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

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

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



Although science has developed effective coun-
termeasures for most bacterial and vector-

borne emerging pathogens, novel respiratory virus-
es continue to cause largescale human epidemics. 
Particularly problematic are pathogens that are of 
zoonotic origin. Viruses causing epidemics seem 
especially common among the Orthomyxoviridae 
and Coronaviridae viral families (1–6; https://
www.who.int/emergencies/disease-outbreak-
news/item/2025-DON560; https://data.who.int/
dashboards/covid19/deaths?n=o) (Table). Those 
epidemics have routinely caught medical profes-
sionals off-guard and caused largescale disease 
and death. Two recently discovered viruses, influ-
enza D and canine coronavirus HuPn-2018 (CCoV-
HuPn-2018), seem especially worthy of closer pub-
lic health attention.

Influenza D Virus
First detected and characterized in pigs with signs 
of respiratory illness in 2011, much has been learned 
about influenza D virus (IDV) since its first recogni-
tion (7,8). Like influenza A, B, and C viruses, IDVs are 
enveloped RNA viruses having segmented genomes 
that can change through reassortment, recombina-
tion, and mutation. IDVs belong to the genus Deltain-
fluenzavirus of the virus family Orthomyxoviridae. 
They share ≈50% amino acid identity with influen-
za C viruses (ICVs) across their genomes, but IDVs 
are much more prevalent in animal species. Initially 
thought to be enzootic in pigs and cattle, IDVs have 
now been detected in many livestock and wildlife 
species, including camels, deer, giraffes, kangaroos, 
llamas, wallabies, and wildebeests (9–14) (Figure 1). 
We have recently found evidence for IDV infections 
in poultry (12). A growing list of susceptible hosts for 
this new virus seems to be similar to those observed 
in the infection ecology of highly pathogenic avian in-
fluenza A(H5N1) viruses.

Like ICVs, a ubiquitous pathogen that causes mi-
nor influenza in humans, IDVs rely upon a hemag-
glutinin-esterase-fusion glycoprotein for cell binding 
and entry. Multiple recognized IDV strains or clades 
are chiefly classified by their hemagglutinin-esterase-
fusion sequence circulating in animals. The genes of 
different IDV clades can reassort when they infect the 
same cell, and this mixing of genetic material leads 
to the generation of novel progeny viruses. Although 
science has had much more time to describe the ecolo-
gy of ICVs, which were discovered in 1947, IDVs may 
reassort and recombine with other IDVs, suggesting 
that they are rapidly evolving (15). Although IDV 
prevalence is often high in cattle (G.C. Gray, unpub. 
data, 2025 Dec 11) compared with ICVs (16), IDVs 
may have more opportunity to gain characteristics 
that would threaten humans.

Although not all pig or cattle herds worldwide 
are affected by IDVs (17–19), many animal species 
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In 2009 and again in 2019, public health warnings were 
confirmed by the emergence, rapid widespread trans-
mission, and lethality of novel influenza and coronavi-
ruses. The world continues to suffer disease from these 
respiratory viruses. Two newly recognized emergent 
respiratory viruses, influenza D and canine coronavirus 
HuPn-2018, have been shown to have considerable 
potential for causing future human epidemics, but di-
agnostics and surveillance for the viruses are lacking. 
We reviewed data regarding influenza D virus and coro-
navirus canine coronavirus HuPn-2018. Those data 
strongly indicate that these viruses are major newly 
recognized threats. However, little is being done to re-
spond to or prevent disease associated with these vi-
ruses, warranting the question of whether we will learn 
from previous pandemics.
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clearly have infections periodically. The largest ani-
mal reservoir seems to be cattle, despite the first IDV 
being isolated from a diseased pig. The full spectrum 
of IDV illness in cattle is not known, but IDV is now 
recognized to contribute to one of the largest disease 
problems in cattle, bovine respiratory disease com-
plex, which is estimated to cost the US cattle industry 
>$1 billion annually (20). As a measure of IDV ende-
micity, in our recent studies of 12 beef and dairy cattle 
farms in the United States and Mexico, we have de-
tected (and often isolated) IDV >50 times among >500 
nasal swab specimens obtained from sick or healthy 
cattle (G.C. Gray, unpub. data, 2025 Dec 11).

Although no viable (i.e., infectious) IDV has thus 
far been isolated from humans, mounting evidence 
indicates that the virus is zoonotic. Several human 
studies suggest that IDV causes subclinical infections 
in humans, especially among persons with occupa-
tional exposure to animals. In 2016, we reported a 
seroepidemiologic study of cattle workers in Florida, 
USA, where we found that >97% of cattle workers 
had neutralizing antibody to IDV, compared with 

18% among a non–cattle exposed control population 
(13). In 2023, we reported a study of dairy workers 
in Colorado, where we found that 67% of 31 workers 
had molecular evidence of IDV in their nasal washes 
during a 5-day period (21).

