LOPAC study was 173. HRCT, high-resolution computed tomography; LOPAC, Long-Term Outcomes Post 
Acute COVID-19. 
†Radiographic evidence of hyperlucency was assessed as unknown in 1 participant’s baseline and month 12 HRCT images. This participant was 
considered to have radiographic evidence of hyperlucency at baseline and month 12. 
‡Participants were considered to have no lung texture abnormality if there was no radiologic evidence of ground-glass opacification, reticular pattern, 
bronchiectasis, hyperlucency, or honeycombing on HRCT scan. 
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Among 90 participants with DLCO measurements 
available at baseline, the mean was 83.3% + 21.1%; 
DLCO remained stable with a mean change from 
baseline of 1.8% + 13.8% at month 12.

For most participants who had normal FVC at 
baseline, FVC appeared to remain stable, and the 
mean change from baseline appeared to be minimal 
during the 12-month follow-up (Figure 4, panels A, 
B). Many participants with abnormal FVC at baseline 
had an abnormal FVC at the 12-month visit; how-
ever, the mean change from baseline to 12 months 
improved overall. In participants with abnormal 
baseline FVC who completed the month 12 visit, the 
mean change from baseline in FVC was 7.3% (Figure 
4, panel B). Longitudinal 95% CI of the mean FVC 
and FVC change from baseline (stratified by baseline 
FVC) showed consistent results (Appendix, Appen-
dix Figures 1, 2). We observed an inverse association 
between DLCO and lung texture abnormalities; we 
did not observe associations between lung texture 
abnormalities and FVC or FEV1 (Appendix Table 2).

Participants who had more severe acute infec-
tion (ordinal scale score >4) at enrollment in the par-
ent study were more likely to have >1 lung texture 
abnormality on HRCT scan (62/101 [61.4%]) than 
those who had an ordinal scale score of <4 (29/72 
[40.3%]); that finding was still apparent at month 
12 for participants with scores >4 (41/101 [40.6%]) 

versus those with scores <4 (15/72 [20.8%]) (Appen-
dix Figure 3, panel A). Participants >65 years of age 
were more likely to have lung texture abnormali-
ties through month 12 (Appendix Figure 3, panel B). 
Participants with a history of hypertension tended 
to have lower median FVC at LOPAC baseline; how-
ever, by month 12, no apparent difference in median 
FVC between participants with or without a history 
of hypertension was observed (Appendix Figure 
4). No association was detected between MUC5B 
promoter allele status and the presence of >1 lung 
texture abnormality or FVC abnormality at baseline 
or month 12 (Appendix, Appendix Table 3). Some 
numeric differences were observed in pulmonary 
function and lung texture abnormalities between 
the 3 treatment cohorts (participants who received 
tocilizumab as a study drug, those who received a 
study drug other than tocilizumab, and those who 
received placebo in the parent studies) (Appendix 
Tables 4, 5).

Cardiac Function
Overall, cardiac function was unremarkable at base-
line and did not deteriorate by month 12. Mean left 
ventricular ejection fraction was 61.8% + 8.0% at base-
line for 156 participants and 63.1% + 8.6% at month 
12 for 115 participants with evaluable results (refer-
ence range 52%–72% for male patients, 54%–74% for 

Figure 3. Numbers of participants 
with >1 lung texture abnormality 
at baseline and at month 12 
in study of long-term clinical 
outcomes of adults hospitalized 
for COVID-19 pneumonia. 
Data are shown for a total of 
173 participants enrolled in 
the Long-Term Outcomes Post 
Acute COVID-19 study. Colors 
indicate whether the lung texture 
abnormality was present or 
absent. Baseline and month 
12 columns indicate the no. 
(%) participants who had >1 
lung texture abnormality at that 
time point. Numbers between 
those columns indicate lung 
abnormalities that persisted, 
developed, or resolved by  
month 12.

http://www.cdc.gov/eid
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female patients). Mean pulmonary artery pressure 
was 13.7 + 4.5 mm Hg at baseline for 43 participants 
and 12.5 + 2.9 mm Hg at month 12 for 36 participants 
with evaluable results (reference range <25 mm Hg). 
At baseline, 142 (82.0%) participants had unimpaired 
right ventricular systolic function (RVSF) (evaluated 
either by endocardial tracing or by medical assess-
ment), 10 (5.8%) had mild impairment, 1 (0.6%) had 
severe impairment, and 20 (11.6%) had missing re-
sults (Table 2). At month 12, a total of 98 (56.6%) par-
ticipants had unimpaired RVSF, 13 (7.5%) had mild 
impairment, and 62 (35.8%) had missing results. The 
participant with severe RVSF impairment at baseline 
was lost to follow-up at month 12.

Cognitive Impairment
At baseline, the median MoCA score was 25 (range 
9–30), and 87 (50.3%) of 173 participants exhibited 
cognitive impairment, indicated by MoCA scores 
below the threshold of 26. At month 12, a total of 
52 (30.1%) participants had a MoCA score of <26, 
and 60 (34.7%) participants were missing from the 
assessment. For 113 participants who had MoCA 
scores assessed at both baseline and month 12, the 
median score increased by 1 point (range −9 to 10) 
by month 12.

Overall, 49 (28.3%) of 173 participants were 
>65 years of age. That age group had a lower mean 
change (−0.3) in MoCA scores from baseline to month 

Figure 4. Box plots of 
longitudinal FVC profiles from 
the Long-Term Outcomes 
Post Acute COVID-19 study of 
adults previously hospitalized 
for COVID-19 pneumonia. A) 
Observed percent-predicted 
FVC at indicated study visits. 
B) Change in percent-predicted 
FVC at different study visits 
according to the baseline FVC. 
Dashed horizonal lines indicate 
80% predicted FVC (A) and no 
change in percent-predicted 
FVC (B). Horizontal lines within 
boxes indicate medians; box 
tops and bottoms indicate upper 
(third) and lower (first) quartiles; 
error bars (whiskers) indicate 
minimum and maximum values. 
Dots indicate data points; 
data points beyond the end of 
the whiskers are considered 
outliers. Numbers above the 
bars indicate mean and median 
percent-predicted FVC and 
total number of participants in 
category. Abnormal is defined 
as <80% and normal ≥80% 
predicted FVC. FVC, forced 
vital capacity.

http://www.cdc.gov/eid


RESEARCH

1164 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025

12 than participants who were <65 years of age (1.1) 
(p = 0.043). An association was observed between a 
change in MoCA score and obesity (p = 0.007) (Ap-
pendix Figure 5). Mean and median ages were similar 
between obese and nonobese participants. We also 
calculated median MoCA scores for the 3 treatment 
cohorts from the parent studies (Appendix Table 6).

Patient-Reported Outcomes and Respiratory Symptoms
At baseline, the median SF-36v2 questionnaire scores 
for all 8 domains (general health, mental health, phys-
ical functioning, bodily pain, role-emotional, role-
physical, social functioning, and vitality) were >50 
points (score range 0–100 points) for each domain; a 
score of 50 is the considered the threshold for a nor-
mal SF-36v2 score (19) (Figure 5, panel A). Lower 
median scores were reported for the general health 
(62.0), role-physical (62.5), vitality (62.5), bodily pain 
(64.0), and physical functioning (68.3) relative to so-
cial functioning (75.0), mental health (80.0), and role-
emotional (83.3) domains. For 117 participants who 
completed the SF-36v2 questionnaire at month 12, 
median scores consistently increased from baseline 
to month 12 across all 8 domains. We also calculated 
mean and median scores for vitality, which denotes 
the absence of fatigue, for the 3 treatment cohorts 
from the parent studies (Appendix Table 7).

At baseline, 119 (68.8%) of 173 participants re-
ported fatigue (lack of energy), 87 (50.3%) reported 
coughing, and 94 (54.3%) reported shortness of breath 
(dyspnea) on the L-IPF-M questionnaire (Figure 5, 

panel B). At month 12, a subgroup of participants still 
reported fatigue (44.5%), coughing (29.5%), or dys-
pnea (34.7%). Dyspnea, cough, and fatigue symptoms 
were more likely to be reported for participants who 
had hypertension at LOPAC baseline than for those 
who did not (Appendix Figure 6). Among partici-
pants who remained in the study at month 12, cough 
and fatigue were still frequently reported in those 
with hypertension compared with those without hy-
pertension. We prepared descriptive summaries of 
healthcare resource utilization, weekly average walk-
ing duration, heart rate, and sleep duration (Appen-
dix Table 8; Appendix Figure 7); further analysis is 
warranted to identify potential trends in those data.

Discussion
We investigated long-term outcomes in the 12-month 
LOPAC follow-up study conducted with 173 partici-
pants who had been hospitalized for COVID-19 pneu-
monia and had participated in a Genentech/Roche-
sponsored intervention parent trial. At baseline in the 
LOPAC study, >50% of participants had abnormali-
ties on HRCT scans and ≈33% had lung function im-
pairment. The high prevalence of lung abnormalities 
at baseline, measured at a median of 155 days after 
participants completed the parent study, aligns with 
postacute COVID-19 syndrome and meets the defini-
tion for long COVID (20–22).

During the 12-month follow-up, a subgroup of 
participants continued to exhibit clinical and radio-
logic abnormalities indicative of long-term COVID-19 

 
Table 2. RVSF at baseline and month 12 of LOPAC study of long-term clinical outcomes of adults hospitalized for COVID-19 
pneumonia* 

RVSF characteristics 
No. participants (%) 

LOPAC study, baseline LOPAC study, month 12 
Evaluable by endocardial tracing† 74 (42.8) 58 (33.5) 
 Normal‡ 71 (41.0) 56 (32.4) 
 Mildly impaired 2 (1.2) 2 (1.2) 
 Severely impaired 1 (0.6) 0§ 
Not evaluable by endocardial tracing (medical assessment only)¶ 84 (48.6) 59 (34.1) 
 Normal‡ 71 (41.0) 42 (24.3) 
 Mildly impaired 8 (4.6) 11 (6.4) 
 Severely impaired 0 0 
Total evaluable 158 (91.3) 117 (67.6) 
 Normal‡ 142 (82.0) 98 (56.6) 
 Mildly impaired 10 (5.8) 13 (7.5) 
 Severely impaired 1 (0.6) 0§ 
Participants with missing data 20 (11.6) 62 (35.8) 
 Assessment done, not evaluable by endocardial tracing or 
 medical assessment 

5 (2.9) 6 (3.5) 

 Assessment done, not in window 2 (1.2) 15 (8.7) 
 Assessment not done 13 (7.5) 41 (23.7) 
*Total number of participants enrolled in the LOPAC study was 173. LOPAC, Long-Term Outcomes Post Acute COVID-19; RVSF, right ventricular systolic 
function. 
†RVSF was measured by echocardiogram endocardial tracing, and the impairment level was assessed qualitatively by medical personnel. 
‡Right ventricular fractional area change of >35% was classified as normal RVSF. Assessment of RVSF for 8 observations with right ventricular fractional 
area of <35% was obtained by medical personnel in a post hoc assessment. 
§Participant who had severely impaired RVSF at baseline was lost to follow-up at month 12. 
¶RVSF could not be measured by endocardial tracing and was assessed only qualitatively by medical personnel. 
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sequelae, including abnormal lung texture, impaired 
pulmonary function, and symptoms of fatigue, cough-
ing, or shortness of breath. The primary lung texture 
abnormality reported in participants in this study 
was ground-glass opacification, a nonspecific finding 
associated with increased lung density and preserva-
tion of the bronchopulmonary vasculature (23,24). 
Ground-glass opacities might be observed in acute 
and chronic pulmonary disease and might represent 
interstitial or alveolar involvement (or both) (23,25). 
Ground-glass opacification in COVID-19 characteris-
tically has a bilateral, peripheral distribution, often in 
the posterior lung segments (25). The slow resolution 
of ground-glass opacities might suggest the develop-
ment of parenchymal lung disease with ILD features, 
triggered or exacerbated by COVID-19 (26). Those 

findings contrast with previous reports that sug-
gested ILD-like conditions resolve within a year after 
SARS-CoV-2 infection (27) and necessitate further in-
vestigation to prevent parenchymal disease progres-
sion and chronicity.

During the acute phase of COVID-19 pneumonia, 
an ordinal scale score >4 was recorded for 101 (58.4%) 
of 173 LOPAC study participants. That subgroup was 
at higher risk for prolonged lung texture abnormali-
ties, consistent with previous reports of increased 
risk for parenchymal lung changes and fibrosis in 
patients with severe acute COVID-19 pneumonia (28) 
who required mechanical ventilation (29–32). Fibrotic 
changes after infection with severe acute respiratory 
syndrome (33) and Middle East respiratory syndrome 
(34) coronaviruses have also been reported.

Figure 5. Longitudinal profiles 
of patient-reported outcomes 
from the Long-Term Outcomes 
Post Acute COVID-19 study of 
adults previously hospitalized 
for COVID-19 pneumonia. A) 
Box plots indicate quality of life 
assessed by SF-36v2 (Quality 
Metric, https://www.qualitymetric.
com). SF-36v2 scores (range 
0–100 points) were summarized 
by using the median for each of 
the 8 indicated domains. Normal 
was defined as a score of >50 
points for each domain. Median 
percentages of participants 
within each domain are indicated 
at the top. Horizontal lines 
within boxes indicate medians; 
box tops and bottoms indicate 
upper (third) and lower (first) 
quartiles; error bars (whiskers) 
indicate minimum and maximum 
values. Closed circles indicate 
outliers. B) Symptoms of study 
participants assessed by the 
Modified Living With Pulmonary 
Fibrosis Assessment Tool. 
Data are shown as no. (%) 
participants experiencing each 
category of symptoms according 
to 173 enrolled participants. 
Baseline refers to study 
baseline (time of enrollment). 
Questionnaire responses were 
summarized by using mean 
patient-reported scores for each 
symptom domain: dyspnea 
(7 questions), coughing (5 
questions), and fatigue (3 
questions). Scores ranged from 
0 to 3; the lowest score corresponds to no symptoms and the higher score corresponds to greater symptom severity. SF-36v2, Short 
Form 36 Question Health Survey version 2.
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In this study, participants who had not required 
mechanical ventilation or extracorporeal membrane 
oxygenation during acute infection experienced pro-
longed abnormalities in lung function and texture 
during follow-up. Older age, a known risk factor for 
SARS-CoV-2 susceptibility (35) and poor COVID-19 
clinical outcomes (36), was associated with persistent 
lung abnormalities and cognitive impairment. Older 
age might compromise the immune system and hinder 
recovery from COVID-19. Our findings support the 
hypothesis that age-related factors, such as immune 
response changes and reduced regenerative capacity, 
might affect acute and long-term clinical outcomes (37).

The prevalence of respiratory and fatigue symp-
toms was higher in participants with hypertension 
than in those without hypertension. Hypertension, 
a key component of metabolic syndrome, is a well-
recognized risk factor for severe COVID-19, likely 
through dysregulation of the renin-angiotensin-aldo-
sterone system, altered immune responses, gastroin-
testinal disturbances, and increased inflammation; all 
of which might have prolonged effects on organs, in-
cluding lungs, heart, and brain, and contribute to per-
sistent symptoms (38). Obese participants exhibited 
persistent cognitive impairment compared with non-
obese participants. The association between obesity 
and cognitive issues suggests potential links between 
metabolic factors, chronic inflammation, and neuro-
logic consequences of COVID-19 (17). Although un-
derlying conditions might influence some aspects of 
postacute COVID-19 syndrome, their effects vary de-
pending on the specific examined symptom or health 
aspect. Further research will be required to clarify 
those associations.

The main contribution of this prospective study 
is the longitudinal assessment of lung texture; pul-
monary, cardiac, and cognitive function; quality of 
life; and serology that captures detailed and stan-
dardized individual-level data. We also investigated 
baseline clinical characteristics and their associations 
with key clinical endpoints. However, the first limita-
tion of our study is that we enrolled a small group 
of participants from each parent study to characterize 
long-term sequelae of severe COVID-19; we did not 
design the study to evaluate treatment effects during 
initial infection on long-term outcomes. In addition to 
the study drug received in the parent study, all par-
ticipants received standard-of-care treatment during 
the acute phase of infection. As the standard-of-care 
treatments evolved during the COVID-19 pandemic, 
participants might have received tocilizumab, remde-
sivir, or both as part of standard care (7–11). Second, 
limited information was available on participants be-

fore hospitalization for acute COVID-19, and some 
participants might have been living with undetected 
underlying conditions. Third, evaluations were lim-
ited by baseline imbalances, the 22.5% discontinua-
tion rate, and missing assessments, which are com-
mon in long-term follow-up studies. Although some 
potential confounding factors were identified, we did 
not adjust for them in this exploratory study. Further 
investigation adjusting for confounders will be neces-
sary to confirm those findings and further delineate 
the long-term effects of COVID-19.

In conclusion, a subgroup of participants in this 
study exhibited persistent lung texture abnormali-
ties, impaired pulmonary function, cognitive impair-
ment, or reported fatigue or respiratory symptoms 
during the 12-month follow-up period, demonstrat-
ing a substantial long-term health burden for persons 
who have severe COVID-19 pneumonia. The sever-
ity of acute infection, age, and certain underlying 
conditions might influence the long-term sequelae of  
COVID-19. Our findings underscore the extended 
health effects of COVID-19 beyond its acute phase 
and reinforce the importance of regular monitoring of 
patients with severe COVID-19, particularly in older 
patients and those with underlying health conditions.
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Fungal diseases have a large and negative effect on 
human well-being (1). Histoplasmosis is one of 

the most common pulmonary mycosis diseases in the 
world (2). In immunocompetent hosts, cases of histo-
plasmosis are mildly symptomatic and self resolutive. 
In those patients, mandatory reporting is not needed, 
and the disease is often undiagnosed or misdiag-
nosed. In contrast, histoplasmosis is critical in immu-
nosuppressed patients. In some areas, histoplasmosis 
will affect up to 25% of the HIV-positive population, 
and infections frequently are fatal (3). Histoplasmo-
sis is diagnosed in ≈500,000 persons each year, and 
nearly 100,000 persons develop a progressive dis-
seminated disease (4). Among persons with advanced 
HIV (CD4 cell count <200 cells/mm4), the disease has 
a case-fatality rate of <5%–50% when treated (5,6) and 
close to 100% if not treated (6).

The etiologic agent of histoplasmosis, Histoplas-
ma, is a cosmopolitan fungus detected in all conti-
nents (7) including Antarctica (8). Histoplasmin, the 
main Histoplasma antigen, skin testing has revealed 
the fungus has a large geographic range (9). Nuclear 
gene genealogies and a global sample of Histoplasma 
strains from 8 countries revealed the existence of >7 
phylogenetic species (7,10), monophyletic groups 
that are reciprocally monophyletic and isolated from 
each other. Genome sequencing has confirmed the ex-
istence of differentiated phylogenetic species within 
Histoplasma (11,12). Those assessments are limited be-
cause the sampling for Histoplasma has been heavily 
biased toward North America and because few sam-
ples from other locations have been fully sequenced.

Nonetheless, histoplasmosis is rampant through-
out the Americas. Patients in South America suffer 
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Histoplasmosis is one of the most common pulmonary 
mycosis diseases in the world. Genome sequencing has 
revealed that Histoplasma, the cause of histoplasmosis, 
is composed of several phylogenetic species. The ge-
netic diversity of the pathogen remains largely unknown, 
especially in the tropics. We sequenced the genomes of 
91 Histoplasma isolates from the Amazon basin of South 
America and used phylogenomics and population genetic 
evidence to measure the genetic variation of the genus in 

South America. We report a previously unidentified clade of 
Histoplasma endemic to the Amazon basin. The lineage is 
widespread across the continent and contains 5 lineages 
that are sufficiently differentiated to be considered phylo-
genetic species. We found the geographic range of those 
lineages is largely but not completely overlapping. Finally, 
we found that the patient median age and sex ratio differs 
among species, suggesting differences in the epidemiology 
of histoplasmosis caused by each Histoplasma lineage.
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from disseminated histoplasmosis at one of the high-
est incidences in the world (1.5 cases/100 person-
years in persons living with HIV) (13). Histoplasmin 
surveys have detected multiple localized foci of high 
skin reactivity to Histoplasma (14). Preliminary genet-
ic analysis suggests isolates from South America are 
genetically diverse (10,15). More recent approaches 
have used genomic data and revealed the existence 
of a phylogenetic species endemic to Rio de Janeiro, 
Brazil (16). Yet, the Histoplasma isolates from South 
America, a continent that is hypothesized as a reser-
voir of diversity for the genus (7,10), remain largely 
uncharacterized genetically. A systematic study of 
the genome-wide diversity of Histoplasma across the 
Americas is sorely needed. 

In this report, we used whole-genome sequences 
to measure the genetic diversity of Histoplasma across 
the Americas. We sequenced 91 genomes of isolates 
from South and Central America, used data from pre-
vious sequencing efforts, generated the largest phylo-
genetic assessment for this pathogen to date (187 ge-
nomes), and studied the extent of divergence within 
Histoplasma spp. from the Americas. We identified 5 
lineages that meet the classification criteria as phy-
logenetic species and compared the epidemiology of 
histoplasmosis caused by each lineage. 

Materials and Methods

Fungal Isolates
We obtained pure mycelial cultures from patients in 
Central and South America who had clinically de-
fined histoplasmosis diagnosed during 2006–2017 
and compiled the collection site, sex, age, and the 
type of sampling and disease for each patient (Ap-
pendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/6/24-1386-App1.pdf). We subcultured 
samples on Sabouraud agar with chloramphenicol, 
gentamycin, and actidione (Bio-Rad Laboratories, 
https://www.bio-rad.com) to obtain enough fungal 
biomass for DNA extraction (>500 mg). We then con-
ducted DNA extraction (Appendix).

Reference Genome for Histoplasma mz5-like
We assembled a de novo genome for the H. sura-
mericanum strain mz5, an isolate originally collected 
in Colombia, by using Oxford Nanopore (https://
nanoporetech.com) long-reads. We obtained a total of 
231,650 reads, with an average length of 4,681.3 bp 
(National Center for Biotechnology Information Se-
quence Read Archive accession no. PRJNA1263433). 
The mean coverage from our reads was 31.13. We 
used Flye (17) to assemble the reads and 3 runs of  

Racon (18) and Medaka (version 1.11.3, https://
github.com/nanoporetech/medaka; 19) to polish the 
assembly. We used Pilon (20) for insertion/deletion 
corrections 4 times by using the FASTQs files. To as-
sess the quality and completeness of our resulting as-
sembly, we used Quast (21) and BUSCO (22) with the 
fungi and Eurotiomycetes OrthoDB V10 databases 
(23). The assembly had 26 contigs; 95.92% of the ge-
nome was assembled in the 10 largest contigs, and we 
focused on those for the phylogenetic analysis.

Isolate Resequencing
To prepare genomic libraries, we used KAPA library 
preparation kits (Kapa Biosystems, https://kapabio-
systems.com) for Illumina (Illumina, https://www.
illumina.com) next-generation sequencing and 1 μg 
of purified DNA per isolate. Next, we indexed the 
libraries by using unique 8-bp nucleotide identifiers. 
We evaluated the concentration of each library with 
a Kapa library quantification kit (Kapa Biosystems) 
on a 7900HT Instrument (Thermo Fisher Scientific, 
https://www.thermofisher.com). We sequenced 
the libraries to a read length of 100 bp by using v3 
or v4 chemistries on an Illumina HiSeq 2500 instru-
ment (Illumina) or to 150 bp by using v2 chemistry 
on an Illumina NextSeq platform (Illumina), both 
on a high output mode (paired-end). We recorded 
the coverage and accession numbers for each isolate 
(Appendix Table 2).

Previously Published Data
To compare the Histoplasma isolates from Central and 
South America with isolates from other locations, we 
used 30 previously sequenced genomes (12). We also 
used 16 genomes from a Histoplasma lineage endemic 
to India (24) and 50 genomes from Rio de Janeiro (16). 
To root the phylogenetic trees (Figure 1), we used 
Paracoccidioides genomes from 2 different species (P. 
restrepiensis, n = 3; P. brasiliensis sensu stricto, n = 2) 
(25), Blastomyces (n = 5) (26), Emmonsia crescens (n = 
2) (27), and Emergomyces pasteurianus (n = 1) (27). The 
genomes all have available Sequence Read Archive 
accession numbers (Appendix Table 3).

Read Mapping
We used 1 of the samples from the newly identified 
Latin America lineage to produce a new reference 
genome for the group (strain mz5). This reference 
genome has a total length of 34,827,701 bp, with 
26 contigs, an N50 of 5,161,774 bp, and a bench-
marking universal single-copy orthologs (BUSCO) 
completeness assessment of 98.6% complete Eu-
rotiomycetes orthologs and 98.5% complete fungi  
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orthologs (22). We mapped 200 short-read se-
quenced samples (91 newly sequenced genomes) to 
the reference. The total number of Histoplasma ge-
nomes from the Americas is 113. We used specific 
protocols to call variants (Appendix).

Phylogenetic Analysis
To study the genealogical relationships among His-
toplasma isolates, we converted our multisample 
variant call format (VCF) file into a concatenated 
genome-wide alignment in Phylip format by using 
a Python script (vcf2phylip, https://zenodo.org/
records/2540861). We then extracted the 10 largest 
contigs from our multisample VCF by using bcftools 
(28). Then, we built maximum likelihood trees from 
the 10 largest contigs and the genome-wide align-
ment by using IQ-TREE 2 (29). ModelFinder (30) 
determined that the transversion with equal base 
frequences plus R3 model was the best-fitting mod-
el of nucleotide substitution for the genomewide 
alignment (Appendix Table 4). To estimate branch 
support, we generated 1,000 tree replicates with an 
ultrafast bootstrap approximation (31). We used 
a similar approach to generate genealogies for the 
largest 10 supercontigs in the nuclear genome. We 
compared those trees by using a Robertson-Foulds 
distance (32) as implemented in the R function treed-
ist (library phangorn) (33).

Next, we estimated the extent of genealogical con-
cordance for the nuclear genome in 2 ways. First, we 
studied whether different genomic windows showed 
the same genealogy. We split into 325 nonoverlap-
ping windows, each 100 kb, and used IQ-TREE 2 (29) 
to generate a genealogy from each partition (325 ge-
nome-window trees; different partitions gave similar 
results). We calculated the concordance factors (CF) 
(34,35) as the fraction of genealogies concordant with 
each branch from the species trees. Second, we used 
gene trees from 3,494 complete Eurotiomycetes ortho-
logs (22,23). Our approach to generate the gene trees 
is identical to previously described gene genealogies 
(12,24). Lineages that showed reciprocal monophyly 
and had high levels of concordance among supercon-
tigs were treated as potential phylogenetic species for 
further analyses (36).

Genetic Diversity and Differentiation
We used population genetics approaches to study the 
partition of genetic variation in Histoplasma. We esti-
mated the magnitude of genetic variation (π) within 
each lineage of Histoplasma (as identified by the con-
catenated phylogenetic tree and the concordance 
analysis, see immediately above) and compared these 
values to the magnitude of pairwise divergence be-
tween species (Dxy). Instances of advanced specia-
tion show a much higher Dxy between the 2 focal 
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Figure 1. Phylogenetic analyses showing a high genetic diversity of Histoplasma in the Amazon basin, 2006–2017. A) Whole-genome 
concatenated phylogenetic tree with markers shows the existence of >12 monophyletic groups. Yellow bar, the Latin American clade; 
black bar, the global clade. The numbers above each bar represent the concordance value. B) The 9 largest supercontigs showing 
largely consistent topologies. Arrows show lineages with positions that differ from the inferred species tree. The identification numbers of 
each supercontig are below each graph. 
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groups than the π value of either group (37). We used 
Pixy (38) for all calculations. To compare the values 
of π in each lineage with the pairwise Dxy, we used 
an approximative 2-sample Fisher-Pitman permuta-
tion test (39).

Patient Characteristics for Each Histoplasma Lineage
We studied general epidemiologic patterns of histo-
plasmosis caused by each lineage identified in this 
study. For clinical isolates, we collected patient age, 
sex, and HIV status and a description of the disease 
(Appendix Table 1). We conducted 3 analyses by us-
ing this dataset. First, we compared whether the 4 
countries with the largest number of cases (French 
Guyana, Brazil, Suriname, and Venezuela) had simi-
lar proportional representation of the 6 resident His-
toplasma phylogenetic species by using a 2-sample test 
for equality of proportions with continuity correction 
(prop.test function, R library stats) (40). We did 6 
pairwise comparisons and adjusted the p values by 
using a Bonferroni correction (The R Project for Sta-
tistical Computing, https://www.r-project.org). We 
calculated the power of the proportion tests by using 
the function pwr.2p2n.test (R library pwr).

Second, we studied whether reports of histoplas-
mosis were equally common in males and females 
across lineages. We used a χ2 test by using the R func-
tion chisq.test. We calculated the power of each χ2 
test by using the function power.chisq.test (R library 
DescTools). We only report the comparisons for the 2 
lineages that had a χ2 power >0.5. We also compared 
whether the patient sex proportional representation 
differed among lineages by using a linear model.

Finally, we compared the age of the histoplasmo-
sis patients affected by the 5 lineages. We used a type-
III analysis of variance (R library car) (40), followed 
with Tukey honestly significant difference post-hoc 
pairwise comparisons (R library multcomp) h (41) to 
identify whether lineages differed from each other.

Ethics Considerations 
Ethics approval was obtained by the Comité de Pro-
tection des Personnes (approval no. CPP2012-47) and 
the Commission Nationale Informatique et Libertés 
(approval no. CNIL913511). Biological collection for 
samples was approved (approval no. DC-2013-1902).

Results
We used Histoplasma samples collected for 11 years 
(2006–2017) in French Guiana, Suriname, Brazil, Ven-
ezuela, Guyana, Martinique, Nicaragua, and Spain 
to conduct a phylogenetics and population genetics 
analysis to understand the epidemiologic patterns of 

histoplasmosis in the Amazon basin and adjacent ar-
eas. First, we used the genomewide data to resolve 
the phylogenetic relationships between Histoplasma 
lineages. We created a maximum-likelihood phyloge-
netic tree for all samples of Histoplasma by using con-
catenated markers to reveal the existence of a mono-
phyletic group composed of Histoplasma from South 
and Central America (Figure 1, panel A). The clade 
includes H. suramericanum. We refer to this clade as 
the Latin American Histoplasma clade, but the group 
may contain unsampled lineages from outside Latin 
America. Most previously sequenced samples from 
North America, South America, and India (14,24) 
form a second monophyletic group, which we refer 
to as the global Histoplasma species complex. The 
global species complex includes 8 lineages (7 with >1 
isolate), 1 from Africa, 1 from India, and 6 from the 
Americas: H. ohiense, H. mississippiense, Latin Ameri-
can group B, H. capsulatum subspecies (originally 
thought to be restricted to Central America), and 2 
poorly sampled lineages of clinical origin (1 isolate, 
27_14, forming the first lineage and 2 clinical isolates 
from Brazil forming the second lineage). The 2 clinical 
isolates were not previously described, but all other 
lineages have been reported previously (14,24).

The Latin American lineage only includes sam-
ples from South and Central America and is highly 
diverged from most of the previously sequenced 
samples of Histoplasma from around the world. This 
lineage contains 5 clades (H. suramericanum [11], Am-
azon I, Amazon II, RJ [16], and mz5-like). Because this 
lineage has a mutation rate similar to that of other 
ascomycetes (42), we believe the Latin American lin-
eage is 3.2 million years old (CI 2.3–4.1 million years). 

We evaluated whether the 5 monophyletic groups 
revealed by the concatenated tree fulfilled the require-
ments to be considered different phylogenetic species. 
We tested 2 additional criteria to assess whether the 
groups were differentiated enough in the speciation 
continuum. In cases of advanced speciation, different 
genome sections show consistent evolutionary trajec-
tories. The 5 groups appear as monophyletic in the 
concatenated analyses, which is consistent with the 
possibility of each lineage being a phylogenetic spe-
cies. All the clades, apart from the RJ lineage, co-occur 
in the Amazon basin. We evaluated whether the sig-
nal from the concatenated genome was also consis-
tent at a more granular level (Figure 1, panel B). Local 
ancestry analyses are consistent with the genome-
wide results. Concordance between supercontigs was 
high, but not perfect, and some supercontigs revealed 
variations in the inferred phylogenetic relationships 
(Figure 1, panel B; Appendix Figures 1, 2).
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CF at the genome window level showed that 4 
of the 5 lineages had moderately high CF (CF >50%) 
(Appendix Figure 1), but 1 group, the lineage Ama-
zon I, showed a low CF of 17%, which suggests di-
verse genetic trajectories along the genome. Of note, 
this lineage also showed nonmonophyly in supercon-
tig 19 (Figure 1, panel B). We found the Robertson-
Foulds distance between pairs of supercontigs and 
with the tree inferred from a concatenated alignment 
(Figure 1, panel A; Appendix Figure 2). In general, 
recent divergences have high bootstrap support and 
concordance factors, but older splits had lower sup-
port (Figure 1; Appendix Figures 1, 2). Despite those 
genealogical differences, the genome and local ances-
try results indicate a high level of phylogenetic con-
cordance among different genomic regions.

Second, the genetic distance between isolates of 
different species tends to be larger than the extent 
of polymorphism within species (36,43). We evalu-
ated whether the extent of Dxy between the mono-
phyletic lineages was larger than the magnitude of π. 
We found in almost all pairwise assessments (74 of 
78) (Appendix Table 5) that Dxy was larger than the 
variation in any of the lineages, suggesting increased 
divergence in Latin America (Figure 2). The 4 pairs of 
lineages that were not major involved only 2 isolates. 
Isolate 27_14 was detected in 3 pairs and the clinical 
isolate from Brazil was detected in 2 pairs, including 
once in combination with isolate 27_14 (Appendix Ta-
ble 5). Of note, we found a weak association between 
heterozygosity and geographic range size (Spearman 
rank correlation ρ = 0.685, p = 0.035), indicating the 
larger ranges might serve as large reservoirs of genetic  

variation in Histoplasma (Figure 3).The extent of ge-
netic differentiation as revealed by both phylogenetic 
and population genetics approaches suggests that 
speciation is considerable among the lineages from 
the Latin American clade and that these lineages ful-
fill the criteria to be considered phylogenetic species.

We then compared some epidemiologic aspects of 
histoplasmosis caused by each phylogenetic species. 
Of the 4 countries that had >10 samples, 3 (Suriname, 
French Guiana, and Brazil) had a high prevalence of 
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Figure 2. Genetic variation 
within and between lineages 
of Histoplasma found in the 
Amazon Basin, 2006–2017. 
Interspecific genetic distance 
is larger than the intraspecific 
variation in most pairwise 
comparisons. The upper 
diagonal shows intraspecific 
variation; all other squares show 
the pairwise distance between 
interspecific genetic distance. 
Unit on right side of graph is 
pairwise genetic distance.

Figure 3. Genetic variation within and between lineages of 
Histoplasma found in the Amazon Basin, 2006–2017. The red 
dots are the values of nucleotide diversity in each lineage. Dotted 
line is the predicted linear regression. π is correlated with the 
geographic range size of each lineage, measured as the distance 
between the most distant isolates in a lineage. π, within-species 
genetic variation. 
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the mz5-like lineage (Figure 4). Venezuela demon-
strated a high prevalence of H. suramericanum and no 
mz5-like isolates. Of consequence, the species compo-
sition of the Venezuela Histoplasma sample is the only 
sample that differs from other countries (χ2 >6.941, 
degrees of freedom = 1; p<0.008, padjusted<0.034). Of 
note, the isolates collected from Spain (n = 4) were 
collected from patients that migrated from South and 
Central America, and all belong to H. suramericanum 
(Appendix Table 1).

We studied whether the species composition of 
the sample changed between years. We evaluated the 
proportional representation of each lineage per year 
(Figure 5, panel A). The year with the highest num-
bers of cases was 2015 with 13 cases, whereas the low-
est were 2005 and 2011 with 2 cases. The mz5-like lin-
eage accounted for >50% of the cases reported in this 
study in all years except for 2009, when it accounted 
for 42.9% of the samples. None of those proportions 
differed significantly from each other (2-sample test 
for equality of proportions with continuity correction: 
χ2 = 1.641d.f. = 1, p = 0.200).

Third, we compared the mean patient age for each 
of the lineages identified. We detected significant dif-
ferences among the age of patients affected by the 5 
lineages (1-way analysis of variance: F5,62 = 2.621, p = 
0.032). Patients with histoplasmosis caused by 4 lin-
eages had a median age of ≈40 years (Figure 5, panel 
B). Two lineages were significantly different from 
the others. Amazon I lineage patients had a younger 
median age (17.0 ± 10.05 years). The mz5-like lineage 
patients had an older median age (38.0 ± 16.24 years). 
Amazon II lineage also has a high median age (41.5 
years) but a low sample size (n = 2). We performed 
Tukey pairwise comparisons among lineages (Ap-
pendix Table 6).

Finally, we compared the histoplasmosis sex ratio 
for each of the 6 phylogenetic species. Previous stud-
ies have noted that histoplasmosis is more common 
in men (44). All lineages show a higher proportional 
representation of male than female patients (Table). 
The mz5-like and H. capsulatum s.s. lineages show 
sufficient power for the comparison (Table). The 
mz5-like lineage shows no significant differences in 
the frequency of male and female patients. The H. cap-
sulatum subspecies was almost exclusively isolated 
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Figure 4. Proportional representation of the Histoplasma 
phylogenetic species identified in 4 countries of the Amazon basin, 
2006–2017. s.s., sensu stricto.

Figure 5. Epidemiologic characteristics of the 6 Histoplasma phylogenetic species detected in the Amazon basin, 2006–2017. A) Yearly 
proportions of each phylogenetic species in the samples collected. B) Age distribution of the patients with histoplasmosis caused by 
each of the 6 phylogenetic species. LAm B, Latin American group B; s.s., sensu stricto.
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from male patients (Table). H. capsulatum subspecies 
seems to have a higher male:female patient sex ratio 
than the other species found in the Amazon basin 
(Appendix Table 7).

Discussion
Histoplasma is one of the most crucial fungal patho-
gens in the world, and the disease burden of his-
toplasmosis is a major concern for public health. 
Genome sequencing has revealed the existence of 
multiple cryptic species within the genus (11,14,24). 
The high incidence of histoplasmosis and the high 
rates of histoplasmin skin reactivity in South America 
have led to the hypothesis that Histoplasma harbors 
a high level of genetic diversity in this continent. A 
potential corollary is this genetic diversity also has 
clinical implications for patients with histoplasmo-
sis. In this article, we identify a monophyletic group 
that contains 4 previously unidentified and highly 
differentiated phylogenetic species endemic to South 
and Central America, all related to H. suramericanum, 
and demonstrate that South America is a biodiversity 
hotspot for Histoplasma and houses >7 phylogenetic 
species. The second most diverse continent, to date, is 
North America with 3 phylogenetic species (45).

Our sampling also enabled us to show that the 
epidemiologic trends of histoplasmosis differ de-
pending on the causal lineage. We report 2 potentially 
epidemiologic differences of note between lineages of 
Histoplasma spp., the age and sex ratio of the affected 
patients. Histoplasmosis patients are more frequent-
ly male, and the ratio is reported to be close to 3:1 
(14,46). Our findings suggest differences between the 
Histoplasma spp. in the Amazon basin and the sex ra-
tio varies from 3:2 (Amazon I) to 14:1 (H. capsulatum 
s.s.). Nonetheless, those assessments should be con-
sidered carefully. The drivers of the HIV epidemic 
may vary between territories leading to different age 
distributions and sex ratios. Furthermore, women 
are usually tested earlier for HIV and are more likely 
to seek medical care than men. In contrast, outdoor 

physical labor and exposure to H. capsulatum may be 
more frequent among men. Controlled animal infec-
tions will be the ultimate test of whether different lin-
eages of Histoplasma represent a different health risk 
to different sexes.

