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SYNOPSIS

Outbreaks of hepatitis A have been previously 
reported among gay, bisexual, and other men 

who have sex with men (MSM) (1). Numerous out-
breaks of hepatitis A among MSM were reported in 
Europe during 1997–2005 (2) and 2016–2017 (3–5). In 
the United States, hepatitis A outbreaks among MSM 
were reported in several locations during 2017–2018 
(6,7). Outbreaks of invasive meningococcal disease 
(IMD) have also been previously reported among 
MSM (8–10). In late 2021, increases of hepatitis A 
and IMD were observed in Central Florida, primar-
ily among MSM, prompting an investigation to guide 
the implementation of disease control measures.

During the period those 2 concurrent outbreaks 
were ongoing in Florida, a global epidemic of mpox 
emerged, in which sexual and intimate contact, particu-
larly among MSM, was the primary mode of recognized 
transmission (11,12). In May 2022, a case of mpox associ-
ated with the global epidemic was identified in the Unit-
ed States. By November 30, 2022, the United States had 
>29,600 reported mpox cases and Florida had the fourth 
highest number of cases in the country (13).

We provide a descriptive, cross-sectional analysis 
of the concurrent outbreaks of hepatitis A and IMD in 
Florida in the context of an ongoing global mpox epi-
demic that also is disproportionally affecting MSM. 
Through this analysis, we attempted to identify com-
mon and distinct features of each outbreak and syn-
ergistic factors that might have affected disease pro-
gression and control.

Methods
Hepatitis A and IMD are designated as reportable con-
ditions in Florida; in 2022, mpox was reportable in Flor-
ida under the broader category of a disease of urgent 

public health importance (14). Cases for all 3 diseases 
are investigated by local staff of the Florida Department 
of Health (FDOH); investigations involve patient inter-
views to identify risk factors for illness and close con-
tacts for possible prophylaxis or other needed follow-up 
actions. Interview questionnaires for each disease are 
standardized statewide; however, some questions dif-
fer between diseases. After recognition of an increased 
number of case reports, we created outbreak case defini-
tions for hepatitis A and IMD (Table 1). We considered all 
mpox cases in Florida that met the national surveillance 
case definition to be outbreak related. The analysis pe-
riod for this investigation included outbreak-associated  
cases for any of the 3 diseases that had illness onset dur-
ing November 1, 2021–November 30, 2022.

Hepatitis A Case Investigation
For all persons clinically diagnosed with hepatitis A, 
hospital and commercial laboratories were asked to 
forward available specimens to the FDOH Bureau 
of Public Health Laboratories (BPHL) for hepatitis A 
virus (HAV) genotyping based on the VP1-P2B junc-
tion region (17). Next-generation sequencing was 
performed on the MiSeq (Illumina) platform, and bio-
informatics data processing used the Centers for Dis-
ease Control and Prevention (CDC) Global Hepatitis 
Outbreak Surveillance Technology (GHOST) platform 
(18). Investigation guidelines in Florida require that a 
case of hepatitis A in a food employee be further in-
vestigated to assess risk for possible food item or food 
preparation system contamination, which might also 
involve an environmental assessment. FDOH consid-
ered patron notification or suspension orders for food 
establishments, dependent upon the outcome of the 
risk assessments conducted.

IMD Case Investigation
For persons with diagnosed IMD, isolates of Neisseria 
meningitidis were forwarded to BPHL for serogroup-
ing by slide agglutination, and further characteriza-
tion by whole-genome sequencing on MiSeq or Next-
Seq550 (Illumina) systems. Select specimens were also 
forwarded to CDC laboratories for additional charac-
terization or confirmation. We analyzed sequencing 
data by using BPHL’s FLAQ-AMR pipeline (https://
github.com/BPHL-Molecular/flaq_amr) to assess se-
quence quality and identify the sequence type (ST) and 
submitted data to CDC’s Bacterial Meningitis Genome 
Analysis Platform (BMGAP; https://github.com/CD-
Cgov/BMGAP) to identify the clonal complex (CC) 
and to verify serogroup for each isolate (19). We iden-
tified outbreak-associated cases by serogroup, ST, and 
CC, and constructed phylogenetic trees.
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In 2022, concurrent outbreaks of hepatitis A, invasive 
meningococcal disease (IMD), and mpox were iden-
tified in Florida, USA, primarily among men who have 
sex with men. The hepatitis A outbreak (153 cases) was 
associated with hepatitis A virus genotype IA. The IMD 
outbreak (44 cases) was associated with Neisseria men-
ingitidis serogroup C, sequence type 11, clonal complex 
11. The mpox outbreak in Florida (2,845 cases) was part 
of a global epidemic. The hepatitis A and IMD outbreaks 
were concentrated in Central Florida and peaked during 
March–June, whereas mpox cases were more heavily 
concentrated in South Florida and had peak incidence in 
August. HIV infection was more common (52%) among 
mpox cases than among hepatitis A (21%) or IMD (34%) 
cases. Where feasible, vaccination against hepatitis A, 
meningococcal disease, and mpox should be encour-
aged among at-risk groups and offered along with pro-
gram services that target those groups.



Concurrent Outbreaks of Hepatitis A, IMD, and Mpox

Mpox Case Investigation
In May 2022, FDOH notified healthcare providers 
and laboratories that mpox was considered report-
able under existing rules. FDOH adopted the national 
surveillance case definition. That definition initially 
included clinical manifestations as a criterion, but on 
July 22, 2022, was modified to focus on laboratory re-
sults and epidemiologic risk factors for probable and 
confirmed cases (20).

Initially, all testing for orthopoxvirus and mpox 
virus infections was conducted at BPHL and CDC us-
ing previously described procedures (21,22). In July 
2022, use of the nonvariola orthopoxvirus assay ex-
panded to commercial laboratories (23). Molecular 
subtyping of isolates from mpox patients in Florida 
was not routinely done for surveillance purposes dur-
ing the study period; however, CDC performed par-
tial or full sequencing for a subset of samples (24,25).

Epidemiology and Analyses
FDOH Bureau of Epidemiology operates an elec-
tronic patient-based reportable disease surveillance 
system known as Merlin. Using data from Merlin, we 
identified persons meeting the outbreak case defini-
tion for >1 disease in the 3 concurrent outbreaks. We 
used data from other surveillance systems operated 
by the Bureau of Communicable Diseases for sexually  

transmitted infections (STIs) and HIV to ascertain 
history and risk factors for reportable STIs (e.g., chla-
mydia, gonorrhea, or syphilis) and HIV infection. We 
matched patient profiles between systems by using 
name, sex, date of birth, and address information.

We calculated descriptive statistics to character-
ize outbreak-related cases by person, place, and time. 
We assessed pairwise differences in median age via 
Dunn test and conducted χ2 tests to compare cases of 
each disease by HIV infection, history of recent STI, 
and Orange County residency. We used 2-sided tests 
in all statistical analyses and considered p<0.05 statis-
tically significant.

To assess the role of the public health response 
in controlling the concurrent outbreaks, we analyzed 
data from the statewide immunization registry by 
vaccine antigen and month of first dose administered. 
To distinguish outbreak response efforts from routine 
childhood or adolescent immunization, we limited 
data to vaccines administered to adults >18 years of 
age. We stratified data by persons receiving vaccine 
from a county health department (CHD) provider. To 
further characterize synergies in outbreak response 
efforts, we identified instances of vaccine administra-
tion to the same person, on the same day, against >1 
of the diseases in the concurrent outbreaks. This activ-
ity was reviewed by the Ethics and Human Research 
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Table 1. Case definitions used in the investigation of concurrent outbreaks of hepatitis A, invasive meningococcal disease, and mpox, 
Florida, USA, 2021–2022* 
Disease Definition 
Hepatitis A  
 Inclusion criteria Florida residents meeting the surveillance case definition for hepatitis A† with symptom onset 

during November 1, 2021–November 30, 2022 
 Confirmed case A hepatitis A case with laboratory evidence of infection with HAV genotype IA, A17 cluster 21, or 

epidemiologically linked to a case with HAV A17 cluster 21 infection 
 Probable case A hepatitis A case who identified as transgender or MSM or had sexual contact with MSM, 

irrespective of other risk factors for hepatitis A 
 Suspected case A male hepatitis A case with unknown sexual history, and absence of other risk factors for hepatitis 

A (e.g., foreign travel, drug use, homelessness, incarceration) 
 Epidemiologically linked Household or sexual contact during the 15–50 d before symptom onset 
 Exclusions Cases with sequencing results indicating infection with HAV other than genotype IA, A17 cluster 21 
Invasive meningococcal disease  
 Inclusion criteria Florida residents meeting the surveillance case definition for invasive meningococcal disease† with 

symptom onset during November 1, 2021–November 30, 2022 
 Confirmed case An invasive meningococcal disease case who identifies as MSM or had sexual contact with MSM 

and evidence of serogroup C infection; or laboratory evidence of infection with ST11 CC11 
serogroup C, with <100 SNPs difference to the outbreak strain, irrespective of sexual history 

 Probable case An invasive meningococcal disease case who identifies as MSM or had sexual contact with MSM 
and for whom no additional serogroup, ST, or CC typing is available; or who had evidence of 
serogroup C infection regardless of sexual history 

 Exclusions Cases with sequencing results indicating infection with Neisseria meningitides other than ST11 
CC11 serogroup C or with >100 SNP differences to the outbreak strain 

Mpox  
 Inclusion criteria Florida residents meeting the surveillance case definition for confirmed or probable mpox‡ with 

symptom onset during May 1–November 30, 2022 
*CC, clonal complex; HAV, hepatitis A virus; MSM, men who have sex with men; SNP, single-nucleotide polymorphism; ST, sequence type; STI, sexually 
transmitted infection. 
†Per Florida Department of Health definition (15).  
‡Per Centers for Disease Control and Prevention definition (16). 

 



SYNOPSIS

Protection Program of FDOH and by CDC and was 
determined by both institutions to be public health 
practice, outbreak investigation, not requiring review 
and approval by an institutional review board.

Results

Hepatitis A Cases
During the analysis period, a total of 322 hepatitis 
A cases among Florida residents were reported to 
FDOH; 153 (48%) met the outbreak case definition. Of 
nonoutbreak cases during that period, ≈50% had an 
identifiable risk factor for hepatitis A, among which 
60% were associated with recent international travel. 
Among the 153 outbreak-associated cases, 95% were 
in male persons and 5% in female persons, 74% were 
in MSM, and 21% were in persons with HIV; 1 death 
occurred (Table 2). Among persons for whom sexual  

history was obtained, 25% reported no sexual contacts in 
the previous 3 months; 8% reported >5 sexual partners, 
and 22% reported recent sexual contact with a person 
whose identity was not known. Seventeen cases were 
identified among food employees, but no foodborne 
transmission was documented. Environmental assess-
ments performed at food establishments where expo-
sure might have occurred did not necessitate FDOH 
orders for patron notification or suspension of service.

Among outbreak-associated cases, 67 (44%) met 
the confirmed case classification, among which 60 
cases had matching HAV genotype IA, GHOST clus-
ter A17 cluster 21 (a.k.a. SC076 US-Mexican); the re-
maining 7 confirmed cases had an epidemiologic link 
to a laboratory-confirmed case. We excluded 4 cases 
from the outbreak that otherwise met the probable 
or suspected outbreak case classification because 
HAV sequencing results did not match the outbreak 
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Table 2. Description of outbreak-related cases during concurrent outbreaks of hepatitis A, invasive meningococcal disease, and mpox, 
Florida, USA, 2021–2022* 

Characteristics 
Value 

Hepatitis A Invasive meningococcal disease Mpox† 
Total no. 153 44 2,845 
Median age, y (range) 35 (9–75) 32 (8–77) 36 (0–81) 
Race or ethnicity    
 White 102/153 (67) 29/44 (66) 1,957/2,845 (69) 
 Hispanic 53/150 (35) 22/44 (50) 1,270/2,845 (45) 
Sex    
 M 145/153 (95) 36/44 (82) 2,786/2,845 (98) 
 F 8/153 (5) 8/44 (18) 59/2,845 (2) 
 Transgender 4/153 (3) 1/44 (2) 22/2,845 (1) 
MSM‡ 113/152 (74) 31/43 (72) 2,507/2,836 (88) 
No. sexual partners during past 3 mo‡    
 0 25/100 (25) 4/31 (13) 27/1,680 (2)§ 
 1 44/100 (44) 17/31 (55) 914/1,680 (54)§ 
 2–5 23/100 (23) 8/31 (26) 631/1,680 (38)§ 
 >5 8/100 (8) 2/31 (6) 108/1,680 (6)§ 
Sex with unknown person in previous 3 mo‡ 22/101 (22) 6/30 (20) 225/956 (23)§ 
HIV positive 32/153 (21) 14/44 (34) 1,473/2,836 (52) 
Taking HIV preexposure prophylaxis 20/130 (15) 5/44 (11) Unknown 
STI in previous 2 y 42/153 (27) 9/44 (20) 1,567/2,836 (55) 
Mpox virus infection in 2022 4 3 All 
Recent international travel 12/153 (8) 1/44 (2) 199/2,845 (7) 
Recent homelessness 8/153 (5) 2/44 (5) 25/928 (3) 
Recent incarceration 1/153 (<1) 0/44 (0) 1/928 (<1) 
Recent injection drug use 3/153 (2) 2/44 (5) Unknown 
Orange County resident 53/153 (35) 15/44 (34) 295/2,845 (10) 
Food employee 17/121 (15) 7/44 (16) Unknown 
Hospitalized 119/153 (78) 41/44 (93) 162/2,845 (6) 
Died 1/153 (<1) 9/44 (20) 3/2,845 (<1) 
Outbreak case classification    
 Confirmed 67/153 (44) 40/44 (91) 1,720/2,845 (60) 
 Probable 73/153 (48) 4/44 (9) 1,125/2,845 (40) 
 Suspect 13/153 (8) NA NA 
Laboratory evidence of infection with outbreak 
genotype/sequence 

60/153 (39) 
 

34/44 (77) 
 

NA 

*Values are no. cases/no. reported (%) except as indicated. All risk factor questions relate to exposures in the 3 mo before symptom onset, except sexual 
history for mpox cases, which refers to the 3 weeks before symptom onset. Denominators vary based on available data for each variable. Percentages 
may not add to 100 due to rounding. MSM, men who have sex with men. 
†Outbreak ongoing, data through November 30, 2022. 
‡Minors age <18 y excluded from numerator and denominator. 
§Number of sexual partners in 3 weeks before onset (mpox incubation period). 
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cluster type. Of the 60 cases with the matching HAV 
outbreak cluster type, 2 patients appear to be outli-
ers and had no identifiable risk factors or recognized 
exposures to HAV. One case was in a 74-year-old 
heterosexual female person and the other was in a 
9-year-old male child. Of the 7 confirmed cases not 
genotyped but confirmed through epidemiologic 
linkage, 2 were linked to the 9-year-old patient, his 
parents, who later became ill, likely because of sec-
ondary household transmission; the remaining 5 cas-
es were sexual or household contacts of persons who 
identified as MSM.

IMD Cases
During the analysis period, 71 IMD cases among 
Florida residents were reported to FDOH. Of those, 
44 (62%) cases were classified as outbreak associated. 
Among the outbreak cases, 72% were in persons who 
identified as MSM, 34% were in persons with HIV, and 
20% of cases resulted in death (Table 2). The distribu-
tion of outbreak-associated cases by type of infection 
was 55% bacteremia, 20% meningitis, 5% septic arthri-
tis, and 20% with >1 clinical syndrome. Case-fatality 
was highest (33%) among patients with bacteremia.

Among outbreak-associated cases, 40 (91%) met 
the confirmed case classification. Of those, 33 were 
caused by the ST11 CC11 outbreak strain; the other 
7 confirmed cases were in persons who identified as 
MSM and had a serogroup C infection, but further 
strain characterization was not possible. Ten con-
firmed cases of the outbreak strain were in persons 
who did not identify as MSM, including a 77-year-old 
heterosexual woman with no known epidemiologic 
link to any other cases and 3 women who had no di-
rect connection to one another but who were sexu-
ally active with the same male partner. Those 3 cases 
represent the only identified epidemiologic linkages 
among all the IMD cases in this outbreak.

Mpox Cases
During May 10–November 30, 2022, Florida reported 
2,845 confirmed or probable mpox cases among resi-
dents. Most cases were locally acquired, but 14% of pa-
tients reported out-of-state travel during the 3-week in-
cubation period. Most cases were among adult (>99%) 
and male (98%) persons. Among cases in adults, 88% 
were in persons who identified as MSM, but trans-
mission through sexual contact between heterosexual 
persons was also identified. Among Florida cases, un-
common transmission routes were identified and have 
been previously reported by FDOH (26–28), including 
nonsexual household contact (n = 8) and occupational 
exposure among healthcare workers (n = 2).

Among mpox cases, 52% were in persons living 
with HIV and 55% in persons who had a history of 
>1 STI in the previous 2 years (Table 2). For the 1,414 
cases with information available regarding previous 
HIV diagnoses, 10% were diagnosed within the previ-
ous year; 93% of cases were in persons who received 
HIV care within the previous year, 81% were in per-
sons whose HIV infections were virally suppressed, 
and 6% were in persons who had a recent CD4 count 
of <200 cells/µL. Few (6%) cases were hospitalized 
because of mpox; 3 deaths occurred for which mpox 
was considered a causative or contributing factor. All 
3 deaths were in persons who had a previous AIDS 
diagnosis, and 2 were unhoused.

CDC sequenced 17 mpox virus isolates and iden-
tified 16 as clade IIb subclade B.1 (25). One isolate 
collected early in the outbreak, from a patient with 
exposure in the United Arab Emirates, was identified 
as clade IIb subclade A.2 (24).

Outbreak Overlap
We observed temporal overlap for the 3 outbreaks; 
hepatitis A cases occurred somewhat earlier, and 
peak incidence was during late March and early April 
2022 (Figure 1). Peak incidence for IMD occurred a 
few weeks later, and 13 cases were reported over a 
6-week period during May–June. The number of hep-
atitis A and IMD cases declined as mpox cases rapid-
ly increased; mpox incidence peaked during late July 
to early August, then rapidly declined. We did not 
identify any instances of the same person being part 
of both the hepatitis A and IMD outbreaks. However, 
among mpox cases, 4 patients were also part of the 
hepatitis A outbreak, and 3 others were part of the 
IMD outbreak (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/30/4/23-1392-App1.pdf).

The greatest concentration of outbreak-associated  
hepatitis A and IMD cases occurred in the central 
region of Florida (Figure 2). Orange County had the 
highest number of cases for both diseases: 53 (35%) 
cases of hepatitis A and 15 (34%) cases of IMD. On 
the basis of patient residence, we identified 12 postal 
(ZIP) codes with >1 case of both hepatitis A and IMD, 
3 of which had >2 cases of each disease (Figure 2). 
For hepatitis A, several cases occurred in west-central 
Florida (Hillsborough and Pinellas Counties), where 
IMD was not observed. Several IMD cases occurred 
in southeastern Florida (Miami-Dade, Broward, and 
Palm Beach Counties), where outbreak-associated 
hepatitis A was not frequently observed.

Mpox cases in Florida were more widely dis-
persed; cases were reported in 45 of 67 counties. The 
highest concentration was observed in the southeast 
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region, and 56% of all cases were reported in Broward 
and Miami-Dade Counties (Figure 3). Orange County 
reported the third highest (295; 10%) number of mpox 
cases. The 7 most populated counties in Florida ac-
counted for 87% of mpox cases reported in the state. 
Exposure occurred exclusively outside the United 
States for 5% of Florida mpox cases, and an additional 
2% of cases reported multiple exposure locations that 
included >1 location outside the United States.

Comparing cases by disease, the median age of 
IMD case-patients was 32 years, which was significantly 
younger than for hepatitis A (35 years; p = 0.0145) and 
mpox (36 years; p = 0.0043) case-patients. We detected 
statistically significant differences when comparing 
cases of each disease by HIV infection, history of recent 

STI, and Orange County residence (p<0.0001). HIV in-
fection was more prevalent among mpox (52%) cases 
than among IMD (34%) or hepatitis A (21%) cases. In 
addition, STI in the previous 2 years was more preva-
lent among mpox (55%) cases than among hepatitis 
A (27%) or IMD (20%) cases. A lower percentage (10%) 
of mpox cases were among Orange County residents 
than were IMD (34%) and hepatitis A (35%) cases.

Control Measures
JYNNEOS (Bavarian Nordic) vaccine for preventing 
mpox became available in limited supplies in Florida 
in late May and June 2022. As the vaccine supply 
increased, persons vaccinated with their first dose 
increased markedly; in July and August, >53,000 
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Figure 1. Epidemiologic curve of concurrent outbreaks of hepatitis A, invasive meningococcal disease, and mpox, by week of symptom 
onset, Florida, USA, November 1, 2021—November 30, 2022. A) Invasive meningococcal disease; B) hepatitis A; C) mpox. The case 
definition for invasive meningococcal disease cases had 2 categories: confirmed and probable. The case definition for hepatitis A cases 
had 3 categories: confirmed, probable, and suspect. The graph for mpox includes all confirmed and probable cases.
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adults in Florida received >1 dose (Appendix Table 
2). Immunization against hepatitis A and IMD also 
increased markedly among adults during that time-
frame (Figure 4). In August 2022, of the 28,592 per-
sons receiving a first dose of JYNNEOS vaccine, 7,305 
(26%) received >1 other vaccine against either hepa-
titis A or IMD on the same day; 2,979 (10%) received 
vaccines against all 3 diseases on the same day. 
More than half of adult immunizations for hepatitis 
A and IMD in August were administered by CHD 
providers. In contrast, during months outside the 
August–October period, <38% of adults receiving a 
vaccine for either disease received that dose from a  
CHD provider.

The hepatitis A and IMD outbreaks conclud-
ed by the end of 2022, but mpox cases continued 
to be reported in Florida as of January 2024. By  
that time, a total of 2,957 mpox cases had been re-
ported since the start of the outbreak, which is con-
sidered ongoing.

Discussion
Outbreaks of hepatitis A and IMD among MSM were 
ongoing in Florida when the emerging mpox outbreak 
added further complexity and urgency to the pub-
lic health response. In addition, the introduction of 
mpox might have hastened the decline of cases in the 
hepatitis A and IMD outbreaks, possibly due to mul-
tiple factors. First, the negative perceptions and fear of 
acquiring mpox might have led to changes in sexual 
behaviors among MSM, particularly persons outside 
of monogamous relationships. In a national survey of 
703 MSM and transgender women conducted in Au-
gust 2022, more than half reported a change in their 
sexual behavior because of the mpox outbreak; 40% 
reported limiting the number of sexual partners, and 
24% avoided having any type of sex (29). Similarly, in 
another survey of MSM conducted in August 2022, a 
total of 50% of respondents reported reducing 1-time 
sexual encounters and 50% reported reducing sex with 
partners met on dating apps or at sex venues (30).
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Figure 2. Spatial distribution of outbreak-associated cases of hepatitis A and invasive meningococcal disease in an investigation of 
concurrent outbreaks of hepatitis A, invasive meningococcal disease, and mpox, Florida, USA, 2021–2022. A) Locations of cases by 
postal (ZIP) code of patient residence; B) detail of box from central Florida in panel A, in which >1 case of each disease were reported 
in the same postal code. Outside the area represented in that panel, no instances of both diseases were identified in the same postal 
code. Invasive meningococcal disease cases were georeferenced by postal code centroid. Small polygons are outlines of postal code 
areas. Light gray lines indicate county borders; dark gray lines indicate postal areas where cases were identified.
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The response to mpox might also have hastened 
the end of the hepatitis A and IMD outbreaks through 
coordinated immunization outreach efforts targeting 
overlapping risk groups. Before August 2022, demand 
for JYNNEOS vaccine was strong, but supplies were 
limited (31,32). As the vaccine became more readily 
available (33), CHDs in Florida conducted outreach 
activities to provide mpox vaccination to gay, bisex-
ual, and other MSM, which also helped provide vac-
cination against hepatitis A or IMD to the same per-
sons, where indicated (34,35). The strong interest and 
demand for JYNNEOS vaccine among MSM likely 
led some persons to get vaccinated against hepatitis 
A and IMD who might not otherwise have been vac-
cinated. Vaccines administered by CHDs were pro-
vided free of charge to the client and, in some coun-
ties, made available outside nightclubs and at social 
venues or community events. That strategy leveraged 
lessons learned from HIV prevention programs, in-
cluding making services available to persons who 
would most benefit, where they most likely would be, 
and when they would most likely be comfortable (36).

We observed a high percentage of concurrent HIV 
infection among hepatitis A, IMD, and most notably, 
mpox case-patients. We observed a similar pattern re-
garding history of an STI in the previous 2 years. The 
duration of HAV viremia and stool shedding might 

be longer in persons with HIV (37), and persons with 
HIV who have low CD4 cell counts are also more sus-
ceptible to invasive disease when exposed to N. men-
ingitidis (8,10). Some researchers have proposed the 
concept of syndemics to refer to multiple diseases oc-
curring in the same population that have a synergistic 
effect on the progression or outcome of each disease 
(38,39). HIV and STIs are frequently cited examples of 
infectious disease syndemics. We observed current or 
recent infections in the same person, including HIV, 
>1 STI, mpox, and hepatitis A or IMD, in a setting 
of concurrent outbreaks. A single case report involv-
ing a similar combination with severe hepatitis A was 
previously reported (40).

Of note, 25% of adult hepatitis A case-patients in 
the outbreak reported no sexual activity in the previ-
ous 3 months. That might be the result of unreliable 
information regarding sexual history provided by 
case-patients. However, it also might be explained by 
possible undetected spillover into foodborne trans-
mission or environmental surface contamination at 
venues that cater to an exclusively or predominantly 
lesbian, gay, bisexual, and transgender clientele, a 
possibility that has been noted in similar outbreaks 
(41). No common venues were identified in our out-
breaks but interviewed case-patients frequently de-
clined to identify specific venues. Moreover, some 
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Figure 3. Distribution of mpox 
cases by county of residence in 
an investigation of concurrent 
outbreaks of hepatitis A, invasive 
meningococcal disease, and 
mpox, Florida, USA, 2021–2022. 
Numbers on map indicate 
numbers of persons with mpox 
reported to Florida Department 
of Health, by the person’s county 
of residence. Florida consists of 
67 counties, and mpox cases 
were reported in residents of 45 
of 67 counties.
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confirmed cases in the hepatitis A outbreak in per-
sons who were not sexually active, such as the elderly 
woman and young boy, might be explained by limita-
tions of HAV subgenomic sequencing to detect varia-
tions in phylogenetic relationships (42).

Simultaneous response to these 3 concurrent 
outbreaks highlighted differences in public health 
surveillance, investigation, and response activities 
for diseases considered sexually transmitted com-
pared with other communicable diseases, such as 
hepatitis A or IMD, that have multiple transmission 
modes that also can include sexual contact. Many 
US public health departments, including FDOH, 
are organizationally separated between general 
communicable diseases and control programs re-
lated to STIs and HIV. Barriers often exist for in-
tegration of staff and surveillance information re-
sources across those program areas. Nevertheless, 
we found added value in close collaboration and 
integration of case-related data in response to these 
concurrent outbreaks. Further integration across 
program areas could provide added benefit in dis-
ease control efforts, particularly those involving 
overlapping risk groups.

When the global mpox epidemic emerged in 2022, 
and transmission among MSM was quickly recognized, 
investigation methods in the United States (e.g., ques-
tionnaires and case interviews) rapidly aligned to meth-
ods typically used for STIs and HIV (36). In Florida, 
methods included using experienced disease interven-
tion specialists (DISs) who have advanced skills in elic-
iting sensitive details regarding sexual history. In con-
trast, case investigations for most reportable diseases in 
Florida, including hepatitis A and IMD, do not routinely 
include detailed information on gender identity, sexual 
orientation, or sexual history, nor are those investiga-
tions routinely conducted by trained DIS staff with spe-
cialized interviewing skills. Thus, data collected during 
these concurrent outbreak investigations were not stan-
dardized nor consistently gathered across diseases, lim-
iting direct comparisons. Furthermore, we did not di-
rectly compare MSM status across the diseases because 
MSM was a criterion within the outbreak case defini-
tions for hepatitis A and IMD but not for mpox. Nor 
did we compare race or ethnicity across the 3 diseases 
because population demographics differ by region in 
Florida and mpox was much more heavily concentrated 
in southern Florida than the other 2 diseases.

This investigation was also limited by an inabil-
ity in many instances to identify close contacts, par-
ticularly known or anonymous sexual contacts. Thus, 
epidemiologic linkages between cases were often dif-
ficult or impossible to establish. The lack of available  

specimens from all patients also limited efforts to 
fully use molecular and genomic analyses to identify 
connections between cases or to rule out probable or 
suspected cases that might not have been truly relat-
ed to the hepatitis A or IMD outbreaks.

Recognition of factors associated with an emerg-
ing syndemic early in its course facilitated improved 
data sharing and leveraged limited resources among 
public health programs responsible for disease con-
trol in Florida. In addition, combined vaccination ef-
forts targeting overlapping at-risk populations likely 
contributed to the control of these outbreaks.

In conclusion, we found that cross-training be-
tween DIS and general communicable disease sur-
veillance investigators might improve the quality of 
information collected through case interviews, par-
ticularly information related to sexual history. Dis-
ease prevention opportunities, also provided by DIS, 
might be enhanced through an integrated approach to 
screening, education, and linkage to care for multiple 
infectious diseases across program areas. Finally, vac-
cination against hepatitis A, meningococcal disease, 
and mpox should be encouraged among MSM, con-
sistent with national guidelines (33–35) and, where 
feasible, offered with other program services to the 
same at-risk population.
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Figure 4. Persons vaccinated by month and antigen during 
concurrent outbreaks of hepatitis A, invasive meningococcal 
disease, and mpox, Florida, USA, 2021–2022. The figure shows 
the number of adult persons (>18 years of age) vaccinated with 
their first dose, by month the first dose was administered. For 
hepatitis A, the number includes persons vaccinated with any 
Food and Drug Administration (FDA)–approved vaccine against 
hepatitis A virus. For meningococcal disease, the number includes 
persons vaccinated with any FDA-approved serogroup ACWY 
vaccine (Menveo [GlaxoSmithKline], Menactra [Sanofi Pasteur, 
Inc.], MenQuadfi [Sanofi Pasteur, Inc.]). For mpox, the number 
includes persons vaccinated with JYNNEOS (Bavarian Nordic). 
FDA, Food and Drug Administration.
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Pediatric Hepatitis of Unknown Etiology 

During October–November 2021, clinicians at 
a single children’s hospital in Alabama, USA, 

identified 5 previously healthy children with acute 
hepatitis of unknown etiology who tested positive 
for adenovirus species F, type 41 (1); that pathogen 
was not previously considered a common cause of 
severe acute hepatitis in immunocompetent persons. 
In subsequent months, similar cases were identified 
internationally (2), prompting the launch of a nation-
wide public health investigation into pediatric acute 
hepatitis of unknown etiology in the United States. 
On April 21, 2022, the Centers for Disease Control 
and Prevention (CDC) issued a health advisory rec-
ommending that clinicians consider adenovirus test-
ing in pediatric patients with hepatitis of unknown 
etiology and that patients meeting the following 
criteria be reported to jurisdictional health depart-
ments: <10 years of age with hepatitis manifested 
by elevated (>500 U/L) aspartate aminotransferase 
(AST) or alanine aminotransferase (ALT) and onset 
since October 1, 2021 (3).

As of June 6, 2023, health departments reported 
to CDC a total of 392 children meeting the hepatitis 
of unknown etiology case criteria. Worldwide, as of 
July 8, 2022, a total of 1,010 probable cases were re-
ported to the World Health Organization on the basis 
of a closely aligned case criterion: children <16 years 
experiencing acute, non–A-E hepatitis with AST or 
ALT >500 IU/L since October 1, 2021. Despite similar 
case definitions, the United States was one of the few 
countries to report fatalities (2).

Severe acute hepatitis is known to have several 
potential etiologies, including drug-induced, ge-
netic, metabolic, infectious, or immune-mediated 

causes (4). Adenovirus is a well-known cause of se-
vere hepatitis in immunocompromised persons; it 
often has a direct pathologic effect on the liver (4–7). 
Conversely, few reported cases describe a potential 
association between adenovirus and severe acute 
hepatitis in immunocompetent children; the mecha-
nism of liver injury in immunocompetent children is 
poorly understood (8–11). Previous studies estimate 
that 30%–50% of acute liver failure occurring in chil-
dren without prior liver disease was of undetermined 
cause (7,12). However, adenovirus was commonly 
detected among children tested for the virus in recent 
investigations in the United States (116/275, 42%) (13) 
and United Kingdom (14) (170/258, 66%), raising the 
question of whether adenovirus may be an underrec-
ognized cause of pediatric acute hepatitis.

We describe the characteristics of children who 
died after hepatitis of unknown etiology and were 
reported to CDC as part of the national-level inves-
tigation. Second, we describe the potential involve-
ment of adenovirus and other pathogens in the de-
velopment of severe acute hepatitis among these 
children. Last, we contextualize the deaths within 
the broader national-level investigation, describ-
ing similarities and differences between this subset 
of patients with the most severe outcomes and the 
overall patient population.

Methods

Study Population and Data Collection
This study includes all deaths reported to CDC 
among US children with acute hepatitis of unknown 
etiology with onset of October 1, 2021–June 6, 2023. 
A child was reported if they initially met the crite-
ria defined in the CDC health advisory and if the 
child’s death was related to their hepatitis episode, 
regardless of the time between hepatitis onset and 
death. Reported cases underwent further investiga-
tion including medical chart abstractions, caregiver 
interviews, laboratory testing, and, when possible, 
pathologic evaluation of liver tissue specimens. 
Health departments or clinicians completed medical 
chart abstractions using a standardized case report 
form to collect demographics, medical and illness 
history, laboratory test results, treatment received, 
and outcomes. Interviews were conducted with a 
parent or caregiver at the discretion of the health de-
partment to obtain additional information on each 
patient’s symptoms; healthcare use; ill contacts at 
home, school, or daycare; and other potential expo-
sures such as diet and travel. In addition, autopsy 
reports, discharge summaries, death certificates, and 
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During October 2021–June 2023, a total of 392 cases 
of acute hepatitis of unknown etiology in children in the 
United States were reported to Centers for Disease Con-
trol and Prevention as part of national surveillance. We 
describe demographic and clinical characteristics, in-
cluding potential involvement of adenovirus in develop-
ment of acute hepatitis, of 8 fatally ill children who met 
reporting criteria. The children had diverse courses of 
illness. Two children were immunocompromised when 
initially brought for care. Four children tested positive for 
adenovirus in multiple specimen types, including 2 for 
whom typing was completed. One adenovirus-positive 
child had no known underlying conditions, supporting 
a potential relationship between adenovirus and acute 
hepatitis in previously healthy children. Our findings 
emphasize the importance of continued investigation to 
determine the mechanism of liver injury and appropriate 
treatment. Testing for adenovirus in similar cases could 
elucidate the role of the virus.
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other available medical records were requested for 
further review to better understand the course of ill-
ness and elucidate the possible role of adenovirus 
or other pathogens in development of severe acute 
hepatitis and death.

Specimen Collection and Testing
Laboratory testing for clinical management was not 
standardized; testing varied by individual patient 
and by clinical judgment. Most respiratory and fe-
cal specimens were tested locally by multiplex PCR 
panel. In addition, testing for adenovirus by nucleic 
acid amplification testing (e.g., PCR or quantitative 
PCR) of blood, respiratory, or stool samples was 
requested at the discretion of the treating clinician 
and conducted at a clinical or reference laboratory. 
Available residual adenovirus-positive blood, stool, 
respiratory, and tissue specimens were sent to se-
lect reference laboratories or CDC for adenovirus 
typing using Sanger sequencing of the 6 hypervari-
able regions of the hexon gene (15). Formalin-fixed, 
paraffin-embedded (FFPE) tissues from liver biopsy, 
explant, or autopsy underwent routine evaluation at 
the clinical institutions or medical examiner’s office; 
available specimens were submitted to CDC. CDC’s 
evaluation of specimens included histopathology, 
immunohistochemistry (IHC), and conventional 
PCR and sequencing for adenovirus, as well as IHC 
and PCR for other infectious etiologies, as indicated 
based on the pathologic findings and clinical and 
epidemiologic history.

Record Review
All deaths reported to CDC as part of the hepatitis 
of unknown etiology investigation through June 6, 
2023, are noted in this report. Some children were 
excluded as cases by the reporting jurisdiction as 
additional clinical information became available 
and an etiology was identified. For the remaining 
children, clinical and epidemiology teams at CDC 
reviewed all available medical records and related 
laboratory and pathological evaluations to devel-
op consensus opinions on possible etiologies and 
confirm each child met the reporting criteria. Two 
pediatricians (P.A.G. and H.L.K.) independently 
evaluated reported underlying medical conditions 
to determine whether those conditions may have 
contributed to development of or increased risk for 
acute hepatitis. We excluded children with an etiol-
ogy for their hepatitis from further investigation and 
analysis. We describe here in detail the children with 
no known or suspected etiology after review of all 
available records.

Statistical Analysis
We used descriptive statistics to summarize the data 
and results. We analyzed all data in R version 4.2.1 
(The R Foundation for Statistical Computing, https://
www.r-project.org). CDC reviewed the investigation 
protocol and confirmed that it was conducted con-
sistent with applicable federal law and CDC policy 
(45 C.F.R. part 46.102(l)(2), 21 C.F.R. part 56; 42 U.S.C. 
§241(d); 5 U.S.C. §552a; 44 U.S.C. §3501 et seq.).

Results

Eligibility and Record Availability
During the national investigation, a total of 23 pediatric 
deaths with hepatitis onset occurring during October 
1, 2021–June 6, 2023, were reported to CDC from 13 US 
jurisdictions: Florida, Georgia, Indiana, Michigan, Mis-
souri, Nebraska, New York City, Pennsylvania, Puerto 
Rico, South Carolina, Tennessee, Texas, and Wiscon-
sin (Table 1). Fourteen (60.9%) of the 23 children did 
not meet the reporting criteria defined in the health 
advisory on the basis of detailed medical record and 
laboratory testing review by the reporting jurisdiction 
or CDC. The most common reason for exclusion was 
identification of an alternative etiology for the hepatitis 
(n = 12). Alternative etiologies were complications of 
sepsis from pathogens other than adenovirus (n = 6), 
congenital conditions (n = 3), and unintentional injury 
(n = 3) (Table 1). After review of all information pro-
vided to CDC, 8 (34.8%) children were confirmed to 
meet the reporting criteria and are further described in 
this report. One child’s eligibility could not be deter-
mined because records were unavailable.

Record availability differed by child (Table 2). 
A case report form was completed for all children, 
whereas an exposure questionnaire was available for 
5 (62.5%). An autopsy had been conducted for 4 chil-
dren; all those reports were available for review. A 
discharge summary was available for all 8 children 
and a death certificate was available for 6. Other 
available records included emergency department 
visit notes, admission history and physical notes, 
progress and consultation notes, and additional labo-
ratory and radiologic testing results. FFPE autopsy 
tissue specimens from 3 children were submitted to 
CDC for evaluation; of those 3 children, 1 also had 
native liver explant submitted, and 1 a liver biopsy.

Demographics and Clinical Characteristics at Initial Visit
The median age at acute hepatitis onset was 2.4 (range 
0.2–6.3) years (Table 3). Five patients (62.5%) were 
male and 3 (37.5%) female; 5 (5/8, 62.5%) identified as 
Hispanic or Latino ethnicity. At initial visit, 2 children 
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were immunocompromised and receiving immuno-
suppressive therapy (1 for ongoing cancer treatment 
and 1 after liver transplant), 2 other children had  
conditions that may have increased their risk of de-
veloping hepatitis or complications of adenovirus in-
fection in the right clinical circumstance (1 was small 
for gestational age; 1 had history of poor weight gain 
and possible gastrointestinal disorder), and 4 chil-
dren had no known underlying conditions (Table 3; 
Appendix Table 1). Children with underlying con-
ditions that may have increased their risk and those 
with no known underlying conditions are henceforth 
called previously healthy.

All children manifested hepatitis signs and 
symptoms (i.e., dark colored urine, pale stool, jaun-
dice, or scleral icterus); most also reported other sys-
temic symptoms (87.5%), gastrointestinal symptoms 
(87.5%), and respiratory symptoms (75.0%) during 
their illness course (Table 3; Appendix Table 2). The 
median duration of symptoms before emergency de-
partment or inpatient admission was 7 (range 1–36) 
days (Figure). Laboratory evaluations showed elevat-
ed transaminases; median peak ALT was 4,852 (range 
219–5,648) U/L and AST 7,500 (range 786–10,000) 
U/L. Median peak total bilirubin level was 13.7 
(range 1.3–19.4) mg/dL and INR was 8.0 (range 1.4–
13.0) (Table 3). Before the hepatitis episode, all but 1 
child had received >2 doses of hepatitis B vaccine >3 
weeks before their hepatitis episode (62.5% had 3 or 
4 doses) and 5 children had received 1 or 2 doses of 
hepatitis A vaccine >3 months before their hepatitis 
episode. One child had received COVID-19 vaccine 
>3 months before the episode.

Adenovirus and Other Pathogen Testing
For every child, >2 specimen types were tested for ad-
enovirus by multiplex PCR panel (using respiratory 
or stool specimens) or by quantitative PCR (using 
blood specimens); the most common specimen types 

tested were blood (n = 7), respiratory (nasopharyn-
geal, n = 6), FFPE liver tissue (n = 6), and stool/rectal 
swab (n = 3) (Table 4). Four of the 8 children tested 
positive for adenovirus; each was positive in both re-
spiratory specimens and whole blood. One child also 
tested positive in stool and another in both serum and 
liver tissue. Blood specimens had the highest adeno-
virus detection rate (4/7, 57.1%), particularly whole 
blood (4/5, 80%). Adenovirus typing data were avail-
able for 2 children.

Of the 4 children who tested positive for adeno-
virus, 2 (patients 1 and 2) had immunocompromis-
ing conditions before hepatitis onset; 1 was positive 
for adenovirus species B, type 7 (respiratory and 
stool samples), and 1 was positive for species C, type 
1, in whole blood and species C in liver tissue. The 
third child (patient 3), initially immunocompetent, 
tested positive for adenovirus (type unknown) after 
becoming immunocompromised after a liver trans-
plant received during the initial hospital stay; before 
the liver transplant, the child had tested negative for  
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Table 1. Eligibility and exclusions among fatally ill children 
reported to the pediatric acute hepatitis of unknown etiology 
investigation, United States, October 1, 2021–June 6, 2023 
Description No. (%) 
Total reported 23 (100.0) 
 Meets reporting criteria* 8 (34.8) 
 Does not meet reporting criteria 14 (60.9) 
 Unknown 1 (4.3) 
Reason for exclusion  
 Age ≥10 y 1 (7.1) 
 Onset date before October 1, 2021 1 (7.1) 
 Alternative etiology† 12 (85.7) 
  Complications of sepsis, pathogens other  
  than adenovirus 

6 (50.0) 

  Congenital conditions 3 (25.0) 
  Unintentional injury‡ 3 (25.0) 
*Child <10 y of age with elevated (>500 U/L) aspartate aminotransferase 
or alanine aminotransferase and hepatitis of unknown etiology with onset 
since October 1, 2021. 
†Some children presented with complex clinical courses. The cause of 
hepatitis was not conclusive, but an alternative etiology or etiologies were 
considered likely. Categorizations were based upon available records. 
‡Unintentional injuries include suffocation and acetaminophen toxicity. 

 

 
Table 2. Record availability for 8 children with hepatitis of unknown etiology, United States, October 1, 2021–June 6, 2023* 

Patient ID 
Case report 

form 
Exposure 

questionnaire 
Autopsy 

conducted 
Autopsy 
report 

Discharge 
summary 

Death 
certificate/ 

cause of death 
Other 

records 

Pathology 
specimen(s) 

evaluated at CDC† 
1 Y N N NA Y Y N N 
2 Y N Y Y Y N Y Y 
3 Y Y N NA Y Y N N 
4 Y Y Unknown N Y Y N N 
5 Y Y Y Y Y Y N Y 
6 Y Y Y Y Y Y N N 
7 Y Y Y Y Y Y Y Y 
8 Y N N NA Y N Y N 
Total no. (%) 8 (100.0) 5 (62.5) 4 (50.0) 4 (50.0) 8 (100.0) 6 (75.0) 3 (37.5) 3 (37.5) 
*Y indicates the record was available to CDC; N indicates the record was not available to CDC. CDC, Centers for Disease Control and Prevention; NA, 
not applicable. 
†Available pathology specimens were sent to CDC for evaluation and further characterization. Tissue analyses conducted at the treating facility are not 
included here. 

 



RESEARCH

adenovirus in respiratory, whole blood, and liver 
specimens. The fourth child (patient 4) who tested 
positive for adenovirus (type unknown) had no un-
derlying conditions but was <1 year of age. Of the 4 
children who were negative for adenovirus (patients 
5–8), all were considered previously healthy (Table 4; 
Figure; Appendix Table 1).

All children tested positive for >1 viral or bacte-
rial pathogen (Table 5). After adenovirus, the most 
commonly detected pathogens were bacterial patho-
gens isolated in culture from normally sterile sites 
(blood or joint fluid, n = 4), followed by Clostridium 
difficile (stool specimens, n = 2), rhinovirus/entero-
virus (respiratory specimens, n = 2), and respiratory 
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Table 3. Clinical and demographic characteristics of 8 children with hepatitis of unknown etiology, United States, October 1, 2021–
June 6, 2023 * 
Characteristic Value 
Demographic characteristics  
 Age  
  Median age (range) 2.4 (0.2–6.3) 
  0–11 mo 2 (25.0) 
  1–2 y 4 (50.0) 
  3–9 y 2 (25.0) 
 Sex  
  F 3 (37.5) 
  M 5 (62.5) 
 Race/ethnicity  
  Hispanic or Latino 5 (62.5) 
  Black, non-Hispanic 2 (25.0) 
  White, non-Hispanic 1 (12.5) 
Clinical characteristics  
 Underlying conditions at initial visit  
  Immunocompromised† 2 (25.0) 
  Comorbidities that may have increased risk for hepatitis‡ 2 (25.0) 
  No underlying conditions 4 (50.0) 
 Reported signs and symptoms§  
  Respiratory 6/8 (75.0) 
  Gastrointestinal 7/8 (87.5) 
  Hepatic 8/8 (100.0) 
  Systemic 7/8 (87.5) 
 Laboratory findings  
  Highest alanine transaminase, median (range), U/L 4,852 (219–5,648) 
  Highest aspartate aminotransferase, median (range), U/L 7,500 (786–10,000) 
  Highest total bilirubin, median (range), mg/dL 13.7 (1.3–19.4) 
  Highest international normalized ratio, median (range) 8.0 (1.4–13.0) 
  Highest ammonia, median (range), µmol/L 126.0 (60.3–801.0) 
 Duration of symptoms before admission, d 
  Median (range) 7 (1–36) 
  0–7 5 (62.5) 
  8–14 1 (12.5) 
  >15 2 (25.0) 
 Duration of hospital stay, d  
  Median (range) 14.5 (<1– 18) 
  0–2 2 (25.0) 
  3–14 2 (25.0) 
  >15 4 (50.0) 
 Physical findings  
  Hepatomegaly 5/8 (62.5) 
  Hepatic encephalopathy 4/8 (50.0) 
  Splenomegaly 2/7 (28.6) 
  Ascites 3/7 (42.9) 
 Outcomes¶  
  Acute liver failure 7 (87.5) 
  Liver transplant 2 (25.0) 
*Values are no. (%) except as indicated.  
†Immunocompromised at the time of initial presentation. One child immunosuppressed due to ongoing cancer treatment. One child immunocompromised 
due to a liver transplant. 
‡One child was small for gestational age and 1 child had a history of poor weight gain and possible gastrointestinal disorder. 
§Symptoms are not mutually exclusive; all children reported multiple symptoms. Respiratory signs/symptoms include cough, congestion, runny nose, 
shortness of breath, conjunctivitis, sore throat, or wheezing. Gastrointestinal signs/symptoms include diarrhea, nausea, vomiting, or abdominal pain. 
Hepatitis signs/symptoms include dark colored urine, pale stool, jaundice, or scleral icterus. Systemic signs/symptoms include fatigue, decreased 
appetite, or fever. See Appendix Table 2 (https://wwwnc.cdc.gov/EID/article/30/4/23-1140-App1.pdf) for data by patient. 
¶Not mutually exclusive. Acute liver failure was defined based on documentation written in the medical chart or medical chart abstraction indicating acute 
liver failure occurred. 
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syncytial virus (respiratory specimens, n = 2). In addi-
tion, 1 child had serologic evidence of acute Epstein-
Barr virus infection. Of note, none of the children had 
evidence of acute SARS-CoV-2 infection; 2 children 
were reported to have had previous SARS-CoV-2 in-
fection on the basis of serologic results in their medi-
cal records.

Liver specimens from 6 children underwent 
routine pathological examination at the clinical in-
stitution or medical examiner’s office; 3 children had 
FFPE liver tissue specimens submitted to CDC. In 
3 children (patients 3, 6, and 8), FFPE liver tissue 
specimens were negative for adenovirus by IHC at 
the clinical institution. Of the 3 children for whom 
FFPE liver tissue specimens were submitted to CDC, 
2 (patients 5 and 7) were negative for adenovirus by 
IHC and PCR at CDC. FFPE liver tissue from 1 child 
(patient 2) was positive by IHC and PCR at the clini-
cal institution and CDC, and adenovirus species C 
was detected by PCR at CDC. In addition, adenovi-
rus species C was detected in whole blood and re-
spiratory samples (Table 4). In the same child (pa-
tient 2), liver tissue pathology was consistent with 
classic adenovirus hepatitis including smudge cells. 
Pathologic findings seen in liver varied in the other 
5 children (e.g., acute hepatitis, massive necrosis, in-
terface hepatitis).

Outcomes
The median duration of hospitalization was 14 days 
(range <1–18 days). Seven (87.5%) children had acute 
liver failure as noted on the medical abstraction form; 
2 of those underwent liver transplantation during 
acute hospitalization (Table 3; Figure). Seven chil-
dren had a death certificate or autopsy report avail-
able that described the cause of death, including 
liver-related causes (viral hepatitis, acute cholestatic 
hepatitis, acute liver failure, hepatic encephalopathy, 
acute liver transplant rejection), cardiopulmonary 
causes (acute respiratory distress syndrome, cardio-
pulmonary arrest), cerebral herniation, or multior-
gan failure. Among the 4 children who tested posi-
tive for adenovirus, 3 had adenovirus noted in the 
death certificate or autopsy report. Adenovirus was 
not mentioned on the death certificate for the fourth  
adenovirus-positive child (patient 3), who tested pos-
itive only after receiving a liver transplant.

Discussion
The deaths reported during the national investiga-
tion of pediatric acute hepatitis of unknown etiol-
ogy represent a group of young children with di-
verse medical histories and courses of illness, likely 
reflecting the medical and etiologic complexity of 
pediatric hepatitis and the broad case criteria used 
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Figure. Health status at initial visit and timeline of clinical course for 8 children fatally ill with hepatitis of unknown etiology, United 
States, October 1, 2021–June 6, 2023. Symptom onset refers to the first symptom reported for the child including respiratory, 
gastrointestinal, hepatic, or systemic symptoms. Patients 1 and 2 were immunocompromised at the time of initial visit to emergency 
department or inpatient admission. Patient 3, initially immunocompetent, tested positive only after receiving a liver transplant during 
initial admission; before the transplant, the child had tested negative for adenovirus in respiratory, whole blood, and liver specimens. 
ED, emergency department.
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for the US investigation. Multiple children tested 
positive for adenovirus and other pathogens. Ade-
novirus typing data was available for 2 adenovirus-
positive children. Of the 4 children who tested posi-
tive for adenovirus, most had underlying medical 
conditions at the time of adenovirus detection that 
likely put them at greater risk for severe infection 
and death. The death of 1 previously healthy child 
with adenoviremia demonstrates the continued im-
portance of adenovirus testing and investigating the 
potential association between adenovirus and hepa-
titis in healthy children.

The United States is one of the few countries to 
report fatalities associated with pediatric acute hepa-
titis of unknown etiology (2), which may reflect mi-
nor differences in the case definitions implemented 
by countries (16,17), variation in application of those 
definitions for case finding, or the large size of the US 
population, enabling identification of rare outcomes. 
Of note, more than half of the initially reported  
fatalities in young children with hepatitis were later 
determined not to meet the case definition, most com-
monly because an etiology for their hepatitis was ul-
timately identified.

The diversity and complexities of illness among 
the children precluded identification of many com-
monalities; however, we were able to group the  

children into 3 broad categories. The first category 
describes a rare but recognized relationship between 
adenovirus infection and hepatitis: severe hepati-
tis or acute liver failure in an immunocompromised 
patient. Three of the 4 children who tested positive 
for adenovirus fall into this category because they 
were immunocompromised from immunosuppres-
sive treatment or immunodeficiency at the time of 
adenovirus detection. The second category of chil-
dren, of which 4 children were identified in this in-
vestigation, encompasses those who were previously 
healthy and tested negative for adenovirus. Hepatitis 
among those children may have a wide range of pos-
sible etiologies. As previously mentioned, pediatric 
acute liver failure can have several potential etiolo-
gies (4); earlier studies estimate that 30%–50% may be 
of undetermined cause (7,12). The findings among the 
fatally ill children reported here and previous studies 
on pediatric acute liver failure underscore the impor-
tance of standardized and comprehensive testing to 
identify underlying etiologies in children with inde-
terminate acute liver failure.

The third category encompasses the 1 previously 
healthy child in this study whose hepatitis appeared 
to be related to adenovirus, as evidenced by adeno-
viremia. Although age (<1 year) may be consid-
ered a potential risk factor, the child had no known  
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Table 4. Individual patient adenovirus testing for children with hepatitis of unknown etiology, United States, October 1, 2021–June 6, 2023* 

Patient ID 

Result and day of testing 

Any 
specimen 

Respiratory
† Stool‡ 

Blood 
(any§) 

Whole 
blood Serum Plasma 

FFPE tissue 
tested at 
clinical 

institution¶ 

FFPE tissue 
tested at 
CDC# 

Patient 1** P, day 13 P (B7),  
day 13 

P (B7), 
day 19 

P (NT), 
day 13 

P (NT), 
day 13 

    

Patient 2** P, day 1 P (NT),  
day 1 

N††  
day 1 

P (NT), 
day 2 

P (C1), 
day 2 

P (NT), 
day 2 

 P (NT), day 1 P (C), day 1 

Patient 3 P, day 15 P‡‡ (NT), 
day 15 

 P‡‡ (NT), 
day 15 

P‡‡ (NT), 
day 15 

  N, day 11  

Patient 4 P, day 36 P (NT),  
day 37 

 P (NT), 
day 36 

P (NT), 
day 36 

    

Patient 5 N, day 0 N, day 0       N, postmortem 
Patient 6 N, day 2   N, day 2  N, day 2  N, postmortem  
Patient 7 N, day 17 N, day 17 N, day 20 N, day 18   N, day 18  N, day 22 
Patient 8 N, day 7   N, day 7 N, day 7   N, day 10  
Total no. 
positive/no. 
tested (%) 

4/8 (50.0%) 4/6  
(66.7%) 

1/3 
(33.3%) 

4/7 
(57.1%) 

4/5 
(80.0%) 

1/2 
(50.0%) 

0/1 
(0.0%) 

1/4 
(25.0%) 

1/3  
(33.0%) 

*Blank cells indicate not tested. P, positive; N, negative; NT, not typed; B7, adenovirus species B, type 7; C1, adenovirus species C, type 1; C, adenovirus 
species C; FFPE, formalin-fixed, paraffin-embedded. 
†Respiratory specimens were tested by multiplex PCR panel. Specific panel type used may have varied based on manufacturer used by the diagnostic or 
reference laboratory. 
‡Stool specimens were tested by nucleic acid amplification testing (e.g., PCR). 
§Includes any blood specimen type (whole blood, serum, plasma). Blood specimens were tested by real-time PCR or quantitative RT-PCR. 
¶Specimens were tested for adenovirus by immunohistochemistry (IHC) at the clinical institution. Tissue from Patient 2 additionally underwent testing by 
PCR at the clinical institution. 
#Specimens were tested for adenovirus by IHC and PCR at CDC. 
**Child considered to be immunocompromised at the time of hepatitis onset. 
††Stool was tested by PCR for adenovirus type 40/41 and was negative. 
‡‡Adenovirus test was negative before patient’s liver transplant and positive after transplant. 
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underlying medical conditions or immunodeficien-
cy that would predispose to severe illness or compli-
cations from adenovirus infection. Detection of rhi-
novirus/enterovirus in a respiratory sample was the 
only other notable laboratory finding. The child had 
neither an acute nor prior history of SARS-CoV-2 
infection. No liver tissue was available for analysis; 
the relationship between adenovirus infection and 
liver injury, if any, remains unclear. However, the 
presence of adenoviremia in conjunction with hepa-
titis of unknown etiology in this child bears similar-
ity to the original cluster of children in Alabama (1) 
and to other case reports described elsewhere (18). 
The findings from this child and previous literature 
(8–11) emphasize the importance of considering ad-
enovirus in the differential diagnosis for pediatric 
acute hepatitis, despite uncertainty regarding the 
pathologic mechanism.

The children described in this article are a unique 
subset of the overall patient population identified in 
the investigation of acute hepatitis of unknown etiol-
ogy. Similar to members of the overall patient popu-
lation, the fatally ill children illustrate a diverse range 
of possible hepatitis etiologies. The fatally ill children 
were more likely to have underlying conditions and 
differed in adenovirus testing results (13). Underlying 
conditions were rare (6%) in the overall patient popu-
lation, whereas 2 of the 8 fatally ill children had sig-
nificant underlying medical conditions that increased 
their risk for hepatitis. Several adenoviruses were de-
tected among the overall patient population, including 
species B (type 7), C (types 1, 2, 6), and F (types 40, 
41). Although adenovirus type 41 is a main focus in the 
national-level investigation and the most commonly 
detected type among the nonfatal cases (20/30, 67%), 
it was not detected in the 2 adenovirus-positive fatal  

cases that had typing results. Rather, those children 
were infected with adenovirus types typically seen in 
severe illness (species B, type 7) or upper respiratory 
illness (species C, type 1) and reported to be associ-
ated with hepatitis in immunocompromised patients 
(19,20). Typing was not available for the remaining 2 
adenovirus-positive children; however, adenovirus 
was detected both in respiratory (nasopharyngeal 
swabs) and whole-blood specimens, suggesting pos-
sible infection with an adenovirus other than type 41. 
Adenovirus 41, which is typically associated with gas-
trointestinal infections (20,21), is rarely identified in 
respiratory specimens (22). Last, a high proportion of 
children in the overall patient population and the fatal-
ities are Hispanic/Latino. Investigation into whether 
Hispanic/Latino children are at higher risk for diseas-
es and death is needed.

The first limitation of this investigation is that 
we attempted to construct the clinical context of each 
child’s illness via a secondary analysis of available 
medical and laboratory data, but we did not have full 
access to comprehensive medical records. Limited 
record availability, complexity and heterogeneity in 
illness course, and differences in clinical evaluations 
(e.g., laboratory testing) complicated summarization 
and full comparison of hepatitis cases. Although we 
detected multiple pathogens among the children, 
determining their contribution to hepatitis or death 
was not possible. Similarly, interpreting the role of 
adenovirus in the clinical course of illness was con-
strained by variations in specimen type, timing, and 
frequency of adenovirus testing. Reports from a re-
lated, previously published investigation in Alabama 
(1) suggested differences in the sensitivity of detec-
tion by specimen type (highest sensitivity in whole 
blood) that could add further uncertainty to the  
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Table 5. Positive pathogen detections in children with hepatitis of unknown etiology, United States, October 1, 2021–June 6, 2023* 
Patient 
ID Respiratory specimen Stool specimen Normally sterile site (blood or joint)† 

Total no. pathogens 
detected 

1 Adenovirus Adenovirus Adenovirus; Streptococcus 
pneumoniae 

2 

2 Adenovirus; respiratory syncytial virus   Adenovirus 2 
3 Adenovirus; rhinovirus/enterovirus  Adenovirus 2 
4 Adenovirus; rhinovirus/enterovirus  Adenovirus 2 
5   Staphylococcus hominis; 

Corynebacterium; Moraxella non-
liquefaciens‡ 

3 

6 Respiratory syncytial virus  Epstein-Barr virus 2 
7  Clostridioides difficile  1 
8  Clostridioides difficile  1 
*Table includes all pathogens for which a positive result was detected; it does not include other testing performed for which there were no positive results 
(e.g., respiratory and/or gastrointestinal panels, other viral testing). Other infections may have been present, but testing was not performed or results were 
inconclusive. Most respiratory and GI specimens were tested as part of a multiplex PCR panel, but panels used by clinical laboratory varied. All testing 
was performed at the discretion of treating clinicians.  
† Bacterial pathogens were isolated on culture from a normally sterile site such as blood or joint fluid. Testing for viral pathogens was conducted using 
real-time PCR or quantitative real-time PCR testing, or by serologic assay to detect recent viral antibodies (e.g., IgM). 
‡Staphylococcus hominis, Corynebacterium, and Moraxella non-liquefaciens may reflect contamination of specimen collection and not necessarily 
infection. 
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interpretation of adenovirus testing results. Howev-
er, all children were tested for the virus in multiple 
specimen types, often including blood. Although 
evaluation was not available at the time of this report, 
investigation is warranted into the potential role of 
adeno-associated virus type 2, a parvovirus hypoth-
esized to have either a causal relationship or lead to 
more severe liver disease in co-infection with adeno-
virus (23,24). Last, we could not assess multiple po-
tentially relevant host-related factors that may have 
affected the risk of illness, clinical course, or treat-
ment, among them genetic or autoimmune predispo-
sition (24), socioeconomic status, or behavioral factors 
(e.g., healthcare-seeking behavior).

The deaths reported during the US investigation 
of pediatric hepatitis of unknown etiology likely 
represent a diverse range of etiologies in both the 
cause of hepatitis and cause of death. This report de-
scribes 3 children who demonstrated a recognized 
relationship between adenovirus and acute hepatitis 
in immunocompromised persons; it also contributes 
to the growing evidence suggestive of a potential re-
lationship between adenovirus and acute hepatitis 
in previously healthy children and the importance of 
testing for adenovirus early in the course of illness. 
Further investigation of adeno-associated virus type 
2, adenovirus, and other potential helper viruses 
(e.g., human herpesvirus 6 and 7) (23) will contrib-
ute to understanding the mechanism of liver injury, 
if any, and the role of any cofactors or co-infections, 
particularly among a diverse population of children 
with no known underlying conditions. If adenovi-
rus or other viral pathogens are contributing to the 
development of hepatitis, discovery of this relation-
ship may enable clinicians to identify the cause of 
hepatitis in some future cases in which the etiology 
and appropriate treatment would have otherwise 
been unknown.
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Crimean-Congo hemorrhagic fever (CCHF) is a 
tickborne hemorrhagic disease caused by CCHF 

virus (CCHFV) and has a 30% fatality rate (1). CCHF 
was initially reported in 1940 in Crimea; identical dis-
ease manifestations were reported in the Democratic 
Republic of the Congo during the late 1960s (2,3). 
The virus comprises a tripartite RNA genome with 
large (L), medium (M), and small (S) segments and 
noncoding regions at the 5′ and 3′ termini. The coding 
regions are critical for virus polymerase activity, tran-
scription, replication, and packaging. The L segment 
encodes an RNA-dependent RNA polymerase, the M 

segment encodes a glycoprotein precursor, and the S 
segments encode a nucleocapsid protein (4). The pri-
mary vectors for CCHFV transmission are Hyalomma 
ticks; domestic ruminant livestock and wild animals 
are amplifying hosts (5).

CCHF is considered a serious global public health 
threat because of its widespread geographic distribu-
tion in Asia, Africa, Europe, and the Middle East and 
because no reliable treatment options or vaccines are 
available. Increased CCHF incidence has been ob-
served in some CCHF-endemic regions in Asia over 
the past decade (6). In Africa, southern and eastern 
Europe, the Middle East, India, and Asia, ≈10,000–
15,000 CCHFV infections occur each year. Most infec-
tions are subclinical or unrecognized sporadic cases 
or epidemics in CCHF-endemic regions; however, 
subclinical infections are frequently not reported and 
are thought to be a source of disease transmission (7). 
Hospital-acquired infections are another transmis-
sion route and are typically symptomatic (8). Factors 
resulting in severe CCHFV infections are unknown, 
but polymorphisms in toll-like receptors 8, 9, and 10 
of the innate immune system correlate with disease 
severity (9–11).

In Asia, Pakistan reports the fourth highest num-
ber of human CCHF cases, preceded by Turkey, Rus-
sia, and Iran (12). Pakistan witnessed its first CCHF 
outbreak in 1976; since then, consistent sporadic out-
breaks have occurred (13). Livestock maintenance 
practices in rural regions of the country, as well 
as the nomadic lifestyle on the border of Pakistan 
and Afghanistan, have likely favored the spread of 
CCHFV via infected ticks. Cattle herd movement is 
unrestricted in the border areas of Pakistan, warrant-
ing careful surveillance measures. Analysis of virus 
phylogeny is crucial for identifying novel treatment 
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Sporadic cases and outbreaks of Crimean-Congo hem-
orrhagic fever (CCHF) have been documented across 
Pakistan since 1976; however, data regarding the di-
versity of CCHF virus (CCHFV) in Pakistan is sparse. 
We whole-genome sequenced 36 CCHFV samples col-
lected from persons infected in Pakistan during 2017–
2020. Most CCHF cases were from Rawalpindi (n = 10), 
followed by Peshawar (n = 7) and Islamabad (n = 4). 
Phylogenetic analysis revealed the Asia-1 genotype 
was dominant, but 4 reassorted strains were identified. 
Strains with reassorted medium gene segments clus-
tered with Asia-2 (n = 2) and Africa-2 (n = 1) genotypes; 
small segment reassortments clustered with the Asia-
2 genotype (n = 2). Reassorted viruses showed close 
identity with isolates from India, Iran, and Tajikistan, 
suggesting potential crossborder movement of CCHFV. 
Improved and continuous human, tick, and animal sur-
veillance is needed to define the diversity of circulating 
CCHFV strains in Pakistan and prevent transmission.
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options and new vaccines and determining the broad 
extent of CCHFV genetic recombination and reassort-
ment (14,15). We conducted phylogenetic analyses of 
whole-genome sequences of CCHFV isolated from 
patients in Pakistan and evaluated the genomic di-
versity of circulating CCHFV.

Material and Methods
The National Institutes of Health Pakistan (NIHP) in 
Islamabad collected CCHFV samples from suspected 
CCHF cases across the country that were sent for con-
firmation. During January 2017–December 2020, a to-
tal of 795 samples (289 samples in 2017, 224 in 2018, 
280 in 2019, and 2 in 2020) from suspected CCHFV 
cases were tested at NIHP. Virus RNA was extracted 
from blood samples by using the QIAamp Viral RNA 
Mini Kit (QIAGEN, https://www.qiagen.com), and 
real-time PCR was performed by using a RealStar 
CCHFV RT-PCR Kit (altona Diagnostics, https://
www.altona-diagnostics.com) according to manufac-
turers’ instructions. We selected a subset of CCHFV-
positive samples that had a cycle threshold (Ct) <26 
for whole-genome sequencing. The study was ap-
proved by the NIHP Institutional Review Board.

Whole-Genome Sequencing of CCHFV
We treated extracted RNA with RNase-free DNase 
(Roche, https://www.roche.com) and prepared next-
generation sequencing libraries by using a TruSeq 
RNA Access Library Prep Kit (Illumina, https://
www.illumina.com) with CCHFV-specific enrich-
ment oligonucleotides for samples that had Cts >26 
or for samples that yielded a partial genome with-
out CCHFV enrichment. For all other samples, we 
prepared libraries using the NEBNext Ultra II Direc-
tional RNA Library Prep Kit (New England Biolabs, 
https://www.neb.com). We sequenced libraries by 
using either an Illumina MiSeq or MiniSeq (high out-
put 2 × 150 cycles) instrument. We de novo assembled 
CCHFV genomes by using SPAdes version 3.14.0 (pa-
rameter -k auto; https://github.com/ablab/spades). 
To improve genome coverage, we analyzed contigs 
by using BLAST (https://blast.ncbi.nlm.nih.gov) to 
identify the most closely related reference sequences. 
We mapped reads 3 times to the most closely related 
CCHFV genomes by using in-house scripts consist-
ing of quality trimming (parameters: printseq-lite 
-min_qual_mean 25 -trim_qual_right 20 -min_len 50), 
read mapping (bwa-mem2 software, https://github.
com/bwa-mem2), and PCR deduplication (Picard 
MarkDuplicates, http://picard.sourceforge.net). We 
called consensus genomes by using Geneious version 
10 (https://www.geneious.com) (threshold = 0%,  

assign quality = total, minimum coverage >2). We in-
ferred evolutionary history by using all available full-
length CCHFV genomes from GenBank and RAxML 
software (https://github.com/amkozlov/raxml-ng) 
(parameters for tree generation: -m GTRGAMMA -p 
$RANDOM -f a -x $RANDOM -N 1000); bootstrap 
support was provided by 1,000 replicates. We depos-
ited CCHFV genomes from this study into GenBank 
(accession nos. OM162027–130).

Phylogenetic Analysis
We downloaded reference genomes of all known 
CCHFV genotypes from GenBank. We conducted 
BLAST searches of the complete S, M, and L segment 
sequences and downloaded closely related sequenc-
es from GenBank. We performed multiple sequence 
alignment by using MAFFT (https://mafft.cbrc.jp) 
and maximum-likelihood analyses for each segment 
by using IQ-TREE (http://www.iqtree.org) with 
1,000 bootstrap replicates. We visualized and anno-
tated the phylogenetic tree by using FigTree v1.4.4 
(https://github.com/rambaut/figtree/releases).

Results
During 2017–2020, a total of 795 samples were re-
ferred to NIHP for CCHFV laboratory diagnosis; 75 
samples were CCHFV positive by using quantita-
tive reverse transcription PCR (25 samples collected 
in 2017, 20 in 2018, 28 in 2019, and 2 in 2020). A Ct 
<26 was observed in 36 (47%) of those samples, which 
were then successfully sequenced. The sequenced 
samples were collected from patients residing in 14 
districts; most (n = 21) resided in Punjab Province, 
followed by Khyber Pakhtunkhwa Province (n = 8), 
Islamabad (n = 4), and Sindh Province (n = 3) (Fig-
ure 1). Demographic and clinical data for 34 (94%) 
cases were available; 22 (82%) case-patients were 
male and 6 (18%) female. The mean age of CCHF pa-
tients was 35 (SD +15; range 5–60) years (Figure 2). 
The most common clinical signs and symptoms were 
fever (34/34 [100%]), hemorrhage (22/34 [65%]) and 
myalgia (14/34 [41%]). Among hemorrhagic patients, 
most had hematemesis (9/22 [41%]), followed by 
gum bleeding (06/22 [27%]), melena (4/22 [18%]), 
hematuria (2/22 [9%]), and vaginal bleeding (1/22 
[5%]). Of the 34 CCHF cases, 12 patients died (35% 
case-fatality rate) (Table 1).

Among the 36 sequenced CCHFV samples, we 
obtained complete sequences for all S segments, 35 L 
segments, and 33 M segments. Phylogenetic analysis 
of all 3 segments indicated the Asia-1 genotype (n = 
29/33) was dominant. Moreover, we detected reas-
sortment in 4 samples (Table 2). When phylogenetic 
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analysis of individual genomic segments included 
additional samples, a similar picture emerged. Analy-
sis of S segments revealed that most (n = 33) CCHFV 
sequences from this study clustered into the Asia-1 
genetic lineage along with strains previously report-
ed from humans (GenBank accession nos. AJ538198 
[in 2000] and AF527810 [in 1976]) and ticks (accession 
nos. MN135942 [in 2017] and KY484037 [in 1965]) in 
Pakistan and other regional countries, such as Iran, 

India, Afghanistan, China, Oman, and United Arab 
Emirates. Three sequences clustered with the Asia-2 
genotype, along with strains from India, Tajikistan, 
Uzbekistan, Turkmenistan, and China (Figure 3). The 
M segment sequences showed the greatest diversity 
with most samples clustering into the Asia-1 lineage 
along with strains from India (2015–2016), Iran (2007 
and 2017), Afghanistan (2009), United Arab Emir-
ates (1995 and 1998), and Pakistan (2004 and 2017) 
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Figure 1. Locations of Crimean-Congo hemorrhagic fever cases in study of virus diversity and reassortment, Pakistan, 2017–2020. 
Main maps indicate the 2 regions in Pakistan with positive cases. Shading indicates provinces that had 1–10 cases. Inset map shows 
Pakistan and borders with Afghanistan, India, and Iran.