Recently, a scientific team in China has reported 
compelling animal model, aerosol, and seroepide-
miologic data that provide even stronger evidence 
that IDV is causing subclinical infections in humans 
(14). The team found that 73% of 612 study partici-
pants (97% among those with respiratory symptoms) 
in northeast China had serologic evidence of infection 
(14). They documented viral transmission in the air 
between ferrets, replication in primary human epi-
thelial cells, infection in mice and dog models, and 
concluded that IDV has acquired the capacity for hu-
man-to-human transmission and that IDV strains al-
ready pose a potential panzootic threat (14). Of note, 
that study provides the first serologic evidence of 
widespread IDV in a general human population. The 
IDV strain in China that was used in the study, D/
HY11, was isolated in 2023 from cattle and seems to 
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Table. Recent epidemics or pandemics from respiratory viruses thought to be zoonotic* 
Period Virus Virus family Deaths Scope 
1918–1920 Influenza A(H1N1) Orthomyxoviridae 20–100 million (1) Worldwide 
1957–1958 Influenza A(H2N2) Orthomyxoviridae 1–4 million (2) Worldwide 
1968–1969 Influenza A(H3N2) Orthomyxoviridae 1–4 million (3) Worldwide 
2002–2004 SARS-CoV-1 Coronaviridae 774 (4) 29 countries (5) 
2009–2010 Influenza A(H1N1) Orthomyxoviridae 151,700–575,400 (6) Worldwide 
2012–present MERS-CoV Coronaviridae 2,627† 27 countries† 
2019–present SARS-CoV-2 Coronaviridae 7.1 million‡ Worldwide 
*MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV, severe acute respiratory syndrome coronavirus. 
†Per World Health Organization (https://www.who.int/emergencies/disease-outbreak-news/item/2025-DON560). 
‡Per World Health Organization as of October 2025 (https://data.who.int/dashboards/covid19/deaths?n=o). 

 

Figure 1. Schematic illustration 
of the host range of IDV. Natural 
infections have been confirmed 
through the detection of virus 
genomic RNA, virus isolation, or 
the presence of IDV antibodies in 
domestic animals, wild animals, 
captive animals, and humans (9–
13). Clinically apparent infections 
have been observed in laboratory 
animals, including ferrets, guinea 
pigs, and mice, that have been 
exposed to IDV in laboratory 
experiments (14). Figure created in 
BioRender (https://biorender.com/
uxr6kea). IDV, influenza D virus.



Influenza D and Canine Coronavirus HuPn-2018

be more efficient for airborne transmission in ferrets 
than strains used in previous studies. The observed 
increase in aerosol transmission is probably associat-
ed with mutations identified in this new strain, espe-
cially in the polymerase P3 gene, but more studies are 
needed to understand the underlying mechanisms 
behind these findings. Nevertheless, IDV replication 
and transmission in ferrets, 1 surrogate model for hu-
mans in influenza studies, and efficient replication in 
human primary airway epithelial cells observed in 
that work and another study (22) provide a theoreti-
cal framework that the virus will adapt and evolve for 
effective growth and human-to-human spread.

CCoV-HuPn-2018
In 2021, we first reported the cell culture isolation and 
characterization of a novel canine–feline recombinant 
alphacoronavirus, CCoV-HuPn-2018, from a naso-
pharyngeal swab sample from a child hospitalized 
with pneumonia in Sarawak State, Malaysia (23). The 
virus shared ≈97% nucleotide identity in most struc-
tural genes with canine coronavirus II, but its spike 
gene contained segments from feline coronavirus and 
transmissible gastroenteritis virus, which are specific 
for the canine coronavirus IIb subtype, suggesting 
a complex recombinant origin. A subsequent virus 
culture and characterization in urine specimens from 
persons visiting Haiti (24) indicated a 99.4% identity, 
confirming the circulation of CCoV-HuPn-2018 in 
different geographic regions. In addition, similar ani-
mal alphacoronaviruses have been detected among 

humans with respiratory illness living in Bangkok, 
Thailand (25), and in the US state of Arkansas (26). 
Recently, we detected CCoV-HuPN-2018 among 18 
of 200 pneumonia patients hospitalized in the area of 
Hanoi, Vietnam, suggesting that this virus may have 
a wide geographic distribution and variable (and pos-
sibly increasing) prevalence (27) (Figure 2). The virus 
is entirely missed by common clinical diagnostics 
tests for the detection of respiratory viruses.

Although these findings do not yet prove that 
CCoV-HuPn-2018 is a frequent, worldwide cause of 
severe respiratory disease, they suggest that CCoV-
HuPn-2018 (or very similar viruses) merit our closer 
study. Recent studies of the spike protein of CCoV-
HuPN-2018 have shed light on its interaction with the 
aminopeptidase N from canines, felines, and porcines, 
but not humans, as functional receptors for cell entry 
(28–30). Nevertheless, CCoV-HuPn-2018 spike pro-
tein pseudotyped virus infects multiple human cancer 
cell lines in a human aminopeptidase N–independent 
manner. Earlier clades of CCoV-HuPn-2018 might 
have not yet evolved to be an efficient human patho-
gen, but they may be evolving now, as evidenced by 
the increased number of patients affected by the virus 
in the study by our surveillance team in Vietnam (27).