The identification of phylogenetic species is the 
first step to understanding the genetic diversity of 
Histoplasma spp. Perhaps the most crucial question 
is whether different species are associated with dif-
ferences in virulence and clinical manifestations of 
histoplasmosis, which remains largely understudied. 
We report epidemiologic differences among lineages 
in South America, but only a comparative assessment 
from multiple isolates from each Histoplasma lineage 
will demonstrate whether genetic differences among 
lineages also lead to phenotypic differences in clinical 
traits. Future research should address whether differ-
ent clades differ in virulence, which in turn will ad-
dress whether the epidemiologic patterns observed in 
our study are caused by genetic changes in each of the 
Histoplasma lineages.

Even though South America harbors the highest 
number of phylogenetic species known in Histoplasma 
to date, our sampling does not enable us to defini-
tively affirm that South America is the most diverse 
hotspot of Histoplasma because sampling on other 
continents has been limited. We did not name addi-
tional species in this study because it is likely there 
are other groups around the world needing study, 
and taxonomy should not be revisited until a more 
global portrait emerges.

Clinical and epidemiologic comparisons between 
the different lineages of Histoplasma remain rare (14) 
(Appendix Table 8) but are a study frontier that can 
reveal the tempo and mode of evolution of virulence 
strategies in fungal pathogens. Overall, our results 
suggest South America is a geographic reservoir of 
genetic diversity of Histoplasma and underscore the 
need for systematic collection of the agents of endem-
ic mycoses across tropical regions to better under-
stand their evolutionary history. Now that genome 
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Table. Numbers of cases of histoplasmosis caused by each lineage of Histoplasma, number of patients who are HIV positive, number 
of patients with disseminated disease, and sex ratio of patients, Amazon basin, 2006–2017* 

Lineage 
No. 

cases 
HIV 

positive 
Disseminated 

disease 
Sex 

χ2 power p value† M F Ratio 
mz5-like 45 40 25 30 15 2.00 0.918 χ2 = 1.931, 

d.f. = 1, p = 0.165 
H. capsulatum subspecies 15 11 8 14 1 14.00 0.491 χ2 = 4.9658, 

d.f. = 1, p = 0.026 
Amazon I 8 4 3 5 3 1.67 0.293 NA 
Amazon II 4 4 2 2 2 2.00 0.232 NA 
H. suramericanum 15 3 2 6 2 3.00 0.293 NA 
Latin American group B 1 1 0 0 1 NA NA NA 
*d.f., degrees of freedom; NA, not applicable. 
†By χ2 test. 
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sequencing is available for most species, it should be 
fully deployed to clarify the evolutionary history and 
epidemiologic patterns of histoplasmosis and other 
endemic mycoses.
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Oropouche virus (OROV), classified as Orthobu-
nyavirus oropoucheense, family Peribunyaviridae, 

is an arthropodborne virus with a negative-sense 
RNA genome consisting of 3 segments, large (L), 
medium (M), and small (S) (1). A neglected arbovi-
rus, OROV causes Oropouche fever and circulates 
primarily in Central America, South America, and 
the Caribbean (2–4). In Brazil, OROV was histori-
cally confined to the Amazon basin, where several 
vector species and a range of reservoirs maintain its 
sylvatic transmission cycle (2,3,5). In urban areas in 
the Amazon, Culicoides paraensis, a midge commonly 
found in tropical, humid environments rich in or-
ganic matter, such as forests and plantations, is the 
primary vector responsible for OROV transmission 
to humans (3,4). Humans might acquire OROV in-
fection in forested regions and subsequently intro-
duce it to urban settings. The widespread distribu-
tion of the vector, coupled with increased human 
mobility and the influence of climate change, might 
enable the virus’s gradual expansion beyond its  

historical range in Brazil, raising concerns about the 
potential for broader geographic spread (6,7).

Since the 1960s, occasional OROV spillovers to 
humans have led to >30 documented localized out-
breaks or large-scale epidemics in the Amazon basin, 
underscoring the virus’s epidemic potential (8–12). 
Although incidence is highest in the Amazon, spo-
radic cases have been reported in other states in Brazil 
without leading to widespread outbreaks (13). 

During August 2022–March 2024, a new out-
break triggered by a reassortant OROV lineage 
emerged in Brazil’s western Amazon region, causing 
≈6,000 reported cases (14). In 2024, that reassortant 
lineage led to the largest recorded outbreak outside 
the virus’s endemic zone; OROV was detected in all 
regions of Brazil (15,16). Outside the Amazon, high 
incidence rates were observed in the Atlantic Forest 
region, particularly in municipalities with low pop-
ulation densities and agricultural activities favoring 
the establishment of C. paraensis vector populations, 
such as cocoa and banana cultivation (17).

Emergence of Oropouche Virus in 
Espírito Santo State, Brazil, 2024
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Oropouche virus (OROV), historically endemic to the Ama-
zon, had spread to nearly all Brazil states by 2024; Espírito 
Santo emerged as a transmission hotspot in the Atlantic 
Forest biome. We characterized the epidemiologic factors 
driving OROV spread in nonendemic southeast Brazil, an-
alyzing environmental and agricultural conditions contrib-
uting to viral transmission. We tested samples from 29,080 
suspected arbovirus-infected patients quantitative reverse 
transcription PCR for OROV and dengue, chikungunya, 
Zika, and Mayaro viruses. During March‒June 2024, the 

state had 339 confirmed OROV cases, demonstrating 
successful local transmission. Spatial analysis revealed 
that most cases clustered in municipalities with tropical 
climates and intensive cacao, robusta coffee, coconut, 
and pepper cultivation. Phylogenetic analysis identified 
the Espírito Santo OROV strains as part of the 2022–2024 
Amazon lineage. The rapid spread of OROV outside the 
Amazon highlights its adaptive potential and public health 
threat, emphasizing the need for enhanced surveillance 
and targeted control measures.
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Emergence of Oropouche Virus in Brazil

OROV infections typically manifest as an acute 
febrile illness characterized by headache, myalgia, 
and arthralgia (14). Those symptoms overlap with 
those of infection with other endemic arboviruses, 
such as dengue virus (DENV), Zika virus (ZIKV), and 
chikungunya virus (CHIKV) (2,3). However, emerg-
ing evidence has linked OROV to fatal cases (18). Un-
precedented vertical transmission was also reported, 
and some cases resulted in congenital anomalies or 
fetal death (19,20). Therefore, the significant shift in 
OROV’s pathogenicity marks a new epidemiologic 
paradigm for Oropouche fever.

Espírito Santo state, located in southeastern Bra-
zil and entirely within the Atlantic Forest biome, has 
emerged as a major hotspot for OROV transmission 
outside the Amazon region, recording the highest 
state-level incidence rate among non-Amazon states 
in 2024 (21). The state’s extensive agricultural activi-
ties, particularly in coffee, cocoa, and banana cultiva-
tion (22), combined with high rural worker mobility 
and environmental conditions favorable for C. par-
aensis midge establishment, may have contributed to 
viral spread. The first case of Oropouche infection in 
Espírito Santo was detected on March 24, 2024. We 
used epidemiologic and genomic approaches to ana-
lyze the emergence and dissemination of the new 
OROV variant in Espírito Santo state. We also exam-
ined the regional characteristics that enable its trans-
mission and contribute to its establishment in this 
previously unaffected area.

Materials and Methods

Study Population
Our study analyzed samples from patients who vis-
ited public health units in Espírito Santo state with 
arboviral-like symptoms (ZDC: Zika, dengue, and 
chikungunya) during February 25–June 15, 2024. 
All suspected cases of acute arboviral infections in 
Espírito Santo are centralized at the state’s central 
laboratory, Laboratório Central de Saúde Pública do 
Espírito Santo (LACEN-ES, Vitória, Brazil), which 
receives samples from all 78 municipalities for di-
agnostic testing. During the study period, a total of 
29,080 samples were tested, corresponding to ≈0.76% 
of the state’s population (3,833,712 inhabitants). The 
serum or plasma samples were subsequently sent to 
the LACEN-ES for viral molecular diagnosis. The Hu-
man Research Ethics Committee at the University of 
Vila Velha (Vila Velha, Brazil) approved this study 
(Certificate of Presentation for Ethical Assessment  
no. 84698324.7.0000.5064) and waived the need for 
written informed consent. The committee is registered 

with Brazil’s National Research Ethics Commission 
and oversees studies involving public health institu-
tions in Espírito Santo, including the state’s Central 
Laboratory where this investigation was conducted.

Sample Processing and Quantitative  
Reverse Transcription PCR
We processed samples for nucleic acid extrac-
tion using magnetic bead-based systems TANBead 
Maelstrom 9600 (Taiwan Advanced Nanotech Inc., 
https://www.tanbead.com), EXTRACTA 96 (Loccus, 
https://www.loccus.com.br) and TechStar YC-702 
(Wuxi Techstar Technology Co., http://www.tech-
starbio.com), following manufacturers’ instructions. 
Subsequently, for molecular testing, we used 3 differ-
ent quantitative reverse transcription (qRT-PCR) kits: 
Molecular ZCD Tipagem Bio-Manguinhos (https://
www.bio.fiocruz.br), Biomol ZDC (IBMP, https://
www.ibmp.org.br), and VIASURE Zika, Dengue & 
Chikungunya (ThermoFisher, https://www.ther-
mofisher.com), following the manufacturers’ proto-
cols. For the samples not detectable for ZDC, we per-
formed a multiplex qRT-PCR to investigate for OROV 
and Mayaro virus (MAYV), as described by Naveca 
et al. (23). To extend testing, we adapted the labora-
tory diagnosis to carry out the procedure on a pool of 
8 samples. After detecting the target, we conducted 
another q RT-PCR with the 8 samples individually to 
confirm the test.

Epidemiologic Data and Environmental Context
We retrieved individual-level of OROV-positive 
case data from the eSUS Brazil Ministry of Health 
(https://sisaps.saude.gov.br/sistemas/esusaps) and 
Gerenciador de Ambiente Laboratorial (GAL; http://
gal.datasus.gov.br) systems at the municipal level for 
the state of Espírito Santo, covering cases reported 
through June 15, 2024. We linked each case to anony-
mized metadata, including demographics, location, 
symptoms (fever, headache, myalgia, retroorbital 
pain, back pain, arthritis, petechiae, rash, arthralgia, 
nausea, conjunctivitis, vomiting, and leukopenia), 
and hospitalization and notification/symptom dates.

We calculated the municipal incidence of OROV 
on the basis of the 2022 census data from the Brazil-
ian Institute of Geography and Statistics (IBGE)  (24). 
Estimated incidence mapping used the geoBR pack-
age in RStudio (http://www.rstudio.com) with IBGE 
municipal boundary shapefiles (25). We obtained 
data about the agricultural establishments at the 
municipal level from the 2017 IBGE census of agri-
culture (26). We estimated the Spearman correlation 
for all municipalities reporting cases to explore the  
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relationship between the planted area of the top 10 
crops in Espírito Santo and the number of OROV cas-
es. In addition, we analyzed between-group differ-
ences in cycle threshold (Ct) values (viral load proxy) 
for each symptom using 2-tailed Mann-Whitney  
U tests (α = 0.05).

Generation Time and Instantaneous Reproduction 
Number Estimation
The generation time represents the interval between 
successive rounds of infection. Although that interval 
has been estimated for other arboviruses, no such es-
timates exist for OROV. We estimated the generation 
time using a combination of human viral clearance data 
(27), mosquito mortality rates (28), and data from ex-
perimental studies involving vector competence (29), 
using a framework applied previously for ZIKV (30) 
and MAYV (31). We conducted parameter inference 
using a Bayesian framework implemented with Mar-
kov chain Monte Carlo methods (Appendix Figures 
1, 2, https://wwwnc.cdc.gov/EID/article/31/6/24-
1946-App1.pdf). We then used the posterior distribu-
tions of the generation time parameters (Appendix Ta-
bles 1, 2) to inform the calculation of the reproduction 
number. We estimated the instantaneous reproduction 
number (Rt) for OROV using the R package EpiEstim 
(32). We reconstructed the Rt for the April–June period 
using a Bayesian inference model with a sliding time 
window of τ = 7 days (Appendix).

Sample Selection and Next-Generation Sequencing
We selected 7 samples with Ct <27 for whole-genome 
sequencing from a pool of all OROV-positive samples 
identified through RT-PCR during the study. To en-
sure geographic representativeness, we chose samples 
from the municipalities of Colatina, Rio Bananal, and 
Laranja da Terra, which were among the most affected 
regions in the state. We sequenced 6 samples at Insti-
tuto Adolfo Lutz (IAL), yielding complete S and M 
segments (Appendix Table 3). We sequenced 1 sample 
at LACEN/ES using Illumina RNA Prep with Enrich-
ment Tagmentation protocol (https://www.illumina.
com) with the Respiratory Pathogen ID/AMR Enrich-
ment Panel Kit (Illumina); we extracted OROV reads 
from the nontarget portion of the kit. We conducted 
genome assembly using a custom version of the Viral-
Flow pipeline version 1.0.1 (33), referencing GenBank 
sequences NC_005776.1 (L segment), NC_005775.1 (M 
segment), and NC_005777.1 (S segment).

Bioinformatics and Phylogenetic Inference
For the phylogenetic analysis, we aligned 7 new se-
quences from Espírito Santo with 145 OROV strains 

sampled in the Americas (1955–2023) and available 
in GenBank as of August 2024. The alignment, per-
formed in MAFFT version 7 (https://mafft.cbrc.jp) 
(34), included the prototypical viruses Iquitos, Madre 
de Dios, and Perdões as outgroups. We selected the 
generalized time-reversible discrete gamma substi-
tution model in jModelTest2 (https://github.com/ 
ddarriba/jmodeltest2). We used phylogenetic infer-
ence in MrBayes version 3.2.7a (35) to sample trees un-
til parameter convergence (effective sample size >200), 
with node support determined by posterior probabili-
ties from the majority-rule consensus topology.

Results
Approximately 29,100 patients in Espírito Santo ex-
periencing arbovirus-like illness were tested by real-
time RT-PCR for the presence of DENV-1, DENV-2, 
CHIKV, ZIKV, OROV, and MAYV during March–
June 2024. Until epidemiologic week 13, DENV-1 
represented ≈50% of the positive cases, followed 
by CHIKV and DENV-2 (Figure 1). However, from 
epidemiologic week 13 onward, OROV cases were 
detected, marking a pronounced shift in the epide-
miologic landscape. OROV cases increased rapidly, 
reaching 339 cases within 10 weeks. By epidemio-
logic week 24, the frequency of OROV infections 
approached the levels of DENV-1, DENV-2, and 
CHIKV, indicating a comparable circulation of these 
viruses at the outbreak’s peak. After the emergence 
of OROV, the proportion of CHIKV cases also rose, 
eventually surpassing that of DENV. Initially, OROV 
cases were primarily classified as imported; however, 
community spread became evident as local transmis-
sion was established. During epidemiologic weeks 
18–27, the time-varying Rt for OROV remained ≈2.5 
(95% credible interval ≈1.5–3.0), we observed a peak 
value of ≈3.0 in epidemiologic week 26. After this 
peak, a marked reduction in Rt occurred, and it was 
below 1.0 by epidemiologic week 28, indicating a de-
cline in transmission and a shift toward containment 
of the outbreak (Figure 1).

We observed a marked predominance of male 
patients in OROV cases (Figure 2, panel A); male-
to-female ratio was 1.5:1. Most cases occurred in 
persons >20 years of age, suggesting that adult men 
may be disproportionately affected by this outbreak. 
The most frequently reported symptoms were fever 
(307/339 [90.56%]), headache (275/339 [81.12%]), 
myalgia (232/339 [68.44%]), and retroorbital pain 
(113/339 [33.33%]) (Figure 2, panel B). We observed 
no significant differences in symptoms between male 
and female patients. We used real-time RT-PCR Ct 
values as a proxy for the patient’s plasmatic viral load 
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to investigate its relationship to symptomatology. 
Patients with fever exhibited significantly lower me-
dian Ct values than those without fever (p = 0.017), 
suggesting a higher viral load in febrile patients. We 
observed a similar trend for headache (p = 0.043), 
myalgia (p = 0.025), and retroorbital pain (p = 0.017) 
(Figure 2, panel C). Comparisons for other symptoms 
did not yield statistically significant differences (Ap-
pendix Figure 1).

During the OROV outbreak in Espírito Santo, 
the virus spread across 17 municipalities, culminat-
ing in 8.84 cases/100,000 inhabitants statewide. Most 
cases were concentrated in 2 distinct hotspots: the 
regions surrounding the municipalities of Colatina/
Rio Bananal and Laranja da Terra (Figure 3, panel A). 
In total, 332/339 (98%) of the diagnosed cases were 
associated with tropical climates, in accordance with 
Köppen-Geiger climate classification; 308 (≈91%) oc-
curred in municipalities classified as having a tropical 
savanna climate (Köppen-Geiger classification Aw), 
and 24 (7%) were linked to tropical monsoon climate 
(Köppen-Geiger classification Am) (Figure 3, panel B). 
In contrast, only 7/339 cases (≈2%) were distributed 
across municipalities with temperate climates, such 
as humid subtropical (Köppen-Geiger classification 
Cfa) and temperate oceanic (Köppen-Geiger classifi-
cation Cfb). No cases were reported in areas classified  

as subtropical highland climate (Köppen-Geiger clas-
sification Cwb).

The initial spread of OROV in Espírito Santo fol-
lowed a clear spatial pattern, predominantly affect-
ing municipalities within the tropical savanna climate 
(Figure 4). This dissemination phase, epidemiologic 
weeks 17–18, marked the entry of the virus into areas 
with different climatic conditions. The peak incidence, 
exceeding 200 cases/100,000 inhabitants, was recorded 
at the municipality level during epidemiologic weeks 
21–24, particularly in the epicentral municipalities of 
Colatina and Laranja da Terra. Those areas, situated 
within the tropical savanna climate zone, appear to 
have served as primary foci for transmitting OROV 
throughout the state. To characterize the ecologic 
niches contributing to the introduction and spread of 
OROV in Espírito Santo, we examined the association 
between OROV prevalence and the cultivated areas 
for the 10 most widely grown crops in the state. We 
found significant associations between specific crops 
and OROV incidence (Table 1); robusta coffee (Spear-
man correlation coefficient [ρ] = 0.55, p = 0.004), cacao 
(ρ = 0.54, p = 0.005), coconut (ρ = 0.43, p = 0.003), and 
pepper (ρ = 0.43, p = 0.034) displayed moderate posi-
tive correlations with the number of OROV cases.

Phylogenetic analysis of each genomic segment 
individually showed that all cases detected within 
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Figure 1. Temporal distribution 
and reproduction number of 
Oropouche virus in Espírito 
Santo, Brazil. A) Weekly 
percentages of CHIKV, DENV-1, 
DENV-2, and OROV infections 
for epidemiologic weeks 9–24, 
2024. B) Estimates of Rt during 
the OROV outbreak. Solid black 
curve represents the median 
Rt; shaded area indicates 95% 
credible interval, based on 
daily incidence data including 
local and imported cases. 
Dotted line indicates Rt = 1. Rt 
was estimated using sliding 
windows of τ = 7 days. CHIKV, 
chikungunya virus; DENV, 
dengue virus; OROV, Oropouche 
virus; Rt, instantaneous 
reproduction number.
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Espírito Santo belong to the novel reassortant M1L2S2 
(OROVBR2015–2024) lineage (15) with high branch sup-
port (posterior probability >0.98). That lineage circu-
lated in the Amazon Basin during 2023–2024, caus-
ing a major outbreak (Figure 5). Of interest, in the S 
and M trees, the Espírito Santo samples do not form a 
monophyletic clade, which indicated multiple intro-
ductions of OROV into the state.

Discussion
The emergence and rapid spread of arboviruses be-
yond their traditional endemic regions is driven by 
changing climate patterns and human land use (7). 
Our study used high-resolution data to document 
the unprecedented establishment of OROV in Brazil’s 
Atlantic Forest, showing its adaptations and spread 
beyond the Amazon Basin. The expansion mirrors 
patterns observed for other arboviruses, such as 
ZIKV (36), CHIKV (37), and West Nile virus (38), in 
which changes in vector ecology, human mobility, 

and environmental conditions have led to emergence 
of those viruses in previously unaffected regions (6). 
OROV’s successful establishment in southeast Brazil 
underscores both an immediate public health concern 
and the complex ecologic and epidemiologic factors 
enabling arboviral adaptation to novel environments.

Our findings revealed a marked epidemiologic shift 
with the emergence and rapid establishment of OROV 
transmission in the state amidst the ongoing endemic 
circulation of DENV and CHIKV. Within ≈11 weeks 
from its initial detection, OROV reached infection levels 
comparable to those of endemic arboviruses in Espírito 
Santo, suggesting robust viral transmission. The concur-
rent presence of OROV alongside DENV and CHIKV, 
without evident competitive interference, could reflect 
vector-specific ecologic differences: although DENV and 
CHIKV are transmitted predominantly by Aedes spp. 
mosquitoes in urban areas (39), OROV transmission is 
driven mainly by C. paraensis midges (3,27). The estimat-
ed transmissibility, with Rt peaking at ≈3.0, parallels the 
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Figure 2. Demographics, symptoms, and Ct value comparison in OROV-positive patients from Espírito Santo, Brazil. A) Age-sex 
pyramid of the OROV incidence rate (per 100,000 inhabitants). Incidence rates are shown for each age group. B) Frequency of 
symptoms reported in OROV-positive patients. C) Boxplots of Ct values from OROV reverse transcription PCR in patients with or 
without fever, headache, myalgia, and retroorbital pain. Black horizontal bars indicate medians, tops and bottoms of boxes indicate 
interquartile ranges, vertical whiskers indicate ranges. Gray dots represent individual Ct values. p values determined by 2-sided Mann–
Whitney U test for each comparison.
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dynamics seen in both urban and sylvatic arboviruses 
within immunologically naive or mixed populations. 
Similar patterns were reported for ZIKV; Rt values were 
2.6–4.8 in French Polynesia (40), 3.0–6.6 in Colombia 
(41), and as high as 2.5 in Brazil (30). Likewise, MAYV, 
endemic to the Amazon region, showed Rt values of 
2.1–2.9 within its primary range, decreasing to 1.1–1.3 
in non-Amazon regions (31). The high transmissibility 
of OROV observed in Espírito Santo could be attributed 
to multiple factors, including the predominantly mild or 
asymptomatic nature of OROV infections (3,27) and fa-
vorable local conditions for C. paraensis midge prolifera-
tion (28). Our Rt estimates might underestimate trans-
missibility by excluding unreported asymptomatic and 
mild cases. However, if underreporting remains stable, 
the inferred trends should still reliably reflect epidemic 
dynamics (32).

The demographic profile of affected persons in 
this outbreak showed predominance of adult male 
case-patients, which contrasts with previous OROV 
outbreaks (12,14). The male predominance may reflect 
occupational exposure in rural agricultural activities, 
increasing contact with C. paraensis vectors, as seen in 
previous Brazil outbreaks where farming was a major 

risk factor (42). Clinical manifestations aligned with 
previous OROV cases across diverse regions, includ-
ing recent Amazon outbreaks (12,14,43). The associa-
tion between key symptoms and lower Ct values sug-
gested that higher viral loads may drive the intensity of 
clinical manifestations, as documented for other arbo-
viruses, such as DENV (44,45), yet remains largely un-
explored for OROV. Of note, recent fatal OROV cases 
in nonendemic regions of Brazil, characterized by low 
Ct values and rapid progression to severe hemorrhagic 
symptoms within days, underscored the potential link 
between viral load and disease severity (18).

Phylogenetic analysis of OROV genomic sequences 
from Espírito Santo revealed a complex pattern of viral 
spread, with multiple independent introductions of the 
virus into the state. The samples clustered within the 
OROVBrazil2015–2024 clade, specifically within the M1L2S2 
reassortant lineage that caused the recent outbreak in 
the Amazon region (14). The absence of monophyly in 
the S and M segment trees suggests that multiple in-
troduction events occurred followed by local spread 
through different routes, as described in Gräf et al. (17). 
That molecular pattern corroborates the epidemiologic 
data showing the initial emergence of imported cases  
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Figure 3. Spatial distribution 
of Oropouche virus cases and 
climate classification in Espírito 
Santo, Brazil. A) Espírito 
Santo, with municipalities 
colored according to the 
Köppen-Geiger climate 
classification. Red dots indicate 
cases. Orange shading 
represents case density. Inset 
shows location of Espírito 
Santo state in Brazil. B) Pie 
chart showing the percentage 
of cases in each Köppen-
Geiger climate category. 
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followed by rapid establishment of autochthonous 
transmission in different municipalities. Further ge-
nomic surveillance is needed to fully understand the 
dispersal patterns and the state’s role in the virus’s 
spread to other regions, highlighting the need for com-
prehensive and continuous surveillance throughout 
the region.

The predominance of OROV transmission in re-
gions with tropical climates (Köppen-Geiger clas-
sifications Aw and Am) highlights the critical role of  

environmental conditions that favor a high prevalence 
of potential vectors, particularly C. paraensis midges. 
Although comprehensive studies on Culicoides spp. 
distribution across climate zones of Brazil are lack-
ing, studies in Europe have documented strong asso-
ciations between Köppen climate classifications and 
Culicoides spp. diversity (46). The tropical climates of 
Espírito Santo outbreak zones have high temperatures 
and seasonal rainfall, likely creating optimal condi-
tions for C. paraensis breeding. Those environments 
provide abundant organic matter for larval develop-
ment; decomposing vegetation, fruit waste, banana 
tree stumps, and cacao husks, common agricultural 
byproducts in the region, are ideal breeding sites 
(3,4,27). Indeed, studies report peak C. paraensis midge 
populations during the rainy season; temperatures 
are 30°C–32°C and relative humidity 75%–85% (47), 
favorable macroclimatic and microclimatic conditions 
for vector proliferation. In contrast, temperate and 
subtropical highland climates, characterized by lower 
temperatures, more evenly distributed rainfall, and 
distinct vegetation, present less favorable conditions  
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Figure 4. Oropouche virus case 
incidence by municipality and 
2-week epidemiologic period, 
Espírito Santo state, Brazil. EW, 
epidemiologic week.

 
Table. Association between agricultural crop cultivation and 
Oropouche virus cases, Espírito Santo, Brazil* 
Crop Spearman ρ (95% CI) p value 
Robusta coffee 0.549 (0.185–0.781) 0.004 
Cocoa 0.530 (0.159–0.770) 0.006 
Coconut 0.434 (0.035–0.714) 0.030 
Pepper 0.426 (0.024–0.709) 0.034 
Banana 0.345 (−0.070 to 0.658) 0.091 
Orange 0.037 (−0.374 to 0.436) 0.861 
Cassava 0.026 (−0.384 to 0.427) 0.902 
Corn −0.086 (−0.475 to 0.331) 0.684 
Bean −0.213 (−0.569 to 0.211) 0.307 
Arabica coffee −0.259 (−0.601 to 0.164) 0.212 
*Bold text indicates statistically significant correlation (p<0.05).  
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for vector establishment. Despite the widespread dis-
tribution of Culicoides spp. midges across the Americas 
(28), no cases of OROV had been reported in Espírito 
Santo state until 2024. The introduction of OROV into 
Espírito Santo is estimated to have occurred multiple 
times during February–March 2024 (17), and its estab-
lishment may reflect ecologic shifts that have ampli-
fied vector density or increased human–vector contact, 
particularly among susceptible populations in Espírito 
Santo and other regions of Brazil. Espírito Santo’s re-
cent biting midge infestation in 2019 (48) likely sup-
ported conditions for OROV emergence by increas-

ing vector populations in previously unaffected areas. 
Climate change projections in Europe suggest a shift 
toward warmer and wetter conditions that may trans-
form humid subtropical climates into subtropical cli-
mates with hot summers, further promoting Culicoides 
spp. establishment (46). Modeling studies indicate that 
climate-driven increases in temperature and extreme 
weather events could expand arboviral transmission 
in tropical regions like Espírito Santo, as observed for 
DENV (49). These ecologic changes likely interact with 
agricultural and land-use patterns, shaping OROV 
transmission and creating corridors that intensify  
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Figure 5. Bayesian phylogenetic trees created from analysis of Oropouche virus segments associated with the reassortant lineage 
M1L2S2 in Espírito Santo, Brazil, and reference sequences. Each tree includes a representative subsample of genomes from the 
epidemic clade (highlighted); tip colors indicate sampling locations. Branch support values are shown for the main clades. Scale bars 
indicate the number of nucleotide substitutions per site. S, small; M, medium; L, long.
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virus-vector-host interactions. Further research is war-
ranted to quantify the relationships between climatic 
variables, C. paraensis species dynamics, and OROV 
transmission in Espírito Santo and other countries.

The significant correlations between OROV inci-
dence and specific crops in Espírito Santo underscore 
the complex interactions between agricultural land-
scapes and arboviral transmission dynamics. Outside 
the Amazon region, OROV transmission has been 
predominantly associated with rural settings, where 
C. paraensis midges find optimal breeding conditions. 
C. paraensis larvae develop effectively in microhabitats 
created by decaying organic matter from banana and 
cacao plantations (3,4,27); of note, recent outbreaks 
outside the Amazon have occurred along the Atlantic 
Forest biome where these crops are prevalent (17). The 
emergence of OROV in Espírito Santo’s regions with 
high densities of robusta coffee, pepper, and coconut 
cultivation represents a novel association that war-
rants further investigation, because it would broaden 
our understanding of potential agricultural landscapes 
that may support C. paraensis populations. That pat-
tern aligns with the vector’s documented ability to oc-
cupy both sylvatic and anthropic environments (28) 
and suggests that agricultural expansion may create 
ecologic pathways that encourage viral spread. The 
fragmentation of forest landscapes by agricultural ac-
tivities likely intensifies human–vector contact, par-
ticularly in areas where multiple crops create diverse 
microhabitats suitable for vector breeding. The strong 
presence of OROV in Espírito Santo’s major agricul-
tural regions, especially where coffee and cacao culti-
vation predominate, emphasizes the need for detailed 
ecologic studies of C. paraensis midges in those settings 
to identify and predict potential outbreak hotspots.

Our study provides valuable insights into envi-
ronmental and ecologic factors influencing OROV 
emergence in Espírito Santo. A limitation is that infer-
ences about spatial dissemination relied on assump-
tions regarding the primary vector, C. paraensis midg-
es, without directly assessing its competence, density, 
or dispersal potential, which may affect estimates of 
transmission dynamics. In addition, reliance on sec-
ondary epidemiologic data, rather than targeted field 
sampling, limits the granularity and completeness of 
information on transmission patterns and hotspots. 
Observed correlations between OROV cases and 
crops might also reflect geographic clustering ef-
fects, potentially introducing spatial biases. Future 
research with fine-scale spatial modeling and system-
atic vector surveillance is essential to clarify interac-
tions among environmental variables, vector ecology, 
and OROV transmission dynamics.

In conclusion, our study reveals a substantial 
epidemiologic shift marked by the emergence and 
establishment of OROV in Espírito Santo, underscor-
ing the virus’s capacity to adapt to new ecologic land-
scapes outside its Amazon origins. The rapid rise in 
OROV cases to levels comparable with established 
arboviruses like DENV and CHIKV, without appar-
ent competitive inhibition, highlights the distinct 
ecologic niches exploited by Culicoides spp. vectors 
in periurban and rural areas. The interplay between 
tropical climate, expanding agricultural landscapes, 
and favorable breeding sites for C. paraensis midges 
likely enabled this outbreak, positioning Espírito 
Santo as a potential hotspot for arboviral transmis-
sion amid environmental and climatic changes. As 
such, our findings call for heightened surveillance of 
both human cases and vector populations along with 
further investigation into the eco-epidemiologic driv-
ers of OROV in Atlantic Forest regions. Understand-
ing those dynamics will be crucial to predict, prevent, 
and respond to future outbreaks of OROV and other 
emerging arboviruses in similar environments.
This article was preprinted at https://www.medrxiv.org/
content/10.1101/2024.12.11.24318883v1.full.pdf.

Acknowledgments
We thank the staff at Laboratório Central de Saúde  
Pública do Espírito Santo and the Adolfo Lutz Institute  
for their invaluable contributions to this study. Their  
dedication to public health was instrumental in the  
successful completion of our research and in advancing 
scientific knowledge in this field. We also thank Gabriel 
Lessa Lavagnoli for his assistance in implementing the 
framework for generation time estimation.

All viral sequence data generated in this study are available 
in GenBank (accession nos. PQ197397–405).

This study was partially funded by a grant from the State of 
Espírito Santo Government through the Fundação de  
Amparo à Pesquisa e Inovação do Espírito Santo (FAPES) 
(grant no. 2025-25N6P-DI 006/2025-SESA/SEAG/FAPES). 
This study also received institutional support from the 
Brazilian Ministry of Health and the Espírito Santo State 
Government. A.R. is a doctoral fellow funded by FAPES 
under the PROCAP 2025 program (grant no. 2025-0Z48T, DI 
106/2025). F.G.N. is supported by FAPEAM call 04/2022/
FIOCRUZ/FAPEAM/FAPERO–Inovação na Amazônia;  
FAPEAM–call 023/2022–Iniciativa Amazônia+10; and  
Conselho Nacional de Desenvolvimento Científico e  
Tecnológico–CNPq–Chamada CNPq/MCTI 10/2023– Faixa 
B–Grupos Consolidados–Universal 2023 (421620/2023-4). 
The authors declare no conflicts of interest.

1186 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025

https://www.medrxiv.org/content/10.1101/2024.12.11.24318883v1.full.pdf
https://www.medrxiv.org/content/10.1101/2024.12.11.24318883v1.full.pdf
http://www.cdc.gov/eid


Emergence of Oropouche Virus in Brazil

About the Author 
Dr. Delatorre is a professor and researcher at the  
Federal University of Espírito Santo, specializing in viral 
genomics and infectious disease epidemiology. His re-
search focuses on the evolutionary dynamics  
and spatial-temporal dispersion of emerging viruses, 
with an emphasis on genomic surveillance and public 
health responses.