Figure 2. Sex and age distribution of patients with Crimean-Congo hemorrhagic fever in study of virus diversity and reassortment, 
Pakistan, 2017–2020. Colored dots indicate the number of Crimean-Congo hemorrhagic fever cases each year according to patient sex 
and age groups. 
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(Figure 4). The 2 Asia-2 isolates grouped with strains 
from China, Oman, and the Matin strain from Paki-
stan (GenBank accession no. AF467769). An M seg-
ment sequence from Rawalpindi (Gujrat state) in 
2019 clustered with the Africa-2 lineage along with 
viruses reported from India during 2016–2019 (ac-
cession nos. MN866218, MH396665, and MN930411) 
(Figure 4). Phylogenetic reconstructions of the L seg-
ment revealed clustering with the Asia-1 lineage; 
closest matches were from India (2015–2019), Iran, 
China, Oman, Afghanistan, and previously reported 
strains from Pakistan isolated from ticks (accession 
nos. MN135944 [in 2017] and KY484039 [in 1965]) and 
a human (accession no. AY422208 [in 1976]) (Figure 
5). According to analyses of L segments, all CCHFVs 
from this study shared 98%–100% identity at the nu-
cleotide and amino acid levels. 

The L and S segments from the Africa-2 iso-
late from Pakistan in this study (NIH-PAK-
CCHF-233_2019) belonged to the Asia-1 lineage, 
suggesting reassortment. In addition, 3 other iso-
lates showed reassortment. The S and M segments of 
NIH-PAK-CCHF-84_2018 clustered with the Asia-2 
genotype, and the L segment clustered with Asia-1. 
The L and M segments of NIH-PAK-CCHF-43_2018 
had Asia-1 genotypes, whereas the S segment had an 
Asia-2 genotype. Similarly, the S and L segments of 
NIH-PAK-CCHF-20_2019 had Asia-1 genotypes, and 
the M segment clustered with the Asia-2 genotype.

Discussion
CCHF is endemic in Pakistan, and data reported since 
2010 indicate an increase in human CCHF cases. The 
first human CCHF case was reported in 1976, and sev-
eral sporadic outbreaks have been reported since then 
from different parts of the country (13,16). Human 
CCHF-positive case counts have increased during  

2011–2020; a total of 605 confirmed CCHF cases have 
been reported (17–19). The increase in cases can be at-
tributed to multiple factors, including the country’s 
underdeveloped healthcare system that has insuf-
ficiently trained healthcare professionals and lacks 
equipment to manage CCHF, as well as an insuffi-
cient number of healthcare facilities that offer CCHF 
management. Furthermore, the general public is rela-
tively uninformed about CCHFV vector control and 
risks for transmission to healthy persons while han-
dling livestock and conducting animal husbandry. 
CCHFV transmission risk becomes higher in urban 
areas during the Eid ul Azha festival, which includes 
ritual animal slaughter. 

The porous border between Pakistan and Af-
ghanistan has large refugee and nomadic tribal move-
ments, often accompanied by their cattle, across Balo-
chistan Province and Khyber Pakhtunkhwa Province, 
which also contribute to CCHFV transmission; Af-
ghanistan is also a CCHF-endemic country (20). Ac-
cording to the NIHP, 296 cases of CCHF were re-
ported during 2015–2020; most infections were from 
Balochistan Province (39%), then Punjab (24%), Khy-
ber Pakhtunkhwa (14%), Sindh (12%), and Islamabad 
(5%) (18). Balochistan and Punjab Provinces contrib-
uted most of the CCHF cases. Khyber Pakhtunkhwa 
and Balochistan Provinces border CCHF-endemic 
countries; Khyber Pakhtunkhwa Province shares a 
border with Afghanistan, and Balochistan Province 
shares a border with Iran, where livestock move-
ment takes place routinely and, thus, potentially 
contributes to reported CCHF case numbers (13,21). 
Animal surveillance studies from Pakistan have re-
ported CCHFV from all over Pakistan but primarily 
from the Balochistan region. Less CCHFV cases have 
been reported from Punjab Province, although it har-
bors the largest animal population because of greater  
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Table 1. Characteristics of confirmed cases of Crimean-Congo hemorrhagic fever in Pakistan, 2017–2020 

Characteristics 
No. (%) cases  

2017, n = 5 2018, n = 10 2019, n = 17 2020, n = 2 
Clinical signs 
 Fever 5 (100) 10 (100) 17 (100) 2 (100) 
 Hemorrhage 4 (80) 6 (60) 11 (65) 1 (50) 
 Myalgia 3 (60) 4 (40) 7 (41) 0 
 Nausea 0 2 (20) 3 (18) 0 
 Vomiting 0 2 (20) 3 (18) 1 (50) 
 Headache 0 2 (20) 2 (12) 0 
Hemorrhage types 
 Melena 1 (20) 1 (10) 1 (6) 1 (50) 
 Gum bleeding 1 (20) 1 (10) 4 (24) 0 
 Hematemesis 2 (40) 2 (20) 5 (29) 0 
 Hematuria 0 1 (10) 1 (6) 0 
 Vaginal bleeding 0 1 (10) 0 0 
Patient outcome 
 Survived 4 (80) 8 (80) 9 (53) 1 (50) 
 Died 1 (20) 2 (20) 8 (47) 1 (50) 
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agricultural land mass (13,22,23), which could poten-
tially favor the tick–vertebrate–tick life cycle. 

Hyalomma and Rhipicephalus spp. (Ixodidae fam-
ily) ticks, reported as the most prevalent tick species 
in southern, western, and northern Punjab (24,25), are 
the main spreaders of CCHFV in different regions of 
Pakistan and increase the risk for CCHF outbreaks. 
Regions of upper Punjab, such as Chakwal, Mianwa-
li, Rawalpindi and Attock, have >20% prevalence of 
ticks with CCHFV, compared with the lower Punjab 
regions of Rajanpur and Lahore, which have <10% 
prevalence. Hyalomma and Rhipicephalus ticks infest-
ing livestock have been reported from Balochistan 
Province, where the district of Kalat has the largest 

percentage of CCHFV-positive ticks (60%), followed 
by Quetta (30%) and Qilla Abdullah (10%). The semi-
arid climate comprising shrub rangelands in Balo-
chistan Province appears to favor tick growth (13,23). 
Furthermore, Punjab Province, particularly in the 
upper region, has large rangelands for animal graz-
ing, a semiarid climate with high precipitation, and 
abundant livestock, which also provide a thriving 
tick habitat and can subsequently increase CCHFV 
prevalence (26). Previous studies have reported high 
CCHFV IgG seroprevalence in humans from Upper 
Punjab (27,28), which suggests effective control mea-
sures are especially needed in this area to inhibit tick 
infestation of livestock and prevent CCHF outbreaks.
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Table 2. Genotypes of Crimean-Congo hemorrhagic fever viruses isolated from patients in Pakistan, 2017–2020* 
Sample 
nos. Strain name District Province/region 

Collection 
date 

Genotype GenBank 
accession nos.  L M S 

1 NIH-PAK-CCHF-257_2017 Peshawar Khyber 
Pakhtunkhwa 

2017 Asia-1 Asia-1 Asia-1 OM162030–2 

2 NIH-PAK-CCHF-272_2017 Peshawar Khyber 
Pakhtunkhwa 

2017 Asia-1 Asia-1 Asia-1 OM162033–5 

3 NIH-PAK-CCHF-273_2017 Peshawar Khyber 
Pakhtunkhwa 

2017 Asia-1 Asia-1 Asia-1 OM162036–8 

4 NIH-PAK-CCHF-274_2017 Peshawar Khyber 
Pakhtunkhwa 

2017 Asia-1 Asia-1 Asia-1 OM162039–41 

5 NIH-PAK-CCHF-275_2017 Rawalpindi Punjab 2017 Asia-1 Asia-1 Asia-1 OM162042–4 
6 NIH-PAK-CCHF-104_2018 Khyber 

Agency 
Khyber 

Pakhtunkhwa 
2018 Asia-1 Asia-1 Asia-1 OM162096–8 

7 NIH-PAK-CCHF-86_2018 Rawalpindi Punjab 2018 Asia-1 Asia-1 Asia-1 OM162099–101 
8 NIH-PAK-CCHF-84_2018 Islamabad Islamabad 2018 Asia-1 Asia-2 Asia-2 OM162102–4 
9 NIH-PAK-CCHF-119_2018 Islamabad Islamabad 2018 Asia-1 Asia-1 Asia-1 OM162105–7 
10 NIH-PAK-CCHF-65_2018 Multan Punjab 2018 Asia-1 Asia-1 Asia-1 OM162108–10 
11 NIH-PAK-CCHF-73_2018 Multan Punjab 2018 Asia-1 NA Asia-1 OM162111–2 
12 NIH-PAK-CCHF-56_2018 Chakwal Punjab 2018 Asia-1 Asia-1 Asia-1 OM162113–5 
13 NIH-PAK-CCHF-43_2018 Rawalpindi Punjab 2018 Asia-1 Asia-1 Asia-2 OM162116–8 
14 NIH-PAK-CCHF-44_2018 Mianwali Punjab 2018 Asia-1 Asia-1 Asia-1 OM162119–21 
15 NIH-PAK-CCHF-19_2018 Multan Punjab 2018 Asia-1 Asia-1 Asia-1 OM162122–4 
16 NIH-PAK-CCHF-18_2019 Rawalpindi Punjab 2019 Asia-1 Asia-1 Asia-1 OM162027–9 
17 NIH-PAK-CCHF-20_2019 Jamshoro Sindh 2019 Asia-1 Asia-2 Asia-1 OM162045–7 
18 NIH-PAK-CCHF-27_2019 Lodhran Punjab 2019 Asia-1 Asia-1 Asia-1 OM162048–50 
19 NIH-PAK-CCHF-28_2019 DG Khan Punjab 2019 Asia-1 Asia-1 Asia-1 OM162051–3 
20 NIH-PAK-CCHF-80_2019 Rawalpindi Punjab 2019 Asia-1 Asia-1 Asia-1 OM162054–6 
21 NIH-PAK-CCHF-61_2019 Peshawar Khyber 

Pakhtunkhwa 
2019 Asia-1 Asia-1 Asia-1 OM162057–9 

22 NIH-PAK-CCHF-65_2019 Gujrat Punjab 2019 Asia-1 Asia-1 Asia-1 OM162060–2 
23 NIH-PAK-CCHF-97_2019 Karachi Sindh 2019 Asia-1 Asia-1 Asia-1 OM162063–5 
24 NIH-PAK-CCHF-86_2019 Rawalpindi Punjab 2019 Asia-1 Asia-1 Asia-1 OM162066–8 
25 NIH-PAK-CCHF-95_2019 Lahore Punjab 2019 Asia-1 Asia-1 Asia-1 OM162069–71 
26 NIH-PAK-CCHF-156_2019 Chakwal Punjab 2019 Asia-1 Asia-1 Asia-1 OM162072–4 
27 NIH-PAK-CCHF-92_2019 DG Khan Punjab 2019 NA NA Asia-1 OM162075 
28 NIH-PAK-CCHF-159_2019 Bahawalpur Punjab 2019 Asia-1 Asia-1 Asia-1 OM162076–8 
29 NIH-PAK-CCHF-168_2019 Islamabad Islamabad 2019 Asia-1 Asia-1 Asia-1 OM162079–81 
30 NIH-PAK-CCHF-190_2019 Haripur Khyber 

Pakhtunkhwa 
2019 Asia-1 Asia-1 Asia-1 OM162082–4 

31 NIH-PAK-CCHF-222_2019 Rawalpindi Punjab 2019 Asia-1 Asia-1 Asia-1 OM162085–7 
32 NIH-PAK-CCHF-233_2019 Rawalpindi Punjab 2019 Asia-1 Africa-2 Asia-1 OM162088–90 
33 NIH-PAK-CCHF-279_2019 Islamabad Islamabad 2019 Asia-1 NA Asia-2 OM162091–2 
34 NIH-PAK-CCHF-14_2019 Karachi Sindh 2019 Asia-1 Asia-1 Asia-1 OM162093–5 
35 NIH-PAK-CCHF-509_2020 Rawalpindi Punjab 2020 Asia-1 Asia-1 Asia-1 OM162125–7 
36 NIH-PAK-CCHF-510_2020 Peshawar Khyber 

Pakhtunkhwa 
2020 Asia-1 Asia-1 Asia-1 OM162128–30 

*Genotypes were determined by whole-genome sequencing of L, M, and S virus segments. L, large; M, medium; NA, not applicable; S, small. 
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Figure 3. Phylogenetic analysis of full-
length small gene segments of Crimean-
Congo hemorrhagic fever virus in study 
of virus diversity and reassortment, 
Pakistan, 2017–2020. Midpoint-rooted 
trees were generated by using the 
maximum-likelihood method. Blue-green 
text indicates sequences from this study, 
which clustered with the Asia-1 and Asia-2 
genotypes. Scale bar indicates nucleotide 
substitutions per site.
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Figure 4. Phylogenetic analysis of 
full-length medium gene segments of 
Crimean-Congo hemorrhagic fever 
virus in study of virus diversity and 
reassortment, Pakistan, 2017–2020. 
Midpoint-rooted trees were generated 
by using the maximum-likelihood 
method. Blue-green text indicates 
sequences from this study. Most M 
segments from Pakistan clustered 
with the Asia-1 genotype/clade, but 3 
reassorted sequences clustered with 
the Asia-2 clade, and 1 reassorted 
sequence clustered with the Africa-2 
clade. Scale bar indicates nucleotide 
substitutions per site.
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The lack of next-generation sequencing capabili-
ties in Pakistan has been a major limitation for deter-
mining the genomic diversity of circulating CCHFV. 
Previously, partial sequencing of the S gene segment 
was used for classification and phylogenetic analy-
sis of CCHFV (13,16,29–31). Because the S segment 
is conserved and relatively short compared with L 
and M segments, it was used as a surrogate for per-
forming phylogenetic analysis. Evidence of reassort-
ment (31–34) among CCHFV genomes confirmed 

the need for whole-genome or partial sequencing of 
all 3 gene segments (35). CCHFV samples collected 
from infected patients intermittently during 1965, 
1976, and 2000–2002 in Pakistan showed the preva-
lence of the Asia-1 genotype and phylogenetic asso-
ciation with viruses from the neighboring countries 
of Iran, Afghanistan, and United Arab Emirates (31). 
During 2008–2011, the Asia-1 genotype was the most 
prevalent lineage circulating in the southwest region 
of Pakistan, specifically Balochistan Province, which 
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Figure 5. Phylogenetic analysis 
of full-length large gene segments 
of Crimean-Congo hemorrhagic 
fever virus in study of virus 
diversity and reassortment, 
Pakistan, 2017–2020. Midpoint-
rooted trees were generated by 
using the maximum-likelihood 
method. Blue-green font indicates 
sequences from this study, which 
clustered only with the Asia-1 
genotype. Scale bar indicates 
nucleotide substitutions per site.
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borders the CCHF-endemic countries of Iran and Af-
ghanistan (13,17). Moreover, in 2008, a single case of 
Asia-2 genotype was also reported from Quetta in 
Balochistan Province, which was phylogenetically 
related to viruses from Uzbekistan, Tajikistan, and 
Kazakhstan (29). According to S segment sequencing, 
another study on CCHFV in Pakistan during 2019 in-
volved 14 districts and further corroborated the en-
demicity of the Asia-1 genotype (30). In this study, 
most (80.5%, n = 29) CCHFVs circulating in Pakistan 
clustered with the Asia-1 (S, M, and L segments) 
clade alongside strains from neighboring (Iran, India, 
Afghanistan, and China) and regional (Oman and 
United Arab Emirates) countries, indicating CCHFV 
transmission between those countries. Circulation of 
genetically similar CCHFV strains has been reported 
in Iran, where frequent animal trade has been hypoth-
esized to cause CCHFV movement between Pakistan 
and neighboring countries (13,36–39).

In this study, we observed 4 (11%) reassortment 
events among the 36 whole-genome sequences. Al-
though frequent reassortment events have been re-
ported in the M segment, rendering high virus fitness, 
we observed reassortment in the S segment as well. 
The Matin strain isolated from Pakistan has been a 
good example of CCHFV reassortment events in this 
region (15). Segmental reassortment in RNA viruses 
has been associated with emergence of pandemic 
virus strains and antigenic shifts (33). The Africa-2 
reassorted virus (NIH-PAK-CCHF-233_2019) shared 
a common clade with sequences from India isolated 
from pooled tick specimens. Two of the sequences 
from India (GenBank accession nos. MN866218 and 
MN930411) were isolated from ticks from Rajasthan 
and Gujarat state in 2019, showing 98% homology at 
the nucleotide and amino acid levels with the Africa-2 
isolate from Pakistan. Rajasthan state in India shares a 
border with Punjab and Sindh Provinces of Pakistan, 
but Gujarat state is more centrally located and does 
not share a border with Pakistan. M segments of the 
Asia-2 genotype also clustered with sequences iso-
lated from ticks from China (GenBank accession no. 
MN832722.1). In China, the virus has been isolated 
from Hyalomma asiaticum ticks. However, in Pakistan, 
Iran, Turkmenistan, and Tajikistan, H. anatolicum is 
the main CCHFV vector (40). Furthermore, both H. 
anatolicum and Rhipicephalus ticks have been reported 
as the primary vectors of CCHFV in Pakistan and Iran 
(41). Because of the diversity of ticks in different re-
gions, further investigation of CCHFV prevalence in 
various tick species in Pakistan is needed. 

Surveillance of CCHFV reassortment, although 
difficult, is crucial for health authorities. Whether  

reassortments can be linked to increased virus patho-
genicity or disease severity requires further study. 
Variations in antigenicity among CCHFV isolates 
have not been reported but need to be considered for 
future vaccines (32). Rapid diagnostics for identify-
ing and managing outbreaks are pivotal; however, 
considering the evolutionary dynamics of CCHFV 
strains, immunological assays should be used in con-
junction with PCR to achieve high diagnostic sensi-
tivity. A concurrent need exists for better understand-
ing of CCHFV antibody kinetics in clinically diverse 
samples, and next-generation sequencing can help 
identify mutant viruses.

In conclusion, we identified CCHFV sequences 
with verifiable genomic reassortments and highlight 
the importance of sequencing all 3 virus segments. 
Our results suggest diversification of circulating 
strains of CCHFV in Pakistan and warrant rigorous 
surveillance and follow-up of CCHF cases, particu-
larly in disease-endemic regions of the country. The 
CCHFV Asia-1 genotype has been prevalent in Paki-
stan, but the Africa-2 genotype might also be emerg-
ing. CCHFV sequences from this study are from 
humans; however, sequences from other host verte-
brates, particularly from ticks, will also be required to 
identify CCHFV mutations and evolutionary dynam-
ics in different regions of the world. Because CCHFV 
reassortment is a continual evolutionary phenom-
enon, which can genetically shift virus genomes en-
hancing pathogenicity, careful application of routine 
and effective control measures that reduce overall 
tick abundance in the environment can likely bring 
substantial reduction in risk for CCHFV transmis-
sion to humans. Furthermore, genomic surveillance 
of CCHFV is needed to identify the major circulating 
genotypes in Pakistan and elsewhere, which will fur-
ther aid in containment of disease.
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etymologia revisited
Influenza 
[in’’floo-en’zƏ]  

An acute viral infection of the respiratory tract. 
From Latin influentia,"to flow into"; in  
medieval times, intangible fluid given off  
by stars was believed to affect humans. The Ital-
ian influenza referred to any disease  
outbreak thought to be influenced by stars. In 
1743, what Italians called an influenza di catarro 
("epidemic of catarrh") spread across Europe, 
and the disease came to be known in English as 
simply "influenza."

Reference: 
Dorland's illustrated medical dictionary. 30th ed. Philadelphia:
Saunders; 2003 and Quinion M. World wide words. 1998 Jan 3  
[cited 2005 Dec 5]. Available from http://www.worldwidewords.org/ 
topicalwords/tw-inf1.htm



Probiotics have emerged as agents that improve a 
wide range of conditions and provide essential 

ingredients for potential health benefits. Probiotics 
exhibit a diverse array of effects by engaging in com-
petitive interactions with pathogenic microbial com-
munities, competing for binding sites, helping ex-
clude pathogens, and triggering activation of specific 
genes within and beyond the host’s intestinal tract. 
This process, in turn, stimulates, regulates, and con-
trols the immune response (1). Probiotics have been 
found to be effective not only in managing conditions  

such as acute gastroenteritis (2) and irritable bowel 
syndrome (3) but also in preventing antibiotic- 
associated diarrhea (4) and even in alleviating symp-
toms associated with COVID-19 (5).

Clostridium butyricum is a strictly anaerobic, 
gram-positive, spore-forming bacillus named for its 
capacity to produce high amounts of butyric acid. C. 
butyricum was first isolated from the intestines of pigs 
by Prazmowski in 1880 (6), and several strains of C. 
butyricum have been reported from various environ-
ments in humans (7) and animals (8). C. butyricum has 
been detected in the gut of ≈20% of human adults (9). 
Moreover, C. butyricum strains were detected in >30% 
of environmental samples tested (10). Some strains of 
C. butyricum are currently used as probiotics and have 
beneficial effects on humans and animals. One strain 
of C. butyricum, known as C. butyricum MIYAIRI 588 
(CBM 588), can be found in pharmaceutical probiot-
ics, such as MIYA-BM (Miyarisan Pharmaceutical 
Co., Ltd., https://www.miyarisan.com), one of the 
most commonly prescribed probiotics in Japan. CBM 
588 has been described as a unique, nongenetically 
modified strain that does not naturally produce tox-
ins (11) or cause disease owing to its susceptibility 
to the KM1 bacteriophage (12). Several confirmatory 
factors underpin this characterization: it exhibits no 
propensity for antibiotic resistance transfer, it is de-
void of plasmids bearing mobile genetic elements, 
and it does not possess genes or produce substances 
related to clostridial toxins, including botulinum neu-
rotoxins A, B, E, and F, or the Clostridium perfringens 
toxins α, β, and ε. Genomic scrutiny of CBM 588 re-
vealed no indicators of pathogenic traits or hemolytic 
capabilities (13). Numerous studies have substantiat-
ed the effectiveness of CBM 588, and various animal 
model experiments have demonstrated its capacity 
to inhibit the colonization of Clostridioides difficile (14) 
and prevent enterohemorrhagic Escherichia coli O157 
infection (15). Human studies have confirmed that 

Clostridium butyricum  
Bacteremia Associated with  

Probiotic Use, Japan
Ryuichi Minoda Sada, Hiroo Matsuo, Daisuke Motooka,  

Satoshi Kutsuna, Shigeto Hamaguchi, Go Yamamoto, Akiko Ueda

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 4, April 2024 665

Author affiliations: Osaka University Graduate School of Medicine, 
Osaka, Japan (R.M. Sada, H. Matsuo, S. Kutsuna, S. Hamaguchi, 
G. Yamamoto); Osaka University Research Institute for Microbial 
Diseases, Osaka (D. Motooka); Osaka University Hospital, Suita, 
Osaka (A. Ueda)

DOI: http://doi.org/10.3201/eid3004.231633

Clostridium butyricum, a probiotic commonly prescribed 
in Asia, most notably as MIYA-BM (Miyarisan Phar-
maceutical Co., Ltd.; https://www.miyarisan.com), oc-
casionally leads to bacteremia. The prevalence and 
characteristics of C. butyricum bacteremia and its bacte-
riologic and genetic underpinnings remain unknown. We 
retrospectively investigated patients admitted to Osaka 
University Hospital during September 2011–February 
2023. Whole-genome sequencing revealed 5 (0.08%) 
cases of C. butyricum bacteremia among 6,576 case-
patients who had blood cultures positive for any bac-
teria. Four patients consumed MIYA-BM, and 1 patient 
consumed a different C. butyricum-containing probiotic. 
Most patients had compromised immune systems, and 
common symptoms included fever and abdominal dis-
tress. One patient died of nonocclusive mesenteric isch-
emia. Sequencing results confirmed that all identified C. 
butyricum bacteremia strains were probiotic derivatives. 
Our findings underscore the risk for bacteremia resulting 
from probiotic use, especially in hospitalized patients, 
necessitating judicious prescription practices.
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CBM 588 prevents antibiotic-associated diarrhea (16). 
In the medical context in Japan, CBM 588 has been 
prescribed not only for its expected effectiveness as a 
conventional probiotic but also for the prophylaxis of 
the diseases we have listed.

There are, however, other strains of C. butyricum 
that are involved in infectious diseases (17–21). A 
few case reports have noted the development of C. 
butyricum bacteremia in patients taking probiotics, 
although strain definition tests using whole-genome 
sequencing were not conducted (22,23). Bacteremia 
caused by C. butyricum is a rare condition, and the 
prevalence, clinical features, and bacteriologic and 
genetic origins of the strains are unknown. We con-
ducted a single-center, retrospective study of cases of 
bacteremia caused by C. butyricum in Japan to shed 
light on this clinical event.

Patients and Methods

Study Design
We conducted a retrospective cohort study at Osaka 
University Hospital, a 1,086-bed facility in Osaka, 
Japan. Our study followed the Strengthening the Re-
porting of Observational Studies in Epidemiology 
statement for reporting observational studies (24). 
The Institutional Review Board of Osaka Univer-
sity Hospital approved the study protocol (number 
22584(T1)).

Patients and Baseline Characteristics
To identify cases of C. butyricum bacteremia, we re-
viewed all cases of positive blood culture results 
for any bacteria that occurred during September 19, 
2011–February 5, 2023, from the Laboratory for Clini-
cal Investigation database at Osaka University Hos-
pital. We defined C. butyricum bacteremia as cases in 
which C. butyricum was detected in >1 sets of blood 
cultures. We used MALDI Biotyper (Bruker, https://
www.bruker.com/en) to identify C. butyricum (25). 
The data we extracted from medical records encom-
passed such parameters as age; sex; conditions neces-
sitating hospitalization; underlying diseases; place-
ment of a central venous catheter or a peripherally 
inserted central catheter; presence of polymicrobial 
bacteremia, including identification of microorgan-
isms other than C. butyricum; symptoms at onset; and 
the updated Charlson Comorbidity Index at the time 
of bacteremia diagnosis, which was evaluated for ev-
ery patient (26). In addition, for patients who were 
prescribed MIYA-BM, we checked the MIYA-BM 
consumption at the point of diagnosis and confirmed 
the duration of MIYA-BM prescription. We also  

identified whether MIYA-BM was used for specific 
reasons in these patients. We defined specific reasons 
for use of MIYA-BM as treatment for diarrhea, con-
current antibiotic use, or medical history of C. difficile 
infection (CDI), ulcerative colitis, hepatic encephalop-
athy, or a combination of those conditions. Our inves-
tigation involved a detailed evaluation of electronic 
medical records, which included symptoms of diar-
rhea occurring ≥3 times/day, concurrent antibiotic 
use, and medical history of CDI, ulcerative colitis, or 
hepatic encephalopathy. Finally, we extracted data on 
the etiology of bacteremia, antibiotic treatment regi-
mens, and mortality within 90 days.

Microbiologic Information
We determined the MICs for penicillin, ampicillin, 
cefotaxime, ceftriaxone, cefmetazole, imipenem, me-
ropenem, sulbactam/ampicillin, clavulanic acid/
amoxicillin, tazobactam/piperacillin, clindamycin, 
moxifloxacin, and metronidazole for C. butyricum 
by using the agar dilution method on Brucella agar 
medium supplemented with 0.5% sheep’s blood. As-
says to gauge susceptibility followed the guidelines 
set by the Clinical Laboratory Standards Institute, 
tailored for anaerobes (28). We assessed the homo-
geneity of antibiotic susceptibility between the clini-
cal strains and 3 medicinal strains from different lot 
numbers to evaluate the comparability of their anti-
biotic susceptibility.

Whole-Genome Sequencing Analysis
We conducted whole-genome analysis of all strains 
of C. butyricum obtained from blood cultures. In addi-
tion, we analyzed C. butyricum extracted from MIYA-
BM tablets. We then investigated the genetic homol-
ogy between those strains by evaluating the number 
of single-nucleotide polymorphisms (SNPs) or inser-
tion/deletion genetic variants between clinical strains 
and the strain from the MIYA-BM tablets. Finally, 
we conducted a genomic comparison between clini-
cal isolates of C. butyricum, the CBM 588 strain, and 
other strains of the same species. For the comparison, 
in addition to the reference strain CDC 51208, we se-
lected 7 strains with fully sequenced genomes that are 
stored in a bioresource repository.

Results
We detected 5 blood culture–positive C. butyricum 
bacteremia cases (0.08%) (Table 1) from a total of 
6,576 persons who had blood cultures positive for any 
bacteria (7,484 total clinical strains, including bacte-
ria other than C. butyricum). Bacteremia developed in 
all 5 patients during hospitalization; 3 patients were 
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women and 2 were men. Four patients were immu-
nocompromised: 2 had undergone transplantation, 
1 was undergoing chemotherapy for esophageal and 
gastric cancers, and 1 was receiving multiple immu-
nosuppressive treatments for dermatomyositis. Two 
of the 5 patients also had end-stage kidney disease 
and were on dialysis. The Charlson Comorbidity In-
dex scores ranged from 1 to 6 points for each patient. 
Three patients underwent catheterization with either 
a central venous catheter or a peripherally inserted 
central catheter. Four patients were taking prescribed 
MIYA-BM at the time of bacteremia diagnosis, and 1 
patient (no. 2) had been prescribed a different probi-
otic containing C. butyricum 1 month before the diag-
nosis of bacteremia. All 4 patients taking MIYA-BM 
were prescribed it >1 week prior to hospitalization, 
and MIYA-BM was discontinued following the diag-
nosis of bacteremia in all these patients. Despite a de-
tailed review of the medical records, we were unable 
to identify the specific reason for prescribing probi-
otics in 2 patients. All 5 patients had fever and ab-
dominal symptoms, such as diarrhea and pain. One 

patient (no. 3) with nonocclusive mesenteric ischemia 
died within 90 days.

A consistent pattern of antibiotic susceptibility 
was observed in all clinical strains (Table 2). More-
over, those results were consistent with those of pre-
vious reports on the antibiotic susceptibility of C. 
butyricum. C. butyricum has been reported to be sus-
ceptible to penicillin, ampicillin, cefmetazole, imipe-
nem, meropenem, clavulanic acid/amoxicillin, tazo-
bactam/piperacillin, clindamycin, moxifloxacin, and 
metronidazole but resistant to cefotaxime and ceftri-
axone (11,29,30).

Whole-genome analysis of all 5 patient clinical 
strains revealed that they either exhibited complete ho-
mology or had a maximum divergence of only 19 mu-
tations relative to CBM 588, which was extracted from 
the MIYA-BM tablets. This result indicates that all clini-
cal strains had the same clone as the CBM 588 extracted 
from MIYA-BM (Table 3) (31–34). We performed genetic 
annotation of the detected mutations (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/30/4/23-1633-
App1.pdf). We performed phylogenetic analysis of  
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Table 1. Detailed clinical information on 5 patients with bacteremia caused by Clostridium butyricum based on a single-institute, 
retrospective study, Osaka University Hospital, Japan* 

Category 
Patient no. 

1 2 3 4 5 
Age, y/sex 68/F 81/F 77/M 53/M 19/F 
Onset during hospitalization Yes Yes Yes Yes Yes 
Diseases requiring 
hospitalization 

Chemotherapy Immunosuppressive 
treatment 

Post–aortic 
valve 

replacement 

Simultaneous 
pancreas and 

kidney transplant 

Double lung 
transplant 

Underlying disease Esophageal 
cancer; gastric 

cancer 

Dermatomyositis Aortic valve 
regurgitation;  

end-stage 
kidney disease 

End-stage kidney 
disease;  

type 1 diabetes 

Idiopathic 
pulmonary arterial 

hypertension 
 

Immunosuppression Yes Yes No Yes Yes 
Charlson Comorbidity Index 
score 

2 1 4 6 1 

Central venous catheter 
insertion 

Yes No Yes No Yes 

Concurrent MIYA-BM use Yes No, but previously 
administered 

another probiotic 
with C. butyricum 

Yes Yes Yes 

Appropriate reason for the 
prescription of probiotics 

Yes 
(concomitant 
antibiotic use) 

NA Yes 
(concomitant 
antibiotic use) 

No No 

Duration of use of probiotics, d 8 NA 12 91 30 
Polymicrobial bacteremia, 
microorganisms other than C. 
butyricum 

Yes 
(MSSA) 

Yes 
(Enterococcus 

faecium/MRCNS) 

None None None 

Symptoms of onset Fever and 
diarrhea 

Fever and diarrhea Fever and 
abdominal pain, 

septic shock 

Fever and 
abdominal pain 

Fever and 
diarrhea 

Diagnosis Enterocolitis Enterocolitis NOMI Duodenal 
perforation 

Enterocolitis 

Antibiotics CMZ CTR MEM MEM VCM 
90-d mortality Alive Alive Died Alive Alive 
*CMZ, cefmetazole; CTR, ceftriaxone; MEM, meropenem; MRCNS, methicillin-resistant coagulase-negative staphylococci; MSSA, methicillin-resistant 
Staphylococcus aureus; NA, not applicable; NOMI, nonocclusive mesenteric ischemia; VCM, vancomycin. 
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C. butyricum by using the Type (Strain) Genome Server 
(35). All clinical isolates and probiotics strain were clus-
tered on the same branches (Figure). Average nucleo-
tide identity scores of clinical isolates against those of 
the probiotics strain were higher than against those of 
reference strains. This analysis further corroborated the 
genetic homology between all the clinical strains and 
the CBM 588 strain.

Discussion
Our single-center, retrospective study determined 
that the prevalence of C. butyricum bacteremia was 
0.08% among all cases with bacteria-positive whole-
blood cultures and that all clinical strains were de-
rived from the CBM 588 strain. Bacteremia devel-
oped in all patients during hospitalization. Out of 5 
cases, 4 had received immunosuppressive treatment 
and 2 had intra-abdominal issues (1 case of esopha-
geal and gastric cancer and 1 case of post–pancreas 
and kidney transplantation). 

Ishikawa et al. reported a case series of 11 cases of 
C. butyricum bacteremia, including 3 self-experienced 
cases and 8 cases from a literature review (23). The 
study revealed that at least 8 cases developed bac-
teremia during their hospitalization for conditions 
unrelated to the bacteremia itself. Furthermore, most 

patients had intra-abdominal issues at the time of de-
veloping bacteremia. In 3 cases, C. butyricum bactere-
mia developed after intra-abdominal surgery. Among 
the 8 cases without intra-abdominal surgery, 6 cases 
occurred after various intra-abdominal conditions (2 
cases of Crohn’s disease, 2 cases of gastrointestinal ul-
cers, 1 case of biliary tract infection, and 1 case of non-
obstructive mesenteric ischemia). Our study results 
align with previous findings, emphasizing the need 
for vigilant monitoring of bacteremia development 
associated with probiotic use in patients with intra-
abdominal issues or those undergoing immunosup-
pressive therapy during their hospitalization.

Our study revealed a high degree of genetic simi-
larity between the strains of C. butyricum extracted 
from MIYA-BM tablets and clinical strains identified 
through genetic analysis, strongly supporting the def-
inition of probiotic-related bacteremia in all our cases. 
Reports on probiotic-related bacteremia are scarce. 
Although systematic reviews of cases of bacteremia 
after probiotic use have been reported (36), to the 
best of our knowledge, no studies have evaluated the 
genetic similarities among these reports. Our study 
offers evidence supporting a direct causal relation-
ship between probiotic prescription and bacteremia. 
Nonetheless, the patients we identified as nos. 1 and 
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Table 2. Antimicrobial drug susceptibility of clinical bacterial strains from 5 patients who tested positive for Clostridium butyricum in a 
single-institute, retrospective study, Osaka University Hospital, Japan, and 3 medicinal strains from different lot numbers of C. 
butyricum MIYAIRI 588 strain 
Category Patient strains  Medicinal strains of CBM 588 
Patient no. 1 2 3 4 5   
Strain no. 114–4 129–32 180–11 181–16 216–41  No. 1 No. 2 No. 3 
Antimicrobial drug          
 Penicillin 0.25 0.25 0.5 0.5 0.25  0.25 0.25 0.25 
 Ampicillin 0.25 0.25 0.25 0.25 0.25  0.12 0.25 0.25 
 Cefotaxime 32 32 32 32 32  32 32 32 
 Ceftriaxone 8 8 16 8 16  8 16 8 
 Cefmetazole ≤4 ≤4 8 ≤4 ≤4  ≤4 ≤4 ≤4 
 Imipenem 1 1 2 1 1  1 1 1 
 Meropenem ≤0.12 ≤0.12 0.5 ≤0.12 ≤0.12  ≤0.12 ≤0.12 ≤0.12 
 Sulbactam/ampicillin ≤2 ≤2 ≤2 ≤2 ≤2  ≤2 ≤2 ≤2 
 Clavulanic acid/amoxicillin 0.25 0.25 0.5 0.25 0.25  0.12 0.25 0.12 
 Tazobactam/piperacillin ≤8 ≤8 ≤8 ≤8 ≤8  ≤8 ≤8 ≤8 
 Clindamycin 0.5 0.25 0.5 0.5 0.25  0.25 0.5 0.25 
 Moxifloxacin ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5  ≤0.5 ≤0.5 ≤0.5 
 Metronidazole ≤2 ≤2 ≤2 ≤2 ≤2  ≤2 ≤2 ≤2 

 

 
Table 3. Results of whole-genome sequencing of Clostridium butyricum obtained from blood culture from 5 patients who tested 
positive for Clostridium butyricum in a single-institute, retrospective study, Osaka University Hospital, Japan 
Category Patient strains 
Patient no. 1 2 3 4 5 
Strain no. 114–4 129–32 180–11 181–16 216–41 
Average nucleotide identity* against CBM 588 strains 99.986 99.947 99.949 99.943 99.946 
All variants† 50 40 63 65 81 
Variants not on rRNA region‡ 19 1 2 1 0 
*Calculated using FastANI (31). 
†Number of all variants in coding genes, which were called and annotated by GATK HaplotypeCaller (32) and snpEff (33) with annotation information 
from DFAST (34). 
‡Number of variants after excluding variants on rRNA region. 
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2 present lingering challenges. We observed 19 differ-
ences in terms of SNPs between the strains found in 
the blood culture of patient 1 and the CBM 588 strain, 
which was relatively higher than that of the other pa-
tients. However, it is common to evaluate strain dis-
similarity using fewer than 100 SNPs. Notably, rap-
idly growing bacteria, such as Helicobacter pylori, can 
accumulate ≈30 SNPs within 6 months of acute infec-
tion (37). In fact, some studies have established a ge-
netic similarity cutoff of 80 for carbapenem-resistant 
Klebsiella pneumoniae (38), suggesting that the genetic 
dissimilarity observed in this case could be reason-
ably acceptable. We also considered the possibility 
that long-term oral administration of probiotics in the 
past could have led to genetic mutations in the CBM 
588 strain within the bodies of patients we examined. 
Patient 2, who had been prescribed a different pro-
biotic containing C. butyricum 1 month before the di-
agnosis of bacteremia, developed bacteremia caused 
by the CBM 588 strain. We considered 2 possibilities 
for this observation: the patient had previously taken 
MIYA-BM and it had colonized in the patient’s gas-
trointestinal tract, leading to an infection; or the C. 
butyricum present in the probiotics the patient was 
taking had genetic similarities to the CBM 588 strain.

Our findings also bring to light the potential ad-
verse effects related to the inappropriate prescrib-
ing of probiotics. In all cases where MIYA-BM was  

prescribed, probiotics were administered for >1 
week. However, after a comprehensive review of the 
detailed medical records, we were unable to identify 
the appropriate reasons for prescribing probiotics in 
half of the cases. Probiotics exhibit various therapeu-
tic and preventive effects in different medical condi-
tions, such as averting antibiotic-associated diarrhea 
(39) and CDI (40), preventing hepatic encephalopa-
thy in patients with liver cirrhosis (41), and manag-
ing symptoms in patients with ulcerative colitis (42). 
Although probiotics may demonstrate effectiveness 
in such specialized clinical scenarios, those scenarios 
were not observed in the cases we studied, in which 
probiotics appeared to have been prescribed indis-
criminately over an extended period.

One limitation of our study was that it was a 
single-center, retrospective investigation. Multi-
center studies are needed to elucidate the prevalence 
of C. butyricum bacteremia and the genetic origin 
of the strains. Another limitation was that patient 1 
showed improvement with ceftriaxone use, although 
C. butyricum is resistant to it. There is a possibility of 
contamination resulting from such factors as polymi-
crobial bacteremia and the absence of central venous 
catheterization. However, it cannot be ruled out that 
patients with concurrent sacral pressure ulcers are 
at risk of developing polymicrobial bacteremia, in-
cluding C. butyricum bacteremia. Also, the duration 
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Figure. Phylogenetic tree reflecting the relationship between Clostridium butyricum MIYAIRI 588, clinical isolates of C. butyricum, 
and 8 reference strains based on data from a single-institute, retrospective study, Osaka University Hospital, Japan. Note: 114-4, 
129-32, 180-11, 181-16, and 216-41 represent strain numbers of clinical isolates of C. butyricum. MIYAIRI 588 indicates C. butyricum 
MIYAIRI 588. DSM10702 (GCA_014131795.1), NBRC 13949 (GCA_006742065.1), DSM 10702 (GCA_000409755.1), NBRC 13949 
(GCA_007992895.1), NBRC 3315 (GCA_007992895.1), ATCC 43755 (GCA_011017415.1), CDC 51208 (GCA_001886875.1), and 
NBRC 3858 (GCA_007992875.1) represent 8 reference strains. ANI was calculated using FastANI (31). ANI, average nucleotide identity.
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of probiotic use for each case patient was based on 
information documented in their medical records, 
and the precise prescription durations were not al-
ways clear. However, the actual prescription periods 
must exceed the durations documented in the medi-
cal records, because the recorded periods represent at 
least the minimum assessable timeframe. Moreover, 
although specific reasons for probiotic prescription 
were not evident in the medical records, unique jus-
tifications may have existed. Nevertheless, it is cru-
cial to note that none of the patients had a history of 
prior antibiotic use, CDI, irritable bowel syndrome, or 
liver cirrhosis. Hence, the need for prolonged admin-
istration exceeding 2 weeks for therapeutic purposes 
seems unlikely.

In conclusion, our study demonstrates that all 
clinical strains of C. butyricum identified in the posi-
tive blood cultures of the 5 cases we analyzed were 
derived from the strain found in probiotics. Although 
this type of bacteremia is rare, careful monitoring is 
essential when bacteremia is caused by probiotics. 
Clinicians must avoid long-term, inappropriate pre-
scription of probiotics for hospitalized patients with 
multiple comorbidities, including immunosuppres-
sive treatment and intraabdominal problems, to pre-
vent bacteremia caused by probiotics.

This research was conducted as part of the All-Osaka U 
Research in “The Nippon Foundation– Osaka University 
Infectious Disease Response Project.”
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Crimean-Congo hemorrhagic fever (CCHF) is a 
tickborne zoonosis caused by CCHF virus (CCH-

FV). The World Health Organization considers CCHF 
one of the highest priority diseases because of its epi-
demic potential, its high case-fatality rate (10%–40%), 
and its difficult prevention and treatment (1). Clinical 
disease is restricted mainly to humans, but the virus 

can infect a wide range of animal species (2). CCHFV 
infections in animals are mainly asymptomatic, which 
complicates detection of the virus and increases the 
risk for human infection. Humans can become infected 
by the bite of a CCHFV-infected tick or through direct 
contact with virus-contaminated tissues or blood (3). 
Although some outbreaks are associated with high 
case-fatality rates, most (≈90%) human infections are 
asymptomatic or cause mild illness (2). Cases of CCHF 
are associated with rural areas. Veterinarians, farmers, 
hunters, environmental rangers, and abattoir person-
nel are at highest risk for infection (4).

CCHFV is prevalent in Africa, eastern Europe, 
the Middle East, and across central Asia to western 
China (5). In the 21st century, the geographic range 
and incidence of confirmed CCHF cases have mark-
edly increased (2). Climate change and landscape 
transformations have affected the abundance and 
spatial range of CCHFV animal hosts and vectors (6), 
strongly influencing CCHFV transmission dynam-
ics (7) and modifying the likelihood of disease emer-
gence and re-emergence (4). Those changes are the 
most likely underlying reason for the emergence of 
CCHF in Spain.

Exposure to CCHFV on the Iberian Peninsula 
(mainland Spain and Portugal) was first evidenced in 
humans in Portugal in 1985 (8), but the first confirmed 
clinical case was reported in 2016 in Spain (9). Since 
then, 12 human cases (4 deaths) have been reported in 
Spain (10,11). Because no vaccine is available, humans 
in or near CCHFV-endemic areas are advised to take 
precautions when spending time in nature (or tick-
prone areas), including limiting skin exposure, ap-
plying tick repellents, and thoroughly inspecting the 
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To estimate the determinants of spatial variation in  
Crimean-Congo hemorrhagic fever virus (CCHFV) trans-
mission and to create a risk map as a preventive public 
health tool, we designed a survey of small domestic ru-
minants in Andalusia, Spain. To assess CCHFV exposure 
spatial distribution, we analyzed serum from 2,440 sheep 
and goats by using a double-antigen ELISA and modeled 
exposure probability with environmental predictors by us-
ing generalized linear mixed models. CCHFV antibodies 
detected in 84 samples confirmed low CCHFV prevalence 
in small domestic ruminants in the region. The best-fitted 
statistical model indicated that the most significant predic-
tors of virus exposure risk were cattle/horse density and 
the normalized difference vegetation index. Model valida-
tion showed 99.7% specificity and 10.2% sensitivity for 
identifying CCHFV circulation areas. To map CCHFV ex-
posure risk, we projected the model at a 1 × 1-km spatial 
resolution. Our study provides insight into CCHFV ecol-
ogy that is useful for preventing virus transmission.
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skin after field activities. Identifying spatiotemporal 
virus transmission hotspots may provide information 
for surveillance and prevention strategies to reduce 
exposure to CCHFV. Although the likelihood of virus 
exposure within the general population is low (12) 
because of a predominantly urban lifestyle, greater 
accuracy in risk prediction may lead to more effective 
preventive measures for the at-risk population (13).

CCHFV has been detected in several species of 
ticks, but the major CCHFV reservoirs and vectors 
are considered to be Hyalomma spp. ticks (14). Two 
species of Hyalomma ticks transmit CCHFV in the 
Iberian Peninsula, H. lusitanicum and H. marginatum, 
and both are abundant in southwestern Spain (15–
17). In general, CCHFV circulates in a silent enzootic 
tick-vertebrate-tick cycle, the balance of which relies 
on a complex animal-tick-environment interplay. 
However, horizontal transmission (cofeeding, trans-
stadial) and vertical transmission (transovarial) can 
occur within the tick population (18). In vertebrate 
animals, excluding humans, only a transient viremia 
(≈5 days) develops after infection, but those animals 
are essential hosts to H. lusitanicum and H. margin-
atum ticks and thus play a fundamental role in the 
spread of CCHFV.

Seroepidemiologic studies in animals can be 
useful for localizing CCHFV foci and providing in-
formation for future research efforts and prevention 
actions. Farm animals closely coexist with humans 
and have been epidemiologically linked to human 
CCHF cases. Therefore, those animals could be used 
for surveillance purposes (19–21). Small domestic 
ruminants (sheep and goats) are abundant in Spain. 
Indeed, Spain hosts the largest sheep population and 
the second largest goat population in the European 
Union (22). Direct or indirect interactions between 
those animals and wild ungulates (e.g., red deer 
[Cervus elaphus] or Eurasian wild boar [Sus scrofa]) 
may be frequent, and both species play major roles 
in maintaining tick populations (16,17). Thus, H. lu-
sitanicum and H. marginatum ticks are abundant on 
domestic ruminants (23).

Because seroepidemiologic studies in animals, 
along with identification of CCHFV ecologic driv-
ers, can provide insights into CCHFV transmission 
dynamics (13), resulting in better preventive strate-
gies for the human population at risk, we designed 
a cross-sectional serosurvey of domestic small ru-
minants in a CCHFV-enzootic region of Spain, An-
dalusia (17,24), and statistically modeled exposure 
risk with environment-associated predictors to map 
infection risk hotspots. Our working hypothesis was 
that estimating ecologic drivers of CCHFV exposure 

risk in small domestic ruminants would reveal the 
spatial risk for virus transmission to humans. That 
information would help with the design of ad hoc 
public health preventive actions in CCHFV-enzootic 
regions (13,25,26).

The collection of blood samples analyzed was 
part of the official Animal Health Campaigns of Re-
gional Government of Andalusia, Spain. Therefore, 
no ethics approval was necessary.

Materials and Methods

Study Design
To analyze the prevalence of antibodies against CCH-
FV in randomly selected small ruminant farms at both 
the animal and herd levels, during December 2015–
February 2017, we conducted a cross-sectional sero-
survey in Andalusia (southern Spain: 36°N–38°60′N, 
1°75′W–7°25′W; Figure 1). Andalusia is the first stop-
over in Europe for birds annually migrating from 
Africa to western Europe that may carry CCHFV-
infected Hyalomma spp. ticks. We know that CCHFV 
circulates enzootically in large areas of Andalusia 
(13,25,26), but we do not know the actual distribution 
of the virus in the region.

We randomly selected 122 farms (61 sheep farms 
and 61 goat farms) according to the stratified census 
of small ruminant farms per province. Further details 
on farm selection criteria have been published (27). 
We estimated the minimum number of samples per 
farm required to estimate antibody prevalence at the 
previously known circulation rates in southwestern 
Europe (5%) (28) to be 20 with a 95% CI level and an 
accepted 10% error by using the sample size to esti-
mate a proportion with specified precision calculator 
of Epitools (https://epitools.ausvet.com.au). Sub-
sequently, within each farm, we randomly sampled 
20 small ruminants. Blood samples were obtained by 
jugular vein puncture and transported to the labo-
ratory and centrifuged at 400 × g for 10 minutes to 
obtain serum that was stored at −20°C until analysis.

Serologic Analyses and Prevalence Calculations
We determined the presence of CCHFV antibodies 
by using a highly sensitive and specific commercial 
CCHF double-antigen multispecies ELISA kit (ID-
Screen CCHF Double Antigen Multispecies, https://
www.innovative-diagnostics.com) according to the 
manufacturer’s instructions (29). We estimated the 
overall prevalence of antibodies from the ratio of pos-
itive samples to the total number of analyzed sam-
ples. We estimated the Clopper-Pearson exact 95% CI 
for any prevalence value obtained.
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Environmental Risk Factors
We performed statistical modeling with predictors 
selected from environmental factors (Table 1) that 
characterized the vicinity of the farm. We defined 
a 5-km radius buffer around farm location coordi-
nates. We selected that buffer size on the basis of 
the maximum expected movement distance of ex-
tensive or semiextensive herds for consumption of 
local resources (temporary pastures, crop stubble, 
natural resources). The buffer size was selected to 
also account for any possible indirect influence of 
neighboring farms or surrounding wildlife on the 
risk for CCHFV exposure of domestic small rumi-
nant herds. Only a small fraction of the farms (4/122 
[3.3%]) reported seasonal long-distance movements 
that were thus considered irrelevant for determining 
the buffer size. The estimated predictor values were 
rescaled to the spatial scale of the selected buffer by 
weighted averaging.

Host-Related Predictors
Wild and domestic ungulate abundance is a relevant 
parameter in CCHF epidemiology (13,17). We gath-
ered domestic ruminant census data from the 2009 
national census (https://www.ine.es) on a regional 
veterinary unit level spatial scale. We used census 
data for cattle, horses, and small domestic ruminants 
to estimate 2 predictors: small domestic ruminant 
density and cattle/horse density. We used hunting 

bag data at hunting ground level from the 2014–15 
through 2020–21 hunting seasons (kindly provided 
by the Andalusia regional government) as a proxy of 
wild ungulate relative abundance (30). We estimated 
3 predictors: relative abundance of red deer, relative 
abundance of wild boar, and relative abundance of 
other wild ungulates.

Bioclimatic Predictors
We selected 2 bioclimatic predictors from telemetry 
data—the land surface temperature (LST) and the 
normalized difference vegetation index (NDVI)—
because of their potential effects on local tick abun-
dance (17,31). Both parameters were obtained at a 1 × 
1–km spatial resolution and at daily (LST) or 2-week 
(NDVI) temporal resolution for 2014–2016 from the 
MODIS website (https://modis.gsfc.nasa.gov). The 
NDVI is an indicator of plant photosynthetic activity 
that is associated with water availability and thus in-
dicates the hydric stress that off-host ticks can expe-
rience. We estimated period average NDVI and LST 
and their variance for winter, summer, and the whole 
year. We estimated the average and variance for all 3 
winters, 3 summers, and 3 years of the study and not 
for each year because we wanted to characterize each 
area, not compare between years. We selected winter 
and summer as the critical periods for tick survival 
and annual LST and NDVI as determinants of Hya-
lomma spp. tick activity (32).
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Figure 1. Location of farms in study of animal exposure model for mapping Crimean-Congo hemorrhagic fever virus emergence risk, 
Andalusia, Spain. Inset shows location of Andalusia within mainland Spain.
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Land Use–Related Predictors
As habitat predictors, we considered 3 land cover 
variables as favorable habitats for Hyalomma spp. 
(17,32) and wild ungulates (33): woodland, dense 
shrubland, and sparse shrubland cover. We obtained 
land-use data from the SIPNA database (https://
portalrediam.cica.es/descargas). We estimated the 
proportion of each land cover type at the farm buffer 
selected scale.

Risk Analyses and Mapping
To reduce the variability in measure scales of the con-
tinuous predictors, we applied a standardization rescal-
ing process by using the scale function of R statistical 
software (https://cran.r-project.org). We explored re-
lationships among continuous predictors by building a 
correlation matrix (chart.correlation function of the Per-
formanceAnalytics R package). Thereafter, we analyzed 
Y~X relationships and excluded specific predictors from 
the set of highly correlated variables (r>|0.7|) that had 
the lowest power to explain the variance of the response 
variable (34). After we finished the exploratory analysis, 
we analyzed the association of the selected predictors 
with the individual risk for exposure to CCHFV (an-
tibody positive/negative, n = 2,400) by using general-
ized linear mixed-effects models (35) with the farm as 
random effect factor. We built and ranked all possible 
models by increasing corrected Akaike Information Cri-
terion and using the dredge function of the R MuMIn  
statistical package. We selected the model with the low-
est Akaike Information Criterion as the best-fit model 

(36) and validated its predictive potential by means of 
repeated k-fold cross-validation. We divided data into 
10 groups (κ = 10) and repeated the cross-validation 50 
times by using the cross-validate function of the cvms 
R package (37). Subsequently, we estimated average 
cross-validation values to get an overall predictive ca-
pacity of the model. After we validated the model, we 
projected it at a 1 × 1–km spatial resolution to map pre-
dicted risk for Andalusia. For that model, we estimated 
selected variables for the study period at the projection 
spatial scale for Andalusia. We considered the first farm 
of the series as the reference for projection. Model pro-
jection was performed by using the predict function of 
the car package in the R environment.

Results
We detected antibodies against CCHFV in 84 of the 
2,440 (3.4%, 95% CI 2.8%–4.2%) small ruminants test-
ed. Exposure prevalence among sheep and goats was 
similar: sheep 3.0% (95% CI 2.1%–4.1%; 36/1,220) and 
goats 3.9% (95% CI 3.0%–5.2; 48/1,220). At least 1 se-
ropositive animal was found in 16 of 61 (26.2%, 95% 
CI 16.8%–38.4%) surveyed sheep farms and in 18 of 61 
(29.5%, 95% CI 19.6%-41.9%) goat farms. Overall, the 
number of farms with >1 seropositive animal was 34 
of 122 (27.8%, 95% CI 20.7%–36.4%) (Figure 1).

We excluded 2 farms (1 sheep farm and 1 goat 
farm) and a total of 40 (seronegative) animals from 
the risk factor analysis because of incorrect recording 
of location coordinates. The best-fitted model selected 
3 of the considered predictors, including cattle/horse 
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Table 1. Set of explanatory predictors gathered for risk factor analyses used for mapping Crimean-Congo hemorrhagic fever virus 
emergence risk from animal exposure model 
Factor, predictor Description, unit of measure Average (range) 
Host-related   
 boveq Cattle and horse summed density, ind/ha 0.08 (0–0.45) 
 peqrum Small ruminant density, ind/ha 0.51 (0.02–1.96) 
 rd Red deer density, harvested ind/ha 0.04 (0–0.48) 
 wb Eurasian wild boar density, harvested ind/ha 0.05 (0–0.24) 
 otung Other wild ungulate density, harvested ind/ha 0.13 (0–0.45) 
Bioclimatic   
 lstinv Mean winter land surface temperature, °C 15.77 (11.92–20.76) 
 lstver Mean summer land surface temperature, °C 39.61 (32.36–45.12) 
 lstanu Mean annual land surface temperature, °C 29.34 (23.01–33.60) 
 lstvarinv Winter land surface temperature variation, °C 25.03 (12.32–45.47) 
 lstvarver Summer land surface temperature variation, °C 21.06 (9.80–30.06) 
 lstvaranu Annual land surface temperature variation, °C 121.77 (64.69–185.28) 
 NDVIinv Winter normalized difference vegetation index 4,563.39 (1,969.59–7,002.13) 
 NDVIver Summer normalized difference vegetation index 3,053.56 (1,235.00–5,665.86) 
 NDVIanu Annual normalized difference vegetation index 3915.94 (1708.02–6546.01) 
 NDVIvarinv Winter normalized difference vegetation index variation 473,323.50 (95,507.99–2,331,259.00) 
 NDVIvarver Summer normalized difference vegetation index variation 126,977.60 (22,445.69–1,028,808.00) 
 NDVIvaranu Variance of the annual normalized difference vegetation index 1,051,955.00 (207,897.60–3,747,242.00) 
Land use-related   
 matdi Proportion of sparse shrubland in the buffer, % 0.11 (0–0.55) 
 matde Proportion of dense shrubland in the buffer, % 0.08 (0–0.43) 
 bos Proportion of woodland in the buffer, % 0.06 (0–0.41) 
*Boldface indicates variables selected for modeling after the descriptive analysis. ind/ha, individuals per hectare. 
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density, annual NDVI, and annual NDVI variance 
(Table 2). Cattle/horse density around small rumi-
nant farms was significantly associated with expo-
sure probability (Figure 2). A positive, albeit not sta-
tistically significant, relationship was also observed 
for the NDVI. In contrast, we observed a strong and 
statistically significant negative relationship between 
the annual NDVI variance and the risk for exposure 
of individual small domestic ruminants to CCHFV. 
The cross-validation analysis showed that the bal-
anced accuracy of the model was 0.549, sensitivity 
was 10.2%, and specificity was 99.7%. Also, the model 
had good discriminatory power (area under the curve 
= 0.830). For a prior probability of infection of 0.05, the 
positive predictive value was 0.6415 and the negative 
predictive value was 0.9547. The spatial projection of 
the model showed lower predicted risk areas in cen-
tral and eastern Andalusia and higher predicted risk 
areas north and south of the region (Figure 3).

Discussion
Although some of the human cases of CCHF in Spain 
could be associated with farm animals, research on 
domestic species is limited (38). Most studies in Spain 
have focused on wild ungulates because of their rel-
evance to CCHFV (24,25), but even so, farm animals 
and their ticks may pose a risk for humans through 
closer contact. By selecting small domestic rumi-
nants, we aimed to identify the areas of greatest risk 
for transmission to persons in contact with them and 
thus complement the risk maps previously obtained 
by using red deer (13). Some of the CCHF patients in 
Spain were animal farmers (38). In the absence of an 
effective vaccine to protect humans against CCHFV 
infections, the only feasible measure to protect the 
population at risk is prevention of tick bites. If risk for 
infection is higher for an animal in a territory, it is also 
higher for a person in that territory because the vi-
rus is transmitted mainly by tick bites to animals and 
humans. The factors that predispose human contact 
with infected ticks or animals will determine the actu-
al risk for CCHFV infection (12), although risk will be 
greater in areas more environmentally favorable for 
virus transmission. Our results provide public health 
authorities with information about which areas of An-
dalusia have the highest risk for CCHFV transmission  

for anyone linked to small ruminant production. That 
information will enable design of better infection sur-
veillance programs in the region, optimizing the re-
sources available for those programs and improving 
the cost:benefit ratio of preventive actions.

Our study is based on a representative subsample 
of small ruminants for the study region. However, we 
did not include other domestic species (cattle, equids) 
or wild ungulates, which are relevant for CCHFV and 
its vectors and could improve the predictive capabili-
ties of the model. In the future, we recommend con-
sidering the full range of species involved in CCHFV 
transmission to improve the accuracy of risk maps. 
In this study we did not corroborate that antibodies 
were specific for CCHFV, which should preferably be 
done by comparative neutralization assays in Biosafety 
Level 4 facilities. However, numerous positive serum 
samples from wild ungulates in the ELISA used were 
confirmed as CCHFV positive by neutralization assays 
against different orthonairoviruses (I. García-Bocaneg-
ra, unpub. data). The manufacturer of the multispecies 
double-antigen ELISA test used confirms 98.9% sensi-
tivity and 100% specificity after testing with a multi-
tude of animal species (29).

In a previous study conducted in 2 areas of An-
dalusia (Córdoba and Cádiz Provinces), and using 
the IDVet double-antigen ELISA, CCHFV seropreva-
lence among domestic ruminants (including cattle, 
sheep, and goats) was 17.9% (38). The inclusion of 
cattle samples makes it difficult to compare report-
ed seroprevalence with our findings because cattle 
host higher burdens of Hyalomma spp. ticks than do 
small domestic ruminants (39) and may thus be more 
prone to CCHFV exposure. That study also found 
higher seroprevalence than the seroprevalence that 
we report for areas of northern Spain, which are less 
favorable areas for Hyalomma spp. ticks (6.8%) (38). 
The higher antibody prevalence most likely results 
from including cattle in the survey. Our results also 
contrast markedly with the high antibody prevalence 
(76%–87%) observed in red deer in western Andalu-
sia (40). Previous studies of small domestic ruminants 
from Africa, Asia, and Europe showed a wide range 
of seroprevalence, 0.4%–74% among sheep and 2.1%–
66% among goats (28). Our results agree with those of 
some studies conducted in the Mediterranean region 
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Table 2. Output of the generalized linear mixed-effects model used to analyze the risk for exposure to Crimean-Congo hemorrhagic 
fever virus* 
Predictor (see Table 1) Estimate SE z p value 
Intercept −5.0337 0.4011 −12.549 <0.001 
Boveq 0.6615 0.2645 2.501 <0.05 
NDVIanu 0.5092 0.2831 1.799 NS 
NDVIvaranu −1.4185 0.4664 −3.041 <0.01 
*NS, not significant at p<0.05; z, statistic. 
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(41,42). The low individual seroprevalence observed 
for animals of both species indicates that sheep and 
goats are of less concern than cattle, horses, or wild-
life for farmers and public health authorities.

Our selected model included horse/cattle density 
as a predictor of CCHFV exposure risk. The lack of 
association between wild ungulate abundance and 
CCHFV exposure risk most likely indicates a low 
rate of interaction with the small domestic ruminant 

farms selected for the study. The rate of interaction 
between wild ungulates and their ticks and small ru-
minants raised on extensive farms that are also used 
for large game hunting is probably higher, perhaps 
leading to a higher risk for exposure to CCHFV. Cattle 
and horses are relevant hosts for H. marginatum ticks 
(6,23,32,41) and may be more abundant than wild 
ungulates in the vicinity of small ruminant farms, so 
their association with CCHFV was not unexpected. 
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Figure 2. Model output charts displaying the effect of the best-fitted model selected variables on the risk of small ruminant exposure to 
Crimean-Congo hemorrhagic fever virus, Andalusia, Spain. Shaded areas indicate 95% CIs. NDVI, normalized difference vegetation index.

Figure 3. Spatial projection of model for risk for exposure of small ruminants to Crimean-Congo hemorrhagic fever virus in Andalusia, 
Spain. The model was projected at a 1 × 1–km spatial resolution. ANP, Los Alcornocales Natural Park; CNP, Sierras de Cazorla, Segura 
y Las Villas Natural Park; DNP, Doñana National Park; GRB, Guadalquivir River basin; SM, Sierra Morena mountain chain.
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Previous studies already described the relevant role 
of farm animals in the risk for exposure to CCHFV 
(24,43). Among domestic animals, global CCHFV 
seroprevalence is second highest among cattle, after 
camels (44). Thus, our findings suggest that a region-
al strategy should perhaps be implemented to better 
control ticks on farm animals. For sheep and goats, 
increasing the frequency of acaricide application may 
result in more effective tick control (41).

The best-fitted model also included 2 abiotic pre-
dictors, NDVI and annual NDVI variance, which 
would probably define the environmental (climatic) 
niche for CCHFV vectors in southern Spain. The distri-
bution of ticks is limited not only by host distribution 
but also by a combination of host presence/abundance 
and environmental favorability (17,45). Ticks occupy 
only a subset of their host range because they undergo 
a large part of their cycle on the ground, where abiotic 
factors determine tick development and survival rates 
(17,32). One of the limiting factors for tick survival and 
activity is moisture level, a determinant of tick abun-
dance and a relevant driver of CCHFV transmission 
risk (13,17). The negative relationship observed be-
tween annual NDVI variance and CCHFV exposure 
risk may suggest that areas with substantial fluctua-
tions in vegetation productivity (e.g., seasonal crop-
lands) are unfavorable for CCHFV vectors, a possibil-
ity that agrees with the low predicted spatial risk in the 
agricultural lands of the Guadalquivir River basin.

The spatial distribution of the farms with seroposi-
tive animals was heterogeneous; most were distrib-
uted south and east of the study region. Because our 
model showed that this distribution was associated 
with some biotic and abiotic factors of the farm neigh-
borhood, we were able to capture the environmental 
niche for small domestic ruminant exposure risk to 
CCHFV. The model projection identified that the areas 
of Andalusia with the highest abundance of wild un-
gulates (mainly red deer, wild boar, and Iberian ibex 
[Capra pyrenaica]) (46) had the highest risk for exposure 
to CCHFV. As previously observed for red deer (13), 
the predictive model not only projects the risk for small 
domestic ruminants but also for other hosts of CCHFV 
vector ticks. The model identified the areas of highest 
risk to be Los Alcornocales Natural Park (Cádiz and 
Málaga Provinces), the area surrounding the Doñana 
National Park (south of Huelva Province), most of the 
Sierra Morena mountain chain, and the Sierras de Ca-
zorla, Segura y Las Villas Natural Park (northeastern 
Jaén Province). Sánchez-Seco et al. (26) found CCHFV-
positive Hyalomma spp. ticks in Los Alcornocales Nat-
ural Park, whereas we detected high CCHFV preva-
lence among ticks and high antibody levels in the wild 

ungulates of Doñana National Park (24) and identified 
Los Alcornocales Natural Park, Doñana National Park, 
and the Sierra Morena mountain chain as high-risk ar-
eas (13,25). Recently, we found that ≈30% of wild boar 
in Sierras de Cazorla, Segura y Las Villas Natural Park 
have antibodies against CCHFV (47). Our risk map 
identifies areas of low and high risk that were identi-
fied on larger spatial resolution on a map generated for 
Spain from a model based on red deer (13). However, 
the limited sensitivity (10.2%) of our model to predict 
the risk for exposure of small domestic ruminants to 
CCHFV prevents us from detecting all areas where 
CCHFV may be circulating among small domestic ru-
minants in Andalusia. Therefore, in the future, it would 
be desirable to base estimates of CCHFV actual distri-
bution in Andalusia on vector population dynamics 
and CCHFV prevalence among the vectors. Compar-
ison of the findings of the small domestic ruminant- 
based model with existing evidence on the prevalence 
of CCHFV infection/exposure and the predictive out-
come of wildlife-based risk models indicates that de-
spite its limited predictive sensitivity and tendency to 
false negatives, our model can capture spatial foci of 
high and low CCHFV risk. Consequently, despite the 
observed limitations, it may constitute a useful tool for 
preventing cases of CCHF in humans. The high speci-
ficity of the model indicates that the identified low-risk 
hotspots are actually zones with low risk for exposure. 
We conclude that modeling of CCHFV exposure risk 
for small domestic ruminants, although at low rates of 
virus exposure, is a useful tool for mapping CCHFV 
transmission risk hotspots and preventing CCHF in 
humans, at least in the study area.
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After the original detection of Zaire Ebola vi-
rus (EBOV; species Orthoebolavirus zairense) in 

Yambuku, Democratic Republic of Congo (DRC), in 
1976, an additional 5 species have been identified: Or-
thoebolavirus sudanense (Sudan virus [SUDV]) in Su-
dan in 1976, Orthoebolavirus restonense (Reston virus 
[RESTV]) in the United States in 1989, Orthoebolavi-
rus taiense (Tai Forest virus [TAFV]) in Cote d’Ivoire 
in 1994, Orthoebolavirus bundibugyoense (Bundibugyo 
virus [BDBV] in Uganda in 2007, and Orthoebola-
virus bombaliense (Bombali virus [BOMV]) in Sierra 

Leone in 2016 (1). EBOV, SUDV, TAFV, and BDBV 
have caused Ebola virus disease (EVD) in humans; 
EBOV has the highest case-fatality rates of up to 90% 
and is responsible for most EVD outbreaks in sub-
Saharan Africa (2,3). Until 2013, EVD was thought to 
be confined to Central Africa (Gabon, DRC, Congo, 
Uganda), and epidemics were limited to hundreds of 
cases at the most and lasted less than a few months 
(2). In West Africa, a sporadic emergence of TAFV in 
chimpanzees of the Taï forest in Cote d’Ivoire caused 
a single nonlethal human case in 1994 (4,5); after that, 
the worst EBOV epidemic occurred in Guinea, Sierra 
Leone, and Liberia during 2013–2016 (6) and resurged 
in Guinea in 2021 (7). The same phenomena of expan-
sion to West Africa can currently be observed with 
Marburg disease, which was detected sporadically in 
Guinea in 2021 (8), Ghana in 2022 (9,10), and, more re-
cently, Equatorial Guinea (11) and Tanzania, whereas 
former outbreaks were limited to Central-South Afri-
ca (Angola, DRC, Kenya, South Africa, Uganda, Zim-
babwe) (12). The spatial expansion of hemorrhagic 
fevers caused by filoviruses in West Africa spotlights 
viral adaptation to a new environment and calls into 
question the role of wildlife and livestock in ebolavi-
rus ecology (13–15). On the basis of molecular and se-
rologic traces of filovirus infection, bats are the most 
commonly suspected wildlife reservoirs (16–22). 
However, only MARV has been successfully isolated 
directly from Egyptian fruit bats (Rousettus aegyptia-
cus) (23). Other isolates from bats are still pending. 
Even by combining wildlife surveys and molecular 
screening of bat and environmental samples, no con-
vincing evidence for a bat origin of the West Africa 
epidemic was confirmed (15).