Other Viruses
Of course, in addition to IDV and CCoV-HuPn-2018, 
public health professionals should seek to detect other 
animal respiratory viruses as they spill over to infect 
humans. When possible, such surveillance should be 
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Figure 2. Locations of canine coronavirus HuPn-2018 or similar virus detections among humans with respiratory illness (23–27). Figure 
created in R version 4.4.1 (https://cran.rstudio.com).
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strategically focused at the human–animal nexus where 
we recognize the risk is high (31). For instance, the risk 
for novel swine viruses spilling over from swine to in-
fect swine workers is exceedingly high compared with 
the similar risk for avian influenza viruses spilling over 
from poultry to infect poultry workers (32–37). Similar-
ly, we are aware of the zoonotic threat of other animal 
coronaviruses infecting persons directly or indirectly 
exposed to their animal hosts (38,39). In addition, we 
posit that evidence of animal adenoviruses spilling 
over to infect humans is mounting (40). In recent years, 
molecular evidence has shown that a vampire bat–like 
adenovirus in Malaysia (41) and a bovine adenovirus 
in Pakistan (J.R.E. Ansari et al., unpub. data, https://
doi.org/10.21203/rs.3.rs-5811360/v1) were associated 
with human respiratory disease. Because of those and 
other observations, we argue that periodic surveillance 
with targeted and panspecies diagnostics would be 
prudent when addressing emerging respiratory virus 
threats for viruses in 6 viral families (Adenoviridae, 
Coronaviridae, Orthomyxoviridae, Paramyxoviridae, 
Picornaviridae, and Pneumoviridae) (42). Conducting 
such surveillance in concert with occasional agnostic 
next-generation sequencing of specimens associated 
with unusual illnesses can help us better prepare for 
future pandemic threats at more sustainable costs than 
previous strategies that sought to detect novel patho-
gens in many wildlife hosts (43).

Conclusions
The novelist Stephen King adapted a classical Eng-
lish language quip to illustrate our tendency to ignore 
our previous mistakes: “Fool me once, shame on you. 
Fool me twice, shame on me. Fool me three times, 
shame on both of us” (44). As we prepare for the next 
pandemic, we would be wise to heed his advice.

Currently, we know of no human or veterinary 
laboratory-approved molecular or serologic assays 
for IDV or CCoV-HuPN-2018. Hence, our knowledge 
about the viruses’ epidemiology and clinical manifesta-
tions are limited to a modest number of research stud-
ies. Even so, the limited data regarding these novel, 
newly detected viruses indicate that that they are a 
major threat to public health. If we wish to avoid be-
ing fooled again by a novel virus suddenly gaining ef-
ficient human-to-human transmissibility and causing 
large human epidemics, we would be wise to develop 
better surveillance systems and new countermeasures 
for these and similar viruses. Potential actions include 
the development of commercial real-time reverse tran-
scription PCR diagnostic tests specifically targeting 
IDV and CCoV-HuPN-2018 viruses. Conducting pe-
riodic assessments for novel respiratory viruses could 

detect what might be cryptic causes of hospitalizations 
or animal epizootics in geographic areas recognized to 
be sites of increased presence of emerging pathogens 
(42,45). As we have shown, this surveillance can eas-
ily be performed with panspecies and next-generation 
sequencing diagnostics (42,46,47). Clinicians should 
consider IDV and CCoV-HuPN-2018 in their workup 
of pneumonia patients when a primary battery of diag-
nostic tests fail to identify a pathogen. Scientists should 
begin evaluating antiviral drugs as effective therapy for 
the treatment of IDV and CCoV-HuPN-2018 infections. 
If further epidemiologic study indicates that the invest-
ment is warranted, human vaccine development should 
be considered for both IDV and CCoV-HuPN-2018. 
Furthermore, with respect to detecting new respira-
tory virus threats, when specific novel animal spillover 
risks are identified, they may often be mitigated with 
targeted interventions such as those recently reviewed 
by Vora et al. (48) and Plowright et al. (49).
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Histoplasmosis, caused by the thermally di-
morphic fungus Histoplasma capsulatum, is 

a well-established disease pathogen. The clinical 
spectrum of histoplasmosis ranges from asymp-
tomatic infection to life-threatening disseminat-
ed disease, depending on the extent of exposure 
and host immune status (1). In immunocompro-
mised patients, particularly those with HIV in-
fection or hematologic malignancies or who are 
receiving immunosuppressive therapy, histoplas-
mosis can manifest as progressive disseminated 
disease with high mortality rates (2). In immuno-
competent hosts, complications rarely develop 
but indicate treatment once present (3). Common  

manifestations include mediastinal lymphadenitis 
or fibrosis and chronic pulmonary sequalae (4).