References
   1. de Souza WM, Calisher CH, Carrera JP, Hughes HR,  

Nunes MRT, Russell B, et al. ICTV virus taxonomy profile: 
Peribunyaviridae 2024. J Gen Virol. 2024;105:002034.  
https://doi.org/10.1099/jgv.0.002034

  2. Sakkas H, Bozidis P, Franks A, Papadopoulou C.  
Oropouche fever: a review. Viruses. 2018;10:175.  
https://doi.org/10.3390/v10040175

  3. Travassos da Rosa JF, de Souza WM, Pinheiro FP,  
Figueiredo ML, Cardoso JF, Acrani GO, et al. Oropouche 
virus: clinical, epidemiological, and molecular aspects 
of a neglected orthobunyavirus. Am J Trop Med Hyg. 
2017;96:1019–30. https://doi.org/10.4269/ajtmh.16-0672

  4. Wesselmann KM, Postigo-Hidalgo I, Pezzi L,  
de Oliveira-Filho EF, Fischer C, de Lamballerie X, et al.  
Emergence of Oropouche fever in Latin America: a  
narrative review. Lancet Infect Dis. 2024;24:e439–52.  
https://doi.org/10.1016/S1473-3099(23)00740-5

  5. Pereira-Silva JW, Ríos-Velásquez CM, Lima GRD,  
Marialva Dos Santos EF, Belchior HCM, Luz SLB, et al. 
Distribution and diversity of mosquitoes and Oropouche-like 
virus infection rates in an Amazonian rural settlement.  
PLoS One. 2021;16:e0246932. https://doi.org/10.1371/ 
journal.pone.0246932

  6. de Thoisy B, Gräf T, Mansur DS, Delfraro A, Dos Santos CND. 
The risk of virus emergence in South America: a subtle  
balance between increasingly favorable conditions and  
a protective environment. Annu Rev Virol. 2024;11:43–65. 
https://doi.org/10.1146/annurev-virology-100422-024648

  7. Baker RE, Mahmud AS, Miller IF, Rajeev M,  
Rasambainarivo F, Rice BL, et al. Infectious disease in an 
era of global change. Nat Rev Microbiol. 2022;20:193–205. 
https://doi.org/10.1038/s41579-021-00639-z

  8. Naveca FG, Nascimento VA, Souza VC, Figueiredo RMPD. 
Human Orthobunyavirus Infections, Tefé, Amazonas,  
Brazil. PLoS Curr. 2018. https://doi.org/10.1371/ 
currents.outbreaks.7d65e5eb6ef75664da68905c5582f7f7

  9. Vasconcelos HB, Azevedo RSS, Casseb SM, Nunes-Neto JP, 
Chiang JO, Cantuária PC, et al. Oropouche fever epidemic  
in northern Brazil: epidemiology and molecular  
characterization of isolates. J Clin Virol. 2009;44:129–33. 
https://doi.org/10.1016/j.jcv.2008.11.006

10. Terzian ACB, Bronzoni RVM, Drumond BP, Da Silva-Nunes M, 
Santos da Silva N, Ferreira MU, et al. Sporadic Oropouche 
virus infection, acre, Brazil. Emerg Infect Dis. 2009;15:348–50. 
https://doi.org/10.3201/eid1502.080401

11. Mourão MPG, Bastos MS, Gimaqu JBL, Mota BR, Souza GS, 
Grimmer GHN, et al. Oropouche fever outbreak, Manaus, 
Brazil, 2007–2008. Emerg Infect Dis. 2009;15:2063–4.  
https://doi.org/10.3201/eid1512.090917

12. Azevedo RS, Nunes MRT, Chiang JO, Bensabath G,  
Vasconcelos HB, Pinto AYDN, et al. Reemergence of  
Oropouche fever, northern Brazil. Emerg Infect Dis. 
2007;13:912–5. https://doi.org/10.3201/eid1306.061114

13. Pan American Health Organization, World Health  
Organization. Epidemiological alert. Oropouche in the  
Region of the Americas: vertical transmission event  
under investigation in Brazil—July 17, 2024. 2024 [cited  
2025 Apr 17]. https://www.paho.org/pt/documentos/ 
alerta-epidemiologico-oropouche-na-regiao-das-americas-
evento-transmissao-vertical-sob

14. Naveca FG, Almeida TAP, Souza V, Nascimento V,  
Silva D, Nascimento F, et al. Human outbreaks of a novel  
reassortant Oropouche virus in the Brazilian Amazon  
region. Nat Med. 2024;30:3509–21. https://doi.org/10.1038/
s41591-024-03300-3

15. Scachetti GC, Forato J, Claro IM, Hua X, Salgado BB,  
Vieira A, et al. Re-emergence of Oropouche virus between 
2023 and 2024 in Brazil: an observational epidemiological  
study. Lancet Infect Dis. 2025;25:166–75. https://doi.org/ 
10.1016/S1473-3099(24)00619-4

16. Moreira FRR, Dutra JVR, de Carvalho AHB, Reis CR,  
Rios JSH, Ribeiro MO, et al. Oropouche virus genomic 
surveillance in Brazil. Lancet Infect Dis. 2024;24:e664–6. 
https://doi.org/10.1016/S1473-3099(24)00558-9

17. Gräf T, Delatorre E, do Nascimento Ferreira C, Rossi A,  
Santos HGG, Pizzato BR, et al.; OROV Study Group.  
Expansion of Oropouche virus in non-endemic Brazilian 
regions: analysis of genomic characterisation and  
ecological drivers. Lancet Infect Dis. 2025;25:379–89.  
https://doi.org/10.1016/S1473-3099(24)00687-X

18. Bandeira AC, Pereira FM, Leal A, Santos SPO, Barbosa AC, 
Souza MSPL, et al. Fatal Oropouche virus infections in  
nonendemic region, Brazil, 2024. Emerg Infect Dis. 
2024;30:2370–4. https://doi.org/10.3201/eid3011.241132

19. das Neves Martins FE, Chiang JO, Nunes BTD, Ribeiro BFR, 
Martins LC, Casseb LMN, et al. Newborns with  
microcephaly in Brazil and potential vertical  
transmission of Oropouche virus: a case series. Lancet  
Infect Dis. 2025; 25:155–65. https://doi.org/10.1016/ 
S1473-3099(24)00617-0

20. Garcia Filho C, Lima Neto AS, Maia AMPC, da Silva LOR, 
Cavalcante RDC, Monteiro HDS, et al. A case of vertical 
transmission of Oropouche virus in Brazil. N Engl J Med. 
2024;391:2055–7. https://doi.org/10.1056/NEJMc2412812

21. Secretaria de Vigilância em Saúde e Ambiente, Ministério da 
Saúde. Monitoring of arboviruses and closing balance of the 
Emergency Operations Committee (COE) dengue and other 
arboviruses 2024 [in Portuguese]. Boletim Epidemiológico vol. 
55, no. 11. 2024 [cited 2025 Apr 17]. https://www.gov.br/
saude/pt-br/centrais-de-conteudo/publicacoes/boletins/
epidemiologicos/edicoes/2024/boletim-epidemiologico-
volume-55-no-11.pdf/view

22. Galeano EAV, Padovan MP, de Figueiredo MRP,  
Takemoto ACK, Maioli HRO. Performance of agricultural 
production in Espírito Santo from 2010 to 2022 [in  
Portuguese]. Vitoria, Brazil: Incaper (Instituto Capixaba de 
Pesquisa, Assistência Técnica e Extensão Rural); 2024  
[cited 2025 Apr 17]. https://biblioteca.incaper.es.gov.br/
digital/bitstream/item/4703/1/Doc311-Desempenhoda 
ProducadoES-Incaper.pdf

23. Naveca FG, Nascimento VAD, Souza VC, Nunes BTD,  
Rodrigues DSG, Vasconcelos PFDC. Multiplexed reverse 
transcription real-time polymerase chain reaction for  
simultaneous detection of Mayaro, Oropouche, and  
Oropouche-like viruses. Mem Inst Oswaldo Cruz. 
2017;112:510–3. https://doi.org/10.1590/0074-02760160062

24. Instituto Brasileiro de Geografia e Estatística. 2022 Census. 
2025 [cited 2025 Apr 17]. https://www.ibge.gov.br/en/ 
statistics/social/labor/22836-2022-census-3.html

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1187

https://doi.org/10.1099/jgv.0.002034
https://doi.org/10.3390/v10040175
https://doi.org/10.4269/ajtmh.16-0672
https://doi.org/10.1016/S1473-3099(23)00740-5
https://doi.org/10.1371/journal.pone.0246932
https://doi.org/10.1371/journal.pone.0246932
https://doi.org/10.1146/annurev-virology-100422-024648
https://doi.org/10.1038/s41579-021-00639-z
https://doi.org/10.1371/currents.outbreaks.7d65e5eb6ef75664da68905c5582f7f7
https://doi.org/10.1371/currents.outbreaks.7d65e5eb6ef75664da68905c5582f7f7
https://doi.org/10.1016/j.jcv.2008.11.006
https://doi.org/10.3201/eid1502.080401
https://doi.org/10.3201/eid1512.090917
https://doi.org/10.3201/eid1306.061114
https://www.paho.org/pt/documentos/
https://doi.org/10.1038/s41591-024-03300-3
https://doi.org/10.1038/s41591-024-03300-3
https://doi.org/10.1016/S1473-3099(24)00619-4
https://doi.org/10.1016/S1473-3099(24)00619-4
https://doi.org/10.1016/S1473-3099(24)00558-9
https://doi.org/10.1016/S1473-3099(24)00687-X
https://doi.org/10.3201/eid3011.241132
https://doi.org/10.1016/S1473-3099(24)00617-0
https://doi.org/10.1016/S1473-3099(24)00617-0
https://doi.org/10.1056/NEJMc2412812
https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/epidemiologicos/edicoes/2024/boletim-epidemiologico-volume-55-no-11.pdf/view
https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/epidemiologicos/edicoes/2024/boletim-epidemiologico-volume-55-no-11.pdf/view
https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/epidemiologicos/edicoes/2024/boletim-epidemiologico-volume-55-no-11.pdf/view
https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/epidemiologicos/edicoes/2024/boletim-epidemiologico-volume-55-no-11.pdf/view
https://biblioteca.incaper.es.gov.br/digital/bitstream/item/4703/1/Doc311-Desempenhoda
https://biblioteca.incaper.es.gov.br/digital/bitstream/item/4703/1/Doc311-Desempenhoda
https://doi.org/10.1590/0074-02760160062
https://www.ibge.gov.br/en/
http://www.cdc.gov/eid


RESEARCH

25. Instituto Brasileiro de Geografia e Estatística. Geosciences 
downloads. 2025 [cited 2025 Apr 17]. https://www.ibge.gov.
br/en/geosciences/downloads-geosciences.html

26. Instituto Brasileiro de Geografia e Estatística.  
Census of agriculture 2017. 2025 [cited 2025 Apr 17].  
https://censoagro2017.ibge.gov.br

27. Pinheiro FP, Travassos da Rosa AP, Travassos da Rosa JF, 
Ishak R, Freitas RB, Gomes ML, et al. Oropouche virus.  
Am J Trop Med Hyg. 1981;30:149–60. https://doi.org/ 
10.4269/ajtmh.1981.30.149

28. Mellor PS, Boorman J, Baylis M. Culicoides biting midges: their 
role as arbovirus vectors. Annu Rev Entomol. 2000;45:307–40. 
https://doi.org/10.1146/annurev.ento.45.1.307

29. McGregor BL, Connelly CR, Kenney JL. Infection,  
dissemination, and transmission potential of North  
American Culex quinquefasciatus, Culex tarsalis, and Culicoides 
sonorensis for Oropouche virus. Viruses. 2021;13:226.  
https://doi.org/10.3390/v13020226

30. Ferguson NM, Cucunubá ZM, Dorigatti I, Nedjati-Gilani GL,  
Donnelly CA, Basáñez MG, et al. Countering the Zika  
epidemic in Latin America. Science. 2016;353:353–4.  
https://doi.org/10.1126/science.aag0219

31. Caicedo EY, Charniga K, Rueda A, Dorigatti I, Mendez Y,  
Hamlet A, et al. The epidemiology of Mayaro virus in the 
Americas: A systematic review and key parameter estimates 
for outbreak modelling. PLoS Negl Trop Dis. 2021;15:e0009418. 
https://doi.org/10.1371/journal.pntd.0009418

32. Cori A, Ferguson NM, Fraser C, Cauchemez S. A new  
framework and software to estimate time-varying  
reproduction numbers during epidemics. Am J Epidemiol. 
2013;178:1505–12. https://doi.org/10.1093/aje/kwt133

33. da Silva AF, da Silva Neto AM, Aksenen CF, Jeronimo PMC, 
Dezordi FZ, Almeida SP, et al. ViralFlow v1.0-a  
computational workflow for streamlining viral genomic  
surveillance. NAR Genom Bioinform. 2024;6:lqae056. 
https://doi.org/10.1093/nargab/lqae056

34. Katoh K, Standley DM. MAFFT multiple sequence alignment  
software version 7: improvements in performance and  
usability. Mol Biol Evol. 2013;30:772–80. https://doi.org/ 
10.1093/molbev/mst010

35. Ronquist F, Teslenko M, van der Mark P, Ayres DL,  
Darling A, Höhna S, et al. MrBayes 3.2: efficient Bayesian 
phylogenetic inference and model choice across a large  
model space. Syst Biol. 2012;61:539–42. https://doi.org/ 
10.1093/sysbio/sys029

36. Metsky HC, Matranga CB, Wohl S, Schaffner SF, Freije CA, 
Winnicki SM, et al. Zika virus evolution and spread in the 
Americas. Nature. 2017;546:411–5. https://doi.org/10.1038/
nature22402

37. Souza TML, Vieira YR, Delatorre E, Barbosa-Lima G,  
Luiz RLF, Vizzoni A, et al. Emergence of the East-Central-
South-African genotype of Chikungunya virus in Brazil and 
the city of Rio de Janeiro may have occurred years before 
surveillance detection. Sci Rep. 2019;9:2760. https://doi.org/ 
10.1038/s41598-019-39406-9

38. Kramer LD, Ciota AT, Kilpatrick AM. Introduction, Spread, 
and Establishment of West Nile Virus in the Americas. J Med 
Entomol. 2019;56:1448–55. https://doi.org/10.1093/jme/tjz151

39. Segura NA, Muñoz AL, Losada-Barragán M, Torres O, 
Rodríguez AK, Rangel H, et al. Minireview: epidemiological 
impact of arboviral diseases in Latin American countries, 

arbovirus-vector interactions and control strategies.  
Pathog Dis. 2021;79:ftab043. https://doi.org/10.1093/ 
femspd/ftab043

40. Kucharski AJ, Funk S, Eggo RM, Mallet HP, Edmunds WJ, 
Nilles EJ. Transmission dynamics of Zika virus in island 
populations: a modelling analysis of the 2013–14 French 
Polynesia outbreak. PLoS Negl Trop Dis. 2016;10:e0004726. 
https://doi.org/10.1371/journal.pntd.0004726

41. Nishiura H, Mizumoto K, Villamil-Gómez WE,  
Rodríguez-Morales AJ. Preliminary estimation of the basic 
reproduction number of Zika virus infection during  
Colombia epidemic, 2015–2016. Travel Med Infect Dis. 
2016;14:274–6. https://doi.org/10.1016/j.tmaid.2016.03.016

42. Carvalho VL, Azevedo RSS, Carvalho VL, Azevedo RS,  
Henriques DF, Cruz ACR, et al. Arbovirus outbreak in a 
rural region of the Brazilian Amazon. J Clin Virol. 2022; 
150-151:105155. https://doi.org/10.1016/j.jcv.2022.105155

43. Silva-Caso W, Aguilar-Luis MA, Palomares-Reyes C,  
Mazulis F, Weilg C, Del Valle LJ, et al. First outbreak of  
Oropouche fever reported in a non-endemic western  
region of the Peruvian Amazon: molecular diagnosis and 
clinical characteristics. Int J Infect Dis. 2019;83:139–44. 
https://doi.org/10.1016/j.ijid.2019.04.011

44. Vaughn DW, Green S, Kalayanarooj S, Innis BL,  
Nimmannitya S, Suntayakorn S, et al. Dengue viremia  
titer, antibody response pattern, and virus serotype  
correlate with disease severity. J Infect Dis. 2000;181:2–9.  
https://doi.org/10.1086/315215

45. Bhatt P, Jayaram A, Varma M, Mukhopadhyay C.  
Kinetics of dengue viremia and its association with disease 
severity: an ambispective study. Virusdisease. 2024;35:250–9. 
https://doi.org/10.1007/s13337-024-00872-z

46. Brugger K, Rubel F. Characterizing the species composition 
of European Culicoides vectors by means of the Köppen- 
Geiger climate classification. Parasit Vectors. 2013;6:333. 
https://doi.org/10.1186/1756-3305-6-333

47. Feitoza LHM, de Carvalho LPC, da Silva LR, Meireles ACA, 
Rios FGF, Silva GS, et al. Influence of meteorological and  
seasonal parameters on the activity of Culicoides paraensis 
(Diptera: Ceratopogonidae), an annoying anthropophilic 
biting midge and putative vector of Oropouche virus in 
Rondônia, Brazilian Amazon. Acta Trop. 2023;243:106928. 
https://doi.org/10.1016/j.actatropica.2023.106928

48. Prefeitura de Marechal Floriano. Anchieta, Alfredo Chaves 
and Marechal unite to try to fight the advance of the maruim. 
2024 [cited 2025 Apr 17]. https://www.marechalfloriano.
es.gov.br/anchieta-alfredo-chaves-e-marechal-se-unem- 
para-tentar-combater-avanco-do-maruim

49. Barcellos Madeira Rosa Y, Tamanini Silva Moschen H, 
Loss AC, Cardoso da Silva TC, Brioschi Dos Santos AP, 
Caetano Pimenta B, et al. Climate change impacts on dengue 
transmission areas in Espírito Santo state, Brazil. Oxf Open 
Immunol. 2024;5:iqae011. https://doi.org/10.1093/oxfimm/
iqae011

Address for correspondence: Edson Delatorre, Laboratório 
de Genômica e Ecologia Viral, Centro de Ciências da Saúde, 
Universidade Federal do Espírito Santo, Av. Marechal  
Campos, 1468–Maruípe, 29.040-090, Vitória, ES, Brazil;  
email: edson.delatorre@ufes.br

1188 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025

https://www.ibge.gov.br/en/geosciences/downloads-geosciences.html
https://www.ibge.gov.br/en/geosciences/downloads-geosciences.html
https://censoagro2017.ibge.gov.br
https://doi.org/10.4269/ajtmh.1981.30.149
https://doi.org/10.4269/ajtmh.1981.30.149
https://doi.org/10.1146/annurev.ento.45.1.307
https://doi.org/10.3390/v13020226
https://doi.org/10.1126/science.aag0219
https://doi.org/10.1371/journal.pntd.0009418
https://doi.org/10.1093/aje/kwt133
https://doi.org/10.1093/nargab/lqae056
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1038/nature22402
https://doi.org/10.1038/nature22402
https://doi.org/10.1038/s41598-019-39406-9
https://doi.org/10.1038/s41598-019-39406-9
https://doi.org/10.1093/jme/tjz151
https://doi.org/10.1093/femspd/ftab043
https://doi.org/10.1093/femspd/ftab043
https://doi.org/10.1371/journal.pntd.0004726
https://doi.org/10.1016/j.tmaid.2016.03.016
https://doi.org/10.1016/j.jcv.2022.105155
https://doi.org/10.1016/j.ijid.2019.04.011
https://doi.org/10.1086/315215
https://doi.org/10.1007/s13337-024-00872-z
https://doi.org/10.1186/1756-3305-6-333
https://doi.org/10.1016/j.actatropica.2023.106928
https://www.marechalfloriano.es.gov.br/anchieta-alfredo-chaves-e-marechal-se-unem-
https://www.marechalfloriano.es.gov.br/anchieta-alfredo-chaves-e-marechal-se-unem-
https://doi.org/10.1093/oxfimm/iqae011
https://doi.org/10.1093/oxfimm/iqae011
mailto:edson.delatorre@ufes.br
http://www.cdc.gov/eid


Author affiliations: University of California, Irvine, Orange,  
California, USA (A.S. Ribeiro); University of Colorado School of 
Medicine, Aurora, Colorado, USA (A.S. Ribeiro, A.B. Wolf);  
National Institutes of Health, National Institute of Diabetes,  
Digestive and Kidney Diseases, Bethesda, Maryland, USA  
(E.W. Leschek); Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA (L.B. Schonberger, J.Y. Abrams,  

R.A. Maddox); Case Western Reserve University, National  
Prion Disease Pathology Surveillance Center, Cleveland, Ohio, 
USA (B.S Appleby, K. Glisic); University Hospitals Cleveland  
Medical Center, Cleveland (B.S. Appleby, K. Glisic); University of 
Colorado Anschutz Medical Campus, Aurora (A. Carlson,  
E. Matthews)
DOI: https://doi.org/10.3201/eid3106.241519

Prion diseases are fatal neurodegenerative disor-
ders caused by pathogenic misfolded prion protein  

(PrPSc). PrPSc induces surrounding normal proteins to 
misfold, leading to a pathologic misfolding cascade that 
results in widespread neuronal cell death. Creutzfeldt-
Jakob disease (CJD) is a prion disease that is consid-
ered transmissible because iatrogenic PrPSc exposure in 
specific circumstances can trigger the disease.  

The 3 forms of CJD are defined according to the 
mechanism by which PrPSc is acquired: sporadic 
(sCJD), iatrogenic (iCJD), and genetic (gCJD) (1,2). 
sCJD generally has a slower primarily cognitive 
nonfocal onset, but iCJD progresses rapidly with fo-
cal symptoms such as ataxia and jerky movements 
(1). iCJD has been a particular public health con-
cern because of the potential for outbreaks. A well-
described cause of iCJD is cadaveric human growth 
hormone (chGH), which was used to treat growth 
failure in ≈7,700 US patients during the 1960s 
through the 1980s through the National Hormone 
Pituitary Program (NHPP) (3). We report a case of 

iCJD after a long latency period in a patient treated 
with chGH in the 1970s.

The Study
A 58-year-old woman was evaluated for a 2-week his-
tory of gait imbalance and tremors. Her medical his-
tory was notable for depression, cervical spine fusion, 
and idiopathic panhypopituitarism. She received 
chGH treatment for 9.3 years through NHPP, starting 
in late 1971 at 7 years of age.

Initial neurologic examination revealed frequent 
lateral movements of the head and trunk and hand 
movements that were irregular in amplitude and fre-
quency without a null point that resolved with dis-
traction. The examination was otherwise unremark-
able, including gait evaluation, despite subjective gait 
impairment. The attending physician favored a diag-
nosis of functional neurologic disorder.

Brain and cervical spine contrast magnetic reso-
nance imaging (MRI) at initial examination was 
unremarkable (Figure 1, panels A, B). Mayo Clinic 
Autoimmune Movement Disorders Panel and HIV 
screening results were negative, and copper, vitamin 
E, and vitamin B12 levels were within reference rang-
es. The patient was referred to the movement disor-
ders clinic and advised to start physical therapy and 
continue psychological treatment.

Over the next 4 weeks, urinary incontinence, 
worsening tremors, decreased speech output, and gait 
disturbance developed. She returned to the hospital 
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We report a case of iatrogenic Creutzfeldt-Jakob dis-
ease (iCJD) after a 48.3-year incubation period in a 
patient treated with cadaveric human growth hormone. 
iCJD was pathologically confirmed; genetic analy-
sis was negative for pathogenic mutations. Clinicians 
should consider iCJD in patients with progressive neu-
rologic signs who had received cadaveric human growth 
hormone treatment.
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with tachypnea, hyperekplexia, and appendicular 
rigidity. Her respiratory status and alertness rapidly 
declined, and she required intubation. Over several 
days, both stimulus-induced and spontaneous myoc-
lonus developed, and she remained comatose. 

A repeat brain MRI 2 months after the initial MRI 
demonstrated subtle areas of symmetric T2 hyperin-
tensity in the insulae and frontotemporal lobes and 
deep gray structures with diffusion restriction along 
the bilateral insulae and caudate heads without gado-
linium enhancement (Figure 1, panels C, D). Continu-
ous electroencephalogram showed frequent 1–2.5 Hz 
generalized periodic discharges lasting 3–9 seconds. 
Antinuclear antibody level was mildly positive at 
1:160; all other serum test results, including autoan-
tibody evaluations, were unremarkable. Cerebrospi-
nal fluid viral and autoantibody results were nega-
tive. Oligoclonal bands were absent. Prion testing, 
performed at the National Prion Disease Pathology 
Surveillance Center (NPDPSC), Case Western Re-
serve University (Cleveland, Ohio), revealed elevated 
total τ of 9,104 pg/mL (reference <1,149 pg/mL) and 
elevated 14-3-3 protein level of 30,868 AU/mL (ref-
erence <1,999 AU/mL); real-time quaking-induced 
conversion assay was positive for prions. In accor-
dance with her predetermined wishes, the patient 
was palliatively extubated and died. 

Autopsy performed at NPDPSC confirmed CJD 
by Western blot and immunohistochemistry analysis 
on brain tissue. PRNP genetic analysis was negative 
for pathogenic mutations, supporting a diagnosis of 
iCJD in the context of prior chGH treatment. The pa-
tient had a methionine/valine (M/V) polymorphism 
at codon 129 of the PRNP gene, which has been asso-
ciated with longer latency periods in acquired human 
prion disease (1,4).

Cases of iCJD linked to chGH were first rec-
ognized in the United States in 1985 (1,4,5). Those  

reported iCJD cases led to the immediate cessation of 
chGH production and administration by the NHPP. 
Shortly thereafter, chGH was replaced with recombi-
nant (biosynthetic) human growth hormone. Never-
theless, the iCJD outbreak linked to chGH continued 
because the latency period could be long among some 
previous chGH recipients. Latency or incubation pe-
riods for prion diseases have been shown to be vari-
able and depend upon multiple factors, including the 
infectious particle dose, because higher doses are as-
sociated with shorter latency; route of infection, be-
cause central nervous system exposures are generally 
associated with shorter latency than peripheral expo-
sures; and recipient genetics, particularly the codon 
129 polymorphism in the PRNP gene (6). This patient 
was the 36th identified iCJD case among US NHPP 
chGH recipients and the 254th chGH-associated iCJD 
case reported worldwide as of January 2024 (3).

Determining the precise latency period for 
chGH-associated iCJD cases is often impossible be-
cause chGH exposure typically occurred over many 
years. Thus, latency must be estimated using one 
of several methods. First, latency can be calculated 
from the first dose of chGH to the onset of iCJD 
symptoms, which provides the maximum possible 
latency period. Second, latency can be estimated by 
calculating time from the midpoint of chGH treat-
ment to iCJD symptom onset and is a standard esti-
mate method used in other studies (7). Third, latency 
can be calculated as the time between the last dose 
of chGH and the onset of symptoms, which provides 
the minimum possible latency period. A final way 
to estimate latency is to use the midpoint of chGH 
treatment calculated from the first chGH dose to the 
end of 1977; then, latency is calculated between that 
midpoint and symptom onset. The reason for con-
sidering that method of calculation involves the epi-
demiology of the US outbreak, which suggests that 
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Figure 1. Magnetic resonance imaging of the brain from a case of cadaveric human growth hormone–associated Creutzfeldt-Jakob 
disease with long latency period, United States. A, B) Images obtained at initial clinical examination were unremarkable. C, D) Images 
obtained 3 months later demonstrated subtle areas of symmetric T2 hyperintensity in the insulae and frontotemporal lobes (C) and deep 
gray structures with diffusion restriction along the bilateral insulae and caudate heads without gadolinium enhancement (D).
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the most likely source of iCJD infection came from 
chGH administered before or during 1977, even 
though most of the ≈7,700 NHPP recipients started 
chGH treatment after 1977 (8). Of note, none of the 
36 US iCJD cases exclusively received post-1977 
chGH, likely because the NHPP developed a new 
laboratory method to extract chGH from pituitary 
glands in 1977. That method included column pu-
rification to separate and collect multiple hormones 
from the glands, a procedure now known to have 
greatly reduced prion contamination (3,8). 

We performed all 4 latency estimate calculations 
for our patient. First dose of chGH to symptom onset 
was 51.3 years, midpoint of chGH treatment to symp-
tom onset was 46.7 years, last dose of chGH to symp-
tom onset was 42.1 years, and midpoint of pre-1978 
chGH to symptom onset was 48.3 years. We com-
pared our patient’s latency estimate calculation to all 
US chGH-associated iCJD cases (Figure 2), and given 
the evidence implicating pre-1978 chGH, we consid-
ered the final method to provide the most accurate 
estimate of 48.3 years latency.

Conclusions
In the ongoing US iCJD outbreak resulting from 
chGH, the shortest estimated latency was 10 years, 
whereas among the first 226 cases reported interna-
tionally, the shortest latency was 5 years, suggest-
ing a lower level of prion contamination in the US 
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NHPP-distributed chGH (9). In addition, experi-
mental transmission studies in nonhuman primates 
using samples from all 76 lots of chGH retained on 
file at the US NHPP demonstrated that prion con-
tamination was rare, random, and at a low level (10). 
That low level of contamination, the purification 
step introduced in the United States in 1977, and the 
peripheral route of administration created an envi-
ronment that would be expected to result in longer 
latency periods. 

Although the US iCJD outbreak has slowed sub-
stantially, the potential for new cases remains, par-
ticularly among persons who are heterozygous M/V 
at codon 129 of the PRNP gene. Clinicians should 
recognize the continued possibility of chGH-associ-
ated CJD cases and include iCJD in the differential 
diagnosis for anyone with new neurologic symp-
toms and prior chGH exposure, particularly patients 
exposed to chGH before the 1977 updated purifica-
tion process. 
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Figure 2. Comparison of latency 
estimates among US cases in a 
study of chGH-associated CJD 
with long latency period, United 
States. The patient in this report 
(current CJD case) was treated 
with chGH for 9.3 years starting in 
late 1971 at 7 years of age, and 
neurologic symptoms developed 
when she was 58 years of age. 
We used data from all 36 US 
cases of chGH-associated CJD to 
compare estimates of CJD latency 
periods via 4 methods: first dose 
of chGH to symptom onset (red), 
midpoint of chGH treatment to 
symptom onset (green), last dose 
of chGH to symptom (blue), and 
midpoint of pre-1978 chGH to 
symptom onset (purple). Using 
those 4 methods, we believe 
the last (purple box plot) to be 
the most accurate, giving a best 
estimate of 48.3 years for our 
patient’s latency period. Black 
dots indicate other CJD cases, box top and bottoms indicate 25th and 75th percentiles, horizontal lines inside boxes indicate medians, 
and whiskers extend to the furthest observed points within 1.5 times the interquartile range from the 25th and 75th percentiles. chGH, 
cadaveric human growth hormone; CJD, Creutzfeldt-Jakob disease.
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Rickettsia typhi is a fleaborne bacterium that causes 
murine typhus, an acute undifferentiated febrile 

illness, in humans (1). The organism is classically 
maintained by rats and transmitted by their fleas 
(Xenopsylla cheopis). In the United States, the incidence 
of murine typhus drastically fell after campaigns to 
control rat fleas with DDT (2). In the past decade, mu-
rine typhus has reemerged in the United States and 
alarmingly increased in incidence and geographic 
distribution (3). In endemic areas of North America, 
murine typhus has been associated with a transmis-
sion cycle involving opossums (Didelphis virginiana) 
and cat fleas (Ctenocephalides felis) (1). 

One way to reduce murine typhus is field-based 
control of fleas that transmit R. typhi to humans. Spi-
nosad (Comfortis; Elanco, https://farmanimal.elan-
co.com) is an orally ingested medication (comprising 
spinosyn A and spinosyn D) approved for use in dogs 
and cats. A single monthly dose is highly effective in 
killing fleas by activating nicotinic acetylcholine recep-
tors, leading to flea paralysis and death (4). We tested 
effectiveness of spinosad for killing fleas on opos-
sums in a murine typhus–endemic area. The study 
was approved by the University of Texas Medical 
Branch Institutional Animal Care and Use Committee  

(protocol no. 2104030) and Texas Parks and Wildlife 
(scientific permit no. SPR-1020154).

The Study
To capture opossums, we deployed Havahart 1-door 
cage traps (81 cm × 31 cm × 25 cm) (Woodstream 
Corporation, https://www.woodstream.com) in 
Galveston, Texas, USA, during evening hours. 
We conducted 2 arms, comprising an experimen-
tal group and a control group. In the experimental 
group, we baited traps with canned cat food mixed 
with a crushed 270-mg spinosad tablet. In the con-
trol group, we trapped opossums using cat food 
without spinosad in the bait. 

Spinosad starts to kill fleas within 30 minutes, and 
studies show it can kill 100% of fleas within 4 hours 
of ingestion in dogs and within 24 hours in cats (4). 
To collect dead fleas fallen from opossums, we placed 
a white terrycloth towel (160 cm × 84 cm) under the 
trap (Figure, panel A; Video, https://wwwnc.cdc.
gov/EID/article/31/6/24-1817-V1.htm). To ensure 
trapped opossums ingested bait at least 2 hours be-
fore flea collection, we checked traps between 4 am 
and 6 am the morning after setting.

We used intramuscular ketamine (30 mg/kg) to 
anesthetize trapped opossums. After adequate seda-
tion, we collected fleas by combing through the fur 
with a flea comb (Hartz, https://www.hartz.com) for 
15 minutes, then placed fleas on masking tape and se-
cured in sealable plastic storage bags (Figure, panels 
B–D). After we collected fleas from the anesthetized 
opossum, we collected fleas from the towel. During 
collections, we observed flea activity and considered 
moving fleas to be alive and fleas without movement 
to be dead. All opossums recovered uneventfully 
from anesthesia and were released at a distant site to 
avoid subsequent trapping of the same animal. We 
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caught 3 off-target species (1 raccoon and 2 cats) and 
released those animals on-site without intervening 
procedures. 

We captured 9 opossums over 19 trap nights: 5 in 
the experimental group and 4 in control group (Table 
1). Six (66.7%) were female and 3 (33.3%) were male. 
The mean weight was 2.1 kg. All opossums com-
pletely ingested food within the trap. We observed 
fleas on all 9 opossums. Among the opossums that 
ingested spinosad, fleas were largely immobile and 
easily combed from fur; fleas were also numerous 
on the towel and were easily collected and bagged 
(Figure, panels C, D). In contrast, fleas in the control 
group moved rapidly within the opossums’ fur; were 

difficult to comb off, often jumping off the comb; 
and would frequently escape from the tape after  
being bagged. 

We examined collected fleas with a dissecting 
microscope and identified flea species by taxonomic 
key (5). We pooled fleas (dead and alive) in groups 
of 5–20 fleas based on the animal from which they 
were collected. We homogenized a subset of pools 
from each opossum and extracted DNA, as previous-
ly described (6). We used a multiplex real-time PCR 
to amplify and identify R. typhi and R. felis from flea 
homogenates (7).

We compared the proportion of dead fleas from 
the experimental and control groups. Because those 
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Figure. Trapping and flea 
collection in a study of use of 
oral flea preventive to control 
Rickettsia typhi–infected fleas on 
reservoir opossums, Galveston, 
Texas, USA, 2023–2024. 
A) Trapped opossum; B) 
anesthetized opossum being 
combed for fleas; C) masking 
tape displaying collected 
fleas; D) sealable plastic bag 
containing fleas from a single 
opossum. To determine the 
effectiveness of spinosad 
(Elanco, https://farmanimal.
elanco.com) as a flea-killing 
agent on opossums, cage traps 
were baited with canned cat 
food mixed with a crushed 270-
mg spinosad flea control tablet 
for the experimental group and 
cat food without flea control for 
opossums in the control group. 
Fleas collected from opossums 
ingesting spinosad were almost 
uniformly dead; thus, they were 
straightforward to collect, easy to 
organize when placed on tape, 
and remained affixed to the tape (panels C, D). On the contrary, fleas in the control group were uniformly alive when collected, moved 
vigorously, and could not be affixed to the tape in an organized row-by-row manner, as seen for fleas in the experimental group.

 
Table 1. Summary of fleas collected from opossums in a study of use of oral flea preventive to control Rickettsia typhi–infected fleas 
on reservoir opossums, Galveston, Texas, USA, 2023–2024* 
Opossum no. Group Total no. fleas No. live fleas No. dead fleas Proportion dead fleas 
1 Experimental 87 7 80 0.920 
3 Experimental 8 0 8 1 
5 Experimental 715 1 714 0.999 
6 Experimental 595 3 592 0.995 
8 Experimental 247 2 245 0.992 
2 Control 5 5 0 0 
4 Control 54 54 0 0 
7 Control 89 89 0 0 
9 Control 247 247 0 0 
Total  2,047 408 1,639  
*Opossums in the experimental group were captured by using traps baited with canned cat food mixed with a crushed 270-mg spinosad flea control tablet 
(Elanco, https://farmanimal.elanco.com); opossums in the control group were trapped in the same manner but did not receive spinosad. For both groups, 
opossums were sedated and combed for fleas, which we determined to be alive (moving) or dead (no movement). 
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proportions were bounded by 0 and 1, we transformed 
proportions by taking the arcsine of their square root 
(8). We needed sample sizes of at least 3 opossums 
in the experimental and 2 in the control groups to 
achieve 82% power to reject the null hypothesis with 
a significance level (α) of 0.05 using a 2-sided 2-sam-
ple equal-variance t-test. We determined rates of R. 
typhi and R. felis flea infection by using previously de-
scribed methods (9) (Appendix, https://wwwnc.cdc.
gov/EID/article/31/6/24-1817-App1.pdf).

We collected a total of 2,047 fleas and identified 
all as Ct. felis. The proportion of dead fleas from opos-
sums in the experimental group was 0.98 (range 0.92–
1) compared with 0 (p<0.001) in the control group 
(Table 1). 

We tested 71 pools (comprising 744 fleas) by PCR; 
11 pools demonstrated R. typhi DNA, and 23 pools 
demonstrated R. felis DNA (Table 2). Those find-
ings correspond to an infection rate of 1.3% (95% CI 
0.7–2.2) for R. typhi and 3.2% (95% CI 2.2–7.9) for R. 
felis. Sequenced PCR products of portions of rickett-
sial htrA (GenBank accession no. PQ625781) and sca5 
(GenBank accession no. PQ625780) of an R. typhi–in-
fected flea pool detected by real-time PCR confirmed 
100% homology with R. typhi Wilmington type strain.

Conclusions
In this study, we showed that commercially available 
spinosad (approximately $20 per tablet) effectively 
kills fleas infesting opossums. The observed animals 
readily fed on bait laced with the medication, and al-
most 100% of collected fleas were found dead at least 
2 hours after opossums ingested the preventive. Al-
though spinosad caused mild side effects (e.g., vomit-
ing) in dogs and cats in controlled studies (4), little 
data on adverse effects in other species are available. 
Although we noticed no ill effects in opossums in this 
study, the sample size was small. 

Consistent with other areas of the United States 
where murine typhus is endemic, we detected R. 

typhi in cat fleas collected from opossums (6,10). In 
contrast, other reports show few fleas collected from 
domestic cats are infected with R. typhi (11,12). 

Targeted efforts to control rat fleas via application 
of DDT on rat runs and harborages during the 1940s 
and 1950s exemplify how vector control can break the 
cycle of vectorborne disease transmission. In 1944, 
murine typhus peaked at 5,401 reported cases, but 
that number fell to <100 reported cases annually by 
the mid-1950s after introduction of DDT (2,3). How-
ever, the effects of DDT seemed to have little spill-
over into opossums (13), and the lingering low-level 
endemicity of murine typhus in the United States was 
eventually attributed to an alternate R. typhi trans-
mission cycle involving opossums and cat fleas (1,3). 
Those findings support the need to focus flea control 
efforts on opossums in murine typhus endemic areas 
of the United States. More research is required to in-
vestigate the proposed methods’ feasibility, effective-
ness in nonexperimental conditions, logistics and tox-
icity among nontarget species, and effects on disease 
transmission in murine typhus endemic areas. For 
instance, in high-burden disease locations, field-de-
ployable methods could include manual dispersion 
of spinosad-impregnated food pellets or timed-re-
lease dispenser stations placed at strategic distances.

In conclusion, the growing distribution and in-
cidence of murine typhus in the United States are a 
call to develop and implement integrated pest control 
strategies to aid public health prevention (14,15). We 
found that oral flea preventive effectively controlled 
R. typhi flea vectors in reservoir opossums. The pro-
posed method could be used to control vector fleas 
among reservoir hosts and reduce risk for murine ty-
phus in humans.
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Table 2. Summary of pooled fleas tested in a study of use of oral flea preventive to control Rickettsia typhi–infected fleas on reservoir 
opossums, Galveston, Texas, USA, 2023–2024* 

Opossum no. Total no. fleas No. pools tested 
No. positive pools  Infection rate, % (95% CI) 

R. typhi R. felis R. typhi R. felis 
1 50 10 0 2  0 (0–6.3) 4.2 (0.8–13.3) 
2 0† 0 NA NA  NA NA 
3 8 3 0 0  0 (0–25.3) 0 (0–25.3) 
4 54 12 9 3  24.2 (12.9–42.7) 6.1 (1.6–16.0) 
5 150 10 1 6  0.7 (0–3.3) 5.5 (2.3–12.0) 
6 100 10 1 2  1.0 (0.1–4.9) 2.1 (0.4–6.9) 
7 89 7 0 2  0 (0–3.3) 2.4 (0.5–7.8) 
8 150 10 0 4  0 (0–2.1) 3.2 (1.1–7.8) 
9 143 9 0 4  0 (0–2.2) 3.2 (1.1–7.9) 
Total 744 71 11 23  1.3 (0.7–2.2) 3.2 (2.2–4.6) 
*Flea pools consisted of 5–20 fleas and were tested by duplex real-time PCR for Rickettsia typhi and Rickettsia felis. NA, not applicable 
†Five fleas were found within the fur of opossum 2, but fleas escaped and were not collected. 
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Multidrug-resistant (MDR) Pseudomonas spp. are 
major contributors to life-threatening infec-

tions, especially in severe burn patients. Pseudomonas 
guariconensis was initially isolated from rhizospheric 
soils in 2013 (1) but has since been described in vari-
ous clinical contexts, underscoring its pathogenic 
potential. Clinical manifestations of P. guariconensis 
infections include infective endocarditis (2), necrotiz-
ing fasciitis (3), and asymptomatic bacteriuria with 
a VIM-2 metallo-β-lactamase–producing isolate (4). 
We characterized the molecular mechanism sustain-
ing carbapenem resistance in a clinical P. guariconen-
sis isolate from Tunisia.

The Study 
On May 28, 2023, an 8-year-old child with severe 
high-voltage electric shock burns on 64% of his body 
was admitted to the Center for Traumatology and 
Major Burns, Ben Arous (Tunis, Tunisia). Multiple 
complications developed, including sepsis, urinary 
tract infection, and wound infections, which required 

the administration of broad-spectrum antimicrobial 
drugs (cefotaxime, imipenem, gentamicin, colistin, 
teicoplanin, and fosfomycin). On August 25, 2023, 
we transferred the patient to the burn unit of Sahloul 
Hospital (Sousse, Tunisia), where he received nutri-
tional support with a high-protein high-calorie diet, 
transfusions for anemia, and extensive wound care 
and surgical skin grafting procedures. On September 
20, 2023, after we isolated Morganella morganii, Proteus 
mirabilis, methicillin-susceptible Staphylococcus au-
reus, and glycopeptide-resistant Enterococcus faecium 
from bone fragments, the patient received piperacil-
lin/tazobactam and cotrimoxazole for 21 days. On 
October 12, 2023, positive blood cultures revealed 
an extremely drug-resistant gram-negative bacillus 
we identified as Pseudomonas aeruginosa by Vitek 2.0 
(bioMerieux, https://www.biomerieux.com). We 
conducted matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (Bruker Dal-
tonics, https://www.bruker.com) and identified the 
isolate as P. guariconensis with a score of 1.84.

We determined the MICs of the P. guariconensis 
isolate (65411) by using broth microdilution (Sensiti-
tre; ThermoFisher, https://www.thermofisher.com) 
and interpreted according to clinical breakpoints of 
the Comité de l’Antibiogramme de la Société Fran-
çaise de Microbiologie/European Committee on 
Antimicrobial Susceptibility Testing referential (ver-
sion 2024; https://www.sfm-microbiologie.org/wp-
content/uploads/2024/06/CASFM2024_V1.0.pdf).  
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We report an OXA-204–producing Pseudomonas guar-
iconensis clinical isolate in Tunisia, proving the spread 
of OXA-48 variants beyond Enterobacterales. The  
blaOXA-204 gene was carried on a 119-kb chromosomally 
integrated plasmid fragment, along with multiple addi-
tional resistance genes.  Surveillance, diagnostic tools, 
and antimicrobial drug access are needed to mitigate 
spread of carbapenem-resistant pathogens.
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MIC testing revealed resistance to nearly all antimi-
crobial drugs tested, including ceftolozane/tazobac-
tam (MIC >16 mg/L), imipenem and meropenem 
(MIC >32 mg/L), imipenem/relebactam (MIC >16 
mg/L), meropenem/vaborbactam (MIC >32 mg/L), 
and aztrenoam/avibactam (MIC >16 mg/L), but 
susceptibility to ceftazidime/avibactam (MIC <0.5 
mg/L), cefiderocol (MIC <1 mg/L), and colistin (MIC 
<0.5 mg/L). We adjusted the treatment regimen on 
the basis of antimicrobial drug susceptibility results 
and the availability of medications in Tunisia, where 
cefiderocol and ceftazidime/avibactam are not yet 
available. We administered colistin (150,000 units/
kg; 1 million units 3×/d intravenously for 25 days), 
along with rifampicin (20 mg/kg/d; 450 mg 1×/d in-
travenously for 15 days), resulting in clinical stabili-
zation and improvement.