Sporadic human Ebola infections through contact 
with chimpanzees, gorillas, duikers, and other wild 
mammals have been reported, but the role played by 
domestic animals and livestock as intermediate hosts 
in the maintenance, amplification, and transmission 
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Although pigs are naturally susceptible to Reston virus 
and experimentally to Ebola virus (EBOV), their role in 
Orthoebolavirus ecology remains unknown. We tested 
888 serum samples collected from pigs in Guinea dur-
ing 2017–2019 (between the 2013–16 epidemic and its 
resurgence in 2021) by indirect ELISA against the EBOV 
nucleoprotein. We identified 2 hotspots of possible pig 
exposure by IgG titer levels: the northern coast had 
48.7% of positive serum samples (37/76), and Forest 
Guinea, bordering Sierra Leone and Liberia, where the 
virus emerged and reemerged, had 50% of positive se-
rum samples (98/196). The multitarget Luminex approach 
confirms ELISA results against Ebola nucleoprotein and 
highlights cross-reactivities to glycoprotein of EBOV, 
Reston virus, and Bundibugyo virus. Those results are 
consistent with previous observations of the circulation of 
Orthoebolavirus species in pig farming regions in Sierra 
Leone and Ghana, suggesting potential risk for Ebola vi-
rus disease in humans, especially in Forest Guinea.
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to humans has been poorly explored (13,14,24–27). 
Pigs can act as intermediate amplifying hosts for en-
demic or emerging viruses, leading to disease out-
breaks in humans (e.g., Nipah virus in Malaysia and 
Singapore in the late 1990s) (28). After experimental 
infection, EBOV causes respiratory clinical symptoms 
in piglets and oronasal shedding and transmission 
to cohoused piglets and nonhuman primates (25,29). 
Pigs are also naturally susceptible to RESTV, as dem-
onstrated in the Philippines in 2008 (30), and RESTV-
specific antibodies have been found in healthy work-
ers from pig farms, suggesting possible transmission 
from pigs to humans (30,31). RESTV is thus presumed 
not pathogenic for humans, but its pathogenicity for 
pigs remains unclear (32–34).

In recent years, serologic evidence of circula-
tion of various Ebola virus species in pigs has been 
found in countries in West and East Africa. Studies 
during EVD outbreaks in Uganda (35), Sierra Le-
one (36), and Guinea (37) demonstrated some cross- 
reactivity against nucleoproteins (NPs) of several spe-
cies, such as EBOV-NP, RESTV-NP, and SUDV-NP, 
suggesting possible circulation of different species. 
In Ghana, a country with no known EVD outbreak, 
5/139 pig serum samples reacted against different 
glycoproteins (GPs) of EBOVs: 2 against TAFV-GP, 1 
against EBOV-GP, 1 against RESTV-GP, and 1 against 
Lloviu virus GP (LLOV-GP) (38). In Guinea, which 
was part of the large West Africa outbreak of EVD in 
2013, 19/308 pig serum samples (6.2%) collected in 
the Conakry area were seroreactive to EBOV-NP by 
ELISA. Among those 19 samples, 13 were confirmed 
positive by Western blot analysis against EBOV-NP, 4 
cross-reacted against SUDV-NP, and 13 cross-reacted 
against RESTV-NP (38). That preliminary investiga-
tion in Conakry could be biased by the large pig trade 
attracting animals from other regions to the capital. 
This study has been extended to most pig farming 
areas in the different ecosystems of Guinea, in par-
ticular Forest Guinea in the southeast of the country, 
where the EVD outbreak started and where different 
species, such as BOMBV, have been detected (39). 
The study relies on 888 pig serum samples collected 
during 2017–2019, between the large 2013–2016 EVD 
outbreak and its 2021 resurgence. We screened those 
serum samples using a previously established in-
house ELISA against EBOV-NP and also using the 
multiplex microsphere immunoassay (MMIA) based 
on the Luminex technology (Luminex, https://www.
diasorin.com), which enabled evaluation of serum 
reactivity against several antigens of several species 
of Orthoebolavirus in parallel. Overall, this approach 
enabled us to estimate potential hotspots of pig  

exposure to multiple Orthoebolavirus species in differ-
ent regions of Guinea.

Methods

Study Area, Ethical Approval, and Sampling
During October 2017–June 2019, we collected 888 
domestic pig serum samples from different pigsties 
covering 7 of the 8 administrative regions of Guinea 
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/30/4/23-1034-App1.pdf). The population of 
Guinea is 85% Muslim, so pig farming is mostly found 
in the Christian region of Forest Guinea, where we se-
lected 2 sites: NZérékoré, a large city in Forest Guinea 
with suitable sanitation and access to electricity, and 
Koulé, a small rural village with practices of open 
defecation and the close proximity of pigsties and 
shared water resources. Other pigsties were found 
in the mixed population area along the Conakry- 
Kindia axis and on the northern seashore, where the 
bauxite mining industry attracts foreigners. No sig-
nificant pig raising is performed in the large north-
eastern area. 

For each site, we recorded GPS (Global Position-
ing System) coordinates and noted ecologic condi-
tions of the pigsties (open air or closed), as well as 
the sex, age, and weight of each sampled animal. We 
excluded pregnant or lactating females and piglets 
<3 months of age from the study as specified in the 
protocol (no. 040/CNERS/17) agreed to by the Co-
mité National d’Éthique pour la Recherche en Santé 
of Guinea. We collected blood from the precaval vein 
of randomly selected pigs by using sterile vacutainer 
tubes without anticoagulant and centrifuged at 2,000 
× g for 20 minutes. We stored the resulting serum at 
−20°C in a cold container until it was transported and 
stored at –80°C in the Biobank of the Institut Pasteur 
de Guinée.

Indirect IgG ELISA based on Escherichia coli– 
Produced EBOV Nucleoprotein
We evaluated the seroreactivity of pig serum by an 
in-house indirect IgG ELISA assay targeting the 
EBOV NP produced in Escherichia coli (36,38). Serum 
samples were heat inactivated for 30 minutes at 56°C, 
then diluted at 1:100 and analyzed according to the 
ELISA protocol (36), including negative and positive 
serum controls, as well as the E. coli extract to evalu-
ate nonspecific binding. We monitored the optical 
density (OD) at 405 nm in a Multiskan FC Micro-
plate Photometer (ThermoFisher Scientific, https://
ww.thermofisher.com). We first validated the as-
say to ensure the positive control serum (from a pig  
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immunized with EBOV-like particles) reached a pre-
determined OD405 range of 0.7–0.9. A cut-off OD405 
value of 0.19 with an inconclusive window (0.16–0.19; 
i.e., <0.16 = negative; 0.16–0.19 = inconclusive; >0.19 
= positive) was established as the mean value of cor-
rected ODs plus 3 SDs, as in Fischer et al. (38). We 
tested serum samples >2× to provide a final conclu-
sion in terms of reactivity against EBOV-NP (EBOV 
strain Mayinga, Zaire, 1976) (36).

Multiplex Microsphere Immunoassay  
with Filovirus 4-Plex
We used a previously published MMIA adapted for 
pig serum (21,40) to determine the presence of IgG 
against different antigens of orthoebolaviruses. Each 
of 4 color-coded magnetic bead sets (Bio-Plex ProTM 
Magnetic COOH Beads; Bio-Rad, https://www.
bio-rad.com) was coupled at room temperature to 
a specific Orthoebolavirus antigen through carbox-
ylate amine bonds using the Bio-Plex Amine Cou-
pling Kit (Bio-Rad). The 4 antigens were EBOV-NP 
produced in E. coli and EBOV-GP, BDBV-GP (both 
Sino Biological, https://www.sinobiological.com), 
and RESTV-GP (IBT Bioservices, https://www.ibtbi-
oservices.com) produced in Sf9 cells. EBOV-NP cor-
responds to EBOV strain Mayinga, 1976 (Gentaur, 
#544-MBS1206629), EBOV-GP to EBOV strain May-
inga, 1976 (Sino Biologic, #40304-V08B1), BDBV-GP 
to BDBV strain Uganda, 2007 (Sino Biologic, #40368-
V08B), and RESTV-GP to RESTV strain Philippines, 
1996 (Gentaur, #494–0504–015). 

We diluted heat-inactivated serum samples at 
1:400 in 50 μL of assay buffer (phosphate-buffered 
saline, 1% bovine serum albumin solution, 0.05% 
Tween-20) mixed with the antigen-coated bead sets 
(≈1,250 beads of each type) and placed them in the 
Bio-Plex Pro flat-bottom well of the MIA plate (Bio-
Rad) and protected them from light. After 30 min 
incubation at room temperature with shaking at 700 
rpm, we washed the plate 3 times with the wash-
ing solution (phosphate-buffered saline, 0.05% 
Tween-20). After washing, we added 50 μL of a sec-
ondary biotinylated goat antiswine IgG (Jackson 
ImmunoResearch, https://www.jacksonimmuno.
com) at 4 μg/mL in assay buffer to each well and 
incubated at room temperature on an orbital shaker 
for 30 minutes at 700 rpm in the dark. After wash-
ing 3 times, we incubated the beads for 10 minutes 
at 700 rpm in the dark with 50 μL of Streptavidin-R-
Phycoerythrin (ThermoFisher Scientific) diluted to 
2 μg/mL in assay buffer. After 3 additional wash-
ing steps, we resuspended the beads in 100 μL of 
xMAP assay buffer (Bio-Rad) and agitated for 2 

min at 1,100 rpm in the dark. We performed mea-
surements using a Magpix instrument (Luminex). 
We measured fluorescence intensity and bead color 
coding by dual lasers at 2 different wavelengths: 
635 nm to identify the microsphere particle and 
532 nm to excite the Streptavidin-R-Phycoerythrin 
reporter dye. At least 100 events were read for each 
bead set, and binding events were displayed as 
mean fluorescence intensities (MFI). For each sam-
ple, we calculated MFI from >50 beads bearing the 
same antigen.

Quantitative Reverse Transcription PCR
We performed EBOV genome detection in the serum 
of pigs from sites with significantly higher seroreac-
tivity. We carried out nucleic acid extraction using 
an ID Gene Mag Fast Extraction Kit and IDEAL 32 
extraction robot (Innovative Diagnostics, https://
www.innovativediagnostics.com). We performed 
EBOV genome detection on 10 μL of extracted RNA 
using the RealStar Filovirus Screen quantitative re-
verse transcription PCR Kit 1.0 (Altona Diagnostics, 
https://altona-diagnostics.com), according to manu-
facturer protocols. We interpreted samples with cycle 
threshold (Ct) >40 and a positive internal control as 
EBOV-negative and samples with Ct >0 and <40 as 
EBOV-positive.

Statistical Analysis
We used the Pearson χ2 test to determine whether 
there was any association between EBOV serology 
results (i.e., number of positive pig serum samples) 
and 3 variables (sex, age, and sampling site) by as-
suming that the grouping variable and outcome are 
independent. Then, we estimated the strength of the 
association from a univariate logistic regression mod-
el using only dichotomous ELISA status of pig serum 
(1 = positive; 0 = negative) and excluding inconclu-
sive serum samples from the ELISA data (n = 45). We 
built the generalized linear models under the form: 
“OD (numeric) ~ term (linear predictor for response)” 
(“ELISA ~ sex,” or “ELISA ~ age,” or “ELISA ~ sam-
pling site”) to obtain the odds ratio (OR) of positive 
versus negative pigs in function of sex, age, and site. 
The OR’s interpretation of the classes is made rela-
tive to the reference (Table). In this study, the refer-
ence classes were female, 3–6 years old, and Conakry. 
We considered p values of <0.05 to be statistically 
significant, meaning the true odds ratio of the overall 
population was within range of the 95% CI (1 – α). 
We performed all data analyses using RStudio ver-
sion 2022.07.2 and plotted maps using SimpleMaps 
(https://simplemaps.com).
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We calculated the median MFI signal for each anti-
gen and represented it by a thick horizontal bar in the 
graphs. We determined the relationship between the 
2 variables by estimating the Spearman coefficient of 
rank correlation (ρ: number between −1 and 1; no nor-
mal distribution of variables) with a 95% CI and repre-
sented it graphically by a scatter diagram (Figure 1). A 
p value <0.05 means the correlation coefficient is statis-
tically significant. We constructed graphs (Figures 1, 2) 
and performed statistical analyses using MedCalc Sta-
tistical Software version 20.215 for Windows (MedCalc 
Software, https://www.medcalc.org).

Results

In-House ELISA to Recognize EBOV-NP in Pig Serum 
Of the 888 pig serum samples tested by EBOV-NP 
protein ELISA, a similar number were from male (n 
= 448) and female (n = 440) animals (Table). A total 
of 223 samples (25.11%) were ELISA-positive, and 
no significant difference was found between sexes: 
114/440 (25.91%) female and 109/448 (24.33%) male 
(χ2 = 1.866; p>0.05). The absence of an association 
with gender was supported by the estimated OR 0.94 
(95% CI 0.69–1.28; p = 0.3934). The mean age of the 
pigs was 8 months and median was 6 months. In the 
3–6-month age group, 24.69% of serum samples were 
reactive; 29.43% of serum samples in the 7–12-month 
age class were reactive, and 16.38% of serum samples 
in the >13 months age class were reactive. The esti-
mated OR between age classes 3–6 months and 7–12 
months was 1.2 (95% CI 0.89−1.72), which is not sig-
nificant (p = 0.215).

Seroreactivity for 12 collection sites showed sub-
stantial variations, ranging from 0% to 83.7% (Table). 
Overall, the lower class (0%–20%) of seroreactivity in-
cluded the greater Conakry area (Coyah 10.7%, Cona-
kry 7.6%, Dubreka 5.9%, and Forecariah 0%) and 2 
more distant sites, in middle Guinea (Dalaba 6.7%; 
only 15 serum samples collected) and Kissidougou 
(7.5%) in the southern part of the country (Figure 3, 
panel A). In that group, no site demonstrated signifi-
cantly different risk for seroreactivity than Conakry 
(Dubreka OR = 0.82, Coyah = 0.49, Forecariah = ≈0, 
Dalaba = 0.88, and Kissidougou = 1.01; p>0.05). That 
finding was in contrast to the second class of serore-
activity (20%–40%), which included Kindia (32.1%), a 
main stopover for livestock drivers before the capital 
area, Boké (37.9%) in the northwest, and Guéckédou 
(34.6%) in the southeast; OR values were 6.8 (Kin-
dria), 7.6 (Boké), and 11.2 (Guéckédou), indicating 
significantly higher seroreactivity than for Conakry 
(p<0.001). The group demonstrating the highest se-
roreactivity rate (>40%), corresponded to the furthest 
sites from Conakry: Boffa (55.32%) in the northwest 
part of Guinea, Nzérékoré (40.5%), and Koulé (83.7%) 
in the southeast part of Guinea. The estimated OR 
values were significant for all those sites (p<0.001), 
reaching 88.2 for Koulé in Forest Guinea. The geo-
graphic contrast in terms of seroreactivity was also 
mirrored in the distribution of OD values; the peak 
corresponded to southeastern sites and the trough to 
the Conakry area (Figure 3, panel B). The OD values 
were particularity high in Forest Guinea, where some 
pig serum samples exceeded the positive control 
OD value, suggesting a seroreactivity to EBOV or to  
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Table. Seroreactivity to EBOV-NP IgG and risk factors of exposure to EBOV in domestic pig population, Guinea, 2017–2019* 

Variable Class Total 
EBOV-NP IgG seroreactivity 

 
Risk factors 

Positive Negative Inconclusive OR (95% CI) p value 
Sex F† 440 114 (25.91) 308 (70) 18 (4.09)  NA NA 

M 448 109 (24.33) 312 (69.64) 27 (6.03)  0.94 (0.69–1.28) 0.712 
Age, mo 3–6† 490 121 (24.69) 338 (68.98) 31 (6.33)  NA NA 

7–12 282 83 (29.43) 188 (66.67) 11 (3.90)  1.23 (0.89–1.72) 0.215 
>13 116 19 (16.38) 94 (81.03) 3 (2.59)  0.56 (0.33–0.96) <0.05 

Sites Boké 29 11 (37.93) 12 (41.38) 6 (20.69)  11.23 (3.25–46.58) <0.001 
Boffa 47 26 (55.32) 21 (44.68) 0  15.17 (5.16–56.35) <0.001 

Dubreka 85 5 (5.88) 75 (88.24) 5 (5.88)  0.82 (0.21–3.44) 0.77 
Conakry† 53 4 (7.55) 49 (92.45) 0  NA NA 

Coyah 169 18 (10.65) 148 (87.57) 3 (1.78)  1.49 (0.52–5.34) 0.49 
Forecariah 41 0 41 (100) 0  0  0.98 

Kindia 84 27 (32.14) 49 (58.33) 8 (9.52)  6.75 (2.42–24.11) <0.001 
Dalaba 15 1 (6.67) 14 (93.33) 0  0.88 (0.04–6.53) 0.91 

Kissidougou 94 7 (7.45) 85 (90.43) 2 (2.13)  1.01 (0.29–4.01) 0.99 
Guéckédou 75 26 (34.67) 42 (56) 7 (9.33)  7.58 (2.69–27.26) <0.001 

Koulé 43 36 (83.72) 5 (11.63) 2 (4.65)  88.20 (24.79–408.7) <0.001 
Nzérékoré 153 62 (40.52) 79 (51.63) 12 (7.84)  9.61 (3.67–33.09) <0.001 

Total 
 

888 223 (25.11) 620 (69.82) 45 (5.07)  
  

*Values are no. (%) except as indicated. EBOV, Zaire Ebola virus; NA, not applicable; OR, odds ratio. 
†Indicates the reference level for 3 categorical variables (sex, age, and region).  
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another EBOV species by cross-reactivity for the pig 
population in this region. 

We tried to detect EBOV genome in 431 serum sam-
ples from the sites with significantly higher seroreactiv-
ity using the RealStar Filovirus Screen RT-PCR kit 1.0 
(Altona Diagnostics). No positive serum was obtained 
from Boké (n = 29), Boffa (n = 47), Kindia (n = 84), Guéck-
édou (n = 75), Koulé (n = 43), or Nzérékoré (n = 153).

MMIA
We also tested pig serum samples using MMIA tech-
nology at 1:400 dilution in comparison to the ELISA 

technology. Under boxplot presentation, the ELISA 
results expressed in OD values (Figure 4, panel A) 
and the MMIA results expressed in MFI values dis-
tribution (Figure 4, panel B) showed the same global 
mean tendency across the collection sites, indicating a 
good correlation between the 2 technologies. Of note, 
we observed high reactivity in Forest Guinea, particu-
larly in Koulé.

To better evaluate the correlation between ELISA 
(OD values) and MMIA (MFI values), we constructed 
scatter plots using the data of all testing sites in Guin-
ea (Figure 1, panel A), those of the northern coast in 
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Figure 1. Correlation of 
indirect ELISA and multiplex 
microsphere immunoassay 
for EBOV-NP in study of 
geographic disparity in domestic 
pig population exposure 
to Ebola viruses, Guinea, 
2017–2019. Scatter plots of MFI 
values obtained by multiplex 
microsphere immunoassay 
and OD values at 405 nm (OD 
405) obtained by ELISA for pig 
serum samples are shown for 
all testing sites in Guinea (n = 
882) (A), the northern coast (n = 
75) (B), and the Forest Guinea 
(n = 196) (C). Black dashed 
lines represent reduced major 
axis lines; ρ indicates Spearman 
coefficient of rank correlation. 
Black dots on map indicate 
study location as detailed in 
Figure 3. EBOV, Zaire Ebola 
virus; MFI, mean fluorescence 
intensities; NP, nucleoprotein; 
OD, optical density.
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the Maritime Guinea region (Boké, Boffa) (Figure 1, 
panel B), and data from Forest Guinea (Nzérékoré and 
Koulé) (Figure 1, panel C). When looking at all test-
ing sites together (Figure 1, panel A), the 3 subgroups 
(negative, positive, and inconclusive) defined by the 
ELISA assay were not distinguishable by MFI values; 
the regression line tended to horizontal, and the global 
correlation coefficient was weak (n = 882, ρ = 0.329). 
The northern coast panel (Figure 1, panel B) showed a 
better correlation between both immunoassays (n = 75, 
ρ = 0.445). Finally, the highest correlation, at ≈2 times 
more than all testing sites in Guinea, was observed in 
Forest Guinea (n = 196, ρ = 0.654), where more positive 
serum samples clustered on the top right and negative 
serum samples clustered on the bottom left.

To further evaluate the specificity of the pig se-
rum, we performed a multiplex analysis against the 
GPs of 3 Orthoebolavirus species: EBOV, BDBV, and 
RESTV. We compared the GP MFI distributions of 
all sites in Guinea, the northern coast, and Forest 
Guinea (Figure 2). Independent of the sample size or 
location, the median values of EBOV-GP (MFI 5,571) 
and BDBV-GP (MFI 6,674) were relatively close, sup-
porting cross-reactivity between the different GPs 
as outlined by their amino-acid sequence identity of 

70% (41). The median values of the RESTV-GP (MFI 
913) were lower according to its amino acid sequence 
identity of only 58% with EBOV-GP (41,42). In addi-
tion, the reactivity against RESTV-GP of samples from 
Forest Guinea was clearly and significant higher (MFI 
2,213) than that of samples from the northern coast 
(MFI 661) (p<0.0001 by Kolmogorov-Smirnov test).

Discussion 
This study not only reinforces findings from previous 
studies regarding exposure of pigs to Orthoebolavirus 
species in Central and West Africa (36,37) but also 
sheds new light on the definition of potential regions 
at risk in Guinea. Although previous work demon-
strated seroreactivity to EBOV-NP in 6.2% (19/308) 
of pig serum samples in pigsties around Conakry 
(38), by expanding data collection to 888 pig serum 
samples across Guinea, we demonstrated an overall 
seroreactivity of 25% (221/888) (i.e., 4× higher). Our 
collection from 12 different sites in Guinea covered 
most of the country’s terrestrial ecosystems, from the 
ocean mangrove and swamp forest along the Atlantic 
littoral zone up to the evergreen and semideciduous 
rainforests in Forest Guinea (43). We only excluded 
the northeast part of Guinea from our investigation 
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Figure 2. Pig serum samples tested by multiplex microsphere immunoassay against GP recombinant proteins of different 
Orthoebolavirus species in study of geographic disparity in domestic pig population exposure to Ebola viruses, Guinea, 2017–2019. 
MFI values of pig serum against EBOV, BDBV, and RESTV-GPs are shown for all testing sites in Guinea (gray), the northern coast 
(blue), and the Forest Guinea (orange), corresponding to locations on the map at right. Table outlines the Spearman coefficient of rank 
correlation (ρ) values between the species EBOV and each of the 2 species BDBV and RESTV. The associated p value was <0.0001 
in all cases. Black dots on map indicate study location as detailed in Figure 3. BDBV, Bundibugyo virus; EBOV, Zaire Ebola virus; GP, 
glycoprotein; MFI, mean fluorescence intensities; RESTV, Reston virus.



Disparities in Pig Exposure to Ebola Viruses

because of the lower rates of pig farming in that re-
gion. We observed geographic disparities in orthoe-
bolavirus exposure in pigs, regardless of sex and age.

The 2 hotspots of EBOV exposure for pigs were 
observed in pigsties with roof and outside openings 
in rural regions. However, the hotspots differed in 
ecologic conditions: 1 was in the ocean mangrove on 
the North Coast and 1 was in the mountain highlands 
of Forest Guinea where biodiversity is high. That dif-
ferent ecosystem might influence the exposure of pigs 
to orthoebolaviruses and explain the higher OD val-
ues in Koulé in Forest Guinea using either ELISA or 
MMIA technology.

We found a significant correlation between the 2 
technologies for EBOV-NP detection, which was es-

pecially high in Forest Guinea (ρ = ≈0.7). In addition, 
multiplexing using the more specific GP proteins al-
lowed us to compare 3 Orthoebolavirus species. The 
MMIA assay showed similar reaction patterns against 
EBOV-GP and BDBV-GP independent of the sampling 
location (44,45). However, reactivity to RESTV-GP 
was clearly higher in the southeast in Forest Guinea 
and less reactive in the northwest coastal region. That 
result is consistent with a previous study in Sierra Le-
one in which a pig only reacted with RESTV-NP (36). 
This similar finding between neighboring countries 
where pigs live in a bush habitat with probable wild-
life contact suggests exposure to a different uniden-
tified Orthoebolavirus species with possible zoonotic 
or pathogenic potential. BOMV recently discovered 
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Figure 3. Disparity in seroreactivity 
to Zaire Ebola virus (EBOV) in 
pig farming regions, Guinea, 
2017–2019. A) Spatial distribution 
of seroreactivity: lower class, 
0%–20% seroreactivity; middle class, 
20%–40% seroreactivity; and higher 
class, >40% seroreactivity. Numbers 
on map and in panel B key indicate 
testing sites: 1, Boké; 2, Boffa; 3, 
Dubreka; 4, Conakry; 5, Coyah; 6, 
Forecariah; 7, Kindia; 8, Dalaba; 
9, Kissidougou; 10, Guéckédou; 
11, Koulé; 12, Nzérékoré. B) Plot 
distribution of OD values of the 888 
serum samples tested by ELISA 
against EBOV nucleoprotein. Solid 
black circle at right top represents 
the OD value of the serum from a pig 
immunized with EBOV-like particles 
(OD 0.8). Dashed line represents the 
cutoff value of the assay (0.19). OD, 
optical density.



RESEARCH

in insectivorous bats in both countries could be sus-
pected to be phylogenetically positioned between 
RESTV and EBOV (22,46). Its detection in Nzérékoré 
in March 2019 occurred just before our campaign in 
Forest Guinea in June 2019. It should be noted that 
no positive pig serum was detected by RT-PCR using 
the RealStar Filovirus Screen RT-PCR kit 1.0, which is, 
however, unable to detect BOMV.

Overall, our study further emphasizes the need to 
deepen monitoring in areas of high seroprevalence in 
pigs and further evaluate filovirus pathogenicity for 
pigs and human. It would be key to conduct a joint 
investigation in humans, particularly in populations 
at risk (e.g., farmers, veterinarians, slaughterhouse 
workers), and to provide information about the risks 
of consuming undercooked pork products, which 

would be helpful for many pathogens (hepatitis E vi-
rus, Nipah virus, influenza A virus). The limitations 
of free-range pig husbandry and open sanitation in 
villages might also be considered to avoid pig expo-
sure to EBOV from human shedding. In this study, 
however, a direct link with EBOV circulating in hu-
mans during the 2014–16 epidemic is highly improb-
able because sampling began at the end of 2017 (i.e., 
1.5 years after the end of the epidemic) and most pigs 
tested were <1 year of age. Finally, in the One Health 
context, exploring the relevance of the specific eco-
logic surrounding of ocean mangrove or rainy forest 
is key. Bats have long been considered the most likely 
suspects, but more attention must be paid to perido-
mestic micromammals, such as rodents, which could 
serve as links between the village where they find 
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Figure 4. Comparison between 
results of indirect ELISA 
and multiplex microsphere 
immunoassay for EBOV-NP in 
study of geographic disparity 
in domestic pig population 
exposure to Ebola viruses, 
Guinea, 2017–2019. A) Boxplot 
of OD values at 405 nm (OD405) 
obtained by ELISA by site (n = 
888 pig serum samples).  
B) Boxplot of MFI values 
obtained by multiplex 
microsphere immunoassay 
(n = 882 pig serum samples). 
Locations in key correspond  
to locations on map in Figure 3. 
EBOV, Zaire Ebola virus;  
MFI, mean fluorescence 
intensities; NP, nucleoprotein; 
OD, optical density.
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subsistence and wildlife in the forest. Pigs might be 
infected by their contaminated urine and feces. One 
experimental study has shown mutations associated 
with Orthoebolavirus adaptation to rodents (47). Inves-
tigating zoonotic Orthoebolavirus infection in rodents, 
as well as in pig populations at a local level to evaluate 
the potential risk of human exposure would be key. 
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Salmonella enterica serovar Abortusovis is a host-
restricted pathogen of sheep that causes invasive 

disease and spontaneous abortion (1–3). Transmission  
is thought to be limited to sheep; however, early stud-
ies identified other potential carriers (4). Because Sal-
monella Abortusovis is relatively rare, only a handful 
of studies have examined the molecular underpinning 

of its virulence. Other studies identified astA, sodC1, 
and sseI genes as virulence factors for invasive disease 
in lambs (5), and a mouse systemic infection model 
identified the spv toxin encoded on a plasmid as essen-
tial for virulence (6,7).

Previous examination of Salmonella Abortusovis 
epidemiology has exclusively relied on nongenomic 
molecular methods (8–11). Pulse-field gel electropho-
resis (PFGE) and insertion sequence 200 fingerprint-
ing have been used to identify clonal lineages in geo-
graphically distinct regions in Italy, Spain, Iran, and 
Switzerland (3,10–13). Cases and outbreaks in sheep 
have been described in several countries including 
Spain, Croatia, Switzerland, and Italy (8–10). How-
ever, the incidence of Salmonella Abortusovis animal 
infections in those and other countries is estimated to 
be underreported (9).

Salmonella Abortusovis is a reportable disease in 
sheep in Australia. Before 2009, the bacterium had not 
been reported in any animal (14). However, in 2009, 
Salmonella Abortusovis was detected in commercial 
poultry flocks in Australia (15) and was the second 
most common serovar in meat chickens in the country 
in 2016 (16). We examined the sudden emergence and 
proliferation of this serovar in poultry and humans in 
New South Wales (NSW), Australia, to investigate its 
evolution and implications to public health.

Methods

Isolate Sources and Metadata 
We analyzed genomes and metadata of 56 Salmonella  
Abortusovis isolates (Table 1; Figure 1). Of those 
isolates, 51 were from Australia, 47 of which we se-
quenced in this study. Poultry isolates from Australia 
were collected during 2013–2019 and were divided 
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Salmonella enterica serovar Abortusovis is an ovine-
adapted pathogen that causes spontaneous abortion. 
Salmonella Abortusovis was reported in poultry in 2009 
and has since been reported in human infections in New 
South Wales, Australia. Phylogenomic analysis revealed 
a clade of 51 closely related isolates from Australia origi-
nating in 2004. That clade was genetically distinct from 
ovine-associated isolates. The clade was widespread in 
New South Wales poultry production facilities but was 
only responsible for sporadic human infections. Some 
known virulence factors associated with human infec-
tions were only found in the poultry-associated clade, 
some of which were acquired through prophages and 
plasmids. Furthermore, the ovine-associated clade 
showed signs of genome decay, but the poultry-associat-
ed clade did not. Those genomic changes most likely led 
to differences in host range and disease type. Surveil-
lance using the newly identified genetic markers will be 
vital for tracking Salmonella Abortusovis transmission in 
animals and to humans and preventing future outbreaks.
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into region A meat chickens (25 isolates), region B 
meat chickens (8 isolates), and egg-laying hens (6 iso-
lates). Of the 33 isolates from regions A and B, 4 were 
from feed ingredients, 20 were from 10 farms in re-
gion A, and 8 were from 7 farms in region B. Multiple 
isolates were sampled from 5 region A farms and 1 
region B farm. Human clinical isolates were collected 
during 2018–2020.

Sequencing and Assembly
We assembled draft genomes for all 47 isolates se-
quenced in this study and assembled complete ge-
nomes for 4 isolates (Table 1; Appendix 1, https://
wwwnc.cdc.gov/EID/article/30/4/23-0958-App1.
pdf; Appendix 2 Table 1, https://wwwnc.cdc.gov/
EID/article/30/4/23-0958-App2.xlsx). We submit-
ted all raw sequencing data to the National Center for 
Biotechnology Information BioProject database (no. 
PRJNA993380).

Phylogenetic Analyses
We used the complete genome of strain 180121-R1 as 
the reference because it was the earliest representative  

of the poultry-associated clade isolate in Austra-
lia. We used Snippy version 4.6.0 (17) to call single- 
nucleotide polymorphisms (SNPs) for both assemblies 
and read sets and to generate core SNP alignments. 
We used the core SNP alignment as an input to custom 
Python scripts (https://github.com/mjohnpayne/ 
Aus_Abortusovis) to perform pairwise distance analysis.  
Then we used IQ-TREE versions 2.0.3 (18) with default 
settings to generate a phylogeny for all 56 genomes. 
We generated a multilocus sequence typing (MLST)–
based phylogeny from all sequence types (STs) within 
5 alleles of ST768 and visualized all phylogenies by us-
ing iTOL (19) (Appendix 1).

Bayesian Analysis
We used BEAST version 2.6.3 (20) and 10,000,000 
Markov chain Monte Carlo chain length to perform 
Bayesian phylogenetic reconstruction. A general time- 
reversible site model with a strict clock and coalescent 
constant population had the best effective sample size 
across 3 replicates, and we used that model to pro-
vide estimates of the most recent common ancestor 
(MRCA) date and evolutionary rate (Appendix 1).

Pan-Genome Analysis
We identified clade-specific genes by running roary 
version 3.13.0 (21) and default settings to define the 
pan-genome, and scoary version 1.6.16 (22) and de-
fault settings to identify clade-specific genes. We veri-
fied genes that were >80% sensitive and 100% specific 
for 1 clade by using KMA version 1.3.17 (23) and de-
fault settings to detect genes that were called absent 
because of assembly or annotation issues. We deter-
mined the presence of intact phages and plasmids in 
draft genomes by using KMA version 1.3.17 and de-
fault settings to search raw read data for phages and 
plasmids that were identified in complete assemblies.

Pseudogene and Genome Size Analysis
We used pseudofinder version 1.1 and default settings 
and a database of all uniprot protein sequences from 
Salmonella strains to detect pseudogenes (24). To com-
pare genome size between the 2 Salmonella Abortuso-
vis clades and exclude plasmids, we used the draft 
genome of isolate 405580-R1 to represent the poultry-
associated clade because it lacks plasmids in the com-
plete genome assembly. Similarly, the draft genome 
of ERR230420 appears to lack the pSLT-like plasmid 
likely found in the ovine-associated clade. We used 
draft genomes because the ovine-associated clade 
does not contain a complete genome for comparison 
and repetitive elements are often not assembled us-
ing Illumina (https://www.illumina.com) data. An 
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Table 1. Characteristics of isolates used in a study of the 
emergence of poultry-associated human Salmonella enterica 
serovar Abortusovis infections, New South Wales, Australia* 

Country 
Bacterial 
source 

Data 
source 

No. 
isolates Data type† 

Australia Poultry This study 39 Illumina reads 
Australia Clinical This study 8 Illumina reads 
Australia Clinical NCBI 4 Assembly 
Italy Ovine NCBI 1 Assembly 
France Unknown NCBI 1 Illumina reads 
Unknown Unknown NCBI 3 Illumina reads 
*NCBI, National Center for Biotechnology Information 
(https://www.ncbi.nlm.nih.gov). 
†Illumina (https://www.illumina.com). 

 

Figure 1. Temporal and geographic distribution of isolates in a 
study of the emergence of poultry-associated human Salmonella 
enterica serovar Abortusovis infections, New South Wales, 
Australia. Colors represent the region of isolation, isolates from 
human cases, and publicly available genomes.
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isolate or isolate DNA was not readily available to 
generate a complete genome for the ovine-associated 
clade for this study.

Virulence Factor Identification
We searched all assemblies by using ABRicate ver-
sion 1.0.1, the virulence factor database (VFDB), and 
plasmidfinder gene database by using mincov and 
minid set to 80 (25–27). We validated ABRicate results 
by using KMA version 1.3.17 for raw read mapping 
(Appendix 1). We used PHASTEST to identify pro-
phages in complete genomes (28). We used the same 
datasets and approach used in a previous study to 
identify and select Salmonella Abortusovis–specific 
gene markers (29) (Appendix 1).

Results

Distinct Poultry-Associated Clade
Phylogenetic analysis of the 56 isolates included in 
the study demonstrated that the 47 poultry and hu-
man clinical isolates from Australia represent a dis-
tinct poultry-associated clade that is at least 22,785 
SNPs distant from the 9 Salmonella Abortusovis 
isolates from elsewhere, which formed an ovine-
associated clade (Figure 2). The maximum pairwise 
SNP distance between isolates from Australia was 
only 42. Within the poultry-associated clade, we 
detected 2 subclades, 1 (subclade 1) containing 17 
isolates and 1 (subclade 2) containing 34 isolates. 
Both subclades contained poultry isolates from re-
gions A and B and human clinical isolates. Isolates 
from layer chickens were limited to a single lineage 
within subclade 2 and were not closely related to 
any human clinical isolates.

We also collected detailed source information 
that enabled a thorough examination of isolates at the 
farm level (Appendix 2 Table 2). We identified Salmo-
nella Abortusovis in 2 feed ingredients, subclade 1 in 
canola and subclade 2 in blood meal, and in breeder 
hens that were progenitors of broiler chickens, sug-
gesting possible modes of transmission. Among 17 
farms, 6 had >1 isolate collected, 5 region A farms 
and 1 region B farm. Of note, 1 farm, A-4, contained 
isolates from both subclades 1 and 2, suggesting mul-
tiple introduction events (Figure 2). By contrast, all 
other farms contained isolates from only 1 subclade, 
and some were closely related across multiple years 
(i.e., farm B-6) suggesting long-term colonization by 
a single strain.

Because the poultry-associated clade was distant 
from other S. enterica Abortusovis strains, we exam-
ined the relationship of that clade to other serovars 

by using MLST. We located 5 additional Salmonella 
Abortusovis isolates in Enterobase (30). Those iso-
lates had STs assigned but lacked genomic data, 
including 1 ovine isolate from Denmark (ST730) in 
1920 and 1 from Italy (ST202) in 1980, plus 1 avian 
isolate from Australia in 2009 (ST786). We found 
that isolates from outside Australia that had ge-
nomic data were assigned to ST373 (6 isolates) and 
ST8760 (1 isolate). The ST assigned to the 2009 iso-
late from Australia, ST768, was also assigned to all 
isolates in the poultry-associated clade in this study. 
We identified all STs that were similar to ST768 and 
generated a phylogeny from MLST allele sequenc-
es. That phylogeny demonstrated that the poultry- 
associated clade was more closely related to the 
ovine-associated Salmonella Abortusovis clade than 
to any other serovars (Figure 3).

Estimation of MRCA for the Poultry-Associated Clade
Salmonella Abortusovis was observed in poultry in 
Australia beginning in 2009. We estimated the age of 
the poultry-associated clade by using temporal Bayes-
ian analysis to determine whether that was the origin 
of the clade, or the clade was older. We estimated the 
date of the MRCA of the poultry-associated clade to 
be September 2004 (highest posterior density October 
1998–August 2009) with a mutation rate of 2.43 × 10−7 
(highest posterior density 1.55 to 3.28 × 10−7) SNPs/
site/year, equivalent to 1.19 (range 0.76–1.61) SNPs/
genome/year.

Plasmids in the Poultry-Associated Clade
To characterize the plasmid complement of the 
poultry-associated clade, we generated complete ge-
nomes, including closed plasmid sequences for 4 iso-
lates: 180121-R1, 401964-R1, 405987-R1, and 405580-
R1 (Table 2). We found that 405580-R1 carried no 
plasmids, but 180121-R1 and 401964-R1 contained 
the same 139-kb plasmid (pSAbAus), which carried 
the Yersinia high pathogenicity island (HPI) encoding 
yersiniabactin, a vertebrate lysozyme inhibitor (ivy), 
and a colicin secretion protein (cvaA). Isolate 405987-
R1 carried a 60-kb plasmid that is identical to pSA-
bAus with a 79-kb deletion, which included the HPI, 
ivy, and cvaA loci. Isolate 401964-R1 also carried an 
additional 33-kb plasmid that is identical to pRHB32-
C15_3 (GenBank accession no. CP057236.1) apart 
from 12 SNPs. Plasmid pRHB32-C15_3 was isolated 
from an Escherichia coli isolate on a sheep farm in the 
United Kingdom in 2017. We identified plasmid Inc 
types in all genomes and identified IncFIB(K)_1_Kpn3 
in 45 genomes and on the 139-kb and 60-kb plasmids 
in complete genomes.
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Figure 2. Phylogenetic relationships of isolates and associated metadata in a study of the emergence of poultry-associated human Salmonella 
enterica serovar Abortusovis infections, New South Wales, Australia. A maximum-likelihood phylogeny of all 56 isolates including subclade 
annotation and relevant metadata. Branches colors indicate subclades 1 (blue) and 2 (green) and bootstrap support values are indicated at 
tree nodes. Branch lengths for 5 international isolates were shortened for clarity (dashed lines). Red dots indicate complete genomes. Colors 
in columns indicate host species, source type, source details, year of isolation, and presence or absence of virulence genes. Virulence genes 
were predicted by using abricate (https://github.com/tseemann/abricate), KMA (23), and VFDB (25): a) pSAbAus; b) yersinia HPI (11 genes); 
c)  ivy; d) cvaA; e) cdtB; f) cfaB; g) stfF; h) hdeB; i) eutEJGHABCLKR; j) astA; k) sodCI; l) ompN; m) hcp1; n) pSLT-like plasmid; o) spv toxin (3 
genes); p) Fimbriae klf/fae (6 genes). *Some virulence genes or islands have the same presence and absence pattern in all genes; those data 
are collapsed into 1 column and the number of genes are indicated in parentheses in the list. Inconclusive gene presence was assigned when 
only KMA identified the gene and it had <20% of the normalized genome coverage. H, host species; S, source; SD, source details; Y, year.
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We examined draft genomes of the remaining iso-
lates for plasmids that we had identified in the complete 
genomes, and only detected pSAbAus in the poultry-
associated clade. We found the complete plasmid in 42 
isolates, including 2 complete genomes, and it was par-
tially extant in 2 isolates, including 405987-R1, but was 
absent from 7 isolates, including 405580-R1 (Figure 2). 
We detected the pRHB32-C15_3 plasmid in 13 poultry-
associated clade isolates (Appendix 2 Table 3).

Three genomes in the ovine-associated clade 
contained an IncFII(S)_1 gene and Spv toxin en-
coding genes spvC, spvD, and spvR, which are typi-
cal of Salmonella virulence plasmids, such as pSLT 
from Salmonella Typhimurium. Those 3 strains also 
contained regions 35,184–38,729 bp in length that 
match to the pSLT plasmid at >97% identity. Taken 
together, those findings show that the 3 strains like-
ly contain a Salmonella virulence plasmid. However, 
determining the makeup of that plasmid is difficult 
because no complete genomes were available in the 
ovine-associated clade. We did not observe any evi-
dence of a classical virulence plasmid in the other 2 
strains in the ovine-associated clade or the poultry-
associated clade.

Prophage Variation within the Poultry-Associated Clade
We identified prophage complements of poultry- 
associated clade isolates in the 4 complete genomes and 
identified 6 intact prophages and 1 questionable pro-
phage (Table 3). We used the intact prophages to infer 
the prophage complement of isolates without complete 
genomes (Table 3; Appendix 2 Table 3). Of those isolates, 
Gifsy-2 was in all isolates from the poultry-associated 
clade and was the only prophage carrying a virulence 
factor, cytolethal distending toxin gene cdtB (Figure 2). 
All prophages were most similar to prophages in other 
Salmonella serovars, except Abortus_SfV, which was 
most similar to a prophage from Shigella flexneri (31).

Pan-Genome Differences between Ovine- and  
Poultry-Associated Clades
To identify factors that might contribute to the differ-
ent host range of the poultry- and ovine-associated 
clades, we examined pan-genomes to identify genes 
associated with either clade (Figure 2). There were 
433 genes unique to the poultry-associated clade, 278 
of which have no known function. Among the oth-
er 155 genes, 23 are found within prophages and 55 
within the pSAbAus plasmid. The 77 chromosomal 
genes unique to the poultry-associated clade included 
2 predicted fimbrial subunit genes, cfaB and stfF; an 
acid resistance chaperone protein gene, hdeB; and 10 
(eutEJGHABCLKR) of the 17 (eutSPQTDMNEJGHAB-

CLKR) genes of the ethanolamine utilization operon 
(Figure 2).

The ovine-associated clade contained 130 unique 
genes, 62 of which have no known function. Unique 
genes included astA and sodC1, which have previous-
ly been identified on a Gifsy-2 phage in this clade (5), 
as well as an outer membrane porin gene, ompN, and 
hcp1, a type 6 secretion system gene. However, be-
cause of the lack of a complete genome in the ovine-
associated clade, we could not confirm the location of 
those specific genes.

All isolates contained intact or nearly intact 
chromosomal gene sets for Salmonella pathogenic-
ity islands 1, 2, 3, and 24 (also called CS54) and for 
the enterobactin gene cluster and 3 types of fimbriae. 
We also detected virulence genes ompA and mig-14 in  
all isolates.

Ovine-Associated Clade Genomic Markers of  
Host Adaptation 
Genome size and pseudogene number can be indica-
tors of host restriction. Therefore, we compared those 
metrics between the ovine- and poultry-associated 
clades. A representative ovine-associated clade ge-
nome was 315 Kbp (7.1%) smaller than a representa-
tive poultry-associated clade genome (4.43 Mbp vs. 
4.74 Mbp). The average ovine-associated clade ge-
nome contained 446 (range 384–667) pseudogenes, 
but the poultry-associated clade had 237 (range 224–
248) pseudogenes (Appendix 1). That contrasting dif-
ference in the number of pseudogenes is similar in 
magnitude to generalist and host restricted Salmonella 
serovars. Generalist serovar Typhimurium has 201 
and serovar Entertiditis has 320 pseudogenes; host-
restricted serovar Typhi has 485 and serovar Gallina-
rium has 510 pseudogenes.

Identification and Validation of Salmonella  
Abortusovis Serovar-Specific Gene Markers
We searched for candidate-specific gene markers for 
the poultry-associated clade and for Salmonella Abor-
tusovis in the accessory genomes of a dataset of 106 
common serovars including Salmonella Abortusovis 
(Appendix 1). We identified 2 Salmonella Abortuso-
vis markers and 2 poultry-associated clade markers 
with 100% sensitivity and 100% specificity (Table 4) 
and provided DNA sequences of those 4 Salmonella 
Abortusovis serovar-specific gene markers (Appen-
dix 2 Table 1).

Discussion
Salmonella Abortusovis is an ovine-adapted serovar 
and not known to cause disease in humans (3,6). 
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The bacterium is endemic in several countries in 
Europe and Asia but has not been observed in the 
sheep population of Australia despite strong bio- 
security surveillance and the serovar being notifiable 
(8–10,33). However, Salmonella Abortusovis was the  

second most frequent serovar in meat chickens in 
Australia in 2009 (14). We sequenced 47 isolates 
from poultry and human infections in Australia and 
compared those with 9 publicly available Salmonella 
Abortusovis genomes to understand the relationship 

696 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 4, April 2024

Figure 3. Phylogenetic relationship of other serovars to isolates in a study of the emergence of poultry-associated human Salmonella 
enterica serovar Abortusovis infections, New South Wales, Australia using MLST sequence data. Sequence types in the Enterobase 
database with five or fewer allele differences from the Australian ST768 (shaded in red) were identified and used to generate a 
phylogeny of related Salmonella isolates using maximum likelihood method. All branches with less than 50% bootstrap support were 
collapsed. The ST at each terminal branch is shown, as is the number of isolates in the Enterobase database assigned that ST and 
the number of allele differences from ST768. Available source and location data for Salmonella Abortusovis STs are displayed. Two 
letter abbreviations are used for country of origin. AU, Australia; D, allele difference from ST 768; DK, Denmark; FR, France; GB, Great 
Britain; H, human; IT, Italy; L, location; P, poultry; S, sheep; So., source; ST, sequence type.
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between isolates from Australia and those from oth-
er countries and sources.

All isolates from Australia formed 1 closely re-
lated clade that is distant from the ovine-associated 
clade of Salmonella Abortusovis (Figures 1, 2). The 
2004 MRCA date of the poultry-associated clade also 
indicates that it has existed in the NSW poultry flock 
for 15–20 years, a finding supported by the reported 
observation of Salmonella Abortusovis in NSW in 
2009 (15). The relationships of the isolates sampled 
suggest that the serovar in poultry in Australia origi-
nated from a single introduction, however because 
no related isolates have been identified, the source 
is unknown.

Analysis of the pan genomes of all Salmonella 
Abortusovis isolates revealed substantial differences 
between the poultry-associated (433 unique genes) 
and ovine-associated clades (130 unique genes). A 
subset of those unique genes can be attributed to the 5 
prophages and 2 plasmids only found in the poultry-
associated clade and 1 putative plasmid only found in 
the ovine-associated clade.

Although all Salmonella Abortusovis isolates 
shared a complement of virulence factors, we noted 
some key differences. The poultry-associated clade 
carried Yersinia HPI, cvaA, and ivy on a plasmid, and 
cdtB on a prophage. The Yersinia HPI is a virulence 
factor in multiple human pathogens (34–37), and cdtB 
is a virulence factor in both typhoidal and nontyphoi-
dal Salmonella (38). Other poultry-associated clade–
specific genes included hdeB, which is known to con-
tribute to acid resistance in Salmonella Enteritidis (39), 
and ivy, which encodes a vertebrate lysozyme inhibi-
tor that improves survival in human saliva (40). Both 

genes could improve the chances of survival of the 
bacterium through the human upper gastrointestinal 
tract. The colicin export protein gene, cvaA, and the 
ethanolamine utilization operon, eut, found in 10 of 
17 genes of the poultry-associated clade might con-
tribute to infection by enabling colonization through 
competition with gut microbiota (41). Of note, etha-
nolamine in the host also triggers the eutR gene to ac-
tivate SPI2 expression and increases intramacrophage 
survival (42). The fimbrial gene cfaB is upregulated in 
Salmonella Typhi human infection and stfF is upregu-
lated in Salmonella Typhimurium chicken infection, 
but their contributions to survival and virulence are 
unknown (43,44).

In the ovine-associated clade, the sodC1 gene is 
essential for systemic disease in lambs (5). The Spv 
toxin was essential in a murine infection model (6,7). 
The spv genes and associated pSLT-like putative 
plasmid were only found in 3 of 5 ovine-associated 
clade isolates, suggesting that virulence within that 
clade might vary. Indeed, the severity of Salmonella 
Abortusovis infections in sheep is known to vary 
greatly (45). Virulence genes that are specific to the 
ovine-associated clade include ompN, which is as-
sociated with survival in macrophages in Salmonella 
Typhi (46), and hcp, which is required for killing of 
commensal bacteria in Salmonella Typhimurium (47). 
The clade-specific genes and gene sets described 
here might explain the potential differences in host 
range and disease type between the ovine-associated  
and poultry-associated clades.

Salmonella Abortusovis was previously thought 
to be host restricted in sheep (45). Host restriction 
often leads to adaptations, including a reduction 
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Table 2. Plasmids identified in a study of the emergence of poultry-associated human Salmonella enterica serovar Abortusovis 
infections, New South Wales, Australia* 

Plasmid 
Genomes 

Length, bp 
Virulence gene 

carriage Inc type Complete Draft† 
pSAbAus 3, 1 partial 39, 1 partial 139,222 Yersinia HPI, ivy, cvaA IncFIB(K)_1_Kpn3 
pRHB32-C15(3) 1 12 60,178 None IncX1_1 
*HPI, high-pathogenicity island. 
†Plasmid presence in draft genomes Inferred from reads. 

 

 
Table 3. Prophages identified in a study of the emergence of poultry-associated human Salmonella enterica serovar Abortusovis 
infections, New South Wales, Australia* 

Prophage† 
Genomes 

Length, kb Condition§ Top PHASTEST hit Virulence genes Complete Draft‡ 
Abortus_SEN8 4 43 57.2 Intact Salmon_SEN8_NC_047753 None 
Abortus_SfV 3 30 48.9 Intact Entero_SfV_NC_003444 None 
Abortus_Gifsy-2 4 43 30.1 Intact Gifsy-2_NC_010393 cdtB 
Abortus_Fels_1 4 43 33.2 Questionable Salmon_Fels_1_NC_010391 None 
Abortus_SPN9CC 3 18 39.1 Intact Salmon_SPN9CC_NC_017985 None 
Abortus_SPN3UB 1 22 46.7 Intact Salmon_SPN3UB_NC_019545 None 
*PHASTEST, PHAge Search Tool with Enhanced Sequence Translation (https://phastest.ca). 
†Prefixed with Abortus for Salmonella Abortusovis. 
‡Inferred from reads. 4 poultry associated clade and 1 ovine associated clade isolates could not be examined as no reads were available. 
§Per PHASTEST. 
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in genome size and an increase in pseudogeniza-
tion (48). The average number of pseudogenes in an 
ovine-associated clade isolate is double the average 
of a poultry-associated clade isolate, and the average 
genome was 7.1% smaller. The pseudogene count 
of the poultry-associated clade was also similar to 
those of generalist serovars, such as Salmonella Ty-
phimurium and Salmonella Enteritidis, but the ovine-
associated clade was similar to the host restricted se-
rovars Salmonella Typhi and Salmonella Gallinarium. 
Those results suggest that the ovine-associated clade 
might be host adapted and the poultry-associated 
clade likely has a broader host range. That hypoth-
esis is supported by the data in this study, namely, 
the ability of the poultry associated clade to infect 
both chickens and humans.

One of the plasmids in the poultry-associated 
clade is very closely related to an E. coli plasmid found 
on a sheep farm in the United Kingdom (49), suggest-
ing that the poultry-associated clade was linked with 
sheep. However, the link is more likely to be indirect 
through the E. coli host.

The epidemiology of the isolates in this study 
demonstrated that the poultry-associated clade was 
widely distributed in NSW poultry and caused spo-
radic human infections. Salmonella Abortusovis was 
sampled across 8 years and was found in feed ingre-
dients, in egg-laying hens, and in 20 different meat 
chicken farms from 2 regions. In addition, isolates 
from both region A and region B were found in each 
of the subclades in the phylogeny, suggesting that 
Salmonella Abortusovis has no geographic barriers. 
One exception was the egg layer hen population that 
formed a single group within subclade 2, indicating a 
single introduction. We also noted evidence for both 
long-term carriage of a single clone in 1 farm and 
multiple separate introductions into another farm. 
Isolation of Salmonella Abortusovis from feed ingredi-
ents suggests that transmission might have occurred 
through feed, but we found no identical isolates with-
in short timespans in feed or chickens that would 
indicate direct transmission. Isolates from human  

infections were distributed across the phylogeny, sug-
gesting that multiple separate transmission events to 
humans occurred; however, none caused large out-
breaks. Salmonella Abortusovis does not efficiently 
transmit to humans from poultry (50), which might 
explain the low number of sporadic human cases de-
spite the widespread detection in poultry.

The ability of the poultry-associated clade to 
colonize poultry and cause human disease, and the 
possibility that it might not cause systemic disease 
in lambs, make detection and differentiation of this 
clade from the ovine-associated clade useful. The ge-
netic markers identified here will enable simple dif-
ferentiation of the 2 Salmonella Abortusovis clades 
by using genomic data and potentially decrease root 
cause analysis time for detection of this novel Sal-
monella in the food industry. All markers described 
here could be used to produce PCR-based assays that 
would enable simple detection and differentiation of 
Salmonella Abortusovis clades, which is necessary be-
cause of their ability to either cause human infections 
or cause major losses of sheep flocks.

In conclusion, we examined the genomic epide-
miology of Salmonella Abortusovis in poultry and 
human infections in NSW, Australia. The poultry-
associated clade was only distantly related to exist-
ing examples of Salmonella Abortusovis and had key 
differences in virulence factors that suggest it might 
have differences in host range and disease type. Evi-
dence suggests that the serotype has become endemic 
within the NSW poultry industry, where it can move 
between poultry facilities and to humans. Surveil-
lance using the newly identified genetic markers will 
be vital for tracking transmission within poultry pro-
ducing regions and to prevent any future outbreaks 
that could be caused by this serovar.

This work was supported by The National Health and 
Medical Research Council of the Australian Government 
(grant no. 1146938).

S.W. and A.P. are employed by Birling Laboratories and 
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Table 4. Sensitivity and specificity of serovar-specific gene markers in a study of the emergence of poultry-associated human 
Salmonella enterica serovar Abortusovis infections, New South Wales, Australia* 

Specific genes No. isolates Length, bp Sensitivity† 
Specificity† Protein 

function Identification, n = 2,314 Validation, n = 1,088 
Abortusovis-gene1 56 2,367 100 100 100 DUF6430 
Abortusovis-gene2 56 330 100 100 100 Hypothetical 
Abortusovis-AUS-gene1 51 831 100 100 100 DUF4238 
Abortusovis-AUS-gene2 51 810 100 100 100 Hypothetical 
*AUS, Australia; FN, false negative; TN, true negative; TP, true positive.  
†We used sensitivity and specificity as described in previous studies (29,32), where sensitivity is TP/(TP+FN) and specificity is TN/(TN+FP). Per those 
studies, we defined FN as the genomes from Salmonella Abortusovis lacking any of those same gene markers; FP as the genomes from other serovars 
containing all those same gene markers; TN as the genomes from other serovars lacking any of those same gene markers; and TP as the genomes from 
Salmonella Abortusovis containing all specific gene markers for Salmonella Abortusovis. 
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Nontyphoidal Salmonella infections place a large 
burden on public health; an estimated 79 mil-

lion cases of foodborne nontyphoidal Salmonella 
infection occurred in 2010 (1). Salmonella enterica 
subspecies enterica serovar Infantis is becoming an 
increasingly prevalent serovar globally. A 167% 
increase in human infections was observed in the 
United States during 2001–2016 (2), and in European 
Union member states, Infantis is the predominant 
serovar isolated from broiler flocks and broiler meat, 
accounting for 56.7% of Salmonella isolates from 
broiler meat in 2018 (3,4). Higher levels have been 

observed in Japan, at 72.2% of isolates from ground 
chicken, and levels of 84% were seen in broilers in 
Ecuador (5,6).

Antimicrobial resistance (AMR) in Salmonella In-
fantis varies by location; in South Africa only 13.4% 
of 387 Salmonella Infantis isolates from humans had 
AMR (7). Conversely, in 2016 in European Union 
member states, 70% of Salmonella Infantis isolates 
from broiler meat were multidrug-resistant (MDR) 
(8). Of particular concern is the emergence of extend-
ed β-lactamases (ESBLs), such as the blaCTX-M-65 gene, 
which has been reported in Salmonella Infantis from 
Ecuador, Peru, Switzerland, the United Kingdom, 
and the United States (9–13). The pESI megaplasmid 
has been found to be responsible for these high levels 
of AMR because it confers resistance to trimethoprim, 
streptomycin, sulfamethoxazole, and tetracycline; ES-
BLs have also been found to be carried by some pESI 
variants (10,11,14). Originally identified in Israel,  
pESI-like plasmids have since been reported in mul-
tiple countries (14–19).
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Salmonella enterica serovar Infantis presents an ever-
increasing threat to public health because of its spread 
throughout many countries and association with high lev-
els of antimicrobial resistance (AMR). We analyzed whole-
genome sequences of 5,284 Salmonella Infantis strains 
from 74 countries, isolated during 1989–2020 from a wide 
variety of human, animal, and food sources, to compare 
genetic phylogeny, AMR determinants, and plasmid pres-
ence. The global Salmonella Infantis population structure 

diverged into 3 clusters: a North American cluster, a Euro-
pean cluster, and a global cluster. The levels of AMR var-
ied by Salmonella Infantis cluster and by isolation source; 
73% of poultry isolates were multidrug resistant, compared 
with 35% of human isolates. This finding correlated with the 
presence of the pESI megaplasmid; 71% of poultry isolates 
contained pESI, compared with 32% of human isolates. 
This study provides key information for public health teams 
engaged in reducing the spread of this pathogen.
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Salmonella Infantis has a polyphyletic population 
structure consisting of 2 eBurst Groups (eBG), eBG31 
and eBG297, which differ by 5–7 multilocus sequence 
typing alleles (16). The dominant eBG (single locus 
variants around a central sequence type) globally is 
eBG31; eBG297 consisted of just 0.7% of Salmonella In-
fantis isolates in Enterobase on August 9, 2021 (20). 
However, higher levels (32%) of eBG297 have been 
reported in South Africa (7).

The population structure of Salmonella Infantis 
has been studied on a limited scale; whole-genome 
sequencing analysis of 100 Salmonella Infantis isolates 
from multiple continents and sources found no cluster-
ing by geographic location (16). Salmonella Infantis iso-
lates were found to cluster by isolation source from hu-
man samples and chicken meat samples in Japan (21), 
by blaCTX-M-65 presence in human and animal strains in 
the United States and Italy (11), and by pESI presence 
in human and poultry isolates from Switzerland (10).

Although MDR Salmonella Infantis is an emerg-
ing public health concern, no large-scale population 
structure study of this pathogen has been performed. 
Because eBG297 isolates have been analyzed in depth 
(7), our aim was to determine the global population 
structure of eBG31 from a One Health perspective, 
investigating whether population structure is associ-
ated with isolation source, location, MDR properties, 
or pESI presence.

Methods
Our eBG31 collection contained 5,284 isolates, sourced 
from the UK Health Security Agency (UKHSA), the 
National Institute for Communicable Diseases of 
South Africa, the Animal and Plant Health Agency, 
GenBank, and Enterobase (20) (Appendix 1, https://
wwwnc.cdc.gov/EID/article/30/4/23-1031-App1.
pdf). The collection contained strains isolated from 
74 countries and spanned 4 decades and consisted of 
strains isolated during 1989–2020. The isolates were 
grouped into 8 sources: animal feed, human, environ-
mental, food, other animals, poultry, poultry prod-
ucts, and unknown.

The whole-genome consensus FASTA sequenc-
es were grouped into clusters where all sequences 
in each cluster were <n single-nucleotide polymor-
phisms (SNPs) from another member. We generated 
a core SNP phylogeny of representatives of 25-SNP 
clusters; we identified clusters using fastbaps and 
used treedater to date the phylogeny (22–25). We 
used the ARIBA tool with the resfinder and plasmid-
finder databases to screen for AMR determinants and 
plasmid presence; pESI was identified separately as 
described in Mattock et al. (7,26–28).

Ethical approval for the detection of gastrointes-
tinal bacterial pathogens from fecal specimens, or the 
identification, characterization, and typing of cultures 
of gastrointestinal pathogens submitted to the Gas-
trointestinal Bacteria Reference Unit was not required 
because it is covered by UKHSA’s surveillance man-
date. Ethical approval for all laboratory-based sur-
veillance and research activities was obtained from 
the Human Research Ethics Committee, University 
of the Witwatersrand, Johannesburg, South Africa 
(protocol reference nos. M060449 and M110499) by 
the Centre for Enteric Diseases, National Institute for 
Communicable Diseases. Ethical approval for char-
acterization of the isolates was not required because 
of the surveillance mandate of Animal and Plant  
Health Agency.

Results

Demographics
We included isolates from a multitude of sources in 
the eBG31 collection. Most (60%, 3,150) of the 5,284 
isolates were isolated from humans and associated 
with either noninvasive infections (samples from 
stool and urine), or invasive infection (samples from 
blood and cerebrospinal fluid). A further 6% (300) 
were from poultry and 13% (684) from poultry prod-
ucts, which included samples from poultry meat, 
eggs, and processed meals containing poultry meat. 
Isolates from other animals made up 6% (321) of the 
collection, 7% (390) were from food, 1% (74) from ani-
mal feed, and 5% (268) environmental, such as water, 
farm swab, and soil samples. A total of 97 isolates had 
no stated isolation source.

The number of isolates increased temporally until 
2018; this increase was caused by isolates from public 
databases being included until February 2018 (Ap-
pendix 1 Figure 1). Only strains isolated by the UKH-
SA were included after that time. When categorized 
by continent, 54% (2,861) were from North America, 
31% (1,642) from Europe, 6% (316) from Africa, 6% 
(312) from Asia, and 2% (128) from South America; 
origins were unknown for 0.47% (25). The United 
States contributed the largest number of isolates (n = 
2,719) followed by the United Kingdom (n = 1,326) 
(Table; Figure 1).

Population Structure
At the sequence type (ST) level, most eBG31 isolates 
(99%, 5,205) belonged to ST32. The second most com-
mon was ST2283; 36 isolates belonged to this ST, all 
from Europe (17 from humans, 10 from other animals, 
5 from food, and 4 from environmental samples). The 
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third most common was ST2146 with 26 isolates, all 
from North America (22 were from environmental 
samples, 3 from food, and 1 from a clinical sample). 
The 13 remaining STs were found in <3 isolates.

We identified 3 clusters of 250 SNPs; 1 contained 
just SRR8114924. For 50-SNP clusters, there were 408; 
for 25-SNP cluster, 1,288; for 10-SNP clusters, 2,876; 
and for 5-SNP clusters, 3,917. In a core SNP maximum- 
likelihood phylogeny of a member of each 25-SNP 
cluster, representing 5,283 eBG31 isolates (Figure 2; 
Appendix 1 Figure 2), Bayesian hierarchical cluster-
ing identified 3 clusters. Cluster A contained 348 se-
quences, representing 1,624 isolates (Figure 2, blue); 
cluster B had 831 sequences, representing 3,283 iso-
lates (Figure 2, pink); and cluster C, which diverged 
from within cluster B, contained 109 sequences,  

representing 376 isolates (Figure 2, purple). When 
annotated by ST, the phylogeny was dominated by 
ST32 (Appendix 1 Figure 3); 99% (1,269/1,288) of the 
25-SNP clusters were exclusively ST32. The three 25-
SNP clusters containing the ST2283 isolates clustered 
together in cluster C, and another 3 clusters compris-
ing the ST3815 isolates clustered in cluster A.

In contrast to previous reports, a geographic 
signal was visible in the clustering of isolates in the 
phylogeny. Cluster A mainly consisted of North 
American isolates (Figure 3, panel A), of which 98% 
(1,180/1,203) were from the United States. Cluster B 
also contained a large percentage of North American 
isolates (50%, 1,657/3,238), but higher percentages 
of isolates from all other continents were observed. 
Conversely, cluster C consisted almost exclusively of 
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Table. Source group and country of isolates in One Health–focused analysis of Salmonella enterica serovar Infantis* 

Country 
Source group 

Food Environmental Animal feed Human Poultry Poultry products Other animals Unknown 
Canada   4 21  1   
Cyprus        7 
Denmark 18    1  36 11 
Germany 16 7 8 1   15 1 
Hungary    1    6 
Japan  9  32 19 26   
Romania    2    6 
South Africa  6  266    1 
United Kingdom 75 52  1016 98 26 31 28 
United States 234 185 57 1254 161 601 227  
Other 44 9 5 557 20 26 12 11 
Unknown 3    1 4  26 
Total 390 268 74 3150 300 684 321 97 
*The number of isolates from each source group and the country of isolation were filtered to include countries that comprised >5% of >1 source group. 

 

Figure 1. Heatmap indicating the number of isolates included in the dataset from each country in One Health–focused analysis.  
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European isolates, most of which were isolated in the 
United Kingdom (80%, 297/370).

The predominant isolation source in each of the 
clusters was humans (Figure 3, panel B). Isolates from 
poultry and poultry products were most often found 
in cluster B. However, isolates from other animals 
and animal feed made up a larger proportion of clus-
ter A than the other clusters.

Minimal clustering by year was observed in the 
phylogeny (Appendix 1 Figure 4). The most common 
year range in each cluster was 2016–2020, represent-
ing 48% (785/1,624) of cluster A, 51% (1,664/3,238) 
of cluster B, and 67% (253/376) of cluster C. The  

earliest date of isolation varied; cluster B was the 
oldest with an isolate from 1989. Cluster A’s old-
est isolates were from 1996, and cluster C appeared 
more recently; its oldest isolate was from 2007. The 
time of the most recent common ancestor was cal-
culated using relaxed clock dating of the phylogeny 
and estimated to be 1946; cluster A diverged in 1982 
and cluster C in 1987.

We calculated the pairwise nucleotide distance 
between each whole-genome consensus FASTA to 
show the diversity within and between groups of 
isolates. Clusters B and C had the lowest median 
pairwise nucleotide distance of 191 (range 32–1,743); 
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Figure 2. Core single-nucleotide polymorphism maximum-likelihood phylogeny of 1,288 representatives of 5,283 isolates in One 
Health–focused analysis of emerging multidrug-resistant pathogen Salmonella enterica serovar Infantis. The inner ring around the 
phylogeny is annotated with the Bayesian hierarchical clusters found by fastbaps. Cluster A consists of 348 representatives of 1,624 
isolates; cluster B consists of 831 representatives of 3,283 isolates; and cluster C consists of 109 representatives of 376 isolates. 
The outer rings show the percentage of isolates in each 25-SNP cluster that were from each continent and source. Isolate origin was 
identified for Africa (n = 316), Asia (n = 312), Europe (n = 1,641), North America (n = 2,861), and South America (n = 128); the origin of 
the remaining isolates was unknown (n = 25). Sources were animal feed (n = 74), environmental (n = 268), food (n = 390), human (n = 
3,149), other animals (n = 321), poultry (n = 300), poultry products (n = 684), and unknown (n = 97).
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higher values were observed between clusters A and B 
(304, range 26–1,983) and clusters A and C (428, range 
80–1,410). When comparing within isolation sources, 
strains from poultry products had the lowest median 
pairwise nucleotide distance at 145 (range 0–1,249) 
and human isolates the largest at 241 (range 0–2,060). 
The median pairwise nucleotide distance between 
human isolates and other sources ranged from 215 
for environmental isolates (range 1–2,004) to 259 for 
poultry isolates (range 0–2,039). Poultry isolates had a 
similar median nucleotide distance to environmental 
isolates (251, range 4–1,822); a larger distance was ob-
served between poultry isolates and those from oth-
er animals (310, range 4–1,817). The largest median 
pairwise nucleotide distance between source groups 
was poultry and animal feed at 334 (range 5–1,614). 
Low median pairwise nucleotide distances were ob-
served within isolates from South America (44, range 
0–920) and North America (159, range 0–1,883); the 
largest distance within isolates from a continent was 
Africa at 492 (range 0–1,885). Isolates from Africa also 
had the largest median pairwise nucleotide distances 
of all continents; distance was 395 (range 15–2,059) 
with North America and 422 (range 23–1,639) with  
South America.

AMR in Salmonella Infantis
In this collection, 44% (2,327/5,284) of the iso-
lates contained >1 AMR gene; most of those (40%, 
2,101/5,284) were MDR. Genes encoding AMR were 
identified in isolates throughout the phylogeny (Fig-
ure 4); 46.7% (602/1,288) of the 25-SNP clusters con-
tained an isolate with AMR. Some 25-SNP clusters 
contained large numbers of isolates with AMR, such 
as 1 in cluster B that contained 734 isolates, of which 
727 were MDR. A common resistance profile was vis-
ible in 25-SNP clusters across the phylogeny: 27.7% 
(357/1,288) contained an isolate with resistance to 
aminoglycosides, fluoroquinolones, sulphonamides, 
and tetracyclines (AFST). Of those, 56.9% (203/357) 
had an isolate with putative trimethoprim resistance, 
and 99.7% (356/357) contained a mutation in the 
quinolone-resistance determining region. The per-
centage of isolates with this resistance profile var-
ied between the clusters: 1% (16/1,624) in cluster A, 
43.5% (1,407/3,283) in cluster B, and 84% (316/376) 
in cluster C. The percentage of MDR isolates differed 
between the clusters; 7% (114/1,624) of isolates from 
cluster A were MDR, 50.5% (1,657/3,283) of isolates 
from cluster B were MDR, and 87.8% (330/376) from 
cluster C were MDR. More isolates were positive for 
ESBLs in cluster B (20.5%, 672/3,283) than in clusters 
A (0.2%, 4/1,624) and C (0%).

We observed variation in the distribution of AMR 
between isolation sources. Isolates from animal feed 
had the lowest amount of AMR; 4% (3/74) were pre-
dicted to have the AFST resistance profile. Higher 
levels of AMR were predicted in human isolates; 
29% (913/3,150) had the AFST resistance profile, and 
60% (552/913) of those also had trimethoprim resis-
tance genes. Substantially more AMR was present in  
poultry and poultry product isolates: 61% (183/300) 
of poultry isolates and 64% (438/684) of poultry 
product isolates had the AFST resistance profile. 
β-lactam and chloramphenicol resistance was more 
common in poultry product isolates (43% [296/684] 
for β-lactam and 44% [302/684] for chloramphenicol) 
than in poultry isolates (21% [64/300] for β-lactam 
and 22% [65/300] for chloramphenicol). ESBLs were 
identified in 10% (312/3,150) of human isolates, 19% 
(58/300) of poultry isolates, and 40% (272/684) of 
isolates from poultry products. We observed multi-
drug resistance in 4% (3/74) of isolates from animal 
feed, 14% (38/268) of environmental isolates, 32% 
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Figure 3. Source and continent composition of fastbaps clusters 
in study of One Health perspective of emerging multidrug-resistant 
pathogen Salmonella enterica serovar Infantis. A) Percentage of 
isolates from each continent in clusters A (n = 1,624), B (n = 3,283), 
and C (n = 376). B) Percentage of isolates from each source group 
in clusters A (n = 1,624), B (n = 3,283), and C (n = 376).
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(123/390) of food isolates, 35% (1,115/3,150) of hu-
man isolates, 21% (67/321) of isolates from other 
animals, 73% (218/300) of poultry isolates, and 73% 
(501/684) of poultry product isolates.