Traditionally, histoplasmosis has been consid-
ered a geographically restricted mycosis confined 
to well-defined endemic locations. The organism is 
found predominantly in soil enriched with bird ex-
creta. Evolving epidemiologic reports have shown 
that histoplasmosis, previously confined to the en-
demic area of the Ohio and Mississippi River basins, 
can occur anywhere in the United States (5,6). Cen-
tral and South America represented the other estab-
lished endemic regions (7,8). Cases identified outside 
those regions have been predominantly attributed 
to travel exposure or reactivation of latent infections 
acquired during prior visits to endemic areas. Nev-
ertheless, the conventional understanding of histo-
plasmosis as exclusively associated with endemic re-
gions has been challenged by case reports from areas 
previously considered nonendemic worldwide (9). 
Those reports suggest that the environmental niche 
of H. capsulatum fungus may be more extensive than 
previously recognized and so might have changed 
environmental conditions, intensified global travel, 
and improved diagnostic capabilities. Furthermore, 
the organism’s capability to establish environmental 
reservoirs in new geographic locations challenges 
traditional disease transmission patterns and epi-
demiologic surveillance approaches. Enabled by the 
ecologic preference for nitrogen-rich soil, especially 
soil contaminated with bird and bat guano, and the 
association with avian and chiropteran hosts that 
can disperse the fungus across regions (10), Histo-
plasma capsulatum has a documented capability to es-
tablish environmental reservoirs in new geographic 
locations. Molecular surveillance and ecologic niche 
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SYNOPSIS

Pulmonary histoplasmosis has traditionally been con-
sidered geographically restricted to disease-endemic 
regions. Taiwan, historically nonendemic, has recently 
witnessed rising infections. We conducted a retrospec-
tive study by reviewing adult patients in Taiwan who had 
pathologically confirmed pulmonary histoplasmosis during 
June 1997–December 2024. We analyzed 14 cases with 
lung involvement. Eight case-patients were male and 6 fe-
male; mean age was 56.6 years. Of note, 11 case-patients 
(78.6%) had no history of travel to histoplasmosis-endem-
ic regions; 10 (71.4%) were immunocompetent. Left up-
per lobe involvement was most common (n = 4 [28.6%]), 
with nodular lesions predominating (n = 12 [85.7%]). Most 
(11 [78.6%]) patients received antifungal therapy, mostly 
with voriconazole. Outcomes were favorable; 1 (7.1%) 
patient died. Two additional case-patients without lung in-
volvement exhibited similar demographics and clinical out-
comes. Case identification rate has increased since 2015. 
This 27-year study documents the emergence of pulmo-
nary histoplasmosis in Taiwan, emphasizing the need for 
heightened clinical suspicion in nonendemic regions.
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modeling have reported that Histoplasma spp. can 
persist in both traditional endemic and newly recog-
nized areas (11).

Taiwan, situated in the Western Pacific region, has 
traditionally been considered nonendemic for histo-
plasmosis based on limited historical documentation 
and the absence of systematic surveillance reports. A 
total of 17 cases in Taiwan during 1977–2022 were iden-
tified by literature review (12); those reports did not 
detail possible exposure by occupation, condition and 
characteristics of case-patients’ lungs, or outcomes. Still, 
those cases have delineated an evolving epidemiologic 
landscape that warrants comprehensive investigation 
(13). The increasing recognition of histoplasmosis cases 
in Taiwan, in conjunction with the heterogeneous clini-
cal manifestations and variable host–pathogen interac-
tions, necessitates detailed characterization of disease 
burden and clinical characteristics. Therefore, our 
study aimed to elucidate the demographic, clinical, ra-
diologic, and therapeutic characteristics of pulmonary 
histoplasmosis in Taiwan over a 27-year period.

We observed the ethical principles of Declara-
tion of Helsinki in designing and conducting this 
study. The research ethics committee of National 
Taiwan University Hospital approved the study (no. 
202506155RINB); informed consent was waived be-
cause of the retrospective nature of the study.

Materials and Methods

Study Design and Participants 
We conducted a retrospective observational study at 
National Taiwan University Hospital, a 2,600-bed ter-
tiary medical center in Taipei, Taiwan. We designed 
the study protocol to include all cases of histoplas-
mosis diagnosed during June 1997–December 2024. 
We systematically identified participants through 
an exhaustive search of the electronic medical record 
database using diagnosis coding for histoplasmosis 
from the International Classification of Diseases, 10th 
Revision. We defined the inclusion criteria as adult 

patients (>20 years of age) with pathologically con-
firmed histoplasmosis. All tissue specimens under-
went standardized processing protocols including 
hematoxylin and eosin staining, periodic acid-Schiff 
staining, and Gomori methenamine silver staining for 
organism detection and morphological characteriza-
tion. Experienced pathologists confirmed histoplas-
mosis diagnosis on the basis of concomitant presence 
of characteristic intracellular yeast forms of H. capsu-
latum in tissue specimens, 2–4 µm in size, with nar-
row-based budding, and in the absence of transverse 
septum (Figure 1). In addition, the primary treating 
physician determined pulmonary involvement on the 
basis of clinical assessment, radiologic evidence, and 
microbiologic findings from respiratory tract speci-
mens or lung tissue.

Data Extraction
For each identified case, we systematically retrieved 
demographic information including age at diagnosis, 
sex, body mass index, smoking history, occupation, pet 
ownership, residential distribution, and detailed travel 
history within 6 months preceding diagnosis. We used 
Centers for Disease Control and Prevention defini-
tions for endemicity for travel destination (14). We also 
documented clinical data including cardinal manifes-
tations of pulmonary histoplasmosis (fever, dyspnea, 
cough, and bodyweight loss), underlying conditions, 
immunosuppression factors, and antifungal medica-
tion. We defined immunosuppression as those who 
received immunosuppressive therapy. We systemati-
cally reviewed chest imaging studies to characterize 
the location, extent, and pattern of pulmonary involve-
ment. We classified lesions by morphologic appear-
ance and anatomic distribution by pulmonary lobe.