We reported a negative result when testing P. 
guariconensis 65411 by using a homemade carbaNP 
assay (5) and a positive result for OXA-48–like en-
zymes by using the lateral flow immunoassay NG-
Test Carba 5 assay (NG-Biotech, https://www.
ngbiotech.com) (6). We conducted short-read (Illu-
mina, https://www.illumina.com) and long-read 
(Oxford Nanopore, https://nanoporetech.com) 
whole-genome sequencing to consolidate bacterial 
identification (we confirmed P. guariconensis-like-3 
by using Centrifuge [7]), identify resistance genes 
(Center for Genomic Epidemiology, https://www.
genomicepidemiology.org), and determine the  
blaOXA-48-like genetic environment. We generated 1 
contig of 5.6 Mbp with a guanine-cytosine content 
of 64.1% from a hybrid assembly by using Unicy-
cler 0.5.0 (8), which agreed with the characteristics 
of reference P. guariconensis isolate ASM4082203v1 
(GenBank accession no. GCF_040822035.1). We sub-
mitted the genome of isolate 65411 to the National 
Center for Biotechnology Information Nucleotide 
database (https://www.ncbi.nlm.nih.gov/nuccore; 
Bioproject no. PRJNA1150136).

The resistome of P. guariconensis 65411 contained 
acquired genes conferring resistance to β-lactams 
(blaCMY-16, blaDHA-1, blaOXA-1, blaOXA-10, and blaOXA-204), 
aminoglycosides [aac(6’)Ib-cr, ant(2’’)-Ia, aph(3’’)-Ib, 
aph(3’)-Via, aph(3’)-VIb, aph(6’)-Id], fosfomycin (fosA), 
fluoroquinolones [aac(6’)Ib-cr], and additional anti-
microbial drugs and biocides (catB3, ARR-3, sul1/2, 
qacE). High-level resistance to fluoroquinolones was 
because of a T83I substitution in the quinolone resis-
tance-determining regions of GyrA. The RAST anno-
tation identified an additional chromosome-encoded 
class A β-lactamase gene, named blaGUA-1, displayed 
100% sequence identity with a β-lactamase encoded 

in the genome of a P. guariconensis from the Czech 
Republic (GenBank accession no. UQM99659.1); 72% 
with that of P. fulva (accession no. MBF8778391.1), P. 
mosselii (accession no. WP_345894069.1), and P. soli 
(accession no. UXZ44560.1); and 57% with the extend-
ed-spectrum β-lactamase blaLUT-1 from P. luteola (9). 
All conserved motifs essential for β-lactamase activity 
were preserved, including the serine active site motif 
(S70XXK), the hydrolytic water-binding site (S130DN), 
and the catalytic triad component (K234TG) (10). Those 
findings suggest the blaGUA-1 gene likely encodes an in-
trinsic class A β-lactamase (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/31/6/25-0131-App1.
pdf). We cloned blaGUA-1 into an expression vector. The 
overexpression revealed crude protein extracts with 
strong nitrocefin hydrolytic activity. We confirmed 
the presence of a β-lactamase capable of hydrolyzing 
first-and third-generation cephalosporins (Appendix 
reference 1) by using β-lactamase testing (Bio-Rad 
Laboratories, https://www.bio-rad.com).

The blaOXA-204 carbapenemase gene is mostly de-
tected in Tunisia (11) and in France from patients with 
previous travel to Tunisia. The gene is mostly found 
in Klebsiella pneumoniae and Escherichia coli isolates (11; 
Appendix reference 2), but also rarely in P. mirabilis, 
Citrobacter freundii, Serratia marcescens (12), Enterobac-
ter cloacae (13), and Shewanella xiamenensis (14). The  
blaOXA-204 gene is described as part of a Tn2016 trans-
poson located on IncA/C plasmids (Appendix refer-
ence 1). In P. guariconensis 65411, the comprehensive 
analysis of the genetic environment of the blaOXA-204 
gene revealed the integration of a 119-kb plasmid frag-
ment into the chromosome (Figure 1). This fragment 
displayed multiple resistance genes, including the 
β-lactamases blaDHA-1, blaCMY-16, blaOXA-1, and blaOXA-204, 
alongside genes conferring resistance to chloramphen-
icol (catB3) and aminoglycosides [aph(6’)-Ic, aph(6’)-Id, 
aph(3’’)-I, aph(3’)-III, aph(3’)-IV, aph(3’)-VI, aph(3’)-VII, 
and aac(6’)-Ib-cr]. The inserted fragment was bound 
by 2 IS26 elements and an 8-bp target site duplica-
tion, suggesting an IS26-mediated insertion into the 
chromosome. The inserted plasmid shared homology 
(100% homology over an 88% coverage of the 119-
kbp fragment) with part of a 189,866-bp IncC plasmid 
originating from a K. pneumoniae isolate (GenBank 
accession no. CP086448) coproducing OXA-10, CMY-
16, and NDM-1 (15) (Figure 2). The blaOXA-204 gene was 
embedded within a 3,958 bp ISEcp1-based Tn2016-like 
transposon (11; Appendix reference 1) bracketed by 
a 5-bp target site duplication (Figure 3). In the proto-
typical Tn2016, ISEcp1 was disrupted by an ISKpn15 
(11; Appendix reference 1), whereas in P. guariconensis 
65411, it was disrupted by an IS903B generating a 9-bp 
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target site duplication in the Tn2016-like transposon. 
As suggested for ISKpn15 insertion, the IS903B inser-
tion should not interfere with the strong outward ori-
ented promoter of ISEcp1 (11; Appendix reference 1), 
enabling high-level expression of blaOXA-204.

Conclusions
We describe an OXA-48-like carbapenemase in Pseu-
domonas clinical isolate, demonstrating the dissemi-
nation of blaOXA-48-like genes beyond Enterobacterales. 

OXA-204–producing P. guariconensis was initially 
identified as P. aeruginosa by using biochemical 
methods, suggesting the real occurrence of P. guari-
conensis might be underestimated in clinical settings. 
The blaOXA-204 gene was carried by an ISEcp1-based 
Tn2016-like element present on a 119-kb plasmid 
fragment inserted into the chromosome by a large 
IS26-mediated composite transposon. The integrat-
ed DNA carried additional resistance determinants, 
including 2 cephalosporinases (CMY-16 and DHA-1)  
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Figure 1. Comparative genomic analysis of OXA-204 carbapenemase-positive Pseudomonas guariconensis isolated from a child 
in Tunisia, 2023, using P. guariconensis GenBank accession no. GCF_040822035 as the reference genome. The concentric ring 
represents the BLAST (https://blast.ncbi.nlm.nih.gov) results of the P. guariconensis isolate from this study, 65411, with the reference 
genome. The color intensity of the outer ring indicates the level of sequence similarity, with darker shades representing higher 
sequence identity percentages. Gaps in the outer ring indicate very low identity or absence of the region. The magnified segment is 
the site of the IS26-mediated insertion of a 119-kbp plasmid fragment in the chromosome of P. guariconensis 65411. In the magnified 
portion, resistance genes and the associated mobile elements likely involved in their mobility are indicated in blue. Genes involved in 
resistance to β-lactams are indicated in orange (β-lactamases), to aminoglycosides in light green, to chloramphenicol in orange, and to 
sulfonamides in yellow. GC, guanine-cytosine. Figure created using BRIG software, https://sourceforge.net/projects/brig.

https://sourceforge.net/projects/brig/
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and multiple associated resistance genes, resulting 
in an extremely drug-resistant phenotype. At first, 
the blaOXA-204 gene was characterized on a 150-kb 
IncA/C broad host range carrying blaCMY-4 that could 
be transferred to P. aeruginosa and lead to MICs for 
imipenem of 8 mg/L and meropenem of 32 mg/L 
(11). The high level carbapenem resistance in P. 
guariconenesis 65411 is likely the result of the ex-
pression of OXA-204 carbapenemase together with 
CMY-16 and DHA-1, which are 2 cephalosporinases  

known to weakly hydrolyze carbapenems (Appen-
dix reference 3).

Our findings reinforce the critical need for ongo-
ing surveillance, advanced diagnostic tools, antimi-
crobial drug stewardship, and access to novel anti-
microbial drugs in low- to middle-income countries 
to mitigate the spread of carbapenem-resistant patho-
gens. Carbapenemase detection should not rely ex-
clusively on carbapenem-hydrolytic activity such as 
Carba NP but also on lateral flow immunoassays for 
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Figure 2. Representation of nucleotide alignment between the IS26-mediated transposon in the OXA-204 carbapenemase positive 
Pseudomonas guariconensis isolated from a child in Tunisia, 2023 (65411), and reference plasmids characterized in Enterobacterales 
(GenBank accession numbers provided). The matches ranged from 85% to 89% coverage, with 100% nucleotide identity. Arrows 
indicate genes and their transcription orientations. Open reading frames are colored according to antimicrobial drug family. Image 
created using Easyfig v.2.2.5 (https://mjsull.github.io/Easyfig).

Figure 3. Representation of the nucleotide alignment between the Tn2016-like transposon carrying the blaOXA-204 gene in the OXA-204 
carbapenemase positive Pseudomonas guariconensis isolated from a child in Tunisia, 2023 (65411), chromosome region 503292–
509730, and the Tn2016 characterized in Klebsiella pneumoniae plasmid p204B (GenBank accession no. JQ809466). Arrows indicate 
genes and their transcription orientations. DRL, direct repeats left; DRR, direct repeats right; Hp, hypothetical protein; IRL, inverted 
repeat left; IRR, inverted repeat right. Image created using Easyfig v.2.2.5 (https://mjsull.github.io/Easyfig).
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confirming the presence of carbapenemases, includ-
ing OXA-48–like enzymes in nonfermenting gram-
negative pathogens.
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Highly pathogenic avian influenza (HPAI) 
A(H5N1) clade 2.3.4.4b viruses have been spread-

ing worldwide among wild birds and poultry since 
2020 (1). Officials in multiple US states confirmed spill-
over mammal infections in dairy cattle and detection 
in commercial milk samples in early 2024, enabled by 
uninterrupted cattle movement (2). Reports following 
documented human transmission in 2024 show evi-
dence of H5N1 seroconversion in 7% of sampled dairy 
workers and that >30% of dairy herds in California 
are affected (3,4). Cow–human zoonotic transmission 
causing symptomatic but nonsevere infections have 
been reported in dairy workers, and 1 case was report-
ed in September 2024 in a hospitalized person with-
out exposure to animals and subsequent mild infec-
tion among healthcare workers caring for that patient 

(https://www.cdc.gov/bird-flu/spotlights/h5n1-re-
sponse-09272024.html). However, a lack of widespread 
surveillance in cows and dairy and healthcare workers 
risks substantial underascertainment of bovine–human 
transmission events (5), which are further suggested 
by detection of H5N1 clade 2.3.4.4b viruses in Texas 
wastewater in March–July 2024 (6). In addition, fomite 
transmission through commercial milking equipment 
has been proposed as the primary route of cow–human 
transmission (N.J. Halwe et al., unpub. data, https://
doi.org/10.1101/2024.08.09.607272). 

Although pasteurization renders HPAI H5N1 
clade 2.3.4.4b viruses nonviable, viable virions have 
been detected in unpasteurized milk and caused fatal 
disease in cats that ingested the milk (4,7). Ongoing 
limited surveillance, detection, and containment of 
H5N1 clade 2.3.4.4b virus in the United States in both 
animal and human populations has led to mounting 
concern that this virus is gaining adaptions that could 
lead to effective human–human transmission, which 
could be catastrophic for clinically vulnerable people, 
particularly those who are immunocompromised and 
at the extremes of age (2).

Candidate vaccine viruses for pandemic prepared-
ness have been recommended since the reemergence 
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We tested cross-neutralization against highly pathogenic 
avian influenza A(H5N1) virus in adults vaccinated with 
2021–2023 seasonal quadrivalent influenza vaccine in 
the United Kingdom. Seasonal quadrivalent influenza 
vaccines are unlikely to protect vulnerable persons 
against severe H5N1 disease during widespread trans-
mission. Enhanced measures are needed to protect vul-
nerable people from H5N1 virus infection.



H5N1 Virus Neutralization by Seasonal Vaccines

of A/goose/Guangdong/1/1996 lineage influenza 
A(H5) viruses in 2003. Vaccines against H5 clades, in-
cluding clade 2.3.4.4b, have been in development, and 
some countries have small stockpiles. Whether those 
vaccines protect against severe disease is unknown, 
and current supplies to combat epidemic or pandemic 
spread of H5 virus are limited (8). 

Adults vaccinated with licensed H5N1 vac-
cines generate cross-reactive neutralizing antibodies 
against clade 2.3.4.4b viruses (9), but less is known 
about cross-protection against H5N1 viruses from 
quadrivalent influenza vaccines (QIVs). Antigen-
specific B-cell monoclonal neutralizing antibodies 
(nAbs) against H5N1 virus can be found after QIV 
in humans (10), and studies in ferrets show further 
nAbs generated by seasonal influenza exposure 
might offer some protection against HPAI H5 chal-
lenge (S. Lakdawala et al., unpub. data, https://doi.
org/10.21203/rs.3.rs-4935162/v1); however, QIV 
vaccination did not protect against H5N1 virus in 
mice (11). We investigated whether vaccine-induced 
immunity generated by seasonal QIVs would partial-
ly boost cross-reactive immunity against HPAI H5N1 
virus in humans.

The Study
We compared humoral neutralization of 2 H5N1 virus-
es, A/dairy_cattle/Texas/24-008749-002/2024 (2.3.4.4b) 

and A/Cambodia/NPH230776/2023 (2.3.2.1c), in se-
rum samples alongside a seasonal influenza A(H1N1) 
virus isolate, A/Wisconsin/67/2022, before and after 
QIV in participants from the University College Lon-
don Hospitals–Francis Crick Institute Legacy study co-
hort (https://clinicaltrials.gov/study/NCT04750356) 
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/31/6/24-1796-App1.pdf). The study included 
61 adults (median age 49 [range 38–58] years); 44 (72%) 
were women, and 17 (28%) were men. Thirty (49%) 
adults were vaccinated in only the 2021–22 season, but 
all 61 were vaccinated in >1 study season (2021–22, 
2022–23, and 2023–24). Median sampling duration af-
ter vaccine dose for 2021–22 was 81 (interquartile range 
[IQR] 61–81) days, for 2022–23 was 67 (IQR 38–68) days, 
and for 2023–24 was 77 (IQR 44–77) days. Twenty-seven 
(44%) participants reported a single underlying condi-
tion (Table).

In line with their effectiveness against seasonal 
influenza, each QIV generated a statistically sig-
nificant boost in serum neutralization of A/Wiscon-
sin/67/2022 in each season tested (p = 0.003–0.007 by 
χ2 test) (Figure). In contrast, HPAI H5 virus neutral-
ization in our cohort of healthy adults was blunted 
or absent. In prevaccine serum samples, we detected 
neutralization above background against A/Cambo-
dia/NPH230776/2023 in a few samples but did not 
detect any neutralization against A/dairy_cattle/
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Table. Characteristics of patients in investigation of influenza A(H5N1) virus neutralization by quadrivalent seasonal vaccines, United 
Kingdom, 2021–2024* 
 
Characteristic 

Sampling season 
2021–22, n = 30 2022–23, n = 54 2023–24, n = 59 

Sex    
 F 21 (70) 40 (74) 43 (73) 
 M 9 (30) 14 (26) 16 (27) 
Median age, y (IQR) 56 (40–62) 49 (38–58) 49 (38–58) 
Sampling site    
 Crick 19 (63) 31 (57) 34 (58) 
 NHS sites UCLH or CNWL 11 (37) 23 (42) 25 (42) 
Underlying conditions, any 16 (53) 24 (44) 25 (42) 
 Type 1 diabetes 1 (3.3) 1 (1.9) 1 (1.7) 
 Type 2 diabetes 2 (6.7) 2 (3.7) 2 (3.4) 
 Cancer, stroke, or heart problems 2 (6.7) 3 (5.6) 4 (6.8) 
 High blood pressure 5 (17) 5 (9.3) 6 (10) 
 Asthma or COPD 3 (10) 6 (11) 7 (12) 
Alcohol consumption    
 Never 0 (0) 4 (10) 5 (11) 
 Monthly or less 6 (26) 12 (30) 13 (30) 
 2–4 times/mo 0 (0) 0 (0) 0 (0) 
 2 or 3 times/wk 11 (48) 19 (48) 21 (48) 
 >4 times/wk 6 (26) 5 (13) 5 (11) 
 Unknown 7 14 15 
Smoking status    
 Never smoker 25 (83) 41 (76) 47 (80) 
 Ex-smoker 5 (17) 10 (19) 9 (15) 
 Current smoker 0 (0) 3 (5.6) 3 (5.1) 
Median days from vaccine to sample collection (IQR) 82 (61–81.5) 67 (33.75–67) 61 (26–61) 
*Values are no. (%) except as indicated. CNWL, Central Northwest London; COPD, chronic obstructive pulmonary disease; IQR, interquartile range; 
NHS, National Health Service; UCLH, University College London Hospitals. 

 

https://clinicaltrials.gov/study/NCT04750356
https://wwwnc.cdc.gov/EID/article/31/6/24-1796-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/6/24-1796-App1.pdf


DISPATCHES

Texas/24-008749-002/2024 isolate (Figure). No sea-
sonal QIV resulted in a cross-neutralization boost 
against either HPAI H5 virus (Figure).

Ongoing adaptation of HPAI H5N1 clade 2.3.4.4b 
virus in cows and other mammal hosts found on dairy 
farms, including rodents and cats, substantially in-
creases the risk for a major HPAI H5N1 virus epidem-
ic or pandemic in humans (2,4). The paucity of human 
serologic memory against either H5N1 virus strain 
raises the potential for widespread vulnerability to 
infection within the adult population. We observed 
a predictable boost to neutralizing titers against the 
contemporary seasonal influenza A(H1N1) virus (A/
Wisconsin/67/2022) that was absent for the 2 clinical-
ly relevant H5N1 viruses tested in our high-through-
put neutralization assay (Appendix). Neutralizing 

antibody titers have long been used as a correlate of 
protection against seasonal influenza (12); thus, our 
observations suggest seasonal QIVs are unlikely to of-
fer adequate serologic protection against H5N1 virus.

Immunity against influenza evolves through-
out the lifespan, and early infection exposures influ-
ence subsequent antibody responses after infection 
and vaccination (13). Few participants in our study 
had detectable neutralizing titers above background 
to the 2.3.2.1c A/Cambodia/NPH230776/2023 vi-
rus and none to the 2.3.4.4b A/dairy_cattle/Tex-
as/24-008749-002/2024 virus. Together with our ob-
served lack of QIV boosting, our results suggest that 
strategies reliant on existing population-level or QIV-
based immunity against H5N1 virus infection must 
be approached with caution.
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Figure. Live-virus neutralization of preseasonal and postseasonal quadrivalent influenza vaccination in a study of influenza A(H5N1) virus 
neutralization by quadrivalent seasonal vaccines, United Kingdom, 2021–2024. Violin plots show paired serum samples before and after 
each seasonal vaccine (top row, 2023–24, n = 59; middle row, 2022–23, n = 54; bottom row, 2021–22, n = 30) tested against pandemic 
H1 and 2 highly pathogenic avian influenza H5 strains: H1N1 strain (A), H5N1 Cambodia strain (B), and H5H1 Texas dairy strain (C). Virus 
neutralization reported as log2-transformed IC50. Black diamonds indicate median IC50. Nonspecific cross-reactivity levels are shown as 
shaded areas. p values from McNemar tests are shown, comparing the number of persons above background (dashed line) before and 
after quadrivalent influenza vaccination. IC50, reciprocal titer at which 50% of viral infection is inhibited; NE, not estimated.
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One limitation of this study is the lack of in vivo 
challenge to test for cross-protection. Some studies 
have reported transient protection against H5N1 
challenge after transferring QIV-vaccinated human 
serum to mice, which was not accurately predicted 
by in vitro assays, including virus neutralization 
assays (14,15). Cross-neutralization might also oc-
cur in the absence of nAbs, but without in vivo test-
ing, we cannot conclusively determine the extent 
to which the QIV might provide protection against 
H5N1 virus. A second limitation is that our cohort, 
predominately working age, healthy adults receiv-
ing occupational QIV, do not represent a popula-
tion at high risk for severe influenza disease and 
death. However, they represent an immunocompe-
tent population and would be expected to have the 
most robust detectable immunity. Third, although 
we tested 2 H5N1 viruses associated with recent 
human disease, despite extensive efforts, we could 
not eliminate background signal in our assay. Thus, 
we were unable to fully quantify neutralization at 
lower titers and opted to describe the range within 
which we detected background signal. As of 2025, 
no neutralization titers were available from postin-
fection serum samples in dairy farm workers to fur-
ther refine that cutoff (6). Further investigation is 
required to address the issue of background signal. 
However, other studies suggest nonspecific inhibi-
tion by human serum as a possible explanation for 
low-level readouts for protection (15). Finally, our 
use of whole virus to assess nAb titers did not allow 
determination of the extent to which hemagglutinin- 
or neuraminidase-specific antibodies might have 
contributed to overall neutralization. However, the 
high-throughput live-virus neutralization we de-
scribe (Appendix) is a highly valuable tool for pan-
demic preparedness, offering a method for near real-
time analysis of serum-based immunity to emerging 
viruses in large cohorts.

Conclusions
The effectiveness of QIV against influenza A(H5N1) 
virus remains uncertain, and clarification on the 
extent of cross-protection in humans is urgently 
needed. Considering that uncertainty, timely and 
effective deployment of targeted vaccines would 
be crucial during widespread influenza A(H5N1) 
outbreaks. To reduce risks for severe illness and 
death requires enhanced measures that mitigate the 
spread of HPAI H5N1 viruses to humans, accelerat-
ed pipelines for H5-directed influenza vaccines, and 
systems that rapidly and equitably reach clinically 
vulnerable persons worldwide (2).
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Mycoplasma species belong to the class Mollicutes, 
a group of bacteria characterized by lack of a 

cell wall. Those organisms are among the smallest 
organisms capable of autonomous replication and  
measure ≈0.3–0.8 μm. 

M. arginini is a common colonizer in respiratory 
and urogenital tracts of various animals, including 
cats, dogs, cattle, and sheep, and is generally con-
sidered to be of low pathogenicity (1). However, in 
immunocompromised persons, M. arginini infec-
tion can lead to severe complications (2–4; M.A. 
May et al., unpub. data, https://www.preprints.
org/manuscript/201809.0533/v1). We report a 
case of M. arginini infection in a kidney transplant 
recipient in Slovenia.

The Study
A 56-year-old woman was seen for a 3-week history 
of swelling, redness, and pain in her left forearm. She 
had a 17-year history of IgG kappa plasmacytoma 
and C3 glomerulonephritis, which led to end-stage  

renal failure and 2 kidney transplants. She underwent 
her first kidney transplant in 2011 and then a second 
transplant in 2022 after failure of the first graft. Both 
transplants were complicated by C3 glomerulonephritis 
recurrence. Approximately 6 months after the second 
kidney transplant, she started treatment with high-dose 
intravenous methylprednisolone, rituximab (chimeric 
monoclonal antibody targeting CD20 on B cells), and 
plasmapheresis, in addition to standard immunosup-
pressive therapy (tacrolimus, mycophenolate mofetil, 
and methylprednisolone). During that intensive im-
munosuppression, opportunistic infections developed, 
including cutaneous Alternaria alternata fungi infection 
of the left shin and cytomegalovirus reactivation, which 
necessitated adjustments to her immunosuppressive 
regimen. Over the next 2 years, declining graft function 
caused by C3 glomerulonephritis was managed with 
ravulizumab (a monoclonal antibody targeting comple-
ment component 5) and plasmapheresis. Granulocyte 
colony-stimulating factors were intermittently adminis-
tered to treat episodes of neutropenia.

Approximately 2 years after her second kidney 
transplant, she noticed a small lump in the left mid-
forearm with redness that progressively spread to-
ward her wrist and elbow. Her doctors prescribed oral 
amoxicillin/clavulanic acid. After 5 days, that treat-
ment failed to resolve her worsening symptoms, which 
prompted hospitalization. At admission, she exhibited 
swelling, redness, and restricted joint mobility in the 
left wrist. The patient had frequent contact with house-
hold cats and a dog and reported having sustained a 
cat bite at the site of small lump in the mid-forearm a 
week before admission.

Laboratory findings showed elevated C-reactive 
protein and β-d-glucan levels, normal procalcitonin 
level, and normal leukocyte count. Immune status 
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animals and is seldom reported in human infections. We 
identified M. arginini infection in a severely immunocom-
promised kidney transplant recipient in Slovenia. Clini-
cians should be aware of M. arginini’s potential as a patho-
gen in immunocompromised persons with animal contact. 
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evaluation using QuantiFERON Monitor (QIAGEN, 
https://www.qiagen.com) showed a moderate cell-
mediated immune response, elevated plasma Torque 
Teno virus DNA (167,000 copies/mL), substantially 
decreased B-lymphocyte counts (likely caused by 
rituximab), and severe hypogammaglobulinemia 
(Table; Appendix, https://wwwnc.cdc.gov/EID/
article/31/6/25-0149-App1.pdf). An ultrasound con-

firmed cellulitis, tenosynovitis of carpal extensor ten-
dons, and arthritis of the radiocarpal joint (Appendix 
Figure 1). 

At admission, doctors initiated intravenous flu-
cloxacillin therapy. The next day, doctors added 
doxycycline after an atypical infection was suspected. 
Surgical intervention on the radiocarpal joint includ-
ed irrigation and the collection of synovial fluid and 
a biopsy specimen for microbiological analysis (Fig-
ure 1). Broad-range bacterial PCR with sequencing 
from synovial fluid identified M. arginini with 99.5% 
sequence identity; therefore, the sample was plated 
on arginine-enriched A8 agar. After 4 days, stereomi-
croscopy showed small colonies with a characteristic 
fried egg appearance (Figure 2).

After identification of Mycoplasma spp. from sy-
novial fluid, we discontinued flucloxacillin and add-
ed moxifloxacin. The combination of doxycycline and 
moxifloxacin led to clinical improvement that allowed 
de-escalation to doxycycline monotherapy after 8 
days. We treated severe hypogammaglobulinemia 
(IgG 2.7 g/L) with intravenous immunoglobulin on 
day 10 after admission. We discontinued mycophe-
nolate on day 6 after confirmation of M. arginini infec-
tion. Ravulizumab, last administered 6 weeks before 
hospitalization, was postponed because of ongoing 
infection. Redness, swelling, and pain in the wrist 
and elbow resolved, and we discharged the patient 
on a 10-week course of doxycycline with outpatient 
follow-up. 

After discharge and 3 weeks of doxycycline treat-
ment, we excised a painless subcutaneous nodular 
lesion below the left elbow (Figure 3). Broad-range 
PCR performed on a sample from lesion confirmed 
M. arginini with 100% sequence identity. Mycoplasma 
spp. culture was negative. Histopathology showed 
mild inflammatory changes consistent with bacte-
rial infection. Four months after ending the 10-week 
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Table. Laboratory values for Mycoplasma arginini cellulitis, tenosynovitis, and arthritis in kidney transplant recipient, Slovenia, 2024* 

Variable 
Sample collection 

Reference range At clinic† At admission At discharge After treatment‡ 
White blood count, cells × 109/L 5.5 4.2 5.5 6.8 4.0–10.0 
C-reactive protein, mg/L 5 40 13 <5 <5 
Procalcitonin, µg/L 0.6 0.10 0.05 NA <0.24 
IgG, g/L NA 2.7 14.7§ 6.1 7.67–15.90 
IgA, g/L NA <0.24 <0.24 NA 0.61–3.56 
IgM, g/L NA <0.17 0.24 NA 0.37–2.86 
β-D-glucan, pg/mL 189.3 207.2 170.2 192 <59.9 
GM antigen, ELISA index 0.06 0.12 NA NA <0.5 
Cryptococcal antigen, ELISA titer 1:0.03 1:0.04 NA NA <1:1 
Blood cultures¶ NA Negative NA NA Negative 
*IgG values were adjusted on the basis of presence of known IgG/ spike. GM, galactomannan; NA, not available. 
†The patient’s clinic at symptom onset. 
‡Treatment included a completed 6-week course of doxycycline. 
§Higher IgG concentration after administration of intravenous immunoglobulin. 
¶Bactec FX Blood Culture System (Becton, Dickinson and Company, https://www.bd.com). 

 

Figure 1. Surgical site after treatment for Mycoplasma arginini 
cellulitis, tenosynovitis, and arthritis in kidney transplant recipient, 
Slovenia, 2024. We observed swelling, redness, and restricted 
joint mobility in the left wrist before surgery.



Mycoplasma in Kidney Transplant Recipient

course of doxycycline treatment, the patient was do-
ing well, without any local or systemic signs of M. 
arginini infection.

We tested oropharyngeal swab specimens from 
the patient’s 3 cats and 1 dog using a genus-specific 
mycoplasma PCR (5) and confirmed colonization 
with M. gateae and M. maculosum. We found that 1 cat 
had a mixed Mycoplasma infection, but we could not 
definitively confirm or rule out M. arginini in that cat. 
We gave a 2-week doxycycline course to the pets to 
treat Mycoplasma, although reinfection remained pos-
sible because they moved indoors and outdoors.

Only a few documented published cases support 
zoonotic potential of M. arginini, particularly in im-
munocompromised patients. Those cases include re-
ports of disseminated infection in a slaughterhouse 
worker with advanced non-Hodgkin lymphoma (2), 
septicemia with polyarthritis in another therapy-
resistant non-Hodgkin lymphoma patient who had 
close contact with several cats (3), a disseminated 
infection in a young bodybuilder with a history of 
use of nutritional supplements derived from animal 
materials of uncontrolled origin (6), and a deep tis-
sue infection in a hunter with an open femur fracture 
from a lion attack (7). Common among those cases 
were profound immunosuppression and consump-
tion of animal products or close contact with animals, 
as seen in our patient.

Research indicates that M. arginini poses little risk 
to persons with healthy immune systems. A study of 
22 persons at occupational risk for Mycoplasma infec-
tions (e.g., veterinarians, farmers, and slaughterhouse 
workers) found no substantial infection risk in those 
with normal immune function, suggesting that hu-
man exposure to M. arginini is generally not a clini-
cal concern for immunocompetent persons (8). Most 
documented cases, including the patient we report, 
involve immunocompromised persons, often with 
hypogammaglobulinemia, which is a known risk fac-
tor for infections caused by Mycoplasma spp. (4).

The optimal treatment for M. arginini infection 
remains uncertain because of its rarity in humans. 
Reported cases are typically managed with long-
term courses of antimycoplasmal antibiotic drugs, 
such as macrolides, quinolones, and tetracyclines 
(3,6,7). In 1 instance, a patient treated with eryth-
romycin ultimately died from the infection, and 
postmortem testing showed erythromycin-resistant 
M. arginini (2). That testing suggests that broader-
spectrum antibiotic drugs may be more effective as 
initial treatment, particularly because erythromycin 
resistance is well documented in several Mycoplasma 
species (9,10).

Because Mycoplasma bacteria lack a cell wall, in-
fections are best addressed with intracellular-acting 
antibiotic drugs such as tetracyclines or macrolides. 
Dual antibiotic drug therapy has been applied in  
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Figure 2. Stereomicroscopy of Mycoplasma arginini culture from 
the patient’s synovial fluid sample, showing small colonies with 
a characteristic fried egg appearance, with dense central core 
surrounded by a lighter peripheral zone. Original magnification ×40.

Figure 3. Subcutaneous nodular lesion (arrow) measuring 3 cm 
× 2.5 cm below elbow of patient in a case of Mycoplasma arginini 
cellulitis, tenosynovitis, and arthritis in kidney transplant recipient, 
Slovenia, 2024. The patient reported no pain in this nodule, and it 
was excised after discharge and 3 weeks of doxycycline treatment. 
Broad-range PCR confirmed M. arginini with 100% sequence identity, 
but Mycoplasma spp. culture was negative. Histopathology showed 
mild inflammatory changes consistent with bacterial infection.
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specific cases to improve treatment outcomes, espe-
cially in immunocompromised persons or patients 
with disseminated infections (11). Treatment dura-
tion remains unclear. A meta-analysis of septic ar-
thritis caused by Mycoplasma spp. reported therapy 
durations ranging from 2 weeks to >2 years. Clinical 
improvement, normalization of inflammatory mark-
ers, and negative reculture results should guide dis-
continuation (11).

The case we report also raises questions about 
persistently elevated β-d-glucan levels, which de-
creased but did not normalize after treatment. Al-
though Mycoplasma species are not commonly asso-
ciated with β-d-glucan production, studies suggest 
some species, such as M. agalactiae, might produce 
it (12). The zoonotic aspect is also notable, consider-
ing the well-documented colonization of domestic 
animals by M. arginini and the patient’s history of cat 
bites, likely making her pets the source of infection.

Conclusions
This case underscores the limitations of conventional 
microbiology for detecting fastidious pathogens and 
highlights the value of molecular diagnostics for ensur-
ing rapid and accurate diagnoses and effective treat-
ment. Early recognition and appropriate therapy are 
crucial for improving outcomes in rare but serious My-
coplasma infections. Clinicians should consider M. argi-
nini in the differential diagnosis of indolent infections in 
immunocompromised patients, particularly those with 
hypogammaglobulinemia and close animal contact.

The data associated with the project are accessible in the 
European Nucleotide Archive database (https://www.ebi.
ac.uk/ena/browser/home) under accession no. PRJEB84416.

Written informed consent was obtained from the patient 
for the publication of this case report, including the use of 
accompanying photographs.

This study was supported by the Ministry of Higher  
Education, Science and Innovation, Republic of Slovenia 
(grant nos. P3-0083 and P3-0323).
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Malaria challenges global public health, especially 
in high-transmission areas of sub-Saharan Af-

rica (1). Artemisinin-based drug combination therapy 
(ACT) has greatly reduced malaria illness and death, 
but the emergence and spread of partial resistance to 
artemisinin drug derivatives (ART-R) in Plasmodium 
falciparum threatens those gains. ART-R, which de-
lays parasite clearance after 3 days of ACT, is asso-
ciated with specific nonsynonymous polymorphisms 
in the propeller domain of the P. falciparum kelch13 
(Pfkelch13) gene (2–4). Although ACTs remain effec-
tive in Africa, recent reports have identified Pfkelch13 
mutations (R561H, C469Y, A675V, and R622I) linked 
to ART-R in several countries, particularly Rwanda, 
Uganda, Tanzania, and Eritrea (5–9). In addition, P. 
falciparum isolates with hrp2/3 gene deletions, which 
evade detection by HRP2-based rapid diagnostic tests 
(RDTs), have emerged in the Horn of Africa, high-
lighting the need for vigilant monitoring of resistance 
and gene deletions (8,10).

Sudan, a major contributor to malaria cases in the 
World Health Organization Eastern Mediterranean 

Region (1), has struggled to meet the 2030 Global 
Technical Strategy targets. During 2015–2020, malaria 
incidence rose by >40%, leading to the adoption of the 
high burden to high impact strategy in 2022 (11). P. 
falciparum drug resistance, particularly to artesunate/
sulfadoxine and pyrimethamine drugs, complicates 
those efforts, prompting a shift to artemether/lume-
fantrine drugs as first-line treatment. In addition, hrp2 
gene deletions were recently identified in >10% of P. 
falciparum isolates (12) (Appendix, https://wwwnc.
cdc.gov/EID/article/31/6/24-1810-App1.pdf). In 
this study, we analyzed P. falciparum blood sample 
isolates from southeastern Sudan for molecular mark-
ers associated with antimalarial drug resistance and 
hrp2 and hrp3 gene deletions.

The Study
We conducted a hospital-based cross-sectional obser-
vational study during August–December 2017 in Al 
Jazirah and Al Qadarif states, located in the east-cen-
tral region of Sudan. Those sites are characterized by 
a subequatorial climate with a rainy season typically 
occurring during June–early November (13) (Appen-
dix). All patients exhibiting clinical symptoms sug-
gestive of malaria were eligible for blood sampling, 
after informed consent was obtained from the pa-
tient or parents. We confirmed P. falciparum malaria 
diagnosis through microscopy by using thick and 
thin blood films. Patients received treatment with AL 
drugs in accordance with the national drug policy. 

High Prevalence of Artemisinin-
Resistant Plasmodium falciparum, 

Southeastern Sudan
Mariangela L’Episcopia, Albadawi A. Talha, Bakri Y.M. Nour, Ibrahim Mohamed Ahmed Sana,  

Emmanuelle Caspar, Lucas Thiebaut, Lucien Platon, Buze Chala, Laurence Ma,  
Lemu Golassa, Edvige Perrotti, Carlo Severini, Didier Menard

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1211

Author affiliations: Istituto superiore di sanità, Rome, Italy  
(M. L’Episcopia, E. Perrotti, C. Severini); Jouf University, Sakaka, 
Saudi Arabia (A.A. Talha); University of Gezira, Wad Medani, 
Sudan (B.Y.M. Nour, I.M.A. Sana); University of Strasbourg,  
Strasbourg, France (E. Caspar, L. Thiebaut, L. Platon,  
D. Menard); Addis Ababa University, Addis Ababa, Ethiopia  

(B. Chala, L. Golassa); Institut Pasteur, Paris, France (L. Ma,  
D. Menard); Centre Hospitalier Universitaire de Strasbourg,  
Strasbourg, France (D. Menard); Institut Universitaire de France, 
Paris (D. Menard)

DOI: https://doi.org/10.3201/eid3106.241810

We conducted a hospital-based cross-sectional study of 
Plasmodium falciparum in 2017 in southeastern Sudan. 
Among 257 P. falciparum samples, we found 22% har-
bored the pfkelch13 R622I mutation and 10.7% showed 
hrp2/3 gene deletions. Our findings highlight the urgent 
need for enhanced surveillance of drug- and diagnostic-
resistant parasites in the Horn of Africa.

https://wwwnc.cdc.gov/EID/article/31/6/24-1810-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/6/24-1810-App1.pdf
https://doi.org/10.3201/eid3106.241810


DISPATCHES

We spotted finger-prick blood onto Whatman 3MM 
filter papers (Whatman International, https://www.
cytivalifesciences.com) to make dried blood spots for 
molecular analysis. The study received ethical ap-
proval from the Ministry of Health in Gezira State 
(approval no. MU/2019).