AMR profiles also varied by continent of isola-
tion. The lowest levels of AMR were observed in iso-
lates from Africa, of which 4% (14/316) had the AFST 
resistance profile, compared with 27% (763/2,861) of  
isolates from North America, 42% (692/1,642) of iso-
lates from Europe, 55% (172/312) of isolates from Asia, 
and 76% (97/128) of isolates from South America. ES-
BLs were present in 0.3% (1/316) of isolates from Af-
rica, 3% (9/312) of isolates from Asia, 4% (65/1,642) of 
isolates from Europe, 19% (531/2,861) of isolates from 
North America, and 55% (70/128) of isolates from 
South America. The percentage of MDR isolates was 
20% (63/316) for Africa, 31% (891/2,861) for North 
America, 48% (793/1,642) for Europe, 80% (248/312) 
for Asia, and 81% (104/128) for South America.

The proportion of isolates with AMR fluctuated 
throughout the study period and trended upwards 

in the last 15 years of the collection period (Appen-
dix 1 Figure 5). The earliest isolate in the collection 
(from 1989) was predicted to be resistant to 6 antimi-
crobial classes. AMR to aminoglycosides, sulphon-
amides, and tetracyclines were consistently the most 
common and appeared to follow a similar trend; af-
ter 2012, similar levels of AMR to fluoroquinolones 
were also present.

Plasmids in Salmonella Infantis
As observed with AMR, <50% (47%, 2502/5284) 
of Salmonella Infantis isolates contained a plasmid. 
Some of the most common types included IncA/C 
(n = 103), IncI1 (n = 251), and IncX1 (n = 65). As ex-
pected, pESI was the prevailing plasmid type, pres-
ent in 36% (1,912/5,284) of Salmonella Infantis isolates. 
Low levels of IncA/C were observed in all isolation 
sources except animal feed; the highest level was just 
4% (14/321) of other animal isolates, 2% of both hu-
man (64/3,150) and poultry product (15/684) isolates, 
and 0.6% (2/300) of poultry isolates. Incl1 was most 
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Figure 4. Phylogeny and heatmap of antimicrobial resistance and pESI in study of One Health perspective of emerging multidrug-
resistant pathogen Salmonella enterica serovar Infantis. Heatmap shows the number of isolates in each 25 single-nucleotide 
polymorphism representative cluster (n = 1,288) of the eBG31 maximum-likelihood phylogeny with genes conferring resistance to 
antimicrobial drugs. Fastbaps clade and the number of isolates with MDR, ESBLs, mutations in the QRDR conferring resistance to 
fluoroquinolones and pESI presence are also shown. AG, aminoglycosides; BL, β-lactams; CHL, chloramphenicol; COL, colistin; 
ESBLs, extended β-lactamases; FQ, fluoroquinolones; FOS, fosfomycin; LIN, lincosamides; MAC, macrolides; MDR, multidrug-
resistant; SUL, sulphonamides; TET, tetracyclines; TMP, trimethoprim.
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common in other animal isolates at 9% (28/321) and 
IncX1 in human isolates (2%, 52/3,150). IncI1-positive 
isolates were found in all continents throughout the 
study period, mainly from humans (n = 184); IncX1 
was observed in Asia, Europe, and North America.

The presence of pESI-like plasmids was observed 
in 71% (213/300) of poultry isolates, 71% (486/684) 
of isolates from poultry products, 32% (992/3,150) 
of human isolates, 4% (3/74) of animal feed iso-
lates, 10% (31/321) of isolates from other animals, 
31% (120/390) of food isolates, and 11% (30/268) 
of environmental isolates. Presence also varied by 
geographic location: the lowest percentage of pESI-
positive isolates was from Africa at 4% (12/316),  
followed by North America at 28% (808/2,861), Eu-
rope at 47% (770/1,642), Asia at 71% (222/312), and 
South America at 77.3% (99/128). The earliest isola-
tion of pESI in this collection was in 4 human iso-
lates from Japan in 1999 (DRR022718, DRR022719, 
DRR022720, DRR022754). Although the common re-
sistance profile AFST was distributed throughout the 
eBG31 phylogeny, cluster A lacked any pESI; most of 
cluster C contained pESI (99.7%, 375/376), and 46.8% 
(1,537/3,283) of cluster B contained pESI (Figure 4).

Discussion
In our large core SNP analysis of Salmonella Infantis, 
we determined that the global population structure 
of eBG31 consists of 3 clusters with varying isolation 
sources and levels of AMR. As observed previously, 
the dominant ST in eBG31 was ST32, comprising 99% 
of the isolates (29–32). The other STs were not ob-
served in multiple continents, suggesting that those 
STs have emerged in specific areas but have not spread 
globally. A strong geographic signal was identified 
in the eBG31 phylogeny (Figure 2); we hypothesize 
that cluster B is an ancestor of the 2 other clusters, 
containing more genetic and geographic diversity in 
isolates from all continents, and we therefore desig-
nate this the global Salmonella Infantis cluster. Cluster 
A, estimated to have diverged from cluster B in 1982, 
mainly consisted of isolates from North America and 
hence is named the North American cluster. Cluster 
C, which diverged from cluster B in 1987, was domi-
nated by isolates from Europe and is thus named the 
European cluster. This designation differs, perhaps 
because of our larger number of isolates, from Gy-
moese et al. (16), who found no geographic signal 
when examining isolates from 5 continents, and Alba 
et al. (33), who reported little clustering by location or 
source. Some clustering by country of isolation was 
described in Acar et al. (34); however, because that 
clustering was between isolates from the same region 

in Turkey, the contribution to global clustering was 
not clear. Nucleotide distances relative to the refer-
ence showed that the African eBG31 isolates were 
both the most diverse and the most distant to isolates 
from other continents; our previous work identified 
that an increased proportion of isolates belonged 
to eBG297, and this study affirms that the African 
Salmonella Infantis population differs from that ob-
served elsewhere (7).

Because most eBG31 isolates were from human 
sources, the phylogeny was dominated by this source. 
Cluster C in particular contained lower numbers of 
environmental, poultry, and poultry product isolates; 
that was possibly caused by bias in data sampling be-
cause the cluster contains strains from UKHSA that 
were isolated after the cutoff for inclusion from En-
terobase. Most of those strains were from humans, 
as environmental sampling tends to be performed in 
association with an outbreak. Although cluster C con-
tained strains isolated as early as 2007, it contained 
many of the newer strains isolated during 2018–2020; 
this group could represent an emerging clade of Sal-
monella Infantis. The nucleotide distance between 
source groups, relative to the reference, identified the 
least diversity in the poultry product isolates and the 
greatest diversity between poultry/poultry products 
and animal feed or other animal genomes. This find-
ing could indicate a reduction of adaptation in poultry 
hosts and suggest that the different niches have en-
couraged adaptation; the reduced distance between 
poultry isolates could, however, be attributed to the 
large number of North American poultry isolates re-
ducing the median (e.g., 519/734 of strains in the 25-
SNP cluster with the representative SRR2537092 were 
from poultry, and 724 isolates in that cluster were 
from North America).

As described in many other studies, the Salmo-
nella Infantis isolates in this project were associated 
with high levels of putative AMR (8,18,35,36). MDR 
genotypes were detected in 40% of the Salmonella In-
fantis isolates; their presence was notable in isolates 
from poultry and poultry products, in which 73% 
were MDR. In comparison, just 14% of environmental 
isolates, 21% of isolates from other animals, 32% of 
food isolates, and 35% of human isolates were MDR 
(Appendix 2 Table 1, https://wwwnc.cdc.gov/EID/
article/30/4/23-1031-App2.xlsx); this finding could 
indicate that the source of human infection was the 
nonpoultry sources with similar levels of AMR. Al-
though that hypothesis has been suggested in Slove-
nia, where most broiler isolates clustered separately 
from human isolates (32), many incidences of human 
outbreaks associated with poultry have been reported 
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(21,37,38). Both environmental and poultry sources 
could be contributing to human cases, but the pESI-
positive strain circulating in the poultry industry 
could also have a selective disadvantage to causing 
infection in humans, leading to less frequent observa-
tion of those strains.

Levels of AMR varied by continent; the lowest 
levels were observed in Africa (20% of strains were 
MDR) and the highest were observed in South Amer-
ica (81%). The higher levels in South America concurs 
with other reports that found all but 1 isolate tested in 
Ecuador were MDR and observed multiple drug resis-
tance profiles in Salmonella Infantis strains from Chile 
(38,39). AMR fluctuated temporally, increasing in the 
last 15 years of the collection period. The proportion of 
isolates with resistance to aminoglycosides, sulphon-
amides, and tetracyclines followed a similar trend, 
joined by fluoroquinolones after 2012. This trend could 
be attributed to pESI, which carries resistance genes 
for those antimicrobial drugs. Similarly, we noted an 
association between pESI presence and resistance to 
aminoglycosides, fluoroquinolones, sulphonamides, 
and tetracyclines; multidrug resistance; and mutations 
in the quinolone-resistance determining region (Fig-
ure 4). The pESI backbone has been confirmed to carry 
aadA1, sul1, and tetA (14,19), illustrating that pESI is a 
strong driver of AMR in the Salmonella Infantis popula-
tion, which supports the suggestion of Alba et al. (33) 
that pESI acquisition could be the decisive factor in 
the spread of the serovar throughout Europe. Of note, 
cluster C, the clade we suspect is an emerging domi-
nant strain in Europe, is dominated by AMR and pESI, 
but cluster A, the North American cluster with rela-
tively low levels of MDR strains (7%), lacked any pESI-
positive isolates. The pESI-like plasmid was present in 
808 North American isolates in this dataset, but they 
belonged to either cluster B or C. This finding concurs 
with previous research that reported 2 clades within 
the US Salmonella Infantis population, 1 with and 1 
without pESI, and suggests that 2 groups of Salmonella  
Infantis are circulating in North America: 1 associated 
with MDR strains and pESI, and the other endemic to 
North America and not carrying pESI (40). The pres-
ence of pESI-like plasmids has recently been identified 
in Salmonella serovars Agona, Muenchen, Schwarzen-
grund, and Senftenberg; the increased virulence of pE-
SI-positive isolates and transmissibility of this plasmid 
within the Salmonella Infantis global population and to 
other Salmonella serovars is a grave public health con-
cern (41–43).

In conclusion, most Salmonella Infantis isolates fall 
within eBG31, which consists of 3 clusters: a North 
American cluster (cluster A), a European cluster  

(cluster C), and an ancestral but still extant global 
cluster (cluster B). Isolates from Africa were geneti-
cally more diverse and distant from isolates from the 
other continents, further confirming previous work 
that identified a distinct population structure in Sal-
monella Infantis in South Africa. Using a One Health 
approach, we observed high levels of AMR in poul-
try and poultry products, highlighting the need to 
reduce the levels of this pathogen in poultry produc-
tion premises and encouraging the development and 
use of a vaccine against Salmonella Infantis in poultry. 
Finally, pESI-like plasmids were shown to be a major 
driver for AMR in the global Salmonella Infantis popu-
lation, posing a major threat to public health.

This article was preprinted at https://www.biorxiv.org/
content/10.1101/2023.07.28.549231v1.
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Several waves of COVID-19 have occurred in Ger-
many (1). After low incidence rates in summer 

2021, case numbers started to increase in late August 
because of the Delta variant (2). During the fourth 
COVID-19 wave in mid-September 2021 (1), a local 
public health authority (PHA) noticed an unusual 
increase in SARS-CoV-2 infections involving local 
schools in and around a city within the state of Hesse. 
The 7-day incidence of SARS-CoV-2 infection in this 
district reached 103 on September 15, compared 
with 99 in Hesse and 84 nationwide (Robert Koch 
Institute database, unpub. data). State legislation  

at the time prescribed mandatory use of medical 
masks in various settings, quarantine for persons 
with a positive test result (with exemptions for per-
sons vaccinated or previously infected with SARS-
CoV-2), and access bans to certain facilities for per-
sons with COVID-19–compatible signs/symptoms 
(3). In the local elementary school, 1 case each was 
detected in calendar weeks (CW) 35 and 36, but in 
2 subsequent days (September 14 and 15) in CW 37, 
test results for 18 students were positive. Because 
many of the students were riding a school bus, the 
hypothesis of the potential role of bus riding drew 
public attention.

On September 30, 2021, local and state PHAs 
invited the Robert Koch Institute (RKI), Germany’s 
national public health institute, to jointly investigate 
the outbreak with the following 3 objectives: to de-
scribe the outbreak, its emergence and control; to 
identify potential sources and chains of transmission 
through a combination of epidemiologic investiga-
tions and whole-genome sequencing (WGS); and to 
investigate the risk, preventive factors, and modes 
of transmission, in particular with regard to the role 
of bus riding. We subsequently explored the role of 
bus transportation for SARS-CoV-2 transmission 
and the value of genomic data as a tool for identify-
ing transmission chains.

Methods

General Outbreak Description
We defined an outbreak case-patient as anyone 
with a SARS-CoV-2 infection confirmed by reverse- 
transcription PCR (RT-PCR) who resided in the  
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To examine the risk associated with bus riding and iden-
tify transmission chains, we investigated a COVID-19 
outbreak in Germany in 2021 that involved index case-
patients among bus-riding students. We used routine 
surveillance data, performed laboratory analyses, inter-
viewed case-patients, and conducted a cohort study. We 
identified 191 case-patients, 65 (34%) of whom were ele-
mentary schoolchildren. A phylogenetically unique strain 
and epidemiologic analyses provided a link between air 
travelers and cases among bus company staff, school-
children, other bus passengers, and their respective 
household members. The attack rate among bus-riding 
children at 1 school was ≈4 times higher than among 
children not taking a bus to that school. The outbreak 
exemplifies how an airborne agent may be transmitted 
effectively through (multiple) short (<20 minutes) public 
transport journeys and may rapidly affect many persons.
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affected district; whose symptom onset (or their test 
date) was from September 6 through October 15, 2021; 
and whose SARS-CoV-2 sample was assigned to the 
outbreak strain (sublineage AY.103) or who had an 
epidemiologic link to a case-patient with the out-
break strain. To describe the outbreak, we analyzed 
epidemiologic data from notified case-patients with 
SARS-CoV-2 infection and data from the respective 
laboratory samples. The principal of the most affected 
elementary school provided us with data on hygiene 
and testing routines, lists of class members and test 
results, and information on potential alternative ex-
posures in the school setting.

WGS Analyses
We contacted laboratories to secure remaining speci-
mens for WGS analysis from case-patients with po-
tential links to the outbreak. In addition, we per-
formed WGS on randomly selected specimens from 
case-patients from the greater region (4,5).

We used the complete-genome information to 
detect additional sequences that could belong to 
this outbreak cluster. For that purpose, we used the 
tool breakfast (https://github.com/rki-mf1/break-
fast), which computes the pairwise genetic distance 
between multiple sequences. We assigned genomes 
with a genomic distance of <3 single-nucleotide poly-
morphisms from an isolate from another case-patient 
within the outbreak to the outbreak strain. The ge-
nomes used for the analyses were not sequenced in 
house but were obtained from the Germany nation-
wide integrated genomic surveillance of SARS-CoV-2 
(6). Thus, sequences were assembled by the individu-
al laboratories according to their own protocols before 
being submitted to the RKI as consensus sequences. 
Genomic surveillance of SARS-CoV-2 is based on a 
legal framework, which was established in the be-
ginning of 2021. Within the molecular surveillance 
of SARS-CoV-2, samples were either randomly cho-
sen (random samples) or selected according to prior 
defined criteria (targeted samples). From January– 
December 2021, >475,000 SARS-CoV-2 sequences 
were submitted, ≈40% of which were randomly se-
lected. To reduce bias in the estimation of circulating 
virus variants and sublineage proportions, we used 
only random samples. To detect additional sequences 
within the outbreak cluster, we used all submitted se-
quences for similarity analysis.

Placing the Outbreak Genomes in a Phylogenetic  
Tree of Global SARS-CoV-2 Genomes
To identify whether the outbreak originated from a 
single source and whether it was effectively contained,  

we placed SARS-CoV-2 sequences from the outbreak 
case-patients in a global phylogenetic tree. The global 
tree contains all sequences from the GISAID (https://
www.gisaid.org), GenBank, COVID-19 Genomics UK 
Consortium (https://www.cogconsortium.uk), and 
China National Center for Bioinformation (https://
www.cncb.ac.cn) databases as of July 16, 2023 (>15 
million sequences), and we conducted the placement 
by using a tool that is part of the National Center for 
Biotechnology Information Genome Browser (https://
genome.ucsc.edu/cgi-bin/hgPhyloPlace), which relies 
on UShER (7) for placement of new sequences. Because 
RKI uploads all SARS-CoV-2 sequences to both GI-
SAID and GenBank, the National Center for Biotech-
nology Information tree contains duplicates, which 
we removed manually. We then plotted the resulting 
deduplicated trees in R (The R Foundation for Statical 
Computing, https://www.r-project.org) by using the 
packages ggtree, treeio, ggplot2, ape, and dplyr (8–12) 
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/30/4/23-1299-App1.xlsx).

Bus-Riding Role and Associated Risk/Preventive Factors
We interviewed employees of the bus company and 
asked about bus schedules, hygiene, testing prac-
tices, and technical specifications of the bus. Using 
a computer-assisted standardized survey, we con-
ducted phone interviews addressing households 
with outbreak case-patients as well as nonaffected 
households. The survey was designed to investigate 
several hypotheses regarding the COVID-19 out-
break at the elementary school, including exposure 
at school, during school bus rides, and during other 
social contacts.

To define the most likely infection setting of the 
case-patients, we combined information from the 
informal interviews, the survey, and the surveil-
lance system. Secondary case-patients who lived 
in the same household as an outbreak case-patient 
were assigned to the infection setting “household.” 
Only case-patients who rode the bus on days when 
the bus driver was assumed to be infectious were 
assigned to the infection setting “bus.” Members 
of the bus company were assigned to the infection 
setting “workplace.” Case-patients who took part 
in social events that were attended by outbreak 
case-patients were assigned to the infection setting 
“other.” Whenever information regarding the use 
of the affected bus was insufficient, we conserva-
tively assumed a different infection setting. We first 
conducted a cohort study of all students in grades 
1–4 and defined case-patients as students hav-
ing a SARS-CoV-2 infection confirmed by RT-PCR 
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and symptom onset (alternatively test date) dur-
ing September 6–October 15, 2021. We defined all 
other students at this school as non–case-patients. 
We calculated contingency tables, attributable frac-
tions, and risk ratios.

To calculate risk and protective factors during 
school bus transportation, we conducted a second 
cohort study of elementary school students who 
used the school bus >1 time during September 9–17, 
2021. Case-patients in this cohort were defined as 
students with a SARS-CoV-2 infection confirmed 
by RT-PCR whose symptom onset (alternatively 
test date) was during September 14–23, 2021. In-
formation on seating position, mask use, vaccina-
tion status, and cumulative time at risk (i.e., time  
spent on the bus) were compared for case-patients 
versus non–case-patients by using univariable lo-
gistic regression.

The outbreak investigation was conduct-
ed under the official mandate of the local PHA  
resulting from paragraph 25 section 1 sentence 1 
German Infection Protection Act (IfSG) and was 
thus exempt from review ethics committee review. 
We followed local and RKI ethics and data protec-
tion standards.

Results

Outbreak Description
We identified 191 case-patients (median age 17.5 
years; 50% female and 50% male), of which 65 (34%) 
were elementary schoolchildren. According to the 
criteria of the German Standing Committee on Vac-
cination, 23% of all outbreak case-patients were fully 
vaccinated (Table 1) (13).

Most (160 [84%]) case-patients were symptom-
atic, 5 (3%) were hospitalized, and 4 (2%) (>60 years 
of age) died. We identified only 1 SARS-CoV-2 rein-
fection. Case numbers associated with this outbreak 
peaked on September 17, 2021, and the outbreak was 
over by October 15, 2021 (Figure 1).

Suboutbreak I among Elementary School Students
The most affected elementary school comprised 4 
grade levels, each accommodating students of a simi-
lar age, with 3 to 4 classes (A, B, C, and D) per grade. 
Of 306 students, 70 were positive for SARS-CoV-2 
during the investigation period, 65 of whom fulfilled 
the definition of outbreak case-patient (Table 2). Many 
students in classes A and B rode the school bus, and 
individual bus rides lasted 9–18 minutes. Students in 
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Table 1. Main characteristics of case-patients in COVID-19 outbreak, by age group, Hesse, Germany, 2021* 

Characteristic 

Age, y 
Overall no. (%), 

n = 191 
<6, no. (%), 

n = 11 
6–10, no. 

(%), n = 73 
11–17, no. 
(%), n = 28 

18–40, no. 
(%), n = 20 

41–60, no. 
(%), n = 30 

>60, no. 
(%), n = 29 

Sex        
 F 5 (45.5) 32 (43.8) 14 (50.0) 14 (70.0) 13 (43.3) 18 (62.1) 96 (50.3) 
 M 6 (54.5) 41 (56.2) 14 (50.0) 6 (30.0) 17 (56.7) 11 (37.9) 95 (49.7) 
Setting        
 Household 7 (63.6) 5 (6.8) 18 (64.3) 19 (95.0) 27 (90.0) 9 (31.0) 85 (44.5) 
 Bus 3 (27.3) 46 (63.0) 3 (10.7) 0 1 (3.3) 6 (20.7) 59 (30.9) 
 School 0 19 (26.0) 1 (3.6) 0 0 0 20 (10.5) 
 Workplace 0 0 0 0 2 (6.7) 4 (13.8) 6 (3.1) 
 Travel 0 0 0 0 0 5 (17.2) 5 (2.6) 
 Other 1 (9.1) 0 2 (7.1) 1 (5.0) 0 4 (13.8) 8 (4.2) 
 Unknown 0 3 (4.1) 4 (14.3) 0 0 1 (3.4) 8 (4.2) 
Prior SARS-CoV-2 infection       
 Yes 0 1 (1.4) 0 0 0 0 1 (0.5) 
 No 11 (100) 72 (98.6) 28 (100) 20 (100) 30 (100) 29 (100) 190 (99.5) 
Symptomatic infection        
 Yes 7 (63.6) 62 (84.9) 23 (82.1) 20 (100) 26 (86.7) 22 (75.9) 160 (83.8) 
 No 4 (36.4) 11 (15.1) 5 (17.9) 0 4 (13.3) 6 (20.7) 30 (15.7) 
 Value missing 0 0 0 0 0 1 (3.4) 1 (0.5) 
Severity of disease, most severe status selected      
 No treatment 9 (81.8) 58 (79.5) 14 (50.0) 12 (60.0) 17 (56.7) 15 (51.7) 125 (65.4) 
 Outpatient treatment 0 6 (8.2) 0 3 (15.0) 5 (16.7) 0 14 (7.3) 
 Inpatient treatment 0 0 1 (3.6) 1 (5.0) 0 3 (10.3) 5 (2.6) 
 Treatment in ICU 0 0 0 0 2 (6.7) 0 2 (1.0) 
 Deceased 0 0 0 0 0 4 (13.8) 4 (2.1) 
 Value missing 2 (18.2) 9 (12.3) 13 (46.4) 4 (20.0) 6 (20.0) 7 (24.1) 41 (21.5) 
COVID-19 vaccination status       
 Fully vaccinated 0 0 0 10 (50.0) 14 (46.7) 19 (65.5) 43 (22.5) 
 Not or not fully 
 vaccinated 

11 (100) 73 (100) 28 (100) 10 (50.0) 16 (53.3) 10 (34.5) 148 (77.5) 

*The variable on severity of disease combines information from the routine surveillance system with survey results, resulting in a high number of missing 
values. ICU, intensive care unit. 
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classes C and D generally did not ride the school bus. 
In September 2021, students at the school were regu-
larly tested by antigen test 3 times per week. In addi-
tion, all quarantined students (mostly from classes A 
and B) were tested by RT-PCR 1 time during CW 38.

Results from the first cohort study show that 65 
outbreak cases at the most affected school occurred in 
classes with bus-riding students, resulting in a rela-
tive risk of 24 (95% CI 6–95). Because testing practices 
differed between quarantined and nonquarantined 
students, cases in classes A and B were more likely 
to be detected, potentially biasing that relative risk. 
However, when we limited our analysis to students 
in classes A and B, the relative risk for bus-riding stu-
dents was still 4 (95% CI 3–6) times greater than for 
those not riding the bus. That finding suggests that 
an attributable proportion of case-patients among 

students in classes A and B (74%) were exposed to 
SARS-CoV-2 by bus riding. Apart from bus riding, 
we did not identify any other common factor (e.g., so-
cial activities, common teacher, shared meals) among 
case-patients at that school.

In the second cohort study, among the 61 inter-
viewed students who rode the school bus during 
September 9–17, a total of 45 students tested positive 
for SARS-CoV-2. Parents and care providers report-
ed regular wearing of masks and variable seating 
arrangements for those children. Because the num-
ber of bus rides differed, cumulative time on the bus 
varied from 36 to 234 minutes. We found no statis-
tically significant risk or protective factors among 
bus-riding students.

Bus Driver and Bus Properties
The school bus driver tested positive for SARS-CoV-2 
on September 15. As a close contact of a SARS-CoV-2–
infected person and lacking vaccination, starting Sep-
tember 13, he was required to be quarantined. We 
were told that he instead drove the public bus, the 
school bus, and 1 charter tour bus (with female day-
trippers) until September 15. In addition, several bus 
passengers (or their parents) reported that the bus 
driver was coughing and not wearing a mask for sev-
eral days until he tested positive on September 15.

The obligation to wear masks during the ride 
was not generally enforced on the bus. The bus  
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Figure 1. Epidemic curves for 191 case-patients in COVID-19 outbreak, Hesse, Germany, 2021. Dates are for symptom onset or first 
positive test result, whichever was earlier. A) By probable transmission setting; B) by age group.

 
Table 2. COVID-19 attack rates by class type and grade at an 
elementary school, Hesse, Germany, 2021 
Class type or 
grade No. students 

No. COVID-19 
case-patients 

COVID-19 
attack rate, % 

Class    
 A 88 43 49 
 B 91 25 28 
 C 84 2 2,4 
 D 43 0 0 
Grade    
 1 91 21 23 
 2 68 19 28 
 3 81 19 24 
 4 66 11 17 
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provided fresh air through air conditioning and regu-
lar air circulation; the 2 roof openings were not regu-
larly opened in September.

Tourist Group
The school bus driver also picked up 17 air travel-
ers returning from a trip to Georgia on September 8, 
2021. He transported the group for 1 hour. In early 
September, 6 of the travelers tested positive for SARS-
CoV-2, 5 of whom fulfilled the definition of an out-
break case-patient (Figure 1). The first documented 
outbreak case-patient belonged to that tourist group, 
and symptoms had developed on September 6, 2021, 
while they were still traveling abroad.

Public Passengers and Bus Company Staff
The bus driver also transported passengers on the 
public bus who were mostly adults and secondary 
school students, whereas passengers on the school 
bus were limited to students of 1 elementary school 
and 1 childcare center. We also identified subsequent 
case-patients among the driver’s close contacts at the 
bus company and in all of the described passenger 
groups. Of the 7 members of the bus company and 
their respective household members who had regular 
and close contact with each other, 6 tested positive 
over the course of the outbreak.

Suboutbreak II among Day-Trippers
On September 15, 2021, the bus driver transported 
a group of 30 fully vaccinated female day-trippers, 
among which 6 became ill after the day trip. Accord-
ing to 1 woman’s recollection, none of the passen-
gers wore a mask during the bus ride. The bus driver 
joined the group during lunch time. Two of the sub-
sequent case-patients among the day-trippers sat di-
rectly behind the bus driver during the ride; a third 
case-patient shared a table with the bus driver during 

lunch. Symptoms developed in the case-patients 4–10 
days after the day trip, and they tested positive 7–17 
days after the trip. Alternative exposures, other than 
contact with the bus driver, were not disclosed for 
any of the 6 case-patients.

WGS Data and Phylogenetic Sequences
We had WGS data for 39 outbreak case-patients, in-
cluding a secondary case-patient in the household of 
a returning traveler from Georgia. On the basis of the 
WGS data, we identified epidemiologic links for 31 
case-patients with the outbreak strain; for the remain-
ing 8, we did not have sufficient information. The phy-
logenetically unique strain (novel in Germany at this 
time) enabled us to link the following case-patients 
or case groups (1 case-patient from the tourist group 
with a previously established epidemiologic link was 
later excluded on the basis of sequencing findings): 
schoolchildren (all 15 available sequences belonged 
to the outbreak strain and 7 available sequences from 
household members of students from this school); the 
tourist group (1 sequence belonging to the outbreak 
strain from a household member of a traveler); the fe-
male day-trippers (1 available sequence belonged to 
the outbreak strain); subsequent case-patients among 
staff of the bus company (2 available sequences of the 
household members of the staff of the bus company 
belonged to the outbreak strain); and other bus pas-
sengers (transported by the same bus company), their 
respective household members, or both (Figure 1, 
panel B; Figures 2–4).

Using the national sequencing database at RKI, 
we compared the outbreak sequences not only to se-
quences obtained from the affected district but also 
to all sequences available for Germany. We identified 
16 additional sequences in Germany and 3 sequences 
in Austria and the United States clustering with the 
outbreak sequence. The sequences from Germany 
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Figure 2. Plausible chains 
of transmission in COVID-19 
outbreak in Hesse, Germany, 
2021 (n = 191), Solid boxes 
indicate that whole-genome 
sequencing evidence of the 
outbreak strain was available for 
>1 case; dotted boxes indicate 
cases with no whole-genome 
sequencing evidence available.
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Figure 3. Sequences from samples from case-patients in 
COVID-19 outbreak, Hesse, Germany, 2021 (red circles). 
Sequences cluster tightly together when placed in a global 
phylogenetic tree, with the exception of 1 outlier. The outlier 
sequence from 1 air traveler was removed from the outbreak 
case-patients on the basis of lack of sequence similarity compared 
with other outbreak sequences. The global phylogenetic tree 
includes all SARS-CoV-2 sequences GISAID (https://gisaid.
org), GenBank, COVID-19 Genomics UK Consortium (https://
www.cogconsortium.uk), and the China National Center for 
Bioinformation (https://www.cncb.ac.cn) databases as of July 
16, 2023 (total ≈15 million sequences) and was downsampled to 
≈2,000 sequences for easier visualization.
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belonged to case-patients outside of the district with 
symptom onset during September 21—October 12, 
2021. Further epidemiologic information was avail-
able for 9 of those case-patients, all of whom could be 
epidemiologically linked to the outbreak; however, 
they were not included in the total case count because 
they resided outside the outbreak district.

Discussion
Using integrated epidemiologic and genomic data, we 
documented the introduction of a novel SARS-CoV-2 
strain (AY.103) to Germany by air travelers, leading 
to an outbreak. Our investigation also highlights ef-
fective transmission of the SARS-CoV-2 Delta variant 
on a bus. Most likely, at the time of arrival in Ger-
many, the virus spread from the air travelers to the 
bus driver, who during the following days may have 
transmitted the virus to the bus-riding schoolchildren 
and other passengers. The outbreak spread further 
within the bus company, schools, and corresponding 
households. To our knowledge, further transmission 
was prevented because of measures such as testing 
and quarantine implemented by the PHA after out-
break detection.

Our investigation of suboutbreak I at the elemen-
tary school suggests that although the transit time 
among students was only 9–18 minutes twice a day, 
the attributable portion of early case-patients among 
students explained by bus riding amounts to 74%. 
The actual percentage might even be greater because 
we considered those case-patients to have been ex-
posed only inside the charter bus, for which we were 
able to verify the information in interviews.

The suboutbreak II among day trippers who 
were exposed to the same bus driver as the school-
children provides further evidence regarding trans-
mission chains. Nevertheless, we cannot determine 
whether transmissions took place only during the 
1-hour bus ride or also while sharing a lunch table 
with the bus driver.

Given the delay between the timing of the out-
break and its investigation, most samples had al-
ready been discarded. However, data from the avail-
able samples agree with our epidemiologic findings 
and suggest transmission as described above. The 
sequence lineage had not been detected in Germa-
ny before the arrival of the tourist group, suggest-
ing that the strain was introduced by the travelers. 
Although it seems unlikely that a person other than 
the bus driver might have served as the link be-
tween all the groups with the same outbreak strain 
(household person of an air traveler, bus company 
staff, bus riding children, day trippers), we cannot 

exclude the possibility of an unobserved additional 
transmission chain.

Regarding infection of the schoolchildren, trans-
mission could have taken place somewhere other 
than inside the bus. Children in every school grade 
were affected, and the available sequences link the re-
spective students or their household contacts or both 
to the outbreak cluster. In addition, analysis of the 
relative risks in the school classes showed a signifi-
cantly elevated relative risk for infection among bus-
riding students. Those observations strongly support 
the hypothesis that most infections among schoolchil-
dren were associated with bus transportation. How-
ever, because most students rode the bus twice a day, 
it remains unclear if transmissions happened on a 
single bus journey or if the cumulative exposure over 
several days was key.

Epidemiologic and genomic data demonstrate 
that contact tracing, testing, isolation, and quarantine 
successfully contained the outbreak. Because the out-
break strain was unique within Germany, the phylo-
genetic analyses prove that the outbreak strain has 
not spread further. As such, the effectiveness of con-
tact tracing, isolation, and quarantine in the middle of 
the wave of the extremely transmissible Delta variant 
is convincing.

WGS was key to validating the existing epi-
demiologic links and identifying additional case-
patients outside the cluster. Furthermore, given 
the specific strain and broad sequencing data for 
strains from the area and globally, WGS helped 
confirm that we did not miss other suboutbreaks. 
The AY.103 strain was not detected in the area after 
the outbreak was over, which shows that the local 
transmission was contained.

Our findings are relevant given that evidence of 
SARS-CoV-2 transmission events associated with 
short bus rides or public bus transportation is lim-
ited (14). Rather, published transmission events or 
outbreaks associated with bus transportation stem 
from longer bus rides (15–18). A large cohort study 
in Norway early in the pandemic (when masks 
were not yet routinely worn) showed a dose– 
response relationship between using public trans-
port and the risk of acquiring SARS-CoV-2 (19). A 
study of US students riding school buses with in-
fected COVID-19 passengers yielded no secondary 
case-patients associated with bus transport (20). 
Lack of transmission may have resulted from thor-
ough adherence to mask wearing, lower transmissi-
bility, and susceptibility of children to the wild virus 
(compared with the Delta variant), or both (21; O.A. 
Uthman, unpub. data, https://www.medrxiv.org/ 
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content/10.1101/2022.08.26.22279248v1). Our arti-
cle describes a high secondary attack rate on (mul-
tiple) short bus journeys of <20 minutes during cir-
culation of the Delta variant.

Among the limitations of our findings, we note 
that because the outbreak investigation was retro-
spective, active case finding was limited and some 
cases might have gone unnoticed, particularly among 
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Figure 4. The subtree of 
the global SARS-CoV-2 
phylogenetic tree in Figure 
3 that contains all outbreak 
patient sequences contains 
few nonoutbreak sequences, 
showing that the outbreak in 
Hesse, Germany, 2021, was 
effectively contained. Three 
international sequences are 
included (2 from the United 
States, 1 from Austria), as 
well as 8 sequences that are 
from outside of the defined 
outbreak time period and 16 
from outside the geographic 
region but still within 
Germany.
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vaccinated household contact persons who were  
asymptomatic and therefore not tested. Also, out-
break case-patients and their respective links to the 
outbreak may have been underascertained because of 
lack of epidemiologic or molecular evidence.

Recall bias may have affected our identification of 
epidemiologic links and the data quality. Given local 
media coverage, the outbreak and its potential links to 
bus transportation were stipulated before being prop-
erly investigated. To address that limitation, we applied 
a conservative approach toward epidemiologic links; 
instead of relying on school lists for use of bus transpor-
tation, we interviewed families about actual bus use and 
based confirmed bus transportation on those interviews 
only. However, some misattribution cannot be fully ex-
cluded, and the data quality regarding mask use and 
seat location within the bus remains limited, given the 
difficulty of recall and secondhand information from 
parents instead of the young children themselves.

Our report showcases how local bus transporta-
tion amplified a COVID-19 outbreak. In collabora-
tion with the affected local institutions and bus com-
pany, the local PHA rapidly identified the ongoing  
COVID-19 outbreak and implemented successful 
measures to control it. Regular testing at school en-
hanced early detection of SARS-CoV-2 infections, and 
early quarantine helped minimize subsequent transmis-
sions at school and shows the value of quarantine mea-
sures for nonvaccinated contact persons at that time. 
WGS was essential for proving transmission chains.

To identify and resolve respiratory virus super-
spreading events, use of public transport and mul-
tiple short (<20 minutes) bus rides should be con-
sidered as potential amplification mechanisms. PHA 
should also consider WGS as a useful early adjunct 
tool for outbreak investigations. Hygiene measures, 
such as regular testing and mask wearing, should be 
implemented indoors and on public transportation 
during similar epidemics or pandemics.
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Simarteriviruses (order Nidovirales, family Arteri-
viridae, subfamily Simarterivirinae) are geneti-

cally diverse viruses that naturally infect cercopithe-
coid monkeys throughout sub-Saharan Africa. Many 
divergent simarteriviruses can infect macaques, al-
though severity of disease ranges from subclinical to 
highly fatal in this nonnatural host (1,2). Simarterivi-
ruses are not known to infect humans, but the close 

evolutionary history of simarterivirus hosts and 
humans, their interhost and intrahost diversity, and 
various molecular characteristics suggest that those 
viruses might pose a zoonotic threat (3–5).

Simian hemorrhagic fever virus (SHFV), the 
best characterized simarterivirus, was identified 
as the cause of a highly fatal hemorrhagic fever 
epizootic at a National Institutes of Health quar-
antine facility in Bethesda, Maryland, USA, in 
1964, affecting captive rhesus monkeys from Asia  
(Macaca mulatta), crab-eating macaques (Macaca 
fascicularis), and stump-tailed macaques (Macaca 
arctoides) (6–8). During the next 3 decades, several 
other epizootics in captive macaques were attribut-
ed to SHFV, but retrospective sequencing analyses 
indicated that other highly diverse simarterivirus-
es caused some of those outbreaks despite similar 
clinical manifestations (9). Healthy monkeys from 
Africa housed adjacent to the affected macaques 
from Asia were long suspected to be the natural 
simarterivirus hosts, but simarterivirus identifi-
cation in healthy wild monkeys from Africa only 
began in 2011, when metagenomic sequencing was 
used (10–14).

Arteriviruses in general, and simarteriviruses 
in particular, are difficult to isolate. SHFV will only 
replicate to high titers in the grivet-derived cell line 
MA-104 and its subclones (e.g., MARC-145) (5,8,15–
19). Although Kibale red colobus virus 1 (KRCV-1) 
can replicate in MARC-145 cells, replication is incon-
sistent, and virus production is low. Thus, immortal-
ized cell lines capable of sustaining robust replication 
of simarteriviruses other than SHFV do not exist. If 
a novel simarterivirus were to emerge, threatening 
human or animal health, the lack of in vitro systems 
for virus propagation and isolation would be a ma-
jor hurdle in understanding basic virology and de-
veloping medical countermeasures. We describe a  
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Genetically diverse simian arteriviruses (simarteriviruses)  
naturally infect geographically and phylogenetically di-
verse monkeys, and cross-species transmission and 
emergence are of considerable concern. Characterization 
of most simarteriviruses beyond sequence analysis has 
not been possible because the viruses fail to propagate in 
the laboratory. We attempted to isolate 4 simarteriviruses, 
Kibale red colobus virus 1, Pebjah virus, simian hemor-
rhagic fever virus, and Southwest baboon virus 1, by inoc-
ulating an immortalized grivet cell line (known to replicate 
simian hemorrhagic fever virus), primary macaque cells, 
macrophages derived from macaque induced pluripotent 
stem cells, and mice engrafted with macaque CD34+-
enriched hematopoietic stem cells. The combined effort 
resulted in successful virus isolation; however, no single 
approach was successful for all 4 simarteriviruses. We 
describe several approaches that might be used to iso-
late additional simarteriviruses for phenotypic character-
ization. Our results will expedite laboratory studies of si-
marteriviruses to elucidate virus-host interactions, assess 
zoonotic risk, and develop medical countermeasures.
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combination of approaches resulting in successful 
isolation of multiple diverse simarteriviruses.

Methods

Biosafety and Ethics Statement
We obtained primary macaque tissues from the Non-
human Primate Biologic Materials Distribution Core 
service at the Wisconsin National Primate Research 
Center in Madison, WI, USA. All experiments involv-
ing simarteriviruses were performed in a Biosafety 
Level 3 laboratory by trained personnel equipped 
with powered air purifying respirators, according to 
approved standard operating procedures. All experi-
ments were approved before initiation by the institu-
tional Biosafety Committee and Animal Care and Use 
Committee at the University of Wisconsin–Madison. 

Virus Choices
Most simarteriviruses are uncultivable in vitro. Vi-
ruses that have been successfully used for in vivo 
studies are KRCV-1, SHFV, and Southwest baboon 
virus 1 (SWBV-1); those infections were performed 
in cercopithecoid nonhuman primates (NHPs). Small 
rodent models of simarterivirus infection would be 
useful to further characterize simarterivirus transmis-
sion and pathogenesis as well as to develop medical 
countermeasures against simarteriviruses of zoonotic 
concern. We chose the viruses evaluated in this study 
because they were previously discovered in the labo-
ratory of David H. O’Connor at the University of Wis-
consin–Madison by using unbiased deep sequenc-
ing, and we had retained residual source material 
from those studies. Pebjah virus (PBJV) had not been  

isolated, and our source material was not known to 
contain infectious virus. SWBV-1 had not been isolat-
ed, but we had reason to believe that our source ma-
terial contained infectious virus because we had been 
able to productively infect NHPs with this material, 
as previously described (Table) (25).

Source Material
Low-titer MARC-145 cell culture supernatant con-
taining KRCV-1 (10,13) was provided by Cody War-
ren (The Ohio State University). We obtained olive 
baboon plasma containing SWBV-1 RNA, cell cul-
ture supernatants containing SHFV or recombinant 
SHFV expressing enhanced green fluorescent pro-
tein (eGFP), and material containing PBJV RNA from 
previous studies (9,12,15,17,25). For in vitro experi-
ments, we provide the multiplicity of infection (MOI) 
for SHFV in PFU, determined by plaque assay (16). 
We were unable to make similar MOI estimations 
for KRCV-1, PBJV, and SWBV-1 because we lacked a 
method for assessing virus titers; therefore, we used 
the same volumes of starting material for each of 
those viruses.

Quantification
For quantification of virus RNA in cell culture su-
pernatants or serum samples, we extracted RNA 
from 20 or 50 μL of samples by using a KingFisher 
Flex System and MagMAX Viral and Pathogen Nu-
cleic Acid Isolation Kit (both ThermoFisher Scientific, 
https://www.thermofisher.com). We eluted RNA in 
50 μL water and used 8.5 μL RNA for quantitative 
reverse transcription PCR (qRT-PCR). We designed 
virus-specific TaqMan assays to detect each virus by  
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Table. Viruses used in study of isolation of diverse simarteriviruses causing hemorrhagic disease* 

Simarterivirus 
Year of 

discovery Place of discovery 
Natural monkey host 

from Africa Disease in macaques from Asia References 
Kibale red colobus 
virus 1  

2011 Kibale National Park, 
Uganda 

Ugandan red colobus 
(Piliocolobus 
tephrosceles) 

Mild (experimental exposure of 
crab-eating macaques) 

(10,17) 

Pebjah virus  1989, 
2015 

Primate Research 
Institute of New Mexico 

State University, 
Alamogordo, New 

Mexico, USA 

Unknown Severe/lethal (epizootic among 
captive crab-eating macaques) 

(9,20,21) 

Simian hemorrhagic 
fever virus  

1964 Primate Quarantine 
Unit at the National 
Institutes of Health, 

Bethesda, Maryland, 
USA 

Possible: Olive 
baboons (Papio 
anubis), patas 

monkeys 
(Erythrocebus patas) 

Severe/lethal (epizootic among 
captive crab-eating macaques, 

rhesus monkeys, and stump-tailed 
macaques; experimental exposure 

of crab-eating macaques, Japanese 
macaques; rhesus monkeys, and 

stump-tailed macaques) 

(6–8,17,22–
24) 

Southwest baboon 
virus 1  

2014 Southwest National 
Primate Research 

Center, San Antonio, 
Texas, USA 

Olive baboons (Papio 
anubis) 

Subclinical (experimental exposure 
of rhesus monkeys) 

(12,22,25) 

*NA, not applicable. 
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using simarterivirus genome sequences from Gen-
Bank. We used Primer3 (https://primer3.org) for 
primer and probe design, and Integrated DNA 
Technologies (https://idtdna.com) synthesized the 
primers and probes according to the FAM and Zen/
Iowa-Black dual-quencher system. Oligonucleotide 
sequences were: KRCV-1-F, 5′-ACACGGCTACCCT-
TACTCC-3′; KRCV-1-R, 5′-TCGAGGTTAARCGGTT-
GAGA-3′; KRCV-1-P, 5′-TTCTGGTCCTCTTGCGAA 
GGC-3′; PBJV-F, 5′-GAGGATGGTCGCCTCAAC-
TA-3′; PBJV-R, 5′-AAGGACCCTCGTCAAATTCA-3′; 
PBJV-P, 5′-TGCTGTCATCACACCAGATG-3′; SHFV-
F, 5′-CGACCTCCGAGTTGTTCTACCT-3′; SHFV-
R, 5′-GCCTCCGTTGTCGTAGTACCT-3′; SHFV-P, 
5′-CCCACCTCAGCACACATCAAACAGCT-3′; 
SWBV-1-F, 5′-GCTTGCTGGTAAGATTGCCA-3′; 
SWBV-1-R, 5′-GTCCTAGGAGCAGCTG TTGG-3′; 
and SWBV-1-P, 5′-TGATTAACCTGAGGAAGTATG-
GCTGGC-3′. We used the TaqMan RNA-to-CT 1-Step 
Kit (ThermoFisher Scientific) for qRT-PCR, which 
we performed on a Quantstudio 6 Pro thermocycler 
(ThermoFisher Scientific) as follows: reverse tran-
scription at 48°C for 15 minutes, initial denaturation 
at 95°C for 10 minutes, a subsequent 50 cycles at 95°C 
for 15 seconds, and then incubation at 60°C for 1 min-
ute, during which signal acquisition was performed. 
Using a custom-designed, in vitro-transcribed RNA 
standard curve for SHFV, we determined that a cycle 
threshold (Ct) of ≈38–40 corresponded to ≈10 RNA 
copies/reaction and, thus, was a generalizable limit 
of detection in this study. We extrapolated the stan-
dard curve to a rough approximation of the copies/
mL of the SHFV N gene, which encodes nucleopro-
tein: a Ct of 29 was ≈106 copies/mL, Ct of 22 was ≈108 
copies/mL, and Ct of 15 was ≈1010 copies/mL.

MA-104 Cell Culture
MA-104 cells, derived from grivet (Chlorocebus ae-
thiops) embryonic kidneys, were provided by Si-
yuan Ding (Washington University, St. Louis, MO, 
USA). We cultured the cells in Dulbecco Modified  
Eagle Medium containing 1% HEPES buffer, 1% so-
dium pyruvate, and 1% L-glutamine (GIBCO/Ther-
moFisher Scientific), and 10% heat-inactivated fetal 
calf serum (FCS; Omega Scientific, https://www.
omegascientific.com).

Rhesus Monkey Peripheral Blood Mononuclear Cells 
We obtained ≈15 mL of rhesus monkey whole blood 
in EDTA and added 15 mL of Roswell Park Memo-
rial Institute (RPMI) 1640 medium (ThermoFisher 
Scientific) containing 10% FCS. We overlayed the 
diluted blood with 15 mL Ficoll-Paque (Cytiva,  

https://www.cytivalifesciences.com) and centri-
fuged at 800 × g for 30 minutes without braking. We 
extracted the buffy coat and treated the cells once 
with ACK Lysing Buffer (GIBCO/ThermoFisher Sci-
entific), according to the manufacturer’s instructions. 
We washed the cells 2 times with RPMI 1640 medium 
and then plated them for differentiation, achieved 
by adding bulk peripheral blood nononuclear cells 
(PBMCs) to flasks containing minimum essential me-
dium α (MEM α; GIBCO/ThermoFisher Scientific), 
20% heat-inactivated FCS, 1% type AB human serum 
(Sigma Aldrich, https://www.sigmaaldrich.com), 50 
µmol/L 2-mercaptoethanol (GIBCO/ThermoFisher 
Scientific), 20 µg/mL human macrophage colony-
stimulating factor (M-CSF; Peprotech, https://www.
peprotech.com), 10 µg/mL human interleukin-1 beta 
(IL-1β; Peprotech), and antimicrobial/antifungal so-
lution containing penicillin, streptomycin, and am-
photericin B (GIBCO/ThermoFisher Scientific). We 
allowed the cells to differentiate for 6 days, changing 
medium every 2 days. We removed differentiated 
cells by using Cellstripper (Corning, https://www.
corning.com) according to the manufacturer’s recom-
mendations and then plated the cells for experiments.

We inoculated cells with an SHFV MOI of 0.1 or 
equivalent volumes of KRCV-1, PBJV, or SWBV-1 in 
MEM α medium containing 2% FCS and incubated for 
1 h at 37°C, gently rocking every ≈15 min. We washed 
monolayers 2 times with phosphate-buffered saline 
(PBS) and then added complete growth medium. We 
collected cell supernatants at different timepoints and 
stored them at −80°C before RNA extraction.

Rhesus Monkey Splenocytes
We obtained spleen samples from rhesus monkeys 
during necropsies of animals used for other studies. 
We mechanically dissociated 2–10 g of tissue by us-
ing scissors and a scalpel in ≈10 mL of RPMI 1640 
medium containing heat-inactivated 10% FCS and 
antimicrobial/antimycotic solution and then passed 
the tissue through a 100-µm filter to obtain a single 
cell suspension. We treated the cells with ACK Lys-
ing Buffer and washed 2 times with ≈20 mL RPMI 
medium before plating for experiments or inducing 
differentiation. We let bulk splenocytes adhere to 
tissue culture dishes for 12 hours and added nonad-
herent cells to a separate flask with differentiation 
medium prewarmed to 37°C. We maintained cells 
under standard tissue culture conditions (5% CO2, 
37°C) in differentiation medium for 6 days before 
performing experiments.

We inoculated splenocyte-derived macrophages 
with an SHFV MOI of 0.1 or equivalent volumes of 
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KRCV-1, PBJV, or SWBV-1 in MEM α containing 2% 
FCS for 1 hour. We washed the monolayers before 
adding complete growth medium and stored cell su-
pernatants at −80°C before RNA extraction.

Flow Cytometry of Rhesus Monkey Splenocytes
We obtained a single cell suspension of rhesus monkey 
splenocytes and treated them with ACK Lysing Buf-
fer as previously described. After treatment, we centri-
fuged the cells for 10 minutes at 300 × g, resuspended 
them in labeling buffer (PBS containing 0.5% bovine 
serum albumin and 2 mmol/L EDTA), and then incu-
bated with NHP CD11b microbeads (Miltenyi Biotec, 
https://www.miltenyibiotec.com) for 15 min at 4°C. 
We washed the cells 2 times with PBS containing 0.5% 
bovine serum albumin and 2 mmol/L EDTA and then 
resuspended in 500 µL of the same buffer. We attached 
LS columns to a MACS manual magnetic cell separa-
tor (both Miltenyi Biotec), prepared them according to 
manufacturer’s instructions, and added microbead-
labeled cell suspensions to the columns and let unla-
beled cells flow through. We washed the LS columns 3 
times with buffer and, after collecting unlabeled cells, 

we removed the columns from the MACS separator 
and placed them into 15-mL conical tubes. We added 5 
mL buffer to each column, recovered CD11b-enriched 
cells, and added differentiation medium to the labeled 
cells, replenishing the medium every 2 days.

Six days after initiating differentiation, we inocu-
lated splenocyte-derived macrophages with SHFV-
eGFP at an MOI of 0.1 without washing. After 24 
hours, we harvested the cells by using Cellstripper 
and transferred them to a nontissue culture-treated 96-
well V-bottom plate (Corning), which we centrifuged 
for 5 minutes at 500 × g. We rinsed the cells 2 times in 
fluorescence-activated cell sorter (FACS) buffer (PBS, 
2% FCS, 1 mmol/L EDTA [Invitrogen/ThermoFisher 
Scientific]) before adding ViaDye (Cytek Biosciences, 
https://www.cytekbio.com) to the cells according to 
the manufacturer’s instructions. After rinsing the cells 
2 times in FACS buffer, we added Human TruStain 
FcX Block (Biolegend, https:;//www.biolegend.com), 
incubated for 10 minutes in the dark, then added hu-
man CD14 antibody (Biolegend) and incubated for an 
additional 20 minutes in the dark. After incubation, 
we washed the cells 2 times in FACS buffer before fix-
ing for 20 minutes in 4% paraformaldehyde (Electron 
Microscopy Sciences, https://www.emsdiasum.com) 
diluted in PBS and then rinsed the cells 2 times in with 
FACS buffer and stored at 4°C before flow cytometric 
analysis on an Attune Flow Cytometer (ThermoFisher 
Scientific). We performed analysis by using FlowJo 
version 10.8 software (BD Biosciences, https://www.
bdbiosciences.com).

Macrophages Derived from Induced  
Pluripotent Stem Cells
We generated induced pluripotent stem cells (iPSCs) 
from crab-eating macaques as previously described 
(26–29). In brief, we isolated fibroblasts from skin 
punches, reprogrammed them by using episomally-
encoded Yamanaka factors, and maintained an un-
differentiated state by passaging the cells on mouse 
embryonic fibroblasts every 3 days. We generated 
multipotent hematopoietic progenitors (MHPs) from 
iPSCs as described previously (26,27). In brief, we cul-
tured iPSC aggregates on OP9 feeder cell layers for 
10 days in NHP medium (MEM α, 10% Hyclone fetal 
bovine serum [Cytiva] that was not heat inactivated, 
50 µmol/L 2-mercaptoethanol), and day-specific 
amounts of cytokines and chemicals (Peprotech). At 
differentiation day 10, we collected floating MHPs 
and either froze the cells in 10% vol/vol dimethyl 
sulfoxide/90% fetal bovine serum or used them to  
generate macrophages. We further differentiated  
MHPs to macrophages by incubating them in  
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Figure 1. Simarterivirus infection of grivet embryonic kidney 
cell line in study of isolation of diverse simarteriviruses causing 
hemorrhagic disease. MA-104 cells were inoculated with SHFV at 
a multiplicity of infection of 1 and inoculated with KRCV-1, PBJV, or 
SWBV-1 by using sample volumes equivalent to that of SHFV (n = 
3 experiments for each virus). Supernatants were collected at the 
indicated timepoints and quantitative reverse transcription PCR was 
used to measure simarterivirus nucleoprotein gene levels. Dashed 
line indicates limit of detection. Only SHFV replicated in grivet MA-
104 cells. Ct, cycle threshold; KRCV-1, Kibale red colobus monkey 
virus 1; PBJV, Pebjah virus; SHFV, simian hemorrhagic fever virus; 
SWBV-1, Southwest baboon virus 1. 
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ultralow-attachment 6-well plates (Corning) for 6 
days in NHP medium containing 20 ng/mL of M-CSF 
and 10 ng/mL of IL-1β (28). Every 2 days, we added 
2 mL NHP medium/well and additional cytokines 
to maintain final concentrations of 20 ng/mL M-
CSF and 10 ng/mL IL-1β. We maintained the iPSC- 
derived macrophages in fresh NHP medium contain-
ing M-CSF and IL-1β and performed complete medi-
um changes and replating every 6 days.

For virus exposure experiments, we plated cells 
≈2.5 × 105 cells/well in 6-well ultralow attachment plates 
and incubated with inoculum for 1 hours at 37°C and 
5% CO2, gently rocking the plates every ≈15 min. We 
removed the inoculum, washed the cells 3 times with 
PBS, and then replenished with prewarmed medium.

Mice Engrafted with Macaque Immune Cells 
Mice were prepared as previously described (29). In 
brief, we created engrafted mice by using fetal (≈100 
days’ gestation) tissue from rhesus monkeys obtained 
from the Wisconsin National Primate Research Cen-
ter. We used immunodeficient NSG-SGM3 (NOD.
Cg-Prkdcscid Il2rgtm1Wjl Tg[CMV-IL3,CSF2,KITLG]1Eav/
MloySzJ) and NOG-EXL (NOD.Cg-Prkdcscid Il2rgtm1Sug 
Tg[SV40/HTLV-IL3,CSF2]10–7Jic/JicTac) transgenic 
mice (both from Taconic Biosciences, https://www.
taconic.com) as hosts for the experiments and unen-
grafted NSG-SGM3 transgenic mice and background-
matched wildtype NOR/LtJ mice as controls (The 
Jackson Laboratory, https://www.jax.org). Before the 
operation, we myeloablated the transgenic mice by 
using busulfan (30). We engrafted the mice surgically 
with 1–2 primate thymus fragments (≈1 mm3) placed 
under the kidney capsule and injected 8 × 104 to 2 × 

105 primate liver hematopoietic stem/progenitor cells 
through the tail vein; we treated the mice with 2 doses 
(days 0 and 7 after surgery) of 100 µg CD2 antibody via 
retro-orbital injection. We collected and analyzed blood 
samples 6–7 weeks after surgery from all mice to assess 
primate immune cell engraftment (NHP CD45+ cells). 

Virus Exposure Studies in Mice
We analyzed 5 cohorts of laboratory mice and record-
ed specific genetic background, engraftment status, 
and virus exposure for each cohort (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/30/4/23-1457-
App1.xlsx). After engraftment and verification of graft 
health via flow cytometry (29), we transferred the mice 
to an animal Biosafety Level 3 laboratory and acclimat-
ed them for 4–8 days. Before virus exposure, the mice 
were sedated by using isoflurane gas, after which we 
intravenously inoculated 50 μL of virus-positive ma-
terial into the retro-orbital space by using a 31-gauge 
needle and injected 100 μL of virus-positive material 
into the peritoneal cavity. We examined the mice daily 
and compared them with the unengrafted NSG-SGM3 
and background-matched wildtype NOR/LtJ controls. 
We collected ≈5 drops of blood via submandibular ve-
nipuncture at 2, 6, and 12 days after virus exposure for 
RNA extraction and virus load measurements.

Results

Simarteriviruses in Grivet MA-104 Cells
The grivet embryonic kidney cell line, MA-104 (includ-
ing several subclones, such as MARC-145), is susceptible 
to infection by many divergent arteriviruses. However, 
with the exception of SHFV, MA-104 cells do not support 
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Figure 2. Primary rhesus monkey macrophages infected with simian hemorrhagic fever virus in study of diverse simarteriviruses 
causing hemorrhagic disease. Macrophages were isolated from spleen tissue and mock infected or infected with SHFV-eGFP. Left 
panel shows isolated macrophages; scale bar indicates 120 μm. Middle panel shows cells 24 hours after mock infection and right panel 
shows cells 24 hours after infection with SHFV-eGFP at a multiplicity of infection of 0.1; original magnification ×40. SHFV-eGFP, simian 
hemorrhagic fever virus–enhanced green fluorescent protein.
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robust infection with other simarteriviruses (5,8,15–19). 
To confirm this lack of susceptibility, we exposed MA-
104 cells to residual monkey serum and other biospeci-
mens containing KRCV-1, PBJV, SHFV, or SWBV-1. To 
evaluate productive infection by those viruses, we moni-
tored cultures during <21 days for cytopathic effect (CPE) 
and used qRT-PCR targeting the virus-specific N gene to 
detect increasing concentrations of N RNA in cell culture 
supernatant; we made partial growth medium changes 
as needed. As expected, MA-104 cultures inoculated 
with SHFV displayed rapid CPE accompanied by an in-
crease in SHFV N RNA levels. However, MA-104 cells 
inoculated with KRCV-1, PBJV, or SWBV-1 maintained 
normal morphologic characteristics and did not display 
increases in virus N RNA levels (Figure 1). Our results 
confirmed that MA-104 cells cannot be used to grow or 
isolate SWBV-1, KRCV-1, or PBJV.

Simarterivirus Isolation from Primary Rhesus  
Monkey Macrophages and Splenocytes
SHFV tropism is primarily restricted to macrophages 
and myeloid dendritic cells in vivo, and the virus can be 

propagated on primary rhesus monkey macrophages 
(18,23,31,32). For a second attempt to isolate KRCV-1, 
PBJV, SWBV-1, we obtained rhesus monkey PBMCs 
and splenocytes. Because of the small and variable siz-
es of PBMCs, we were unsure whether CPE would be 
discernible. Therefore, we used recombinant SHFV-
eGFP (15) as a positive control. As expected, macro-
phages and splenocytes became eGFP positive within 
24 h after SHFV-eGFP exposure (Figures 2, 3). Next, 
we exposed adherent and nonadherent PBMCs and 
splenocytes to wild-type SHFV or samples containing 
the other 3 viruses. Measuring virus-specific N RNA 
over time by qRT-PCR revealed productive infections  
by KRCV-1, PBJV, and SHFV, but not SWBV-1 (Fig-
ures 4, 5). We showed PBJV could be isolated in cell 
culture, and adherent NHP PBMCs, likely mono-
cytes, can be used to isolate previously uncultivable 
simarteriviruses.

Simarterivirus Isolation from Macaque iPSCs
Phylogenetically diverse cercopithecoid monkeys 
are susceptible to infection by various simarteri-
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Figure 3. Flow cytometry of SHFV-eGFP–infected (top plots) and uninfected (bottom plots) splenocytes in study of isolation of diverse 
simarteriviruses causing hemorrhagic disease. Green dots indicate cells infected with SHFV-eGFP. BV605, brilliant violet 605 dye; 
eGFP, enhanced GFP; FSC, forward scatter; GFP, green fluorescent protein; PE, phycoerythrin; SHFV, simian hemorrhagic fever virus; 
SSC, side scatter. 
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viruses (3); using primary macaque macrophages-
likely increases the chances of isolating simarterivi-
ruses (Figure 2). However, the increasingly limited 
availability of macaques for biomedical research, in-
frastructure required for their maintenance, exper-

tise and safety measures required to collect tissue 
samples, relatively small number of cells that can 
be purified from a tissue sample, and growing ethi-
cal concerns regarding large NHP research in gen-
eral (33) are substantial barriers to using primary 
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Figure 4. Ct values for virus-specific nucleoprotein RNA from rhesus monkey cells in study of diverse simarteriviruses causing 
hemorrhagic disease. PBMCs and splenocytes were infected with SHFV at a multiplicity of infection of 0.1 and infected with KRCV-
1, PBJV, or SWBV-1 by using volumes equivalent to that of SHFV. Nucleoprotein RNA was measured by using quantitative reverse 
transcription PCR at different times after inoculation. Dotted lines indicate limit of detection. Numbers in parentheses indicate number of 
experiments performed for each virus. Error bars indicate SEMs. Ct, cycle threshold; KRCV-1, Kibale red colobus monkey virus 1; PBJV, 
Pebjah virus; PBMCs, peripheral blood mononuclear cells; SHFV, simian hemorrhagic fever virus; SWBV-1, Southwest baboon virus 1. 

Figure 5. Comparisons of Ct 
values for different viruses infecting 
cells from rhesus monkeys in study 
of diverse simarteriviruses causing 
hemorrhagic disease. PBMCs 
and splenocytes were isolated 
from rhesus monkeys, infected 
with different simarteriviruses, and 
analyzed for infection by using 
quantitative reverse transcription 
PCR. Dots for each cell type and 
numbers in parentheses indicate 
number of experiments performed 
for each virus. Horizontal lines 
between dots indicate mean Ct 
values for each group. Statistical 
significance was determined by 
using 1-way analysis of variance. 
A, adherent; Ct, cycle threshold; 
KRCV-1, Kibale red colobus 
monkey virus 1; N, nonadherent; 
PBJV, Pebjah virus; PBMCs, 
peripheral blood mononuclear 
cells; SHFV, simian hemorrhagic 
fever virus.
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macaque macrophages as a sustainable system for  
simarterivirus isolation. To overcome those po-
tential barriers, we hypothesized that macaque 
iPSC-derived macrophages could be used as a re-
producible and sustainable system for propagating 

simarteriviruses. We first differentiated iPSCs from 
reprogrammed crab-eating macaque fibroblasts 
(26) into CD34+ MHPs, then further differentiated 
the MHPs into macrophages (28) (Figure 6). Inoc-
ulation of the macrophages with all 4 viruses re-
vealed productive infections by KRCV-1, PBJV, and 
SHFV, but not SWBV-1, measured by annihilation 
of cells in culture (Figure 7) and virus-specific qRT-
PCR (Figure 8).

Isolation of Simarteriviruses In Vivo 
We hypothesized that immunodeficient mice en-
grafted with fetal rhesus monkey thymus- and liver-
derived CD34+-enriched hematopoietic stem and 
progenitor cells (29) would be susceptible to simar-
terivirus infection. Mice were inoculated simultane-
ously via intraperitoneal and intravenous injection to 
maximize the likelihood of establishing productive 
infections. Inoculation of simarteriviruses into unen-
grafted NSG-SGM3 and wildtype NOR/LtJ control 
mice did not result in viremia according to qRT-PCR 
detection of N RNA. However, in engrafted mice, 
productive infections were achieved with PBJV (all 5 
mice), SHFV (4 of 6 mice), and SWBV-1 (2 of 7 mice); 
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Figure 7. Cytopathic effect 
after infection of induced 
pluripotent stem cell–derived 
macrophages in study of 
diverse simarteriviruses causing 
hemorrhagic disease. Induced 
pluripotent stem cells from 
crab-eating macaques were 
differentiated into macrophages 
and mock infected (uninfected) 
or infected with different 
simarteriviruses. Cytopathic 
effect was monitored for 0–3 dpi. 
Original magnification ×100. dpi, 
days after inoculation; KRCV-1, 
Kibale red colobus monkey virus 
1; PBJV, Pebjah virus; SHFV, 
simian hemorrhagic fever virus; 
SWBV-1, Southwest baboon 
virus 1. 

Figure 6. Induced pluripotent stem cells isolated from crab-
eating macaques in study of diverse simarteriviruses causing 
hemorrhagic disease. Brightfield photograph shows induced 
pluripotent stem cell–derived macrophages stained with Wright-
Giemsa dye. Scale bar indicates 100 μm.
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1 engrafted mouse supported a brief infection with 
KRCV-1. Virus infections often persisted until the end 
of the study period (Figure 9); only 2 mice cleared vi-
rus RNA after viremia was detected.

Discussion
Simarteriviruses commonly infect cercopithecoid mon-
keys throughout sub-Saharan Africa. Yet, lack of simar-
terivirus isolates impedes in vitro and in vivo investiga-
tions partly because of an extremely limited set of tools 
available for working with those viruses in a laboratory 
setting, including the lack of in vitro systems available 
for simarterivirus culture. We used a combination of in-
creasingly sophisticated approaches (an immortalized 
grivet cell line, primary rhesus monkey PBMCs and 

splenocytes, crab-eating macaque iPSC-derived macro-
phages, and rhesus monkey leukocyte-engrafted labo-
ratory mice) to create a straightforward toolset for iso-
lating simarteriviruses. The combined effort resulted in 
isolation of the highly virulent, epizootic PBJV and suc-
cessful infection of laboratory mice with diverse simar-
teriviruses. However, no single host system was capable 
of supporting robust replication of all 4 simarteriviruses 
tested in this study. Only SHFV replicated in immortal-
ized MA-104 cells (Figure 1), and, although KRCV-1 did 
not replicate robustly in engrafted mice, SWBV-1 only 
replicated in engrafted mice (Figure 9). Our findings 
imply fundamental differences in tissue or host tropism 
among simarteriviruses. Nevertheless, we reveal a path 
for isolating other still-uncultured simarteriviruses and 
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Figure 9. Ct values for virus-specific nucleoprotein RNA in mice engrafted with rhesus monkey immune cells infected with diverse 
simarteriviruses causing hemorrhagic disease. NSG-SGM3 (NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg[CMV-IL3,CSF2,KITLG]1Eav/MloySzJ) 
mice were engrafted with fetal CD34+-enriched hematopoietic stem and progenitor cells isolated from rhesus monkeys. Engrafted 
and unengrafted NSG-SGM3 transgenic mice and background-matched wild-type NOR/LtJ mice were injected intraperitoneally and 
intravenously with 1 of 4 viruses: A) simian hemorrhagic fever virus; B) Kibale red colobus monkey virus 1; C) Pebjah virus; or D) 
Southwest baboon virus 1. Production of virus-specific nucleoprotein RNA in blood was measured over time by using quantitative 
reverse transcription PCR. Dotted lines indicates limit of detection. Ct, cycle threshold.

Figure 8. Ct values for virus-
specific nucleoprotein RNA 
in macrophages infected 
with diverse simarteriviruses 
causing hemorrhagic disease. 
Induced pluripotent stem 
cell–derived macrophages 
from crab-eating macaques 
were infected with different 
simarteriviruses. Virus-
specific nucleoprotein 
RNA was measured by 
using quantitative reverse 
transcription PCR on different 
days after inoculation. 
Dotted lines indicate limit of 
detection. Error bars indicate 
SEMs. Ct, cycle threshold; 
dpi, days after inoculation; iPSC, induced pluripotent stem cell; KRCV-1, Kibale red colobus monkey virus 1; LoD, limit of 
detection; PBJV, Pebjah virus; SHFV, simian hemorrhagic fever virus; SWBV-1, Southwest baboon virus 1.
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provide a system for evaluating medical countermea-
sures against simarteriviruses in vivo in highly charac-
terized mouse models.

The 4 viruses isolated in this study are highly di-
vergent from each other (≈50% genome identity) and 
represent only a portion of the known natural diver-
sity of simarteriviruses (11). Functionally character-
izing the many divergent simarteriviruses is critical 
to decipher the virus-host interactions that govern 
simarterivirus cross-species transmission. Although 
specific virus-host interactions remain largely un-
known, the isolation systems developed in this study 
will expedite mechanistic studies of simarteriviruses 
in the laboratory to elucidate those interactions, to as-
sess their zoonotic risk (3–5), and to develop candi-
date medical countermeasures.
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Viral zoonotic diseases give rise to most emerg-
ing or reemerging infectious diseases (1). Hanta-

virus infections are one of the most widespread ro-
dentborne viral zoonoses. The causative agents are 
orthohantaviruses (hantaviruses), which constitute a 
family of enveloped, single-stranded, negative-sense 
RNA viruses belonging to the family Hantaviridae, 
order Bunyavirales. The hantaviral virion comprises 3 
RNA segments: the small (S) encodes for the nucleo-
capsid protein; the medium (M) segment for the gly-
coprotein precursor, which later will be cleaved into 
Gn and Gc; and the large (L) segment for the RNA-
dependent RNA polymerase. 

The zoonotic transmission of hantaviruses to 
humans occurs primarily through indirect contact, 
such as inhaling aerosols from virus-contaminated 
rodent excreta or urine (2). The clinical symptoms 
of human hantavirus infections vary from asymp-
tomatic to fatal hemorrhagic fever with renal syn-
drome (HFRS) or hantavirus pulmonary syndrome 
(HPS). The clinical manifestations are usually as-
sociated with the hantavirus species, carried by dif-
ferent rodents with distinctive ecologic habitats (2).