Statistical Analysis
We performed statistical analyses using SPSS Statis-
tics 19.0 software (https://www.ibm.com) and com-
piled descriptive statistics as mean +SD  for continu-
ous variables and frequencies with percentages for 
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Figure 1. Representative 
histopathologic findings of 
pulmonary histoplasmosis 
in Taiwan, 1997–2024. A) 
Hematoxylin and eosin stain 
delineates numerous tiny ovoid 
yeasts within macrophages; 
occasional narrow-based 
budding indicated (black arrow). 
B) Grocott’s methenamine silver 
stain shows yeasts with narrow-
based budding (red arrows). 
Scale bars represent 20 µm.
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categorical variables. Because the sample size was 
relatively small for this rare disease, we compared 
groups using nonparametric tests: Mann-Whitney 
U test for continuous variables and Fisher exact test 
for binary categorical variables. We defined statistical 
significance as a 2-sided p value <0.05.

Results
A total of 14 persons with pathologically confirmed 
histoplasmosis and lung involvement comprised  
the primary cohort for analysis. We identified 2  

additional patients without lung involvement for 
comparison (Table 1). The population was pre-
dominantly male (8 [57.1%] vs. 6 [42.9%] female); 
mean age was 56.6 years. Most patients were never 
smokers (12 [85.7%]); the remaining 2 had a history 
of former smoking. Regarding geographic distribu-
tion, 10 (71.4%) patients resided in northern Tai-
wan, and 4 (28.6%) patients were from the middle 
Taiwan regions. Of note, occupational exposure to 
dust or soil environments was present in 3 (21.4%) 
patients; 1 (7.1%) was a pet owner. Three (21.4%) 
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Table 1. Characteristics of case-patients in study of pulmonary histoplasmosis in Taiwan, 1997–2024* 
Case 
no. 

Age, y/ 
sex Date 

Travel 
history Occupation Pet 

Residence 
region 

Involved site 
(details) 

Immunocompromised 
factor 

Antifungal 
agent 

With lung involvement 
 1 21/F 2001 

Apr 
USA 

(Illinois)† 
Teacher None North Lung (nodule) Immunocompetent None 

 2‡ 86/M 2003 
Feb 

Indonesia,† 
Thailand,† 

Saudi 
Arabia, 
China 

(Shandong) 

Excavator 
driver 

None North Lung (nodule) Addison’s disease Amphotericin 
B 

 3 71/M 2014 
Aug 

India,† 
Guatemala,† 

USA 
(California) 

Electronics None North Lung (nodule) Immunocompetent None 

 4 20/F 2016 
Jul 

None Student None North Lung (nodule) Immunocompetent Voriconazole 

 5 74/F 2016 
Jul 

None Housewife None North Lung (nodule) Immunocompetent Posaconazole 

 6 36/M 2019 
Aug 

None Office 
worker 

None North Lung (nodule) Immunocompetent Voriconazole 

 7 32/M 2019 
Dec 

None Unknown None Middle Lung (nodule) Immunocompetent Posaconazole 

 8 66/M 2020 
May 

None Unknown None North Disseminated 
(involving skin, 
lymph node, 
and GI tract) 

Kidney transplant Voriconazole 

 9 54/M Mar 
2021 

None Electronic 
engineering 

None North Lung (nodule) Immunocompetent Itraconazole 

 10 53/M Oct 
2021 

None Cement 
worker 

None Middle Lung (nodule) Immunocompetent None 

 11 83/F Dec 
2021 

None None None North Lung 
(consolidation) 

Rheumatoid arthritis Voriconazole 

 12 63/F Sep 
2023 

None Housewife None Middle Lung (nodule) Immunocompetent Fluconazole 

 13 60/F 2023 
Sep 

None Indoor 
decoration 

Duck North Lung (ill-
defined 

opacity), bone 
marrow 

Myelodysplasic 
syndrome 

Ambisome 

 14§ 74/M 2024 
Sep 

None Cement 
worker 

None Middle Lung (nodule) Immunocompetent Voriconazole 

Without lung involvement 
 15 27/M 1997 

Jun 
Malaysia,† 
Thailand,† 
Singapore† 

Unknown None North Disseminated 
(involving lung, 
bone marrow, 
GI tract, and 
lymph node) 

HIV Amphotericin 
B 

 16 78/M 2003 
Oct 

None Farmer None East Mediastinal 
lymph node 

None Amphotericin 
B 

*GI, gastrointestinal.  
†These areas likely to be hyperendemic, cases likely to occur regularly, and locally acquired cases to be reported. 
‡Patient died of respiratory failure. 
§Patient survived with Evans syndrome.  
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patients had a history of travel to recognized dis-
ease-endemic areas.