We extracted genomic DNA from three 3-mm 
punches of dried blood spots, as previously de-
scribed (14). We conducted Illumina paired-end se-
quencing (Illumina, https://www.illumina.com) and  
selective amplification of parasite DNA to identify sin-
gle-nucleotide polymorphisms in the Pfkelch13, Pfcrt, 
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Table 1. Frequency of the Pfkelch13, Pfcrt, Pfmdr-1, dhfr, and dhps genotypes in blood samples collected in patients with Plasmodium 
falciparum malaria before artemisinin-based combination therapy from Al Jazirah and Al Qadarif, Sudan, 2017* 

Gene Codon Amino acid 
No. (%) samples 

p value Al Jazirah Al Qadarif Total 
No. samples NA NA 170 87 257 NA 
Pfkelch13† Wilms tumor NA 123 (72.4) 69 (79.3) 192 (74.7) 0.01 

494 Valine → Isoleucine 1 (0.6) 0 1 (0.4) 
622 Arginine → Isoleucine 42 (24.7) 10 (11.5) 52 (20.2) 
625 Glycine → Arginine 1 (0.6) 6 (6.9) 7 (2.7) 

622/625 Arginine → Isoleucine / 
Glycine → Arginine 

1 (0.6) 2 (2.3) 3 (1.2) 

622/494 Arginine → Isoleucine / 
Valine → Isoleucine 

1 (0.6) 0 1 (0.4) 

494/658  Valine → Isoleucine / 
Lysine → Threonine 

1 (0.6) 0 1 (0.4) 

Pfcrt 72 Cysteine 170 (100) 87 (100) 257 (100) NA 
Serine  NA NA NA 

74 Methionine  124 (73) 44 (51) 168 (65) 0.0004 
Isoleucine 46 (27) 43 (49) 89 (35) 

75 Asparagine  124 (73) 44 (51) 168 (65) 0.0004 
Glutamic acid  46 (27) 43 (49) 89 (35) 

76 Lysine 124 (73) 44 (51) 168 (65) 0.0004 
Threonine  46 (27) 43 (49) 89 (35) 

93  Threonine  170 (100) 86 (99) 256 (99.6) 0.2 
Serine  0 1 (1) 1 (0.4) 

356 Isoleucine 169 (99) 85 (98) 254 (98.8) 0.2 
 Threonine  1 (1) 2 (2) 3 (1.2) 

Pfmdr-1 86 Asparagine 145 (85) 75 (86) 220 (86) 0.8 
 Tyrosine  25 (15) 12 (14) 37 (14) 

184 Tyrosine  20 (12) 14 (16) 34 (13) 0.3 
Phenylalanine  150 (88) 73 (84) 223 (87) 

1034 Serine  139 (82) 70 (80) 209 (81) 0.8 
Cysteine  31 (18) 17 (20) 48 (19) 

1042 Asparagine 170 (100) 87 (100) 257 (100) NA 
Aspartic acid NA NA NA 

1246 Aspartic acid 170 (100) 87 (100) 257 (100) NA 
Tyrosine  NA NA NA 

dhfr 51 Asparagine  79 (46) 16 (18) 95 (37) <0.0001 
Isoleucine 91 (54) 71 (82) 162 (63) 

59 Cysteine  151 (90) 76 (87) 227 (89) 0.4 
Arginine  16 (10) 11 (13) 27 (11) 

108 Serine 72 (42) 22 (25) 94 (37) 0.007 
Asparagine 98 (58) 65 (75) 163 (63) 

164 Isoleucine  170 (100) 87 (100) 257 (100) NA 
Leucine NA NA NA 

dhps 431 Isoleucine  170 (100) 87 (100) 257 (100) NA 
Valine NA NA NA 

436 Serine  167 (98) 83 (95) 250 (97) 0.2 
Alanine  3 (2) 4 (5) 7 (3) 

437 Alanine 30 (18) 35 (40) 65 (25) 0.0001 
Glycine 140 (82) 52 (60) 192 (75) 

540 Lysine 162 (95) 72 (83) 234 (91) 0.0009 
Glutamic acid  8 (5) 15 (17) 23 (9) 

581 Alanine  170 (100) 87 (100) 257 (100) NA 
Glycine  NA NA NA 

613 Alanine 169 (99) 86 (99) 255 (99) 0.6 
Serine 1 (1) 1 (1) 2 (1) 

*p values indicate the difference in percentages between sites. NA, not available.   
†Pfkelch13 622I/625R, 1 sample from Al Jazirah and 2 samples from Al Qadarif; Pfkelch13 494I/622I, 1 sample from Al Jazirah; Pfkelch13 494I/658T, 1 
sample from Al Jazirah. 
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Pfmdr-1, dhfr, and dhps genes, as previously described 
(8). In addition, we assessed deletions of the hrp2 or hrp3 
genes, which can lead to false-negative results in HRP2-
based RDTs. We used laboratory reference parasite 
strains (Dd2, 7G8, HB3, and Cambodia culture-adapted 
strains) with known alleles and the presence or absence 
of hrp2 and hrp3 deletions as controls (Appendix).

We collected a total of 257 blood samples from 
2 study sites: 170 from Al Jazirah and 87 from Al 

Qadarif. Demographic data were missing for 2 
samples, resulting in a study population of 255 
participants, 128 female and 127 male, ages 1–44 
years. Most enrolled patients were febrile (95.6%), 
and their clinical manifestations were common to 
malaria, such as headache and vomiting (58.6%). 
After we examined the thick and thin blood  
films, we found all the patients were positive for  
P. falciparum.
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Table 2. Genetic backgrounds associated with antimalarial drug resistance and polymorphisms of hrp2/3 genes of Pfkelch13 R622 
and 622I isolates collected from patients with Plasmodium falciparum malaria before treatment from Al Jazirah and Al Qadarif,  
Sudan, 2017* 

Gene Allele 
Al Jazirah 

p value 
Al Qadarif 

p value 
Total 

p value R622 622I R622 622I R622 622I 
No. 
samples 

NA 126 44 NA 75 12 NA 201 56 NA 

Pfcrt CVMNKTHFIMCGI NA 93 (74) 31 (71) 0.2 39 (52) 5 (42) 0.005 132 
(65.7) 

36 
(64.3) 

0.01 

CVIETTHFIMCGI 74I/75E/76T 33 (26) 12 (27) 35 (47) 5 (42) 68 
(33.8) 

17 
(30.4) 

CVIETSHFIMCGI 74I/75E/76T/9
3S 

0 0 1 (1) 0 1 (0.5) 0 

CVIETTHFIMCGT 74I/75E/76T/3
56T 

0 1 (2) 0 2 (17) 0 3 (5.4) 

Pfmdr-1 NYSND NA 11 (9) 3 (7) 0.3 10 (13) 1 (8) 0.6 21 
(10.4) 

4 (7.1) 0.2 

YYSND 86Y 0 1 (2) 0 0 0 1 (1.8) 
NFSND 184F 73 (58) 31 (70) 41(55) 9 (75) 114 

(56.7) 
40 

(71.4) 
NYCND 1034C 5 (4) 0 3 (4) 0 8 (4.0) 0 
YFSND 86Y/184F 15 (12) 5 (11) 9 (12) 0 24 

(11.9) 
5 (8.9) 

NFCND 184F/1034C 19 (15) 3 (7) 9 (12) 2 (17) 28 
(13.9) 

5 (8.9) 

YFCND 86Y/184F/103
4C 

3 (2) 1 (2) 3 (4) 0 6 (3.0) 1 (1.8) 

dhfr ACNCSI NA 28 (22) 21 (48) 0.06 10 (13) 2 (17) 0.6 38 
(18.9) 

23 
(41.1) 

0.01 

ACICSI 51I 15 (12) 4 (9) 8 (11) 1 (8) 23 
(14.4) 

5 (8.9) 

ACNCNI 108N 21 (17) 7 (16) 2 (3) 2 (17) 23 
(14.4) 

9 (16.1) 

ACICNI 51I/108N 48 (38) 10 (23) 44 (59) 7 (58) 92 
(45.8) 

17 
(30.4) 

ACIRSI 51I/59R 4 (3) 0 1 (1) 0 5 (2.5) 0 
ACNRNI 59R/108N 2 (2) 0 0 0 2 (1.0) 0 
ACIRNI 51I/59R/108N 8 (6) 2 (5) 10 (13) 0 18 (9.0) 2 (3.6) 

dhps SAKAA NA 99 (79) 32 (73) 0.8 30 (40) 6 (50) 0.7 129 
(64.2) 

38 
(67.9) 

0.8 

SGKAA 437G 18 (14) 9 (20) 28 (37) 4 (33) 46 
(22.9) 

13 
(23.2) 

SAEAA 540E 6 (5) 2 (5) 14 (19) 1 (8) 20 
(10.0) 

3 (5.4) 

SAKAS 613S 1 (1) 0 0 0 1 (0.5) 0 
AGKAA 436A/437G 2 (2) 1 (2) 2 (3) 1 (8) 4 (2.0) 2 (3.6) 
AAKAS 436A/613S 0 0 1 (1) 0 1 (0.5) 0 

hrp no deletion NA 112 (89) 35 (80) 0.1 56 (75) 7 (58) 0.3 168 
(83.6) 

42 
(75.0) 

0.09 

hrp2 deletion NA 1 (1) 0 0 0 1 (0.5) 0 
hrp3 deletion NA 11 (9) 5 (11) 15 (20) 3 (25) 26 

(12.9) 
8 (14.3) 

hrp2/3 deletion NA 2 (2) 4 (9) 4 (5) 2 6 (3.0) 6 (10.7) 
*Values are no. (%) except as indicated. p values are the differences in proportions between Pfkelch13 R622 and Pfkelch13 622I parasites. NA, not 
available. 
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Molecular analysis of the 257 samples revealed 
a high prevalence of the Pfkelch13 622I mutant par-
asites (21.8%, n = 56), a mutation validated by the 
World Health Organization as associated with ART-
R. Among them, we identified 192 Pfkelch13 wild-
type, 52 Pfkelch13 622I single mutants, 1 Pfkelch13 
494I single mutant, 7 Pfkelch13 625R single mutants, 
and 5 isolates with polyclonal infections (3 Pfkelch13 
622I/625R, 1 Pfkelch13 622I/494I, and 1 Pfkelch13 
494I/658T) (Table 1).

We further explored the genetic profile of the 
Pfkelch13 R622 wild-type parasites from Sudan and 
622I mutants at known antimalarial drug–resis-
tance loci and the frequency of hrp2 and hrp3 dele-
tions, a genomic feature previously observed in 
Pfkelch13 622I mutants in Eritrea and Ethiopia (8,10). 
We examined 201 Pfkelch13 R622 wild-type and 56 
Pfkelch13 622I mutant parasites for mutations across 
4 genes (Table 2). Differences in allele frequencies 
were noted in the Pfcrt gene, associated with resis-
tance to chloroquine, and the dhfr gene, associated 
with resistance to pyrimethamine. We conducted a 
stratified analysis that revealed a higher difference 
in Pfcrt allele frequencies in the Al Qadarif site com-
pared with Al Jazirah. High proportions of Pfkelch13 
622I parasites exhibited Pfcrt 74I/75E/76T/356T 
mutations (5.4% vs. 0% for Pfkelch13 R622 wild-type 
parasites; p = 0.01) as well as the dhfr wild-type allele 
(41.1% vs. 18.9% for Pfkelch13 R622 wild-type para-
sites; p = 0.001).

We also analyzed hrp2 and hrp3 deletions. We 
found a higher proportion of Pfkelch13 622I parasites 
with both hrp2 and hrp3 deletions compared with 
Pfkelch13 R622 wild-type parasites (10.7% vs. 3.0%; p 
= 0.02) (Table 2; Figure). This difference was signifi-
cant in samples from Al Jazirah (p = 0.04).

Conclusions
The spread of the Pfkelch13 622I mutant in the Horn 
of Africa is alarming because it raises the potential 
for ART-R to take hold in this region. Data from this 
study show parallels with findings from Eritrea (8) 
and possibly Ethiopia (10). With confirmed cases 
in Eritrea and possible cases in Ethiopia (8,10), the 
presence of this mutant in Sudan suggests a possi-
ble cross-border spread that could threaten malaria 
treatment in several countries. If left uncontained, 
Pfkelch13 622I mutant parasites could undermine 
the efficacy of ACTs, threatening progress in ma-
laria control in East Africa. Rapid regional surveil-
lance and coordinated response efforts are urgently 
needed to contain this threat before it escalates 
further. In addition, the presence of hrp2/hrp3 gene 
deletions in 10.7% of the Pfkelch13 622I mutants re-
ported in this study is an additional concern, be-
cause it affects the results of HRP2-based RDTs 
in detecting P. falciparum parasites. Because of the 
presence of those gene deletions, the variants could 
spread more easily because they are not detected 
by the HRP2-based RDT, complicating malaria con-
trol efforts in affected regions.

The first limitation of this study is that we could 
not confirm the association between the presence of 
Pfkelch13 622I and the persistence of parasitemia on 
day 3, because clinical data were not available. Second, 
our data came from only 2 health facilities with limit-
ed catchment areas. Third, the samples were collected 
in 2017, but the findings remain highly relevant in 
2025 because they provide critical baseline data on the 
early spread of resistance markers in Sudan. Although 
clinical reports of treatment failures in Sudan remain 
limited, our data are essential for understanding 
the persistence and regional transmission dynamics  
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Figure. Distribution of 
artemisinin-resistant Plasmodium 
falciparum, southeastern Sudan, 
2017. Percentages of Pfkelch13 
R622 and Pfkelch13 622I P. 
falciparum parasites with no 
hrp2/3 deletion, hrp2 deletion, 
hrp3 deletion, and hrp2/3 
deletion are shown for Sudan 
and the 2 study sites, Al Jazirah 
and Al Qadarif.
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of ART-R P. falciparum parasites, which is crucial for 
guiding current malaria control strategies.

Our findings increase the need for further stud-
ies to determine whether the Pfkelch13 622I mutants 
observed in Sudan represent a local emergence or are 
directly linked to the P. falciparum parasite population 
from Eritrea or Ethiopia, as well as to clarify the flow 
of the Pfkelch13 622I mutant parasite population in this 
region. With ART-R now confirmed in P. falciparum 
and hrp2 and hrp3 deletions in parasite populations in 
Sudan, additional strategies must be implemented to 
contain the spread of these lineages across the Horn 
of Africa. Otherwise, the emergence of partner drug 
resistance could lead to higher rates of treatment fail-
ure and uncontrolled spread of potentially resistant  
P. falciparum parasites beyond this region.
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In fall 2021, highly pathogenic avian influenza 
(HPAI) A(H5N1) virus clade 2.3.4.4b was intro-

duced into wild birds and domestic poultry in east-
ern Canada via the East Atlantic Flyway (1). It sub-
sequently spread throughout North America before 
arriving in British Columbia, Canada, in April 2022 
(1). A second incursion of HPAI H5N1 virus, clade 
2.3.4.4b, brought in by the Pacific Flyway (genotype 
A3) (2), occurred in February 2022, resulting in both 
viruses circulating among wild birds in the province 
and causing numerous spillover events into poultry 
(3). The virus affected more poultry flocks in British 
Columbia than in any other province in Canada (4), 
likely because high-density poultry farming is co-lo-
cated with optimal habitat for overwintering water-
fowl in the Fraser Valley (3).

As of the end of 2024, British Columbia had en-
dured 4 distinct waves of HPAI H5N1 clade 2.3.4.4b 
virus; each wave was characterized by increased  

detections in wildlife and poultry, the emergence of 
new genotypes (Table), and shifts in the dominant 
genotype (Figure 1). Most circulating HPAI H5N1 
clade 2.3.4.4b viruses in the first 3 waves were reas-
sortant descendants of the virus introduced via the 
East Atlantic Flyway (3); however, in fall 2024, a 
new wave of infections occurred in British Colum-
bia wild bird populations associated primarily with 
a novel genotype (D1.1, 3) that was a descendant of 
the A3 genotype. We used whole-genome sequenc-
ing and phylogenetic analysis of HPAI H5N1 clade 
2.3.4.4b viruses detected in wild birds in British 
Columbia during October and November 2024 to 
describe the features, ecology, and possible origins 
of this genotype.

The Study
As part of initiatives driven by the British Colum-
bia Wildlife Avian Influenza Surveillance Program, 
we screened oropharyngeal and cloacal swab spec-
imens collected from wild bird carcasses using 
quantitative reverse transcription PCR targeting a 
conserved region in the matrix gene and subjected 
positive samples (cycle threshold <36) to whole-
genome sequencing (3). Sequences underwent sub-
typing, genotyping, and phylogenetic analysis as 
previously described (3).
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We characterized highly pathogenic avian influenza 
A(H5N1) clade 2.3.4.4b genotype D1.1 in wild birds and 
a human in British Columbia, Canada, during 2024. D1.1, 
the predominant genotype circulating in fall 2024, is a 
reassortment between Eurasian A3 lineage viruses, in-
troduced to North America in 2022, and North American 
lineage viruses.
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During October 3, 2024–November 8, 2024, there 
were 57 detections of HPAI H5N1clade 2.3.4.4b virus in 
wild birds in British Columbia, including 6 detections of 
genotype A3 and 51 detections of genotype D1.1 (Fig-
ure 1, panel A). Of note, A3 viruses identified in BC in 
2024 were more closely related to A3 viruses from Japan 
(2024) than A3 viruses from British Columbia in 2023, 
suggesting that they represent a new HPAI incursion 
from East Asia (Appendix Figure, https://wwwnc.
cdc.gov/EID/article/31/6/24-1862-App1.pdf). Most 
(68.6%, 35/51) detections occurred in the Fraser Valley. 
Across the province, detections occurred predominant-
ly in cackling geese (Branta hutchinsii; 35.3%, 18/51), fol-
lowed by Canada geese (Branta canadensis; 17.6%, 9/51) 
and snow geese (Anser caerulenscens; 15.7%, 8/51); 1–3 
detections each occurred in American wigeons (Mareca 
americana), bald eagles (Haliaeetus leucocephalus), barred 
owls (Strix varia), great blue herons (Ardea herodias), 
great horned owls (Bubo virginianus), green-winged 
teals (Anas carolinensis), northern pintails (Anas acuta), 
peregrine falcons (Falco peregrinus), and red-tailed 
hawks (Buteo jamaicensis).

On November 8, 2024, we confirmed a diagno-
sis of influenza caused by HPAI H5N1 clade 2.3.4.4b 
genotype D1.1 in a teenager from the Fraser Valley 
(5). The sequence we obtained from this patient was 
most closely related to viruses detected in wild birds 
(Figure 2). The D1.1 lineage strain of the virus has 
also been associated with all but one of the 60 poultry 
outbreaks that occurred in British Columbia during 
October 21–November 30, 2024 (4).

The D1.1 genotype contained 4 Eurasian lineage 
segments (hemagglutinin, matrix, nonstructural, and 
polymerase basic 1) that were related to the 2023 
BC A3 lineage viruses and 4 segments from North 
American lineage viruses (neuraminidase [NA], nu-
cleoprotein, polymerase acidic, and polymerase basic 
2), including an NA segment not previously associ-

ated with HPAI H5N1 clade 2.3.4.4b viruses in Brit-
ish Columbia (Table). Although the 2024 D1.1 lin-
eage viruses and the 2023 A3 lineage viruses shared 
a recent common ancestor, the 2024 D1.1 lineage 
viruses displayed less genetic divergence than ex-
pected over that intervening time (Figure 1, panel B). 
Phylodynamic analysis using BEAST (https://beast.
community) and sequences from National Center for 
Biotechnology Information and GISAID (https://
www.gisaid.org) databases revealed that the clos-
est relative to the D1.1 Am4N1 NA segment was an 
H1N1 virus detected in a mallard (A/mallard/BC/
AIV-PHL-2360/2024) from the British Columbia in-
terior on August 20, 2024, and that the reassortment 
event involving that segment may have occurred in 
fall 2023 (Figure 3) (6). That H1N1 virus belongs to 
a lineage of earlier H1N1 viruses also detected in 
mallards and was distantly related to another H1N1 
detected in Alberta (A/Mallard/AB/539/2023). Of 
note, several Am4N1 segments from D1.1 viruses 
in poultry from the same British Columbia outbreak 
(A/chicken/BC/FAV-0289-002/2024, A/chicken/
BC/FAV-0284-001/2024, A/turkey/BC/FAV-0306-
1/2024) had a mutation associated with antiviral re-
sistance, NA-H275Y (7); however, that mutation was 
not detected in any of the wild bird sequences.

Conclusions
The once dominant B genotypes associated with the 
HPAI H5N1 clade 2.3.4.4b virus incursion via the East-
ern Atlantic Flyway do not appear to be circulating 
in wild birds within the Pacific Flyway as of fall 2024 
(despite the continuing presence of genotype B3.13 in 
cattle in the western United States [8]) (Table). Instead, 
a novel genotype, D1.1, has emerged that is the result 
of a reassortment among the A3 genotypes originally 
introduced via the Pacific Flyway and >1 North Amer-
ican lineage avian influenza viruses. This virus spilled 
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Table. Reassortant classification and genotypic characterization of clade 2.3.4.4b viruses in a study of highly pathogenic avian 
influenza A(H5N1) in wild birds and a human, British Columbia, Canada, 2024* 
GenoFLU 
genotype† 

Genotype assignment by influenza A segment 
Outbreak wave‡ HA NA M NP NS PA PB1 PB2 

B2.1 EA1 EA1 EA1 Am1.1 EA1 EA1 EA1 Am1.2 Wave 1 
B3.2 EA1 EA1 EA1 Am1.4.1 Am1.1 EA1 Am1.2 Am2.1 Waves 1–3 
B3.6 EA1 EA1 EA1 Am1.4.1 Am1.1 EA1 Am4 Am5 Wave 3 
B3.10 EA1 EA1 EA1 Am4 Am1.1 EA1 Am4 Am5 Wave 3 
B3.1 EA1 EA1 EA1 Am1.4.1 EA1 EA1 EA1 Am2.1 Wave 1 
B4.1 EA1 EA1 EA1 Am1.3 EA1 EA1 EA1 Am2.2 Waves 1–3 
A3 EA3 EA3 EA3 EA3 EA3 EA3 EA3 EA3 Waves 1–4 
D1.1 EA3 Am4N1 EA3 Am13 EA3 Am4 EA3 Am24 Wave 4 
B3.13 EA1 EA1 EA1 Am8 Am1.1 EA1 Am4 Am2.2 US cattle genotype (for 

context only) 
*Data show viruses detected in British Columbia, Canada, during September 2021–November 2024 contextualized by the US cattle virus genotype B3.13 
identified in 2024. Am, North American lineage; EA, Eurasian lineage; HA, hemagglutinin; M, matrix; NA, neuaminidase; NP, nucleoprotein; NS, 
nonstructural; PA, polymerase acidic; PB, polymerase basic. 
†Genotype assignment from GenoFlu pipeline (2). 
‡Wave 1, April–Sept 2022; wave 2, Sept 2022–Aug 2023; wave 3, Sept 2023–Aug 2024; wave 4, Sept 2024–November 2024. 

 



DISPATCHES

1218 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025

Figure 1. Hemagglutinin-specific phylogenetic analysis of clade 2.3.4.4b detections from a study of highly pathogenic avian influenza 
A(H5N1) in wild birds and a human, British Columbia, Canada, 2024. Data based on detections during September 2021–November 
2024 contextualized by sequences from other parts of North and South America. Trees are rooted on the A/goose/Guangdong/1/96 
(H5) reference sequence. A) Detections of all genotypes plotted on the basis of specimen collection date. B) Genotype A3 and D1.1 
detections plotted on the basis of divergence.
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over into poultry in British Columbia and infected 1 
human and has also been detected in parts of the Unit-
ed States south of British Columbia (Figure 2).

Compared with A3 viruses detected a year ear-
lier, the hemagglutinin segment of the D1.1 viruses 
had acquired fewer net substitutions than expected, 
despite sharing a relatively recent common ancestor 
(Figure 1, panel B). This finding could suggest that 
the D1.1 genotype or its ancestors may have been 
preserved in an environmental reservoir—e.g., in fro-
zen wetlands in the high arctic (9)—in the summer of 
2024 before being reintroduced into migratory birds 
in the fall. Alternatively, this viral lineage may be 
particularly well adapted to certain wild bird species 
or populations, resulting in circulation with minimal 
evolutionary pressure. This finding has implications 
for the use of molecular clock theory in phylodynam-
ic modeling of HPAI viruses.

We note that D1.1 appears to be unique among 
the HPAI H5N1 clade 2.3.4.4b genotypes due to the 
acquisition of a North American lineage NA segment. 
The Am4N1 NA segment likely originated from a 
reassortment event involving waterfowl in western 

Canada, potentially within British Columbia. Further 
studies are needed to determine where and when the 
other reassorted segments were acquired.

Of interest, the prevalence of environmental HPAI 
H5N1 virus clade 2.3.4.4b detections based on genom-
ic analysis of wetland sediment was far greater in fall 
2024 than for data from fall 2023 (10). This phenomenon 
could suggest that a great number of birds were infect-
ed with D1.1 compared with other genotypes in previ-
ous years, that the genotype is associated with greater 
viral shedding, or both. The NA segment encodes the 
enzyme required for viral release from infected cells 
(11). Certain NA lineages, therefore, might increase 
viral shedding in wild birds. Considering the explo-
sive wave of poultry outbreaks observed in British 
Columbia in late 2024, it would be prudent to investi-
gate whether the Am4N1 NA segment has a functional 
impact on host-virus interactions.  In addition, it will 
be important to determine the implications of D1.1 for 
host range and infectivity, given that the virus detected 
in the human case was most closely related to those 
found in wild birds, suggesting the potential for direct 
or indirect transmission from wild birds to humans.
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Figure 2. Phylogenetic analysis of concatenated full genome sequences of clade 2.3.4.4b genotype D1.1 detections in wild birds, 
poultry, and a human from a study of highly pathogenic avian influenza A(H5N1) in wild birds and a human (arrow), British Columbia, 
Canada, 2024. Data drawn from detections during October 3–November 8, 2024. Tree is plotted based on divergence and rooted to 
a composite D1.1 reference sequence assembled from D1.1 segments obtained from the GenoFLU Version 1.0.5 database (https://
github.com/USDA-VS/GenoFLU/).
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Scrub typhus, caused by the obligate intracellular 
bacterium Orientia tsutsugamushi, is a significant 

but underrecognized tropical disease endemic found 
mainly throughout the Asia-Pacific region (1). Scrub 
typhus places approximately 1 billion persons at risk 
and causes illness in 1 million persons each year (2). 
Extensive genetic diversity is a hallmark of O. tsutsu-
gamushi, influencing disease severity and complicat-
ing vaccine development and diagnostic accuracy (3). 
We describe 3 cases from Hainan Island, China, that 
illustrate the clinical variability and diagnostic chal-
lenges associated with dual-genotype infections and 
underscore the need for further investigation into 
their clinical implications.

The Study
Patient 1 was a 55-year-old male farmer from Lin-
gao County in Hainan Province, China (Table), who 
sought treatment for symptoms that included a 5-day 
history of fever peaking at 39.8°C, along with chills, 
headache, and fatigue. On September 12, 2023, he 
was admitted to the Infectious Diseases Department,  

Second Affiliated Hospital of Hainan Medical Uni-
versity (Haikou, China). At admission, laboratory 
test results showed markedly elevated inflamma-
tory markers and liver enzymes: high-sensitivity C-
reactive protein 122.70 mg/L (reference range <10 
mg/L), neutrophil percentage 84.1% (reference range 
40%–70%), alanine aminotransferase 301 U/L (ref-
erence range <40 U/L), aspartate transaminase 384 
U/L (reference range <40 U/L), and direct bilirubin 
7.0 μmol/L (reference range <5 μmol/L). In addition, 
interleukin 6 was markedly elevated at 156.00 pg/mL 
(reference range <7 pg/mL) and D-dimer was 100.39 
μg/mL (reference range <0.5 μg/mL). 

We determined the illness to be scrub typhus 
based on clinical manifestations and results from 
real-time PCR testing targeting the O. tsutsugamu-
shi 47-kDa and 56-kDa type-specific antigen genes 
(Zybio Inc., https://www.zybio.com) and serologic 
testing for IgM and IgG using a Gold-immuno-chro-
matographic assay kit (Beijing Wantai, https://www.
ystwt.cn). We promptly administered intravenous 
doxycycline (0.2 g in 250 mL normal saline daily) plus 
supportive care, and the patient’s condition gradually 
improved. He was discharged 6 days after admission.

Patient 2 was a 49-year-old male farmer from 
Wanning City, Hainan Province, whose symptoms 
included a 10-day history of high-grade fever (up to 
40°C), cough with yellow sputum, and chest tight-
ness (Table). His symptoms worsened 2 days before 
admission, with recurrence of those symptoms plus 
shortness of breath and urinary frequency. Admitted 
to the emergency intensive care unit (ICU), First Af-
filiated Hospital of Hainan Medical University (Haik-
ou, China), on June 14, 2023, the patient received an 
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We report 3 cases of dual-genotype Orientia tsutsugamu-
shi infection in Hainan Island, China. Patients exhibited 
diverse clinical manifestations, including afebrile illness 
and multiorgan involvement, highlighting the complexity 
associated with genetic diversity in scrub typhus. Clini-
cians should maintain heightened suspicion for atypical 
scrub typhus manifestations in endemic regions
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initial diagnosis of severe pneumonia. Laboratory 
tests revealed severe inflammation and multiorgan 
involvement: high-sensitivity C-reactive protein 
183.74 mg/L, neutrophil percentage 75.6%, leukocyte 
count 17.94 × 109 cells/L (reference range 4–10 × 109 
cells/L), alanine aminotransferase 77 U/L, aspartate 
transaminase 150 U/L, D-dimer 11.81 μg/mL, albu-
min 19.6 g/L (reference range 35–50 g/L), arterial 

oxygen partial pressure/fractional inspired oxygen 
ratio 284 mm Hg (reference range >300 mm Hg), and 
platelet count 67 × 109/L (reference range 150–400 × 
109/L). Imaging revealed bilateral pulmonary infil-
trates, mild pleural effusion, enlarged axillary lymph 
nodes, and splenomegaly. Investigation revealed a 0.3 
cm × 0.5 cm eschar below the right clavicle, strongly 
suggesting scrub typhus as the underlying cause. We 

 
Table. Clinical and laboratory features of patients in study of dual-genotype Orientia tsutsugamushi infections, Hainan, China, 2023* 

Patient Age, y/sex Clinical status at admission Site of eschar 
Disease 
severity Genotypes (ratio) Hospital stay, d 

1 55/M 5-day history of fever, headache, 
fatigue 

NA Moderate Karp_B + JG_C 
(1:2) 

6 

2 49/M 10-day history of fever, cough, 
dyspnea 

Below clavicle Severe 
(ICU) 

Karp_A + JG_C 
(17:2) 

16 

3 64/M 5-day history of ataxia, weakness 
(afebrile) 

Hip Severe 
(shock) 

Karp_B + Kato_B 
(1:1) 

6 

*ICU, intensive care unit; NA, not applicable. 

 

Figure. Phylogenetic analysis of 
Orientia tsutsugamushi based on 
partial 56-kDa type-specific antigen 
gene sequences from a study of 
dual-genotype O. tsutsugamushi 
infections, Hainan Island, China, 
2023. Phylogenetic tree was 
constructed using partial gene 
sequences from whole blood 
samples of 3 patients with scrub 
typhus (red asterisks) and reference 
sequences representing dominant 
genotypes retrieved from GenBank 
(accession numbers indicated). 
We performed the analysis with 
MEGA X software (https://www.
megasoftware.net) using the 
maximum-likelihood method and 
1,000 bootstrap replicates. Color 
shading and vertical bars at right 
indicate genotypes. 

Orientia tsutsugamushi Infections, China, 2023
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later confirmed O. tsutsugamushi infection by real-
time PCR and serologic testing. Oral doxycycline (0.2 
g/d) and supportive treatment led to improvement 
by the third day of treatment. The patient was dis-
charged 16 days after admission.

Patient 3 was a 64-year-old male farmer from 
Chengmai County, Hainan Province, who sought 
treatment for a 5-day history of unsteady gait, limb 
weakness, and fatigue (Table). He had a 40-year his-
tory of epilepsy, managed with valproic acid and 
oxcarbazepine. The patient was admitted to the 
Neurology Department, Second Affiliated Hospi-
tal of Hainan Medical University, on November 23, 
2023. Examination showed impaired articulation 
and a positive Romberg sign, but no fever (36.8°C). 
Laboratory tests indicated elevated inflammatory 
markers and mild hepatic injury: high-sensitivity 
C-reactive protein 71.06 mg/L, alanine aminotrans-
ferase 54 U/L, aspartate transaminase 86 U/L, inter-
leukin 6 127.00 pg/mL, D-dimer 5.47 μg/mL, and 
platelet count 62 × 109/L. Computed tomography 
of the patient’s chest revealed mild, ground glass 
opacities in multiple lung segments, bilateral pleu-
ral thickening, mild pleural effusion, and enlarged 
axillary lymph nodes. Given the initial signs and 
symptoms of thrombocytopenia, liver dysfunction, 
and pneumonitis, we treated the patient with antiep-
ileptic drugs and ceftriaxone, which imparted mini-
mal effect. On the third hospital day, attending staff 
noted a 0.3 cm × 0.4 cm eschar on the patient’s hip. 
Subsequent real-time PCR analysis and IgM/IgG se-
rologic testing for O. tsutsugamushi yielded positive 
results, thereby confirming a diagnosis of scrub ty-
phus. We then treated the patient with intravenous 
doxycycline (0.2 g in 250 mL normal saline daily), 
along with supportive treatments that included ino-
tropic support and antiepileptic therapy. His condi-
tion improved within 3 days, and he was discharged 
6 days after admission.

All 3 patients with scrub typhus tested positive 
by real-time PCR, IgM and IgG serology, and nest-
ed PCR targeting the 483-bp fragment of the 56-kDa 
type-specific antigen gene (4). Sanger sequencing 
showed overlapping nucleotide peaks, indicating 
mixed infection. Cloning and subsequent sequencing 
of individual amplicons confirmed dual-genotype O. 
tsutsugamushi infections. Patient 1 was co-infected 
with Karp B (Karp group) and JG_C (Gilliam group) 
genotypes at a 1:2 ratio (Karp B: 5/15 clones; JG_C: 
10/15 clones), with 74.43% nucleotide sequence iden-
tity between them (Figure). Patient 2 carried Karp 
A (Karp group) and JG_C genotypes in a 17:2 ratio 
(Karp A: 17/19 clones, JG_C: 2/19 clones) at 74.25% 

identity. Patient 3 was co-infected with Karp B and 
Kato_B (Kato group) genotypes in a 1:1 ratio (Karp B: 
9/18 clones, Kato_B: 9/18 clones) at 72.87% identity.

All 3 patients were middle-aged, male farmers 
(mean age 56 ± 7.55 years) with recent outdoor ex-
posure, consistent with typical risk factors for scrub 
typhus. We discovered an eschar on 2 of the patients, 
a characteristic clinical feature of the disease. The 
severity of illness varied widely among the 3 case 
patients: 1 patient developed severe scrub typhus 
requiring ICU care; another had a relatively mild, 
afebrile course. Despite differences in severity, all 3 
case patients shared common features, including pul-
monary involvement and liver dysfunction, mark-
edly elevated inflammatory markers, and thrombo-
cytopenia. Among the 3 patients, patient 2 exhibited 
the highest proportion of the Karp_A genotype and 
required ICU admission, indicating greater disease 
severity (Table). Previous studies have associated 
the Karp genotype with more severe clinical mani-
festations and higher bacterial loads (5–7). Although 
limited by sample size, our preliminary observations 
suggest that genotype dominance in dual-genotype 
infections may influence disease severity, warranting 
larger-scale studies.

Conclusions
Dual-genotype O. tsutsugamushi infections represent 
a complex and underexplored aspect of scrub typhus 
epidemiology (8–13). Our study highlights dual-gen-
otype O. tsutsugamushi infections in 3 patients from 
Hainan Island, China, and emphasizes the genetic 
complexity and clinical variability associated with 
scrub typhus. We observed Karp-group strains con-
sistently present alongside Gilliam and Kato strains, 
reflecting dominant regional circulation patterns (5). 
Despite varied clinical severities, all patients exhib-
ited common features, namely pulmonary involve-
ment, hepatic dysfunction, elevated inflammatory 
markers, and thrombocytopenia. The presence of 
multiple genotypes within individual infections, con-
firmed through sequencing and cloning, underscores 
the diagnostic and therapeutic challenges associated 
with scrub typhus. Our findings necessitate further 
studies to elucidate the influence of dual-genotype 
infections on disease progression, clinical outcomes, 
and treatment efficacy. Clinicians should maintain 
heightened suspicion for atypical scrub typhus mani-
festations in endemic regions.
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Eschars, distinctive skin lesions from rickettsial 
infection induced by feeding ticks or mites, play 

a crucial role in diagnosing scrub typhus and spot-
ted fever rickettsioses. Eschars occur at the sites 
where rickettsial pathogens are inoculated into the 
skin by an arthropod vector and typically emerge 
within a few (median 5) days after tick or mite bites, 
during the incubation period before symptom onset. 

Rickettsia-associated eschar is caused by rick-
ettsial growth in endothelial cells, leading to throm-
bosis, ischemia, and necrosis of dermal tissue. The 
lesion initially resembles a small papule or pustule, 
then evolves into a central 0.5–3.0-cm ulcer covered 
by brown-black crust and encircled by a red halo 
(Figure), which can take several weeks to heal and 
can leave a small, depressed scar. Rickettsial eschars 
are typically painless, nonitchy, and frequently over-
looked in patients with dark complexions, resulting 
in delayed diagnosis and treatment. PCR detection 
of pathogen DNA from eschar tissue or swab sam-
ples serves as a rapid diagnostic tool in early stages 
of eschar-associated rickettsial infection.

Sometimes, atypical eschars resembling acne 
may be observed. In mite-associated rickettsioses, 
eschars appear in areas where skin surfaces meet 
or clothes bind, such as the axilla, groin, neck, and 
waist, but occasionally occur at uncommon sites, 
such as wrist or elbow joints. However, tick-asso-
ciated rickettsioses often manifest eschars on the 
extremities and trunk. Cutaneous manifestations 
of other infectious diseases, including tularemia, 

leishmaniasis, anthrax, and certain mycobacterial 
and fungal infections, can also produce eschars.

The term eschar finds its root from the Ancient 
Greek eskhára, meaning hearth, brazier, or scab, 
from which Middle French eschare and Late Latin 
eschara, both signifying scar or scab, evolved. That 
linguistic journey reflects the lesion’s historical as-
sociation with healing and scarring of burnt skin.
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Recurrent skin and soft tissue infections (SSTIs) 
caused by Panton-Valentine leukocidin (PVL)–

positive methicillin-resistant Staphylococcus aureus 
(MRSA) have been reported worldwide (1,2). Recur-
rence may be attributed to intrafamilial transmis-
sion; in such cases, decolonization by nasal mupi-
rocin ointment and topical skin application of 4% 
chlorhexidine are treatments for family members (3). 
Methicillin-susceptible S. aureus (MSSA) strains that 
possess virulence factors similar to those of MRSA 
have been reported (4,5); however, the clinical sig-
nificance of such bacterial strains and the efficacy of 
decolonization are still unclear. We report a case of 
a child in Japan with recurrent SSTIs caused by PVL 
and exfoliative toxin E (ETE) double-positive MSSA 

refractory to decolonization, with evidence of intra-
familial transmission.

The Study
A 7-year-old girl with atopic dermatitis was referred 
to the National Center for Child Health and Develop-
ment (Tokyo, Japan) for impetigo and recurrent mul-
tiple furuncles (furunculosis) (Figure 1). The child had 
no history of serious infections and no suspected im-
munodeficiencies. We instructed the patient to main-
tain skin cleanliness by showering and using moistur-
izers and to repeatedly treat with oral antimicrobial 
agents when furuncles manifested. However, the skin 
lesions relapsed 2–4 weeks after discontinuing the an-
timicrobial therapy. Culture of the pus from a furuncle 
identified MSSA (strain name JH62PP1) (Appendix 
Table, https://wwwnc.cdc.gov/EID/article/27/11/ 
21-1265-App1.pdf). 