In Sweden, Puumala orthohantavirus (PUUV), 
carried by the bank vole (Myodes glareolus) (3,4), causes 
nephropathia epidemica (NE), which is a mild form 
of HFRS (3,5). However, PUUV may cause a simi-
lar level of severity or fatality to that of pathogenic  
Murinae-associated hantaviruses such as Hanta-
an virus and Seoul virus (6). Most of the clinical 
cases of NE are clustered in northern Sweden; in-
cidence rate is 20 cases/100,000 population (7). 
Antibody prevalences of human PUUV infec-
tions, up to 16%, have been reported through 
serologic surveys (8). Although bank voles are 
present throughout the country, field-based eco-
logic studies of PUUV infections in rodents have 
mainly been performed in northern Sweden be-
cause of the positive correlation between bank vole 
density and the risk for human NE cases (9,10). 
Sweden has 2 distinct genetic lineages of PUUV 
circulating in the bank vole population: the North-
Scandinavian (N-SCA) variant and the South- 
Scandinavian variant (S-SCA) (3) (Figure 1). How-
ever, increasing data indicate an expansion of the 
distribution of hantaviruses in rodents (4,11). Sev-
eral serologic studies have revealed that PUUV-
infected rodents have already reached far south of 
the traditional endemic areas of PUUV (e.g., in the 
Uppsala and Stockholm areas) (4,11).
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In 2018, a local case of nephropathia epidemica was 
reported in Scania, southern Sweden, more than 500 
km south of the previously known presence of hu-
man hantavirus infections in Sweden. Another case 
emerged in the same area in 2020. To investigate the 
zoonotic origin of those cases, we trapped rodents 
in Ballingslöv, Norra Sandby, and Sörby in southern 
Sweden during 2020‒2021. We found Puumala virus 
(PUUV) in lung tissues from 9 of 74 Myodes glareolus 
bank voles by screening tissues using a hantavirus 
pan–large segment reverse transcription PCR. Ge-
netic analysis revealed that the PUUV strains were 
distinct from those found in northern Sweden and 
Denmark and belonged to the Finnish PUUV lineage. 
Our findings suggest an introduction of PUUV from 
Finland or Karelia, causing the human PUUV infec-
tions in Scania. This discovery emphasizes the need 
to understand the evolution, cross-species trans-
mission, and disease outcomes of this newly found  
PUUV variant.



Puumala Virus in Bank Voles, Scania, Sweden

In southern Sweden, reported NE cases were  
travel-related until 2018, when a locally infected 
NE case was diagnosed in Scania, the southernmost  

region of Sweden (12). Another local NE case was di-
agnosed in the same geographic area in 2020. To de-
termine the zoonotic sources of those human cases, 
we collected rodents close to the first patient’s home 
to characterize potential hantaviruses circulating in 
southern Sweden. 

To capture wild rodents for this study, we at-
tained the required permits, including approval from 
the Malmö/Lund Ethics Committee on Animal Test-
ing (reference 5.8.18–02281/2020). The Department 
of Infectious Diseases at the Central Hospital of Kris-
tianstad was granted permission to handle labora-
tory animals from the Swedish Board of Agriculture 
(reference 5.2.18–14256/2019). The Swedish Environ-
mental Protection Agency granted a hunting permit 
(reference NV-02812–20).

Methods

Sampling 
We collected rodents during September 2020, May 
2021, and September 2021 at 3 geographic sites in 
northeastern Scania: Ballingslöv (56°22′N, 13°87′E), 
Norra Sandby (56°20′N, 13°93′E), and Sörby (56°15′N, 
13°98′E) (Figure 1). We placed the traps at all 3 lo-
cations but captured no rodents in Norra Sandby. 
We used mouse snap-traps and Supercat vole traps 
(Swissinno, https://www.swissinno.com) with dried 
apples and plums for bait. We placed traps during the 
day and collected trapped rodents the next morning. 
We then placed rodents in a −25°C freezer within 2 
hours of collection. We then shipped the specimens 
in dry ice by express postal service to the Zoonosis 
Science Centre (ZSC) in Uppsala, where they were 
stored at −80°C until analysis.

RT-PCR Screening
We dissected the rodents and harvested lung tissues 
for further molecular analyses. We extracted total 
RNA from rodent lung tissues using the QIAGEN 
RNeasy mini kit (QIAGEN, https://www.qiagen.
com), followed by a hantavirus pan-L reverse tran-
scription PCR (13). We further confirmed 9 PCR- 
positive samples using a PCR targeting the hantavi-
rus S segment (14). We confirmed all 9 samples by 
partial sequences of both the PUUV S and L segments 
after Sanger sequencing by Macrogen Europe BV  
(https://dna.macrogen.com).

Amplification of Host Cytochrome b Gene
We extracted total DNA from 14 rodent lung  
tissues using a tissue and blood DNA extraction kit 
(QIAGEN), then sequencing the mitochondrial  
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Figure 1. Rodent sampling sites for study of nephropathia 
epidemica caused by PUUV in Myodes glareolus bank voles in 
Scania, Sweden. New PUUV strains have been found in fields 
belonging to a patient with nephropathia epidemica in Scania. 
PUUV in Sweden belongs to the N-SCA lineage of PUUV, carried 
by bank voles of the Ural phylogroup, and S-SCA lineage of 
PUUV, carried by bank voles of the Carpathian phylogroup. 
Scania PUUV belongs to the Finland lineage of PUUV, carried 
by bank voles of the Carpathian phylogroup. N-SCA, North-
Scandinavian; S-SCA, South-Scandinavian.
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cytochrome b (cytB) gene (15). We used the sequenc-
es for inferring the phylogeny of M. glareolus in  
Fennoscandia.

RNA Sequencing
We sent 4 RNA samples to Novogene UK (Novo-
gene Lab, https://novogene.com) for sequencing on 
the basis of the initial sequencing results. After ribo-
somal RNA depletion, the libraries were sequenced 
using paired-end sequencing with 150 bp per read 
and ≈50 million reads by the Illumina NovaSeq 6000 
sequencing platform (https://www.illumina.com). 
A similar data analysis pipeline was described in a 
previous study (16). In brief, the raw clean reads 
were quality trimmed using Trimmomatic version 
0.36 (https://github.com/timflutre/trimmomatic) 
and then mapped to the PUUV reference sequences 
from GenBank (S segment, NC_005224; M segment, 
NC_005223; L segment, NC_005225) and a mitochon-
drion complete genome of M. glareolus (GenBank ac-
cession no. MN122864) downloaded from National 
Center for Biotechnology Information RefSeq data-
base using default settings for Geneious Prime ver-
sion 2019.2.1 (https://www.geneious.com).

Phylogenetic Analyses
To analyze the phylogenetic relationship of the novel 
viral and host sequences in comparison to other PUUV 
strains and rodent cytB sequences, we constructed 
phylogenetic trees using MrBayes version 3.2.6 (17). 
The reference strains and sequence information were 
based on earlier studies (3,18–20). We used MAFFT 
with default settings (21) to align global partial L-
segment sequences and partial S-segment sequences; 
full length of S-, M- and L-segment sequence; and cytB 
sequences. We then used Aliview (22) for manual re-
finement. We determined best-fit model by jModeltest 
version 3.7 (23); we used general time-reversible plus 
frequencies plus invariate plus 4 matrix gamma model 
in all phylogenetic analyses. We used a MrBayes block 
for the computations with the setting including 5 mil-
lion Bayesian Monte Carlo Markov chain (MCMC) 
generations sampling every 5,000 generations and 
obtained convergence (average deviation <0.01) with 
a 25% burn-in. We visualized all the tree results in Fig-
Tree version 1.43 (http://tree.bio.ed.ac.uk/software/
Figtree) and edited them in Affinity Designer Pantone 
LL, 2019 (https://affinity.serif.com). We performed all 
computations using the UPPMAX computational clus-
ter (https://www.uppmax.uu.se). We deposited all 
sequences generated in this study into GenBank (ac-
cession nos. OR602445–8, OR607515–23, OR581027–41, 
and OR573657–59).

Results

PUUV Variants in Scania
We collected a total of 74 rodent-like samples during 
2020–2021 in the areas of the first NE patient in Sca-
nia. Morphologic identification during the dissection 
revealed 48 bank voles (M. glareolus), 25 Apodemus 
spp. mice, and 1 Sorex spp. shrew. After screening 
the lung tissues of all 74 animals, we found 9 bank 
voles positive by the hantavirus pan-L RT-PCR (Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/
article/30/4/23-1414-App1.pdf). We further con-
firmed all 9 samples for hantavirus infection by se-
quencing, followed by phylogenetic analyses based 
on global partial L-segment sequences (Appendix 
Figure 2). We found positive samples in 2 different 
geographic sites, Ballingslöv and Sörby. The phylog-
eny of the partial L sequences suggested that PUUV 
in southern Sweden has a close genetic relationship 
to PUUV circulating in Pallasjärvi, Finland; however, 
posterior probability (PP) was not supportive (PP = 
0.46, which is <0.95). This finding might be explained 
by the short length of sequences that were used for 
the analyses. We further confirmed all 9 samples that 
were positive by the pan-L PCR with a method based 
on the PUUV S-segment as described previously (14). 
As expected, all 9 samples were found positive; the 
sequence results confirmed partial sequences of the 
PUUV S segment. Phylogenetic analyses based on 290 
bp of the partial S sequences were in line with the tree 
of the partial L sequences and suggested that PUUV 
in southern Sweden belongs to the Finnish genetic 
lineage (Figure 1).

Genetic Characteristics of PUUV Variants in Scania
To obtain a higher resolution of the phylogenetic 
relationship between the newly found PUUV and 
previously known PUUV variants, we chose 4 sam-
ples, 2_Ballingslöv_2021, 3_Ballingslöv_2021, 23E_
Sörby_2020, and 25R1_Sörby_2020, to represent all 
9 positive samples for RNA sequencing. However, 
1 sample (2_Ballingslöv_2021) was later excluded 
from analyses because of bad sequencing quality. 
After mapping using implemented Geneious RNA 
in Geneious Prime version 2019.2.1, we found that 
a total of 23,165/106,347,176 reads from 3_Balling-
slöv_2021, a total of 33,899/127,526,834 reads from 
23E_Sörby_2020, and a total of 4,618/87,573,296 from 
25R1_Sörby_2020 can be mapped to reference ge-
nome PUUV Sotkamo. After assembling, we obtained 
3 PUUV full-genome sequences.

Comparative analyses of the new PUUV strains 
in Scania showed that they were closely related;  
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diversity was 1.1%–1.8% nt and 0.2%–0.7% aa for the 
S segment, 3.2%–7.7% nt and 3.2%–8.1% aa for the M 
segment, and 2.9%–6.2% nt and 3.0%–6.3% aa for the 
L segment. Comparison with other PUUV strains cir-
culating in Fennoscandia showed that all our Scania 
PUUV strains were more closely related to the Finn-
ish strains. For the S segment, PUUV in Scania shared 
90.0%–91.9% nt and 99.3%–100% aa sequence identi-
ties with Finnish PUUV strains (Sotkamo, Konnevesi, 
and Pieksamaki), 79.6%–80.1% nt and 96.5%–97.5% 
aa with S-SCA strains, and 79.1% nt and 96% aa with 
an N-SCA strain (Umeå_Human). For the M seg-
ment, they shared 90.7%–92.1% nt and 97.3%–98.6% 
aa sequence identities with Finnish strains (Sotkamo, 
Konnevesi, and Pieksamaki), 81.1%–83.4% nt and 
92.0%–93.8% aa with S-SCA strains, and 81.2% nt and 
92.3% aa with an N-SCA strain (Umeå_Human). For 
the L segment, they shared 91.4% nt and 98.3%–99.2% 
aa sequence identities with Finnish strains (Sotkamo, 
Konnevesi, and Pieksamaki) and 82.0% nt and 93.8% 
aa with an N-SCA strain (Umeå_Human).

We detected specific amino acid signatures in all 
3 PUUV strains in Scania; they were R64K in the N 
protein and K798R in the glycoprotein. Of interest, 
10 aa from 259–268 in the glycoprotein, located in Gn 
ectodomains, are missing in the 2 strains from Sörby. 
Sequence analyses did not find any specific amino 
acid signatures in the RNA-dependent RNA poly-
merase for those 3 strains.

Phylogenetics of PUUV in Scandinavia
We generated phylogenetic trees based on the full-
length sequences of the S, M, and L segments (Appen-
dix Figure 1). The topology of PUUV phylogenies was 
in agreement with other studies in which the current 
PUUV strains can be divided into well-supported clus-
ters; in addition to N-SCA and S-SCA, Danish, Cen-
tral European, Alpe-Adrian, Russian, Finnish, and 
Ukrainian lineages have been identified (18–20,24). 
In Sweden, the previously known lineages are S-SCA 
and N-SCA. S-SCA can be further divided into sub-
lineages: the Mångelbo and Munga strains from Up-
pland; the Sollefteå, Bergsjöbo, and Fäboviken strains 
from Västernorrland; and the Eidosvoll strain from 
Norway. N-SCA can be further divided into the north-
ern N-SCA lineage, including strains from Kiviniemi 
and Äijäjärvi, and the southern N-SCA lineage (3) 
(Figure 2, panel A), https://wwwnc.cdc.gov/EID/
article/30/4/23-1414-F2.tif . Surprisingly, the novel 
PUUV strains found in Scania did not belong to the 
S-SCA or the Danish lineages; instead, they clustered 
with the Finnish PUUV strains, suggesting an Eastern 
phylogroup as the common ancestor.

We further examined the mitochondrial DNA 
of the natural hosts that carry Scania PUUV. The se-
quencing results obtained by conventional PCR were 
not sufficient for reconstructing the phylogeny of M. 
glareolus. However, we recovered the host mitochon-
drial DNA from the RNA sequencing data; based on 
the mitochondrial cytB gene sequences, the phyloge-
netic tree suggested that all 4 bank voles that tested 
positive for PUUV belonged to the Carpathian clade, 
which is different from the bank voles in Finland of 
the Eastern phylogroup (Appendix Figure 3).

Discussion
Our study discovered new PUUV variants in bank 
voles in Scania in southern Sweden, pinpointing the 
zoonotic source of local PUUV infection patient cases 
in southern Sweden. Unfortunately, we do not have 
access to any samples from those NE patients. How-
ever, by reviewing the diagnostic laboratory analy-
sis of those NE cases along with our own results, we 
have established a genetic association between bank 
vole hosts in Scania and the local NE patients.

Our findings of Finnish-like PUUV variants in the 
bank vole population in southern Sweden raised the 
question of the origin of Scania PUUV. PUUV is the 
most common hantavirus in Europe, and its natural 
host, the bank vole, is widely distributed in large ar-
eas of Europe. Even though hantaviruses are thought 
to co-evolve with their hosts, PUUV is still absent in 
certain locations where bank voles are present (25). 

In Sweden, the diversity of hantaviruses has 
mainly been explored in northern rodents (3,4) be-
cause most of the clinical cases of NE are clustered in 
the north; a likely reason is the recolonization history 
of bank voles in Fennoscandia. After the last ice age 
ended in Fennoscandia, ≈10,000 years ago, the Ural 
phylogroup of bank voles migrated to the north of 
Fennoscandia and derived mtDNA from the northern 
red-backed vole (Myodes rutilus), whereas the south-
ern bank voles of today originate from the Carpath-
ian phylogroup, which had multiple colonizations 
to western and southern Fennoscandia (26). In con-
trast, there was 1 migration route from the northeast 
through Finland (26). Our phylogeographical results 
of bank voles in Scania based on mtDNA data are 
in agreement with all previous studies; that is, they 
belong to the Carpathian phylogroup and not the 
Eastern phylogroups. Nevertheless, PUUV in bank 
voles in Scania belongs to the Finnish PUUV lineage; 
a short branch in that clade implies a recent introduc-
tion of Finnish PUUV into Sweden.

Our current data cannot resolve the mystery 
of this recent introduction of PUUV in southern  
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Sweden. One possible explanation might be that the 
virus, carried by bank voles, was transported from 
Finland or Russian Karelia (or other regions where 
the Finnish PUUV lineage is circulating) to Sweden 
and then established in bank voles there. The bank 
voles of the Eastern phylogroup carrying Finnish 
PUUV may have arrived in southern Sweden and 
spread the virus to Swedish bank voles but might not 
have been able to establish themselves as a unique 
phylogroup. Other less likely explanations might be 
an introduction via predatory birds or a reverse zoo-
notic transmission from humans to rodents. However, 
such possibilities are unlikely; only anecdotal reports 
on hantavirus-infected birds are available, and hanta-
virus transmission is known to be almost exclusive-
ly epizootic; just 1 human–human transmission has 
been reported, caused by Andes virus (ANDV) (27). 
Climate change or anthropic factors may have driven 
such cross-phylogroup transmission process, similar 
to what we have seen for the current distribution of 
Seoul hantavirus in Europe and worldwide (28). 

We have found PUUV in the neighborhood of 1 
patient in the Sörby area, which indicates further dis-
semination of this PUUV variant in the local bank vole 
population. Our sequence analysis showed that 10 ami-
no acids are missing in the glycoprotein of the 2 PUUV 
strains discovered in Sörby, which could be associated 
with the infectivity of PUUV. Our finding of 9 PUUV-
positive samples from 48 captured bank voles suggests 
the prevalence of this recently introduced PUUV will 
probably not be restricted only to this patient’s fields; 
wider geographic distribution seems highly possible 
in Scania, given that the other NE patient was from 
northeastern Scania. However, our trapping focused 
on the first NE patient’s neighborhood; an ethical per-
mit allowed us to capture <100 rodents, which may at 
least partially explain the high prevalence. However, 
our results indicate that more studies on the surveil-
lance of rodents in southern Sweden will contribute to 
the understanding of the evolutionary mechanisms of 
virulence and transmission for PUUV variants in ro-
dents, which requires more rodent samplings at vari-
ous ecologic sites in Scania in the future. Furthermore, 
investigation into whether the Scania PUUV variant is 
more or less infective than the N-SCA and S-SCA vari-
ants in bank voles is warranted.

Novel PUUV strains in a new geographic area 
might have a substantial effect on human health. Since 
2018, reported NE cases have not been increasing in 
Scania. However, the PUUV Pieksamaki strain, the 
closest relative of PUUV in Scania, has already caused 
1 fatal case in Finland (19). In Finland, the incidence 
of diagnosed PUUV infections is ≈31–39 cases/100,000 

population, and the fatality rate is ≈0.08%–0.4% (29). 
As of January 2024, only 2 NE cases reported from 
Scania were known to have been local infections. The 
patients’ symptoms included classic HFRS symptoms, 
such as fever, general malaise, nosebleed, and renal 
insufficiency, and laboratory results indicated throm-
bocytopenia and a moderately increased C-reactive 
protein. Those patients have fully recovered from 
their PUUV infections. We now need to understand 
the prevalence and pathogenicity of these new Scania 
PUUV strains in humans and their potential differenc-
es in virulence, compared with PUUV in N-SCA and in 
Finland. Future studies should isolate this new PUUV 
variant, and conduct larger serologic mapping surveys 
of rodents and febrile patients in Scania.

In conclusion, our study attempted to discover 
the zoonotic origin of NE cases in Scania, southern 
Sweden. Our identification of unique PUUV strains 
circulating in Scania provides critical insights into the 
pathogenic threats of emerging and reemerging vi-
ruses transmitted from rodents to humans. 
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Influenza A viruses (IAV) of avian and swine ori-
gin have caused 5 pandemics in the previous 2 

centuries (1). Aquatic avian populations, the primary 
reservoir for IAV, harbor numerous virus subtypes 
(H1–16), to which mammals have minimal preexist-
ing immunity (2). Among those subtypes, H5 avian 
influenza virus infections have been documented in 
domestic poultry, humans, marine mammals, and 
swine, among others (3–6).

Over the past decade, H5NX highly pathogenic 
avian influenza (HPAI) viruses belonging to the 
goose/Guangdong (Gs/GD) 2.3.4.4 hemagglutinin 
(HA) phylogenetic clade have caused infections in 

wild birds and poultry, resulting in major mortality 
events and spread to >84 countries, and were recog-
nized as a panzootic (7,8). In addition, evidence ex-
ists of enzootic HPAI virus maintenance in Europe, 
further signifying a paradigm shift in the biology of 
HPAI (9). Since February 2022, HPAI H5N1 clade 
2.3.4.4b virus originating from a trans-Atlantic in-
cursion has caused outbreaks across North America, 
resulting in >77 million poultry deaths, extensive 
deaths in wild bird species, and unprecedented dis-
ease in wild mammals (4–6,10)

The transcontinental circulation of clade 2.3.4.4b 
viruses within bird populations continues to enable 
reassortment with low pathogenicity avian influ-
enza (LPAI) viruses and resulted in the emergence 
of numerous genotypes of potentially different phe-
notypes (11,12). Furthermore, interspecies trans-
mission between avian species and peridomestic 
mammals has resulted in viruses with mammalian 
adaptation markers that pose a public health risk 
should they gain efficient transmission among mam-
mals. A subset of HPAI H5NX clade 2.3.4.4 viruses 
bound both α2,6-linked (human) and α2,3-linked 
(avian) sialic acid receptors (13–16). Furthermore, 
nearly half of mammal isolates of HPAI H5N1 clade 
2.3.4.4b acquired mammalian adaptation markers 
(E627K, D701N, or T271A substitutions) in the poly-
merase basic (PB) 2 protein (1,17). In addition, the 
HPAI H5N1 viruses collected during an outbreak in 
farmed mink contained mutations in the neuramini-
dase protein that caused disruption of the second 
sialic acid binding site, a feature typical of human-
adapted IAV (17). During January 2022–April 17, 
2023, a total of 8 reported human cases of H5N1 in-
fluenza from clade 2.3.4.4b occurred, many severe or 
fatal (4,18). Those characteristics of the current clade 
2.3.4.4b H5 HPAI elevate the potential for human in-
fection and adaptation.

Divergent Pathogenesis and  
Transmission of Highly Pathogenic 
Avian Influenza A(H5N1) in Swine

Bailey Arruda, Amy L. Vincent Baker, Alexandra Buckley, Tavis K. Anderson,  
Mia Torchetti, Nichole Hines Bergeson, Mary Lea Killian, Kristina Lantz
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Highly pathogenic avian influenza (HPAI) viruses have 
potential to cross species barriers and cause pandem-
ics. Since 2022, HPAI A(H5N1) belonging to the goose/
Guangdong 2.3.4.4b hemagglutinin phylogenetic clade 
have infected poultry, wild birds, and mammals across 
North America. Continued circulation in birds and in-
fection of multiple mammalian species with strains 
possessing adaptation mutations increase the risk for 
infection and subsequent reassortment with influenza 
A viruses endemic in swine. We assessed the suscep-
tibility of swine to avian and mammalian HPAI H5N1 
clade 2.3.4.4b strains using a pathogenesis and trans-
mission model. All strains replicated in the lung of pigs 
and caused lesions consistent with influenza A infection. 
However, viral replication in the nasal cavity and trans-
mission was only observed with mammalian isolates. 
Mammalian adaptation and reassortment may increase 
the risk for incursion and transmission of HPAI viruses in 
feral, backyard, or commercial swine.



Highly Pathogenic Avian Influenza A(H5N1) in Swine

A longstanding dogma of IAV biology identified 
swine as a mixing vessel and vital to the emergence 
of human pandemic IAV by supporting reassortment 
that could lead to antigenic shift (1). However, at a 
receptor level, swine might be no more susceptible to 
infection by avian IAVs than humans (1). Mammalian 
adaption of HPAI is a multigenic trait, and the genetic 
changes necessary for H5N1 strains to adapt to swine 
and acquire efficient and sustained transmissibility 
are poorly understood. However, swine-adapted IAV 

have a propensity for evolution through polymerase 
errors and reassortment, followed by spread of mu-
tated or reassorted strains through contact among 
densely housed commercial pigs and pig transport. If 
an avian IAV strain, such as H5Nx 2.3.4.4b, success-
fully infected domestic swine, pig-to-pig transmis-
sion, reassortment with endemic swine IAV, or ac-
quisition of adaptive mutations that might enable an 
avian-to-mammalian switch could potentially occur 
(1). Continued circulation in the wild bird population 
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Table 1. Virus strain accession number, genotype, constellation, and reassorted genes in study of divergent pathogenesis and 
transmission of highly pathogenic avian influenza A(H5N1) in swine* 

Strain 
GISAID 

accession no.† Genotype Constellation (PB2|PB1|PA|HA|NP|NA|M|NS) 
Reassorted 

genes 
A/turkey/Minnesota/22-010654-001/2022 16555202 B2.1 am1.2|ea1|ea1|ea1|am1.1|ea1|ea1|ea1 PB2, NP 
A/bald eagle/Florida/W22-134-OP/2022 15063846 B1.1 am1.1|am1.1|ea1|ea1|am1.2|ea1|ea1|ea1 PB2, PB1, 

NP 
A/raccoon/Washington/22-018406-
002/2022 

15078252 B2.1 am1.2|ea1|ea1|ea1|am1.1|ea1|ea1|ea1 PB2, NP 

A/red fox/Michigan/22-018712-001/2022 15078253 B3.2 am2.1|am1.2|ea1|ea1|am1.4.1|ea1|ea1|am1.1 PB2, PB1, 
NP, NS 

*am, American; ea, Eurasian; PB2, polymerase basic 2; PB1, polymerase basic 1; PA, polymerase acidic; HA, hemagglutinin; NP, nucleoprotein; NA, 
neuraminidase; M, matrix protein 1; NS, non-structural protein 1.  
†GISAID, https://www.gisaid.org. 

 

Figure 1. Detection of Eurasian 
lineage goose/Guangdong 
H5 clade 2.3.4.4b virus and 
identification of virus isolates 
used in study of divergent 
pathogenesis and transmission 
of highly pathogenic avian 
influenza A(H5N1) in swine, by 
genotype. A) Wild mammal; B) 
poultry; C) wild birds.
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and peridomestic wild mammal infections elevate 
the risk for exposure of swine because of the current 
outbreak’s wide distribution in states with large pig 
populations. To address concerns over susceptibility 
of swine to HPAI H5N1 clade 2.3.4.4b virus detected 
in the United States and to elucidate potential molec-
ular mutations associated with H5N1 replication and 
transmission in swine, we conducted a study with 
4 strains representing 3 different genotypes in a pig 
pathogenesis and transmission model. This informa-
tion is key to building awareness and detection capa-
bilities in the swine sector, as well as to informing risk 
assessments and early warning systems to safeguard 
human health.

Materials and Methods

Viruses
We evaluated the pathogenicity and transmission in 
crossbred, 4-week-old pigs of 4 strains of the 2022 spring 
HPAI H5N1 clade 2.3.4.4b outbreak: A/turkey/Min-
nesota/22–010654-001/2022 (A/turkey/MN/22), A/
bald eagle/Florida/W22-134-OP/2022 (A/bald eagle/
FL/22), A/raccoon/Washington/22-018406-002/2022 
H5N1 (A/raccoon/WA/22) and A/redfox/Michi-
gan/22-018712-001/2022 (A/redfox/MI/22). Those 4 
strains resulted from Eurasian avian HPAI H5N1 clade 

2.3.4.4b reassortment with North American LPAI lin-
eage internal genes and represented 3 different reas-
sortment patterns frequently detected among H5N1 
strains during 2022 (Table 1; Figure 1) (Appendix 1, 
https://wwwnc.cdc.gov/EID/article/30/4/23-1141-
App1.pdf). Both the A/raccoon/WA/22 and the A/
redfox/MI/22 strains contained the PB2 E627K mam-
malian adaptation mutation.

Virus Propagation and Titration
We conducted the study in compliance with the Ani-
mal Care and Use Committee of the US Department 
of Agriculture—Agricultural Research Service Na-
tional Animal Disease Center under Biosafety Level 
3 guidelines, including enhancements required by 
the Federal Select Agent Program. We passaged virus 
stocks in 10-day-old embryonating chicken eggs, har-
vested the allantoic fluid from infected eggs, divided 
it into aliquots, and stored it at –70°C until use. We 
determined viral titers by using MDCK cells accord-
ing to standard methods (19).

Swine Pathogenesis and Transmission Study
We blocked 88 pigs by litter and randomly allocat-
ed them into a negative control group or a group of 
20 (1 group per virus strain). We inoculated 15 pigs 
per virus strain intranasally with 1 ml (0.5 ml per  
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Figure 2. Violin plots showing 
Ct values for bronchoalveolar 
lavage fluid from pigs, by 
virus strain and dpi, in study 
of divergent pathogenesis 
and transmission of highly 
pathogenic avian influenza 
A(H5N1) in swine. Values were 
determined by quantitative 
reverse transcription PCR 
(ThermoFisher Scientific, https://
www.thermofisher.com). All 
strains replicated in the lung of 
pigs. No statistical difference 
was detected between strains 
by dpi. Solid lines within plots 
indicate medians, dashed lines 
indicate quartiles, and symbols 
indicate individual pig values. 
dpi, days postinoculation; 
Eagle  3 dpi, A/bald eagle/
FL/22 necropsied on 3 dpi; 
Eagle  5 dpi, A/bald eagle/FL/22 
necropsied at 5 dpi; Fox 3 dpi, 
A/redfox/MI/22 necropsied at 3 
dpi; Fox 5 dpi, A/redfox/MI/22 
necropsied at 5 dpi; Raccoon 3 
dpi, A/raccoon/WA/22 necropsied at 3 dpi; Racoon 5 dpi, A/raccoon/WA/22 necropsied at 5 dpi; Turkey 3 dpi, A/turkey/MN/22 necropsied 
at 3 dpi; Turkey 5 dpi, A/turkey/MN/22 necropsied at 5 dpi. 
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nostril) of ≈105 50% tissue culture infective dose/mL 
using a Nasal Intranasal Mucosal Atomization Device 
(Teleflex, https://www.teleflex.com). We comingled 
5 naive contact pigs with each of the virus-inoculated 
groups at 2 days postinoculation (dpi). We collected 
nasal swabs from inoculated pigs and contact pigs on 
0, 1, 3, 5, and 7 dpi or days postcontact (dpc). We nec-
ropsied 5 inoculated pigs per group at 3, 5, and 14 or 
17 dpi and the 5 contact pigs at 12 or 15 dpc. We col-
lected bronchoalveolar lavage fluid (BALF) at necrop-
sy on 3 and 5 dpi. We also obtained serum samples 
at necropsy (Appendix 1). We necropsied 8 negative 
control pigs from the same source herd as inoculated 
and contact pigs on ≈5 DPI to evaluate health status 
and background respiratory tract lesions.

Viral RNA Detection and Serology
We extracted viral RNA from nasal swab and BALF 
samples by using the MagMax Viral RNA isolation 
kit (ThermoFisher Scientific, https://www.thermo-
fisher.com) and subjected it to real-time reverse tran-
scription assays targeting multiple genes of IAV and 
a H5 2.3.4.4-specific HA gene (20). Cycle threshold 
(Ct) value for IAV quantitative reverse transcription 

PCR (qRT-PCR) interpretation was according to man-
ufacturer’s suggestion: Ct value of <38 indicated the 
sample was positive, Ct value of 38–40 indicated the 
sample was suspect; if undetected, the sample was 
negative. We determined seroconversion by using 
an IAV nucleoprotein (NP)–blocking ELISA (IDEXX, 
https://www.idexx.com).

Positive Sample Metagenomic Sequencing and Analyses
We amplified IAV RNA from samples as described 
(10). For each of the samples, we conducted vari-
ant calling by trimming raw FASTQ files us-
ing Trimmomatic (http://www.usadellab.org/
cms/?page=trimmomatic) with a sliding window 
size of 5 bp and a minimum Q-score of 30, discarding 
reads that were trimmed to a length <100 bases. We 
aligned reads to reference sequences using bowtie2 
version 2.3.2 (https://sourceforge.net/projects/bow-
tie-bio/files/bowtie2/2.3.2) and removed duplicate 
reads were removed using Picard (https://broadin-
stitute.github.io/picard). We converted the BAM files 
to mpileup using samtools (https://www.htslib.org) 
and identified within-host variants using VarScan 
(https://varscan.sourceforge.net). For a variant to 
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Figure 3. Macroscopic lung 
lesions and respective weighted 
macroscopic lung score of 
swine infected with highly 
pathogenic avian influenza 
A(H5N1) virus belonging to the 
goose/Guangdong 2.3.4.4b 
hemagglutinin phylogenetic 
clade. A) Multifocal pulmonary 
consolidation (arrowheads) 
in pig 777 infected with A/
turkey/MN/22, necropsied at 3 
days postinoculation (dpi). B) 
Multifocal pulmonary consolidation 
(arrowheads) in pig 796 
infected with A/bald eagle/FL/22 
necropsied on 5 dpi. C) Locally 
extensive pulmonary consolidation 
(arrowheads) in pig 58 infected 
with A/raccoon/WA/22 necropsied 
on 3 dpi. D) Multifocal pulmonary 
consolidation (arrowheads) of pig 
78 infected with A/redfox/MI/22 
necropsied on 3 dpi.
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be reported, we required the sequencing depth to be 
100×, PHRED quality scores to be 30, and detection 
frequency to be >1%. We compiled all reported vari-
ant calls and raw FASTQ files (https://github.com/
flu-crew/datasets). We used the Sequence Feature 
Variant Types tool from the Influenza Research Data-
base to download all currently available annotations 
for H5 HA, N1 neuraminidase, and the remaining 
internal genes (21). For each genome, we computed 
nucleotide diversity using the synonymous (πS) and 
nonsynonymous (πN) diversity calculations in SNPG-
enie (https://github.com/chasewnelson/SNPGenie) 
with a minimum allele frequency cutoff set to 1% (22) 
(Appendix 1).

Macroscopic and Microscopic Lesion Score
At necropsy, we recorded the percentage of affected 
surface area per lung lobe and used that to calculate 
a weighted macroscopic lung lesion score (23). We 
fixed tissue samples from the trachea and right mid-
dle or affected lung lobe in 10% buffered formalin for 
histologic examination and transferred to 70% etha-
nol after 48 hours. A veterinary pathologist blinded to 
treatment evaluated microscopic lesions of the lung 
and trachea (Appendix 1).

Immunohistochemistry
We conducted immunohistochemistry (IHC) stain-
ing manually on 5-µm–thick sections using a rabbit  

polyclonal anti-influenza A NP (GeneTex, https://
www.genetex.com) primary antibody. We blocked 
slide runs by group to account for potential differenc-
es between runs and scored as previously described 
(Appendix 1) (23).

Statistical analysis
We performed all statistical analyses using GraphPad 
Prism 8.1.2 software (https://www.graphpad.com). 
We used a Kruskal-Wallis test with Dunn correction 
for multiple comparisons to compare the weighted 
macroscopic lung lesion score, microscopic pneu-
monia score, microscopic tracheitis score, lung IHC 
score of conducting airways, lung IHC score of non-
conducting airways, cumulative lung IHC scores, and 
tracheal IHC score of virus inoculated groups by dpi. 
We compared the BALF qRT-PCR Ct values of posi-
tive samples using an ordinary 1-way ANOVA with 
a Šídák multiple comparisons test. We considered an 
adjusted p value of <0.05 significant in each analysis.

Results

Isolate Replication
All isolates replicated in the lungs of most inoculated 
pigs, although no overt clinical signs were observed 
(Figure 2; Appendix 1 Table 1). We detected viral 
RNA in BALF from 3 of the 5 inoculated pigs nec-
ropsied at both 3 and 5 dpi in the A/turkey/MN/22  

742 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 4, April 2024

Figure 4. Violin plots of 
weighted macroscopic lung 
scores, by virus strain and dpi, 
of swine infected with highly 
pathogenic avian influenza 
A(H5N1) virus belonging to the 
goose/Guangdong 2.3.4.4b 
hemagglutinin phylogenetic 
clade. All strains caused 
macroscopic lesions consistent 
with influenza A virus infection 
in >1 pig. Solid lines within plots 
indicate medians, dashed lines 
indicate quartiles, and symbols 
indicate individual pig values. No 
statistically significant differences 
were detected between strains 
by dpiI. dpi, days postinoculation; 
eagle 3 dpi, A/bald eagle/FL/22 
necropsied at 3 dpi; eagle 5 dpi, 
A/bald eagle/FL/22 necropsied at 
5 dpi; fox 3 dpi, A/redfox/MI/22 
necropsied at 3 dpi; fox 5 dpi, A/
redfox/MI/22 necropsied at 5 dpi; 
raccoon 3 dpi, A/raccoon/WA/22 
necropsied at 3 dpi; raccoon 5 
dpi, A/raccoon/WA/22 necropsied 
at 5 dpi; turkey 3 dpi, A/turkey/MN/22 necropsied at 3 dpi; turkey 5 dpi, A/turkey/MN/22 necropsied at 5 dpi.
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group, from all inoculated pigs necropsied at both 3 
and 5 dpi in the A/bald eagle/FL/22 group, 4 of the 
5 inoculated pigs necropsied at both 3 and 5 dpi in the 
A/raccoon/WA/22 group, and all inoculated pigs 
necropsied at 3 dpi and 4 inoculated pigs at 5 dpi in 
the A/redfox/MI/22 group. The lowest group mean 
Ct value (23.22) was observed in the A/bald eagle/
FL/22 group at 5 dpi, followed by the A/raccoon/
WA/22 group at 3 dpi (Ct value 26.05) and A/redfox/
MI/22 group at 5 dpi (Ct value 26.14). The lowest in-
dividual Ct value (18.16) was seen in the A/raccoon/
WA/22 group at 3 dpi. We found a significant differ-
ence in mean Ct values between the A/bald eagle/
FL/22 and A/turkey/MN/22 groups and the A/bald 
eagle/FL/22 and A/raccoon/WA/22 groups at 5 dpi 
(p<0.05) (Figure 2). We did not detect viral RNA in 
BALF samples from control pigs.

Macroscopic and Microscopic Lesions 
Macroscopic lung lesions consistent with IAV infec-
tion developed in pigs in each of the virus-inoculated 
groups. Macroscopic lesions consisted of multifocal-
to-locally extensive predominately cranioventral  

red-to-purple pulmonary consolidation (Figure 3, 
panels A–D). Averaging the weighted macroscopic 
lung lesion score at 3 and 5 dpi by group showed that 
the A/bald eagle/FL/22 and A/redfox/MI/22 strains 
caused the highest lesion scores (Figure 4). A signifi-
cant difference was found between groups necropsied 
at 5 dpi (p<0.05); however, no significant difference 
was found in the ad hoc comparisons with only the 
weighted macroscopic lung lesion score of the A/bald 
eagle/FL/22 group compared, and the A/turkey/
MN/22 at 5 dpi neared significance (p = 0.055).

Microscopic lung lesions consistent with IAV in-
fection developed in inoculated pigs in each of the 
virus-inoculated groups; however, the number of 
pigs with consistent lesions and the severity of lesions 
varied by group. A/turkey/MN/22 caused little to 
no microscopic lesions; lesions consistent with IAV 
infection developed in only 1 of 10 inoculated pigs 
(Figure 5, panel A). In contrast, lung lesions consis-
tent with IAV infection developed in most pigs in the 
A/bald eagle/FL/22 group (7 of 10) (Figure 5, panel 
B). In both the A/raccoon/WA/22 and A/redfox/
MI/22 groups, lesions consistent with IAV infection 
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Figure 5. Microscopic lung lesions of swine infected with highly pathogenic avian influenza A(H5N1) belonging to the goose/Guangdong 
2.3.4.4b hemagglutinin phylogenetic clade. A) Perivascular mononuclear inflammatory infiltrate (arrowheads) and suppurative 
bronchiolitis (arrows) in the lung of pig 777 infected with A/turkey/MN/22 necropsied at 3 days postinoculation (dpi). B) Peribronchiolar 
mononuclear inflammatory infiltrate (arrowhead), suppurative bronchiolitis (arrow), necrotizing bronchiolitis and bronchitis (chevrons), 
and alveolar luminal accumulation of cellular debris (asterisk) in the lung of pig 796 infected with A/bald eagle/FL/22 necropsied at 5 dpi. 
C) Peribronchiolar mononuclear inflammatory infiltrate (arrowheads), suppurative bronchiolitis (arrows), and necrotizing bronchiolitis 
and bronchitis (chevrons) in the lung of pig 58 infected with A/raccoon/WA/22 necropsied at 3 dpi. D) Peribronchiolar and peribronchial 
mononuclear inflammatory infiltrate (arrowheads), suppurative bronchiolitis (arrow), and necrotizing bronchiolitis and bronchitis 
(chevrons) in the lung of pig 78 infected with A/redfox/MI/22 necropsied at 3 dpi. Hematoxylin & eosin stain; original magnification ×40.
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developed in 4 of 10 inoculated pigs (Figure 5, pan-
els C, D). A significant difference was found between 
the microscopic pneumonia score when comparing 
the A/turkey/MN/22 DPI 5 group and the A/bald 
eagle/FL/22 DPI 5 group (p<0.05) (Figure 6). Micro-
scopic tracheitis scores were not statistically different 
between the virus inoculated groups (Appendix 1 
Figure 1).

Alveolitis and Antigen Labeling 
Divergent pathogenesis between HPAI strains was 
further evidenced by the extent of alveolitis and dif-
ferential distribution and abundance of NP antigen 
by IHC. We did not detect HPAI NP antigen in any 
lung section from the A/turkey/MN/22 group but 
did detect HPAI NP antigen in the trachea of 2 pigs 
from this group. In contrast, we detected HPAI NP 
antigen in the trachea (8 of 10) and lung (7 of 10) in 
pigs in the A/bald eagle/FL/22 group. We also de-
tected antigen in the respiratory epithelium of con-
ducting airways, macrophages, pneumocytes, alveo-
lar luminal debris, and, rarely, endothelial cells of 
pigs inoculated with A/bald eagle/FL/22 (Figure 
7, panels A–C). In addition, the degree of alveolitis 
characterized by extensive widening of alveolar septa 
because of a mononuclear inflammatory infiltrate and 
luminal accumulation of edema and cellular debris, a 
change not typical of swine-adapted IAV, was most 

prominent in the A/bald eagle/FL/22 group (Figure 
7, panels A, B).

We detected HPAI NP antigen in the trachea (6 
of 10) or lung (2 of 10) of pigs from the A/raccoon/
WA/22 group and trachea (7 of 10) or lung (5 of 10) 
of pigs in the A/redfox/MI/22 group. However, 
the distribution of antigen in those 2 groups varied 
compared to the A/bald eagle/FL/22 group. NP an-
tigen was less commonly observed in macrophages, 
pneumocytes, and alveolar luminal debris and not 
observed in endothelial cells (Figure 7, panels D, E). 
We observed significant differences among the con-
ducting airway (Figure 8, panel A), nonconducting 
airway (Figure 8, panel B), and cumulative lung IHC 
scores (Appendix 1 Figure 2) of the A/bald eagle/
FL/22 5 dpi group and both the A/turkey/MN/22 
group and A/raccoon/WA/22 5 dpi groups (p<0.05). 
We observed no significant difference for tracheal 
IHC score between the virus-inoculated groups (Ap-
pendix 1 Figure 3). We did not detect NP antigen in 
any samples from control pigs.

Mammalian Isolates 
Neither A/turkey/MN/22 nor A/bald eagle/FL/22 
replicated to detectable levels in the nasal cavity of 
inoculated pigs (0 of 15 per strain) or transmitted on 
the basis of seroconversion or detection of viral RNA 
in nasal swab samples from direct-contact pigs (0 of 5 
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Figure 6. Violin plots of 
microscopic pneumonia 
scores, by virus strain and dpi, 
of swine infected with highly 
pathogenic avian influenza 
A(H5N1) virus belonging to the 
goose/Guangdong 2.3.4.4b 
hemagglutinin phylogenetic 
clade. Lesion severity varied 
by group, with the most severe 
lesions being observed in the 
A/bald eagle/FL/22 and A/
red fox/MI/22 groups. Solid 
lines within plots indicate 
medians, dashed lines indicate 
quartiles, and symbols indicate 
individual pig values. dpi, days 
postinoculation; eagle 3 dpi, A/
bald eagle/FL/22 necropsied 
at 3 dpi; eagle 5 dpi, A/bald 
eagle/FL/22 necropsied at 5 
dpi; fox 3 dpi, A/redfox/MI/22 
necropsied at 3 dpi; fox 5 dpi, 
A/redfox/MI/22 necropsied at 5 
dpi; raccoon 3 dpi, A/raccoon/
WA/22 necropsied at 3 dpi; 
raccoon 5 dpi, A/raccoon/
WA/22 necropsied at 5 dpi; 
turkey 3 dpi, A/turkey/MN/22 necropsied at 3 dpi; turkey 5 dpi, A/turkey/MN/22 necropsied at 5 dpi.
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per strain) (Table 2). In contrast, we detected A/rac-
coon/WA/22 in the nasal cavity of inoculated pigs (4 
of 15) and transmitted to contacts (2 of 5). Similarly, 
we detected A/redfox/MI/22 in the nasal cavity of 
inoculated pigs (5 of 15) and transmitted to a single 
contact (Table 3). We did not detect viral RNA in any 
nasal swab samples from control pigs.

We identified within-host variants in PCR-positive 
samples across the genome for the 4 strains during 

infection and after transmission that were present in 
>1% of sequencing reads (Appendix 1 Table 2). Most 
single-nucleotide variants were present at low fre-
quencies (Appendix 2, https://wwwnc.cdc.gov/EID/
article/30/4/23-1141-App2.xlsx). Of the polymorphic 
amino acid sites, 41 nonsynonymous mutations oc-
curred at sites associated with functional changes, in-
cluding PB2 E627K detected as a minor variant (4.95%) 
in A/turkey/MN/22 at 5 dpi in a single sample  
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Figure 7. Immunohistochemical detection of influenza A virus nucleoprotein antigen in swine infected with H5N1 highly pathogenic avian 
influenza belonging to the goose/Guangdong 2.3.4.4b hemagglutinin phylogenetic clade. A) Extensive labeling of pneumocytes lining alveolar 
septa (arrows) and respiratory epithelium lining bronchioles (arrowheads) in the lung of pig 794 infected with A/bald eagle/FL/22 necropsied at 
3 days postinoculation (dpi). Hematoxylin & eosin stain; original magnification ×40. B) Extensive labeling of pneumocytes lining alveolar septa 
(arrow), respiratory epithelium lining a bronchus (arrowheads), cell membrane of alveolar macrophages (chevron), and within the cytoplasm 
and nucleus of alveolar macrophages consistent with viral replication (notched arrow) in the lung of pig 798 infected with A/bald eagle/FL/22 
necropsied on 5 dpi. Hematoxylin & eosin stain; original magnification ×40. C) Labeling in the cytoplasm (arrows) and nucleus (arrowhead) of 
endothelial cells in the lung of pig 791 infected with A/bald eagle/FL/22 necropsied on 3 dpi. Hematoxylin & eosin stain; original magnification 
×200. D) Labeling of respiratory epithelium lining a bronchus (arrowheads), within the cytoplasm and nucleus of alveolar macrophages 
consistent with viral replication (notched arrow), rarely pneumocytes (arrow), in the lung of pig 58 infected with A/raccoon/WA/22 necropsied 
on 3 dpi. Hematoxylin & eosin stain; original magnification ×40. E) Abundant labeling of respiratory epithelium lining a bronchiole (arrowheads) 
and within the cytoplasm and nucleus of alveolar macrophages consistent with viral replication (notched arrow) in the lung of pig 78 infected 
with A/redfox/MI/22 necropsied on 3 dpi. Hematoxylin & eosin stain; original magnification ×100.
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(Appendix 2). We also detected Polymorphisms at 
low levels in the A/bald eagle/FL/22 and A/turkey/
MN/22 HA gene at position 239 (R239H and R239C). 
We also detected HA mutations associated with recep-
tor binding affinity at low levels in single samples in 
A/redfox/MI/22 (S110N, P139L, L513S) and A/rac-
coon/WA/22 (S110N, M404V, E267K).

We calculated synonymous (πS) and nonsynony-
mous (πN) polymorphisms to assess selection; we 
considered πN/πS <1 suggestive of purifying selection 
and πN/πS >1 suggestive of positive selection. When 
we combined the diversity estimates across genes, 
all strains exhibited πN/πS <1 (A/turkey/MN/22 πN/
πS = 0.36; A/bald eagle/FL/22 πN/πS = 0.40; A/redfox/ 
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Figure 8. Violin plots of 
airway conducting IHC scores, 
by virus strain and dpi, of 
swine infected with highly 
pathogenic avian influenza 
A(H5N1) virus belonging to the 
goose/Guangdong 2.3.4.4b 
hemagglutinin phylogenetic 
clade. A) Lung conducting 
airway immunohistochemical 
scores. Influenza A virus (IAV) 
nucleoprotein (NP) antigen 
detection varied by group with 
the most extensive labeling (the 
number of positive pigs) being 
observed in the A/bald eagle/
FL/22 and A/red fox/MI/22 
groups. B) Lung nonconducting 
airway immunohistochemical 
scores. IAV NP antigen detection 
varied by group with the most 
extensive labeling being 
observed in the A/bald eagle/
FL/22. Solid lines within plots 
indicate medians, dashed lines 
indicate quartiles, and symbols 
indicate individual pig values. 
dpi, days postinoculation; 
eagle 3 dpi, A/bald eagle/FL/22 
necropsied at 3 dpi; eagle 5 dpi, 
A/bald eagle/FL/22 necropsied 
at 5 dpi; fox 3 dpi, A/redfox/MI/22 
necropsied at 3 dpi; fox 5 dpi, 
A/redfox/MI/22 necropsied at 5 
dpi; IHC, immunohistochemistry; 
raccoon 3 dpi, A/raccoon/
WA/22 necropsied at 3 dpi; 
raccoon 5 dpi, A/raccoon/WA/22 
necropsied at 5 dpi; turkey 3 dpi, 
A/turkey/MN/22 necropsied at 3 
dpi; turkey 5 dpi, A/turkey/MN/22 
necropsied at 5 dpi.
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MI/22 πN/πS = 0.50; A/raccoon/WA/22 πN/πS = 0.74), 
suggesting that the within-host populations tended to 
exhibit weak purifying selection.

Discussion
We conducted a pathogenesis and transmission study 
to understand the susceptibility of swine to 3 geno-
types of HPAI H5N1 belonging to the goose/Guang-
dong 2.3.4.4b HA phylogenetic clade detected within 
the United States. Our data demonstrated that pigs are 
susceptible to infection. All 4 HPAI isolates that were 
evaluated replicated in the lungs of pigs. In compari-
son to an H1N1 swine-adapted virus, the qRT-PCR 
Ct values in BALF of the 4 HPAI strains were lower 
(≈3–8 Ct), except for the A/bald eagle/FL/22 (geno-
type B1.1) 5 dpi group (Appendix 1 Table 3) (24). Rep-
lication in the nasal cavity and transmission occurred 
only in the A/raccoon/WA/22 (genotype B2.1) and 
A/redfox/MI/22 (genotype B3.2) groups containing 
the mammalian adaptation mutation E627K in the PB2 
gene. However, the number of pigs with qRT-PCR–
positive nasal swabs was considerably lower than for 
the swine-adapted virus; the approximate viral load 
was lower (≈4–6 Ct), and detection was later (1 dpi vs. 
5 or 7 dpi) (Appendix 1 Table 4) (24). Pig 61 (relatively 
early detection) might have infected inoculated co-
horts, and transmission to contacts at later points not 
captured in our study design might have occurred. 
The finding of replication of HPAI H5NX clade 
2.3.4.4x in the lung of pigs in an experimental model 
has been shown, but demonstrating replication in the 
nasal cavity and transmission to contact pigs is novel 
(25,26). In addition, a recent study deemed pigs to be 
highly resistant to clade 2.3.4.4b infection, illustrating 
the need for continued assessment of genetically di-
verse viruses with variable phenotypes in pigs (27).

The effects of HPAI viruses can range from as-
ymptomatic infections to severe disease in mammals 
(28–31). Multiple viral proteins contribute to the patho-
genicity and transmissibility of HPAI, and a combina-
tion of adaptive mutations and reassortment are likely 
necessary for efficient mammal transmission (32). Both 
mammal isolates evaluated in this study contained 

the PB2 E627K mutation, were detected in the noses 
of inoculated pigs, and transmitted to >1 contact pig. 
The PB2 gene of all human seasonal viruses of the 20th  
century contain K627, whereas most clade 2.3.4.4b vi-
ruses detected in birds in 2022–2023 contain E627, sup-
porting the role of that mutation in mammalian adap-
tation (1,17). Although we did not fully evaluate the 
direct effects of the E627K mutation in swine, the shed-
ding and transmission profile shown for the 2 mammal 
isolates in this study indicate this adaptive mutation 
might have increased viral fitness through enhanced 
polymerase activity to enable transmission in an other-
wise less susceptible host.

Whether different internal gene constellations or 
other genotypic differences between A/bald eagle/
FL/22 (North American PB2, PB1, and NP) and A/
turkey/MN/22 (North American PB2 and NP; geno-
type 2.1) are responsible for the pathogenic differenc-
es of those isolates in pigs is unknown. The number of 
North American gene segments in reassorted HPAI 
H5N1 clade 2.3.4.4b avian isolates and disease se-
verity in mammals was suggested to have a positive 
correlation in ferret and mice models (11). Although 
we did not observe evidence of shedding or transmis-
sion, both avian isolates replicated in the lung, which 
is concerning because of potential reassortment with 
endemic swine viruses.

Viral populations were dominated by low- 
frequency (<5%) variation that appeared to be shaped 
by purifying selection. We detected a subset of mu-
tations associated with human receptor binding and 
specificity (HA S110N, P139L, R239C/H, E267K, 
L513S) and mammalian replication (PB2 E627K). 
However, the detected mutations remained at low 
frequency, and those present early were not transmit-
ted, did not persist, and were not consistently detect-
ed across animals. Those data are in accordance with 
previous studies documenting within-host evolution 
of H5N1 in poultry (33–35). Consequently, though 
adaptive mutations might occur during H5N1 infec-
tion in pigs, because of the short infection time and 
presence of purifying selection (πN/πS <1), the evolu-
tionary potential of the strains in this study appears 
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Table 2. Replication and transmission data in study of divergent pathogenesis and transmission of highly pathogenic avian influenza 
A(H5N1) in swine* 

Strain 

Inoculated pigs  Contact pigs 
NS PCR-
positive 

BALF PCR-
positive, 3 dpi 

BALF PCR-
positive, 5 dpi Seroconversion  

NS PCR-
positive Seroconversion 

A/turkey/MN/22 0/15 3/5 3/5 2/5  0/5 0/5 
A/bald eagle/FL/22 0/15 5/5 5/5 3/5  0/5 0/5 
A/raccoon/WA/22 4/15 4/5 5/5 5/5  2/5 1/5 
A/red fox/MI/22 5/15 5/5 4/5 5/5  0/5 1/5 
*Nasal swab samples were taken on 0, 1, 3, 5, and 7 dpi or dpc. BALF was collected at 3 and 5 dpi. Influenza A virus qRT-PCR. Seroconversion results 
of inoculated pigs are only on surviving pigs at ≈2 weeks dpi or dpc. BALF, bronchoalveolar lavage fluid; dpc, days postcontact; dpi, days postinoculation; 
NS, nasal swab; qRT-PCR, quantitative reverse transcription PCR.  
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limited, and the functional effects for the documented 
mutations require additional study.

The HA proteins of HPAI H5N1 2.3.4.4b virus 
preferentially bind to α2,3-linked sialic acids on the 
host cell (11), which are at low abundance in the por-
cine upper respiratory system (32). The low abun-
dance of α2,3-linked sialic acids on epithelial cells in 
the pigs’ nasal cavities might explain why HPAI avian 
isolates did not transmit. The quantity of α2,3-linked 
sialic acids is relatively higher in the lungs of pigs 
and humans and localized to pneumocytes and non-
ciliated bronchiolar cells (36–39). That distribution  

is consistent with the extent and distribution of IHC 
IAV NP labeling in the lung of pigs inoculated with 
A/bald eagle/FL/22; we noted prominent alveolitis 
in those pigs, in contrast to those inoculated with ei-
ther A/raccoon/WA/22 or A/redfox/MI/22.

Interspecies spillovers commonly result in dead-
end infections because the virus likely requires multiple 
transmission events to acquire the necessary adaptive 
mutations (40). The probability of a virus acquiring a 
complete set of adaptive mutations in a single immuno-
competent host with onward transmission is extreme-
ly low (34). However, continued circulation of HPAI 
strains that have already adapted within various mam-
malian species makes that possibility more likely (1,34). 
On-farm transmission among pigs in Indonesia of an 
HPAI H5N1 and identification of a purified clone with 
the ability to recognize α2,6 sialic acid receptors were re-
ported (3). More recently, serologic evidence of infection 
of domestic pigs with clade 2.3.4.4b was reported (41). 
In addition, because reassortment occurred with the 
past 4 influenza pandemics, the propensity for reassort-
ment in swine may increase the risk for H5N1 adapta-
tion toward humans, particularly with the maintenance 
of 2009 pandemic H1N1 human seasonal virus genes 
in pigs (42). Although infrequent, incursion of LPAI 
into commercial swine herds in North America occurs 
periodically, yet the sources of incursion often remain 
unknown (43–45). Increased viral fitness characterized 
by transmission of LPAI strains after reassortment with 
swine-adapted IAV in pigs was demonstrated both in 
commercial swine herds and experimentally (43,46).

The genetic attributes that resulted in the contin-
ued circulation of the HPAI H5N1 2.3.4.4b lineage are 
not well understood. Repeated spillover and spillback 
events resulted in genotypically and phenotypically 
diverse reassortant viruses, some of which caused neu-
rologic disease in mammals, a manifestation not ob-
served in pigs (47). However, detection of NP antigen 
in endothelial cells of pigs infected with A/bald eagle/
FL/22 suggests this strain might spread systemically.

The risk for reassortment of the HPAI H5N1 
2.3.4.4b lineage with endemic swine IAV is a consid-
eration on the basis of the susceptibility to this lineage 
demonstrated in our study, the prevalence of IAV in-
fection and comorbidities in swine herds, and animal 
husbandry practices (48,49). However, the risk for 
incursion is likely lower in confinement operations 
with industry standard biosecurity than for back-
yard or feral pigs. Birdproofing feed and facilities, 
avoiding the use of untreated water, and restricting 
peridomestic scavenger mammals from premises are 
measures to increase biosecurity against HPAI H5N1 
clade 2.3.4.4b virus incursion into swine herds.
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Table 3. Ct values for nasal swab samples tested for influenza A 
virus by qRT-PCR by pig and days postinoculation for 
A/raccoon/WA/22 and A/redfox/MI/22 strains 

Pig ID 
Days postinoculation or postcontact 

0 1 3 5 7 
A/raccoon/WA/22     
 56 ND ND ND NA NA 
 57 ND ND ND NA NA 
 58 ND ND ND NA NA 
 59 ND ND ND NA NA 
 60 ND ND ND NA NA 
 61 ND 33.0 34.7 33.2 NA 
 62 ND ND ND ND NA 
 63 ND ND ND 38.8 NA 
 64 ND ND ND ND NA 
 65 ND ND ND 32.1 NA 
 66 ND ND ND ND ND 
 67 ND ND ND ND 29.5 
 68 ND ND ND ND ND 
 69 ND 36.5 ND 36.9 35.1 
 70 ND ND ND ND ND 
 71 ND ND ND ND 38.1 
 72 ND ND ND ND 32.5 
 73 ND ND ND ND 35.0 
 74 ND ND ND ND ND 
 75 ND ND ND ND ND 
A/redfox/MI/22     
 76 ND ND ND NA NA 
 77 ND ND ND NA NA 
 78 ND ND ND NA NA 
 79 ND ND ND NA NA 
 80 ND ND ND NA NA 
 81 ND ND ND ND NA 
 82 ND ND ND ND NA 
 83 ND ND ND ND NA 
 84 ND ND ND ND NA 
 85 ND ND 34.8 ND NA 
 86 ND ND 28.1 39.2 37.1 
 87 ND ND ND ND 37.9 
 88 ND ND ND 36.0 ND 
 89 ND ND ND 35.4 ND 
 90 ND ND ND 38.9 ND 
 91 ND ND ND ND ND 
 92 ND ND ND ND ND 
 93 ND ND ND ND ND 
 94 ND ND ND ND ND 
 95 ND ND ND ND ND 
*Ct value of <38.0 indicates a positive sample, 38–40 indicates suspect 
sample, and ND indicates negative sample. Pigs numbered 71–75 and 
91–95 are contact pigs. Ct, cycle threshold; ID, identification; NA, not 
available (pig previously euthanized as part of study design); ND, not 
detected; qRT-PCR, quantitative reverse transcription PCR.  
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“We have, and always will have, need of both 
Science and Art in medical practice; they are 

not antagonistic principles, but are mutually helpful; 
there is room, enough and to spare, for the free and 
energetic use of both; it is ignorance alone which sees 
them hostile, folly indeed which seeks their division.” 
So wrote Alfred Whitmore in 1914 (1). Whitmore 
was a remarkable man, not only in advocating what 
seems like a modern integration between laboratory 
and clinical work more than 100 years ago (1) but also 
in achieving eponymous immortality by describing a 
novel disease (2). He did this without specialist train-
ing and while working in relative isolation in his role 
as pathologist in Rangoon General Hospital (RGH), 
Burma (now Myanmar), in 1911 (2,3). Yet the way 
in which his findings were initially fêted and sub-
sequently forgotten holds strong parallels with the 
present day under recognition and ignorance of both 
Whitmore and the disease he described.

The disease discovered by Whitmore and his as-
sistant, C.S. Krishnaswami, is now known as meli-
oidosis but is still often referred to as Whitmore’s 
disease (2,4). The name melioidosis was only later 
coined by A.T. Stanton and W. Fletcher in 1921 and 

is derived from a Greek word meaning glanders-like 
disease (5,6). Over the past few years, and captivated 
by Whitmore’s wonderful prose style, one of us has 
been researching his life and work (7–9). In this re-
view, and the accompanying video, we summarize 
some of our more recent findings about Whitmore’s 
career. We discuss what happened to his discovery 
in the years after he made it, and how that relates to 
melioidosis today. The information included in this 
review is based on the references provided and docu-
ments kindly provided by the Whitmore family.

Whitmore was born in Botcherby, in northwest 
England, in 1876 and grew up in Sebergham in Cum-
bria, where his father was rector (10). Among his 
early hobbies, Whitmore studied the process of decay 
of animal carcasses, which might have presaged his 
later career. He attended St. Bees School in Cumbria, 
studied medicine at Gonville and Caius College at 
Cambridge University, and completed his medical 
training at St. Mary’s Hospital in London, receiving 
scholarships and prizes along the way (10). After 
qualifying as a doctor, he completed the Diploma in 
Public Health that was obligatory for entrants into the 
Indian Medical Service (IMS) and was commissioned 
as a lieutenant in January 1903 (Figure 1) (10,11). 
His posting to the less fashionable center of Burma 
might have been influenced by his finishing last in 
the Diploma in Public Health exam. In later life he 
commented, “I entered the Service with no particular 
ambition, chiefly perhaps because I had no money—a 
bad reason.” His mandatory 2 years of military ser-
vice were spent in India and the Andaman Islands 
before he arrived in Rangoon, Burma, toward the end 
of 1905 (10), little expecting that he would shortly un-
earth a novel infectious disease.

In the old, wooden RGH, Whitmore’s initial re-
sponsibility was taking care of the dying patients on 
the “moribund ward,” without the aid of nurses and 
with hygiene that left much to be desired. He even 
mentioned rumors of patients’ feet being gnawed off 
by rats in a letter written to his son in January 1946, 
although adding that he could not “aver the truth 
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of this.” He thought the care that was provided was 
undignified for any human being. Thus, he tried to 
improve the lot of his patients by providing alcohol, 
which he described as the “best med of any that I 
have used,” as well as cheroots (a local type of cigar) 
and a wheeled bath that he later found being used as 
a fish tank. However, his role was about to change 
because plans were underway to build a new hos-
pital, albeit without a laboratory (12). That plan was 
contrary to Alfred’s ideas. In a talk given in Cam-
bridge following his return to England, he said he 
was “… trained to believe that there was a ‘Science’ 
as well as an ‘Art’ of Medicine and that the labora-
tory was the High Altar, as it were, of that Science.” 
He convinced the authorities of the necessity of a 
laboratory, which was duly added, with Whitmore 
taking on the role of pathologist on condition that 
he would also undertake the medicolegal work in 
the capacity of police surgeon. He remained a pas-
sionate advocate for the integration of a laboratory 
within the hospital, believing that close collabora-
tion between the clinic and laboratory were essential 
to good quality “Western medicine” (1).

Whitmore worked as pathologist and police sur-
geon at RGH from 1909 until 1915, during which he 
discovered melioidosis (10). Melioidosis, caused by the 
gram-negative bacterium Burkholderia pseudomallei, is 
now known as a disease that typically has clinical man-
ifestations of pneumonia, sepsis, and abscess forma-
tion, predominantly in persons with underlying risk 
factors, details of which can be found elsewhere (13). 

In 1911, Whitmore and Krishnaswami, who had 
graduated as a licentiate in medicine and surgery from 
Madras Medical College (14), undertook a postmortem 
examination that revealed “…a peculiar consolida-
tion of the lungs,” which they felt was consistent with 
glanders, a zoonotic disease of horses (2). The victim, 
however, had no history of recent animal exposure, and 
cultures yielded a bacterium that they recognized as dif-
ferent from what was then known as Bacillus mallei (now 
Burkholderia mallei), the cause of glanders, in its rapid 
luxuriant growth and motility. In 1912, they published, 
in the Indian Medical Gazette, their microbiological and 
pathological findings from 38 cases of this recently dis-
covered disease (2). A more comprehensive report in the 
subsequent year, in which Whitmore first proposed the 
specific epithet pseudomallei, included additional infor-
mation about each case, 31 of which were “morphine 
injectors” (15). By 1914 the term morphia injectors’ sep-
ticaemia had been suggested for the disease name (16). 

Opioid injection is not currently recognized as a 
risk factor for melioidosis, and the reasons for such a 
strong association as that reported by Whitmore are 
unclear (13). Whitmore himself initially felt the infec-
tion most likely was caused by the general debility 
associated with morphine injections (15) but later ap-
pears to have favored contamination of the injections 
themselves, because 46 of the 52 cases in the 1914 re-
port also bore evidence of morphine injection (16). 
That finding would hardly have been surprising given 
the squalid conditions in which the drug users of the 
day were liable to have received their morphine (17). 

Then along came World War I, and as a member 
of the IMS, Whitmore was obliged to return to mili-
tary service in British India (10). Meanwhile, Krish-
naswami continued to work on the disease until 1917, 
when he stated he had encountered some 200 cases 
(18), but he subsequently moved to work in what was 
then known as the “Lunatic Asylum” system for the 
rest of his career in Burma (14,19).

Whitmore spent the war at various stations in 
British India (10), frequently having brushes with au-
thority because he did not tolerate fools, especially 
if they were senior officers issuing edicts from “the 
hill tops.” On returning to Rangoon, although he 
had hoped to resume his job as pathologist, he was  

Figure 1. Alfred Whitmore wearing his Indian Medical Service 
uniform, circa 1903.
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appointed as a civil surgeon and never worked on 
melioidosis again (10). He found his role as a civil sur-
geon exhausting, leaving him little time for the read-
ing he considered essential to keep up to date with 
the latest developments. In 1922, he moved to become 
superintendent of the Burma Government Medical 
School, a role in which he remained until he returned 
to England on leave in 1924, eventually retiring from 
the IMS in 1927 (10,20–22). 

After a brief spell in Paignton, Devon, UK, Whit-
more moved to Madingley, near Cambridge, UK, 
where he remained involved in education and re-
search until his death in 1946 (Figure 2) (23). People 
thought of him as an inspirational lecturer, and his 
obituary in the British Medical Journal described him 
as “… a most lovable man with a very keen sense of 
humour, and all who knew him well were greatly 
attached to him. He seemed to radiate something 
buoyant and joyous, and the outlook always seemed 
brighter when he was about” (23).

Whitmore’s discovery was initially celebrated by 
the colonial hierarchy in Burma and was specifically 
mentioned in the Report on the Administration of 
Burma for 2 consecutive years (1911–12 and 1912–13) 
(24,25). Lengthy debates about the appropriate form 
of bacteriologic support for the government in Burma 
had taken place, and some suggested that locating a 
laboratory in Rangoon would be impossible because 
of the climate; therefore, the authorities were doubt-
less keen to celebrate the success of this innovative 
venture (12,26). Yet, when World War I intervened, 
and Whitmore and Krishnaswami subsequently 
turned their attention to other duties, no one appears 
to have followed up on their findings: the next men-
tion of melioidosis in Burma was in the 1940s (27). At 
that time, the disease appeared almost exclusively to 
affect the “friendless wastrels” of Rangoon, primar-
ily persons addicted to morphine, who were unlikely 
ever to be economically productive and through who, 

through crime,  might be a drain on colonial resources 
(15,28). In addition, up to that point, not a single case 
of melioidosis had been reported in a person of Euro-
pean heritage. Those factors must undoubtedly have 
been key in the apparent neglect of the disease by the 
colonial authorities as they struggled to restore order 
after the disruption of World War I.

Today, melioidosis remains a little-known dis-
ease, even within the countries where it is endemic 
(29). Melioidosis endemic regions include northern 
Australia, many countries in South and Southeast 
Asia, sub-Saharan Africa, and tropical and subtropi-
cal areas of the Americas (30,31). Melioidosis is not yet 
formally recognized by the World Health Organiza-
tion as a neglected tropical disease (NTD), despite the 
growing evidence that it is widespread throughout 
the tropics, is estimated to cause nearly 90,000 deaths 
a year globally, and has a disease burden consider-
ably greater than that of many officially recognized 
NTDs (31–33). However, as a disease that mainly af-
fects lower income populations living in rural areas, 
another marginalized group, melioidosis remains 
underdiagnosed and excluded from the mandatory 
surveillance systems of most countries where it is 
endemic. A 2021 multistate outbreak in the United 
States from an imported aromatherapy spray and a 
2022 report of isolation of B. pseudomallei from the 
environment in Mississippi, USA, for the first time, 
might have temporarily boosted the profile of melioi-
dosis (34,35). Perhaps the increased attention result-
ing from those incidents will benefit the communities 
that suffer from this deadly disease. 

In conclusion, global and national public health 
authorities should act to add melioidosis to NTD 
surveillance systems so that we do not again fail to 
follow the path initially signposted by Whitmore. 
We need to prevent history from repeating itself and 
make sure that both melioidosis, and Alfred Whit-
more, are no longer forgotten.

Figure 2. Timeline of the life of Alfred Whitmore and the discovery of melioidosis. The timeline highlights Whitmore’s personal and military 
achievements. IMS, Indian Medical Service; MB, bachelor of medicine degree; RGH, Rangoon General Hospital; WWI, World War I.
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Ebola vaccine development has been accelerated in 
response to large outbreaks in West and Central 

Africa; those outbreaks have caused >32,000 cases and 
>13,500 deaths (1). One vaccine emerging from this 
effort is the heterologous Ad26.ZEBOV/MVA-BN-
Filo regimen (Johnson & Johnson, https://www.jnj.
com). Ad26.ZEBOV, an adenovirus serotype 26–vec-
tored monovalent, recombinant, replication-incom-
petent vaccine, encodes the full-length Ebola virus 
Mayinga glycoprotein. MVA-BN-Filo, a recombinant, 
nonreplicating, modified vaccinia Ankara–vectored 
multivalent vaccine, encodes the glycoprotein of Ebo-
la virus (Mayinga), Sudan virus (Gulu), and Marburg 
virus (Musoke) and the nucleoprotein of Taï Forest 
virus. Ad26.ZEBOV/MVA-BN-Filo received market-
ing authorization under exceptional circumstances 
for prophylactic use in persons >1 year of age in the 
European Union (2,3) and is on the World Health 
Organization’s list of prequalified vaccines (4). This 
vaccine regimen has been shown to be safe and im-
munogenic in children and adults (5–9).

Recommended long-term storage and shipping 
conditions are –85°C to –55°C for the Ad26.ZEBOV 

component (2) and 25°C to –15°C for the MVA-BN-Fi-
lo component (3). However, infrastructure challenges 
may affect implementation of recommended distri-
bution conditions, particularly in remote regions. Re-
frigerated (2°–8°C) liquid transport may more easily 
support extended vaccine distribution to rural loca-
tions than frozen conditions. Ad26.ZEBOV/MVA-
BN-Filo can maintain stability at 2°–8°C (10). An im-
portant consideration in transporting liquid vaccines 
to rural areas is agitation, which can contribute to 
vaccine degradation and loss of potency (11). For our 
study, we subjected Ad26.ZEBOV/MVA-BN-Filo to 
simulated rough-road transport at 2°–8°C, conditions 
that are representative of the final leg or last mile in 
the supply chain in rural areas, to assess the effect of 
shock and vibration on vaccine quality.

The Study
Packaging configurations (material used and ship-
ping and storing conditions) were representative of 
supplies available in Africa during large vaccina-
tion campaigns (Figure; Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/30/3/23-1060-App1.
pdf). We conducted simulated distribution testing 
in 2 sequential steps at 2°–8°C to approximate last-
mile transport in rural areas that included a shock test 
followed by a vibration test. The test simulated un-
paved roads typical of rural areas, representing long-
distance (100-km) travel that could occur between the 
distribution center and vaccination site, by using a 
rough-road transport simulation profile.