Clinical manifestations varied across the cohort. 
When assessed individually, each cardinal symptom 
was present in 21.4%–35.7% of the study population. 
However, up to 64.3% of the patients manifested a 
constellation of these symptoms. Underlying condi-
tions were notable within the study population. Two 
(14.3%) patients had a history of tuberculosis; 1 ex-
perienced remote infection, and 1 had a concurrent 
case of pulmonary histoplasmosis. Four (28.6%) pa-
tients were receiving immunosuppressive therapies: 
2 patients for autoimmune diseases, 1 patient for ac-
tive hematologic malignancy, and 1 patient for solid 
organ transplantation. Diagnostic confirmation of 
histoplasmosis was achieved primarily through his-
topathologic examination, whereas microbiologic 
confirmation through positive fungal culture was 
achieved in 2 (14.3%) patients.

We observed temporal distribution of cases dur-
ing 2016–2024 (Figure 2). Throughout the study, the 
number of immunocompetent patients consistently 
exceeded their immunocompromised counterparts. 
We noted anatomic involvement in radiographic 
images consistent with typical manifestations of 
pulmonary histoplasmosis described in endemic  

regions (Figure 3). The predominant pattern was 
nodular lesions (12 [85.7%] patients); the 2 excep-
tions appeared as consolidation and ill-defined 
opacity. Most (11 [78.6%]) patients received appro-
priate antifungal treatment (Figure 4). Voriconazole 
was the most commonly administered therapeutic 
agent, followed by amphotericin B, posaconazole, 
fluconazole, and itraconazole.

Comparative analysis by host immunity revealed 
no statistically significant differences in symptom 
presentation, underlying conditions, absolute neu-
trophil count, and C-reactive protein level between 
the immunocompetent and immunocompromised 
groups. However, immunosuppressed patients were 
numerically but not significantly older (73.8 vs. 49.8 
years of age; p = 0.07). In addition, the elderly patients 
demonstrated a higher tendency to exhibit cardinal 
symptoms (83.3% vs. 50.0%; p = 0.30). Conversely, 
younger patients manifested slightly lower absolute 
neutrophil counts (3.2 vs. 5.3 k/μL; p = 0.15).

The overall prognosis was favorable. One pa-
tient (patient 2), who was immunosuppressed from 
steroid use for Addison’s disease, eventually expe-
rienced severe pneumonia with hypoxemic respira-
tory failure despite treatment with amphotericin B 
(1 mg/kg/d) and died in the hospital (15). Patient 
14 experienced consequent immune system dys-
regulation by manifesting idiopathic thrombocyto-
penic purpura and autoimmune hemolytic anemic 
(Evans syndrome); that patient survived till the 
study endpoint (16).

We identified 2 patients during the study period 
who had histoplasmosis without thoracic involve-
ment; they experienced multiorgan involvement in-
cluding the gastrointestinal tract, skin, colon, lymph 
nodes, and bone marrow. One patient had concurrent 
HIV infection with Kaposi sarcoma; the other was 
considered immunocompetent. Comparative analy-
sis revealed no significant demographic or clinical 
parameter differences between pulmonary and non-
pulmonary cases (Tables 2–4).

Discussion
This comprehensive, longitudinal analysis of his-
toplasmosis cases in Taiwan over a 27-year period 
fundamentally challenges the established paradigm 
that histoplasmosis remains confined to traditionally 
recognized endemic geographic regions. Our find-
ings demonstrate the emergence of histoplasmosis in 
Taiwan and underscore the importance of consider-
ing a histoplasmosis diagnosis even in geographic 
locations previously classified as nonendemic or in 
immunocompetent patients.
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Figure 2. Epidemiologic trend of pulmonary histoplasmosis in 
Taiwan, stratified by host immunity, 1997–2024. Numbers above 
data points indicate numbers of cases.

Figure 3. Locations and characteristics of primary lung lesions in 
patients with pulmonary histoplasmosis in Taiwan, 1997–2024.



Pulmonary Histoplasmosis, Taiwan, 1997–2024

Our results extend previous observations docu-
menting 17 histoplasmosis cases from Taiwan over 
4 decades (12). Local Talaromyces marneffei, another 
dimorphism fungus with similar morphology, has 
been identified in Taiwan; H. capsulatum can be dis-
tinguished histologically by its pathognomonic fea-
ture of the central septum (17). The marked increase 
in diagnosed histoplasmosis cases since 2016 exem-
plifies enhanced case recognition, a likely result of 
improved diagnostic modalities (18). The absence 
of culture or molecular typing can prevent definite 
diagnosis, as reflected in therapeutics. Even though 
itraconazole had been endorsed as standard treat-
ment (19), only 6% of the patients in our cohort were 
treated with it. Voriconazole was the most frequently 
prescribed alternative instead, perhaps because of its 
lower adverse effect on gastrointestinal tract and liver 
function, as well as its broader antifungal spectrum 
when diagnosis remains indefinite.

A notable finding of our study is the limited 
travel history among affected patients. National 
health insurance data indicated a local incidence of 
histoplasmosis at 0.24/100,000 population annu-
ally (20); our study suggested that local acquisition 
of histoplasmosis in Taiwan may be more common 
than previously recognized. Whether those cases can 
be attributed to indigenous transmission or import-
ed disease remained unknown; however, our study 
provides more definitive evidence for local acquisi-
tion by demonstrating the high proportion of patients 
without relevant travel history.