The patient’s father, older brother (12 years of 
age), and younger brother (3 years of age) also had 
similar skin lesions; we suspected intrafamilial infec-
tion of MSSA. In addition to lifestyle guidance (hand 
hygiene; keeping fingernails short; changing under-
wear, towels, and sleepwear each day; washing sheets 
and pillowcases weekly; washing the body with soap 
daily; and avoiding sharing personal items), all fami-
ly members underwent decolonization using mupiro-
cin ointment (applied to each nostril 3×/d for 3 days) 
and 4% chlorhexidine (applied to all skin areas below 
the neck 3×/wk for 4 weeks). Although the time in-
terval between relapse of skin lesions increased tem-
porarily, the frequency returned to the same level ≈4 
months after the first decolonization (Figure 2). 

We then attempted decolonization for the patient 
and each family member with a bleach bath in water 

Skin Infections Caused by  
Panton-Valentine Leukocidin 
and Methicillin-Susceptible 

Staphylococcus aureus 
in Child, Japan

Kensuke Shoji, Kazue Yoshida, Marie Takenouchi, Junzo Hisatsune, Shoko Kutsuno, Chika Arai,  
Kanako Masuda, Motoyuki Sugai, Takashi Ishikawa, Toshinao Kawai, Kazuhiro Uda, Isao Miyairi

Author affiliations: National Center for Child Health and  
Development, Tokyo, Japan (K. Shoji, K. Yoshida, M. Takenouchi,  
T. Ishikawa, T. Kawai, K. Uda, I. Miyairi); National Institute  
of Infectious Diseases, Japan Institute for Health Security, Tokyo 
(J. Hisatsune, S. Kutsuno, C. Arai, M. Sugai); Project Research 
Center for Nosocomial Infectious Diseases, Hiroshima University, 
Hiroshima, Japan (J. Hisatsune, S. Kutsuno, C. Arai, K. Masuda, 
M. Sugai); Okayama University Hospital, Okayama, Japan  
(K. Uda); Hamamatsu University School of Medicine, Hamamatsu, 
Japan (I. Miyairi)

DOI: https://doi.org/10.3201/eid3106.241955

We describe a pediatric case of recurrent skin infections 
caused by a Panton-Valentine leukocidin and exfoliative 
toxin E double-positive methicillin-susceptible Staphylo-
coccus aureus clonal complex 188 clone. Most of the 
patient’s family members were infected with the same 
strain, and intrafamilial transmission was strongly sus-
pected. Decolonization procedures were not effective.
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containing 0.005% hypochlorous acid as approved by 
the institutional ethics committee (NCCHD-1912). We 
instructed the patient and family to first wash their 
bodies with soap, then soak in the bathtub for 5–10 
minutes, and finally rinse thoroughly in the shower. 
They performed the procedure twice a week. Howev-
er, recurrences occurred within ≈2 weeks, indicating 
that the bath was not effective. 

We assessed the patient’s immune condition by 
blood tests, including a complete blood count with 
differential, immunoglobulin and complement levels, 
lymphocyte proliferation assay, superoxide produc-
tion, and flow cytometry. The results of those tests 
were within reference ranges; we considered known 
primary immunodeficiencies, including chronic gran-
ulomatous disease and hyper-IgE syndrome, unlikely. 
Thereafter, we abandoned attempts at decolonization 
and gave the patient oral antimicrobial medication 
when a skin lesion formed. The frequency of skin le-

sions improved when the patient was 10 years of age; 
we observed no relapses after the patient turned 11, 
with no additional interventions. Outpatient follow-
up ended.

In this case, we strongly suspected familial trans-
mission of S. aureus. Therefore, we conducted a phy-
logenetic analysis using whole-genome sequencing 
on a total of 7 MSSA strains: 2 strains (JH62PP1 and 
JH62PP2) isolated from swab specimens of the pa-
tient’s pus at the initial and follow-up visits and 5 
strains (JH62PN, JH62F, JH62M, JH62B1, and JH62B2) 
isolated from nasal swab specimens of the patient and 
4 other family members before decolonization treat-
ment. We performed purification of genomic DNA, 
preparation of sequencing libraries, whole-genome 
sequencing, and core-genome–based phylogenetic 
analyses in this study as previously described (6). We 
deposited raw read sequences obtained in this study in 
GenBank/DDBJ/EMBL (BioProject no. PRJDB19081). 

Figure 1. Multiple furuncles 
(furunculosis) on forearm (A) and 
thigh (B) of child experiencing 
recurrent skin infections caused 
by Panton-Valentine leukocidin 
and exfoliative toxin E double-
positive methicillin-susceptible 
Staphylococcus aureus clonal 
complex 188 clone, Japan. 

Figure 2. Timeline of 
symptoms and treatment of 
child experiencing recurrent 
skin infections caused by 
Panton-Valentine leukocidin 
and exfoliative toxin E double-
positive methicillin-susceptible 
Staphylococcus aureus clonal 
complex 188 clone, Japan.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1229

 Skin Infections Caused by MSSA in Child, Japan

MLST analysis revealed that the JH62PP1 and 
JH62PN strains isolated from the patient’s pus and 
nasal swab specimens at the initial visit, as well as 
those (JH62F, JH62M, and JH62B1) from nasal swab 
specimens of the father, mother, and older brother, 
were identified as MSSA sequence type (ST) 2233 
(Appendix Figure 1). ST2233 belongs to clonal com-
plex (CC) 188, as determined by eBURST analysis of  
PHYLoViZ version 2.0 web tool (https://www. 
phyloviz.net). JH62PP2, isolated from the patient’s pus 
at the follow-up visit, belonged to ST1, and JH62B2, 
isolated from the younger brother’s nasal swab, ST188; 
their STs were distinct from ST2233, which was the ST 
of the suspected strain of household transmission. In 
the case of S. aureus, the single-nucleotide polymor-
phism cutoff value for excluding patient-to-patient 
transmission in an outbreak setting is considered to 
be <15 within the previous 6 months (7). Therefore, 
all ST2233 isolates from the 4 family members were 
found to be very closely related, confirming that the 
causative clone was transmitted within the family.

We also investigated the virulence, antimicrobial-
resistance, and disinfectant-resistance genes by whole-
genome sequencing analysis (Table 1). Five ST2233 
isolates possessed multiple virulence genes: Panton-
Valentine leukocidin genes lukS-PV and lukF-PV; staph-
ylococcal enterotoxin genes seg, seh, sei, sem, sen, seo, ses, 
and seu; exfoliative toxin gene ete; and some antimi-
crobial-resistance genes, including β-lactam resistance 
gene blaZ and quinolone resistance–determining region 
mutations GrlA S80Y and GyrA S84L. However, we did 
not detect the mupirocin-resistance gene mup or any qac  

homologs, such as qacA, qacB, qacE, qacG, and qacH, 
which are known as disinfectant-resistance genes and 
known to reduce efficacy (8,9). We also investigated 
biofilm formation, which is associated with bacterial 
colonization and drug resistance. However, the biofilm-
forming ability of these ST2233 strains was only slightly 
higher than that of the negative control FK300 (p<0.05) 
and not particularly strong (Appendix Figure 2).

ETE is a recently identified toxin that specifically 
degrades desmoglein-1 in the epidermis of many 
mammal species, including humans (10). A PVL and 
ETE double-positive strain is very rare; only 1 case has 
been reported, from necrotizing fasciitis (11). We have 
not found other reports of PVL and ETE double-posi-
tive S. aureus belonging to CC188, the most frequently 
isolated clone from healthy adult skin in Japan.

Conclusions
SSTIs caused by S. aureus are known to recur. A large 
multicenter cohort study of 959 staphylococcal SSTI 
cases revealed that 16.4%–19.0% of patients experi-
enced >1 recurrence within a 12-month follow-up 
period (1). Intrafamilial transmission of S. aureus in 
patients with SSTIs is also known; Rodriguez et al. 
reported that among 163 pediatric patients with com-
munity-associated S. aureus SSTIs, intrafamilial strain 
relationships were observed in 105 (64%) families 
(12). Decolonization is occasionally attempted for all 
family members of patients with relapsing staphylo-
coccal SSTIs; well-known decolonization techniques 
are nasal decolonization by mupirocin ointment and 
topical body decolonization by chlorhexidine (3) and 

 
Table. Genetic characteristics of strains isolated in study of skin infections caused by Panton-Valentine leukocidin and methicillin-
susceptible Staphylococcus aureus in child, Japan* 
ID Source ST Relevant molecular characteristics 
JH62M Mother ST2233 TGs: pvl, ete, seg, seh, sei, sem, sen, seo, ses, seu 
   ARGs: blaZ, GrlA/S80Y, GyrA/S84L 
   DRGs: none 
JH62PP1 Patient ST2233 TGs: pvl, ete, seg, seh, sei, sem, sen, seo, ses, seu 
   ARGs: blaZ, GrlA/S80Y, GyrA/S84L 
   DRGs: none 
JH62PN Patient ST2233 TGs: pvl, ete, seg, seh, sei, sem, sen, seo, ses, seu 
   ARGs: blaZ, GrlA/S80Y, GyrA/S84L 
   DRGs: none 
JH62B1 Older brother ST2233 TGs: pvl, ete, seg, seh, sei, sem, sen, seo, ses, seu 
   ARGs: blaZ, GrlA/S80Y, GyrA/S84L 
   DRGs: none 
JH62F Father ST2233 TGs: pvl, ete, seg, she, sei, sem, sen, seo, ses, seu 
   ARGs: blaZ, GrlA/S80Y, GyrA/S84L 
   DRGs: none 
JH62B2 Younger brother ST188 TGs: none 
   ARGs: none 
   DRGs: none 
JH62PP2 Patient (second time) ST1 TGs: sea, seh, sek, seq, ses 
   ARGs: blaZ, ant(9)-Ia, erm(A) 
   DRGs: none 
*ARG, antimicrobial-resistance gene; DRG; disinfectant-resistance gene; ID, identification; ST, sequence type; TG, toxin gene.  
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sometimes bleach baths, in which the patient bathes 
in a bathtub filled with diluted hypochlorous acid 
water (13). Although we applied all 3 techniques to 
our patient and her family members, they were in-
effective. Detailed strain analysis showed that the 
strains did not harbor resistance genes to mupirocin 
or disinfectants, and resistance to them was not the 
cause of their insufficient efficacy. Further strategies 
to control relapsing staphylococcal SSTI are required.

In summary, we encountered a child with relaps-
ing SSTI caused by a PVL and ETE double-positive 
MSSA ST2233 strain that was refractory to decoloni-
zation procedures. Further investigation will reveal 
the clinical significance of the ST2233 strain and effec-
tive techniques for decolonization. Clinicians should 
be aware of the possibility of disinfectant resistance in 
SSTIs caused by MSSA infections.
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patient’s parents. 
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Cache Valley virus (CVV), a mosquitoborne virus 
in the family Peribunyaviridae, genus Orthobunya-

virus, and serogroup Bunyamwera, circulates among 
several vertebrate species, including sheep, deer, 
horses, and cattle (1–3). CVV has been isolated from 
multiple mosquito genera, but the primary vector 
species likely varies by geographic location (1–6).

Humans are susceptible to CVV and can develop 
asymptomatic infection or clinical disease ranging 
from febrile illness to meningitis and encephalitis. Al-
though most CVV infections in animals are subclini-
cal, infection in sheep and goats during pregnancy can 
cause abortions, malformed fetuses, and congenital 
abnormalities (1). Fetal deformities involve muscu-
loskeletal and central nervous system malformations 
such as scoliosis, hydrocephalus, and arthrogryposis 
(7). Adverse fetal impact depends on the timing of in-
fection during gestation (8).

The geographic distribution and burden of CVV 
disease among humans and animals is not well  

characterized (2,4,9). Since the initial identification of 
CVV in mosquitoes in Utah, USA, in 1956, the virus 
has been detected across North America, including the 
United States, Canada, and Mexico (1,3). Eight human 
disease cases have been reported in the United States, 
with likely exposures in North Carolina, Missouri, 
Wisconsin, Michigan, and New York (10–12); an addi-
tional case was associated with blood transfusion from 
an asymptomatic infected blood donor in Illinois (13). 
Seroprevalence studies have demonstrated widespread 
exposure to CVV in humans and animals (2,3).

In February 2023, CVV RNA was detected in tis-
sues from an aborted lamb at a farm in central Arkan-
sas, USA (farm A). The farmer reported an abortion 
storm with an attack rate of ≈30%. Previously, there 
had been 1 other report of CVV in Arkansas in 2020, a 
seropositive sheep from a flock in northwest Arkansas 
(farm B), located ≈60 miles northwest of farm A (Fig-
ure). The identification of an abortion storm in a flock 
potentially related to CVV raised concern about the 
potential risk for CVV to human and animal health. 
We investigated the occurrence and health risk for 
CVV among humans and animals in Arkansas.

The Study
To investigate the effect of CVV on livestock, we ac-
quired archived serum samples collected at breeding 
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Cache Valley virus (CVV), a mosquitoborne virus, can 
cause neuroinvasive disease in humans and adverse re-
productive outcomes in sheep and goats. In 2023, CVV 
RNA was detected in an aborted lamb from a flock in Ar-
kansas, USA. We conducted a One Health investigation 
to explore the potential effects of CVV in Arkansas.
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in August 2022 and 2 months’ gestation from sheep 
bred at farm B. Most of the flock were lambing for 
the first time, and the others did not have a history 
of fertility issues. Husbandry records included repro-
ductive outcomes. To confirm the presence of CVV-
specific antibodies in wild ungulates, we obtained ar-
chived serum samples from white-tailed deer culled 
in 2017 and 2020 during herd health assessments con-
ducted in 3 counties in Arkansas (Figure).

We performed plaque reduction neutralization 
tests on sheep and deer serum diluted 2-fold from 1:10 
to 1:1,280. We calculated maximal effective concentra-
tions in which the serum dilution resulted in a 50% 
reduction in viral plaques (EC50) using virus neutral-
ization curves with a 4-parameter logistic model. We 
defined seropositivity as EC50 >20. We also screened 
deer serum for neutralizing antibodies against Potosi 
and Jamestown Canyon viruses, 2 related orthobun-
yaviruses known to infect white-tailed deer in North 
America, including Arkansas (1).

To identify potential CVV vectors in Arkansas, 
we conducted dusk-to-dawn mosquito trapping using 
CO2-baited CDC miniature light traps, with and with-
out light over 9 trap nights around farms A and B dur-
ing the 2023 arboviral season (epidemiologic weeks 
25–46). We homogenized captured female mosquitoes 
in cell culture medium/bovine albumin and extracted 
RNA for real-time reverse transcription PCR (14).

Meningitis and encephalitis are reportable condi-
tions in Arkansas. To identify patients with meningitis 
and encephalitis of unknown etiology among cases re-
ported to the Arkansas Department of Health (ADH) 
during January 1, 2022–July 9, 2023, we reviewed case 
data and applied standardized case definitions. Inclu-
sion criteria were acute onset of fever and cerebrospi-
nal fluid pleocytosis, defined as leukocytes (leukocyte) 
>5 cells/mm3. Patients classified as having encephali-
tis had >1 of the following: altered mental status, neu-
rologic deficits, abnormal neuroimaging, abnormal 
electroencephalogram, or seizure. Patients classified 
as having meningitis had none of the characteristics 
of encephalitis and reported headache, stiff neck, or 
photophobia. To avoid capturing infections acquired 
at birth or in the hospital, we excluded patients <2 
months of age and those whose initial CSF specimen 
was obtained on or after the third day of admission.

The Centers for Disease Control and Prevention 
deemed our investigation to be public health surveil-
lance. We obtained archived serum samples from 
ewes under material transfer agreements with US De-
partment of Agriculture and samples from deer from 
the Arkansas Game and Fish Commission. All speci-
mens were collected under Institutional Animal Care 

and Use Committee–approved protocols held by the 
respective agencies.

We identified 39 ewes bred in August 2022 and 
lambed in mid-January to early February of 2023 
with paired specimens at farm B. Of the 39 ewes, 8 
(21%) were seropositive for CVV at breeding and 31 
(79%) were seronegative. Of the seronegative ewes, 
3 (10%) seroconverted during pregnancy; of those, 2 
(66%) had adverse reproductive outcomes. The first 
ewe gave birth to a stillborn lamb with angular limb 
deformities and CVV detected in kidney tissue by 
PCR performed at Texas A&M Veterinary Medical 
Diagnostic Laboratory (College Station, Texas, USA) 
and a seropositive liveborn lamb reported to have 
weak legs. The second ewe had a stillborn lamb and a 
healthy-appearing liveborn lamb; no additional test-
ing was performed. Of the 36 ewes that did not sero-
convert during pregnancy, including the 8 seroposi-
tive at breeding, 6 (17%) had no pregnancy detected. 
Of the 30 with confirmed pregnancies, 10 (33%) had 
adverse reproductive outcomes: 3 embryo losses, 3 
abortions, 3 stillbirths, and 1 congenital deformity.

Of 13 specimens obtained from deer culled in 
Yell, Boone, and Newton Counties (Figure), 11 (85%) 
were seropositive for CVV, including 1 that was sero-
positive only for CVV and 10 that were also seroposi-
tive for Jamestown Canyon or Potosi viruses (Table 
1). One deer was seropositive for only Potosi virus. 
None of the 204 mosquito pools, representing 641 
mosquitoes, tested positive for CVV (Table 2).

Figure. County locations for 2 farms with evidence of Cache 
Valley virus in sheep (red outline) and counties with specimens 
available from culled white-tailed deer (outlined in blue) for study 
of Cache Valley virus, Arkansas, USA, 2023.
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We excluded 83 (40%) of 206 human patients re-
ported with suspected meningitis and encephalitis 
from our study. Of the 123 remaining, 82 (67%) had 
complete records available and met case definition. 
Of those 82 cases, 4 (5%) had an unknown etiology, 
and none had a record of arboviral testing.

Conclusions
This One Health investigation identified the presence 
of CVV and its likely effect on livestock health in Ar-
kansas (15). Testing data for arboviral infections, in-
cluding CVV infections, among human patients with 
meningitis and encephalitis were limited, suggesting 
human cases may be underdiagnosed.

We documented seroconversion during gestation 
in sheep, including those with adverse reproductive 
outcomes. Seropositivity among culled white-tailed 
deer provided further evidence of CVV transmission. 
We also detected antibodies to 2 related viruses in 
deer. More work is needed to understand the circu-

lation and implications of CVV and other related or-
thobunyaviruses in domesticated and wild ungulates.

Vector surveillance activities did not identify 
CVV in collected mosquitoes. However, more exten-
sive and sustained surveillance efforts over time are 
likely needed to detect virus in mosquitoes. Identify-
ing reservoirs and local vectors of CVV will clarify 
opportunities for control measures to help prevent 
human and animal cases.
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Giardia intestinalis (G. lamblia, G. duodenalis) is 
an intestinal protozoal pathogen found world-

wide; the highest incidence occurs in developing 
countries. For decades, the first-line treatment for 
giardiasis has been the 5-nitroimidazoles, such as 
metronidazole and tinidazole (1). Since the early 
2000s, reports of giardiasis refractory (resistant) to 
5-nitroimidazoles have increased, posing a clinical 
challenge. The reports are mostly from travelers re-
turning from the Indian subcontinent (2–6). Infor-
mation on the prevalence of giardiasis refractory to 
5-nitroimidazoles in India and global epidemiology 
is scarce. To examine global prevalence, we assessed 
the percentage of nitroimidazole-refractory disease 
among giardiasis cases acquired in different geo-
graphic world regions.

The Study
In Sweden, giardiasis is a notifiable disease. We ret-
rospectively extracted cases reported during January 
2008–December 2020 from Stockholm County with 
information on age, sex, and country of infection  

from the national electronic notification system 
(SmiNet). In Stockholm, giardiasis patients not re-
sponding to treatment (repeat fecal sample testing 
is generally only done if symptoms continue) are re-
ferred to specialized adult and pediatric centers at 
Karolinska University Hospital, which are the only 
clinics providing second-line treatment alternatives 
because those require special prescribing licenses. 
We retrospectively evaluated medical records of all 
giardiasis cases seen at the centers during the study 
period. We defined a case as nitroimidazole refrac-
tory if the case had a positive fecal sample for giar-
diasis by microscopy (whole study period) or PCR 
(from 2016) after a full 5-nitroimidazole treatment 
course (metronidazole 400 mg 3×/d for 5–7 days 
or a single dose of tinidazole 2 g) and no indication 
of reinfection. The treating clinician determined 
whether the case was related to travel. The Regional 
Ethical Review Board in Stockholm (approval nos. 
2018/2309-31 and 2020-06183) approved the study.

During the 13-year study period, Stockholm had 
4,285 notified giardiasis cases, of which 3,172 (74%) 
were acquired abroad and 881 (21%) were acquired 
domestically; 232 had unknown acquisition (Table). 
The mean incidence of all cases was 15.2/100,000 
population/year and incidence among domestic cas-
es was 3.2/100,000 population/year. 

The number of cases identified as nitroimidazole 
refractory was 102 (2.4%), and 97/102 (95%) were re-
lated to travel. Of 102 treatment-refractory cases, 96 
had received >2 courses of 5-nitroimidazoles. In the 
first half of the study period (January 2008–June 2014), 
the percentage of nitroimidazole-refractory cases was 
2.0% (46/2,255), compared with 2.8% (56/2,030) in 
the second half (July 2014–December 2020; p = 0.12). 
For cases acquired specifically in India, the percent-
age rose from 8.5% (29/341) to 17.2% (35/204) be-
tween the 2 periods (p = 0.002 by χ2 test). 
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Treatment-refractory giardiasis is an emerging clinical 
problem. Of 4,285 giardiasis cases identified during 
2008–2020 in Stockholm, Sweden, 102 (2.4%) were ni-
troimidazole refractory. Among cases acquired in India, 
the percentage was high (64/545 [12%]) and increased 
over time. The region of acquisition needs to be taken 
into consideration when managing patients.
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The median patient age was 30 (range 0–89) years 
in the total study population and 35 (range 1–78) 
years in patients with refractory disease. Among 4,285 
cases, 55% were in male patients and 45% were in fe-
male patients; slightly more (55/102) male patients 
had nitroimidazole-refractory infections than female 
patients (47/102). Only 2 of the nitroimidazole-refrac-
tory cases were identified with immunosuppressive 
conditions, 1 receiving rituximab and methotrexate 
and 1 prednisolone; none had other immunoglobu-
lin deficiencies or HIV. The treatment and outcome of 
the patients are described elsewhere (6).

The percentage of patients with nitroimidazole-
refractory disease varied by countries visited (Ta-
ble). A high prevalence of 12% (64/545) was seen 
in persons returning from India, compared with 
1.1% (9/792) from the rest of Asia (excluding India; 
p<0.0001) and 1.0% (38/3,740) from the rest of the 
world (p<0.0001): Asia (1.1%; 9/792), Africa (1.5%; 
17/1,115), Europe (0.9%; 11/1,247), and the Americas 
(0.3%; 1/349). The highest (29%; 2/7) prevalence was 
noted in patients infected in Nepal. Among 881 cases 
acquired domestically in Sweden, 5 (0.6%) were nitro-
imidazole refractory. Only 1 of those 5 case-patients 
had known contact with a travel-related case. Among 
the 97 travel-related nitroimidazole-refractory giar-
diasis cases (all symptomatic <28 days of returning 
from travel), tourism was the most common reason 
for travel (75%; 73/97), followed by work or studies 
(11%; 11/97), immigration (9%; 9/97), and visiting 
friends or relatives (4%; 4/97). 

This study conducted in a low-endemic popu-
lation-based setting showed that the proportion of 
nitroimidazole-refractory giardiasis was >10 times 
higher in persons who had acquired the infection in 
India (12%) compared with other parts of the world 
(1.0%). Of note, the proportion of nitroimidazole-
refractory disease among cases acquired in India 
rose over the study period (from 8.5% to 17%). The 
percentage of nitroimidazole-refractory cases ac-
quired in India (12%) was similar to that found in 
a previous small study from India (10%; 8/82) (7). 
Other studies from specialized centers in Europe 
have reported substantially higher percentages 
from India, up to 50% (2,3,6). However, those stud-
ies were small and might have been biased because 
they mostly included referred patients, whereas 
this study is based on all giardiasis cases identified 
in a large well-defined geographic area. Data from 
countries outside Asia are sparse in the literature. 
Studies from Cuba have reported a metronidazole 
refractory rate of 46% (248/456) in 2017–2018 and 
15% (11/75) in 2009 (8,9). That rate is much higher  

than the 0.3% (1/349) noted from the Americas in 
this study, but that total included only 14 cases 
from Cuba (none treatment refractory).

The reason for the higher, and increasing, preva-
lence of nitroimidazole-refractory disease in India 
compared with other countries is not known. High 
drug pressure (frequent use of 5-nitroimidazoles) 
could perhaps be an explanation. That pressure is 
seen with bacterial drug resistance, also common in 
India (4,10). The lower prevalence found in neigh-
boring Pakistan (1%), which has similar living con-
ditions, is at the same time difficult to explain. To  
 
Table. Giardiasis by country of acquisition and rate of 
nitroimidazole-refractory cases, Stockholm, Sweden, 2008–2020 

Origin of infection* Total no. cases 
No. (%) nitroimidazole-

refractory cases  
Asia 1,337 73 (5.5) 
 India 545 64 (11.7)† 
 Thailand 168 4 (2.4) 
 Pakistan 94 1 (1.1) 
 Iraq 71 0 
 Turkey 65 0 
 Afghanistan 58 0 
 Syria 45 0 
 China 36 0 
 Sri Lanka 33 0 
 Cambodia 25 0 
 Indonesia 25 0 
 Bangladesh 23 2 (8.7) 
 Nepal 7 2 (28.6) 
Africa 1,115 17‡ (1.5) 
 Tanzania 136 3 (2.2) 
 Somalia 133 1 (0.8) 
 Ethiopia 105 1 (0.9) 
 Kenya 94 0 
 Eritrea 93 0 
 Uganda 65 2 (3.1) 
 Egypt 57 0 
 Gambia 45 0 
 Sudan 37 0 
 South Africa 26 1 (3.8) 
 Morocco 23 0 
Americas 349 1 (0.3) 
 Colombia 67 1 (1.5) 
 Brazil 55 0 
 Peru 36 0 
 Mexico 28 0 
 United States 23 0 
Europe 1,247 11§ (0.9) 
 Sweden 881 5 (0.6) 
 Spain 107 2 (1.9) 
 Greece 36 0 
 France 29 1 (3.4) 
Oceania 5 0 
Unknown 232 0 
Total 4,285 102 (2.4) 
*Countries with >20 giardiasis cases in total are shown, as well as 
countries with >2 treatment refractory cases. 
†p<0.0001 for India compared with rest of Asia and for India compared 
with the rest of the world (by 2 test). 
‡In addition, the following countries had 1 case: Angola, Benin, Central 
African Republic, Democratic Republic of the Congo, Ghana, Madagascar, 
Sudan, Chad, and Zimbabwe. 
§In addition, the following countries had 1 case: Belgium, Italy, and 
Switzerland. 
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understand those geographic and temporal varia-
tions, better knowledge on the mechanisms behind 
nitroimidazole-refractory giardiasis is needed.

Treatment-refractory disease with persistence of 
protozoa in fecal samples may result from parasite 
drug resistance, but host-related factors, such as im-
munoglobulin deficiencies and HIV, can also play a 
role (11). Drug resistance is difficult to evaluate in 
clinical settings because antimicrobial drug suscep-
tibility testing for Giardia is lacking (12,13), and the 
underlying molecular resistance mechanisms are not 
well understood (1,14). In our cohort, only a small 
percentage (2%) of patients with nitroimidazole-
refractory diseases had known immunosuppressive 
conditions. Furthermore, all patients (n = 56) who 
were treated with quinacrine improved (6). Although 
quinacrine has been reported to have good efficacy 
against nitroimidazole-refractory giardiasis (clinical 
cure rates of 98% and parasitologic cure rates of 89% 
from pooled studies) (5,6,15), increased use might 
pose a risk for further resistance. Without reliable di-
agnostic assays on antimicrobial drug resistance, the 
management of treatment-refractory giardiasis will 
remain a clinical challenge.

A limitation of the study is that some treatment-
refractory cases might not have been referred to our 
center and thereby missed. Missing cases would 
lead to an underestimation of nitroimidazole-refrac-
tory disease, but the underestimation would most 
likely be similar for different regions. Similarly, the 
study focused on clinically refractory disease, and 
asymptomatic carriage after nitroimidazole treat-
ment could go unnoticed. Another limitation is that, 
despite a large total number of cases, the numbers 
from specific countries were often low, which makes 
drawing conclusions on a country level difficult. 
Strengths of the study are its population-based ap-
proach, the low likelihood of missed cases because 
in Sweden giardiasis is notifiable, the low-endemic 
setting with small risk for reinfections, and that all 
nitroimidazole-refractory cases were well defined 
with a thorough follow-up.

Conclusions
The results of this study show that nitroimidazole-
refractory giardiasis is prevalent on the Indian sub-
continent but is substantially less common in the rest 
of the world. Further studies on the epidemiology of 
treatment-refractory giardiasis and possible under-
lying resistance mechanisms are needed. Clinicians 
should take into consideration the region where in-
fection was acquired when managing and treating 
giardiasis patients.
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Babesiosis is a tickborne disease caused by apicom-
plexan hemoprotozoan parasites of the genus Ba-

besia. The biologic cycle of Babesia spp. involves spe-
cies-specific interactions among the pathogen, host, 
and reservoir (1). More than 100 Babesia spp. have 
been described as cause of disease in animals, but 
only a few are involved in human infections.

Most human babesiosis cases have been report-
ed in North America, where B. microti is the main 
pathogen (1). In Europe, where most infections are 
caused by either B. divergens or B. venatorum (2), only 
≈50 human cases have been reported since 1957 (3). 
In Italy, only 1 case has been reported, in 2004 (4). 
In contrast to the paucity of clinically relevant cases, 
results from a seroprevalence study in Spain suggest 
that human infection might be more common; sero-
reactivity up to 39.2% in tick-exposed persons has 
been reported (5).

The growing use of molecular techniques is en-
abling new insights into the epidemiology of Babesia 
spp. in wildlife and domestic animals (6), as well as  

enabling identification of species that were previously  
unreported in humans, such as B. bovis and B. canis 
(7). We describe 3 clinical cases of human babesio-
sis that occurred in a northern region of Italy. All 
patients provided written consent for the use of 
their medical records for scientific research pur-
poses at the time of hospital admission according to  
local legislation.

The Study
To molecularly identify Babesia and Theileria spp. 
parasites, we extracted total genomic DNA from 
200 µL of whole blood in EDTA by using the Gen-
Elute Mammalian Genomic DNA Miniprep Kit 
(Sigma-Aldrich, https://www.sigmaaldrich.com) 
according to the manufacturer’s instructions. We 
performed direct molecular detection of Babesia  
and Theileria spp. DNA by using a seminested PCR 
protocol targeting a 400-bp fragment of the V4 hy-
pervariable region of the 18S ribosomal RNA gene, 
as previously described (6). We purified PCR posi-
tive samples by using the QIAquick PCR Purifi-
cation Kit (QIAGEN, https://www.qiagen.com). 
Macrogen (http://www.macrogen.com) directly 
sequenced both DNA strands. We compared the 
sequences with those in Genbank by using BLAST 
(https://blast.ncbi.nlm.nih.gov) and used Clust-
alX software (http://www.clustal.org) to construct 
multiple sequence alignments. We analyzed the 
phylogenetic relationships of Babesia spp. isolates 
by using the maximum-likelihood method and the 
Jukes-Cantor model with 1,000 bootstrap replicates. 
We performed nested PCR for Plasmodium spp. de-
tection, as previously described (8).

Patient 1 was a woman in her 20s with a history 
of Raynaud syndrome. In 2017, she was admitted 
to a hospital in the western part of northern Italy 
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We report 3 cases of babesiosis in Italy caused by Ba-
besia species that are rarely reported in humans. The 
circulation of Babesia spp. among vectors, animals, 
and humans might be more common than previously 
thought, and babesiosis might be an underdiagnosed 
and emerging disease in Italy and Europe.
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for arthralgia, myalgia, asthenia, fever, and weight 
loss, all occurring during the previous 2 weeks. She 
lived with 2 dogs and had no history of recent trav-
el or transfusions with any blood components. Her 
clinical evaluation and bloodwork were unremark-
able. She had negative results for HIV, hepatitis C 
virus, Borrelia and Bartonella spp. antibodies, auto-
immunity tests, and blood and urine cultures. To 
rule out hematologic disorders, we prepared blood 
smears and found evidence of trophozoite forms. A 
malaria rapid test was negative for all Plasmodium 
spp. The National Reference Laboratory in Rome, 
Italy, performed microscopic examination of the 
smears, which showed both extraerythrocytic and 
intraerythrocytic trophozoites, suggesting Babesia 
spp. (Figure 1, panels A, B). The local Zooprofilac-
tic Institute confirmed that finding by performing 
Babesia spp. PCR 40 days after the patient’s hospi-
tal admission. Further molecular analysis identi-
fied the species as B. canis canis (Genbank accession 
no. PQ049251; 100% query coverage and maximum 
identity) (Figure 2). Treatment consisted of a 10-
day course of oral atovaquone (750 mg 2×/d) and 
azithromycin (500 mg 1×/d), which led to symp-
tom remission and a negative blood smear. One of 
the patient’s 2 dogs was positive for B. canis canis 
by species-specific seminested PCR, conducted as 
previously described (9).

Patient 2 was a child <10 years of age admitted in 
2018 to the same hospital  as patient 1 for headache, 
arthralgia, myalgia, pharyngitis with tonsillitis, and 
fever that began 8 days before admittance. The pa-
tient had no travel history or history of transfusions 
with blood components. Blood exams revealed hy-
pereosinophilia (24,200 cells/µL). Blood microscopy 
showed the presence of scant trophozoites; a malaria 
rapid diagnostic test and PCR were negative for all 
Plasmodium spp. Suspecting babesiosis, we sent a 
blood sample to the local Zooprofilactic Institute to 
test for Babesia spp. by PCR 2 days after admission; 
results were positive for babesiosis, and B. microti–
like species was identified (Genbank accession no. 
PQ049252; 100% query coverage, 95.36% maximum 
identity) (Figure 2). Treatment consisted of a 7-day 
course of intravenous azithromycin (10 mg/kg 1×/d) 
and atovaquone (20 mg/kg 2×/d). Symptoms re-
solved (afebrile, resolution of arthralgia and myalgia) 
after 3 days of treatment, and a negative blood smear 
was observed.

Patient 3 was a man in his 20s born in West Afri-
ca admitted in 2020 for fever, night sweats, and pro-
ductive cough that began 1 month before admittance. 
The patient had been admitted the year before to the 
same pulmonary tuberculosis (TB) unit but was sub-
sequently lost to follow-up. At admission, he was 
stably residing in Italy and had not traveled abroad 

Figure 1. Blood smears showing 
Babesia spp. trophozoites in 
study of 3 cases of human 
babesiosis, Italy, 2017–2020. 
Smears were stained with 
Giemsa stain. A, B) B. canis 
canis identified in patient 1. 
Original magnification ×630. C) 
B. vulpes identified in patient 3. 
Original magnification ×1,000  
(oil immersion).
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Figure 2. Phylogenetic analysis of the 
Babesia spp. in study of 3 cases of human 
babesiosis, Italy, 2017–2020. 18S ribosomal 
RNA gene sequences were amplified from 
the 3 clinical isolates from Italy. Arrows 
indicate the Babesia isolates from the 3 
patients. Tree was inferred by using the 
maximum-likelihood method with 1,000 
bootstrap replicates. Tree with the highest log 
likelihood (−3,487.14) is shown. Bootstrap 
values (cutoff at 80%) are indicated at 
specific branch nodes. 18S ribosomal 
RNA gene (partial) from Cytauxzoon felis 
protozoan parasite was used as the outlier. 
Tree not drawn to scale.
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in the previous 5 years. We diagnosed pulmonary 
TB and started treatment with rifampin, isoniazid,  
ethambutol, and pyrazinamide. At the time of ad-
mission, he had fever, anemia (hemoglobin level 6.6 
g/dL), hemoglobinuria, and elevated inflammatory 
markers. Three weeks after admission, he had per-
sistent fever and anemia despite TB treatment and 
blood transfusions. We suspected malaria reacti-
vation and prepared thick and thin blood smears, 
which showed intraerythrocytic trophozoites. The 
National Reference Laboratory performed a rapid 
malaria test and nested PCR, which were negative 
for all Plasmodium spp. We suspected babesiosis, 
which we confirmed by microscopy of a blood smear 
(Figure 1, panel C). Parasitemia was 0.2%. Further 
molecular testing identified the species as B. vulpes 
(Genbank accession no. PQ049253; 71% query cover-
age, 97.29% maximum identity) (Figure 2). We treat-
ed the patient with oral quinine and intravenous 
clindamycin. After 10 days of therapy, he was still 
symptomatic with persistent parasitemia observed 
in blood smears. We extended the treatment dura-
tion to 21 days, resulting in symptoms resolution 
and repeated negative blood smears.

Conclusions
The 3 human babesiosis cases described here were 
sustained by Babesia spp. rarely reported as a cause of 
human disease. Although none of the patients specifi-
cally reported a history of tick bites, all had potential 
environmental exposure to ticks. The circulation of 
Babesia spp. in Italy has been increasingly recognized 
both in its vector (mainly Ixodes ricinus ticks) (10) 
and in wild and domestic animals (11). In particular, 
B. vulpes was recently isolated from wild boars (Sus 
scrofa) in southern Italy (12). The population of wild 
boars in Italy is expanding and, in Genoa, where the 
case of B. vulpes was reported, the presence of wild 
boars within an urban space is an increasingly critical 
phenomenon (13). Furthermore, as shown by a sero-
prevalence study conducted in central and northern 
Italy, seroreactivity to Babesia spp. was detected in 
24.4% of persons with high tick exposure (i.e., forest-
ers, hunters) and 7% in persons with a lower expo-
sure risk (14), suggesting a high rate of infection in 
the population. Current ecologic changes are likely to 
influence the emergence and prevalence of zoonotic 
diseases worldwide; the complex interactions among 
climate, pathogens, vectors, and hosts are dynami-
cally changing and warrant the implementation of a 
One Health approach (15). Babesiosis is an example 
of those complex interactions and might be an under-
diagnosed and emerging disease in Italy and Europe.
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Usutu virus (USUV), a mosquitoborne zoonotic vi-
rus of the genus Orthoflavivirus, was first detected 

in the Netherlands in 2016 (1). Eurasian blackbirds 
(Turdus merula) are remarkably susceptible to USUV 
disease; exceptional die-off among blackbirds is a hall-
mark of the (re)-emergence of virus circulation in a re-
gion (2,3). Information on survival of blackbirds after 
USUV infection and the resulting prevalence of USUV 
antibodies in such populations is limited, and knowl-
edge of the longitudinal dynamics in USUV antibody 
responses in individual naturally infected blackbirds is 
lacking. We studied the presence of USUV-specific an-
tibodies in blackbirds during the first 3 years after the 
initial detection of the virus in the Netherlands. 

During March 2016–October 2018, as part of a 
broader study of zoonoses in songbirds in the Neth-
erlands, we registered 1,181 blackbird captures; 969 
unique birds were captured 1–9 times (1,4). Sampling 
locations were biased; of 77 sampling locations, just 
4 contributed nearly 50% of all samples (Overdinkel, 
52°14′N, 7°01′E; Wageningen, 51°59′N, 5°39′E; Haar-
zuilens, 52°08′N, 5°00′E; Eastermar, 53°11′N, 6°03′E). 