We dropped vials 9 times in various orienta-
tions from heights of 30.5–91.4 cm, depending on the 
weight of the shipping container (Appendix Table 2, 
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Analyzing vaccine stability under different storage and 
transportation conditions is critical to ensure that effec-
tiveness and safety are not affected by distribution. In a 
simulation of the last mile in the supply chain, we found 
that shock and vibration had no effect on Ad26.ZEBOV/
MVA-BN-Filo Ebola vaccine regimen quality under re-
frigerated conditions.
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Figure). We determined the vibration sequence by us-
ing the International Safe Transit Association’s web-
based software application 4AB (https://ista.org/
test_procedures.php#enhanced-simulation-section), 
selecting the truck profile to approximate truck trans-
port in rural areas. During the 36-minute vibration 
test, vibration intensity increased and the vibration 
profile shape remained constant. Vials were oriented 
upside down to simulate a worst-case scenario.

After simulated distribution testing, we froze all 
80 vials at –20°C and shipped them back to analytical 
laboratories, where they were stored at –85°C to –55°C 
before analysis. We applied assays for indicating criti-
cal quality attributes, including appearance, potency, 
quantity, aggregation, protein impurities, and pres-
ence of subvisible particles (Appendix Table 3). We 
conducted potency testing as described previously 
(10). We selected test methods and release specifica-
tions on the basis of regulatory guidance provided in 
the International Conference on Harmonisation Q6B 
and European Pharmacopoeia (12,13).

We compared assay results from the drug product 
vials with the control (unstressed) vials from the same 
batch of drug product and the release specifications, 

noting any deviations that occurred during the study 
(Appendix). The attributes evaluated did not show 
substantial differences between stressed and control 
samples of Ad26.ZEBOV (Appendix Table 4). After 
the simulation, the appearance of the Ad26.ZEBOV 
drug product was clear, without coloration or visible 
particulate matter. Potency, quantity of Ad26.ZEBOV 
viral particles, and polydispersity were within release 
specifications. We observed no difference in the aver-
age hydrodynamic radius of stressed (54.2 nm) and 
control (55.2 nm) samples. Those values exceeded the 
current release specification (<53 nm), which is attrib-
utable to the method used for this study having an ≈5 
nm bias versus the release method. The percentage 
of main hexon identified on reverse phase ultra-high 
performance liquid chromatograms was numerically 
lower in both stressed (65.06%) and control (64.42%) 
samples versus the reference batch (75.1%). The per-
centage of free hexon was similar in stressed (4.3%) 
samples and the reference batch (4.0%).

We observed no substantial effect on attributes 
of the MVA-BN-Filo drug product between stressed 
and control samples after the simulation (Appendix 
Table 4). The appearance of material in both groups 

Figure. Study design to assess 
effects of shock and vibration on 
last-mile transportation of Ad26.
ZEBOV/MVA-BN-Filo regimen Ebola 
vaccine regimen under refrigerated 
conditions. Ad26.ZEBOV/MVA-BN-
Filo were produced and stored at 
–85°C to –55°C. Four paperboard 
cartons, each with 2 thermoformed 
trays containing 10 vials, were 
shipped to the simulation test 
laboratory at –20°C. The vials 
were thawed at 2°–8°C 24 h before 
testing and packed into insulated 
shipping containers designed to 
maintain an internal temperature 
of 2°–8°C for the duration of the 
study. Half of the vials (20 Ad26.
ZEBOV and 20 MVA-BN-Filo) were 
subjected to simulated distribution 
testing, and half remained 
unstressed as controls. Control 
samples are non–distribution-tested 
samples exposed to freeze-thaw. 
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was light yellow and milky, with no visible extrane-
ous particles; product-related particles were present 
in the stressed vials. Potencies of stressed and control 
samples were within commercial release specifica-
tions. We confirmed the transgene expression of the 
Zaire Ebola virus (Mayinga), Sudan virus (Gulu), and 
Marburg virus (Musoke) glycoproteins and the Taï 
Forest virus nucleoprotein encoded by MVA-BN-Filo 
in stressed and control samples. Genomic vaccinia 
DNA contents were identical between the 2 groups. 
Average particle sizes measured by nanoparticle 
tracking analysis were numerically higher in stressed 
(195 nm) and control (191 nm) samples versus the ref-
erence batch (157 nm). Average virus particle sizes 
measured by fluorescence nanoparticle tracking anal-
ysis were numerically higher in the stressed samples 
(453 nm) versus both the control samples (399 nm) and 
the reference batch (394 nm). Total subvisible particle 
concentrations measured by microflow imaging were 
numerically higher in stressed (7.82 × 106 particles/
mL) versus control (4.73 × 106 particles/mL) samples, 
whereas mean subvisible particle sizes were numeri-
cally lower in stressed (2.49 µm) versus control (3.26 
µm) samples. We identified no substantial differences 
between stressed and control samples from the par-
ticle size distribution graphs of the 3 methods.

Conclusions
The stability of Ebola virus vaccine drug products is 
critical to ensure that quality remains unaffected in 
conditions likely encountered during distribution. 
We have shown that a liquid formulation for Ad26.
ZEBOV/MVA-BN-Filo is suitable for mass vaccina-
tion in resource-limited regions at risk for outbreaks 
(10). We assessed the impact of shock and vibration, 
simulating rough-road transport conditions at 2°–
8°C, on the quality of Ad26.ZEBOV/MVA-BN-Filo.

Product stability can be demonstrated through 
a quantitative measure of potency, which is linked to 
vaccine safety and efficacy (14). Potency can correlate 
with infectious titer and transgene expression and may 
be negatively affected by aggregate formation (14). Ag-
gregates can affect immunogenicity and subsequently 
compromise vaccine efficacy (14). We have demonstrat-
ed that Ad26.ZEBOV and MVA-BN-Filo undergoing 
simulated distribution contained similarly sized aggre-
gates and viral particles similar in number and potency 
to the control samples, suggesting that the immuno-
genicity of samples exposed to simulated rough-road 
transport would not differ from the control samples.

One limitation of this study is that the stress that 
may be encountered during in-country transport 
was simulated. However, the simulation used in this 

study provides more realistic exposure to shock and 
vibration than can be generated by laboratory orbital 
shakers. Data on stability after agitation of alternative 
candidate Ebola virus vaccine regimens are limited in 
this regard (15).

In summary, this study shows that simulated, re-
frigerated (2°–8°C), rough-road truck transport, rep-
resentative of the last mile of the supply chain, had 
no substantial effect on the quality of Ad26.ZEBOV/
MVA-BN-Filo compared with the control condition. 
These findings confirm that refrigerated transport 
over rough terrain is possible and meets requirements 
for the challenging rural areas in the cold chain.
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etymologia revisited
Coronavirus

The first coronavirus, avian infectious bronchitis virus, was dis-
covered in 1937 by Fred Beaudette and Charles Hudson. In 1967, 

June Almeida and David Tyrrell performed electron microscopy on 
specimens from cultures of viruses known to cause colds in humans 
and identified particles that resembled avian infectious bronchitis 
virus. Almeida coined the term “coronavirus,” from the Latin corona 
(“crown”), because the glycoprotein spikes of these viruses created an 
image similar to a solar corona. Strains that infect humans generally 
cause mild symptoms. However, more recently, animal coronaviruses 
have caused outbreaks of severe respiratory disease in humans, includ-
ing severe acute respiratory syndrome (SARS), Middle East respiratory 
syndrome (MERS), and 2019 novel coronavirus disease (COVID-19).
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Until recently, the Democratic Republic of the 
Congo (DRC), located in an mpox-endemic re-

gion, has had the highest global burden of mpox (1). 
Mpox is caused by the monkeypox virus (MPXV), 
which belongs to the Orthopoxvirus genus of the Pox-
viridae family. Within Poxviridae, 10 other genera are 
known to infect animals and reptiles (2), including 
Suipoxvirus (3). The only known species of Suipoxvirus 
causes swinepox, a pox-like disease in pigs.

Two genetically distinct clades of MPXV cause 
disease in humans. Clade I (formerly Congo Basin 
clade) is endemic in Central Africa, and outbreaks 
are thought to result mainly from zoonotic spillover; 

squirrels or other small mammals are suspected 
reservoirs or hosts (4; J. Mariën et al., unpub. data, 
https://doi.org/10.21203/rs.3.rs-414280/v2). Clade 
II (formerly West African clade) is endemic in West 
Africa; suspected reservoirs and transmission routes 
are historically similar to those of clade I. In 2022, 
MPXV subclade IIb spread beyond West Africa, caus-
ing an unprecedented global outbreak, leading the 
World Health Organization to declare mpox as a Pub-
lic Health Emergency of International Concern (5).

During 2011–2015, the incidence of MPXV cas-
es in DRC’s Tshuapa Province increased compared 
with the incidence during 1981–1986 in similar geo-
graphic areas (6). This observation is not unique, 
suggesting expanding spillover rates of MPXV clade 
I into the human population and highlighting the 
possibility of increasing human-to-human virus 
transmission (1,4).

Confirmation of suspected MPXV cases in DRC 
is hindered by logistical difficulties, such as com-
plications involving sample collection and lack of  
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In September 2022, deaths of pigs manifesting pox-
like lesions caused by swinepox virus were reported in  
Tshuapa Province, Democratic Republic of the Congo. 
Two human mpox cases were found concurrently in the 
surrounding community. Specific diagnostics and robust 
sequencing are needed to characterize multiple poxvi-
ruses and prevent potential poxvirus transmission.
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available diagnostic laboratories in remote regions (4).  
Reported increases in mpox cases without well- 
defined origins suggest that a One Health inves-
tigation might be a more informative strategy. As 
part of this approach, investigations by DRC’s Na-
tional Program for Mpox and Viral Hemorrhagic 
Fevers (PNLMPX-VHF) and its partners, including 
the US Centers for Disease Control and Prevention 
(CDC) and Belgium Institute of Tropical Medicine, 
have begun sampling mammals in areas with mpox 
cases and animals manifesting pox-like lesions (7).  
Previous sampling focused on wildlife and small 
animals but has recently been expanded to include 

domestic animals because animal husbandry is wide-
spread throughout DRC (8). Yet, areas with livestock 
have not been regularly surveilled for health, hy-
giene, or suspected viruses, including MPXV. Close 
proximity of humans and animals provides an envi-
ronment conducive to virus spillover (9). We report 
on the co-circulation of MPXV and swinepox virus 
in the same locality within DRC.

The Study
In early September 2022, provincial authorities in 
Tshuapa, a heavily forested province in northwest 
DRC, alerted PNLMPX-VHF regarding the deaths of 

Figure 1. Phylogenetic analysis of swinepox virus (A) and monkeypox virus (B) in study of co-circulating viruses, Democratic Republic 
of the Congo, 2022. Poxvirus sequences for comparison were obtained from GenBank. Trees were constructed by using the maximum-
likelihood method and the general time reversal substitution model with gamma distribution and proportion of invariable sites. In panel A, 
bold text indicates the swinepox sequence from this study; in panel B, magenta-colored text indicates monkeypox virus sequences and 
blue text indicates swinepox virus sequence from this study. The monkeypox virus samples belong to clade I and correspond to those 
previously described (11). Scale bars indicate nucleotide substitutions per site. DRC, Democratic Republic of the Congo.
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pigs in the Boende health zone that manifested ve-
sicular, pox-like lesions. Authorities also reported 
several suspected mpox cases among farm owners 
and residents in the area; clinical samples were not 
collected from those persons. Tshuapa is considered 
an MPXV-endemic area and has a robust surveillance 
program through PNLMPX-VHF, Kinshasa School 
of Public Health, and CDC. Through this program, 
suspected mpox case samples are sent to DRC’s refer-
ence laboratory, the Institute National de Recherche 
Biomedical (INRB), for testing and, when requested, 
sequencing (6).

After the alert, during September 9–19, two pigs 
with pox-like lesions were identified at a domestic 
farm where pigs roamed freely. The first diseased pig 
had died on September 1; no samples had been col-
lected. On September 10, the second pig, which had 
predominant umbilicated nodular dermatitis between 
the ears and on the face and chest, died. We collected 
a vesicle swab sample from the cadaver for analysis 
at INRB. MPXV PCR (10) results were negative, and 
we sequenced the sample by using an Illumina plat-
form (Illumina, https://www.illumina.com) probe 
enrichment-based protocol and a custom-made vi-
rus research panel (Twist Biosciences, https://www.
twistbioscience.com). We used the open source bio-
informatics pipeline, GeVarLi (https://forge.ird.fr/
transvihmi/nfernandez/GeVarLi), to clean and align 
sequences and assign virus lineages. We completed 
de novo sequence assembly by using SPAdes Genome 
Assembler (https://github.com/ablab/spades). Se-
quencing results and phylogenetic analysis indicated 
that the second pig had been infected with swinepox 
virus (Figure 1, panel A) (11).

After identifying a swinepox-positive pig, we 
launched an expanded poxvirus investigation on  

October 2. In the Boende health zone, we identified 
16 suspected human mpox cases, all occurring with-
in 400 m of the farm that had a confirmed swinepox 
case. None of the persons with suspected mpox re-
ported having mpox vaccinations, nor did they have 
scars indicating past mpox or variola vaccination. We 
collected skin swab, oropharyngeal lesion swab, and 
venous blood samples from case-patients with sus-
pected active (n = 2) and convalescent (n = 4) MPXV 
infections and analyzed those samples at INRB. The 
2 suspected active case-patients (both children) were 
MPXV positive. Sequencing confirmed infection with 
MPXV; however, we did not detect swinepox co-in-
fection (Figure 1, panel B). We deposited the 2 MPXV 
sequences in the GISAID database (https://www.
gisaid.org; accession nos. EPI_ISL_18857033–4). We 
determined that the farm owner, not realizing his 
pigs were sick, permitted his 2 children to directly 
contact the pigs during feeding without protection. 
Both children exhibited mild symptoms of fever, 
colds, headaches, and physical asthenia and devel-
oped a rash and papules 12 days after disease onset 
in the first pig. Both MPXV PCR-positive children re-
covered without complications; in addition, the fam-
ily reported that they had previously recovered from 
PCR-confirmed MPXV. No epidemiologic link was 
established between the mpox-positive children and 
the swinepox-positive pig.

We returned to the area to identify additional 
pigs with symptoms of pox-like virus infections and 
found 4 suspected cases, of which 3 were in a neigh-
boring farm. All pigs with suspected infections had 
pox-like skin lesions on the face, mouth, or tongue 
and had liver pathology similar to clinical manifesta-
tions of pox-like virus infections. A third pig from the 
original farm died on October 24; we collected lesion 

Figure 2. Animals with mpox-like lesions in study of co-circulating monkeypox and swinepox viruses, Democratic Republic of the 
Congo, 2022. A, B) Mpox-type lesions observed on internal tissues (A) and on the skin (B) of a pig. C) Lesion on the skin of a rodent 
that was found in the same geographic area as the pig.
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crust, vesicle, and rectal swab samples and internal 
organs where vesicular lesions were noted (Figure 2, 
panels A, B). Small mammals found in the vicinity of 
the original farm and that farmer’s house also showed 
similar skin lesions (Figure 2, panel C). We collected 
lung, spleen, kidney, liver, oral, and rectal swab sam-
ples from 28 small mammals (shrews and black rats 
[Rattus rattus]) for analysis at INRB; 2 rats exhibited 
lesions. All samples tested negative for MPXV by 
PCR, and no additional sequencing was performed.

Concurrently, medical staff reported periodic 
human outbreaks of suspected MPXV infections and 
wild and domesticated animal deaths in other health 
zones. In addition, outbreaks of pox-like disease in 
pigs preceded confirmed human mpox cases in the 
Bolomba health zone of Equateur Province in 2008 
and the Masi-Manimba health zone of Kwilu Prov-
ince in 2022 (12). Although no samples were collected 
from sick animals during those outbreaks, the over-
all frequency of reports warrants future use of One 
Health approaches in all investigations of pox-like 
diseases, regardless of the initial species in which the 
lesions are observed.

Conclusions
In environments endemic for zoonotic pathogens 
such as MPXV, the role of animal reservoirs and hosts 
must be considered in surveillance and outbreak con-
trol. Reports of multiple poxviruses (vaccinia virus, 
pseudocowpox virus, MPXV) co-circulating within a 
community are rare and have been primarily confined 
to Brazil (2,13). In addition to mpox, and now swine-
pox, DRC has reported cases of other poxviruses, in-
cluding molluscum contagiosum and tanapox (14). 
The appearance of multiple poxviruses in the same 
region indicates sensitive, specific diagnostics and ro-
bust sequencing capacity are needed to characterize 
those agents, better understand poxvirus epidemiol-
ogy, and prevent potential poxvirus transmission.
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A 24-year-old Black woman from South Africa 
sought care at a local primary-level clinic in 

Soweto, Johannesburg, South Africa, reporting a 
painless nasal mass of 3 years duration that caused 
occasional difficulty in breathing. The patient resided 
in Soweto but was originally from Mqunduli (31°49′S, 
28°45′E), a riverside village south of Mthatha, East-
ern Cape Province, South Africa. The patient report-
ed the mass had originated in her right nostril; she 
disclaimed any preceding trauma and described re-
cent onset of pain and intermittent episodes of mild, 
self-limiting bleeding on contact (e.g., an accidental 
bump) at the site of the mass. She had no rhinorrhea, 
and her vision was normal. 

The woman was treated for sinusitis for 1 month 
but 2 months after initially seeking treatment was 
referred to the otorhinolaryngology clinic at a ter-
tiary academic facility, where we examined her. We 
report details of her condition, diagnosis, treatment, 
and outcomes. We obtained written informed consent 
from the patient for publication of an account of her 
case including use of clinical photographs and ethics 
clearance from the University of the Witwatersrand 
Human Research Ethics Committee (M210752). 

The Study
We diagnosed the patient with HIV (viral load 6,060 
copies/mL, CD4+ T-cell count 570 cells/mm3) and 

initiated antiretroviral therapy. She had no other un-
derlying conditions or notable medical history and 
reported no international travel or contact with ani-
mals. She denied swimming in any water sources or 
using river or freestanding water for day-to-day pur-
poses; she also denied interacting with any contacts, 
either in Soweto or Mthatha, with similar complaints 
or tuberculosis. 

On examination, we found a nontender, 5 mm, 
mobile, polypoid mass in the right nostril that ap-
peared to adhere to the anterior, superior aspect of 
the nasal septum near the mucocutaneous junction. 
Results from the remainder of her ear, nose, and 
throat examination, as well as examinations of her 
eyes and pharynx, were unremarkable. We found no 
cervical lymphadenopathy. 

We initiated treatment with oral amoxicillin/
clavulanic acid and requested a computed tomog-
raphy scan of the head and neck to assess the vas-
cularity and amenability for biopsy of the mass. 
The scan showed a nonenhancing, soft tissue mass 
in the right nasal vestibule arising from the ante-
rior septum (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/30/4/24-0018-App1.pdf). A 
sample of the friable mass from the biopsy sent for 
histologic examination revealed multiple, variously 
sized, spherical subepidermal structures, the largest 
with thickened walls. Contents varied from a single, 
central acidophilic structure to numerous basophilic 
spheres that developed centripetally (Figure 1). 

Because of postbiopsy recurrence of the mass and 
recent onset of pain and epistaxis, we scheduled the 
patient for definitive surgery to obtain a full-thickness 
sample. During the operation, we found a 15 mm 
polypoid mass in the anterior nasal cavity (Figure 2, 
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We describe a classic case of nasal rhinosporidiosis in 
a woman who resided in Johannesburg, South Africa, 
but originated from a rural area in Eastern Cape Prov-
ince. We confirmed histologic diagnosis using PCR test-
ing and compared details with those from records on 17 
other cases from South Africa. 
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panels A, B) attached by a stalk to the anterosuperior 
aspect of the septum (Figure 2, panel C). The stalk did 
not extend past the mucosa of the nasal septum, so the 
perichondrium was not macroscopically involved. We 
fixed the polyp for further microscopic examination 
(Figure 2, panels D, E; Appendix Figure 2). Examina-
tion of the rest of the patient’s nasal cavities were un-
remarkable. Her postoperative course was uneventful, 
but she was not available for further follow-up. 

We performed a panfungal PCR test on a section 
of formalin-fixed paraffin-embedded polyp from the 
nasal lesion. In the PCR, we amplified fungal DNA 
for internally transcribed spacer genes (Appendix) 
and confirmed 98.8% identification and 83% coverage 
with Rhinosporidium spp. (GenBank NCBI accession 
no. PP060009). Phylogenetically, sequences clustered 
with Rhinosporidium sp. (ex Canis familiaris) obtained 
from a dog (Appendix Figure 3). 

Rhinosporidiosis is an indolent, generally benign, 
polypoidal infection occurring in humans and other 
mammals, amphibians, and aquatic birds (1,2). Host 
distribution reflects freshwater habitats, the environ-
ment most commonly associated with disease acqui-
sition. Rural riverine and agricultural communities 
have reported the highest incidence (3). Other risk 
factors associated with human infection include con-
tact with stagnant and silted water (typically through 
swimming or bathing), dust and soil, and contami-
nated hands or clothes; low socioeconomic status is 
also considered a risk factor (3). Highest incidence is 
reported in male persons <40 years of age, presum-
ably because of increased exposure as a result of the 
nature and extent of their outdoor activities (4,5). The 
eukaryotic pathogen typically infects exposed nasal, 
ocular, or genitourinary tract mucosal membranes, 
with rare reports of cutaneous or disseminated 
spread in both immunocompetent and immunocom-
promised patients (1,4,6,7). The etiologic agent is R. 
seeberi (class: Mesomycetozoea). Mesomycetozoea 
comprises a unique group of microbes phylogeneti-
cally positioned between fungi and animals, present-
ing the taxonomic conundrum of a parasite that is 
neither sporozoan nor fungal, but appears to have 
features of both types of organism (8,9).

Rhinosporidium grows slowly in host tissues, so in-
fection and clinical manifestations may be temporally 
distant. Patients with nasal or nasopharyngeal lesions 
manifest intermittent epistaxis, nasal obstruction, na-
sal mass, or nasal discharge (3,4). Clinical differential 
diagnoses include neoplasms, nasopharyngeal car-
cinomas, inverted papillomas, primary sinonasal tu-
berculosis, and nasal angiofibromas (5). Diagnosis of 
rhinosporidiosis is made histologically; sections show 

multiple sporangia, 50 to >450 µm in diameter, in vari-
ous stages of maturity. During maturation, chitinous-
walled sporangia contain numerous developing endo-
spores 2–10 µm in diameter (8,9). The nucleated nature 
of the pathognomic structures precludes identifying 
the causative agent as Microcystis, a gram-negative, 
phototrophic prokaryote associated particularly with 
eutrophic lacustrine environments (8). 

Treatment of rhinosporidiosis is limited to the 
surgical removal of polyps and electrocauterization 
at the attachment base; some clinicians prescribe a 
prolonged postoperative course of diaminodiphenyl 
sulfone (dapsone) alone or as part of a multidrug 
antimicrobial regimen (4–7). Although not curative, 
those adjuvants are thought to impede sporangial 
and endospore maturation. Refractory cases may oc-
cur because of incomplete excision, infection of the 
traumatized surgical sites by released endospores, or 
reinfection from an endospore reservoir (e.g., lymph) 
in disseminated cases (4,5). Recurrence, dissemina-
tion to adjacent anatomic sites, and local secondary 
bacterial infections are the most frequent complica-
tions (3). Although rhinosporidiosis is rarely fatal, 
diagnosis and treatment can be lifesaving when nasal 
infections seed to the tracheobronchial tree (6). 

Figure 1. Results of testing in a 24-year-old Black woman with 
rhinosporidiosis, South Africa. Squamous mucosa with numerous 
thick-walled sporangia in the subepithelial region amid subacute 
inflammation. Hematoxylin and eosin stained section; original 
magnification ×100. Upper right inset shows polypoid solid 
fragments of tissue; lower left inset depicts sporangia enclosing 
endospores maturing centripetally (white arrow). Insets: original 
magnification ×200.
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The highest incidence of rhinosporidiosis has been 
recorded in tropical zones in India and Sri Lanka, fol-
lowed by South America and Africa, but sporadic au-
tochthonous cases have been reported from tropical 
and subtropical regions of all continents except Aus-
tralia and Antarctica (Appendix Table). Three case se-
ries and 5 case reports document cases in South Africa 
(Table); the first reported case was identified by a phy-

sician with clinical experience in southern India (10). 
Most cases have been among male children and teen-
agers, most with conjunctival infections. Reports from 
several other countries in Africa, including Cameroon, 
Ivory Coast, Kenya, Malawi, Tanzania, Uganda, Zaire, 
and Zambia, are most commonly conjunctival infec-
tions. Conversely, data from Rwanda and composite 
global reports indicate ≈70% of infections are nasal or 

Figure 2. Macromorphology of excised recurrent nasal polyp from a 24-year-old Black woman with rhinosporidiosis, South Africa. A) 
Intraoperative endoscopic image of mass in right nasal cavity. B) Polypoid, oval mass measuring 15 mm. C) Stalk that attached the 
mass to the nasal septum. D) Portion of the pedunculated polyp (arrowhead) dotted with developing and mature sporangia (arrows). 
Scale bar = 1 mm. E) Surface of tissue with multiple sporangia in various stages of maturity, with the chitinous wall thickening during 
maturation (arrow). Scale bar = 150 µm.

 
Table. Case reports of rhinosporidiosis in South Africa* 

Location of exposure or reporting facility† Age, y/sex (no.) Infection site 
Date 

reported Reference 
Driefontein, Ladysmith, KwaZulu-Natal 12/M Nasal 1951 (10) 
Edendale Hospital, Pietermariztburg, KwaZulu-Natal 10/M Ocular 1959 (11) 
Edendale Hospital, Pietermariztburg, KwaZulu-Natal 12/M  Nasal 1977 (12) 
Edendale Hospital, Pietermariztburg, KwaZulu-Natal 14/M Nasal 1977 (12) 
King Edward VIII Hospital, Durban, KwaZulu-Natal 9–15/M (4), F (2) 4 ocular, 2 nasal 1987 (13) 
Umtata General Hospital, Mthatha, Eastern Cape <15/M (3), F (3) 6 ocular 2005 (14) 
Sefako Makgatho Health Sciences University, Ga-Rankuwa, Gauteng 17/M Nasal 2017 (15) 
Chris Hani Baragwanath Academic Hospital, Johannesburg, Gauteng  24/F Nasal 2022 This study 
*All patients were Black persons from Africa.  
†Name of facility at date of publication. 
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nasopharyngeal infections (5,9). Misdiagnosis of nasal 
rhinosporidiosis in some countries in Africa could ac-
count for the predominance of reported conjunctival 
infection in those countries. 

Despite the diagnostic simplicity of rhinospo-
ridiosis, it is unknown if Rhinosporidium might have 
a noninfectious saprophytic developmental phase 
or natural hosts; how long spores are viable also re-
mains unknown. In addition, the potential role of cli-
mate change on the epidemiology of rhinosporidiosis 
in South Africa is a topic for future research.

In conclusion, our study adds information about 
the epidemiology and diagnosis of rhinosporidiosis. 
Because the disease might be misdiagnosed by clini-
cians who are unaware of its clinical characteristics, 
providing education could improve rates of accurate 
diagnosis, leading to better disease surveillance and 
control efforts. 
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Kedougou, Senegal’s southeastern region, is a sub-
stantial arbovirus hotspot (1,2). Decades of com-

prehensive surveillance have existed through both 
a nationwide Syndromic Sentinel Surveillance Net-
work (3) and passive surveillance in several public 
health facilities in Kedougou and Saraya districts (2). 
Whole blood samples collected from healthcare sites 
are routinely sent to the World Health Organization 
Collaborating Center for Arboviruses and Hemor-
rhagic Fever Viruses at Institut Pasteur de Dakar (Da-
kar, Senegal) for laboratory analysis of arboviruses, 
as previously described (2,4). We report the reemer-
gence of sylvatic dengue virus serotype 2 (DENV-
2) in Kedougou, Senegal. The study was conducted 
according to the guidelines of the Declaration of 
Helsinki and approved by the National Ethics Com-
mittee for Health Research in Senegal (protocol no. 
SEN20/08, approved April 6, 2020).

The Study
A 27-year-old man with arbovirus infection syn-
drome was admitted to Military Camp in Kedougou, 
Senegal, in November 2020. We amplified dengue 
virus (DENV) RNA from serum samples by using a 
pan-DENV 1-step quantitative reverse transcription 
PCR (qRT-PCR) (4), which confirmed dengue virus 
infection. Arbovirus surveillance showed 36 addi-
tional dengue cases, 27 of which had qRT-PCR–posi-
tive samples. An investigation team from Senegal’s 
Ministry of Health and Institut Pasteur de Dakar mo-
bilized in December 2020 and identified 14 recently 
infected persons out of 42 suspected cases through 
retrospective tracing of health center patient records. 
During early December 2020 through late January 
2021, a total of 4 additional qRT-PCR–positive and 4 
serologically confirmed dengue cases were reported 
through passive surveillance.

We developed a working case definition as previ-
ously described (5) for suspected cases (sudden onset 
of fever with arbovirus symptoms) and confirmed 
cases (infection confirmed by laboratory methods). 
We conducted door-to-door case research in hous-
ing areas and collected sociodemographic and clini-
cal data to identify infected contacts and implement 
effective virus spread control alongside preventive 
entomologic measures to eliminate mosquito breed-
ing sites. We summarized continuous variables as 
means or medians and dichotomous or categorical 
variables as percentages with 95% CIs, as previous-
ly described (3). We used the Kruskal-Wallis test to 
compare the median ages of negative and confirmed 
dengue case-patients. When appropriate, we used the 
Pearson χ2 or Fisher exact test to compare percentages 
between categories. A p value <0.05 was considered  
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In 2020, a sylvatic dengue virus serotype 2 infection out-
break resulted in 59 confirmed dengue cases in Kedou-
gou, Senegal, suggesting those strains might not require 
adaptation to reemerge into urban transmission cycles. 
Large-scale genomic surveillance and updated molecular 
diagnostic tools are needed to effectively prevent dengue 
virus infections in Senegal.
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statistically significant. We performed statistical 
analyses by using Stata 15 software (StataCorp LLC, 
https://www.stata.com).

During November 2020–February 27, 2021, we 
collected a total of 300 serum samples from differ-
ent localities across Kedougou (Figure 1). Overall, 
DENV infection was found in 59 of 300 (19.6%, 95% 
CI 15.1%–24.2%) samples, corresponding to 32 qRT-
PCR–positive and 27 IgM-positive cases. The high-
est number of dengue cases was recorded in Saraya 
health district (n = 18), followed by Bandafassi pri-
mary health center (n = 14), Kedougou health district 
(n = 14), and Military Camp (n = 13) (Figure 1).

Men were more affected by DENV than women; 
the sex ratio was 5.5:1 for confirmed cases (p = 0.005 
by Pearson χ2 test). The mean age of all patients was 
25.5 (SD +13.8) years; most (47.4%) case-patients were 
within the 30–45-year age group, followed by the 15–
29-year (31.6%) and >45-year (1.7%) age groups. The 
DENV positivity rate varied significantly according to 
age group (p = 0.008 by Pearson χ2 test). Among con-
firmed dengue cases, the most common symptoms 
reported were headaches (100%; p = 0.01), followed 

by myalgia (57.6%) and arthralgia (47.5%) (Table 1). 
The sylvatic nature of the epidemic, which had poten-
tial vectors mainly outside of households, increased 
exposure risk for young, professionally active men 
working in areas at the interface of the forestry sector. 
Early public health measures in Kedougou compris-
ing disinfestation campaigns have substantially re-
duced the number of mosquitoes in homes; however, 
the labor force in the region is predominantly male. In 
numerous countries, the number of reported incident 
dengue cases systematically showed a male predomi-
nance, the causes (biologic, sociodemographic, and 
cultural) of which deserve further investigations (6).

Beside human investigation, we conducted en-
tomologic surveillance during August–November 
2020 at 50 sites across 5 land cover classes (forest, 
barren, savanna, agricultural lands, and villages). 
We collected 15,937 mosquitoes, encompassing >56 
species within 7 genera; >50% were known sylvat-
ic or peridomestic DENV vectors (Table 2) (7). No 
DENV was identified in monospecific mosquito 
pools, whereas concomitant circulation of yellow fe-
ver virus was detected, as previously reported (2). 

Figure 1. Distribution of reported cases within 4 healthcare centers during the sylvatic dengue outbreak in Kedougou region, Senegal, 
during November 2020–February 2021. Inset shows the Kedougou region in the southeastern corner of Senegal. Patient samples were 
positive according to qRT-PCR or dengue virus IgM assays of serum samples. Numbers in squares indicate the number of negative and 
positive cases. qRT-PCR, quantitative reverse transcription PCR.

Reemergence of Dengue Virus Serotype 2, Senegal
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Even if the same mosquitoes were screened for both 
viruses, larger mosquito pool sizes might be used 
in some tests, resulting in loss of sensitivity, which 
could explain the absence of DENV detection in 
mosquitoes during the period.

We performed a molecular serotyping assay using 
specific oligonucleotide primers (Appendix Table 1, 
https://wwwnc.cdc.gov/EID/article/30/4/23-1301-
App1.pdf) (8) for the pan-DENV qRT-PCR–positive 

human samples. We found no positive results, sug-
gesting that the strains might belong to the DENV-2 
sylvatic genotype, as previously described (9). We 
sequenced 8 samples that had PCR cycle threshold 
values <30 by using an amplicon-based approach on 
a MinION MK1C instrument (Oxford Nanopore Tech-
nologies, https://www.nanoporetech.com). We used 
2 sylvatic DENV-2–specific primers pools to amplify 
the entire coding region of the genome. We prepared 
libraries by using the Rapid Barcoding Kit 96 (Oxford 
Nanopore Technologies) and loaded them onto an R9 
flow cell. We performed data analysis as previously de-
scribed (8). We obtained 3 high-quality sequences from 
3 samples (Appendix Table 2) and aligned the consen-
sus whole genomes with a dataset of 294 DENV-2 gen-
otype sequences (Appendix Table 3) by using MAFFT 
(10). We built a maximum-likelihood phylogenetic tree 
by using IQ-TREE with default parameters and 1,000 
bootstrap iterations (11). Phylogenetic analysis con-
firmed that sequenced strains belonged to the sylvatic 

 
Table 1. Epidemiologic and clinical characteristics of suspected and confirmed dengue fever case-patients in study of reemergence of 
sylvatic DENV serotype 2 in Kedougou, Senegal, 2020* 
Patient characteristics Total, n = 300 DENV negative, n = 241 DENV positive, n = 59 p value 
Median age, y (IQR) 25 (14.0–35.0) 24 (14.0–34.0) 29 (18.0–33.0) 0.15† 
Age group, y 0.008 
 <15 75 (25.5) 64 (27.0) 11 (19.3)  
 15–29 107 (36.4) 89 (37.6) 18 (31.6)  
 30–45 88 (29.9) 61 (25.7) 27 (47.4)  
 >45 24 (8.16) 23 (9.70) 1 (1.7)  
 Unknown 6 (2.0) 4 (1.6) 2 (3.4)  
Sex 0.005 
 F 91 (30.3) 82 (34.0) 9 (15.2)  
 M 209 (69.7) 159 (66.0) 50 (84.7)  
Headache 0.01 
 No 25 (8.3) 25 (10.4) 0 (0.0)  
 Yes 275 (91.7) 216 (89.6) 59 (100.0)  
Myalgia 0.20 
 No 150 (50.0) 125 (52.0) 25 (42.4)  
 Yes 150 (50.0) 116 (48.1) 34 (57.6)  
Arthralgia 0.85 
 No 161 (53.7) 130 (54.0) 31 (52.5)  
 Yes 139 (46.3) 111 (46.0) 28 (47.5)  
Asthenia 0.16 
 No 252 (84.0) 206 (85.5) 46 (78.0)  
 Yes 48 (16.0) 35 (14.5) 13 (22.0)  
Abdominal pain 0.82 
 No 262 (87.3) 211 (87.5) 51 (86.4)  
 Yes 38 (12.7) 30 (12.4) 8 (13.6)  
Retroorbital pain 0.77 
 No 280 (93.3) 224 (93.0) 56 (95.0)  
 Yes 20 (6.7) 17 (7.0) 3 (5.0)  
Vomiting 0.34 
 No 189 (63.0) 155 (64.3) 34 (57.6)  
 Yes 111 (37.0) 86 (35.7) 25 (42.4)  
Investigated health facilities/regions 0.40 
 Kedougou health district 90 (30.0) 76 (31.5) 14 (23.7)  
 Saraya health district 81 (27.0) 63 (26.1) 18 (30.5)  
 Bandafassi PHC 80 (26.7) 66 (27.4) 14 (24.0)  
 Military Camp 49 (16.3) 36 (15.0) 13 (22.0)  
*Values are no. (%) except as indicated. DENV, dengue virus; IQR, interquartile range; PHC, primary health center. 
†p value was determined by using the Kruskal-Wallis test; all other p values were determined by using 2 or Fisher exact tests.  

 

 
Table 2. Mosquito species collected during August–November 
2020 in study of reemergence of sylvatic dengue virus serotype 2 
in Kedougou, Senegal, 2020 
Species No. (%) 
Aedes dalzieli 3,559 (22.3) 
Aedes furcifer 2,332 (14.6) 
Aedes aegypti 1,298 (8.1) 
Aedes vittatus 971 (6.1) 
Aedes luteocephalus 766 (4.8) 
Aedes taylori 330 (2.1) 
Aedes africanus 279 (1.8) 
Others 6,402 (40.2) 
Total 15,937 (100) 
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Figure 2. Phylogenetic analysis of dengue virus genomes in study of reemergence of sylvatic dengue virus serotype 2 in Kedougou, 
Senegal, 2020. Maximum-likelihood tree shows the relationships between sequenced dengue virus strains from the outbreak in 
Kedougou (red text) and sequences obtained from GenBank. Sequenced strains in this study belong to the sylvatic dengue virus 
serotype 2 genotype and are closely related to a sequence obtained in 2009 in Guinea-Bissau (asterisk).

DENV-2 genotype and were closely related to a strain 
identified from a traveler returning from Guinea-Bis-
sau in 2009 (12) (Figure 2). In 2021, a sylvatic DENV-2 
infection was reported in Kolda in southern Senegal, 
which is near the border with Guinea-Bissau (9).

Conclusions
Although DENV in Senegal has multiple serotypes (13), 
we show that sylvatic strains are still circulating and 
can cause large outbreaks. Our results support previ-
ous research suggesting that sylvatic strains infecting  
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humans might not require additional virus adaptation 
(14) but could reemerge in urban transmission cycles. 
Those strains should be considered as agents with epi-
demic potential, especially in areas such as Kedougou, 
where the ecosystem combines humans, nonhuman 
primates, and primatophilic mosquitoes (7,15). Large-
scale genomic surveillance is needed, and molecular 
diagnostic tools should be updated for effective diag-
nosis and prevention of DENV infections.
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To eliminate the risk for vaccine-related paraly-
sis, live attenuated Sabin-strain oral poliovirus 

vaccine type 2 was withdrawn from routine use in 
a globally coordinated manner in 2016. However, 
because of decreased population immunity (1) and 
pathogenic reversion of vaccine virus persisting in 
communities or introduced during outbreak response 
vaccinations, circulating vaccine-derived poliovirus 
type 2 outbreaks have emerged across the World 
Health Organization (WHO) African Region, par-
ticularly during 2019–2021 (2–4). In November 2020, 
to reduce the risk for new type 2 emergences, WHO 
granted Emergency Use Listing of a more genetically 
stable vaccine, novel oral poliovirus vaccine type 2 
(nOPV2) (BioFarma, https://www.biofarma.co.id). 
Initial use began in March 2021 in a limited number of 
qualifying countries and subsequently expanded (3,5; 
https://extranet.who.int/pqweb/vaccines/polio-
vaccine-novel-oral-nopv-monovalent-type-2).

Full vaccine licensure requires robust safety data 
and postdeployment monitoring (6). Although initial 
phase 1 and 2 clinical trials demonstrated that nOPV2 
is well tolerated, those studies enrolled a small num-
ber of persons and were unlikely to detect rare ad-
verse events; safety data were only collected actively 
for 7 days after vaccination (7,8). During initial use, 
passive and active safety surveillance implementa-
tion was not standardized, and data gaps persisted. 
In October 2021, after early promising safety data in 
large-scale use, nOPV2 rollout was expanded as rec-
ommended by the WHO Strategic Advisory Group of 
Experts on Immunization (9).

In response to 2 confirmed detections of circulat-
ing vaccine-derived poliovirus type 2 in Uganda in 
November 2021, a nationwide supplemental immuni-
zation activity using nOPV2 was planned for children 
<5 years of age. To further clarify the safety profile of 
nOPV2, we designed a multipronged safety evalua-
tion using the passive surveillance system in Uganda, 
active hospital-based surveillance, acute flaccid pa-
ralysis (AFP) surveillance, and a cohort event moni-
toring system to monitor for adverse events following 
immunization (AEFI) and adverse events of special 
interest (AESI).

The Study
We conducted a safety evaluation in Uganda after 
the first round of the nationwide supplemental im-
munization activity in January 2022. We used the 
country’s passive safety surveillance system to 
identify AEFI from any data source (e.g., telephone 
call, short messaging service, Open Data Kit, Dis-
trict Health Information System 2). We conducted 
active hospital-based surveillance for AESI in 18 
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Given its enhanced genetic stability, novel oral poliovirus 
vaccine type 2 was deployed for type 2 poliovirus outbreak 
responses under World Health Organization Emergency 
Use Listing. We evaluated the safety profile of this vaccine. 
No safety signals were identified using a multipronged ap-
proach of passive and active surveillance.
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sentinel sites. We included events that occurred 
within 42 days after vaccine administration (10). 
We defined AEFI as any untoward medical occur-
rence after immunization that did not necessarily 
have a causal relationship with the use of the vac-
cine (11). We defined AESI as prespecified medi-
cally significant events that have the potential to 
be causally associated with a vaccine product that 
needs to be carefully monitored and confirmed 
by further special studies (https://polioeradica-
tion.org/wp-content/uploads/2022/06/nOPV2- 
AESI-surveillance.pdf). AESI included anaphylaxis, 
aseptic meningitis or encephalitis, acute disseminat-
ed encephalomyelitis, Guillain-Barré syndrome/ 
Fisher’s syndrome, myelitis/transverse myelitis, 
AFP, and unexplained deaths. We used the Brigh-
ton Collaboration case definitions for validation of 
cases (https://brightoncollaboration.us/category/
pubs-tools/case-definitions) before causality as-
sessment by an independent national AEFI com-
mittee. We recorded vaccination status by finger 
marking or verbal recall for events and cases.

AFP surveillance is ongoing in Uganda through 
passive, active, and community-based systems. AFP 
was defined as limb weakness in a child <15 years of 
age reported during and after the nOPV2 campaign 
to a surveillance officer or clinician; suspected cases 
were investigated and adjudicated by the national po-
lio expert committee. We included AFP cases in chil-
dren <5 years of age with symptom onset <42 days 
after nOPV2 administration.

We developed a cohort event monitoring sys-
tem to prospectively monitor children for any 
AEFI occurring after vaccine administration. We 
systematically selected households in designated 
enumeration areas to create a nationally represen-
tative sample. We offered enrollment for all eligible 
children in each household; eligible children were 
those 0–59 months of age who had been vaccinated 
with the first dose of nOPV2 in the supplemental 
immunization activity, who would reside in the 
selected community for >42 days after the initial 
nOPV2 vaccination, who had written informed 

caregiver consent, who demonstrated no acute 
signs or symptoms at the time of vaccination, and 
who had a caregiver with access to a telephone. We 
followed vaccinated children through telephone in-
terviews with caregivers starting on the day of vac-
cine administration (day 0) and on days 3, 7, 14, 28, 
and 42. Caregivers reported any signs or symptoms 
by onset date; healthcare-seeking behavior and 
hospitalizations were recorded. We combined and 
harmonized data from all 4 surveillance systems to 
identify any duplication.

We defined a nonspecified serious event as an 
event that resulted in death, required hospitaliza-
tion, or resulted in persistent or major disability 
(11). For any serious event, clinicians and healthcare 
workers conducted detailed investigations, and the 
National AEFI Causality Committee of country ex-
perts used the clinical data provided to classify each 
event for association into 5 categories, according to 
global guidelines: vaccine product–related, vac-
cine quality–related, immunization error–related,  
immunization anxiety–related, indeterminate, or 
coincidental (12). We completed descriptive data 
analyses using Excel (Microsoft, https://www. 
microsoft.com) and SAS version 9.4 (SAS Institute, 
Inc., https://www.sas.com). The protocol received 
a nonresearch determination by the Uganda AIDS 
Support Organization Research Ethics Committee 
and the Uganda National Council of Science and 
Technology; this activity was reviewed by the Cen-
ters for Disease Control and Prevention and was 
conducted consistent with applicable federal law 
and center policy (see e.g., 45 C.F.R. part 46.102(l) 
(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. 
§552a; 44 U.S.C. §3501 et seq.).

In the first round of the nationwide vaccination 
campaign in Uganda during January 14–21, 2022, 
a total of 9,768,697 doses of nOPV2 were adminis-
tered to children <5 years of age. During January 
14–March 11, 2022, an initial total of 1,159 AEFI 
were identified across all 4 safety surveillance sys-
tems (Table). Passive surveillance identified 43 
AEFI; 2 (5%) of those events were serious. Through  

 
Table. Adverse events identified by all surveillance systems after nOPV2 administration, Uganda, 2022* 
Event Total Minor AEFI† Serious AEFI 
Passive surveillance 43 41 2 
Acute flaccid paralysis surveillance 159‡ 78§ 81 
AESI surveillance 5 NA 5 
Cohort event monitoring 952 930 22 
Total 1,159 1,049 110 
*AEFI, adverse events following immunization; AESI, adverse events of special interest; nOPV2, novel oral poliovirus vaccine type 2. 
†AEFI are defined as any untoward medical occurrence which follows immunization that does not necessarily have a causal relationship with the usage of 
the vaccine. 
‡Two duplicates were identified from AFP surveillance (deduplicated total = 157) that were also identified through active hospital-based surveillance. 
§After investigation, 78 AFP cases were downgraded by the National AEFI Committee to nonserious cases. 
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prospective active hospital-based surveillance, 8 
AESI were detected; in 5 (62.5%) of those events, pa-
tients reported that they had received nOPV2 vac-
cination within 42 days. Among 159 AFP cases in 
children <5 years of age identified through the coun-
try’s active AFP surveillance, 128 (80.5%) patients 
reported nOPV2 receipt, and 81 (50.9%) cases were 
defined as serious events after investigation. Cohort 
event monitoring enrolled 2,213 participants (Fig-
ure); during follow-up, we found 952 AEFI, of which 
22 (2%) were serious. Of the 110 conditions that were 
classified as serious, 6 (5.5%) were classified into the 
vaccine product–related reactions category, diag-
nosed as gastroenteritis (n = 3), acute disseminated 
encephalomyelitis (n = 1), encephalitis (n = 1), and 
acute febrile illness (n = 1).

Conclusions
Through the multipronged surveillance system, 
≈6% of serious conditions were classified by the 
causality committee as vaccine product–related 
reactions; no concerning safety signals were not-
ed. Previous data reported from countries using 
nOPV2 support this finding; a similar proportion 
(60/1529; 4%) of events were classified as vaccine 
product–related reactions, and no major safety con-
cerns have been identified outside of this evalua-
tion in phase 3 trials (13–15).

The first limitation of this evaluation is that AEFI 
identified through passive surveillance were likely 
underreported. Conversely, soliciting events through 
caregivers during cohort event monitoring and active 
AFP surveillance might have led to overreporting. 
Recall bias could have occurred with reported vac-
cination status and in cohort event monitoring, es-
pecially with later timepoints after vaccination. Last, 
the COVID-19 pandemic led to delays in implementa-
tion, investigations, and timely review of conditions 
by the causality committee.

Our evaluation adds to the growing evidence 
that no safety signals are associated with nOPV2 
use among persons <5 years of age. With a robust 
multipronged approach, safety surveillance can be 
strengthened for vaccines with limited safety pro-
files that are introduced in resource-limited settings 
during public health emergencies, especially while 
awaiting full licensure.
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Figure. Cohort event monitoring enrollment after novel oral poliovirus vaccine type 2 administration, Uganda, 2022. Ineligible children 
included those who were >59 months of age, demonstrated acute signs or symptoms at the time of vaccination, were without a 
caretaker who had access to a phone, did not reside in the community for >42 days after vaccination, were without a caretaker staying 
with the child for >42 days, or did not complete enrollment, as well as any other unspecified reason.
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Orthohantaviruses are globally distributed. Until 
now, they have been detected in rodents, insec-

tivores, and bats. Rodentborne orthohantaviruses, 
which are associated with human diseases, are di-
vided into 3 major groups, murid-borne, non–Arvi-
colinae cricetidae-borne, and Arvicolinae-borne viruses, 
according to their phylogeny and host species (1). 
Murid-borne orthohantavirus species, such as Ortho-
hantavirus dobravaense (Dobrava virus; DOBV) and 
O. hantanense (Hantaan virus), which are associated 
with hemorrhagic fever with renal syndrome in hu-
mans, are distributed in the Old World (1,2). Non–A. 
cricetidae-borne orthohantaviruses, such as O. bayoui 
(Bayou virus) or O. sinnombreense (Sin Nombre virus), 
which cause hantavirus cardiopulmonary syndrome 
in human infections, are found in the Americas (1,2). 
Arvicolinae-borne orthohantaviruses, such as O. 
puumalaense (Puumala virus; PUUV) or O. prospec-
tense (Prospect Hill virus), are either nonpathogenic 
or mildly pathogenic for humans (1,2) and are found 
in both the Old and New Worlds; Arvicolinae-borne 

strains are thought to serve as an evolutionary bridge 
between the other 2 groups. 

Orthohantaviruses can be transmitted to humans 
through inhalation of virus-containing aerosols of 
rodent excreta or direct contact with reservoir hosts 
(2). In European Union/European Economic Area 
countries, the numbers of collective orthohantavirus 
case reports fluctuated between 1,647 and 4,249 cases 
during 2016–2020 (3). For instance, in 2020, PUUV vi-
rus caused 1,204 cases, Hantaan virus 14 cases, and 
DOBV 7 cases from the reports that confirmed labora-
tory information available for the causative viruses. 
The highest number of cases of hemorrhagic fever 
with renal syndrome have been detected in south-
eastern Europe, with 2,375 cases reported in the Bal-
kan region during 1952–2012, most caused by PUUV 
or DOBV (3,4). DOBV-positive rodents have recently 
been found in northeastern Italy, suggesting potential 
geographic expansion of this clade (5). 

Surveillance studies in rodent populations are 
essential for understanding the dynamics of fluctua-
tions. Earlier studies have shown that geographic bar-
riers might play a role in genetic diversity and clade 
separation among DOBV (6,7). Also, obtaining whole-
genome sequences is a crucial step in understanding 
potential viral genetic determinants of phenotypic 
changes that might affect disease severity among 
these viruses. We report complete coding sequences 
of O. dobravaense Igneada strain and phylogenetic 
characterization of all available complete coding se-
quences of DOBV. 

The Study
DOBV has caused human cases and outbreaks in 
the northern coastal region of Turkey (8–12). In a 
previous study, DOBV seropositivity and RNA 
positivity were discovered in rodents captured in 
Kirklareli Province in Eastern Thrace in Turkey, and 
phylogenetic analysis based on partial DOBV genomes  
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We report complete coding sequences of Orthohanta-
virus dobravaense (Dobrava virus) Igneada strains and 
phylogenetic characterization of all available complete 
coding sequences. Our analyses suggested separa-
tion of host-dependent lineages, followed by geographic 
clustering. Surveillance of orthohantaviruses using com-
plete genomes would be useful for assessing public 
health threats from Dobrava virus. 



suggested that DOBV strains from Igneada, Turkey, 
are closely related to strains from Balkan countries 
(13). To understand the phyloepidemiologic distri-
bution of DOBV, we sequenced complete coding re-
gions of DOBV Igneada strains (GenBank accession 
nos. MW055917–9) from 1 archived sample that had 
been partially sequenced in a previous study (13); 
we compared results from the phylogenetic analyses 
with all available complete DOBV coding sequences 
in GenBank. Because of the limited number (n = 16) of 
complete DOBV coding sequences for all 3 segments 
currently available in GenBank, in addition to 55 
complete small (S), 25 medium (M), and 16 large (L) 

sequences, we also analyzed a larger dataset of partial 
S-segment sequences (Appendix, https://wwwnc.
cdc.gov/EID/article/30/4/23-0912-App1.pdf). 

Phylogenetic analyses (Figure 1, panel A; Appendix 
Figure 1) and pairwise nucleotide identities (Appendix 
Figure 2) suggested 8 major clusters, designated by their 
main distribution ranges: Mediterranean, Sochi, Saare-
maa, Central Europe, Germany, Rusne Island, Lithuania, 
and Russia. Consistent with a previous study (13), the 
DOBV Igneada strains sequenced in this study grouped 
together with strains from the cluster from the Mediter-
ranean region. Of note, most human DOBV cases were 
from this region (14). The Mediterranean clade is further 

Figure 1. Phylogenetic characterization of DOBV combined with reservoir host and geographical distribution data. A) Maximum-likelihood 
tree based on all available complete DOBV sequences constructed using a transition plus empirical base frequencies plus gamma 4 
substitution model. Colors indicate major clusters and hosts from which sequences were obtained. B) Distribution map of 2 major DOBV 
reservoir hosts, Apodemus flavicollis (blue) and A. agrarius (orange) mice, and their overlapping distribution zones. Solid circles indicate 
locations of complete sequences used in maximum-likelihood tree . C) Pruned version of the tree in panel A showing the division of the 
Mediterranean cluster into West and East Mediterranean subclusters. DOBV, Dobrava virus (Orthohantavirus dobravaense).
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regionally separated into West and East Mediterranean 
subclades (Figure 1, panel C). The West Mediterranean 
subclade consists of strains from Italy, Slovenia, Croatia, 
Hungary, and Kosovo; the East Mediterranean subclade 
comprises strains from Turkey, Greece, and eastern Slo-
vakia (Appendix Figure 3). 

Bayesian phylogeographic reconstruction based 
on all available complete and partial (>750 bases) S-
segment sequences suggested that the estimated root 
location of DOBV is in Slovakia and Hungary in east-
ern Europe; from there, the virus has spread to other 
regions through multiple introductions, followed 
by local spreading (Figure 2, panel A). Minimum 
spanning tree phylogeny showing clear geographic 
clustering also supports that supposition (Figure 2, 
panel B). It should be noted, however, that sequence 
data are lacking for wide areas within the potential 
geographic distribution range of the main hosts of 

DOBV, and further studies are needed in those areas 
to confirm initial findings of clustering. 

We derived DOBV sequences from 4 host species: 
Apodemus flavicollis (yellow-necked mice), A. agrarius 
(striped field mice), A. sylvaticus (wood mice), and A. 
ponticus (Black Sea field mice). Consistent with earlier 
studies (15), topology in the DOBV phylogenetic tree 
correlates with the geographic ranges of host species 
(Figure 1, panel A). Bayesian analysis suggested host-
dependent lineage separation, followed by geograph-
ic clustering (Appendix Figure 3). The minimum 
spanning phylogenic tree correlated with the Bayes-
ian analysis in showing clear host-dependent sepa-
ration (Figure 2, panel C). In addition, our analysis 
suggested host-switching events between A. flavicollis 
and A. agrarius mice (Figure 2, panel D). The distribu-
tion ranges of A. flavicollis and A. agrarius mice overlap 
in eastern Europe and some parts of central Europe. 

Figure 2. Host switching, phylogeographic reconstruction, and phylogenetic characterization of DOBV according to Bayesian analysis 
and minimum spanning tree constructions. A) Phylogeographic reconstruction of DOBV in discrete space. Each node is colored 
according to the estimated year of discovery, from the earliest (blue) to the latest (orange). Yellow shaded circles show the relative 
intensity of local viruses spread in the covered area. B) Minimum spanning tree showing the geographical cluster separation. C) 
Minimum spanning tree suggesting 3 major lineages according to reservoir host species. D) Chord diagram representing host switching 
rates of DOBV between 4 rodent species: Apodemus flavicollis (yellow-necked mouse), A. agrarius (striped field mouse), A. ponticus 
(Black Sea field mice), and A. sylvaticus (wood mice). DOBV, Dobrava virus (Orthohantavirus dobravaense).



In northern Germany, there is a close phylogenetic 
relation of DOBV strains with those 2 reservoir hosts 
(Figure 1, panel B). Although probability estimates in 
our analysis did not support host-switching between 
the other host species, that lack of information might 
have resulted from lack of sufficient sequence data, 
especially on potential host-switching or spillover 
events between A. flavicollis and A. sylvaticus mice 
(Figure 1, panel A; Appendix Figure 3). 

Conclusions
Tracking viral genetic changes using complete genome 
sequences to characterize viruses circulating in rodent 
populations is a crucial first step for understanding the 
spatiotemporal epidemiologic patterns of orthohanta-
virus-induced diseases and potential viral genetic de-
terminants of virulence. Phylogenetic characterization 
of DOBV strains according to geographic regions with-
in Europe and bordering countries suggests that more 
thorough genomic surveillance of orthohantaviruses, 
preferably using complete genomes, would be useful 
for assessing the DOBV-induced threat to public health. 
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Acanthamoeba spp. are free-living amebae (FLA) 
found worldwide in soil and many types of 

water, including lakes, rivers, and tap water (1–3). 
Acanthamoeba amebae can cause keratitis, which is 
an infection of the eye that does not spread to other 
parts of the body. However, they can also cause a 
variety of severe human infections, including granu-
lomatous amebic encephalitis (GAE), an infection 
of the central nervous system, as well as cutane-
ous disease, rhinosinusitis, pulmonary disease, os-
teomyelitis, and disseminated infections (1). Acan-
thamoeba amebae cause disease when they enter the 
body through the eyes, broken skin, or respiratory 
tract (1). The ameba is known to be an opportunis-
tic pathogen, and persons at highest risk of infection 
include those with a history of solid organ or stem 
cell transplant, cancer (specifically hematologic can-
cers), HIV, or diabetes mellitus (4,5). Nonkeratitis 
Acanthamoeba infections are rare, affecting only 3–12 
persons annually in the United States; however, 82% 
of cases are fatal (5).

Because Acanthamoeba amebae are ubiquitous in 
the environment, the source of infection is often un-
known, and identifying prevention strategies is chal-
lenging. However, performing safe nasal rinsing may 
be one way to prevent Acanthamoeba infection. Nasal 
rinsing is the practice of irrigating the sinuses for ei-
ther health or religious purposes (e.g., ritual ablution)  

(6). There are a variety of ways nasal rinsing can be 
performed, including through the use of a device 
(e.g., a neti pot or squeeze bottle) or by using cupped 
hands to hold water. Nasal rinsing can provide health 
benefits, but it can also introduce pathogens, particu-
larly if unsterile water is used (7). Nasal rinsing with 
tap water has been associated with infections caused 
by FLA, including Naegleria fowleri and Acanthamoeba 
(8,9). A recent study showed that nearly two thirds of 
US adults think tap water is safe for nasal rinsing (7). 
Our case study describes clinical features and nasal 
rinsing behaviors of US patients with Acanthamoeba 
infections who performed nasal rinsing. Our results 
underscore the importance of increasing awareness 
about safe nasal rinsing.

The Study
We used the Centers for Disease Control and Preven-
tion (CDC) FLA database to identify US patients with 
laboratory-confirmed nonkeratitis Acanthamoeba in-
fections who reported nasal rinsing before the onset 
of symptoms. We analyzed demographic and clinical 
characteristics for each case. We followed the process 
of Haston et al. in creating the algorithm used to clas-
sify disease manifestations (5). Our study protocol was 
reviewed by CDC and our research was conducted 
consistent with applicable federal law and CDC policy 
(see, e.g., 45 C.F.R. part 46.102(I) (2), 21 C.F.R. part 56; 42 
U.S.C. §241(d); 5 U.S.C. §552a; 44 U.S.C. §3501 et seq.).

Ten patients reported nasal rinsing before their 
Acanthamoeba diagnoses. Infections occurred during 
1994–2022, but 9 cases occurred in the past decade. 
The median age of patients was 60 years (range 32–80 
years) (Table 1). Seven patients were male, and 3 were 
female. All 10 patients had >1 immunocompromising 
condition, most commonly cancer (Table 2, https://
wwwnc.cdc.gov/EID/article/30/4/23-1076- 
T2.htm). Four of 5 patients with cancer had chronic 
lymphocytic leukemia. Two patients had HIV with 
CD4 counts <100 cells/mm3 at the time of Acan-
thamoeba diagnosis, meeting criteria for AIDS. Sev-
en patients survived, which is unexpectedly high  
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We describe 10 patients with nonkeratitis Acantham-
oeba infection who reported performing nasal rinsing 
before becoming ill. All were immunocompromised, 7 
had chronic sinusitis, and many used tap water for na-
sal rinsing. Immunocompromised persons should be 
educated about safe nasal rinsing to prevent free-living 
ameba infections.



considering the typical fatality rate for Acanthamoeba 
infection. Most patients were diagnosed by PCR, in-
cluding 6 of 7 survivors.

Including both confirmed and suspected Acan-
thamoeba disease manifestations, 9 patients were di-
agnosed with rhinosinusitis, 6 had GAE, 6 had cuta-
neous disease, and 3 had osteomyelitis. Eight patients 
had evidence of disseminated disease, and all of those 
8 patients were diagnosed with rhinosinusitis. Be-
cause at least 7 patients had a history of chronic sinus-
itis, there may have been a delay in identifying acute 

sinus symptoms, enabling dissemination to other or-
gan systems in these patients.

The high percentage of patients presenting with 
skin or sinus manifestations may have contributed to 
the unusually high survival rate in this small cohort, 
because treatment may have been initiated at earli-
er stages of disease for some. Previous studies have 
shown that GAE is associated with poor prognosis; 
survival rates are <7%. In this cohort, 3 patients with 
confirmed or suspected GAE died and 3 survived. Of 
the GAE survivors, 2 developed skin lesions before 
central nervous system symptoms.

Seven patients reported nasal rinsing for relief of 
chronic sinusitis symptoms, 2 performed ritual ablu-
tion, and 1 did not report a reason for nasal rinsing. At 
least 4 patients reported using tap water for nasal rins-
ing, and 1 other patient reported using sterile water 
but then submerging the device in tap water. A water 
source was not reported for the other 5 patients. Of the 
6 patients who described nasal rinsing devices, 3 used 
squeeze bottles, 2 used neti pots, and 1 used an elec-
tric nasal irrigator. Duration and frequency of nasal 
rinsing varied. One patient developed symptoms after 
only 2 weeks of nasal rinsing, whereas others had been 
nasal rinsing for years. The frequency of nasal rinsing 
ranged from 1 time per week to 5 times per day.

Conclusions
In these 10 case-patients with invasive Acanthamoeba 
infection, nasal rinsing may have been the transmis-
sion route. Duration and frequency of nasal rinsing be-
haviors varied, but most patients had been rinsing for 
months or even years. Whereas amebae could theoreti-
cally be introduced during any rinsing encounter, the 
risk of infection likely increases over time with contin-
ued exposure. At least half of the patients in this case 
series used tap water in their nasal rinsing practices. 
Even though Acanthamoeba and other biofilm-associat-
ed amebae have been detected in >50% of US tap water 
samples, a recent study reported that 33% of US adults 
believe that tap water is sterile, and 62% believe it to 
be safe for rinsing sinuses (3,7). Educating against the 
use of unboiled tap water for nasal rinsing may be ef-
fective in preventing invasive Acanthamoeba infections, 
particularly among immunocompromised hosts.

Most patients in this case series performed rinsing 
for chronic sinusitis and likely had damaged mucosal 
tissue because of their underlying illnesses, which may 
have increased the risk for infection. Furthermore, all 
patients were immunocompromised. Some patients 
demonstrated signs of acute or worsening sinusitis on 
initial examination, but others demonstrated only skin 
lesions or neurologic symptoms. Of note, the 2 patients 

 
Table 1. Demographic and clinical characteristics of 10 patients  
with Acanthamoeba infection who performed nasal rinsing,  
United States, 1994–2022 
Demographic Value 
Median age (range), y 60 (32–80) 
Sex 

 

 M 7 
 F 3 
Race 

 

 White 5 
 Black 2 
 Asian/Pacific Islander 1 
 Unknown 2 
Ethnicity 

 

 Hispanic 1 
 Non-Hispanic 4 
 Unknown 5 
Disease manifestation, confirmed or suspected† 

 

 Rhinosinusitis 9 
 GAE 6 
 Cutaneous 6 
 Osteomyelitis 3 
 Pulmonary 1 
 Endophthalmitis 1 
Diagnostic method†  
 PCR 7 
 Histopathology 6 
 Immunohistochemical staining 5 
 Indirect immunofluorescence 2 
Specimens tested†  
 Skin 6 
 Brain 4 
 Sinus 4 
 Bone 3 
Genotype 

 

 T4 4 
 T1 1 
 Unknown 5 
Underlying conditions† 

 

 Chronic sinusitis 7 
 Cancer‡ 5 
 Chronic kidney disease 5 
 HIV/AIDS 2 
 Solid organ transplant 2 
 Stem cell transplant 1 
 Microscopic Polyangiitis 1 
Outcome 

 

 Survived 7 
 Died 3 
*Values are no. (%) patients except as indicated. GAE, granulomatous 
amebic encephalitis.  
†Some patients may have had multiple disease manifestations, multiple 
diagnostic methods, or multiple comorbid conditions. 
‡Four chronic lymphocytic leukemia, 1 acute myeloid leukemia. 
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who performed ritual ablution did not initially have 
sinus symptoms, which suggests that patients with un-
derlying sinus disease may be more likely to initially 
have symptoms of Acanthamoeba rhinosinusitis devel-
op compared with those who do not.

The first limitation of our study is that causation 
cannot be determined using these data. Nasal rins-
ing was not definitively determined to be the route of 
transmission for any case. Second, survival beyond the 
date of report cannot be confirmed. The nature of pas-
sive case surveillance data does not allow for patient 
follow-up. Finally, information regarding nasal rinsing 
practices were limited for some cases. The small number 
of cases did not enable thorough assessment of practices 
that may be considered to increase risk for infection.

All healthcare providers caring for immunocom-
promised persons should educate their patients about 
Acanthamoeba infections, including how to recognize 
symptoms and how to practice safe nasal rinsing. CDC 
recommendations for performing safe nasal rinsing 
include using boiled, sterile, or distilled water (6). If 
tap water is used, it should be boiled for a minimum 
of 1 minute, or 3 minutes in elevations >1,980 meters, 
and cooled before use (6). For diagnostic support and 
treatment recommendations, CDC offers a 24/7 Free-
Living Ameba Consultation Service. Healthcare pro-
viders can call the CDC Emergency Operations Center 
at (770) 488–7100 for a consultation for any confirmed 
or suspected Acanthamoeba infection.
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Issyk-Kul virus (ISKV), family Nairoviridae, was 
first isolated in 1970 from a noctule bat (Nyctalus 

noctule) trapped near Lake Issyk-Kul, Kyrgyzstan (1). 
ISKV was subsequently detected in bats of several 
countries in central Asia and in Ixodes vespertilionis 
and Argas vespertilionis ticks (2). ISKV has caused spo-
radic outbreaks of illness in humans, characterized by 
fever, headaches, myalgia, and nausea (2,3). Bats and 
ticks are assumed to be reservoirs of ISKV; transmis-
sion to humans is associated with tick bites and ex-
posure to bat feces and urine (2,4,5). Moreover, Aedes 
caspius mosquitoes, common in Europe and central 
Asia, may have a role as vectors, having been consid-
ered competent through experimental infection (6,7).

Portions of ISKV genome were detected in north-
ern bats (Eptesicus nilssonii) in Germany (4) and a 
Brandt’s bat (Myotis brandtii) in Sweden (8), sug-
gesting that the ISKV geographic range expanded 
to Europe. We isolated and performed whole-ge-
nome characterization of ISKV detected in a Savi’s  

pipistrelle bat (Hipsugo savii) (hereafter referred to as 
Savi’s bat) in Italy in 2021 and present the results of 
ISKV-specific surveillance of 415 bats collected dur-
ing 2017–2023.

Ethics review and approval were waived for this 
study, which did not involve animal killing or suffer-
ing. Samples were collected exclusively from animals 
that died in wild recovery centers in the context of the 
regional surveillance plans for wildlife. Therefore, we 
believe that it does not fall in the provisions of the na-
tional law (e.g., DLSG 4/3 2014, n. 26—Application at 
national level of the EU Directive 2010/63/UE), and 
no ethics approval or permit for animal experimenta-
tion was required.

The Study
We isolated the virus from an adult female Savi’s bat 
that spontaneously died in a wildlife recovery center 
in northern Italy. The bat was originally found alive 
on August 17, 2021, in Bergamo Province, northern 
Italy, by a private citizen who brought it to the center. 
Clinically, the bat exhibited lethargy, inappetence, 
and weight loss. It died 11 days after admission to the 
center, and no trauma or macroscopic pathologic le-
sions indicative of infectious disease were observed 
at necropsy. DNA barcoding confirmed the species 
as Savi’s bat. We collected organ samples (e.g., lung, 
heart, liver, spleen, intestine, and brain) for labora-
tory investigations focused mainly on virus detection.

We assessed the brains of all bats for negativity 
to rabies and related lyssaviruses by using real-time 
PCR (9). We isolated a virus on MARC 145 cells (fe-
tal monkey kidney) inoculated with a pool of viscera 
(lung, heart, liver, spleen). Cytopathic effect was not-
ed 5 days after inoculation during the secondary pas-
sage and was characterized by cell monolayer degen-
eration with isolated foci of rounded and aggregated 
cells (Figure 1, panels A–C). Furthermore, electron 
microscopy performed on cell culture supernatants 
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We isolated Issyk-Kul virus (ISKV) from a bat sampled from 
Italy in 2021 and conducted ISKV-specific surveillance in 
bats collected in Italy during 2017–2023. ISKV circulation 
among synanthropic and sedentary species of bat, such as 
Savi’s pipistrelle bat (Hypsugo savii) in northern Italy, may 
have public health implications in this region.

DISPATCHES

786 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 4, April 2024



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 4, April 2024 787

revealed distinct viral particles of 55–60 nm, morpho-
logically referable to a nairovirus (Figure 1, panel D).

The complete genome sequence of isolated vi-
rus IT-297348–34/2022 (IT-ISKV), obtained through 
a standardized next-generation sequencing protocol 
(10), revealed the 3 typical nairovirus genome seg-
ments: large (L) (11,978 nt), medium (M) (4,907 nt), and 
small (S) (1,457 nt). The highest nucleotide identity for 
each gene segment was to ISKV strains detected in a 
Brandt’s bat (Myotis brandtii) and bat-associated ticks 
in Sweden (strain Sun-2020, k99_1658, k99_589), and 
in northern bats (Eptesicus nilssonii) in Germany (strain 
PbGER) (Table 1). We submitted the complete genome 
sequences to GenBank (accession nos. OR583909–11).

The phylogenetic tree, based on the complete L ge-
nome sequences of viruses in the genus Orthonairovi-
rus, assigned IT-ISKV to the Keterah genogroup. That 
genogroup includes the few available sequences of 
ISKVs detected in bats and ticks in Sweden, Germany, 
and central Asia, as well as other sequences of Keterah 
virus (detected in bats from Malaysia), Uzun Agach 
virus (in bats from Kazakhstan), and Gossas virus (in 

bats from Senegal) (Figure 1) (11). Phylogenetic trees 
constructed with complete S and M genes showed sim-
ilar results with the same topology because of the small 
number of ISKV sequences available in the genome da-
tabases (Appendix Figures 1, 2, https://wwwnc.cdc.
gov/EID/article/30/4/23-1186-App1.pdf). 