We hypothesized that the environmental niche 
of H. capsulatum is geographically more widespread 
than previously considered (21). Several factors 
contributed to fungal growth and spore production 
in previously nonendemic areas, including climate 
change, urbanization, construction activities, soil 
transportation, and changes in bird population distri-
bution. Climate change creates favorable environmen-
tal conditions for H. capsulatum fungus survival and  

proliferation in regions previously considered unsuit-
able. The increasing urbanization and construction 
activities disturbed soil containing dormant fungal 
spores, resulting in aerosolization and subsequent hu-
man exposure. In addition, global trade and transpor-
tation of soil materials, agricultural products, and con-
struction materials likely enable the introduction and 
establishment of H. capsulatum in novel geographic 
locations. Approximately 30% of cement clinker used 
for construction in Taiwan is imported, which might 
provide a route of transmission for H. capsulatum and 
subsequently serve as an exposure source.

The emergence of histoplasmosis in immuno-
competent persons represents another concerning 
epidemiologic trend. Previous studies have reported 
cases of immunocompetent hosts with disseminated 
histoplasmosis, although most had obvious expo-
sure through construction work (22). In our series, 
not all cases could be identified with specific ex-
posure sources either through occupation or travel 
history. A similar case report from South Korea also 
described a patient with pulmonary histoplasmo-
sis who was neither immunocompromised nor had 
travel history (23). Although immunosuppression 
has been well established as an important predis-
posing factor for severe histoplasmosis, our study 
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Table 2. Key parameters in study of pulmonary histoplasmosis by host immunity status, Taiwan, 1997–2024* 
Characteristic All, N = 14 Immunocompetent, n = 10 Immunocompromised, n = 4 p value 
Mean age, y, + SD 56.6 + 21.8 49.8 + 21.2 73.8 ± 12.7 0.07 
Sex     
 M 8 (57.1) 6 (60.0) 2 (50.0) 1.00 
 F 6 (42.9) 4 (40.0) 2 (50.0) 
Any cardinal symptoms 9 (64.3) 5 (50.0) 4 (100.0) 0.22 
Tuberculosis 2 (14.3) 1 (10.0) 1 (25.0) 0.49 
HIV 0 0 0 NA 
Travel history 3 (21.4) 2 (20.0) 1 (25.0) 1.00 
Immunosuppression 4 (28.6)    
ANC + SD 4.1 + 2.1 4.2 + 1.7 3.9 + 3.4 1.00 
CRP + SD 4.2 + 3.8 3.1 + 4.0 5.2 + 4.2 0.40 
In-hospital death 1 (7.1) 0 1 (25.0) 0.29 
Complication 2 (14.3) 1 (10.0) 1 (25.0) 0.51 
*Values are no. (%) except as indicated. ANC, absolute neutrophil count; CRP, C-reactive protein; NA, not applicable. 

 

Figure 4. Distribution of antifungal agents used in cases of 
pulmonary histoplasmosis in Taiwan, 1997–2024.
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demonstrates that most patients were immunocom-
petent at the time of diagnosis. In addition to het-
erogeneous clinical manifestations observed in our 
cohort, those cases suggested that traditional risk 
stratification approaches might need revision and 
that environmental factors or genetic susceptibility 
play pivotal roles. Genetic polymorphisms in im-
mune response genes may influence individual sus-
ceptibility to histoplasmosis infection and disease 
severity (24). Environmental factors, such as the in-
tensity and duration of exposure, coexisting respira-
tory conditions, or concurrent infections, could also 
modulate disease manifestation in immunocompe-
tent hosts. The occurrence of disseminated disease 
in the additional cases we describe exemplifies the 
potential severity of histoplasmosis even in presum-
ably low-risk populations. The development of Ev-
ans syndrome in 1 patient further demonstrates the 
potential for complex immunological complications 
after histoplasmosis infection. Despite those compli-
cations, the favorable outcomes achieved with ap-
propriate antifungal therapy demonstrate the effica-
cies of early recognition and treatment.