We sampled healthy birds by wing vein puncture. 
Overall, a total of 667 serum samples from 534 unique 
blackbirds were tested. The samples were screened in 
a 2-tier system of protein microarray testing including 
the nonstructural 1 proteins of USUV and West Nile 
virus (WNV), followed by confirmation of positive IgG 
results based on comparative USUV and WNV neutral-
ization (5). USUV and WNV belong to the same sero-
group, causing probable cross-reactivity in serologic as-
says (6). Therefore, we only considered serum samples 
confirmed for antibodies when microarray reactivity 
was confirmed by comparative virus neutralization test 
(VNT) results showing USUV antibody titers >4-fold 
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Usutu virus is a zoonotic arbovirus that causes massive 
mortality in blackbirds. Using a unique longitudinal da-
taset on the kinetics of virus-specific antibodies in natu-
rally infected wild blackbirds (Turdus merula), we found 
that individual birds may remain seropositive for >1 year 
and that reinfection can occur despite low-level virus 
neutralizing antibodies.

Table. Summary of serologic results for USUV and WNV in a study of antibody dynamics in naturally infected blackbirds, the 
Netherlands, 2016–2018* 

Serologic result 

USUV 

WNV VNT 

No. samples 
Protein 

microarray VNT 2016 2017 2018 Total 
USUV negative <6,000 NT NT 59 249 192 500 
USUV positive >6,000 >16† 4-fold <USUV VNT 3 21 26 50 
WNVpositive <6,000 <16 >16 0 0 1 1 
Subtotal 

   
62 270 219 551 

Orthoflavivirus positive >6,000 >16 NT 0 7 9 16 
 >6,000 >16 equal to WNV VNT >16 equal to USUV VNT 0 0 3 3 
 <6,000 NT >16 0 0 2 2 
Subtotal 

   
0 7 14 21 

Possible orthoflavivirus >6,000 NT NT 1 3 4 8 
Subtotal 

   
1 3 4 8 

Total 
   

63 280 237 580 
*Serum samples were screened in a 2-tier system of protein microarray testing, followed by confirmation of positive IgG results based on VNT. Strains 
used for virus neutralization were WNV strain B956 and USUV isolate Africa-3 collected from a blackbird in the Netherlands in 2016. Serum was only 
considered confirmed for USUV antibodies when VNT USUV antibody titer was >4-fold the WNV antibody titer, and vice versa for WNV. Serum samples 
with a positive USUV microarray result but no conclusive confirmation by VNT were considered orthoflavivirus positive. Negative indicates absence of 
detectable level of specific antibodies, positive indicated presence of detectable level of specific antibodies. NT, not tested; USUV, Usutu virus; VNT, virus 
neutralization test; WNV, West Nile virus. 
†Reciprocal titers ranged from 1:16 to >1:1,024. 
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higher than a WNV antibody titer, or vice versa. Serum 
samples with a positive USUV microarray result but no 
conclusive confirmation by VNT were considered or-
thoflavivirus positive (Table). To determine the USUV 
seroprevalence by calendar year, we only included 
birds that were repeatedly sampled within the same 
year once, and in cases of seroconversion within a year 
(n = 4), we only included the positive outcome. 

According to the stated criteria for confirmed in-
fection, 3 (4.8%) of 63 unique birds were positive for 
USUV-specific antibodies in 2016; in 2017, the total was 

21 (7.5%) of 280; and in 2018, the total was 26 (10.0%) 
of 237 (Table). Results showed a significant increase in 
seroprevalence over those years [χ2(1) = 6.01, p = 0.01; 
Hosmer-Lemeshow goodness-of-fit χ2(8) = 3.24, p = 
0.92], with a peak in autumn 2017 (data not shown) (7). 
That increase is in line with observations in Austria, 
where seropositivity of 9.1% in blackbirds was found 
2 years after the virus was first detected, and 9.6% 3 
years after (8). However, in Germany, seropositivity 
remained low (<3.9%) in the 5 years after a massive 
blackbird die-off (9). 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1245

RESEARCH LETTERS

Figure. Longitudinal results for Usutu virus (USUV) serologic testing of serum samples from naturally study of USUV antibody dynamics 
in naturally infected blackbirds, the Netherlands, 2016–2018. Birds were recaptured and sampled >1 time. A) USUV seropositivity 
status for recaptured blackbirds that were sampled 2–9 times (n = 84). Left axis indicates individual blackbird identification numbers 
(1–84); dots represent moment of actual sampling; lines connecting sampling moments of each individual bird are supportive to figure 
interpretation and have no meaning. Black dots indicate seronegative by microarray; red dots, confirmed positive for USUV antibodies 
by microarray and comparative VNT USUV versus West Nile virus; green dots, confirmed positive for orthoflavivirus antibodies. B) 
Trends in USUV virus neutralization test titers in time for recaptured blackbirds that were seropositive >1 time (n = 11). Reciprocal 
antibody titers are shown. Red lines indicate birds that showed an increase in titer after an initial decline; black lines indicate birds that 
showed no kinetics or a decline in titer over time. VNT, virus neutralization test.



Starting in September 2016, the Netherlands 
study captured 124 blackbirds >1 time (range 2–9 
times); 84 birds had serum samples taken at >1 cap-
ture. Of those birds, 17 were confirmed seropositive 
>1 time; 7 seroconverted during the study period, and 
10 were positive at all time points (Figure, panel A). 
Of the remaining 67 recaptured birds, 66 remained 
seronegative throughout the study, whereas 1 bird 
seroconverted for USUV, based on microarray and 
USUV VNT only. No seroreversion was observed. 

The longest period of seropositivity recorded was 
>361 days. That bird was already seropositive at first 
sampling and was not followed beyond 361 days. To 
gain insight into functional neutralizing antibody ki-
netics, we plotted over time the VNT titers of the 12 
birds that were positive at multiple sampling points 
(Figure, panel B). Six birds showed waning neutraliz-
ing antibody titers in time with variable kinetics. Two 
birds showed no changes in titers in samples taken 33 
and 42 days apart, whereas 2 other birds showed an 
increase in titers taken 5 and 21 days apart. Two birds 
showed an initial decline in VNT titers, then an increase 
within 41 and 113 days; corresponding cloaca swab 
specimens showed a similar trend (positive-negative-
positive) for the presence of USUV RNA (no sequence 
information available). That finding might be indica-
tive for the occurrence of reinfection in the presence 
of low USUV-neutralizing antibodies, whether or not 
by different USUV lineages; Africa-3 is the most com-
mon infecting lineage in the Netherlands, followed by 
Europe-3 lineage (4). Alternatively, such observations 
might be the result of exacerbation of a persistent in-
fection (10). Conclusive evidence is needed from ad-
ditional longitudinal studies, including experimental 
infections. Further insight into the longevity of USUV-
specific antibodies in different bird species, the occur-
rence of reinfections, and the relationship between 
variations in the immune-status of a specific bird pop-
ulation and variations in the level of virus circulation 
will contribute to a better understanding of the added 
value of the assessment of public health risks based on 
seroecologic surveillance. 

In conclusion, our study provides a unique lon-
gitudinal dataset on the kinetics of USUV-specific 
antibodies in naturally infected wild blackbirds. We 
show seropositivity in individual blackbirds for >1 
year and the possible occurrence of reinfection in the 
presence of low-level virus neutralizing antibodies.

Blackbird captures were performed under ethical permit no. 
AVD801002015342 to the Netherlands Institute of Ecology. 

This project was executed as part of Eco-Alert and funded 
by ZonMw grant no. 50-52200-98-026.
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Francisella tularensis is a highly pathogenic gram-
negative bacterium that infects a large range of 

animals and humans, primarily in the Northern Hemi-
sphere, causing the clinical disease tularemia. Hu-
man disease manifests with influenza-like symptoms 
(lymphadenopathy, conjunctivitis, pneumonia, sep-
ticemia) and other specific symptoms corresponding 
to the route of exposure. Two subspecies, F. tularensis 
subsp. tularensis and holarctica, are known pathogens 
and can be acquired via multiple routes, including ar-
thropod vector, cutaneous, ingestion, or inhalation (1).

F. tularensis was first documented in Alaska, 
USA, in 1938 (2) and has been isolated infrequently 
in ticks, lagomorphs, and rodents. Serologic studies 
have confirmed exposure in humans, avian species, 
terrestrial mammals, and polar bears in multiple ar-
eas of the state (2). In October 2023, tularemia was di-
agnosed in a pinniped in Washington, USA, when a 
biologist was infected during necropsy (3). The same 
fall, dead stranded beluga whales (Delphinapterus leu-
cas) in Cook Inlet, Alaska, were found to have gross 
lesions consistent with tularemia. We report the re-
sults of an investigation of those deaths.

Necropsies were performed and tissues collect-
ed and stored following standard procedures. Sam-
ples for histopathology were fixed in 10% neutral 
buffered formalin (Table). We submitted varied tis-
sues from 2 sufficiently fresh animals (no. 2023279: 
fetal spleen, mediastinal lymph node, spleen, blow-
hole swab, heart, liver; and no. 2023288: brain, liver, 
mammary gland, mediastinal lymph node, spleen) 
for aerobic culture and testing for known cetacean 
pathogens, including influenza and Erysipelothrix sp. 
by PCR, and for harmful algal bloom toxins by ELISA 
(Table). We analyzed blowhole swab, lung, medias-
tinal lymph node, and rectal swab samples from ani-
mal 2023279 by metagenomic sequencing. In brief, 
we extracted and amplified total nucleic acids (I.M. 
Claro et al., unpub. data, https://doi.org/10.12688/
wellcomeopenres.17170.2) and sequenced cDNA 
and metagenomics libraries by SMART9N using an 
Oxford Nanopore Rapid PCR barcoding and Min-
ION device (https://nanoporetech.com) (Table; 
Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/31/6/25-0033-App1.pdf) (4). We classified 
sequence reads by using wf-metagenomics and wf-
alignment in epi2melabs v.5.1.3 (Oxford Nanopore), 
mapped to the F. tularensis genome (GenBank acces-
sion no. NC_007880.1) by reference-based assembly 
using minimap2, and annotated using tbCon and 
ggplot in RStudio (Posit, https://posit.co) (Table). 
Subsequently, we tested lung and liver tissue from 
both animals for F. tularensis by immunohistochem-
istry and by culture and PCR using Centers for Dis-
ease Control and Prevention Laboratory Response 
Network proprietary protocols (Table). We then 
typed samples from positive animals by multilocus 
type sequencing of 6 genes (fabH, tpiA, sdhA, rpoA, 
groEL, and pgm) (5–7) and sequenced multiplexed 
amplicon libraries on the MiSeq platform (Illumina, 
https://www.illumina.com) (Table). We mapped 
amplicon sequence reads to reference genes from F. 
tularensis subsp. holarctica live vaccine strain, concat-
enated, and aligned with corresponding sequences 
from F. tularensis and other Francisella spp. to con-
struct phylogenetic trees. 

Both animals were pregnant adult females with 
markedly enlarged mediastinal lymph nodes, pleuri-
tis, and pneumonia (Figure, panel A). One animal had 
severe multifocal random ecchymotic hemorrhage 
in the blubber (Figure, panel B). Histologic findings 
included necrosuppurative and histiocytic broncho-
pneumonia, lymphadenitis, and hepatitis (Appendix 
Figure 2, panels A–C). Immunohistochemistry demon-
strated positive staining in areas of inflammation (Ap-
pendix Figure 2, panel D). Domoic acid and saxitoxin  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025 1247

RESEARCH LETTERS

We report fatal tularemia in stranded beluga whales in 
Cook Inlet, Alaska, USA. Francisella tularensis was de-
tected by nanopore metagenomics, confirmed by quan-
titative PCR and immunohistochemistry, and character-
ized as F. tularensis subspecies holarctica by multilocus 
sequence typing. Our findings should be considered 
when assessing biosecurity and marine mammal health 
in the North Pacific.
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* 
Table. Tests performed on dead stranded beluga whales infected with Francisella tularensis, Cook Inlet, Alaska, USA* 

Procedure Method Method detail Laboratory 
Manufacturer† or 

reference 
Gross necropsy NA Tissues stored in whirl paks and swabs in 

cryovials with VTM or TSB with 15% glycerol 
and frozen at −80°C within 6 hours of sampling. 

AVPS Remel (VTM), 
Hardy Diagnostics 

(TSB) 
Nanopore metagenomics QiAMP DNA/RNA kit Eluted in 50 μL elution buffer UAA QIAGEN 
Nanopore metagenomics Rapid SMART9N Superscript IV TR-ase (Thermo Fisher 

Scientific†); primers RLB RT-9N, 
TTTTTCGTGCGCCGCTTCAACNNNNNNNNN 

and RLB TSO-RNA (r-hybrid oligo), 
GCTAATCATTGCTTTTTCGTGCGCCGCTTCA
ACATrGrGrG without DNase treatment. Cycling 

conditions: 42°C for 90 min; 70°C for 10 min; 
4°C hold. 

UAA ‡ 

Nanopore metagenomics ONT† SQK-
RPB114.96 kit (V14) 

LongAmp Taq (2X; New England BioLabs†) 
PCR (95°C for 45 min, then 30 cycles at 95°C 
for 15 s; 56°C for 15 s; 65°C for 5 min; and 10 
min final extension) with Rapid PCR barcoding 
using ONT SQK-RPB114.96 kit V14 on an ONT 

MinION Mk1B device running MinKNOW 
v.24.06.8 with high-accuracy basecalling. 

UAA  (4) 

Nanopore metagenomics: 
bioinformatics sequence 
read classification 

wf-metagenomics and 
wf-alignment in 

Epi2me Labs v.5.1.3 

NA UAA Epi2me Labs 

Nanopore metagenomics: 
F. tularensis genome 
mapping 

Reference-based 
assembly 

Minimap2 UAA NA 

Nanopore metagenomics: 
sequence allignment and 
annotation 

tbCon and ggplot in 
RStudio v. 

2024.04.0+735 

NA UAA NA 

MLST: amplification Amplification of 6 
genes: fabH, tpiA, 
sdhA, rpoA, groEL, 

and pgm 

Primers described in references CDC  (5–7) 

MLST: sequencing of 
amplicon libraries 

Multiplexed amplicon 
sequencing on MiSeq 

platform 

Nextera XT and V2 300 cycle reagent kit CDC Illumina 

MLST: F. tularensis 
genome mapping 

Reads were mapped 
to reference genes 
from F. tularensis 

subsp. holarctica LVS 

CLC Genomics Workbench CDC QIAGEN 

MLST: phylogenetic tree 
construction 

Maximum-likelihood 
analysis 

Generalized time-reversible nucleotide 
substitution model with gamma distribution 

(4 categories) plus invariant sites  
and 1,000 bootstrap replications 

CDC MEGAX 

F. tularensis culture LRN protocol NA CDC CDC LRN 
F. tularensis PCR LRN protocol NA CSU VDL CDC LRN 
Erysipelothrix sp. PCR NA Primers ERy4423F and Ery4587R only AVDL  (8) 
Influenza A virus PCR NA Primers described in reference Tufts and 

UAA 
 (9) 

Histopathology Hematoxylin and eosin 
staining 

NA HCS and 
AVPS 

NA 

Immunohistochemistry for 
F. tularensis 

NA NA KSU NA 

Saxitoxin ELISA NA WARRN 
West 

Abraxis 

Domoic acid ELISA NA WARRN 
West 

Abraxis 

*AVDL, University of Georgia Athens Veterinary Diagnostic Laboratory; AVPS, Alaska Veterinary Pathology Services; CDC, Centers for Disease Control 
and Prevention; CSU VDL, Colorado State University Veterinary Diagnostic Laboratory; HCS, Histological Consulting Services; KSU, Kansas State 
University Veterinary Diagnostic Laboratory; LRN, CDC Laboratory Response Network; LVS, live vaccine strain; MLST, multilocus sequence typing; NA, 
not applicable; ONT, Oxford Nanopore Technologies; TSB, tryptic soy broth; Tufts, Tufts University; UAA, University of Alaska; VTM, viral transport 
medium; WARRN West, National Oceanic and Atmospheric Administration Wildlife Algal-toxin Research and Response Network West. 
†Manufacturers and products: Abraxis, https://www.bms.com; Epi2me Labs, https://epi2me.nanoporetech.com; Hardy Diagnostics, 
https://hardydiagnostics.com; MEGAX, https://www.megasoftware.net; Minimap2, https://github.com/lh3/minimap2; New England Biolabs, 
https://www.neb.com; Oxford Nanopore Technologies, https://nanoporetech.com; QIAGEN, https://www.qiagen.com; Remel, 
https://www.thermofisher.com; RStudio, https://posit.co; tbCon, https://github.com/jeremyButtler/bioTools; Thermo Fisher Scientific; 
https://www.thermofisher.com. 
‡I.M. Claro et al., unpub. data, https://doi.org/10.12688/wellcomeopenres.17170.2. 



were not found, and PCRs and bacterial cultures 
yielded negative results or mixed organisms believed 
to be postmortem overgrowth (Appendix Table).

We identified the causative organism by using 
metagenomics. We mapped sequence reads from ani-
mal 2023279 by reference-based assembly and found 
those reads to be distributed at low read depth (2–21×; 
1,181 sequence reads; N50 = 275 nt, quality score = 9) 
across the 1.89-Mbp F. tularensis genome. We detected 
F. tularensis DNA in all samples by quantitative PCR 
with cycle threshold values <25. By multilocus se-
quence typing, we identified a concatenated sequence 
of 4,107 bp as F. tularensis subsp. holarctica. Phyloge-
netic analysis placed this strain in a clade identical to 
the 2023 pinniped case from Washington, as well as 
other isolates from the Northern Hemisphere (Ap-
pendix Figure 3).

Although Cook Inlet belugas are known to be 
susceptible to a variety of bacterial pathogens (10),  

F. tularensis has not been previously detected in this 
population, or in other cetaceans. The pattern of pa-
thology represents the pulmonary form of tularemia, 
and the route of exposure was likely inhalation of con-
taminated water. F. tularensis is primarily a disease 
associated with freshwater, but the brackish nature of 
Cook Inlet and nearshore residence of belugas expose 
them to potentially contaminated freshwater runoff 
as well as to other reservoirs typically associated with 
freshwater (e.g., aquatic rodents, mosquito larvae) 
(1,2). The cause of the infections in a previously un-
reported host is unknown; however, host factors such 
as immunosuppression or environmental changes, 
such as increased runoff, could be considered. 

One human case of tularemia was reported in 
Cook Inlet’s largest adjacent city in 2023 (https://epi.
alaska.gov/bulletins/docs/b2024_14.pdf); however, 
the circumstances of exposure were not reported. 
The propensity of whales to travel long distances 
could further disseminate this pathogen, increasing 
exposure to humans and wildlife. Our findings high-
light a new risk to persons working in the marine 
environment and should be considered when assess-
ing biosecurity and marine mammal health in the  
North Pacific.
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Figure. Gross examination of a beluga whale infected with 
Francisella tularensis subspecies holarctica, Cook Inlet, Alaska, 
USA. A) Lung and enlarged mediastinal lymph node (arrow). 
Scale bar = 6 cm. B) Ecchymoses in the blubber, showing 
extensive positive staining primarily in areas of inflammation. 
Scale bar = 5 cm.
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Malaria is an infectious disease caused by Plasmo-
dium protozoa and is primarily transmitted to 

humans through the bite of an Anopheles mosquito (1). 
Countries without malaria report cases of infection 
through blood product transfusions (1 case/4 million 
inhabitants) (2) and solid organ transplants (1 case/1 
million inhabitants) (3). Cases were also reported for 
which transmission mechanism was not established 
and a parenteral route was suspected (0.006 cases/1 
million inhabitants) (4).

In 2022, a total of 6,131 cases of malaria were 
confirmed in Europe. Fourteen autochthonous cases 
were caused by P. falciparum: 9 cases related to air-
ports, 3 cryptogenic cases (epidemiologic investiga-
tions failed to identify an apparent mode of acquisi-
tion), and 2 cases acquired in a hospital in Spain (5).

In Spain, autochthonous malaria was eradicated 
in 1964 (4). Since then, P. vivax malaria was found 
in 2 autochthonous cases (6) and was explained 
by the presence the P. vivax vector An. atroparvus  
mosquito in Spain (6). Conversely, P. falciparum vec-
tors An. algeriensis and An. plumbeus mosquitoes  
are not found in Spain (7). In 2024, the annual num-
ber of imported malaria cases in Spain was 600  
(4,8); 2 cases of airport transmission and 5 cases of 

1250 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 6, June 2025

RESEARCH LETTERS

We report nosocomial Plasmodium falciparum malaria 
in Spain, which was confirmed microbiologically and ge-
nomically. Transmission occurred through insufficiently 
disinfected reusable syringe lead shielding during thy-
roid scintigraphy. Genomic analysis showed high similar-
ity between isolates from index and source cases. Strict 
biosafety measures are needed in healthcare settings to 
prevent malaria transmission.
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nosocomial acquisition also occurred (6). Of the 5 
nosocomial acquisition cases, 1 case was linked to a 
blood product transfusion (6), 1 case was linked to 
organ transplantation (6), and 3 cases had no identi-
fied nosocomial transmission mechanism (6). None 
of the 5 nosocomial malaria cases had parasite iden-
tification in the source patient, and thus, transmis-
sion was not confirmed through genomic compari-
son (4). We describe a case of nosocomial malaria 
acquired in Spain in 2024, with microbiological and 
genomic confirmation and transmission mechanism 
identification. 

A 60-year-old woman from Gilena, southern 
Spain, who had arterial hypertension and was under 
study for a thyroid nodule sought care at an emer-
gency department with fever (38°C), general malaise, 
night sweats, and arthralgia lasting 5 days. She had 
thrombocytopenia (47,000 platelets/µL) and elevat-
ed total bilirubin level (2.18 mg/dL, reference range 
0.3–1.2 mg/dL). Peripheral blood smear showed 
abundant erythrocytes infected with Plasmodium 
spp. PCR in blood and thick smear confirmed P. fal-
ciparum infection with blood parasitemia index of 
7%. Intravenous artesunate treatment was initiated, 
followed by combination oral dihydroartemisinin/
piperaquine treatment for 3 days, which resulted in 
rapid recovery.

We initiated an exhaustive epidemiologic inves-
tigation after diagnosing presumably autochthonous 
P. falciparum malaria. The patient confirmed she had 
never traveled outside Spain, visited airports, been 
hospitalized, or received blood transfusions or organ 
transplants. However, 15 days before fever onset, she 
underwent thyroid scintigraphy with radioactive io-
dine. The patient who had been tested before her was 
from Equatorial Guinea; he was asymptomatic, afe-
brile, had no signs of infection, and had not traveled 

to his home country in >2 years. However, he report-
ed a history of malaria in childhood. PCR and thick 
blood smear testing was conducted and identified 
asymptomatic P. falciparum infection with low-grade 
parasitemia. Genetic analysis comparing P. falciparum 
isolates from both patients, focusing on PfMSP-1 and 
PfMSP-2 (merozoite surface proteins), showed sub-
stantial genetic similarity (Figure 1). Of the remaining 
patients who underwent scintigraphy the same day, 
none had fever or infection signs within 30 days of 
the procedure.

We reviewed the scintigraphy procedure and 
confirmed that the syringe was discarded after in-
travenous administration of radioactive iodine. A 
lead protector shielded the syringe and needle (Fig-
ure 2). Single-dose vials had traceability labels. For 
thyroid scintigraphy, intravenous administration 
of the radiopharmaceutical is required. Although 
blood aspiration is generally avoided, minimal as-
piration may occur during venous access. Slight 
blood aspiration during venous access is the most 
probable explanation of the nosocomial transmis-
sion (https://youtu.be/2OW9g2tiBjc). After ad-
ministration, the syringe and needle are discarded 
as radioactive waste, and lead shields are cleaned 
with 70% isopropyl alcohol and immersed in per-
oxide-based disinfectants for reuse. Contamination 
of the new syringe with blood from the previous 
patient by placing it in the inadequately cleaned 
sheath was the likely mechanism of P. falciparum 
transmission. However, the lead shield was also re-
used, after cleaning with antiseptic solution.

This study clinically and microbiologically con-
firms a case of P. falciparum acquisition in Spain and 
describes a nosocomial transmission mechanism 
through intravenous administration of radioactive io-
dine during thyroid scintigraphy caused by inadequate  
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Figure 1. Genotyping study of 
Plasmodium falciparum isolated 
from 2 patients involved in 
nosocomial transmission of 
P. falciparum malaria, Spain, 
2024. The genes analyzed were 
PfMSP-1 and PfMSP-2. Results 
for genotypes FC27 (A) and IC 
(B) for the MSP-2 families are 
shown. The findings indicate that 
the fragments detected in the 
index case are also present in 
the source case. MSP, merozoite 
surface protein; neg, negative.



disinfection of the reusable lead shield. The sequence of 
events—scintigraphy performed on the source case fol-
lowed by the index case, identification of P. falciparum 
in blood of both patients, and genetic concordance of 
the isolates—shows the transmission mechanism. Our 
findings helped identify and correct a safety issue in the 
diagnostic procedure. Each lead cover is now used only 
1 time per day and then autoclave sterilized before use 
another day. 

This case underscores the importance of as-
ymptomatic carriers as reservoirs for malaria trans-
mission, which is a well-known issue in endem-
ic regions (9,10). Asymptomatic carriers should 
be considered in nonendemic areas because of  
globalization and increased healthcare interactions. 
Malaria should be included in the differential diagno-
sis for patients with fever and unexplained thrombo-
cytopenia in nonendemic countries. Clinicians must 

recognize the critical need for stringent biosafety 
measures and safe practices in health-care settings.
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Highly pathogenic avian influenza A(H5N1) clade 
2.3.4.4b viruses have displayed unprecedented 

global spread among wild birds leading to numerous 
spillover infections in mammalian species. Of note, 
outbreaks in dairy cattle and gallinaceous birds have 
resulted in human infections in the United States 
during 2024–2025 (1). Increased frequency of H5N1 
viruses crossing species barriers has caused concern 
that the avian influenza viruses are adapting to mam-
mals. A critical component of influenza pandemic 
preparedness is early identification of emerging nov-
el influenza viruses that cause disease and transmit 
efficiently in humans. A clade 2.3.4.4b H5N1 virus, 
A/Michigan/90/2024 (MI90), genotype B3.13, was 
isolated from a conjunctival swab specimen collected 
from a human patient in Michigan with conjunctivitis 
after exposure to infected cattle (2,3). In this article, 
we report the pathogenesis, transmission, and air-
borne exhalation of MI90 virus in ferrets, the standard 
animal model for influenza virus risk assessments (4).

We inoculated 18 ferrets with MI90 virus as pre-
viously described (5,6). We euthanized 3 ferrets on 
3 and 5 days postinoculation (dpi) to assess virus 
spread in tissues. We used 6 ferrets to assess transmis-
sion in a cohoused, direct contact setting as a direct 
contact transmission model and through the air in the 
absence of direct or indirect contact as a respiratory 
droplet transmission model. We paired each ferret 
with a naive contact, as previously described (4). We 
observed clinical manifestations daily and collected 
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Influenza A(H5N1) viruses have been detected in US dairy 
cow herds since 2024. We assessed the pathogenesis, 
transmission, and airborne release of A/Michigan/90/2024, 
an H5N1 isolate from a dairy farm worker in Michigan, in 
the ferret model. Results show this virus caused airborne 
transmission with moderate pathogenicity, including limited 
extrapulmonary spread, without lethality.
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nasal wash (NW), conjunctival, and rectal swab sam-
ples every 2 days postinoculation or postcontact. We 
confirmed transmission by testing for seroconversion 
to homologous virus in the contact animals.

Although all MI90-infected ferrets survived the 
21-day study, we noted moderate disease. In inocu-
lated ferrets, the mean maximum weight loss was 
9.8%, fever (1.8°C above baseline) and lethargy were 
transient, and nasal and ocular discharge and sneez-
ing were evident at 4–9 dpi (Table). We detected virus 
3 dpi primarily in respiratory tract tissues; titers were 
highest in ethmoid turbinate samples (7.4 log10 PFU/
mL) and at low levels in brain and gastrointestinal tis-

sues. We observed similar results in tissues collected 
5 dpi.

During the direct contact transmission experi-
ment, inoculated ferrets shed virus in NW that 
peaked at 4.7–5.4 log10 PFU/mL at 1–5 dpi (Figure, 
panel A). Four of 6 cohoused contact animals had 
virus in NW (peak 2.5–4.9 log10 PFU/mL) at 5–7 days 
postcontact, whereas all 6 contact animals had viral 
RNA detected (3.6–7.7 log10 copies/mL) in NW (7) 
and seroconverted to MI90 virus, indicating that 
transmission was 100% (6/6 animals). In the respi-
ratory droplet transmission experiment, NW col-
lected from inoculated animals peaked 2.6–4.8 log10 
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Figure. Transmission and measurement of airborne avian influenza A(H5N1) virus isolated from dairy farm worker, Michigan. A, 
B) For DCT and RDT testing, ferrets (n = 12) were intranasally inoculated with 106 PFU A/Michigan/90/2024 virus, isolated from 
the dairy worker, in 1 mL phosphate-buffered saline and were cohoused with naive ferrets in a DCT model (A) or in adjacent cages 
with perforated sidewalls permitting airborne virus spread but restricting contact in an RDT model (B). Each bar represents a single 
animal. C, D) For aerosol testing, ferrets (n = 3) were inoculated intranasally with 106 PFU of MI90 virus and tested daily (C). Orange 
dots represent viral titers from NW in log10 PFU/mL; limit of detection 10 PFU/mL. Gray bars show average viral M gene RNA load. 
Error bars indicate SD. Limit of detection was 2.9 log10 RNA copies/mL. D) Aerosol samples were collected daily for 5 dpi by using 
a BC251 cyclone-based sampler (kindly provided by Dr. William Lindsley, National Institute for Occupational Safety and Health) and 
the SPOT water condensation sampler (Aerosol Devices, https://aerosoldevices.com), as described previously (8). Orange dots 
represent log10 PFU/mL per hour. Gray bars show average viral M gene RNA. Error bars indicate SD. Limit of detection was 2.5 
log10 RNA copies/h. Ferrets were used for tissue collection on day 5. DCT, direct contact transmission; dpi, days postinoculation; 
NW, nasal washes; RDT, respiratory droplet transmission.

 
Table. Clinical signs and virus titers in ferrets infected with avian influenza A(H5N1) isolated from dairy farm worker in Michigan, 2024* 
Clinical signs and tissues 
sampled 

Inoculated ferrets 
 

Transmission models 
Euthanized at 3 dpi Euthanized at 5 dpi Inoculated DCT RDT 

Weight loss, %† 4.5 (3/3) 11.8 (3/3)  9.8 (12/12) 5.5 (6/6) 6.6 (3/6) 
Fever, °C above baseline‡ 0.9 (3/3) 1.3 (2/3)  1.8 (11/12) 1.8 (6/6) 2.0 (3/6) 
Nasal wash 6.1 (3/3) 5.4 (3/3)  5.1 (1–5 d) 4.6 (5–7 d) 4.5 (9–11 d) 
Conjunctival wash§ 1.4 (3/3) NT  3.2 (3 d) ND ND 
Rectal swab¶ 1.4 (3/3) NT  2.6 (3–5 d) 1.0 (3 d) 1.4 (3 d) 
Tissues       
 Nasal turbinate  6.6 (3/3) 5.3 (3/3)  NT NT NT 
 Ethmoid turbinate  7.4 (3/3) 6.5 (3/3)  NT NT NT 
 Soft palate 3.5 (1/3) NT  NT NT NT 
 Lung# 3.5 (2/3) 4.3 (3/3)  NT NT NT 
 Trachea# 5.9 (3/3) 5.8 (2/3)  NT NT NT 
 Intestine# 1.8 (1/3) ND (0/3)  NT NT NT 
 Brain# 2.4 (3/3) 2.4 (2/3)  NT NT NT 
 Olfactory bulb 3.1 (2/3) 4.2 (3/3)  NT NT NT 
*Values are log10 PFU/mL (no. ferrets affected/total no. in group) except as indicated. DCT, direct contact transmission model; ND, not detected; NT, not 
tested; RDT, respiratory droplet transmission model.  
†Mean maximum weight loss after inoculation with 106 PFU A/Michigan/90/2024 A(H5N1) virus in a 1-mL volume.  
‡Mean maximum rise in body temperature from baseline (37.4°C–39.0°C).  
§Conjunctival washes collected from 6 of 12 inoculated animals and 3 each of DCT and RDT contact ferrets in the transmission experiment; number of 
ferrets with detectable virus or day of mean peak shown parenthetically. 
¶Virus in rectal swab samples detected in 8 of 12 inoculated and 1 each of DCT and RDT contact ferrets in the transmission experiment; number of 
ferrets with detectable virus or day of mean peak shown parenthetically. 
#Values are log10 PFU/g. 

 



PFU/mL at 1–3 dpi, whereas 3/6 contact ferrets had 
detectable virus in NW by day 7 postcontact (peak 
2.6–4.8 log10 PFU/mL; days 9–11 postcontact) (Fig-
ure, panel B) as well as viral RNA (6.7–8.2 log10 cop-
ies/mL), and seroconverted, confirming transmis-
sion through the air in 50% of ferrets (3/6). We also 
detected infectious virus in conjunctival and rectal 
samples from inoculated animals, but only from 2 
contact animals (Table).

To further evaluate the level of virus exhaled 
by MI90-inoculated ferrets and the potential for air-
borne transmission, we collected aerosol samples 
1 time each day at 1–5 dpi for 1 hour from the 3 
ferrets that were euthanized at 5 dpi. Air samples 
were analyzed for infectious virus and viral RNA 
by using the BC251 cyclone-based sampler (kindly 
provided by Dr. William Lindsley, National Insti-
tute for Occupational Safety and Health) and the 
SPOT water condensation sampler (Aerosol Devic-
es, https://aerosoldevices.com), as described pre-
viously (8) (Figure, panel D). The highest mean titer 
of virus was detected at 2 dpi in NW collected from 
all 3 inoculated ferrets (6.5 log10 PFU/mL) (Figure, 
panel C). Airborne virus was highest at 3 dpi as 
measured in both samplers, up to 133 and 41 PFU/
hour, supporting transmission observed in both 
contact models within 3–5 days after exposure.

Overall, MI90 virus displayed reduced viru-
lence in ferrets compared with another H5N1 virus 
isolated from a dairy farm worker in Texas (8,9); 
the Texas virus possesses a genetic marker in the 
polymerase basic 2 protein (E627K), known for en-
hanced replication and pathogenesis in mammals. 
At this position, MI90 encodes 627E, like most 
other viruses isolated from cattle, and contains 
polymerase basic 2 M631L, which is associated 
with mammal adaptation (3,9). In addition, poly-
merase acidic 142N/E has been linked to increased 
virulence in mice (10); the Texas virus has an E and 
MI90 virus has a K at this position. Both viruses 
have identical hemagglutinin sequences associated 
with receptor binding and the multi-basic cleavage 
site. Despite differences in virulence, both viruses 
transmitted in the ferret model with similar profi-
ciency and levels of airborne virus. 

Because avian H5N1 viruses cross the species 
barrier and adapt to dairy cattle, each associated hu-
man infection presents further opportunity for mam-
mal adaption. This potential poses an ongoing threat 
to public health and requires continual surveillance 
and risk assessment of emerging viruses to improve 
our ability to predict and prepare for the next influ-
enza pandemic.
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Aedes spp. mosquitoes can feed on many species, 
including humans (1,2). Ae. aegypti mosquitoes 

are a public health concern because they can trans-
mit pathogens that cause some of the most common 
arboviral diseases, such as dengue fever, Zika, chi-
kungunya, and yellow fever (2–4). Among the Aedes  

mosquito species, Ae. aegypti is the most widely stud-
ied because of its broad distribution range and wide-
spread association with arboviral transmission, espe-
cially dengue virus (2,4). Ae. aegypti mosquitoes are 
found in tropical climates where temperatures range 
from 15°C to 30°C, and the altitude is generally <1,700 
meters above sea level (masl). Some countries, such as 
Mexico, Peru, and Bolivia, have reported Ae. aegypti 
mosquitoes at >2,000 masl (1,4–6). However, some 
reports in Colombia note Ae. aegypti mosquitoes at 
altitudes as high as 2,100 masl (7,8). Ae. aegypti mos-
quitoes are found in most urban and peri-urban areas 
of Colombia, according to a survey published by the 
National Health Institute (7).

In Colombia, dengue fever is the most common 
arbovirus disease. In 2024, the country registered 
27,649 cases: 15,926 (57.6%) persons showed mild 
symptoms, 11,419 (41.3%) showed moderate symp-
toms, and 304 (1.1%) had severe symptoms (8). A 
group of 10 states, Valle del Cauca, Cali, Tolima, 
Huila, Santander, Norte de Santander, Antioquia, 
Bolívar, Cundinamarca, and Meta, had 21,392 (77.4%) 
of those cases. Cundinamarca, the state in which Bo-
gota is located, had 867 reports. Only 36 cases of Zika 
virus infection were recorded in Colombia in 2024, 12 
(33.3%) of which occurred in Cundinamarca. Further-
more, 15 cases of chikungunya virus were document-
ed; of those, 1 (6.6%) case was reported in Cundina-
marca in the area around Bogota (8). Of note, Bogota 
is the only place in Cundinamarca with no reports of 
arboviruses, but notifications have been made in most 
neighboring municipalities at lower altitudes (200–
1,700 masl). Bogota is at 2,600 masl and is considered 
outside the distribution range of the vectors.

Climate change has increased global tempera-
tures, leading to new arboviral outbreaks. Recent 
studies have shown that Ae. aegypti mosquitoes now 
inhabit areas that were once outside their distribution 
range (1,2,5,6,8). The temperature in Bogota has con-
sistently risen since the 1990s. In the mid-1960s, the 
average temperature per year was 12.6°C. In 2022, the 
average temperature reached 13.8°C; the highest tem-
perature recorded was 25.1°C (9). That temperature 
increase suggests that Bogota may no longer be out-
side the distribution range of Aedes spp. mosquitoes. 
Herein, we report detection of Ae. aegypti mosquitoes 
in the city of Bogota, Colombia.

The possibility of an expansion in the distribution 
range of Ae. aegypti mosquitoes created the need for 
weekly monitoring and sample collection by the Sec-
retaría Distrital de Salud (https://www.saludcapital.
gov.co) of Bogota beginning in May 2023. The sam-
pling efforts focused on the 3 bus stations of the city 
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We monitored mosquitoes in 3 bus stations in Bogota, 
Colombia, located at 2,625 m above sea level. During 
December 2023–January 2024, we collected 27 larvae 
and 1 adult female Aedes aegypti mosquitoes at 1 sta-
tion. Detection of Ae. aegypti mosquitoes in Bogota is a 
call to continue monitoring mosquitoes at stations.
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that have heavy traffic to and from areas of Ae. aegypti 
mosquito endemicity. 

We set up a total of 5 traps per bus station. We 
designed 3 traps to attract mosquitoes to lay eggs. We 
made the traps from dark plastic containers half filled 
with water; inside the containers, we put a flat wood-
en stick with rough surfaces designed to support 
the adhesion of eggs to the surface. We placed those 
traps in bathrooms and security guard booths. We 
also filled 2 larvae traps, made of discarded car tires 
containing water to allow egg development, and put 
them in green areas around each bus station. We also 
caught adults by using mosquito nets in the green ar-
eas and in surrounding buildings, such as bathrooms, 
offices, and security guard booths at each station.

We took all samples to the Secretaría Distrital de 
Salud for identification. During 1 year of surveillance, 
we identified 318 larval and 3,527 adult (1,862 females 
and 1,665 males) Culex quinquefasciatus mosquitoes, 
which is a species commonly reported in Bogota 
(10). In addition, in 1 bus station, during December 
2023–January 2024, we caught 27 Ae. aegypti mosquito 
larvae in a larval trap and 1 adult female Ae. aegypti 
mosquito near the same trap; that species has never 
been reported in Bogota (2).