After detecting IT-ISKV in the Mediterranean area, 
we developed and standardized ISKV-specific end-
point reverse transcription PCR targeting the L gene 
(Appendix) to enhance knowledge of the ISKV ecol-
ogy and screen its diffusion in bat populations. We 
used ISKV-specific endpoint reverse transcription PCR 
to detect viral RNA in the necropsied tissues and to 
screen cultured cells. We performed Sanger sequenc-
ing of generated amplicons to confirm ISKV RNA.

During 2017–2023, we collected 415 bats rep-
resenting 13 species in the Lombardy and Emilia-
Romagna regions of northern Italy. The bats origi-
nated mainly from wildlife recovery centers, which 
usually receive rescued bats (usually near human 
settlements), or bats found dead during passive sur-
veillance. Most of the bats examined were Savi’s bats 

Figure 1. Microscopic 
appearance of Issyk-Kul virus 
IT-297348-34/2022, isolated 
from a Hypsugo savii bat, in 
study of batborne neglected 
zoonotic agent Issyk-Kul virus, 
Italy. A) Issyk-Kul–infected 
MARC 145 cells, mock infection; 
original magnification ×10. B) 
Issyk-Kul–infected MARC 145 
cells showing cytopathic effect 
at 120 hours after infection; 
original magnification ×4. C) 
Issyk-Kul–infected MARC 145 
cells showing cytopathic effect 
at 120 hours after infection; 
original magnification ×10. 
D) Negative-staining electron 
microscopy performed on 
cell supernatants (NaPT 2%), 
showing a viral particle of 55–60 
nm morphologically referable to 
nairovirus; original magnification 
≈x550,000

Batborne Zoonotic Issyk-Kul Virus, Italy



and Kuhl’s bats (Pipistrellus kuhlii) (Appendix Table 
1). We tested sampled organs (lung, heart, liver, 
spleen, intestine) for ISKV. We detected 8 bats posi-
tive by PCR for ISKV; 7 were Savi’s bats and 1 was a 
whiskered bat (Myotis mystacinus) (Table 2), and they 
were recovered in 2017, 2020, 2021, 2022, and 2023 
(Appendix Table 2). We constructed a phylogenetic 
tree based on the partial L genome sequences with 
all ISKVs detected in Italy (Figure 2, panel B). None 
of the ISKV-positive bats had ticks attached, and the 
ticks (Ixodes vespertilionis) found on the analyzed bats 
were ISKV negative.

Conclusions
Tickborne orthonairoviruses may be agents of human 
emerging infectious diseases (13). Crimean-Congo hem-
orrhagic fever virus is the most notable pathogen in the 
genus Orthonairovirus because of its public health effect 

with high fatality rates and widespread geographic dis-
tribution (14). However, several other emerging and 
neglected orthonairoviruses, such as ISKV, can cause 
clinical nonlethal diseases in humans (15).

Our isolation and characterization of IT-ISKV 
showed high L and S gene identity to the ISKV strains 
detected in Sweden, Germany, and central Asia (3,4,8). 
However, the level of M gene nucleotide similarity to 
the other known ISKV strains (80.98%–81.55%) sug-
gests that IT-ISKV could represent a new ISKV strain 
from the Mediterranean area, most likely derived 
from an assortment with a yet unknown virus.

In that context, we conducted ISKV-specific sur-
veillance among bats collected during 2017–2023 with 
the aim of determining the presence and diffusion of 
the virus in bat populations in northern Italy. Find-
ings suggest that ISKV in that area seem to be associ-
ated with Savi’s bats and whiskered bats, which may 

 
Table 2. Issyk-Kul–positive bats and associated GenBank accession number assigned to the gene sequences detected in study of 
batborne neglected zoonotic agent Issyk-Kul virus, Italy* 

Sample Year Bat species Origin 
Virus isolation 
(cell culture) Sequence 

GenBank 
accession no. Nucleotide similarity (%) 

251170-
38/2017 

2017 Hypsugo savii WRC WWF 
Valpredina. 

Bergamo, Italy 

No Partial L 
gene 

OR583901 Issyk-Kul virus LEZ 86–787 
(98.79) 

251170-
41/2017 

2017 H. savii WRC WWF 
Valpredina. 

Bergamo, Italy 

No Partial L 
gene 

OR583902 Issyk-Kul virus LEZ 86–787 
(99.27) 

378052-
30/2020 

2020 H. savii WRC WWF 
Valpredina. 

Bergamo, Italy 

No Partial L 
gene 

OR583903 Issyk-Kul virus 
K_k99_1658_len_12288 

(99.17) 
297348-
34/2022 

2021 H. savii WRC WWF 
Valpredina. 

Bergamo, Italy 

Yes Full 
genome 

OR583909–
11, OR583905 

Issyk-Kul virus/Prackenbach 
bat nairovirus (96.65) 

297348-
26/2022 

2021 H. savii WRC WWF 
Valpredina. 

Bergamo, Italy 

No Partial L 
gene 

OR583904 Issyk-Kul virus LEZ 86–787 
(99.42) 

126482-
17/2022 

2022 H. savii WRC Piacenza, 
Iataly 

No Partial L 
gene 

OR583906 Issyk-Kul virus LEZ 86–787 
(99) 

356061-
37/2022 

2022 H. savii WRC WWF 
Valpredina. 

Bergamo, Italy 

No Partial L 
gene 

OR583907 Issyk-Kul virus/Prackenbach 
bat nairovirus (98.42) 

24094-
8/2023 

2023 Myotis 
mystacinus 

WRC Piacenza, 
Italy 

No Partial L 
gene 

OR583908 Issyk-Kul virus LEZ 86-787 
(98.91)  

*L, large; WRC, wildlife recovery center; WWF, World Wildlife Fund. 

 

 
Table 1. Highest nucleotide sequence identities for each protein of IT-ISKV isolated in study of batborne neglected zoonotic agent 
Issyk-Kul virus, Italy* 

Gene 
% Similarity 

(query cover, %) ISKV strain Host 
Country 
(year) 

GenBank 
accession no. Reference 

Large 95.44 (99) K_k99_1658_len_12288 Bat-associated tick Sweden (2020) OP514654 Unpub. data 
95.34 (99) LEZ 86–787 Carios 

vespertilionis tick 
Germany (1986) KR537441 (11) 

95.31 (99) Sun-2020 Myotis brandtii bat Sweden (2020) OP380632 (8) 
Medium  81.55 (72) Sun-2020 M. brandtii bat Sweden (2020) OP380631 (8) 

81.11 (78) k99_589 Bat-associated tick Sweden (2020) OP804626 Unpub. data 
81.34 (71) LEIV-315K Nyctalus noctula bat Kyrgyzstan (1973) KR709220 (3) 

Small 97.51 (90) PbGER Eptesicus nilssonii bat Germany (2008–2011) MW275296 (4) 
89.11 (100) Sun-2020 M. brandtii bat Sweden (2020) OP380630 (8) 
89.04 (100) LEZ 86–787 C. vespertilionis tick Germany (1986) KR537443 (11) 

*IT-ISKV, Issyk-Kul virus IT-297348-34/2022.  
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represent a previously unrecognized source for ISKV 
transmission to other wildlife species, ticks, and hu-
mans, as has already happened elsewhere (2,3). Savi’s 
bats are a synanthropic and sedentary species that 
roost in buildings and represent the most common 
bat species in urban areas, suggesting possible public 
health implications.

ISKVs identified in bats in Italy were detected 
from a pool of organs, as in the previously described 
ISKV PbGER (4), which was found predominantly 
in the liver, spleen, and lung tissues, indicating sys-
temic infection of bats instead of mere passaging of 
intestinal tick content. Future investigations may 
provide information about virus tissue distribution 
and pathogenesis by using histopathology and may 
define the infection prevalence in the bat populations 
through serologic tests.

The successful cell-culture isolation of IT-ISKV 
suggests the possible shedding of infectious virus 
particles, which represents a crucial point for assess-
ing viral zoonotic risks that may emerge from synan-
thropic bats. Such results indicate the emergence of 

this neglected zoonotic agent in the Mediterranean 
area, which might have public health relevance be-
cause of its potential transmission to humans. Rais-
ing awareness of the risks deriving from this zoonosis 
should suggest adoption of specific surveillance and 
prevention programs for ISKV and other nairoviruses 
at the human–wild animal interface.
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Figure 2. Phylogenetic analysis of isolates from study of batborne neglected zoonotic agent Issyk-Kul virus, Italy A) Phylogeneny 
nairovirus protein sequences for Orthonairovirus large (L) segments, including the complete sequence obtained from Hypsugo savii 
bats, highlighted in yellow. Sequence colors were based on the genogroups proposed by Ozeki et al. 2022 (12). B) Nucleotide alignment 
magnification of a short PCR-targeted region of the L segment, encompassing all sequences derived from bat surveillance conducted 
during 2017–2023 identified as Issyk-Kul virus IT-297348-34/2022. Numbers along branches indicate bootstrap values.
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Melioidosis is an infectious disease caused by the 
gram-negative bacillus Burkholderia pseudomal-

lei, which is commonly present in soil and water in 
tropical countries (1,2). Naturally acquired infections 
result from skin inoculation, inhalation, or inges-
tion of B. pseudomallei (1). In 2020 and 2021, multiple  
COVID-19 field hospitals were set up in Thailand for 
cases of mild and moderate COVID-19 infection. We 
report 25 cases of acute melioidosis among patients 
diagnosed with COVID-19 who were being managed 
at a COVID-19 field hospital in Saraburi Province, 
central Thailand. Our study received ethical approval 
from the Committee of the Faculty of Tropical Medi-
cine, Mahidol University (TMEC 24-006).

The Study
On September 8, 2021, the Department of Disease Con-
trol, Ministry of Public Health, Thailand, was alerted 

to a cluster of 20 patients with culture-confirmed 
melioidosis (case nos. 1–20; Table, https://wwwnc.
cdc.gov/EID/article/30/4/23-1476-T1.htm). The 20 
patients had been admitted to a single field hospital 
in Saraburi Province, which had been designated a 
treatment facility for COVID-19, and were transferred 
to Kaeng Khoi Hospital, Saraburi Province, because 
they developed fever or pneumonia. Previously, 
Saraburi Province had diagnosed ≈8–12 culture-con-
firmed melioidosis cases per year (2). The outbreak 
investigation team suspected that nonpotable tap wa-
ter (NPTW) was the source of infection because there 
were no other apparent sources (Appendix, https://
wwwnc.cdc.gov/eid/article/30/4/23-1476-App1.
pdf). The initial response included the immediate 
transfer of patients with diabetes and those who had 
received steroid therapy for COVID-19 to other hos-
pitals, followed by re-emphasizing to staff the recom-
mended prevention strategies for melioidosis (3). The 
recommendations included avoiding direct exposure 
to soil and environmental water and drinking only 
boiled or bottled water.

Health officials immediately planned and con-
ducted an environmental investigation. During Sep-
tember 10–16, 2021, the outbreak investigation team 
collected samples from the field hospital, including  
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In September 2021, a total of 25 patients diagnosed with 
COVID-19 developed acute melioidosis after (median 7 
days) admission to a COVID-19 field hospital in Thailand. 
Eight nonpotable tap water samples and 6 soil samples 
were culture-positive for Burkholderia pseudomallei. Ge-
nomic analysis suggested contaminated tap water as the 
likely cause of illness.



DISPATCHES

8 commercially bottled drinking water (CBDW) 
samples (500 mL–1 L), 37 NPTW samples from 10 
locations (1-L samples; 3–4 samples per location at 
different time points), and 50 soil samples (100 g 
per sample) (Appendix). We isolated B. pseudomallei  
from environmental samples according to previ-
ously described methods (4,5). None of the CBDW 
samples, 6 (12%) of 50 soil samples, and 8 (22%) of 
37 NPTW samples (from 4 locations) were culture-
positive for B. pseudomallei. The median quantitative 
count of B. pseudomallei in NPTW was 24.5 CFU/L 
(range 4–58 CFU/L) and in soil was 82 CFU/g 
(range <1–119 CFU/g). The outbreak investigation 
team found that the chlorination system for NPTW 
was not well maintained. Patients reported that they 
drank only CBDW and never drank NPTW, which 
was used for other domestic purposes, such as brush-
ing their teeth, rinsing their mouths, and showering. 
The chlorination system was successfully repaired, 
and chlorine levels were maintained >1 ppm begin-
ning on September 10. A further 5 melioidosis cases 
were identified, all of whom had been admitted be-
fore September 10. No new melioidosis cases among 
those who had stayed at the field hospital were re-
ported after September 16.

Of the 25 patients diagnosed with melioidosis 
(Table), 12 (48%) were female and 13 (51%) male; 
median age was 59 (interquartile range 56–62, range 
34–73) years. All patients had received a diagnosis of 
COVID-19, confirmed by PCR during August 16–29, 
2021, and had been admitted to the field hospital in 
August 22–September 2, 2021. A total of 15 (60%) pa-
tients had diabetes, and all 25 (100%) patients had re-
ceived steroids as part of their COVID-19 treatment. 
The date range of onset of symptoms attributed to 
melioidosis was September 1–11. The median time 
from admission to the field hospital to the onset of 
the melioidosis symptoms was 7 (interquartile range 
5–9, range 4–20) days.

The most common clinical manifestations of meli-
oidosis among patients in this cluster were second-
ary bacterial pneumonia (n = 22 patients [88%]) and 
fever (n = 15 [60%]) (Table). Clinical specimens that 
were culture-positive for B. pseudomallei were blood 
(n = 24 [96%]) and sputum (n = 1 [4%]). In-hospital 
mortality for patients we studied was 32% (8/25). Of 
the fatal cases, 3 patients (case nos. 2, 4, and 8) died 
without receiving ceftazidime or meropenem, which 
are recommended parenteral antibiotics for treatment 
of melioidosis. A total of 17 (68%) cases completed 
>10 days of parenteral ceftazidime or meropenem 
and subsequently received a course of oral eradica-
tive treatment.

We confirmed the first 20 clinical isolates and 
all environmental isolates as B. pseudomallei at the  
Mahidol-Oxford Tropical Medicine Research Unit 
laboratory, Bangkok, by using a combination of colony 
morphology on Ashdown agar, latex agglutination 
test, arabinose assimilation test, and antimicrobial sus-
ceptibility tests. Testing revealed that all clinical and 
environmental isolates were susceptible to ceftazi-
dime, meropenem, and trimethoprim/sulfamethoxa-
zole. We performed whole-genome sequencing on 19 
clinical isolates, 8 NPTW isolates, and 6 soil isolates (1 
colony per patient or sample). We excluded 1 clinical 
isolate from analysis because of low sequencing depth 
of 7.5×. We deposited sequences in the European Nu-
cleotide Archive (https://www.ebi.ac.uk/ena) (acces-
sion numbers in Appendix Table). We mapped isolates 
to the K96243 reference genome and used variant calls  
to construct a phylogeny after masking recombinant 
fragments, repetitive regions, and known B. pseudomal-
lei genomic islands (6). We used genome assemblies to 
call multilocus sequence types (STs).

We categorized the isolates by both phylogenetic 
and multilocus sequence typing, and they clustered 
consistently into 4 groups. The largest cluster was 
ST689 and included all 19 blood and sputum samples, 
as well as 6 of 8 NPTW samples (Figure). The remain-
ing soil and NPTW isolates formed 3 separate clusters 
(ST107, ST303, and ST315). Within the ST689 cluster, 
the isolates were closely related but not identical 
(12–98 SNP differences between isolates). The NPTW 
isolates were interspersed with clinical isolates in this 
cluster, suggesting that contaminated NPTW was a 
possible source of infection for these patients. Dating 
analysis was not feasible because of the absence of 
clock signals in the phylogeny.

Conclusions
Our study highlights that patients with viral infec-
tions (e.g., COVID-19) may be at risk for infection 
and death caused by melioidosis if exposed to NPTW 
contaminated by B. pseudomallei. Diabetes mellitus 
and conditions that impair innate and adaptive im-
mune responses, particularly steroid use, are impor-
tant risk factors for melioidosis (1). Diabetes mellitus is 
also a risk factor for COVID-19, and steroid treatment 
is recommended for patients with COVID-19 pneu-
monia (7). Therefore, unsurprisingly, co-infections 
with COVID-19 and B. pseudomallei have been report-
ed occasionally (8,9; D. Chit Yee et al., unpub. data, 
https://wellcomeopenresearch.org/articles/7-160), 
including 1 of the 4 patients detected during the mul-
tistate outbreak of melioidosis caused by an imported  
aromatherapy spray in the United States (10), and now 
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this cluster. Previous reports of co-infection with influ-
enza A (11,12) or COVID-19 (9) and B. pseudomallei sug-
gested that melioidosis could be reactivated from a latent 
focus following viral infection. However, the timeline of 
the cluster, the identified source, and genomic analysis 
suggest that the patients in this cluster represented re-
cently acquired secondary infections after COVID-19. 
The route of infection in this cluster was probably skin 
exposure to contaminated NPTW at a high-infecting 
dose, although ingestion or inhalation are also possible. 

An unknown proportion of melioidosis patients 
in melioidosis-endemic areas could be related to ex-
posure to contaminated NPTW. More studies on the 
effects of B. pseudomallei-contaminated NPTW and 
its disinfection (13) in melioidosis endemic areas 
are required. Because general recommendations for 
melioidosis prevention (3) do not emphasize the dis-

infection of NPTW, those recommendations may be 
inadequate and should be revisited.
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Figure. Information on 25 patients with COVID-19 who developed acute melioidosis in Saraburi Province, Thailand, 2021. A) Phylogenic 
tree of 19 clinical isolates and 14 environmental isolates. The K96243 reference strain is used to root the tree. B) Tree showing only the 
clinical and environmental isolates within the ST689 cluster. Scale bar shows number of nucleotide differences.
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The emergence of variants posing threats to hu-
man health and animal production characterizes 

the epidemiology of Salmonella (1) and also S. enterica 
serovar Infantis (antigenic formula 6,7:r:1,5). Over the 
past few decades, this serovar has rapidly emerged 
along the poultry chain; as of 2023, it is the most 
prevalent serovar isolated from broiler chickens in 
the European Union and among the 4 most common 
serovars in humans (2,3). The European Commission 
identified Salmonella Infantis as a target serovar for 
which control measures must be implemented if it is 
isolated in breeding flocks of Gallus gallus chickens (4). 
Some of the mandatory control measures implement-
ed in Italy are appropriate health measures applied 
at farms; eradication or slaughtering of Salmonella-
positive birds and management of their carcasses in 
accordance with EC regulation no. 1069/2009; and 
disposal of eggs produced by Salmonella Infantis–pos-
itive groups and additional cleaning and disinfection 
procedures of the flock environment and facilities. 
The strict and targeted control measures implement-
ed in case of identification of Salmonella Infantis– 

positive flocks (5) require standardized analytical 
methods (i.e., ISO 6579:1 for isolation of Salmonella 
and methods based on the Kaufmann-White scheme 
for serotyping or validated alternative methods) to 
ensure high quality of surveillance, prompt identifi-
cation of positive samples, and prompt implementa-
tion of eradication measures.

Isolates with an incomplete antigenic formula 
that carried flagellar antigens typical of Salmonella In-
fantis (r:1,5), but lacked the somatic ones (6,7), have 
been increasingly isolated from poultry sources in  
Italy. Laboratories in charge of Salmonella controls and 
surveillance needed to quickly identify and character-
ize these isolates to ascertain if these atypical variants 
were Salmonella Infantis strains and consequently 
manage their isolation on farms for breeding G. gallus 
fowl. Our investigation also included strains showing 
those atypical features isolated from food matrices, to 
estimate their spread along the poultry chain.

The Study
We tested a total of 31 Salmonella strains that could 
be ascribed to Salmonella Infantis but lacked the ex-
pression of the complete antigenic formula from 
animals (N = 20) and food (N = 11). Those strains 
were isolated during 2014–2022 from samples 
taken in different regions of Italy (Table). We in-
cluded 1 wild-type Salmonella Infantis strain iso-
lated from food as a reference. We serotyped all 
Salmonella isolates by slide agglutination with 
Salmonella antiserum samples (Statens Serum In-
stitut, Copenhagen, Denmark); we assigned anti-
genic formulas in accordance with ISO 6579:3. If 
traditional serotyping could not provide conclusive  
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results because the complete antigenic formula 
was not expressed, we performed molecular se-
rotyping by using an xMAP Salmonella serotyp-
ing assay (6). In particular, a positive match from 
the somatic antigen with C1 probe (wzy gene) is 

expected in case of wild-type Salmonella Infantis 
isolates. Colony morphology was investigated on 
agar tryptose solid medium. We assessed antimi-
crobial susceptibility by MIC by using the broth 
microdilution method with the Sensititer EUVSEC 
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Table. Salmonella enterica serovar Infantis isolates in the poultry food chain, Italy, 2014‒2022* 

Isolate ID Matrix Source Year Location 
Antigenic formula 

ST Seroagglutination† Molecular serotyping‡ WGS§ 
21-153004-9 Meat Food 2014 Veneto S. -: r: 1,5 S. Infantis (C1: r: 1,5) O-7:r:1,5 (Infantis) ST32 
21-153004-10 Meat Food 2014 Veneto S. -: r: 1,5 S. Infantis (C1: r: 1,5) O-30:r:1,5 (Gege) ST32 
21-153004-11 Meat Food 2014 Veneto S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 
21-153004-12 Sock 

sample 
Animal 2014 Veneto S. -: r: 1,5 S. Infantis (C1: r: 1,5) O-?:r:1,5 ST32 

21-153004-13 Sock 
sample 

Animal 2016 Veneto S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-153004-14 Meat Food 2016 Veneto S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 
21-153004-1 Sock 

sample 
Animal 2016 Lombardia S. -: r: 1,5 S. Infantis (C1: r: 1,5) O-30:r:1,5 (Gege) ST32 

21-153014-1 Sock 
sample 

Animal 2017 Lombardia S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-153014-2 Sock 
sample 

Animal 2017 Lombardia S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-153014-3 Sock 
sample 

Animal 2017 Molise S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-153014-4 Sock 
sample 

Animal 2017 Molise S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-153014-14 Sock 
sample 

Animal 2017 Molise S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-153004-2 Meat Food 2018 Veneto S. -: r: 1,5 S. -: r: 1,5 O-?:r:- ST32 
21-153004-3 Carcass Animal 2018 Veneto S. -: r: 1,5 S. Infantis (C1: r: 1,5) O-7:r:1,5 (Infantis) ST32 
21-153014-5 Meat Animal 2018 Veneto S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 
21-153014-7 Sock 

sample 
Animal 2018 Veneto S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

18-1157-6 Meat Food 2018 Veneto S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 
21-153004-4 Sock 

sample 
Animal 2019 Puglia S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-153004-5 Meat Food 2019 Veneto S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 
21-153004-6 Carcass Animal 2019 Veneto S. -: r: 1,5 S. Infantis (C1: r: 1,5) O-7:r:1,5 (Infantis) ST32 
21-153014-11 Sock 

sample 
Animal 2020 Veneto S. -: r: 1,5 S. Infantis (C1: r: 1,5) O-30:r:1,5 (Gege) ST32 

21-128165 Meat Food 2021 Friuli 
Venezia 
Giulia 

S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21SAL/2851/1 Sock 
sample 

Animal 2021 Lazio S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-146541 Sock 
sample 

Animal 2021 Lazio S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-21379 Sock 
sample 

Animal 2021 Veneto S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-117758 Meat Food 2021 Emilia 
Romagna 

S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

21-117759 Sock 
sample 

Animal 2021 Umbria S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 

22-16858-1 Meat Food 2022 Sardegna S. -: r: 1,5 S. -: r: 1,5 O-?:r:- ST32 
22-23625-9 Carcass Animal 2022 Friuli 

Venezia 
Giulia 

S. -: r: 1,5 S. Infantis (C1: r: 1,5) O-30:r:1,5 (Gege) ST32 

22-39728-9 Carcass Animal 2022 Molise S. -: r: 1,5 S. -: r: 1,5 O-?:r:1,5 ST32 
22-102991-7 Carcass Food 2022 Veneto S. -: r: 1,5 S. Infantis (C1: r: 1,5) O-7:r:1,5 (Infantis) ST5275 
22-16858-3 Meat Animal 2022 Sardegna S. Infantis  

(6,7: r: 1,5) 
S. Infantis (C1: r: 1,5) O-7:r:1,5 (Infantis) ST32 

*Reference isolate showed complete antigenic formula (22-16858-3). ID, identification; ST, sequence type.  
†As determined by traditional seroagglutination (ISO 6579:3). 
‡As determined by molecular serotyping (xMAP Salmonella serotyping assay [6]).  
§As determined by whole-genome sequencing. 
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panel (TREK Diagnostics System; ThermoFisher,  
https://www.thermofisher.com) and interpreted 
results in accordance with European Committee 
on Antibiotic Susceptibility Testing (EUCAST) epi-
demiologic cutoff values. We selected the usg gene 
(SIN_02055) as a marker gene specific for Salmo-
nella Infantis; we used the PCR targeting this gene 
described by Yang et al. (7) as an identification 
marker to test whether strains belonged to Salmo-
nella Infantis serovar. Finally, we performed whole-
genome sequencing as described in Petrin et al. (8) 
and used a core genome multilocus sequence typ-
ing (cgMLST) scheme approach (9) to assess genet-
ic relatedness among the investigated strains and 
with the wild-type Salmonella Infantis strain. We 
also performed in-silico serotyping as described by 
Costa et al. (9).

Thirty-one of 32 strains did not agglutinate with 
the somatic serum specimens for 6,7 antigens, indi-
cating that their antigenic formula was -:r:1,5 (Table). 
Molecular serotyping identified a match with the C1 
somatic probe in 9 strains. Of those, 3 were isolated 
from food and 6 from animal sources. For the remain-
ing 22 strains, detection with the C1 somatic probe 
was negative. The detection of typical Salmonella In-
fantis flagellar antigens was positive for all the test-
ed strains. In silico serotyping did not provide con-
clusive results on the O-antigen encoding region for 
27 isolates; those results support the need for further 
analyses. Twenty-six strains displayed rough colony 
morphology (Figure 1), which in many cases con-
tributes to increased sensitivity to immune defense, 
even if it remains unclear whether these strains are 
pathogenic (10). Most of the selected strains shared 
a similar resistance pattern to multiple antimicro-
bial drugs (ampicillin, ciprofloxacin, azithromycin, 
nalidixic acid, tetracycline, trimethoprim, and sul-
famethoxazole) (Appendix Table, https://wwwnc.
cdc.gov/EID/article/30/4/23-1074.App1.pdf) typi-
cal of the circulating wild-type Salmonella Infantis 
strains spread in broiler populations (1). 

All the 31 isolates harboring incomplete antigenic 
formula, as well as the isolate with the complete anti-
genic formula, had usg gene present in their genomes; 
the presence of the gene can be considered a promis-
ing tool for rapid diagnosis of those atypical strains 
with incomplete expression of somatic antigens. The 
investigations carried out by cgMLST to establish the 
genetic relatedness among isolates did not enable us 
to identify different Salmonella Infantis populations 
on the basis of their antigenic formula, considering 
both traditional serotyping (Figure 2, panel A) and 
molecular serotyping (Figure 2, panel B).

Conclusions 
Our results describe heterogeneous Salmonella Infan-
tis strains widespread in the poultry food chain in It-
aly. This heterogeneity seems to involve the antigen-
coding genetic context that probably would also affect 
the colony morphology (11). It is well known that 
rough morphology of Salmonella isolates originates 
from deletion or truncations of lipopolysaccharide O-
antigen encoding genes (12). In our study, however, 
we could not link the rough phenotype, identified for 
the atypical strains, to the absence of the wzy gene nor 
to the isolation matrix and source. Further analyses at 
the genomic level will clarify the deletion/truncation 
pattern and identify the involved genes; the genetic 
region encoding for the O-antigen is composed of 
many different genes (13,14). 

We found atypical strains that lacked the expres-
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Figure 1. Comparison of colony morphology Salmonella enterica 
serovar Infantis isolates collected in Italy, 2014‒2022. Isolates 
were grown on agar tryptose solid medium for 24 hours. A) Rough 
colonies from Salmonella Infantis atypical isolates (S. -:r:1,5). B) 
Smooth colonies from wild-type Salmonella Infantis isolates (S. 
6,7:r:1,5). 
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sion of the complete antigenic formula to be geneti-
cally indistinguishable from wild-type Salmonella 
Infantis. We also found a clear indication toward an 
antimicrobial resistance profile, shared by all the in-
vestigated atypical isolates, that provided resistance 
to multiple antimicrobial compounds commonly de-
scribed for the wild-type circulating clones of Salmo-
nella Infantis (1,15). This similarity leads to a likely 
closeness of those somatic variant isolates to the  
wild-type Salmonella Infantis isolates, showing a com-
plete antigenic formula. The close relationships be-
tween Salmonella Infantis and variant isolates with an 
incomplete antigenic formula and the reasons for the 
lack of O-antigen expression should be further inves-
tigated. Identifying the atypical strains would pose 
a diagnostic issue because they would not be recog-
nized as Salmonella Infantis by traditional serotyping, 
which remains by far the most common method used 

by laboratories in charge of Salmonella surveillance. 
This difficulty in identifying such atypical strains 
could compromise the prompt recognition of infected 
poultry flocks and hamper the timely implementa-
tion of the targeted control measures required by leg-
islation, which would have serious repercussions on 
public health.
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etymologia revisited
Enterocytozoon bieneusi 
[′entərəˌsaitə′ӡu:ən bıə′nəʊsı]

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

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

E. bieneusi, a spore-forming, obligate intracellular eukaryote, was discovered during 
the HIV/AIDS pandemic and is the main species responsible for intestinal microsporidiosis, a 
lethal disease before widespread use of antiretroviral therapies. More than 500 genotypes are  
described, which are divided into different host-specific or zoonotic groups. This pathogen 
is an emerging issue in solid organ transplantation, especially in renal transplant recipients.
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In 2014, high-consequence pathogens were de-
scribed as those causing high mortality but having 

infrequent spillover from animals and rare human-
to-human transmission (1). Since then, high-conse-
quence pathogens such as ebolaviruses, monkeypox 
virus (MPXV), and henipaviruses have challenged 
that description. Unbeknownst to the authors of the 
2014 article (1), Orthoebolavirus zairense (Zaire Ebola 
virus) was circulating at that time in Guinea, result-
ing in the world’s largest known Ebola virus disease 
(EVD) outbreak. The West Africa EVD outbreak 
redefined our understanding of high-consequence 
pathogens, demonstrating their substantial poten-
tial for communicable spread; in Guinea, Liberia, 
and Sierra Leone, >28,600 persons were infected and 
>11,300 patients died. EVD cases were exported to 
7 other countries by infected travelers and health-
care workers; containment took 2 years, a coordi-
nated multinational effort, thousands of volunteers, 
and billions of dollars (2). The outbreak also drove 
medical progress; clinical trials tested new Ebola vi-
rus vaccines (3), and epidemiologic investigations 
showed filoviruses can persist in semen and spread 
through sexual contact (4).

During 2014–2024, eleven additional Ebola virus 
outbreaks have been recognized; the second larg-
est known outbreak infected 3,470 persons in North 
Kivu, Democratic Republic of the Congo (DRC), dur-
ing 2018–2020 (5). Virus sequencing data suggested 
that >3 outbreaks were most likely caused by a persis-
tently infected survivor from a previous outbreak (5). 
Other viral hemorrhagic fevers (VHFs) also occurred. 
In 2019, Chapare virus caused illness in 9 patients in 
Bolivia, 4 of whom died; 3 healthcare workers were 
infected through probable nosocomial exposure, and 

Chapare virus was shown to persist for months in se-
men after acute infection (6). In 2022, Marburg virus 
was reported in Equatorial Guinea and Tanzania, in-
fecting 24 laboratory-confirmed patients and killing 
17 persons (7); Orthoebolavirus sudanense (Sudan vi-
rus) infected 164 and killed 55 persons in Uganda (5).

Despite achievements in Ebola virus vaccine de-
velopment, similar success has lagged for medical 
countermeasures for other VHFs. Without vaccines 
or proven therapeutics, primary mitigation measures 
are rapid identification and isolation of case-patients, 
contact tracing, and strong infection control practices. 
Even with accessible vaccines, the response speed 
is key; delayed detection and response can result in 
larger outbreaks requiring more resources and time 
to control. During the 2018 DRC outbreak, regional 
insecurities impeded early detection and rapid re-
sponse and likely contributed to the outbreak scale 
and complexity (8).

Despite successful variola virus eradication, or-
thopoxviruses remain high-consequence pathogens 
that create complex control challenges. During 2014–
2024, reports of mpox caused by MPXV surged in re-
gions where the virus is enzootic. During 2017–2022, 
increased reports of mpox in Nigeria initially raised 
little concern, even though mpox was diagnosed in 
occasional travelers from Nigeria who had no histo-
ry of animal contact (9). In May 2022, MPXV clade II 
began circulating person-to-person globally, primar-
ily through sexual contact among gay, bisexual, and 
other men who have sex with men (10). Thanks to 
smallpox preparedness work performed by the US 
Centers for Disease Control and Prevention and oth-
er partners, regulatory agency-approved diagnos-
tics, the JYNNEOS vaccine (https://www.jynneos.
com), and TPOXX therapeutic agent (SIGA Tech-
nologies, https://www.siga.com) were available in 
some countries; however, limited early supplies of 
the JYNNEOS vaccine and lack of licensure in some 
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countries meant the vaccine was not accessible to all 
persons at risk for MPXV exposure. Before the glob-
al mpox outbreak, no real-world efficacy data for 
TPOXX was available; clinical trials are ongoing. Af-
ter the mpox outbreak peak in 2022, MPXV has con-
tinued to circulate at low levels through 2024; since 
2022, >90,000 cases have been reported worldwide 
(11). Since 2023, similar surveillance signals have 
been seen in DRC with MPXV clade I (12), raising 
concerns for another global mpox outbreak caused 
by a more lethal virus clade.

Henipaviruses are high-consequence pathogens 
within the Paramyxoviridae family; >600 human 
infections caused by Nipah and Hendra virus have 
been reported in the published literature (13). During 
2014–2024, seasonal outbreaks of Nipah virus have 
occurred regularly in Bangladesh and India, but the 
geographic range of the natural reservoir hosts, Ptero-
pus spp. bats, includes Bhutan, Cambodia China, In-
donesia, Madagascar, Malaysia, Maldives, Myanmar, 
Nepal, Pakistan, Philippines, Sri Lanka and Thailand 
(14). In Bangladesh and India, infection risk factors 
include date palm sap production or consumption 
(15), but person-to-person transmission has also been 
documented among families and close contacts; noso-
comial transmission to healthcare workers remains a 
substantial risk factor (13). During a 2018 outbreak in 
India, Nipah virus infected 23 persons with a mor-
tality rate >90%; of those cases, 19 were attributed to 
person-to-person spread among healthcare workers 
and patients in hospital settings (16). Nipah virus is 
considered to have substantial pandemic potential 
because it infects multiple mammal species, is en-
demic in densely human populated regions, and is an 
RNA virus that can have high mutation rates.

Despite a decade of ecologic studies, no definitive 
reservoir has been identified for Ebola virus or MPXV, 
making it challenging to provide clear messaging to 
prevent animal spillover events. Investments in early 
detection and response in disease-endemic countries 
can prevent virus spread after a spillover event. In 
Uganda, VHF detection rates dropped from an aver-
age of 2 weeks to only 2 days after targeted invest-
ments in diagnostic capacity were initiated (17). Fur-
thermore, earlier detection translated into more rapid 
control measure use; the average numbers of cases 
per outbreak dropped from >100 before to 5 cases af-
ter those investments (17). However, investments are 
difficult to sustain and require continuous training, 
funding, and political will.

Since the description in 2014 (1), the past de-
cade has redefined high-consequence pathogens as 
serious and deadly agents that pose a substantial 

threat to domestic and global security. Many of those 
pathogens are contagious, most spread from animals 
to humans, and some can be used as bioterrorism 
agents. The effects of a changing climate and in-
creasing human–animal interactions associated with 
population growth and agriculture, global travel 
and trade, political instability, and human migration 
events ensure outbreaks of high-consequence patho-
gens will continue to pose public health threats. The 
10 years since 2014 have shown how person-to-per-
son transmission of high-consequence pathogens can 
fuel large, complex outbreaks, emphasizing the need 
for swift, effective detection and control at the earli-
est stages of emergence.

Recognizing the value of early detection and rapid 
response, a 7-1-7 framework has been proposed as a 
global metric for pandemic prevention (18): 7 days to 
detect emergence, 1 day to notify/mobilize a response, 
and 7 days to implement control measures. The frame-
work is being piloted worldwide and has been adopt-
ed as a regional strategy in Africa. However, to meet 
this goal, improvements in local capacity, including 
specimen transport, laboratory diagnostics, trained 
healthcare and laboratory workers, defined reporting 
structures, and a robust public health workforce, are 
urgently needed worldwide where high-consequence 
pathogens continue to emerge. Investments in high-
containment facilities, world-class subject matter ex-
perts, and cutting edge technologies are also critical to 
ensure robust public health testing capabilities at home 
and abroad and a more rapid resolution to outbreaks 
caused by high-consequence pathogens.
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Naegleria fowleri amebae are thermophilic, free-
living, and found in soil and fresh water, such as 

lakes, rivers, ponds, and untreated swimming pools. 
The ameba enters the brain through the nose and 
cribriform plate, causing primary amebic meningo-
encephalitis. Globally, 381 confirmed cases and only 
7 (1.8%) known survivors were reported through 
2018 (1). The Centers for Disease Control and Preven-
tion recommends microscopic examination of fresh, 
unfrozen, nonrefrigerated cerebrospinal fluid (CSF) 
for presumptive diagnosis (2). If amebae are identi-
fied, the diagnosis should be confirmed through PCR. 
Although no specific treatment for primary amebic 
meningoencephalitis exists, the Centers for Disease 
Control and Prevention recommends combination 
therapy, including intravenous and intrathecal am-
photericin B, azithromycin, miltefosine, rifampin, 
and dexamethasone (2). 

N. fowleri ameba poses a substantial problem in
Karachi, Pakistan, because of the city’s hot, humid cli-
mate in the summer and its coastal location. The first 
case of N. fowleri infection in Pakistan was reported 
in 2008, and 146 cases were reported by October 2019 
(3). Other than the United States (41.0%), Pakistan has 
reported the most N. fowleri infections (38.8%) (2).

A 22-year-old man sought care at a second-
ary-care hospital in Karachi on June 17, 2023, with 
initial symptoms of fever, drowsiness, and vomit-
ing. He had no history of recreational water sports 

or swimming. His pulse rate was 105 beats/min,  
temperature 38.8°C, and blood pressure 121/78 mm 
Hg. His oxygen saturation was 95% in room air, and 
he had no respiratory distress. His Glasgow coma 
score was 11/15; he had neck rigidity, bilateral down-
going planters, and tonic-clonic seizures. Results of 
laboratory testing were unremarkable except an el-
evated leukocyte count, 19.3 × 109 cells/mL (reference 
range 4–10 × 109 cells/mL). We made a provisional di-
agnosis of acute meningoencephalitis and began em-
pirical therapy with intravenous meropenem (2 g/12 
h), intravenous vancomycin (1 g/12 h), intravenous 
dexamethasone (4 mg/8 h), and sodium valproate 
(500 mg/12 h).

On the same day, we transferred the patient to 
the intensive care unit of a tertiary-care hospital in 
Karachi for additional testing and critical care. We 
sent a CSF sample for microscopic examination, 
chemical testing, and bacterial culture. The CSF 
sample was slightly turbid, and test results showed 
high levels of protein, 950 mg/dL (reference 15–40 
mg/dL); glucose, 79.2 mg/dL (reference 50–80 mg/
dL); erythrocytes, 52 cells/mm3 (reference 0 cells/
mm3); and leukocytes, 162 cells/mm3 (reference 0–5 
cells/mm3), with 60% segmented neutrophils. A 
wet mount of the CSF showed trophozoite forms 
of an ameba (Figure). We changed the patient’s 
treatment regimen to oral miltefosine (50 mg/6 h), 
intravenous amphotericin B (75 mg immediately, 
then 50 mg/24 h), oral rifampin (400 mg/12 h), in-
travenous fluconazole (400 mg/12 h), intravenous 
azithromycin (500 mg/24 h), intravenous sodium 
valproate (500 mg/8 h), and intravenous 20% man-
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Primary amebic meningoencephalitis caused by Naegle-
ria fowleri is a rare but nearly always fatal parasitic in-
fection of the brain. Globally, few survivors have been 
reported, and the disease has no specific treatment. We 
report a confirmed case in Pakistan in a 22-year-old man 
who survived after aggressive therapy.

Figure. Two trophozoites with pseudopod formation identified 
during microscopic examination of cerebrospinal fluid from a 
22-year-old man later diagnosed with Naegleria fowleri infection,
Karachi, Pakistan, 2023. Original magnification ×40.



nitol (200 mL/8 h). The patient’s condition began 
to deteriorate, he had onset of seizures, and his 
Glasgow coma score dropped to 8/15. We placed 
him on mechanical ventilation 4 hours after trans-
fer to intensive care.

We sent the CSF sample to the Aga Khan Uni-
versity Reference Laboratory in Karachi for PCR 
testing. The sample was spun down, and the cell pel-
let was used for DNA extraction by QIAamp DNA 
Extraction Kit (QIAGEN, https://www.qiagen. 
com), according to manufacturer protocol. Real-
time PCR was performed using primers targeting 
the 18S rRNA gene of Naegleria sp., as described 
previously (4). Parallel PCRs for human RNase 
P gene, as assay control, and ATCC N. fowleri  
HB1 (30174D), as positive control, were performed.  
The PCR testing confirmed the pathogen as N. fowl-
eri ameba.

On day 3, we began intrathecal amphotericin B 
(15 mg). The intrathecal catheter was accidently re-
moved during nursing care, and we made the deci-
sion to discontinue the intrathecal amphotericin B. 
The clinical course was complicated by ventilator-
associated Acinetobacter baumannii pneumonia that 
was successfully treated with intravenous and in-
halational colistin. With combination therapy, the 
patient’s condition began to improve, and on day 8, 

he was successfully weaned off mechanical ventila-
tion. He completed a 3-week course of therapy, and 
on day 28, he was discharged. The patient has since 
returned to his previous state of health without any 
neurologic deficit.

A total of 146 cases of N. fowleri amoeba infec-
tions were reported in Pakistan during 2008–2019, 
and only 2 (1.36%) were in patients who had a his-
tory of recreational water activity (3). In the patient 
we describe, the most likely transmission could be 
ritual ablution with tap water, given that N. fowleri 
amebae have been isolated in the local domestic wa-
ter supply (4). Our patient is 1 of only 8 reported lab-
oratory-confirmed N. fowleri survivors worldwide 
(Table). The survival of our patient could be mul-
tifactorial: first, a high index of suspicion led to an 
early diagnosis, within 24 hours from seeking care 
to ICU admission; second, we used a combination of 
antimicrobial drugs, including miltefosine, ampho-
tericin B, rifampin, and azithromycin, administered 
within 2 hours of diagnosis and ≈48 hours after on-
set of symptoms. 

In conclusion, primary amebic meningoenceph-
alitis caused by N. fowleri amoeba is a rare but fatal 
disease. A high index of suspicion, early diagnosis, 
and aggressive combination therapy can help prevent 
death and long-term illness.
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Table. Demographic profiles, time from symptom onset to diagnosis, and management of 8 confirmed survivors of Naegleria fowleri 
infection, 1971–2023* 

Country, year of infection 
(reference) 

Age, 
y/sex 

Time from 
symptom onset 

to diagnosis Therapy given Adjuvant therapy 
Australia, 1971 (5) 14/M Unknown Unknown Unknown 
United States, 1978 (6) 9/M 3 d  Intravenous and intrathecal amphotericin 

b, intravenous and intrathecal miconazole, 
oral rifampin, intravenous sulfisoxazole 

 Intravenous dexamethasone, 
intravenous phenytoin 

Mexico, 2003 (7) 10/M 9 h Intravenous amphotericin, intravenous 
fluconazole, intravenous dexamethasone, 

oral rifampin 

 ETT, intravenous 
dexamethasone 

United States, 2013 (8) 12/F 2 d  Intravenous amphotericin, intravenous 
fluconazole, oral rifampin, intravenous 
azithromycin, oral miltefosine after 3 d, 

intrathecal amphotericin on second day for 
10 d 

Intravenous dexamethasone, 
extraventricular drain, 

intravenous 20% mannitol with 
hypertonic saline, hypothermia 

United States, 2013 (9) 8/M 5 d Intravenous amphotericin, oral rifampin, 
intravenous fluconazole, intravenous 

azithromycin, oral miltefosine 

ETT, EVD, dexamethasone, 
mannitol 

Pakistan, 2015 (10) 25/M 3 d Intravenous amphotericin, oral rifampin, 
intravenous fluconazole 

Intravenous chlorpromazine 

United States, 2016 (NA) 16/M 1 d Intravenous amphotericin, intravenous 
fluconazole, oral rifampin, intravenous 
azithromycin, oral miltefosine after 3 d, 

intrathecal amphotericin on second day for 
10 d 

Mechanical ventilation, 
hypothermia 

Pakistan, 2023 (this case) 22/M 2 d Intravenous amphotericin, intravenous 
fluconazole, oral rifampin, intravenous 

azithromycin, oral miltefosine, intrathecal 
amphotericin for 2 d 

Mechanical ventilation, 
intravenous sodium valproate, 

intravenous 20% mannitol 

*ETT, endotracheal tube intubation; EVD, external ventricular drain; NA, not applicable (only news reports).
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Crimean-Congo hemorrhagic fever (CCHF), a se-
vere form of hemorrhagic fever primarily trans-

mitted to humans and animals through tick bites, is 
caused by CCHF virus (CCHFV). In addition, direct 
human contact with blood or infected tissues from vi-
remic animals and contact with blood or secretions of 
an infected person have been described as transmis-
sion routes (1,2). In Senegal, the circulation of CCHFV 
has been reported in humans, livestock, and ticks in 
different areas of the country (3,4). During March–
September 2023, Senegal declared a CCHF outbreak 
that had 8 cases distributed across 5 regions of the 
country (5). During July 2023, CCHF was diagnosed 
in a Senegal hospital for the 4th patient, who resided 
in another country. We report on the management of 
this imported CCHF case in Senegal.

The patient was a man in his 50s who was a 
trader residing in the capital of a country neighbor-
ing Senegal. He might have come into close contact 
with animals through his work or at home. He expe-
rienced fever, headache, and abdominal pain 2 days 
after returning to his rural home on July 16, 2023. The 
symptoms led to a consultation at a private health-
care facility in his home country, where treatment 
was initiated without improvement. The persistence 
of clinical symptoms prompted a consultation at a re-
ferral hospital in his country of residence, after which 
the patient’s health further deteriorated 2 days later. 
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We report an imported Crimean-Congo hemorrhagic fe-
ver case in Senegal. The patient received PCR confirma-
tion of virus infection 10 days after symptom onset. We 
identified 46 patient contacts in Senegal; 87.7% were 
healthcare professionals. Strengthening border crossing 
and community surveillance systems can help reduce 
the risks of infectious disease transmission.



He had petechiae, and an abdominal ultrasound re-
vealed hepatopathy, which prompted a family deci-
sion to seek better care in Senegal.

In Senegal, a fibroscopy and biologic tests were con-
ducted, and results showed severe thrombocytopenia 
at 2,000 platelets/μL (reference range 150,000–450,000/
μL). The patient was transferred to a healthcare facility 
that managed severe clinical cases. Because of a wors-
ening clinical condition, including hyperglycemia and 
hematemesis, the patient was then transferred to the 
National Hospital of Pikine, Dakar, and admitted to 
the intensive care unit. On the 3rd day of intensive care 
hospitalization, the health district team collected blood 
samples for biologic analysis. PCR testing was positive 
for CCHFV 10 days after disease onset, but the patient 
died from multiorgan failure on the same day that PCR 
results were obtained.

During the case study, the investigation team 
identified 38 contacts in the patient’s home country; 
46 contacts were identified in Senegal, most (87.7%) 
healthcare personnel, including doctors, nurses, and 
laboratory staff. No bloodborne pathogen exposure 
incidents were reported during patient care or while 
handling the patient’s samples. However, the level of 
infection prevention and control (IPC) was relatively 
low. We assessed the IPC level by using a structured 
assessment that had questions regarding the avail-
ability and usage of personal protective equipment, 
material sterilization, waste management, and the 
healthcare personnel’s IPC training.

We observed a delay in diagnosis for this pa-
tient despite seeking medical attention at the onset of 
symptoms. The time between the onset of symptoms 
and diagnosis was 10 days. In India, a study involving 
4 CCHF cases reported an average delay of 5.75 days 
from symptom onset to diagnosis (6). However, in 
northern Senegal, a CCHF case was diagnosed within 
3 days of symptom onset because the 4S surveillance 
network, a Senegal surveillance sentinel sites system 
(4), was deployed. The 4S surveillance system encom-
passes 25 sentinel sites distributed across the country; 
>1 site exists in each of the country’s 14 regions.

Healthcare personnel accounted for 87.7% of this 
patient’s contacts in Senegal. According to reports in 
the literature, healthcare professionals are one of the 
socioprofessional categories most affected by second-
ary CCHF infection (7,8). One study showed that 49% 
of laboratory-confirmed secondary CCHF cases were 
among healthcare personnel; needlestick injuries 
were the primary mode of exposure in 62.7% of those 
cases (8). In addition, that study identified 21 CCHF 
cases associated with travel (8). The case we report in-
dicates that countries should adhere to Annex 1 of the 

World Health Organization’s International Health 
Regulations that defines the core capacity require-
ments for detecting ill travelers (9). During manage-
ment of this CCHF case, we found no documented 
incidents of blood exposure, and no secondary CCHF 
cases were reported at the end of the 14-day contact 
follow-up, despite the relatively low IPC level.

In conclusion, we believe the delay in diagnos-
ing this CCHF case resulted from the patient seeking 
care at multiple healthcare facilities. The healthcare 
personnel exposure that we identified highlights the 
necessity of systematically adhering to standard IPC 
precautions. Establishing a system for detecting po-
tential epidemic diseases at border crossings, coupled 
with strengthening community surveillance, can help 
reduce the risks of infectious disease transmission.
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Dermatophytosis, also called ringworm or tinea, is 
a common superficial fungal skin infection most 

often caused by Trichophyton, Microsporum, or Epi-
dermophyton fungi and often treated using over-the-
counter topical antifungal agents (1). Oral terbinafine 
is a first-line antifungal treatment for extensive skin 
infections, which typically occur in immunocom-
promised or older persons (1). Outbreaks of exten-
sive, recalcitrant, and frequently terbinafine-resistant 
dermatophytosis in immunocompetent persons are 
ongoing in southern Asia because of the recently 
emerged dermatophyte Trichophyton indotineae (for-
merly Trichophyton mentagrophytes genotype VIII). T. 
indotineae typically causes tinea faciei, corporis, or 
cruris; easily spreads person-to-person; and has been 
reported globally, including in multiple US states 
(2–4). Laboratory identification requires advanced 
molecular techniques because culture-based methods 
cannot distinguish T. indotineae from other Trichophy-
ton species (2). 

Previous reports describe sexual transmission of 
genital dermatophytosis (5,6), including cases caused 
by T. mentagrophytes genotype VII, a dermatophyte 
closely related to T. indotineae but not associated with 
terbinafine resistance (7,8). We report a case of tinea 
genitalis in an immunocompetent woman in Pennsyl-
vania, USA, that was caused by an antifungal-resis-
tant T. indotineae strain potentially acquired through 
sexual contact. Our study was reviewed by the Cen-
ters for Disease Control and Prevention (CDC) and 
conducted consistent with applicable federal laws 
and CDC policy. 

During winter 2022, a healthy young cisgender 
woman traveled to South Asia. While there, she had 
vaginal intercourse with a man who had purple geni-
tal and buttocks lesions. Subsequently, she experi-
enced similar lesions, beginning on her inner thigh, 
then spreading to her genitals and buttocks. In spring 
2022, she returned to the United States and sought 
care from a primary care provider and dermatologist. 
She received mometasone 0.1% ointment (topical me-
dium-potency corticosteroid) for suspected contact 
dermatitis, econazole 1% (topical antifungal) cream, 
a prednisone taper pack, and diphenhydramine. The 
reported lesions did not resolve, and corticosteroids 
worsened the condition. The result of a thigh skin-
punch biopsy was positive for hyphae by periodic 
acid-Schiff stain, consistent with dermatophytosis. 
The patient subsequently received multiple antifun-
gal courses including topical ketoconazole, oral terbi-
nafine (250 mg/d for 2 weeks), and fluconazole (150 
mg/wk to 200 mg/d for >20 cumulative weeks), all 
without lesion resolution. 
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We describe a case of tinea genitalis in an immuno-
competent woman in Pennsylvania, USA. Infection was 
caused by Trichophyton indotineae potentially acquired 
through sexual contact. The fungus was resistant to ter-
binafine (first-line antifungal) but improved with itracon-
azole. Clinicians should be aware of T. indotineae as a 
potential cause of antifungal-resistant genital lesions. 



In spring 2023, physical examination by an 
infectious disease physician revealed an annular, 
scaling, hyperpigmented eruption on the patient’s 
buttocks involving the intergluteal cleft and 3 small 
hyperpigmented areas on the mons pubis. She re-
ported having a new male sexual partner in the 
United States who developed similar lesions on his 
genitals after they had sexual intercourse. Given 
clinical suspicion for T. indotineae infection, she was 
prescribed a 1-week course of itraconazole. On tele-
phone follow-up 4 days later, she reported decreas-
ing rash size and pruritis. She missed a follow-up 
visit but was present for a telemedicine visit 6 
weeks later, when she reported resumption of pru-
ritis and 2 new small pruritic patches on her right 
buttock and labia. She was prescribed an additional 
2-week course of itraconazole (200 mg 2×/d). Her 
pruritis resolved, and she reported no recurrence 

at 3-months follow-up. The rash on the patient’s 
sexual partner resolved, but we are unaware of the 
treatment he received.  

The infectious disease physician sent a skin scrap-
ing from the gluteal region for fungal culture and 
advanced mycologic testing at the Center for Medi-
cal Mycology of the University Hospitals Cleveland 
Medical Center (Cleveland, OH, USA). Macroscopic 
and microscopic morphology and broth microdilu-
tion antifungal susceptibility testing (Figure) demon-
strated MICs of 16 µg/mL for terbinafine, 16 µg/mL 
for fluconazole, 0.016 µg/mL for itraconazole, and 
≤0.031 µg/mL for efinaconazole (Clinical and Labora-
tory Standards Institute, https://clsi.org/standards/
products/microbiology/documents/m38). Although 
breakpoints do not exist for dermatophytes, MIC ≥0.5 
µg/mL for terbinafine has been correlated with resis-
tance-conferring gene mutations (4). On the basis of 
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Figure. Results of gross and 
microscopic morphology and 
microbiological laboratory testing 
to identify Trichophyton indotineae 
in a woman in Pennsylvania, 
USA. A, B) Colonies were 
velvety white, flat, and had a 
raised center (arrow) (A) and a 
light yellow pigment on reverse 
(B). C) Numerous microconidia 
showed the pyriform and clavate 
forms (black arrow) and fungal 
hyphae with septation (blue 
arrows). Original magnification 
×40. D) In vitro hair perforation 
test was positive (arrow). 
Original magnification ×100. E) T. 
indotineae had a negative urease 
test (yellowish color), while the 
positive control, Trichophyton 
tonsurans, was pinkish. 



internal transcribed spacer sequencing, we initially 
identified the isolate as T. interdigitale. Given concern 
for T. indotineae infection, we performed a BLAST 
search (https://blast.ncbi.nlm.nih.gov), which iden-
tified the isolate as T. indotineae (GenBank accession 
no. PP336547). 

Our report highlights the emergence of antifun-
gal-resistant T. indotineae as a cause of genital lesions 
and possible acquisition and transmission through 
sexual contact. Clinicians should be aware that visual 
inspection without diagnostic testing cannot reliably 
distinguish dermatophytosis from other causes of in-
flammatory skin conditions (e.g., contact dermatitis) 
(9). Subsequent inappropriate use of corticosteroids 
can exacerbate dermatophytosis. Diagnostic test-
ing (e.g., with potassium hydroxide preparation) is 
essential to correctly diagnose and appropriately 
treat fungal skin infections (1,9). Increasing clinician 
awareness of dermatophytosis as a potential cause of 
genital lesions might prevent diagnostic delays (7). 
Itraconazole is often effective against T. indotineae in-
fections, but there are challenges related to absorp-
tion, interactions between medications, insurance 
coverage, and possible need for prolonged therapy 
(sometimes requiring >3 months) and higher dos-
ages of itraconazole (e.g., 200 mg 2×/d) (2,10). Strong 
inflammatory reactions that have been reported af-
ter initiation of antifungal treatment should not be 
confused with therapeutic failure (6). In conclusion, 
our report underscores the need for clinical vigilance, 
increased surveillance such as through sexual health 
provider networks to identify emerging trends in se-
vere and antifungal-resistant dermatophytosis, stud-
ies to understand T. indotineae transmission dynam-
ics, and laboratory capacity to identify dermatophyte 
species and test for antifungal susceptibility.  
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The intracellular bacterium Chlamydia pneumoniae 
is a recognized cause of community-acquired 

pneumonia (1). High-frequency estimates were ini-
tially derived from serologic studies, but the advent 
of molecular techniques has revealed rates that are 
generally <1.5% among patients with respiratory 
tract infections, although epidemiological change 
between initial and current rate estimates cannot be 
ruled out (2,3). Sporadic outbreaks have been docu-
mented, such as a 2014 prison outbreak in Texas (4) 
and a 2016 community-acquired pneumonia out-
break in South Korea (5). In recent years, studies 
have also linked C. pneumoniae bacteria to bronchitis 
and asthma (6). C. pneumoniae bacteria has also been 
documented in patients with cystic fibrosis (7). Of 
note, infections occur at higher rates in children than 
in adults (2).

At the height of the SARS-CoV-2 pandemic, C. 
pneumoniae bacteria detection rates were low, paral-
leling the near-extinction state observed for Mycoplas-
ma pneumoniae bacteria in Europe (8). However, a cur-
rent rebound of M. pneumoniae infections is occurring 
(9). We report a similar increase in PCR-positive C. 
pneumoniae bacteria detection rates at a tertiary hos-
pital in Switzerland. As the case series and the analy-
sis thereof derive from the pathogen surveillance to 
which our institute is legally bound by the health au-
thorities, Swiss legislation on human research is not 
applicable and the consent of the patients concerned 
is not required. This publication complies with the 
applicable data protection legislation and institution-
al guidelines.

During routine epidemiologic surveillance at 
Lausanne University Hospital in Lausanne, Switzer-
land, positive C. pneumoniae bacteria PCR rates surged 
to 3.61% during October–December 2023, peaking 
at 6.66% in October, contrasting with the usual 0%–
0.75% range reported over the past decade (Figure 1, 
panel A, B). The PCR method we used for testing has 
been previously described in Opota et al. (10). In this 
most recent outbreak, we documented C. pneumoniae 
bacteria in 28 patients in 2023; of those, 20 were chil-
dren (mean age 8 years) and 8 were adults (mean age 
43 years). Patients with C. pneumoniae bacteria some-
times reported wheezing as a major clinical com-
plaint. We tested bacterial loads in patients positive 
for C. pneumoniae bacteria and found that the mean 
bacterial load was 1,534,821 DNA copies/mL (range 
200–11,998,897 DNA copies/mL). We collected naso-
pharyngeal swabs most frequently (n = 24), whereas 
we collected sputum samples (n = 5) and nasal swab 
samples (nostril only, n = 1) less frequently. Of note, 
bacterial loads were not higher in the analyzed sputa 
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Chlamydia pneumoniae infection cases have usually ac-
counted for <1.5% of community-acquired respiratory tract 
infections. Currently, Lausanne, Switzerland is experienc-
ing a notable upsurge in cases, with 28 reported within a 
span of a few months. This upsurge in cases highlights the 
need for heightened awareness among clinicians.

Figure 1. Positivity rate of Chlamydia pneumoniae PCRs in a tertiary care hospital, Lausanne, Switzerland. A) Yearly number of C. 
pneumoniae PCR tests conducted during 2014-2023. The final bar shows the last quarter of 2023, when the positivity rate exhibited 
a notable increase to 3.61%. B) Monthly numbers of C. pneumoniae PCR tests performed in 2023, showcasing positive tests and 
corresponding positivity rates. The data reveal a peak in the percentage of positivity of 6.66% in October.



than in the nasopharyngeal swabs (p = 1 by Wilcoxon 
rank-sum test) (Figure 2). 

The results of this analysis should be interpret-
ed with caution in the absence of a larger number of 
paired samples. This analysis includes only 2 paired 
samples exhibiting <1 logarithm (decimal) of differ-
ence in DNA copies per milliliter. 

To explain this sudden surge of C. pneumoniae 
bacterial infection, we suspect 2 primary factors. First, 
decreased immunity may have developed because of 
fewer circulating strains in the population over the 
past 3 years, related to SARS-CoV-2 transmission pre-
vention measures. Second, recently relaxed hygiene 
standards after the SARS-CoV-2 pandemic may have 
increased the risk for infection.

Clinical suspicion of C. pneumoniae infection 
is particularly warranted when patients’ clinical 
manifestations include a persistent dry cough or 
wheezing. Molecular testing, if available, should be 
the first-line diagnostic tool with nasopharyngeal 
swabs as an acceptable sample collection method. 
We do not recommend serologic testing in such 
cases because of the need to collect convalescent 
serum and the late appearance of antibodies. An-
tibodies generally develop 2–3 weeks after symp-
tom onset for IgM and 4–8 weeks for IgG, which is 
rather late for diagnostic and therapeutic purposes. 
Furthermore, because C. pneumoniae bacterial in-
fection can be treated by macrolides, doxycycline, 
or fluoroquinolones, current increases in both C. 
pneumoniae and M. pneumoniae bacteria lead us to  

recommend PCR testing for both bacteria in symp-
tomatic patients, instead of testing only for re-
spiratory viruses. Although co-infection with M. 
pneumoniae bacteria occurred in only 1 patient (M. 
pneumoniae PCR was tested on all samples) in our 
cohort, viral co-infections are not uncommon. Many 
multiplexed PCR respiratory panels are available 
and could help monitor the trend of C. pneumoniae 
bacterial infections on a larger scale.

In conclusion, we outline an upsurge of C. pneu-
moniae bacterial infections in the Lausanne region of 
Switzerland, especially in the pediatric population, 
raising concerns for other settings and regions. We 
found no clear epidemiologic link between patients, 
which suggests that we are detecting a minority of 
cases and that infections may occur at higher rates in 
the community than we have documented. This local 
finding highlights the importance of considering this 
intracellular bacterium as a causative agent, along 
with other fastidious organisms such as M. pneumoni-
ae bacteria, which are also on the rise (9). 
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Figure 2. Boxplot of the quantifications of the Chlamydia 
pneumoniae–positive PCRs, by sample type, in a tertiary care 
hospital, Lausanne, Switzerland. In total, 24 nasopharyngeal 
swab and 5 sputum samples were available. For 2 patients, 
data were paired, with 1 nasopharyngeal swab and 1 sputum 
sample available for each. Black dots indicate individual samples; 
horizontal lines within boxes indicate medians; box tops and 
bottoms indicate interquartile range; and error bars indicate 1.5 
times the value of the interquartile ranges. The nostril swab was 
omitted from the analysis. We observed no statistically significant 
difference between the groups (Wilcoxon rank-sum test).
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In February 2023, the first case of highly pathogenic 
avian influenza (HPAI) A(H5N1) in Argentina was 

detected in a wild goose near the border with Boliv-
ia and Chile (Appendix Figure 1, https://wwwnc. 
cdc.gov/EID/article/30/4/23-1725-App1.pdf) (1). 
In contrast with Peru and Chile, where extensive 
mortality of seabirds and marine mammals had been 
attributed to the virus in the preceding months (2,3), 
the initial spread of HPAI H5N1 in Argentina was 
largely limited to backyard and industrial poultry 
(94 outbreaks), causing the death or disposal of 2.2 
million birds. Argentina declared itself free from the 
disease in poultry on August 8, 2023; before then, 
HPAI H5N1 detections in wildlife in Argentina had 
been scarce (7 events during February–April) and 
limited to aquatic birds (Anatidae, Laridae, and Ral-
lidae) (1,4). However, soon thereafter, the national 
animal health services confirmed HPAI H5N1 in 
South American sea lions (Otaria byronia) from Río 
Grande, southernmost Argentina. Over subsequent 
weeks, the virus was detected in sea lions northward 
along the Argentina coast, and sporadic cases also 
occurred in South American fur seals (Arctocephalus 
australis). The most affected site was Punta Bermeja 
(Appendix Figure 1), the largest sea lion colony in 
Argentina, where an estimated 811 sea lions died 
over 2 months; minimal numbers (<5) of fur seals 
and terns were also affected (1,4). 

In collaboration with provincial authorities and 
park rangers, we collected swab samples (oronasal, 
rectal, tracheal, lung, and brain) from 16 deceased 
sea lions, 1 fur seal, 1 great grebe (Podiceps major), 
and 1 South American tern (Sterna hirundinacea) 
discovered at Punta Bermeja on August 26, 2023. A 
sampled adult male sea lion was seen alive showing 
clinical signs consistent with HPAI infection (inabil-
ity to stand or walk, muscular tremors and spasms, 
difficulty breathing, and abundant oral mucus). We 
tested the samples by real-time reverse transcription 
PCR targeting influenza A virus (5) and confirmed 
that all were positive. On the basis of viral RNA 
yields, we selected brain samples from 4 sea lions, 1 
fur seal, and 1 tern for full-genome sequencing (Ap-
pendix Figure 2). We used maximum-likelihood tree 
phylogenetic analysis (6) and mutational analysis 
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We report full-genome characterization of highly patho-
genic avian influenza A(H5N1) clade 2.3.4.4b virus from 
an outbreak among sea lions (August 2023) in Argentina 
and possible spillover to fur seals and terns. Mammalian 
adaptation mutations in virus isolated from marine mam-
mals and a human in Chile were detected in mammalian 
and avian hosts.



to compare the sequences (GenBank accession nos. 
OR987081–128) with representative HPAI H5N1 
strains from South America.

Phylogenetic trees (Figure; Appendix Figure 
2) showed that the viruses we identified belong to 
HPAI H5N1 clade 2.3.4.4b and are closely related to 
H5N1 viruses that circulated in South America dur-
ing 2022–2023. Our finding supports the hypothesis 
that, after introduction from North America into 
Peru in November 2022, HPAI H5N1 viruses con-
tinued spreading across the continent and into Ar-
gentina. Of note, the viruses from Punta Bermeja 
did not cluster with the hemagglutinin and neur-
aminidase sequences available from HPAI H5N1 
first detected in a wild goose in Argentina. Instead, 

all gene segments from the viruses were closely re-
lated to virus sequences from sea lions in Chile and 
Peru (2; C. Pardo Roa, unpub. data, https://www.
biorxiv.org/content/10.1101/2023.06.30.547205v); 
6 gene segments (all except polymerase basic pro-
tein 1 and nucleocapsid protein) also clustered with 
the virus isolated from a human in Chile (7). That 
finding suggests that viruses from Punta Bermeja 
may have been derived from a separate HPAI H5N1 
introduction into Argentina. Because of the lack of 
genomic data for HPAI H5N1 viruses circulating 
in Argentina during February–July 2023, the finer 
scale pathways (local geographic routes and host 
species involved) of how these viruses arrived at 
Punta Bermeja remain unclear. Even so, the viruses 
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Figure. Maximum-likelihood trees for hemagglutinin (A) and polymerase basic 2 (B) gene segments evaluated in study of highly 
pathogenic avian influenza A(H5N1) in Argentina compared with reference strains from other countries in South America. Tree areas 
have been enlarged at right to show detail. Red arrows indicate virus from marine mammals in Argentina; red asterisk indicates virus 
from a tern in Argentina. Black arrowhead along full tree in panel A indicates the hemagglutinin sequence from the first detection of 
HPAI H5N1 in a wild goose in Argentina. Node shape represents host group, and node color (and bars adjacent to trees) represents the 
region/country. Branch lengths are drawn proportionally to the extent of changes. Values adjacent to nodes represent bootstrap support 
>40. Scale bars indicate nucleotide substitutions per site.



that we report did not cluster with those from birds 
in Uruguay, Brazil, or Bird Island (Antarctica), pos-
sibly suggesting separate pathways of virus spread.

On the basis of previous comparisons with HPAI 
H5N1 isolates from other countries in South America, 
we identified 9 mutations already present in viruses in-
fecting sea lions in Peru and Chile but not in the goose/
Guangdong reference strain or in viruses from birds and 
mammals from North America in 2022 (Table, https://
wwwnc.cdc.gov/eid/article/30/4/23-1725-t1). Spe-
cifically, we found Q591K and D701N mutations in 
polymerase basic 2 associated with increased patho-
genicity to mammals (8). The virus we detected in the 
South American tern also has those mutations, but they 
were absent from previously reported HPAI H5N1 vi-
ruses from avian hosts in South America (except for A/
sanderling/Arica y Parinacota/240265/2023, which 
has the D701N mutation). That finding further sup-
ports the hypothesis that HPAI H5N1 viruses from sea 
lions from Peru and Chile acquired mammalian adap-
tation mutations that improved their ability to infect 
pinnipeds while possibly retaining the ability to infect 
avian hosts. Given the rapid and widespread dissemi-
nation of the viruses among pinnipeds in South Amer-
ica and the substantial associated mortalities (3,9), it 
seems likely that pinniped-to-pinniped transmission 
played a role in the spread of the mammal-adapted 
HPAI H5N1 viruses in the region. It is alarming that 
the HPAI H5N1 viruses infecting pinnipeds and sea-
birds in Argentina share the same mammalian adapta-
tion mutations as the virus from the affected human in 
Chile, which highlights the potential threat posed by 
these viruses to public health.
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Monkeypox virus (MPXV) (Orthopoxvirus genus, 
Poxviridae family), which causes mpox, is a large 

double-stranded DNA zoonotic virus first identified 
in 1958 in macaque primates (1). The first human case 
was reported in 1970, and recent outbreaks have at-
tracted worldwide public attention (1). The 2022 out-
break has been one of the largest documented and af-
fected numerous countries around the globe (1).

MPXV is known to infect chimpanzees, one of the 
nonhuman great ape species (2). The past 3 decades 
that great ape–infecting viruses have been studied has 
provided insight into the coevolution of these viruses 
and their hosts, and sometimes the origins of other 
important human pathogens, such as herpes simplex 
virus 2 (3). Museomics, which uses DNA from mu-
seum specimens for genomic studies, complements 
the study of contemporary wild populations because 
viral DNA has been detected in museum (4) and ar-
cheological specimens (5).

We report findings related to 4 orangutan (Pon-
go sp.) specimens that came to the zoologic research 
museum Alexander Koenig in Bonn, Germany, in 
1965 and that were originally reported to be from 
wild animals from Sumatra. We extracted DNA 
from the orangutan teeth, built genomic libraries 

(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/30/4/23-1546-App1.pdf), performed shotgun 
sequencing, and used a hybridization capture bait set 
targeting various DNA viruses.

Two of the specimens showed sufficient endog-
enous DNA content to validate their taxonomic as-
signment to Sumatran orangutans (Pongo abelii) ge-
nomically (Appendix Figure 2). Our analysis found 
low levels of human contamination (0.7%–1.1%) and 
short insert sizes consistent with degraded DNA but 
no deamination patterns typical for ancient DNA 
(Appendix). We conducted taxonomic classification 
of the captured data by using Kraken2 (https://
github.com/DerrickWood/kraken2), which revealed 
the presence of MPXV.

MPXV is likely bound to reservoir species nor-
mally distributed throughout Africa (6). Because this 
virus has occasionally spread out of Africa, we fur-
ther investigated the origin and history of the MPXV-
positive orangutans. We requested, and the museum 
provided, a letter from the wildlife trader in the Neth-
erlands who sold the specimens to the museum in 
1965. The letter stated that the specimens originated 
from captive zoo animals from 1964, rather than from 
wild animals from Sumatra. The letter did not specify 
from which zoo the animals were obtained.

We then mapped the reads to a MPXV genome 
(GenBank accession no. KJ642614) (Appendix Figures 
3, 4) from a 1965 outbreak in the Rotterdam Zoo, Rot-
terdam, the Netherlands. This genome was the best 
match and very close in age to the animals we test-
ed. Sample MAM1965–0547 yielded the best results, 
showing 19.12 mean depth of coverage (Table). For 
the 3 other specimens, we obtained 9.57-fold, 0.03-
fold, and 2.81-fold mean genome coverage.