The bus stations are in urban areas that experience 
heavy travel of persons from other cities and towns in 
Colombia. Some of those urban areas are endemic for 
Aedes spp. mosquitoes (7). Mosquitoes might have ar-
rived by bus and were likely caught in set traps or nets 
in an isolated event. However, those isolated events 
might lead to Ae. aegypti mosquito populations becom-
ing established in Bogota. Therefore, we advise rein-
forcing hospital surveillance and notification systems 
to help identify local outbreaks of arbovirus infections. 
Detection of Ae. aegypti mosquitoes in Bogota is a call 
to set up a permanent monitoring program for mos-
quito species at bus stations in the city.
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Dirofilarioses are mosquitoborne zoonotic dis-
eases caused by filarial nematodes, which affect 

domestic and wild carnivores in tropical, subtropical, 
and temperate areas worldwide (1). Humans act as 
dead-end hosts because the third stage larvae, which 
are transmitted by mosquitoes during the blood meal, 
do not usually reach sexual maturity. Human cases 
of dirofilariosis have been documented worldwide; 
Dirofilaria immitis and D. repens nematodes have been 
reported from both the New and Old World (2). In 
humans, subcutaneous lesions caused by D. repens 
nematode infection can occur in several anatomic 
areas (e.g., forehead, arms, and periorbital and peri-
oral areas) and, rarely, in deeper tissues (e.g., lymph 
nodes, lungs, muscles, and dura) (3). In addition, pul-
monary localization of Dirofilaria spp. is characterized 
by the presence of solitary, well-circumscribed, non-
calcified peripheral subpleural pulmonary nodules 
(coin lesions), which mimic lung cancer (4). In the 
Mediterranean Basin, ideal climatic conditions for the 
development of mosquito vectors, as well as the high 
prevalence of microfilaremic dogs, are risk factors for 
human infections, as observed in areas highly endem-
ic for canine dirofilariosis, such as southern Italy (5,6). 
Specifically, in Europe, D. repens is considered an 
emerging pathogen, because it presents an expanding 
distribution linked to an increasing number of human 

cases (4). We report a case of human dirofilariosis in 
a woman in her forties, living in Rome, Italy, with 3 
cats as pets.

The patient first underwent ophthalmologic con-
sultation because of visual impairment; her condition 
was initially misdiagnosed as an allergic reaction of 
the right upper eyelid. Five days later, the patient 
was referred to the National Institute for Infectious 
Diseases Lazzaro Spallanzani after she reported a 
worm-like organism creeping within the subcutane-
ous tissue of the right lower periorbital region (Vid-
eo, https://wwwnc.cdc.gov/EID/article/31/6/24-
1915-V; Appendix Figure, https://wwwnc.cdc.gov/
EID/article/31/6/24-1915-App1.pdf). No other clini-
cal signs (e.g., dermo-epidermal eruptive patches) 
were recorded besides retroauricular lymphadeno-
megaly and low-grade fever (up to 38.0°C). The pa-
tient had not recently traveled abroad. 

After signing informed consent, the patient was 
hospitalized but surgery was not performed be-
cause the suspected parasite (likely Dirofilaria spp.) 
had migrated to the right parietal area of the head 
(i.e., the subcutaneous tissue at the parietal bone of 
the skull), preventing its removal. During her 5-day 
hospitalization, the patient was in good clinical 
condition; hematological and serologic biochemical 
parameters were within reference ranges; eosino-
philia was not present. Infections by Strongyloides 
stercoralis and zoonotic filarial worms (i.e., Brugia 
spp., Wuchereria bancrofti, Mansonella spp., and On-
cocherca spp.) were excluded by serologic assays 
(i.e., commercial ELISA kits). Chest radiography 
was performed to exclude the presence of coin le-
sions typical of Dirofilaria spp. infection. 

We tested a serum sample at the Department 
of Public Health and Infectious Diseases Sapienza, 
University of Rome, to assess exposure to Dirofilaria 
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We report a Dirofilaria repens nematode infection in a 
woman in Italy who sought care for a fast-creeping lesion 
within her subcutaneous facial tissue. Dirofilariosis should 
be included in differential diagnosis of subcutaneous nod-
ules or creeping lesions. This case highlights the need for 
controlling canine dirofilarioses to mitigate zoonotic risk.

Figure 1. Microscopic view of Dirofilaria repens nematode 
extracted from subcutaneous facial tissue of a patient, Italy. 
Microscopic analysis revealed a thick laminated cuticle with 
characteristic longitudinal ridges and cross-striations, leading to 
the identification of the parasite. Scale bar indicates 100 µm.



spp. by using an in-house ELISA based on somatic 
antigens of adult D. repens (6,7), which yielded posi-
tive results (i.e., optical density 1.56; optical density 
cut off 1.03 for D. repens). The woman was discharged 
from the hospital with the recommendation to return 
on observation of parasite reemergence to the facial 
subcutaneous tissue. 

Two weeks later, the nematode migrated in the 
frontal area, and a surgical excision was performed 
under local anesthesia. The specimen was shipped to 
the University of Bari (Italy) for further morphologi-
cal and molecular analysis. The fragmented nema-
tode was morphologically identified as a mature fe-
male, cylindrical, ≈2.96 cm in length, and 0.480 mm 
thick (Figure 1). Microscopic analysis revealed a thick 
laminated cuticle with characteristic longitudinal 
ridges and cross-striations (Figure 1), leading to the 
identification of the parasite as D. repens (8). 

Genomic DNA was extracted from the nematode 
and tested by conventional PCR targeting cox1 gene 
(9) to obtain a reference sequence. BLAST (https://
blast.ncbi.nlm.nih.gov) analysis revealed 100% nu-
cleotide identity with reference sequence of D. repens 
in the GenBank database (accession no. MW675692), 
which further confirmed by phylogenetic analyses 
(Figure 2). At the 5-month follow-up, the patient’s 
only residual symptom was a persisting uncomfort-
able feeling, likely associated with parasite migration. 
We also performed specific tests to detect Dirofilaria 
spp. on her pets, yielding negative results.

The increasing incidence of human cases of di-
rofilariosis in Europe (10) underscores the need for 
including this emerging zoonotic disease in the dif-
ferential diagnosis of pulmonary or subcutaneous 
nodules in absence of eosinophilia. The rapid mi-
gration of the nematode in this case was unusual, 
highlighting the variability of clinical signs in pa-
tients infected by D. repens nematodes, which range 
from stationary nodules to fast-migrating lesions in  

subcutaneous tissues. Human dirofilariosis is typically 
an abortive infection because humans are accidental 
hosts, and microfilaremia is absent (1). Consequently, 
traditional diagnostic methods applied in veterinary 
medicine (e.g., Knott’s test) are unsuitable. Definitive 
diagnosis in human patients is challenging, and often 
only achievable after surgical removal of the parasite. 

In summary, we identified D. repens nematode in-
fection in a woman with a creeping lesion in her sub-
cutaneous facial tissue. This case highlights the need 
for a One Health approach in implementing vector 
control strategies and regular monitoring of reservoir 
hosts in endemic areas to mitigate the risk for human 
D. repens infection.
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Ehrlichia chaffeensis is the most common causative 
agent of human monocytic ehrlichiosis (HME) 

and is transmitted primarily by the lone star tick 
(Amblyomma americanum) (1). Frequently reported 
from the southeast and south central United States, 
HME cases increased nearly 15-fold during 2001–
2019 (from 142 to 2,093 cases), and then decreased 
substantially in 2020 (n = 1,178 cases), likely due to 
the COVID-19 pandemic. In subsequent years, dis-
ease cases remained lower than prepandemic levels. 
In Connecticut, reported HME cases totaled just 2 
during 2008–2018; however, since 2019, reports from 
Connecticut indicated an annual recurrence of the 
disease, and cases increased to a total of 28 during 
2019–2023. As with other tickborne diseases, convinc-
ing evidence indicates the number of HME cases is 
underreported and because of the recent range ex-
pansion of A. americanum, particularly in northeast 
sections of the United States, investigators anticipate 
an increase in disease cases (2).

Native to eastern Asia and invasive to Australia, 
New Zealand, and several Pacific Islands, the first re-
port of Haemaphysalis longicornis in the United States 
came from New Jersey in 2017 (3), and the species 
subsequently spread into at least 21 mostly eastern 
and northeastern states (Figure, panel A) (4). Because 
of its wide host range and ability to survive in an ex-
pansive breadth of climatic conditions, H. longicornis 
will likely spread to and establish populations across 
a large portion of the United States (5). This tick is a 
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Informed by passive tick surveillance, we collected 
questing Haemaphysalis longicornis ticks from south-
western Connecticut, USA. Of 445 ticks tested by PCR, 
3 nymphs were positive: 1 for Ehrlichia chaffeensis and 
2 for Borrelia burgdorferi. This finding highlights the en-
during public health challenges of invasive ticks and as-
sociated pathogens.
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known vector of a wide array of pathogens in its na-
tive and invasive ranges, and researchers have detect-
ed genetic materials from Anaplasma phagocytophilum, 
Babesia microti, Borrelia burgdorferi, Bourbon virus, and 
Theileria orientalis Ikeda in environmentally collected 
specimens in the United States; however, its vector 
potential for many of these pathogens remains un-
clear (6–9). We screened ticks collected in Connecticut 
to assess potential human pathogens.

Of 8,700 H. longicornis larvae (n = 8,120), nymphs 
(n = 412), and adult female ticks (n = 168) we col-
lected from 4 towns in southwestern Connecticut 
during 2021–2024, we tested 88 females and 357 
nymphs for evidence of infection. Of those ticks, 2 
(0.6%) nymphs tested positive for B. burgdorferi, 1 
collected in April 2021 from Bridgeport (41.159°N, 
73.202°W) and 1 collected in August 2023 from 
Derby (41.336°N, 73.1006°W) (Appendix, https://
wwwnc.cdc.gov/EID/article/31/6/25-0034-App1.
pdf). In screening a subset of H. longicornis nymphs 
(n = 126), 1 (0.8%) nymph collected in May 2021 from 
Stratford (41.1526°N, 73.1471°W) tested positive for 
E. chaffeensis (Appendix Table). The 16S rRNA gene 
fragment for E. chaffeensis (GenBank accession no. 
PQ569094) from this assay showed 99.9% identity to 
several sequences of the same gene in the GenBank 
database. The cytochrome c oxidase subunit 1 gene 
fragment of the H. longicornis specimen (GenBank 
accession no. PQ561597) showed 99.7% identity to 
similar gene sequences in GenBank, confirming the 
species identity. 

The overall 0.8% E. chaffeensis infection rate in 
H. longicornis is similar to that in the principal vec-
tor of this pathogen, A. americanum, in Connecticut 
(1%) and substantially lower than that in the United 
States (5%–15%). The detection of B. burgdorferi in 2 
H. longicornis nymphs with an infection rate of 0.6% 
is slightly higher than that reported in a study of field 
collections of this tick in Pennsylvania (0.4%) (8).

The Stratford site where the E. chaffeensis–posi-
tive specimen was collected is frequented by white-
tailed deer, and repeated surveys have revealed that 
the area is heavily infested with H. longicornis and A. 
americanum. Both tick species are 3-host ticks (2,9), 
and all life stages readily feed on white-tailed deer. 
White-tailed deer are known reservoir hosts for E. 
chaffeensis (1), and have an infection rate ranging 7%–
54% (10). Records of human H. longicornis bites exist 
in the United States (9), but how frequently this spe-
cies will infest humans remains unclear. Evidence has 
also been reported on partial blood feeding in host-
seeking H. longicornis, which could lead to pathogen 
transmission as the tick attempts to complete a blood 
meal after partially feeding on an infected host in the 
same life stage (8). H. longicornis could thus conceiv-
ably acquire E. chaffeensis directly from an infected 
white-tailed deer or during cofeeding with an infect-
ed A. americanum and transmit to humans during an 
initial blood meal or a secondary partial blood meal.

Aided by frequent intercontinental movement of 
humans and importation of animals and agricultural 
products, the United States has recently witnessed 
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Figure. Maps showing range 
and locations of ticks in a study 
of Ehrlichia chaffeensis DNA 
in Haemaphysalis longicornis 
ticks, Connecticut, USA. A) 
Map of eastern United States 
showing states with established 
populations or reported 
occurrence of H. longicornis. 
B) For comparison, map of 
Connecticut showing locations 
(dots) where residents reported 
removing H. longicornis 
ticks that they submitted to 
the Connecticut Agricultural 
Experiment Station Tick 
Testing Laboratory. This area 
overlaps with area in which 
E. chaffeensis–positive H. 
longicornis ticks were collected 
for this study (C); dot size 
indicates number of ticks collected per area, either 1, 2–5, or >5 ticks. C) Map of southwestern part of the state showing areas of known 
established H. longicornis tick populations (shaded in gray), location of tick specimen found to be positive for E. chaffeensis (asterisk), 
and location of specimens found to be positive for Borrelia burgdorferi (triangles). Inset shows adult female H. longicornis tick; scale bar 
indicates 1 mm.



an increase in the introduction of invasive ticks ca-
pable of transmitting a diverse group of pathogens 
of public health concern. Those nonnative tick spe-
cies have the potential to establish populations and 
expand their range under conducive climatic con-
ditions. Thus, mitigating public and animal health 
risks depends on increasing public awareness of 
the risks associated with invasive ticks and patho-
gens, expanding passive and active surveillance pro-
grams, and continued diligent inspection of animals 
and plants. Improving the capacity to accurately 
identify tick species and test for native and non-
native pathogens should be an integral part of any 
comprehensive program designed to expand our 
understanding of the distribution and prevalence of 
tickborne infections.
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Camel husbandry is crucial for the pastoral com-
munities in East Africa; however, rising death 

rates among camels remain poorly understood. 
During 1995–2004, various pathogens, including 

Mannheimia hemolytica (1), morbillivirus (2), and 
Streptococcus equi (3), were associated with epidemics 
in camels. Since 2005, unexplained camel deaths were 
reported in Ethiopia, and later in Somalia and Kenya, 
and death rates reached 6.6% (4). A new disease out-
break in 2020–2021 further threatened camels in Ke-
nya, Ethiopia, and Somalia (5).

On May 7, 2024, outbreaks of an unidentified 
camel disease were first reported in the Dubluk dis-
trict of the Borana Zone of Ethiopia. The outbreak 
continued until July and affected 8 districts: Gomole, 
Arero, Dubluk, Miyo, Yabello, Dilo, Wacile, and Dhas 
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/31/6/25-0130-App1.pdf). A total of 147 cam-
els died, a case fatality rate of 70% (147/209).

In July 2024, a joint investigation team from the 
World Organisation for Animal Health Collaborat-
ing Centre for Camel Diseases at the Abu Dhabi 
Agriculture and Food Safety Authority in the Unit-
ed Arab Emirates and the Animal Health Institute 
(AHI) in Ethiopia investigated camel deaths in the 
Arero and Gomole districts (Appendix Figure 1). 
The AHI Animal Research Scientific and Ethics Re-
view Committee granted ethics approval (approval 
no. ARSERC APP/002/2025). During the investiga-
tion, we examined 24 camels (16 sick and 8 recov-
ered) <3 years of age. We observed clinical signs 
such as lethargy, dullness, shivering, and bilateral 
lacrimation that resulted in vision impairment. Oth-
er signs involved labored breathing, yawning, and 
nervous signs such as tremors that often progressed 
to recumbency (Figure 1, panel A). Some camels ex-
perienced oliguria, constipation, and death within 
an average of 2–3 days.

We collected 34 nasal, oral, or ocular swab sam-
ples and 16 blood samples from sick and recovered 
camels. We performed necropsies on 2 euthanized 
camels and 1 recently dead calf. We took tissue and 
fluid samples (n = 35) from various organs, including  
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We used PCR, Sanger sequencing, and phylogenetic 
analysis to identify Wesselsbron virus (WSLV) clade 1 
in sick camels from Borana Zone, Ethiopia. Although 
WSLV primarily infects sheep and cattle, its pathoge-
nicity in camels remains unclear. Camel farmers in the 
region should be aware of WSLV and its health effects 
in camels.

Figure 1. Images of clinical signs of Wesselsbron virus in dromedary camels, Borana Zone, Ethiopia, 2024. A) Recumbency in 
a calf that died. B–D) Necropsy images of from 2 other camels that died: B) pericardium demonstrating fluid around to the heart 
(hydropericardium); C) enlarged and congested myenteric lymph nodes (circled in red) in the abdomen; and D) intestine showing edema 
and congested mucosa.



the lung, spleen, liver, heart, kidney, cerebrum, cere-
bellum, mesenteric lymph node, intestine, mediasti-
nal lymph node, prescapular lymph node, and peri-
cardial fluids. We stored all samples at −20°C and 
fixed some tissue samples in 10% formalin at Yabello 
Sub-National Veterinary Laboratory, Yabello, Ethio-
pia. We sent the samples through the AHI labora-
tory to the Abu Dhabi Agriculture and Food Safety 
Authority laboratory. The main postmortem find-
ings included hydropericardium (Figure 1, panel B), 
myenteric lymph node enlargement with congestion 
(Figure 1, panel C), and intestinal edema with con-
gested mucosa (Figure 1, panel D).

A bacteriologic analysis of 19 swab samples and 
tissue specimens identified Escherichia coli, Enterococ-
cus spp., Staphylococcus spp., Rothia spp., Bacillus ce-
reus, Moellerella wisconsensis, Corynebacterium spp., 
and Curtobacterium citreum, which were likely envi-
ronmental contaminants. Parasitologic examination 
of 13 fecal samples detected Eimeria cameli oocysts, 
Trichostrongylidae ova, and Trichuris ova.

We used genus-wide panvirus PCR assays to 
screen for several viruses, including bluetongue virus, 

bovine viral diarrhea virus, coronaviruses, peste des 
petits ruminants virus, paramyxovirinae, parapoxvi-
ruses, and orthoflavivirus. We also conducted targeted 
assays for Rift Valley fever, foot and mouth disease, 
enzootic bovine leukosis, Crimean Congo hemorrhag-
ic fever, and camelpox viruses (Appendix Table).

All assays returned negative results, except for 
the panflavivirus reverse transcription PCR target-
ing the NS5 gene (6), which detected orthoflavivirus 
in 18 (51.4%) of 35 necropsy samples and 3 (8.8%) of 
34 swab samples (Appendix Figure 2); we found no 
positive results in blood samples. A Wesselsbron vi-
rus (WSLV)–specific real-time PCR (7) considerably 
improved detection, identifying WSLV in 25 (71.4%) 
of 35 tissue samples, and 3 (18.8%) of 16 blood sam-
ples, whereas swab samples had the same results as 
the panflavivirus assay. Detection of the virus in all 3 
necropsied camels and multiple tissue samples sug-
gests viremia and systemic infection.

We selected 15 (83.3%) of 18 panflavivirus-positive 
tissue samples for Sanger sequencing on the basis of 
the quality of the PCR bands. The National Center for 
Biotechnology Information BLAST (https://blast.ncbi.
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Figure 2. Phylogenetic analysis 
of Wesselsbron virus (WSLV) 
in dromedary camels, Borana 
Zone, Ethiopia, 2024. The 
maximum-likelihood phylogenetic 
tree was constructed with 1,000 
bootstrap replicates based on 
65 partial NS5 gene sequences 
of WSLV, including the camel-
derived WSLV sequences 
(maximum length 252 bp). The 
newly identified camel WSLV 
strains from this study are in red 
within clade 1.

https://blast.ncbi.nlm.nih.gov


nlm.nih.gov) analysis showed that the sequences had 
97%–98% identity with existing WSLV sequences. We 
deposited the sequences in GenBank (accession nos. 
PQ672109–PQ672123). The sequences aligned with Na-
tional Center for Biotechnology Information data and 
previously published WSLV sequences. A phyloge-
netic analysis using the maximum-likelihood method 
indicated sequences were in WSLV clade 1 (Figure 2).

This study comprehensively analyzed WSLV in 
various tissue, swab, and blood samples from affect-
ed camels. The identified virus strain belongs to clade 
1, which is recognized for its pathogenicity and neu-
rotropism (8). WSLV is associated with Wesselsbron 
disease, which can cause reproductive, neurologic, 
and systemic effects in various hosts, including hu-
mans, livestock, and rodents (9,10).

In conclusion, we identified WSLV in sick camels, 
and provided a WSLV partial gene sequence derived 
from camels. Whole-genome sequencing, virus iso-
lation, and experimental infection testing in healthy 
camels are needed to understand the pathogenicity 
and to address existing knowledge gaps of this vi-
rus. Nonetheless, this detection expanded the known 
geographic range of WSLV to Ethiopia and farmers 
should be aware of this virus and its effects in camels. 
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Baylisascaris procyonis, also known as the raccoon 
roundworm, is a zoonotic ascarid nematode that 

parasitizes the small intestine of its definitive host, the 
common raccoon (Procyon lotor). B. procyonis worms 
are commonly found in the United States and Canada 
(1). The B. procyonis life cycle involves direct trans-
mission via the fecal–oral route between raccoons, 
but raccoons can also acquire the parasite indirectly 
by ingesting infected paratenic (transport) hosts (1,2). 
In the definitive host, the parasite life cycle occurs in 
the small intestine, where larvae hatch from infective 
eggs and develop into adults; male and female adult 
worms then mate and eggs are oviposited. However, 
larvae do not develop to adult stages in humans and 
other paratenic hosts. Instead, once the larvae hatch, 
they rapidly penetrate the intestinal mucosa and 
migrate through blood to the liver, lungs, or other 
tissues, causing visceral, ocular, or neural larval mi-
grans, which can result in fatal disease or neurologic 
disease with severe outcomes (1,2). Exposure risk is 
highest for young children, who are more likely to ac-
cidentally ingest animal feces (1,3).

B. procyonis roundworms are considered a rare 
cause of human disease; ≈40 cases have been reported 
worldwide (3). However, human infection is increas-
ingly recognized as an emerging public health concern 
in North America and in some countries in Europe and 
Asia, where raccoons have been introduced (1,2).

In January 2024, we captured a juvenile (<1 year 
of age), male raccoon in a patch of cloud forest in 
Veracruz, Mexico (latitude 19°30’47’’N, longitude 
96°56’33’’W) that showed clinical signs consistent 
with distemper virus infection. Because of illness se-
verity, we euthanized the raccoon and subsequently 
performed a necropsy. We conducted all handling 
procedures according to the Universidad Veracru-
zana Institutional Animal Care and Use Committee 
protocol (no. 003/2024-UV-IACUC) and the collec-
tion permit issued by the Mexico Secretary of Envi-
ronment (permit no. SPARN/DGVS/06330/23). Dur-
ing necropsy, we collected 4 roundworms from the 
small intestine. We preserved 2 worms in 96% etha-
nol for molecular testing and fixed the other 2 worms 
in 4% formalin for morphologic identification. We did 
not detect eggs in the feces by using sedimentation or 
flotation tests.

All 4 roundworms were initially identified as 
Baylisascaris sp. by using a Leica DM750 light micro-
scope (Leica, https://www.leica-microsystems.com) 
(4). To better characterize morphology, we processed 
1 female specimen for scanning electron microscopy 
using standard methods, including washing, rinsing, 
and dehydrating steps, followed by a critical point 
drying step and mounting on aluminum stubs with a 
carbon adhesive before sputter coating with gold in a 
Quorum Q150RS instrument (Quorum Technologies, 
https://www.quorumtech.com). We produced scan-
ning electron micrographs of the female specimen 
(Figure 1). We deposited 1 male B. procyonis round-
worm specimen into the Colección Nacional de Hel-
mintos del Instituto de Biología at the Universidad 
Nacional Autonoma de Mexico in México City (acces-
sion no. CNHE 8585).

We extracted genomic DNA from 2 worms by 
using DNAzol (Molecular Research Center, https://
www.mrcgene.com) (5). To confirm morphologic 
identification of Baylisascaris sp., we amplified par-
tial segments of the domains D2–D3 of the 28S rDNA 
gene (785 bp) by using 502 and 536 primers and con-
ditions, as previously described (6). Macrogen Inc. 
(https://dna.macrogen.com) purified and sequenced 
the PCR samples. We assembled contigs and resolved 
base-calling differences by using Geneious version 
8.1.8 (https://www.geneious.com). We generated 
consensus sequences and compared them with se-
quences in GenBank. Using MEGA11 (7), we aligned 
sequences by using the ClustalW algorithm and con-
structed phylogenetic trees by using the maximum-
likelihood method. Phylogenetic analysis of the 28S 
rRNA sequences showed 100% identity with B. pro-
cyonis worms collected from raccoons in the United 
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We found the zoonotic nematode, Baylisascaris procy-
onis, in a common raccoon (Procyon lotor) in Mexico. 
Expansion of raccoons into human-dominated regions 
might increase the risk of B. procyonis infections in hu-
mans. Increased surveillance and healthcare provider 
awareness of baylisascariasis in Mexico will be needed 
to prevent those infections in humans. 



States (GenBank accession no. KP843605), China (ac-
cession no. OR457646) and Norway (accession no. 
KC543470) (Figure 2). We submitted sequences from 
this study to GenBank (accession nos. PQ471568 and 
PQ471569).

Finding B. procyonis roundworms in a raccoon 
in Mexico extends the geographic distribution of 
this zoonotic nematode in the Americas, which has 
been described throughout Canada and the United 
States and, in 1 report, from Costa Rica (1,8). De-

spite the relatively low number of human cases re-
ported worldwide and previous absence of B. pro-
cyonis worms in Mexico, the ecoepidemiology of B. 
procyonis roundworms suggests that the number of 
infection cases are underestimated. Infection prev-
alence is high in raccoons across their known dis-
tribution range; infected animals can carry several 
adult worms, which can excrete millions of eggs 
into the environment (1). A high infection preva-
lence likely also applies to Mexico because raccoons 
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Figure 1. Scanning electron 
micrographs of female 
Baylisascaris procyonis 
roundworm detected in common 
raccoon (Procyon lotor), Mexico. 
A) Anterior end of worm body. 
Arrow indicates the excretory 
pore. Scale bar indicates 400 
µm. B) Cephalic end, apical 
view of worm. Lowercase letters 
indicate dorsal (d) and ventral 
(v) lips, each having 1 large 
double papillae instead of a 
dorsal lip with 2 large double 
papillae, as reported previously 
(4). Small and large arrows 
indicate the double papillae. 
Scale bar indicates 100 µm. C) 
Cephalic end of worm. Small and 
large arrows indicate the double 
papillae. Scale bar indicates 100 
µm. D) Magnified image of labial 
denticles. Scale bar indicates 
5 µm. E) Magnified image of 
the excretory pore. Scale bar 
indicates 10 µm. F) Posterior 
end of the worm body. Scale bar 
indicates 300 µm. G) Magnified 
image of the tail tip. Scale bar 
indicates 10 µm.



are distributed throughout all the states within the 
country, and they have increasingly become synan-
thropic, living close to human settlements, where 
they are also occasionally kept as pets (9,10). In 
addition, domestic dogs could also play a key role 
in the epidemiology of B. procyonis roundworms, 
and other zoonotic ascarids such as Toxocara canis, 
which raises the risk for human exposure and infec-
tion (1,2). Our findings highlight the importance of 
increasing epidemiologic surveillance and health-
care provider awareness of baylisascariasis in Mex-
ico to effectively prevent infections, particularly in 
areas where humans (especially children) and dogs 
might come into contact with raccoons or B. procyo-
nis eggs in the environment.
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etymologia revisited
Schizophyllum commune 
[skiz-of′-ǐ-ləm kom′-yoon]

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

phyllum is derived from “Schíza” meaning split because of the 
appearance of radial, centrally split, gill like folds; “commune” 
means common or shared ownership or ubiquitous. Swedish 
mycologist, Elias Magnus Fries (1794–1878), the Linnaeus of 
Mycology, assigned the scientific name in 1815. German my-
cologist Hans Kniep in 1930 discovered its sexual reproduction 
by consorting and recombining genomes with any one of nu-
merous compatible mates (currently >2,800).
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To the Editor: We congratulate Perciaccante et 
al. (1) on their article about a Paczka painting show-
ing doctors looking for evidence of a dog bite on a 
presumed encephalitic rabies patient. However, the 
story incorrectly references “Émile Roux’s first inocu-
lation of a human with rabies vaccine in July 1885.”

Émile Roux (1853–1933) was a brilliant physician 
and scientist who began work with Louis Pasteur 
during 1878. Roux was noted for rabies research 
and standardized techniques for intracerebral in-
oculation of animals. In fact, Roux designed the 
well-known technique of using a flask to inactivate 
suspended rabies virus–infected rabbit cord through 
desiccation (an idea Pasteur borrowed). Roux was 
nominated for the Nobel Prize in 1888 for his re-
search on diphtheria and later became director of the 
Pasteur Institute (1904–1933). Clinician, researcher, 
and scholar, Roux was renowned for multiple ac-
complishments but not his involvement with Joseph 
Meister’s vaccination.

Roux and Pasteur had many disagreements, in-
cluding the ethics of human experimentation. After 
only 5 weeks of animal research, Roux was uncon-
vinced the experimental biologic made from dried 
spinal cords of infected rabbits was safe for hu-
man administration and did not support its use for 

Meister (2). His objection was problematic, because 
Pasteur, not a physician, could not administer the 
vaccine. Rather, vaccination proceeded under the 
supervision of E.F.A. Vulpian and Joseph Grancher. 
Dr. Grancher, professor, tuberculosis specialist, and 
Pasteur collaborator, administered the first vaccina-
tion, and fortunately, Meister survived (3,4). That 
news was shared only after vaccination of Jean-Bap-
tiste Jupille, a 15-year-old shepherd, who was bit-
ten in October and also survived (5). “… Roux, who 
would normally have administered inoculations for 
Pasteur, was notably absent...” (6). Only once evi-
dence had accumulated did Roux relax his stance. 
Thereafter, he became an adherent of the “Pasteur-
ian method” (6). This occurrence demonstrates that 
success is not without controversy or risk, and ex-
perts often disagree, given differing backgrounds, 
training, philosophy, and ethics.
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In an article from the Gilcrease Museum web-
site, anthropologist Jason Baird Jackson notes, 

“From the enormous diversity of American Indian 
peoples, speaking thousands of different languages 
and possessing distinct cultural traditions, inhab-
iting a great variety of natural settings, flowed a 
remarkable number of different basketry forms 
and techniques.” The Panamint Shoshone Tribe, to-
day identified as the Timbisha Shoshone Tribe, “is 
historically known for some of the finest, tightly-
coiled Native basketry on the continent,” according 
to the Portland Art Museum.

Appearing on this month’s cover is a jar-shaped 
basket created by Sara Hunter, who belonged to the 
Panamint Shoshone Tribe and was, according to the 
Cleveland Museum of Art, the last American Indian 
basket weaver to live in the Saline Valley on the edge 
of what is now Death Valley National Park in Califor-
nia. Eva Slater, an art historian and artist, notes in her 
book Panamint Shoshone Basketry, that “Sarah Hunter 
lived most of her life in the isolation of Hunter Can-
yon, the largest and most ancient of three camps in 
the valley.”

The Panamint Shoshones, a small branch of the 
Shoshone, have inhabited the Death Valley area for 
perhaps a thousand years and for centuries before 
Europeans ventured into the area. The US National 
Park service notes, “They hunted and followed sea-
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Sarah Hunter (1883–1967), Jar-shaped Basket, 1910. Willow, bulrush; coiled (3 rods), 4 15/16 in × 7 5/16 in/12.5 cm × 18.5 cm. Open 
access image from Cleveland Museum of Art, Cleveland, Ohio, USA.

Author affiliation: Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA
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Art of the Interwoven

Byron Breedlove



sonal migrations for harvesting of pinyon pine nuts 
and mesquite beans with their families. To them, the 
land provided everything they needed and many ar-
eas were, and are, considered to be sacred places.”

Initially, the Panamint created baskets for utilitar-
ian purposes such as transporting and storing food, 
water, and possessions or for trapping birds and 
small game. Later, as settlers, silver miners, and oth-
ers moved into the region, the Portland Art Museum 
explains that “the fine quality of Panamint baskets 
created a collectors’ market, which lasted well into 
the mid-twentieth century. For Panamint and other 
American Indian weavers, adapting utilitarian bas-
kets to saleable ones preserved Native basket-making 
techniques and provided much needed income for 
many families still trying to live a traditional life.”

Slater writes that in the 1930s, Hunter “became 
known for her large oval vessels with zoomorphic 
design elements scattered playfully over the basket 
surface in petroglyph fashion revealing a relationship 
to Maggie Juaquin of Darwin, who was her sister.” 
Hunter, along with other basket makers in that re-
gion, would have gathered and prepared plants such 
as bulrush, bunchgrass, devil’s claw sumac, willow, 
and yucca for making baskets. The Cleveland Mu-
seum of Art, where this basket may be viewed, notes 
that “If stages of the process are not done properly 
and at the right time, color will be uneven and stitch-
es will twist and split.”

The Cleveland Museum of Art recounts that 
“Hunter’s basketry is noted for geometricized motifs 
reminiscent of the animals depicted in petroglyphs on 
canyon walls in the Death Valley region. Here they 
include pronghorn mountain sheep, deer, and birds, 
along with humans, all created in light-brown bul-
rush against a honey-colored willow ground.” Ani-
mals adapted to living in this harsh ecosystem, like 
the plants found there, would have been essential re-
sources for the Panamint tribe.

Living in proximity with nature also potentially 
increases human exposure to pathogens that could 
cause infection. In Death Valley, for example, zoo-
notic pathogens such as hantaviruses carried by ro-
dents pose health threats to humans. The harsh, arid 
climate of this region confers, for now, protection 
from some vectorborne illnesses. The first recorded 
human-to-human transmission of plague in the Unit-
ed States was in San Francisco, California, in 1900. 
After fleas infected sylvatic rodents with plague, the 
disease spread across California, eventually reaching 
the Death Valley region. Western blacklegged ticks 
(Ixodes pacificus) that can transmit Lyme disease have 
been found in this region. Environmental changes 

and human encroachment may increase the preva-
lence of vectorborne diseases in Death Valley and 
similar areas.

Perhaps this jar-shaped basket showing the inter-
connection of animals, humans, and the environment 
in Death Valley and, created from weaving together 
various plants found in that harsh environment, may 
serve as a metaphor for One Health. One Health, as 
explained by the One Health High-Level Expert Pan-
el, is globally recognized as “an integrated, unifying 
approach that aims to sustainably balance and opti-
mize the health of people, animals, and ecosystems. It 
recognizes the health of humans, domestic and wild 
animals, plants, and the wider environment (includ-
ing ecosystems) are closely linked and interdepen-
dent.” One Health is often described by words such 
as “integrated,” “intertwined,” and “interwoven.” 
From her work as basket maker and her knowledge 
of the land and its resources, Hunter would have in-
trinsically understood that underlying unity.
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Article Title
Clinical Manifestations, Risk Factors, and Disease  

Burden of Rickettsiosis, Cambodia, 2007–2020

CME Questions
1. Approximately what percentage of patients with 
acute undifferentiated febrile illness (AUFI) were  
found to have an acute rickettsial infection in the 
current study?
A. 3%
B. 8%
C. 19%
D. 31%

2. Which of the following organisms was responsible 
for the greatest proportion of rickettsial infection in 
the current study?
A. Rickettsia typhi
B. Rickettsia rickettsii
C. Rickettsia conorii
D. Orientia tsutsugamushi

3. Which of the following variables was most 
associated with rickettsial infection among patients 
with AUFI in the current study?
A. Age <15 years
B. Case presentation during the wet season
C. Travel to the forest specifically
D. Antibiotic use during the past 30 days

4. Which of the following symptoms was most 
specifically associated with rickettsial infection in the 
current study of patients with AUFI?
A. Joint pain
B. Nausea
C. Headache
D. Abdominal cramping
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Earning CME Credit
To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-

ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing 
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to 
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award 
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award, 
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in 
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies 
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed 
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national 
medical association for review.

Article Title
Multicenter Retrospective Study of Spiroplasma  

ixodetis Infantile Cataract in 8 Countries in Europe

CME Questions
1. Which of the following statements regarding 
Spiroplasma sp. is most accurate? 
A. The main vector of infection is mosquitoes   
B. Spiroplasma has been established as a human 

pathogen for three decades 
C. There are a small number of reports of systemic 

infection with Spiroplasma 
D. Nearly all cases in the current study were caused by 

an arthropod bite during pregnancy 

2. What percentage of eyes infected with  
Spiroplasma a in the current study showed evidence 
of anterior uveitis? 
A. 12% 
B. 39% 
C. 62% 
D. 100% 

3. Which of the following statements regarding other 
ocular findings in the current study of infants with 
Spiroplasma infections is most accurate? 
A. Approximately half of infants with uveitis had posterior 

synechiae 
B. Nearly all infants had a pupillary membrane 
C. Nearly half of all infants had unilateral cataracts 
D. Intraocular pressure fell in all infants after  

cataract surgery  

4. Which of the following tests to detect Spiroplasma 
in the current study was superior in producing a 
positive sample? 
A. 16S-rRNA PCR 
B. Transmission electron microscopy (TEM) 
C. Culture of lens material 
D. All of the above methods were similar in producing 

positive results for Spiroplasma



Emerging Infectious Diseases
Photo Quiz Articles

Volume 14, Number 9
September 2008 

Volume 14, Number 12 
December 2008

Volume 15, Number 9 
September 2009

Volume 15, Number 10 
October 2009

Volume 16, Number 6 
June 2010

Volume 17, Number 3 
March 2011

Volume 17, Number 12 
December 2011

Volume 19, Number 4 
April 2013

Volume 20, Number 5 
 May 2014

Volume 21, Number 9 
September 2015

Volume 22, Number 8 
August 2016

Volume 28, Number 3 
March 2022

Volume 28, Number 7 
July 2022

Click on the link
below to read about
the people behind

the science.
https://bit.ly/3LN02tr

See requirements for submitting  
a photo quiz to EID. 

https://bit.ly/3VUPqfj


	1069-1188_Vol31No6_SynResearch.pdf
	_Hlk196136444
	_Hlk196133280
	_Hlk196133215
	_Hlk196133042
	_Hlk196133245
	_Hlk196132552
	_Hlk196133507
	_Hlk196133532
	_Hlk196132722
	_Hlk196206307
	_Hlk196207416
	_Hlk196473256
	_Hlk196218559
	_Hlk196210047
	_Hlk196208190
	_Hlk196128914
	_Hlk196314771
	_Hlk196377189
	_Hlk196735751
	_Hlk196977921
	_Hlk196978094
	_Hlk197099309
	_Hlk196978232
	_Hlk197106691
	_Hlk196978272
	_Hlk197018642
	_Hlk197018466
	_Hlk194935384
	_Hlk194932847
	_Hlk194933562
	_Hlk194936387
	_Hlk195594642
	_Hlk195121799
	_Hlk198021085
	_Hlk197957340
	_Hlk197957028
	_Hlk195715170
	_Hlk195016783
	_Hlk195715182
	_Hlk196139520
	_Hlk191038459
	_Hlk198637769
	_Hlk196429762
	_Hlk198622897
	_Hlk198622913
	_Hlk198623019
	_Hlk198623111
	_Hlk196907357
	_Hlk198542593
	_Hlk198542614
	_Hlk198646659
	_Hlk197363949
	_Hlk198542808

	1189-1243_Vol31No6_Dispatches.pdf
	_Hlk195681332
	_Hlk197078236
	_Hlk197071525
	_Hlk197066818
	_Hlk197075983
	_Hlk197070868
	_Hlk195692432
	_Hlk197349728
	_Hlk197585191
	_Hlk197585150
	_Hlk197517074
	_Hlk197339609
	_Hlk197946097
	_Hlk197946296
	_Hlk197946715
	_Hlk197946936
	_Hlk193956199

	1244-1276_Vol31No6_Letters.pdf
	_Hlk196142139
	_Hlk196922569
	_Hlk198626389
	_Hlk147832514
	_Hlk57318851
	_Hlk196286020
	_Hlk196215912
	_Hlk196215918
	_Hlk198562657
	_Hlk197959221
	_Hlk198306916
	_Hlk197507629