MPXVs were first identified from outbreaks in fa-
cilities housing nonhuman primates in the 1950s and 
1960s. Genomes of isolates derived from those out-
breaks have since been sequenced by other research-
ers, enabling us to investigate the potential ties of our 
specimens to specific outbreaks by using phylogenet-
ic analyses. The MPXV genomes from the museum 
orangutans fall into clade IIa and were closely related 
to the genome derived from the 1965 Rotterdam Zoo 
outbreak (Figure; Appendix Figure 5); only 2 muta-
tions were identified between the genomes sequenced 
in this study and the ones from 1965 (Appendix). The 
Rotterdam Zoo outbreak severely affected orang-
utans kept at the facility, and 6 of 10 infected animals 
died (7). Those orangutans were possibly infected by 
an animal that had previously been in contact with 
other MPXV-infected monkeys (6). Given the concor-
dance of the dates and circumstances, combined with 1These authors contributed equally to this article.

We used pathogen genomics to test orangutan speci-
mens from a museum in Bonn, Germany, to identify the 
origin of the animals and the circumstances of their death. 
We found monkeypox virus genomes in the samples and 
determined that they represent cases from a 1965 out-
break at Rotterdam Zoo in Rotterdam, the Netherlands.
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the genetic evidence, we are confident that we identi-
fied some of those animals within our museum speci-
mens. This case is unusual because we were able to tie 
nonhuman great ape museum specimens to a specific 
outbreak. The genome isolated in 1965 and the ones 
obtained from dry specimens stored for >50 years are 
almost identical. 

Our work linking the MPXV infection of those 
orangutans to a specific outbreak further highlights the 
importance of museum specimens to the study of virus 
diversity and evolution. Several human viruses were 
first discovered in captive nonhuman primates. Human 
respiratory syncytial virus was first identified in 1956 in 
captive chimpanzees (8,9). If natural history collections 

 
Table. Relevant mapping statistics of MPXV genomes from the museum orangutan specimens from Europe when mapped to the 
genome responsible for the MPXV zoo outbreak in Rotterdam, the Netherlands, 1965 

Sample 

No. 
sequenced 

reads 

Mapped reads 
no. duplicates, 

MQ>30 

Mean 
mapping 
quality 

Mean 
fragment 
length, bp 

Mean 
coverage 

depth, + SD 

 

 

 
% Coverage Frequency first base 

1 5 10 C to G G to A 
MAM1965-547 3,139,078 27,482 36.39 125.6 19.12 + 10.60 98.73 96.8 81.85  0.023 0 
MAM1965-545 1,492,386 12,963 36.6 135.68 9.57 + 5.11 98.56 84.73 38.83  0.024 0 
MAM1965-544 151,272 67 34.35 64.36 0.03 + 0.24 1.812 0 0  0.143 0 
MAM1965-546 270,634 4,616 36.28 108.89 2.81 + 2.62 78.78 21.48 1.54  0.014 0 
*MPXV, monkeypox virus; MQ, mapping quality. 

 

Figure. Maximum-likelihood phylogeny tree showing the close relation between MPXV genomes from museum orangutan samples from 
Germany (bold text), which fall into clade IIa, to the genome derived from the MPXV zoo outbreak in Rotterdam, the Netherlands, 1965. 
The phylogeny tree is rooted on the outgroup genome (GenBank accession no. NC_003310) from clade I with the museum orangutan 
genomes MAM1965–545 and MAM1965–547. The consensus sequences for the ancient sequences are based on a mapping to the 
Rotterdam genome. The final single-nucleotide polymorphisms alignment length was 138,240 bp. The collapsed node contains genomes 
from Pan troglodytes verus from Cote d’Ivoire (GenBank accession nos. MN346690, MN346692, MN346694–8, MN346700–1).
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have regularly acquired specimens from such outbreaks 
and we can identify them in their records, such speci-
mens could represent not only a treasure trove of biodi-
versity (10) but also an alternative source of pathologic 
specimens and infectious agent genomic material.
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Orthohantaviruses are negative-sense, enveloped 
RNA viruses that are transmitted by host reser-

voirs, such as rodents, to humans. Human infection 
occurs through inhalation of aerosolized viral par-
ticles from host excreta, such as urine or feces, often 
in enclosed spaces during infestations. New World 
orthohantavirus infection results in hantavirus car-
diopulmonary syndrome (HCPS), which consists of 
febrile illness with edema and respiratory failure (1). 
In the United States, most HCPS cases occur in the 
Southwest and have a ≈35% mortality rate (2).

The dominant orthohantavirus that causes HCPS 
in the United States is Sin Nombre virus (SNV), which 
is thought to be carried and transmitted by the western 
deer mouse (Peromyscus sonoriensis). New York virus 
(NYV) is another pathogenic variant of orthohantavi-
rus that is found in white-footed deer mice (Peromyscus 
leucopus); cases occur primarily in the Northeast region 

of the country (3). Although multiple host reservoirs for 
orthohantaviruses are distributed throughout the Unit-
ed States, most human cases are caused by SNV (4,5).

In early May 2021, a previously healthy 65-year-
old woman visited an emergency department in 
Washtenaw County, Michigan, USA, with febrile 
prodrome of 3–6 days, thrombocytopenia, mild 
transaminase elevation, and acute hypoxic respi-
ratory failure of unclear etiology requiring intuba-
tion. An extensive infectious disease workup was 
conducted, and physicians initially ruled out such 
pulmonary pathogens as SARS-CoV-2, common re-
spiratory viruses, fungal agents, and Legionella spp. 
The family was interviewed to obtain a travel and 
animal exposure history, which revealed that the 
patient had not traveled outside of Michigan in the 
previous year. The interview also confirmed that 
the patient had not consumed unpasteurized dairy 
or undercooked meat, had a mostly indoor dog, 
lived near a natural area but used trails/sidewalks, 
and had no known rodent infestation in the home. 
However, the spouse reported that the patient had 
spent time recently cleaning out a relative’s home 
that had been uninhabited for 2 years and was in-
fested with mice. 

 
Table. Measurements, location, and quantitative PCR results from captured rodents at likely site of patient orthohantavirus exposure, 
Michigan, USA, 2021* 

Sample ID 
Species  

(common name) 
Weight, 

g 
Total 

length, mm 
Tail length, 

mm 

Hind foot 
length, 

mm 
Ear size, 

mm Age/sex 
Location of 

capture 

PCR+ 
tissue  

(Ct values) 
YR-01 Peromyscus 

leucopus (white-
footed mouse) 

13.2 152 75 19.5 16.5 Subadult/M Garage 
right front 

corner 

Kidney (33, 
33), BAF 
(35, 35) 

YR-02 Blarina brevicauda 
(Northern short-

tailed shrew) 

18 115 27 15 2.5 Adult/F Backyard NA 

YR-03 P. leucopus  21 174 86 20.5 17.5 Adult/F Backyard Kidney (39, 
39), liver 
(38, 34) 

YR-04 Tamias striatus 
(Eastern chipmunk) 

84.5 221 75 33.5 18 Adult/F Backyard NA 

YR-05 T. striatus 73.5 222 85 36.5 18 Adult/M Backyard NA 
YR-06 P. leucopus  17 159 73 20.5 17 Subadult/M Porch right 

back corner 
NA 

YR-07 T. striatus  90 225 83 35 14.5 Adult/F Neighbor 
backyard, 
right side 

NA 

YR-08 T. striatus  91 224 83 35 19 Adult/F Neighbor 
backyard, 
right side 

NA 

YR-09 T. striatus  88 227 93 34 15 Adult/F Neighbor 
backyard, 
right side 

NA 

YR-10 T. striatus  94 202† 48† 36 18 Adult/M Backyard Lung (35, 
35) 

YR-11 T. striatus  58 214 85 36 14 Subadult/M Backyard NA 
YR-12 T. striatus  49 196 72 37 17 Subadult/M Backyard Lung (39, 

39) 
*BAF, brown adipose fat; Ct, cycle threshold; ID, identification; PCR+, positive result determined by quantitative reverse transcription PCR. 
†Bobbed tail. 

 

Orthohantaviruses cause hantavirus cardiopulmonary syn-
drome; most cases occur in the southwest region of the 
United States. We discuss a clinical case of orthohantavirus 
infection in a 65-year-old woman in Michigan and the phy-
logeographic link of partial viral fragments from the patient 
and rodents captured near the presumed site of infection.
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Results of a tickborne disease panel were nega-
tive, but hantavirus antibody testing performed at a 
commercial lab showed positive results for both IgM 
and IgG. The treating hospital notified the Michigan 
Department of Health and Human Services of a case 
of HCPS. Confirmatory hantavirus testing was ar-

ranged and confirmed with the Centers for Disease 
Control and Prevention, using serum samples col-
lected from hospitalization.

Trapping was performed in and around the 
suspected site of exposure (relative’s home) using 
Sherman folding traps (https://shermantraps.com; 

Figure. Phylogenetic analysis of 
orthohantavirus sequence fragments 
from samples taken from a 65-year-
old woman in Michigan, USA, and 
trapped rodents from the likely 
site of exposure (blue text). Trees 
displaying the patient small fragment 
(481 bp) (A), medium fragment 
(283 bp) (B), and large fragment 
(377 bp) (C) were aligned against 
wild-caught rodents near site of 
exposure and reference sequences. 
Numbers along branches indicate 
bootstrap values of 500 replicates. 
GenBank accession numbers: 
human patient, OR428177–9; 
YR-01, brown adipose fat from a 
Peromyscus leucopus white-footed 
mouse, OR428180–2; YR-03, 
kidney tissue from a P. leucopus 
mouse, OR428183–5; and YR-10, 
lung tissue from a Tamias striatus 
Eastern chipmunk, OR428186–8. 
Scale bars indicate number of 
substitutions per site.
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94 trap nights), resulting in 12 rodents captured 
(12.8% trap success) under an approved animal-use 
protocol (6). Trapping was conducted 12 days af-
ter the patient was released from the hospital. Re-
searchers observed signs of previous trapping ef-
forts; 5 unusable Peromyscus mouse carcasses were 
found in snap traps in the residential basement. 
Signs of infestation were evident. Of the 12 trapped 
rodents, 3 (25%) were P. leucopus mice, 1 (8%) was 
a Northern short-tailed shrew (Blarina brevicauda), 
and 8 (67%) were Eastern chipmunks (Tamias stri-
atus) (Table). The surrounding flora consisted of 
lawns, shrubs, and an evergreen windbreak near a 
public trail.

Using quantitative reverse transcription PCR, 
we screened lung, liver, brown fat, or kidney tissue 
from captured rodents and from a plasma sample 
of the patient obtained during hospitalization (6). 
Brown fat and kidney tissue from 2 P. leucopus mice 
and lung tissue from 2 T. striatus chipmunks tested 
positive for SNV. Three fragments were obtained 
from the patient sample, 1 for the short segment (480 
bp), 1 for the medium segment (283 bp), and 1 for 
the large segment (377 bp). Similar fragments were 
also generated from 3 of the 4 infected rodents; all 
sequences are publicly available in GenBank (acces-
sion nos. OR428177–88). We compared fragments by 
using phylogenetic analysis against several known 
orthohantavirus reference sequences to determine 
potential identification. The partial sequences of 
SNV short and medium segments from the patient 
formed a phylogenetic lineage with SNV sequences 
from the rodents collected in or near the suspected 
site of exposure in Michigan. However, the patient’s 
large fragment formed a lineage with NYV, sug-
gesting that this species may be an SNV or NYV  
variant (Figure).

Previously, we identified the likely site of ro-
dent-to-human SNV transmission in a patient case 
study (6). Here, we attempted a similar approach 
but were only able to generate partial sequences for 
the patient sample, which we compared with cap-
tured rodents. Orthohantavirus incubation periods 
can be up to several weeks after exposure (7), which 
may impact the timeliness of trapping efforts. We 
found infected P. leucopus mice and T. striatus chip-
munks at the site of exposure, both of which have 
been reported to carry NYV or SNV; P. leucopus 
mice are susceptible and capable vessels for SNV  
replication after laboratory infection (6,8–10). This 
finding suggests that orthohantaviruses may not 
be as species host–restricted as previously thought. 
Further studies are warranted to clarify (or define) 

orthohantavirus species in Michigan to anticipate 
the risk for patient infection. Increasing surveillance 
and diagnostic efforts can enable prospective detec-
tion of circulating viruses. 
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A reported increase of hookworm and strongy-
loidiasis transmission in rural Alabama, USA, 

in 2017 (1) has led to more interest in isolated cases 
of autochthonous transmission of soil-transmitted 
helminths in the southeastern United States. This 
increased transmission and interest led to several 
small- and large-scale surveys of soil-transmitted 
helminths and other parasitic diseases in Mississip-
pi (2–4), Alabama (5), and Texas (6). No cases of as-
cariasis were identified in those surveys. However, 
highly endemic porcine ascariasis is present in some 
farmed pigs in the United States (7). Sporadic reports 
have been documented of autochthonous ascariasis 
cases and case clusters in northeastern states (8), and 
Ascaris lumbricoides roundworm–mediated Löffler 
syndrome (eosinophilic pneumonitis) has been re-
ported in Louisiana over the past decade (9). Those 
autochthonous ascariasis cases represented spillover 
infections to humans from pigs. We describe a case 
of zoonotic ascariasis from New Albany in Union 
County, Mississippi.

A previously healthy 2-year-old girl was 
brought to her local pediatrician with complaints 
of abdominal cramping for 2 weeks, loose stools 
(without blood or mucous), and a decreased appe-
tite. The family was originally from Mexico but had 
lived in the United States for 13 years. Neither the 
patient nor her twin sister had been outside of the 
United States. The family lived on a farm with pigs, 
and both children reportedly ate dirt from the house 
plants. The mother found a motile worm in the pa-
tient’s diaper, filmed the worm, and then discarded 
the diaper and worm. 

We identified the helminth from the vid-
eo (Video, https://wwwnc.cdc.gov/EID/
article/30/4/24-0176-V1.htm) as an adult female 
A. lumbricoides worm because of the characteristic 
size, shape, reddish-orange color, and a pointed 
rather than recurved tail. The patient was treated by 
her pediatrician with ivermectin (1 dose of a 3 mg 
tablet) because albendazole was not available and 
mebendazole was not covered by the patient’s in-
surance. We performed automated complete blood 
counts by using an in-office hematology analyzer 
(without eosinophil count capacity). The patient 
was not anemic (hemoglobin 11.8 g/dL [reference 
range, for age 11–13.7 g/dL]; mean corpuscular 
volume 80.4 fL [reference range for age 75–86 fL]). 
We treated the family members as a precautionary 
measure. We obtained stool samples from the pa-
tient within 24 hours of treatment but detected no 
eggs on Kato–Katz microscopic smear. The patient 
did not expel any additional worms. We followed 1These authors are co–first authors.

We describe a case of a 2-year-old child who expelled a 
single adult female Ascaris lumbricoides worm. The pa-
tient is from a rural county in Mississippi, USA, with no 
reported travel outside of the United States. The care-
givers in the home practice good sanitation. Exposure to 
domestic pigs is the likely source of infection.
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the patient clinically with complete blood counts, 
and her symptoms resolved without complication.

The Mississippi State Department of Health 
conducted field visits to the patient’s home, but the 
family’s pigs had been sent to slaughter. The family 
has 2 flush toilets in their home used for all defeca-
tion and disposal of feces. The Mississippi State De-
partment of Health counselled all family members 
on handwashing, especially after contact with soil 
where pigs had defecated.

This case represents an autochthonous acquisi-
tion of ascariasis in the southeast United States. Only 
1 worm was expelled by the patient, even after treat-
ment, and the absence of eggs when treatment oc-
curred suggests that this patient harbored a single 
adult worm infection. The lifespan of adult A. lum-
bricoides worms within human hosts is up to 2 years, 
and eggs may remain viable in soil for up to 10 years 
(10). The patient’s family had been living in the Unit-
ed States for 13 years, and no promiscuous defecation 
was occurring in the child’s environment. However, 
the child lived near domestic pigs, which is a com-
mon zoonotic origin for this infection.

Ascariasis is often asymptomatic or subclinical, al-
though abdominal pain, distension, and wasting may 
occur (7–10). Adult worms migrating in the intestinal 
tract may obstruct the bile or pancreatic ducts, lead-
ing to cholecystitis or pancreatitis (10). Occasionally, 
migrating adult worms may be expelled through the 
rectum or emerge from the nose or mouth. In patients 
with heavy worm infections, bowel obstruction, in-
tussusception, volvulus, and small bowel perforation 
may occur (10). Heavy infections may also cause mal-
absorption and stunting with consequent vitamin de-
ficiencies, growth retardation, altered immunity, and 
impaired cognition (7,10). A larva migrans syndrome 
may be observed, caused by immune-mediated re-
sponses to the visceral migration of A. lumbricoides 
worm larvae through the lungs and appearing as Löf-
fler syndrome (9).

Confusion exists over the taxonomic status of 
Ascaris helminths in pigs and humans. The genus 
Ascaris was once split into 2 species, A. suum and 
A. lumbricoides, but modern genotyping methods 
have determined that the 2 categories are instead 
separate genotypes of the same species, A. lum-
bricoides (7). Genotypic surveillance of adult A.  
lumbricoides worms from farmed pigs in Iowa found 
10 haplotypes present, including those belonging 
to A. lumbricoides (human), A. suum (pig), and hy-
brid genotypes (7).

In summary, we describe a case of likely zoonotic 
autochthonous human ascariasis acquired in rural 

northern Mississippi. Sporadic ascariasis cases in the 
United States are most often zoonotic in origin, with 
exposure to pigs, or soil contaminated with pig feces, 
as the primary risk factor.
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Hepatitis E virus (HEV) is a major cause of acute 
viral hepatitis in Europe. HEV is classified into 8 

major genotypes, but zoonotic genotype 3 is the most 
prevalent on the continent (1). HEV was considered 
the only zoonotic species in the Hepeviridae fam-
ily until rat HEV (Rocahepevirus ratti) was identified. 
Rat HEV was the causal agent of chronic hepatitis in 
a transplant recipient from Hong Kong in 2018 (2). 
Since that discovery, nearly 30 cases of chronic and 
acute hepatitis have been reported in America, Asia, 
and Europe (3–6), affecting both immunosuppressed 
and immunocompetent persons. Those cases high-
light the zoonotic potential of rat HEV, emphasizing 
its growing concern to public health.

Rodents are the main host of rat HEV, but its 
transmission routes remain unclear. Although direct 
and indirect contact with rodents have been suggest-
ed as potential transmission routes, only 1 registered 
case has involved such contact (6). Thus, alternative 
sources of infection seem possible, potentially from 
an alternate host with which humans have more con-
tact (7). Because domestic pigs (Sus scrofa domestica) 
are highly susceptible to HEV and constitute the main 
natural viral reservoir, they could also be susceptible 
to rat HEV and potentially serve as hosts. Confirm-
ing that hypothesis could have major implications for 
public health. We aimed to assess the presence of rat 
HEV in a population of farmed pigs in Spain.

During May–June 2023, we randomly selected 
and prospectively sampled domestic pigs from 5 in-
tensive breeding system farms in Cordoba, southern 
Spain. We collected rectal fecal samples from each 
pig and stored samples at −80°C until RNA extrac-
tion (Appendix, https://wwwnc.cdc.gov/EID/
article/30/4/23-1629-App1.pdf).

We included a total of 387 pigs in the study and 
found rat HEV in 44 pigs, an individual prevalence of 
11.4% (95% CI 8.6%–14.9%) (Table). Sequencing con-
firmed the identity as rat HEV (species R. ratti) (Gen-
Bank accession nos. OR977681–7 and OR977689–7711) 
(Appendix Figures 1, 2). Among the 5 farms, 2 (40%) 
had >1 rat HEV–positive pig. Of note, 93.2% (41/44) 
of positive animals were from the same farm (Figure; 
Appendix Table 3). HEV RNA was detected in 6 pigs, 
indicating a prevalence of 1.6% (95% CI 0.6%–3.4%). 
All HEV-positive pigs were from the same farm and 
had sequences consistent with HEV genotype 3f 
(GenBank accession nos. OR818554–60), but rat HEV 
was not detected in that farm.

The hypothesis that pigs are not susceptible to 
rat HEV was formed on the basis of experimental in 
vivo studies (8). Because animals in that study were 
not infected after challenge with rat HEV strains (8), it  

We identified rat hepatitis E virus (HEV) RNA in farmed 
pigs from Spain. Our results indicate that pigs might be 
susceptible to rat HEV and could serve as viral interme-
diaries between rodents and humans. Europe should 
evaluate the prevalence of rat HEV in farmed pigs to as-
sess the risk to public health.
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appeared that pigs were resistant to rat HEV infec-
tion. However, our study detected rat HEV RNA in 
pigs, suggesting the possible role of pigs in rat HEV 
epidemiology. That finding increases the range of 
species susceptible to rat HEV, suggesting that its 
transmission might not be restricted to rodents. The 
number of positive animals we found suggests that 
rat HEV is widespread among pig populations in the 

study area. That observation might be linked to the 
elevated positivity rate (55%) discovered in rodents 
from the same region (9), implying that the lack of 
rodent control measures might increase the risk for 
rat HEV transmission.

The presence of rat HEV in farmed pigs is of 
public health concern, especially considering global 
pork consumption. Our study highlights the possibil-
ity that pigs intended for human consumption could 
contribute to rat HEV transmission. The European 
Food Safety Authority (EFSA) recommends monitor-
ing HEV in pigs to identify alterations in virus distri-
bution and prevent its spread to new farms, aiming 
to reduce human cases (10). Our results suggest that 
a preliminary evaluation of rat HEV in farmed pigs 
should be also conducted in Europe, which could 
confirm our results and increase our understanding 
of virus transmission.

The first limitation of our study is that because of 
its exploratory nature, the sampling area was restrict-
ed to a single region, but our findings underscore the 
need to extend the evaluation of rat HEV to determine 
its magnitude. Second, because no serologic assays 

 
Table. Demographic data of pigs and characteristics of farms in a 
study of detection of rat HEV in pigs, Spain, 2023* 
Characteristics No. (%), n = 387 
Age range  
 Adult 188 (48.6) 
 Subadult 169 (43.7) 
 Unknown 30 (7.8) 
Breed  
 Iberian 159 (41.1) 
 White 148 (38.2) 
 Iberian cross 80 (20.7) 
Aptitude  
 Reproductive 188 (48.6) 
 Fattening 199 (51.4) 
Farm HEV status  
 Rat HEV–positive 44 (11.4) 
 HEV-positive 6 (1.6) 
*HEV, hepatitis E virus. 

 

Figure. Geographic locations of 
farms included in a study of rat 
hepatitis E virus in pigs, Spain, 
2023. Triangles indicate farms with 
>1 pig positive for rat HEV RNA 
are marked, circles farms with no 
positive pigs. Inset shows shaded 
area in Spain where the sampling 
occurred.
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are available for detecting rat HEV antibodies in pigs, 
our analysis was limited to molecular testing on fecal 
samples; thus, we cannot confirm rat HEV infection. 
However, our study justifies the design of new stud-
ies to evaluate the presence of rat HEV in blood and 
tissues samples. Finally, implementation of serologic 
analysis on rat HEV might enhance our comprehen-
sion of the pathogenesis of both HEV and rat HEV 
and assist in future investigations into risk factors.

In conclusion, our study shows the possibility 
that pigs are susceptible to rat HEV infection, chal-
lenging previous assumptions. Further studies are 
warranted to determine the role of pigs in rat HEV 
epidemiology and to assess the risk for direct or in-
direct zoonotic transmission from pigs. In addition, 
Europe should conduct an evaluation of rat HEV in 
farmed pigs to assess the overall risk to public health.
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The highly pathogenic avian influenza A virus sub-
type H5, identified in Guangdong Province, Chi-

na, in 1996, has evolved into multiple distinct phy-
logenetic clades and undergone reassortment events 
(1). In 2014, a new clade (2.3.4.4) that included influ-
enza A(H5N6) virus emerged in Asia and has caused 

both epizootic and zoonotic cases worldwide (2). As 
of August 1, 2023, a total of 86 human cases of H5N6 
infection have been reported globally; 40 (46.5%) 
have resulted in death (3). Most cases were reported 
in China, and 1 case was reported in Laos (3). An in-
crease in the number of H5N6 human infections dur-
ing 2021 and 2022 has been observed, reaching a total 
of 55 cases, exceeding the cumulative total number of 
the reported H5N6 human infections in the preceding 
years (Figure 1, panel A). This sudden upsurge has 
consequently raised concerns over a higher risk for 
H5N6 transmission.

Previous studies have indicated a higher preva-
lence of human infections with H5 viruses, according 
to serologic evidence, compared with the number of 
World Health Organization–confirmed cases (4). A 
shortage of serologic surveillance studies focusing 
on human H5N6 infections in the general population 
exists (5,6). To better assess the risk for H5N6 infec-
tions during the 2021–22 wave, we conducted a cross-
sectional serologic study during January–March 2022 
(Figure 1, panel A) in Dongguan and Huizhou cities 
in Guangdong Province. The cities were the epicenters 
of human H5N6 infections in 2021 (Figure 1, panel B). 
Given the unclear seroprevalence of H5N6 virus in 
the general population, we used an estimated H5N1 
seropositivity rate of 1.2% (4) for our sample size cal-
culation, targeting a 95% CI and a precision of 0.006. 
Assuming a dropout rate of 15%, we calculated that a 
sample size of 6,012 in the general population would 
be required. This study was approved by the ethics 
committee of the First Affiliated Hospital of Guang-
zhou Medical University (ethics approval no. 2016-78).

We excluded poultry workers and patients with 
oncologic diseases, hematologic malignancies, or 
immunocompromising conditions from our study. 
The patients who reported respiratory symptoms or 
diseases were not excluded and represented a small 
fraction of the sample pool (46 [0.72%]). We collect-
ed serum samples from 6,363 participants at 72 local 
hospitals and physical examination centers across 
Dongguan and Huizhou cities, ensuring a broad re-
gional representation. Of the participants, most were 
outpatients (4,284 [67.33%]); the remaining partici-
pants were hospitalized patients (699 [10.99%]) or 
persons undergoing routine physical examinations 
(1,380 [21.69]). The median age of participants was 
41 years (25th–75th percentile 29–55 years). Of the 
6,363 samples, 42.2% (2,685) were from men and 
57.8% (3,678) from women; 53.4% (3,401) of samples 
were from Huizhou (Table). We screened the residu-
al serum samples by using a hemagglutination inhi-
bition (HI) assay against a recombinant H5N6 virus 1These authors contributed equally to this article.

In 2022, we assessed avian influenza A virus subtype 
H5N6 seroprevalence among the general population in 
Guangdong Province, China, amid rising numbers of hu-
man infections. Among the tested samples, we found 1 to 
be seropositive, suggesting that the virus poses a low but 
present risk to the general population.
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derived from A/Huizhou/1/2021(H5N6) (2.3.4.4b 
subclade), according to previously published stud-
ies (7). We confirmed 15 serum samples with an HI 

titer >10 by microneutralization assay, as described 
previously (7). We defined a seropositive result 
for H5N6 as having both HI and microneutraliza-

Figure. Collection timepoints and locations of 6,363 persons from whom residual serum samples were collected in Huizhou and 
Dongguan cities, Guangdong Province, China, plotted against the temporal and spatial distribution of human infection with influenza 
A virus subtype H5N6 in China as a whole. A) Temporal distribution of 85 human infections with H5N6 in China during 2014–2023 
and collection timepoints of 6,363 residual serum samples. Scales for the y-axes differ substantially to underscore patterns but do not 
permit direct comparisons. B) Geographic distribution of 85 human H5N6 infections in China by province, municipality, or autonomous 
region, as of August 1, 2023. The numbers represent the confirmed cases of infection in each area. Guangdong Province (boldface), 
the site of the seroprevalence study, reported all 5 local H5N6 cases in 2021 within Dongguan (n = 2) and Huizhou (n = 3) cities, where 
the residual serum samples were collected. AH, Anhui; BJ, Beijing; CQ, Chongqing; FJ, Fujian; GD, Guangdong; GX, Guangxi; GZ, 
Guizhou; HA, Henan; HB, Hubei; HN, Hunan; JS, Jiangsu; JX, Jiangxi; SC, Sichuan; YN, Yunnan; ZJ, Zhejiang.

 
Table. Demographic characteristics of 6,363 persons from whom serum samples were collected for influenza A virus subtype H5N6 
titer testing, Huizhou and Dongguan, Guangdong Province, China, January–March 2022* 
Demographic characteristic Value 
Age group, y  
 0–14 566 (8.9) 
 15–24 531 (8.3) 
 25–54 3633 (57.1) 
 55–64 768 (12.1) 
 >65 865 (13.6) 
Median age, y (25th–75th percentile) 41 (29–55) 
Sex  
 M 2,685 (42.2) 
 F 3,678 (57.8) 
Location  
 Huizhou 3,401 (53.4) 
 Dongguan 2,962 (46.6) 
*Values are no. (%) except as indicated. 
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tion titers >20 (6). Among those samples, we iden-
tified 1 confirmed seropositive specimen, collected 
on March 15, 2022, from a 22-year-old woman with 
an HI titer of 1:20 and an microneutralization titer 
of 1:80. We also identified 1 suspicious specimen,  
collected on March 1, 2022, from a 3-year-old boy 
with an HI titer of an 1:10 and an microneutraliza-
tion titer of 1:40 (Appendix Table, https://wwwnc.
cdc.gov/EID/article/30/4/23-1226-App1.pdf). 
Neither participant had a reported history of influ-
enza-like illness before serum collection. All other 
samples were seronegative.

The seroprevalence of H5N6 infection in humans 
varies across different regions and time (5,6). In this 
cross-sectional study, we identified 1 seropositive se-
rum sample among 6,363 residual serum samples col-
lected from the general population in Huizhou and 
Dongguan, China, during January–March 2022. The 
seroprevalence in the general population was lower 
than that among poultry workers, which can reach 
up to 2.0% (6). This difference in seroprevalence sug-
gests a lower risk factor for H5N6 infection in the 
general population compared with poultry workers,  
consistent with the poultry-to-human transmission 
route of H5N6 virus (8). Of note, the participant with 
a seropositivity against H5N6 virus did not report a 
history of influenza-like illness, indicating that the vi-
rus can also cause mild or asymptomatic infections. 
Our findings underscore the necessity of enhancing 
surveillance for H5N6 virus, especially in poultry 
workers or persons with poultry contact history, be-
cause of their higher risk for exposure.

One limitation of our study is that the exclusion 
of poultry workers and the lack of poultry contact 
history information limited our capacity to assess risk 
for these specific groups. In addition, our focus on 
Guangdong Province may not reflect other regions’ 
epidemiologic profiles. We used cross-sectional resid-
ual serum samples instead of paired serum samples 
collected before and after the 2021–22 A(H5N6) wave. 
The paired serum sample approach, although more 
challenging, could better identify recent infections by 
tracking antibody titer changes.
This work was supported by the National Multidisci-
plinary Innovation Team Project of Traditional Chinese 
Medicine (ZYYCXTU-D-202206), National Natural Science 
Foundation of China (grant nos. 31970884, 82361168672, 

and 82174053), Major Project of Guangzhou National 
Laboratory (grant nos. GZNL2023A01001), and Open Proj-
ect of State Key Laboratory of Respiratory Disease (grant 
nos. SKLRD-OP-202209).
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Human dirofilariasis, caused by nematodes such 
as Dirofilaria repens or D. immitis, is a zoonotic 

disease transmitted through the bite of various mos-
quito species (1). The definitive hosts of Dirofilaria sp. 
nematodes are canine and feline populations. Clinical 
manifestations of human infections, including the de-
velopment of nodules in multiple anatomic locations, 
result from the migration or dwelling of worms in 
subcutaneous tissues (1). Human dirofilariasis is typ-
ically species-specific depending on the geographic 
area; D. repens nematode infections are found in Eu-
rope and Asia and D. immitis nematode infections in 
the Americas (1). Recently, a new genotype, called 
Dirofilaria sp. hongkongensis in the literature and re-
ferred to in this article as Dirofilaria sp. Hong Kong 
genotype (2), is proposed as a causative agent of sub-
cutaneous or subconjunctival dirofilariosis in humans 
with a likely reservoir in canines. Dirofilaria sp. Hong 
Kong genotype is considered a nomen nudum within 
the scientific community because a proper morpho-
logic description is missing (3). In Australia, only 21 
human cases of dirofilariasis have been reported (1). 
Four documented cases of orbital dirofilariasis have 
been linked to suspected Drofilaria infection (1).

Dirofilaria nematode infection is usually trans-
mitted by mosquitoes (including those of the Aedes, 
Anopheles, and Culex genera) from carnivores. Mos-
quitoes play a crucial role in transmission by injecting 
the microfilaria into the accidental human host, which 
enables the transmitted larvae to develop further, but 
the nematodes do not typically reach full maturity in 

the human host, and they are usually sequestered in 
tissue. In rare instances, the adult stages of Dirofilaria 
nematodes are found in humans, usually in the lungs 
or in the cutaneous or subconjunctival areas (1).

In Australia, estimated prevalence of the D. immi-
tis nematode in the canine population is 20% in some 
areas of the east coast, home to many species and gen-
era of mosquitoes (e.g., Aedes, Anopheles, and Culex) 
(4,5,6). Of the 21 human dirofilariasis cases reported 
from mainland Australia in the past 40 years, most are 
linked to D. immitis nematode infection, and others 
are linked to D. repens nematode infection in returned 
travelers (1,4). We describe an imported case of human 
dirofilariasis of the Hong Kong genotype in Australia.

A 77-year-old man with a history of heart disease 
and diabetes was referred to the emergency depart-
ment of the Royal Victorian Eye and Ear Hospital in 
Melbourne, Victoria, Australia, by an ophthalmolo-
gist because of concerns about a possible worm in the 
subconjunctiva. The patient had redness and pain in 
his left eye for 1 month but reported no visual im-
pairment. He had immigrated from Sri Lanka to Mel-
bourne 18 months earlier, and he had no history of re-
cent travel, pet ownership, freshwater swimming, or 
gardening. Our examination of his left eye revealed 
normal visual acuity (6/6) and intraocular pressures 
(14 mm Hg). During the examination, we observed 
a mobile, whitish, curled, translucent, and elongated 
foreign body in the subconjunctiva positioned at ap-
proximately 4 o’clock, adjacent to the limbus, with an 
overlying mild conjunctival injection. Our posterior 
segment assessment of the eye (dilated pupil) was un-

We describe a case of imported ocular dirofilariasis in 
Australia, linked to the Hong Kong genotype of Dirofilaria 
sp., in a migrant from Sri Lanka. Surgical extraction and 
mitochondrial sequences analyses confirmed this filari-
oid nematode as the causative agent and a Dirofilaria sp. 
not previously reported in Australia.

Figure 1. Left eye of a patient who recently migrated to Australia 
and originated from Sri Lanka, showing a subconjunctival 
infection that was identified as Dirofilaria sp. Hong Kong genotype 
nematode. The nematode can be seen at 3–5 o’clock, adjacent to 
the limbus of the eye.
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remarkable (Figure 1). We surgically removed the for-
eign body, which was a 12-cm-long worm (Figure 2), 
after a limited peritomy (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/30 /4/ 24-0125-App1.
pdf). We then suspended the worm in physiologic 
saline and submitted it for macroscopic and genetic 
analysis. The patient was discharged the next day and 
returned for a follow-up examination 1 week later. 

Our microscopic examination of the surgically re-
moved worm confirmed that it was a female worm 
with a thick, nonridged cuticle and a complete ali-
mentary tract and reproductive system. We found 
no larvae in the uterus. We genetically characterized 
the worm by using PCR-based sequencing of a por-
tion of the mitochondrial cytochrome c oxidase 1 (941 
bp) gene and of the 12S nuclear ribosomal RNA gene 
(610 bp) (7). The sequences we obtained (GenBank ac-
cession nos. OR755977 and OR768484) were almost 
identical (940/941 bp for mitochondrial cytochrome 
c oxidase 1; 610/611 bp for 12S) to those representing 
the Hong Kong genotype of the Dirofilaria nematode 
(GenBank accession no. KX265050).

We presume that the patient acquired the Dirofi-
laria nematode infection in Sri Lanka, where preva-
lence of dirofilariasis is high (30%–69%) in feline and 
canine populations and some cases are linked to the 
Hong Kong genotype (8). Of the 173 reported cases 
of human dirofilariasis caused by D. repens nema-
todes reported during 1965–2020, a total of 40 cas-
es were in patients with subconjunctival infections 
(9). We are concerned that some of those infections 
might have been misidentified as D. repens because 
molecular methods were not used for genetic analy-
sis and identification (8).

This study emphasizes the importance of using 
molecular tools for the accurate diagnosis of filaria-
ses and the need for heightened clinical suspicions of 

rare zoonotic infections. This emphasis is particularly 
important for patients who have a travel history from 
countries endemic for neglected tropical diseases.
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Figure 2. Macroscopic view of a Dirofilaria sp. Hong Kong 
genotype nematode after surgical extraction from the left eye of 
a patient who recently migrated from Sri Lanka to Australia. The 
nematode was 12 cm long. Scale bar indicates 1 mm.
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In early 2021, the World Health Organization (WHO) 
recommended new definitions of extensively drug 

resistant (XDR) and pre-XDR tuberculosis (TB) (1,2). 
Previously, pre-XDR TB was informally defined as TB 
caused by Mycobacterium tuberculosis strains with re-
sistance to rifampin and isoniazid plus resistance to 
either a fluoroquinolone or a second-line injectable, 
but not both (1–3). Now, pre-XDR TB is officially de-
fined as strains with resistance to rifampin, isoniazid, 
and a fluoroquinolone (levofloxacin or moxifloxacin), 
whereas XDR TB is now defined as additional resis-
tance to >1 group A drug (bedaquiline or linezolid), 
replacing the second-line injectables used in the for-
mer definitions (1–3).

Treatment outcomes of patients with XDR TB 
as currently defined have been sparsely reported. A 

study from France with 93 patients fulfilling the new 
pre-XDR TB and XDR TB definitions, including 9 pa-
tients with XDR TB, found a combined treatment suc-
cess of 68% (n = 63), comparable to that of multidrug-
resistant (MDR) TB (4). Another study following 9 
XDR TB patients from Georgia documented a treat-
ment success of only 22% (n = 2/9) (5). We describe 
MDR TB, pre-XDR TB, and XDR TB treatment out-
comes in Georgia, Kazakhstan, Kyrgyzstan, Moldova, 
and Ukraine during 2017–2022 in patients with drug 
susceptibility tests available for fluroquinolones, sec-
ond-line injectables, bedaquiline, and linezolid.

Using prospectively collected data from the Na-
tional Institute of Allergy and Infectious Diseases 
TB Portals Program, as described elsewhere (6), we 
included 1,960 patients with MDR TB, pre-XDR TB, 
and XDR TB in the analysis. Median age was 43 (in-
terquartile range 35–51) years; 78% (1,535) were men 
and 22% (425) women; 63% (1,235) were smokers, and 
18% 350) were persons with HIV. Most patients were 
from Ukraine (n = 1,455), Moldova (n = 289), and 
Georgia (n = 160), whereas only a few were from Ka-
zakhstan (n = 39) and Kyrgyzstan (n = 17).

Of the 1,960 patients, 36% (698) were classified 
in a different category using the current definitions 
than for the previous definitions; XDR TB accounted 
for a much smaller percentage (2.7%, 95% CI 2.0%–
3.5%) of patients than under the previous definition 
(18.5%, 95% CI 16.8%–20.3%). Using WHO treatment 
outcomes (6,7), our results showed that the current 
XDR TB definition was associated with low treatment 
success (sum of treatment completed and cured), only 
31% (95% CI 19%–45%), compared with 54% (95% CI 
49%–59%) using the former definition (p = 0.002 by 
χ2 test) (Figure). That finding was mainly driven by 
a higher percentage of failure using the current defi-
nition (33%, 95% CI 21%–47%) than when using the 
former (15%, 95% CI 11%–19%; p = 0.001) and a lower 
percentage of cured (25% [95% CI 14%–39%] vs. 46% 
[95% CI 41%–51%]; p = 0.004). Although a history of 
TB among patients with XDR TB was associated with 
a notably lower percentage of successful outcomes 
(23%, 95% CI 11%–41%) compared with the percent-
age of successful outcomes in persons without a his-
tory of TB (47%, 95% CI 24%–71%), this difference did 
not reach statistical significance (p = 0.076). MDR TB 
and pre-XDR TB treatment outcomes were compara-
ble for both definitions.

Our study showed that XDR TB by the current 
definition is associated with exceptionally poor treat-
ment outcomes, considerably worse than XDR TB by 
the former definition. The new XDR TB definition is 
applicable to fewer patients than the former definition, 

In 2021, the World Health Organization recommended 
new extensively drug-resistant (XDR) and pre-XDR 
tuberculosis (TB) definitions. In a recent cohort of TB 
patients in Eastern Europe, we show that XDR TB as 
currently defined is associated with exceptionally poor 
treatment outcomes, considerably worse than for the 
former definition (31% vs. 54% treatment success).
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and treatment options are more limited. Veziris et al. 
(8) also observed a decrease in XDR TB patients using 
the revised definitions. Still, as use of bedaquiline and 
linezolid increases globally, resistance to those drugs 
will undoubtly increase, resulting in a higher number 
of XDR TB patients in the future. Better treatment out-
comes for MDR TB have been associated with the use 
of bedaquiline, linezolid, and fluoroquinolones (2,9), 
and studies have shown worse outcomes for patients 
with bedaquiline resistance (10). Previous exposure 
to those drugs (i.e., bedaquiline, linezolid, fluoroqui-
nolones) has been associated with worse patient out-
comes compared with patients without previous expo-
sure (5). Altogether, those factors explain the treatment 
success of only 31% for XDR TB, even lower than that 
recently found in a meta-analysis involving 10,223 XDR 
TB patients (94 studies, 26 countries) using the former 

definition, which together showed a pooled successful 
treatment outcome of 44% (95% CI 38%–50%) (3). That 
review found a XDR TB treatment success of 6% and 
25% in 2 studies from Ukraine (n = 126).

The current definitions of pre-XDR TB and XDR 
TB, recommended since early 2021, are undoubtly 
more relevant than the former definitions, given they 
take into account WHO-recommended treatment reg-
imens containing bedaquiline, pretomanid, linezolid, 
and moxifloxacin. Worryingly, but not surprisingly, 
the new definitions are associated with exceptionally 
poor outcomes for XDR TB, indicating loss of effec-
tive drugs. Upscaling of drug susceptibility testing, 
assessment of acquired drug resistance, and availabil-
ity of diagnostic tools and drugs are crucial to avoid 
a future increase in patients with very limited treat-
ment options. Treatment strategies should be assesed 

Figure. Treatment outcomes 
for patients with MDR, pre-
XDR, and XDR tuberculosis 
(TB) in Georgia, Kazakhstan, 
Kyrgyzstan, Moldova, and 
Ukraine during 2017–2022 
by current (A) and former (B) 
definitions of drug resistance. 
We excluded 9 patients with 
an unevaluated outcome and 
15 patients without outcome 
data. TB treatment outcomes 
were defined according to WHO 
recommendations (6,7). MDR 
TB was defined as TB caused 
by Mycobacterium tuberculosis 
strains resistant to at least both 
rifampin and isoniazid (1). We 
used the current definition of 
pre-XDR TB from 2021 as TB 
caused by M. tuberculosis strains 
fulfilling the definition of MDR 
TB but including resistance to 
any fluoroquinolone (levofloxacin 
or moxifloxacin), whereas XDR 
TB was defined as additional 
resistance to >1 group A drug 
(bedaquiline or linezolid) (A). 
The previous, informal definition 
of pre-XDR TB was MDR TB 
plus additional resistance to any 
fluoroquinolone, or any second-
line injectable, but not both, 
whereas the definition of XDR 
TB from 2006 was TB resistant 
to any fluoroquinolone and to >1 
of 3 second-line injectable drugs 
(capreomycin, kanamycin, and 
amikacin), in addition to MDR TB. 
MDR, multidrug-resistant; XDR, 
extensively drug-resistant.
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under programmatic conditions to improve under-
standing of the recommended treatment regimens, 
their implementation, and the effects on TB manage-
ment globally.
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The Elizabethkingia genus is formed by a group of 
gram-negative, aerobic, and nonfermenting bac-

teria widely distributed in nature and environments, 
such as water and hospital taps (1). In 2003, a new a 

In 2021, we identified a cluster of Elizabethkingia miri-
cola cases in an intensive care unit in Spain. Because 
E. miricola is not considered a special surveillance agent 
in Spain, whole-genome sequencing was not performed. 
The bacterial source was not identified. All Elizabethkingia 
species should be listed as special surveillance bacteria.
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bacterial species was identified in the condensation 
water obtained from the Mir space station in 1997 
and was assigned as Chryseobacterium miricola (2). 
That new species was later transferred to the Eliza-
bethkingia genus and renamed Elizabethkingia miricola 
(3). This species is considered as an uncommon low-
pathogenic agent in clinical samples, acting as an op-
portunistic pathogen, but since 2008, it has become 
an emerging bacterium of increasing relevance (4). 
E. miricola has not been fully epidemiologically char-
acterized but is considered intrinsically resistant to 
multiple drugs (5).

We describe a cluster of E. miricola in the inten-
sive care unit (ICU) of the Hospital Universitario 
San Cecilio in Granada, Spain. The index case cor-
responded to a 66-year-old man hospitalized for 
COVID-19. The microbiology service identified E. 
miricola isolates from a bronchial aspirate sample by 
using matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry and informed the 
ICU of a positive result on March 19, 2021. Two days 
later, a 70-year-old man hospitalized in the same 
unit for COVID-19 also tested positive for E. miricola 
in a bronchial aspirate sample sent for a previous  
diagnosis with tracheobronchitis associated with 
Stenotrophomonas maltophilia.

Throughout 2021, we found 13 more cases of E. 
miricola in the same ICU. Given the identification of the 
same species, and for clinical and epidemiologic crite-
ria, the outbreak was considered nosocomial. Howev-
er, although isolates were retained for potential future 
research, no whole-genome sequencing could be per-
formed because the species is not included as special 
surveillance agent for the Andalusian Health System be-
cause of resource limitations. The reason for admission 
in 11 (73.3%) patients was COVID-19. Of the 15 case-
patients, 11 (73.3%) were men and 4 (26.7%) women, 6 
(40.0%) had tracheobronchitis diagnoses, 3 (20.0%) had 

 
Table. Characteristics of case-patients in an outbreak opportunistic Elizabethkingia miricola infections in an intensive care unit, Spain* 

Age, y/sex 
Isolation 
sample 

ICU stay, 
d Diagnosis† 

Diagnosis 
date, 2021 Death 

Reason for 
admission Antimicrobial drug resistance‡ 

66/M BAS 40 Isolation Mar 17 N COVID-19 Carbapenems, ceftazidime, 
cefepime, aztreonam 

70/M BAS 63 Isolation Mar 19 N COVID-19 Carbapenems, ceftazidime, 
cefepime, aztreonam 

46/F BAS 12 Isolation Mar 27 Y Carcinosis Carbapenems, ceftazidime, 
cefepime, aztreonam, 

aminoglycosides 
64/M BAS 61 Tracheobronchitis Apr 22 N COVID-19 Carbapenems, ceftazidime, 

cefepime, aztreonam, 
piperacillin/tazobactam 

57/F BAS, 
catheter 

20 Bacteriemia Apr 27 Y COVID-19 Carbapenems, ceftazidime, 
cefepime, aztreonam, 

piperacillin/tazobactam, 
aminoglycosides, trimethoprim/ 

sulfamethoxazole 
50/M BAS 58 Tracheobronchitis May 19 Y COVID-19 Carbapenems, ceftazidime, 

amikacin 
52/M BAS 37 Tracheobronchitis May 20 N COVID-19 Carbapenems, ceftazidime, 

amikacin 
56/M BAS 43 Ventilator-associated 

pneumonia 
May 22 Y COVID-19 Amikacin 

58/F BAS 80 Tracheobronchitis May 29 N COVID-19 Amikacin 
58/M BAS 30 Isolation Jul 7 Y Fever Piperacillin/tazobactam, 

linezolid 
37/F BAS 51 Isolation Aug 20 Y COVID-19 Piperacillin/tazobactam, 

linezolid 
32/M BAS 93 Tracheobronchitis Sep 18 Y COVID-19 Piperacillin/tazobactam, 

linezolid 
74/M BAS 27 Tracheobronchitis Sep 28 Y Epileptic 

seizures 
Piperacillin/tazobactam, 

linezolid 
61/M BAS 27 Ventilator-associated 

pneumonia 
Oct 27 N Septic shock Piperacillin/tazobactam, 

linezolid, vancomycin, 
73/M BAS 15 Ventilator-associated 

pneumonia 
Dec 30 N COVID-19 Piperacillin/tazobactam, 

linezolid, levofloxacin 
*BAS, bronchoaspiration; ICU, intensive care unit. 
†Isolation means that no other clinical pathology was reported by the responsible physician in the ICU. Therefore, E. miricola identification was 
considered as asymptomatic colonization. 
‡Antibiograms were compatible with the same agent, but development of new resistances was identified during the 9-mo outbreak. 
Trimethoprim/sulfamethoxazole showed the best antibiogram sensitivity: 10 patients showed sensitivity, 4 intermediate sensitivity, and only 1 showed 
resistance. Sensitivity to levofloxacin was observed for 7 (46.7%) patients; 4 more showed intermediate sensitivity. 

 



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 4, April 2024 835

RESEARCH LETTERS

ventilator-associated pneumonia, and 1 (6.7%) had cath-
eter-related bacteremia; 8 (53.3%) patients died (Table).

All patients received steroid treatment during 
their ICU stays. All case-patients were intubated dur-
ing their hospitalization. The average length of ICU 
stay was 43.8 days, and the length between admission 
and identification of the agent was long, a mean of 
26.4 days.

Because 290 days elapsed from identification of 
the index case (March 19) to identification of the last 
case (December 30), we assumed persistence of the 
agent in the ICU environment. Nevertheless, despite 
a search of environmental and surface samples, the 
definitive focus of persistence was not identified. Be-
cause of possible cross-transmission in a unit with 
such vulnerable patients, we notified the Service of 
Preventive Medicine and Public Health, which ini-
tiated prevention measures. Because of the lack of 
available knowledge related to E. miricola and closely 
related species, we reinforced standard precautions 
and established contact precautions. Finally, by De-
cember 2021, we conducted a thorough disinfection 
of all surfaces in the ICU, after which no more cases 
were identified.

In other countries, cases of multidrug resistance 
were identified in the context of antimicrobial drug 
pressure and cases of sepsis and pneumonia were di-
agnosed among immunosuppressed patients (5). In our 
hospital, 8 (53.3%) patients died. The average time from 
bacterial isolation to death was 18.2 (range 2–65) days.

Elisabethkingia isolates are usually resistant to 
multiple antibiotics. In analyses of different isolates 
collected in South Korea and Taiwan (5), all E. miricola 
isolates were resistant to cephalosporins, aminogly-
cosides, and carbapenems. Those data are similar to 
results obtained in our hospital (Table). A study con-
ducted in Switzerland found genes encoding metallo-
β-lactamases in a multidrug-resistant E. miricola iso-
lated from the urine of a 2-year-old boy (6). Those 
genes provide resistance to penicillin-β-lactamase in-
hibitor combinations, carbapenems, cefotaxime, and 
cefoxitin. Trimethoprim/sulfamethoxazole showed 
the best antibiogram sensitivity in our outbreak, only 
1 of 15 patients showed resistance (Table).

In summary, our study underlines the need to 
find Elizabethkingia spp. bacteria in ICUs. In addition, 
all species in the Elizabethkingia genus should be listed 
as special surveillance bacteria due to their capacity to 
cause major illness and death in vulnerable patients. 
Future studies analyzing differences in the outcomes 
between patients with E. miricola and other patients 

admitted to ICU, including patient characteristics and 
treatments, could expand on the information provid-
ed in this study. Finally, to enable early detection of 
outbreaks of intrinsically antimicrobial-resistant bacte-
ria, modify patient treatment, and save lives, whole-
genome sequencing needs to be instituted when rare 
agents not previously considered for special surveil-
lance are identified.

E.S.-I. and C.V.-U. participated in the treatment and 
preventive measures for controlling the outbreak. M.R.-I. 
supervised the work. All authors participated in writing 
and revising the manuscript for intellectual content.
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Crimean-Congo hemorrhagic fever virus (CCH-
FV) is a tickborne orthonairovirus with poten-

tial to cause severe Crimean-Congo hemorrhagic 
fever (CCHF) disease in humans, which can lead 
to human-to-human transmission (1). CCHFV is a 
World Health Organization priority pathogen for 
research and development (2). Although a wide 
range of wild and domestic animals can be infected 
(3), CCHFV does not typically cause clinical disease 
in nonhuman species (1). In eastern Africa, intermit-
tent outbreaks of CCHF disease in humans have oc-
curred in Uganda since 2013 (4), but the epidemiolo-
gy of CCHFV remains poorly understood. Northern 
Tanzania, neighboring Uganda, has been identified 
as an area likely to be at high risk for human disease 
caused by CCHFV, because competent tick vectors 
and suitable environmental conditions exist in the 

region (5), but no clinical CCHF cases have yet been 
reported in the country.

To investigate CCHFV exposure in northern Tan-
zania, we performed serologic testing on human and 
ruminant livestock serum samples collected in 2016 
during an investigation of several zoonotic patho-
gens (6) (Appendix, https://wwwnc.cdc.gov/EID/
article/30/4/23-1204-App1.pdf). The study used a 
multilevel sampling frame of 351 humans and 7,456 
randomly selected livestock in linked households in 
Arusha and Manyara Regions (Figure). We tested se-
rum samples by using the ID Screen CCHF Double 
Antigen Multi-species ELISA (IDvet, https://www.
innovative-diagnostics.com) (Appendix). We esti-
mated seroprevalence by using the Survey package 
in R (The R Foundation for Statistical Computing, 
https://www.r-project.org) (7). We assessed species-
level differences in seroprevalence by using a mixed-
effects model with household and village as random 
effects. We investigated patterns of spatial autocor-
relation in village-level seroprevalence by using the 
Moran I statistic and assessed correlation of village-
level seroprevalence between species pairs by using 
the Pearson correlation coefficient (ρ) (Appendix).

Overall, seroprevalence was high in all livestock 
species: cattle 49.6% (95% CI 40.0%–59.2%), goats 
33.8% (95% CI 21.7%–47.5%), sheep 27.8% (95% CI 
17.0%–40.6%) (Table; Figure). Sheep and goats had 
significantly lower odds of exposure than cattle: sheep 
OR was 0.32 (95% CI 0.27–0.37, p<0.001) and goats 
OR 0.45 (95% CI 0.39–0.51; p<0.001). Village-level se-
roprevalence ranged widely in all species but values 
were consistent with those reported elsewhere in East 
Africa (3) (Table). The finding of higher seroprevalence 
in cattle than in sheep and goats is also consistent with 
other settings in Africa (3) and might reflect differenc-
es in host feeding preferences of Hyalomma spp. ticks, 
considered chief vectors of CCHFV (1). However, fur-
ther work is required to understand the relative contri-
bution of different host species to viral maintenance, 
and their relationship to human infection risk.

Overall, human seroprevalence was 15.1% (95% 
CI 11.7%–19.2%), but village-level seroprevalence 
varied widely between study sites (Table). Seropreva-
lence was similar to that reported in health-care-seek-
ing patients in Kenya in 2012 (8), but higher than the 
1.2% seroprevalence reported in community partici-
pants elsewhere in Tanzania (9). However, interpre-
tation of those regional comparisons is challenging 
in light of the substantial observed between-village 
variation in our study (Table).

Assessment of spatial autocorrelation via Moran 
I statistic showed no evidence of village-level spatial  

We conducted a cross-sectional study of Crimean-Congo 
hemorrhagic fever virus (CCHFV) in northern Tanzania. 
CCHFV seroprevalence in humans and ruminant live-
stock was high, as were spatial heterogeneity levels. 
CCHFV could represent an unrecognized human health 
risk in this region and should be included as a differential 
diagnosis for febrile illness.
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autocorrelation in livestock (Table), suggesting 
that although context-specific drivers, such as hus-
bandry practices and local agroecology are likely in-
volved, drivers of exposure were not observable at 
this scale. In contrast, we observed significant posi-
tive spatial autocorrelation in the village-level hu-
man seroprevalence (Moran I statistic 0.43; p<0.001) 
and clustering of higher seroprevalence villages in 
the western part of Manyara (Figure). In addition, 
species-pair correlations showed that village-level 
human and livestock seroprevalence were not well 
correlated (cattle, ρ = 0.34, p = 0.142; sheep, ρ = 0.35, 
p = 0.13; goats, ρ = 0.42, p = 0.062), and we saw high 
human seroprevalence in some low livestock serop-
revalence locations and vice versa (Appendix). That 
heterogeneity, combined with differences in spatial 
distribution, could suggest different drivers of expo-
sure in livestock and human populations. However, 
discrepancies in sample size could exaggerate those 
differences, so further linked investigation into hu-

man and livestock exposure and patterns of tick  
infection are required. Further exploration of spe-
cific risk factors is ongoing and could provide clarity 
on drivers of exposure.

The high human exposure levels to CCHFV im-
plies that clinical CCHF is a potentially serious, under-
diagnosed health risk in this population and suggests 
that CCHF should be included as a differential diag-
nosis for undifferentiated febrile illness in northern 
Tanzania. However, evidence of human seropositivity 
in the absence of clinical cases is common, even where 
health professionals are familiar with CCHF diagnosis 
(8,10). The causes of disease emergence in such popu-
lations are poorly understood, and further research 
into regions like northern Tanzania, where the virus is 
endemic but human disease has not been reported, is 
critical to understanding human disease risk.

In conclusion, we found that CCHFV is circu-
lating widely in livestock across northern Tanzania. 
CCHFV seroprevalence in the region shows high 

 
Table. Seroprevalence of Crimean-Congo hemorrhagic fever virus in human and livestock populations, northern Tanzania* 

Species No. tested Overall seroprevalence (95% CI) 
Seroprevalence range per village (95% CI) 

Moran I statistic (p value) Low High 
Cattle 3,015 49.6 (40.0–59.2) 5.3 (1.2–9.4) 76.6 (70.3–82.8) −0.09 (0.60) 
Sheep 2,059 27.8 (17.0–40.6) 0.0 (0–3.9) 70.3 (55.5–85.0) −0.09 (0.57) 
Goats 2,382 33.8 (21.7–47.5) 0.0 (0–5.8) 79.6 (68.3–90.8) −0.10 (0.61) 
Human 351 15.1 (8.5–23.8) 0.0 (0.0–16.1) 50 (30.7–69.2) 0.43 (0.001) 
*Serum samples were collected in northern in 2016 and tested for antibodies to Crimean-Congo hemorrhagic fever virus. Moran I statistic and associated 
p value are shown for the village level (Appendix). 

 

Figure. Sampling area for study 
of seroprevalence of Crimean-
Congo hemorrhagic fever 
virus in human and livestock 
populations, northern Tanzania. 
Circles indicates seroprevalence 
rates for humans (A), cattle (B), 
sheep (C), and goats (D). The 
pictured region is near Uganda, 
where human Crimean-Congo 
hemorrhagic fever cases have 
been documented (4).
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spatial heterogeneity and further investigations are 
needed to understand drivers of exposure. In addi-
tion, high human seroprevalence demonstrates wide-
spread exposure of the population to CCHFV and 
suggests that CCHF should be included as a differen-
tial diagnosis for febrile illness in this region.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2023.08.31.23294720v1.
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In Breaking Through: My 
Life in Science, Dr. Katalin 

Karikó describes her fascinat-
ing, sometimes frustrating, 
and always inspiring journey 
from life in post–World War II 
communist Hungary to finally 
being recognized for her con-
tributions toward successfully 
developing mitochondrial 
RNA (mRNA) technology that 
was used, among other things, 
to develop the Pfizer-BioN-
Tech SARS-CoV-2 vaccine. Karikó’s autobiography 
was published just a week after she and her long-term 
collaborator, Dr. Drew Weissman, were awarded the 
2023 Nobel Prize in physiology and medicine. The 
story takes us chronologically from growing up in 
rural 1950–1960s Hungary, through working as a re-
searcher in academic medical centers in Philadelphia, 
Pennsylvania, USA, raising a two-time Olympic gold 
medalist rower, and finally to her current roles as a 
biochemist and researcher and senior vice-president 
at BioNTech company in Mainz, Germany. 

Although Karikó cautions readers that scien-
tists can be notoriously bad at explaining things to 
nonscientists, she herself writes in an engagingly 
clear and simple style. Readers will be inspired by 
her description of growing up in a rural Hungarian 
town in an adobe hut with no indoor plumbing, lim-
ited electricity, and very little heat. Her mother was 
a bookkeeper and her father a butcher who some-
times got in trouble with local Communist Party 
leadership. What I found most moving was the 
persistence Karikó displayed in studying so hard in 
primary school that she placed nationally in biolo-
gy competitions. Karikó notes that she received one 
of several spots in an extremely competitive univer-
sity biology program in Hungary held specifically 
for students from less advantaged backgrounds. 
Karikó’s university educational experience and 
later scientific contributions illustrate the potential 

value of programs to assist academically qualified 
but economically challenged students (1,2). 

Upon arriving in the United States as a non–ten-
ure track laboratory researcher at Temple University, 
Karikó entered an environment in which she faced 
seemingly insurmountable resistance. The male prin-
cipal investigator at times screamed and threw objects 
at her. When she attempted to leave, he threatened to 
have her deported and blackballed. Karikó describes 
her decades of meticulous work researching mRNA 
during which time she applied for grants and submit-
ted articles reporting her work to prestigious scien-
tific journals, only to have those manuscripts rejected. 
Department heads reminded her continuously about 
her need to bring in funds. Karikó remained in non-
tenured positions until one day in 2013 she arrived 
at her laboratory at the University of Pennsylvania to 
find her equipment being moved out. She moved to 
the BioNTech company to continue her research and 
just 10 years later, she had won the Nobel Prize for 
scientific work that led directly to saving millions of 
lives. One wonders how much grants and promotion 
systems that reward creativity, meticulousness, and 
perseverance, not just rapid success and publication, 
could lead to more breakthroughs. 

Dr. Kariko’s story recounts her persistence over 
many obstacles in pursuit of goals springing from her 
love for science. Scientists, clinicians, and lay readers 
will all find this story a compelling read. 
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During a career spanning nearly five decades, 
Dutch artist Rembrandt van Rijn created approx-

imately 350 paintings, 300 etchings, and 100 drawings.  

Rembrandt’s favorite subject was, apparently, him-
self. According to The National Gallery of Art, Wash-
ington, DC, USA, “nearly 80 self-portraits—paint-
ings, drawings, and prints—are attributed to him.” 
Although those portraits chronicle his changing ap-
pearance as he aged, many other details of his life are 
lost. In her 2011 essay, “Much have I travel’d in the 

Rembrandt van Rijn (1606–1669), The Night Watch (detail) (1642). Oil on canvas, 149 in × 171 in/379.5 cm × 453.5 cm. Digital image 
courtesy of Rijksmuseum, Amsterdam, the Netherlands.
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Standing Ready to Respond

Byron Breedlove

“Shine, shine, the light of good works shine.
The watch before the city gates, depicted in their prime.

The golden light all grimy now,
300 years have passed.

The worthy Captain and his squad of troopers standing fast.”

—King Crimson, “The Night Watch”
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realms of gold,” Polyxeni Potter notes “Rembrandt’s 
life has been shrouded in mystery, largely because no 
written records exist beyond the usual certificates of 
birth, baptism, marriage, and death. He left no jour-
nal, and seven surviving letters from his hand con-
cern routine transactions.”

That paucity of biographical details has not di-
minished Rembrandt’s reputation. The Rijksmuse-
um states that Rembrandt “is regarded as the great-
est painter ever to have lived in the Netherlands. 
Paintings by him are currently valued at tens or even 
hundreds of millions of euros. The most famous of 
them all, The Night Watch, is estimated to be worth 
more than €500 million.” The title, however, is a mis-
nomer. Art historians Zuzanna Stanska and Nicole 
Ganbold note, “For hundreds of years, the painting 
was coated with a dark varnish and dirt, which mis-
led scholars into thinking that it depicted a noctur-
nal scene, hence its common title. In fact, throughout 
the centuries the layer of varnish grew so thick that 
it protected the canvas from a knife attack in 1911. 
The varnish was eventually removed in the 1940s, 
but the title remained.”

The actual title, Officers and Other Civic Guards-
men of District II in Amsterdam, Under the Command 
of Captain Frans Banninck Cocq and Lieutenant Willem 
van Ruytenburch, seems too mundane for this nearly 
life-sized painting that has inspired several movies, 
the second movement of Gustav Mahler’s Symphony 
No. 7, a song titled The Night Watch by the band King 
Crimson, and a 2014 live reenactment by actors in a 
shopping mall in the Netherlands.

Rembrandt completed the painting in 1642, the 
year his wife Saskia died after a lengthy illness. 
The Rijksmuseum states that “Rembrandt’s larg-
est and most famous painting was made for one of 
the three headquarters of Amsterdam’s civic guard. 
These groups of civilian soldiers defended the city 
from attack. Rembrandt was the first to paint all of 
the figures in a civic guard piece in action.” Yvette 
Hoitink, a professional genealogist, noted that 
such voluntary citizen militia, or schutterij, existed 
throughout the Netherlands from at least the 1500s 
until 1901 and could be summoned to quell riots 
and unrest, help control fires, and defend munici-
palities during war.

Rembrandt’s The Night Watch contrasts with 
static depictions of schutterij from the 1600s that 
show militia members standing in a row or seat-
ed around a banquet table. Art critic Fisun Güner 
wrote, “In this richly hued, tenebrous masterpiece, 
where light is used to lend the scene an ethereal 
quality amid the commonplace bustle of move-

ment and action, we detect a certain strangeness, 
a certain unreality to the scene—even though it’s a 
painting full of noise.”

Appearing in the background before the city 
gates, shadowed figures are gesturing, conversing, 
and handling weapons; a standard bearer hoists a 
flag; and a drummer prepares to add his cadence. In 
this painting, Rembrandt shows, according to Güner, 
that “he is interested in creating a drama and bring-
ing it to life with emotional force, mixing a sense of 
the solemn (or at least of attempted solemnity) and 
the comic. So here we have a ragtaggle crowd not 
quite managing to fall into step behind the figure of 
the captain as he gestures for his men to march out.”

In the foreground, Captain Banninck Cocq, 
garbed in black save a white frilled collar and red 
sash, issues orders. His lieutenant, Willem van 
Ruytenburch, listens to his captain, his luminous 
yellow-gold attire contrasting with the painting’s 
dark background. Near the center, the illuminat-
ed figure of a young girl seems out of context, but 
Stanska and Ganbold explain her role: “Attached to 
her dress we can see a dead chicken with its claws 
raised to the sky, a bag of gunpowder and fire-
arms—all symbols of the guild. Rembrandt thought 
of her as an imaginary mascot of the civic militia.” 
The girl’s resemblance to the artist’s wife, Saskia, 
has also been noted. Rembrandt’s favorite subject 
also makes a guest appearance. Between the stan-
dard bearer and a helmeted militiaman, just behind 
the captain’s right shoulder, careful inspection re-
veals half the face of a man wearing a beret, identi-
fied by many as being Rembrandt.

The notion of a “night guard” to respond to situ-
ations that endanger the public resonates in other 
realms, including public health agencies that must be 
prepared to respond to an array of disease outbreaks 
and health threats. One priority is the more than 70 
high-consequence pathogens: emerging and un-
known bacteria, viruses, and prions, that can be eas-
ily transmitted from person to person, are associated 
with high mortality rates, and can potentially cause 
major public health outbreaks and trigger public fear.

Currently, the World Health Organization is “a 
leading a proactive approach to bolster global readi-
ness and response to potential future epidemics and 
pandemics, the Research and Development (R&D) 
Blueprint maintains its commitment to expediting 
research on emerging disease threats.” That response 
includes the initiative dubbed “Disease X,” which the 
World Health Organization describes as a disease that 
could emerge and cause an international epidemic or 
the next global pandemic.
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An effective, modern public health surveillance 
system to monitor disease outbreaks, collect infor-
mation, and share findings is crucial. As Alexander 
Langmuir, the epidemiologist who started the Cen-
ters for Disease Control and Prevention Epidemic In-
telligence Service, noted in his 1962 Cutter Lecture on 
Preventive Health, “Good surveillance does not nec-
essarily ensure the making of the right decisions, but 
it reduces the chances of wrong ones.”

Planning for an outbreak from an as-yet unrec-
ognized pathogen could help public health authori-
ties respond more effectively with regard to detecting 
pathogen emergence; developing vaccines, treat-
ments, and countermeasures; and recommending 
sound policies. Instead of starting from scratch, sur-
veillance and planning would enable public health 
responders to be better prepared to venture forth, like 
the iconic figures immortalized in Rembrandt’s Night 
Watch, to ensure public health and safety.
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Article Title

Concurrent Outbreaks of Hepatitis A, Invasive Meningococcal  
Disease, and Mpox, Florida, USA, 2021–2022

CME Questions
1.  Which of the following statements regarding the 
hepatitis A virus (HAV) outbreak in the current study is 
most accurate?
A. Nearly half of all cases of HAV infection during the 

examination period met the outbreak case definition
B. 90% of nonoutbreak cases of HAV infection had a risk 

factor for HAV
C. <10% of nonoutbreak cases of HAV infection were 

related to international travel
D. Approximately one-third of persons who met criteria 

for HAV outbreak infection were men  
who have sex with men (MSM)

2.  Which of the following statements regarding the 
invasive meningococcal disease (IMD) outbreak in the 
current study is most accurate?
A. 90% of all cases of IMD during the reporting 

period were outbreak-associated
B. 38% of cases of outbreak-associated IMD  

were among MSM
C. 20% of cases of outbreak-associated IMD  

were fatal
D. The clinical presentation of outbreak-associated 

IMD with the highest fatality rate was meningitis

3.  Which of the following statements regarding the 
mpox outbreak in the current study is most accurate?
A. Half of the cases were associated with travel out 

of state
B. 98% of cases occurred among male persons
C. 40% of cases occurred among MSM
D. The rate of hospitalization associated with mpox 

was 45%

4.  Which of the following trends did the current study 
note regarding outbreaks of mpox, IMD, and HAV?
A. The prevalence of all 3 infection types increased 

gradually throughout 2022
B. As the number of mpox cases increased during 

summer 2022, the rate of HAV infection fell, 
whereas rates of IMD continued to increase

C. 10 adults acquired both HAV infection and IMD
D. HIV infection was most common among persons 

with mpox infection vs IMD or HAV infection
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Article Title

Deaths Associated with Pediatric Hepatitis of Unknown Etiology,  
United States, October 2021–June 2023

CME Questions
1.  Which of the following statements regarding the 
outbreak of pediatric acute hepatitis of unknown 
etiology between 2021 and 2023 is most accurate?
A. > 4000 children were affected in the United 

States by 2023
B. > 30,000 children were affected globally by 2022
C. The main pathogen identified in the outbreak has 

been adenovirus species F, type 41
D. Before the outbreak, < 15% of cases of pediatric 

acute liver failure were found to be idiopathic

2.  In the current study, which of the following 
statements regarding the demographics and past 
medical history of children who died after a diagnosis 
of acute hepatitis is most accurate?
A. All cases were concentrated in the southern 

United States
B. The median age of cases was 7 months
C. The majority of cases were among Hispanic or 

Latino children
D. 75% of cases had a history of 

immunocompromise

3.  Which of the following statements regarding the 
clinical characteristics of children included in the 
current study is most accurate?
A. Three-quarters of cases had respiratory 

symptoms
B. The median duration of symptoms before 

presentation at the hospital was 2 days
C. The median alanine aminotransferase level at 

presentation was approximately 400 U/L
D. The median international normalized ratio level 

at presentation was normal

4.  What was the rate of positive polymerase chain 
reaction testing for adenovirus in the hospital among 
children included in the current study?
A. 25%
B. 50%
C. 75%
D. 100%
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