Of radiology results, nodular lesions remained 
the most prevalent pattern we observed at >80%, 
which closely matches previous reports (25). How-
ever, some studies have described additional specific 
patterns including cavitary lesions (26), halo (27) or 
reverse halo (28) signs, and spindle cell lesions (29). 
Because of those imaging findings, pulmonary histo-
plasmosis can be easily confused with primary lung 
malignancy or metastatic lesions, thereby mandating 
tissue-based diagnostic procedures. The exception-
ally low yield of fungal cultures in our study empha-
sizes the inherent diagnostic difficulties associated 
with histoplasmosis; histopathologic examination re-
mained the primary diagnostic modality. The integra-
tion of molecular diagnostic methodologies, including 
PCR-based assays, monoclonal antibody–based as-
says (30), and next-generation sequencing approach-
es (31), could enhance detection rates and support 
pathological findings. Those advanced diagnostic 
modalities could be particularly valuable in nonen-
demic settings where clinical suspicion may be lower 
and traditional diagnostic methods may be less reli-
able. Moreover, antigen detection assays, particularly  
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Table 4. Comparisons of key parameters in study of pulmonary histoplasmosis by disease manifestation in lungs, Taiwan, 1997–2024* 
Characteristic All, N = 14 Nodule, n = 12 Other, n = 2† p value 
Mean age, y, + SD 56.6 + 21.8 54.2 + 22.1 71.5 + 16.3 0.36 
Sex     
 M 8 (57.1) 8 (66.7) 0 0.09 
 F 6 (42.9) 4 (33.3) 2 (100) 
Any cardinal symptoms 9 (64.3) 7 (58.3) 2 (100) 0.27 
Tuberculosis 2 (14.3) 2 (16.7) 0 0.55 
HIV 0 0 0 NA 
Travel history 3 (21.4) 3 (25.0) 0 0.44 
Immunosuppression 4 (28.6) 2 (16.7) 2 (100) 0.02 
ANC + SD 4.1 + 2.1 4.2 + 1.6 3.5 + 4.7 0.83 
CRP + SD 4.2 + 3.8 4.7 + 4.6 3.0 + 2.3 1.00 
In-hospital death 1 (7.1) 1 (8.3) 0 0.68 
Complication 2 (14.3) 2 (16.7) 0 0.55 
*Values are no. (%) except as indicated. Values in bold text are statistically significant. ANC, absolute neutrophil count; CRP, C-reactive protein; NA, not 
applicable. 
†These 2 additional cases were used as controls.  

 

 
Table 3. Key parameters in study of pulmonary histoplasmosis, by lung involvement, Taiwan, 1997–2024* 
Characteristic Yes, n = 14 No, n = 2† p value 
Mean age, y, + SD 56.6 + 21.8 52.5 + 25.5 1.00 
Sex    
 M 8 (57.1) 2 (100) 0.26 
 F 6 (42.9) 0 (0) 
Any cardinal symptoms 9 (64.3) 2 (100) 0.32 
Tuberculosis 2 (14.3) 0 0.58 
HIV 0 1 (50.0) 0.008 
Travel history 3 (21.4) 1 (50.0) 0.40 
Immunosuppression 4 (28.6) 1 (50.0) 0.55 
ANC + SD 4.1 + 2.1 NA NA 
CRP + SD 4.2 + 3.8 NA NA 
In-hospital death 1 (7.1) 0 0.71 
Complication 2 (14.3) 0 0.58 
*Values are no. (%) except as indicated. Values in bold text are statistically significant. ANC, absolute neutrophil count; CRP, C-reactive protein; NA, not 
applicable. 
†These 2 additional cases were used as controls.  
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urinary Histoplasma antigen testing, have shown 
promise in endemic areas to enable diagnosis in non-
endemic regions, especially for disseminated cases.

Our findings underscore the critical need for 
heightened clinical suspicion of histoplasmosis even 
in previously considered nonendemic settings, par-
ticularly given the varied manifestations observed in 
both immunocompromised and immunocompetent 
patients. Future research should prioritize system-
atic environmental reservoir identification, genetic 
determinants of host susceptibility, and optimization 
of diagnostic approaches specific to nonendemic set-
tings. Previous studies have applied PCR to identify 
local acquisition in wildlife and environment samples 
(32,33); we expect the molecular approach to demon-
strate that epidemiology of infectious disease evolves 
in response to changing environmental and demo-
graphic factors, emphasizing the need for adaptive 
surveillance and clinical preparedness strategies.

A limitation of this study is that its retrospective 
nature inherently limited data completeness and po-
tentially introduced selection bias toward more severe 
patients requiring invasive investigation. Potential 
study participants were identified by International 
Classification of Diseases coding and confirmed as 
having histoplasmosis after pathology review; most 
lacked positive culture of H. capsulatum, which would 
provide a definite diagnosis. A second limitation is 
that we documented only recent travel history in our 
study. Reactivation of H. capsulatum that was acquired 
from remote travel cannot be totally excluded. Third, 
the small sample size confined statistical power for 
subgroup analyses and obscured subtle but clini-
cally important differences between different patient 
phenotypes; we acknowledge that the small sample 
reflected the rarity of the disease. Fourth, we identi-
fied the patients in our study relying on histopatho-
logic diagnosis; we lacked culture data for validation. 
We might have underestimated genuine incidence of 
histoplasmosis because mild or asymptomatic case 
records might not indicate tissue sampling. Finally, 
we did not address the identification of local fungal 
reservoirs and transmission sources.

In conclusion, this 27-year case series provides 
evidence for the emergence of histoplasmosis in Tai-
wan, potentially challenging traditional geographic 
boundaries of such infections. The high proportion 
of patients without travel history to endemic regions 
is suggestive of local acquisition and possible H. cap-
sulatum reservoirs in the environment. The predomi-
nance of immunocompetent hosts among our cases 
indicates evolving epidemiologic patterns that re-
quire further clinical recognition and risk assessment 

strategies. We recommend high clinical suspicion for 
histoplasmosis in patients with compatible clinical 
and radiologic findings, even in the absence of travel 
history or obvious immunocompromising conditions.
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SYNOPSIS

Lyme disease (LD), caused by Borrelia burgdorferi, 
is the leading vectorborne disease in the United 

States (1,2), transmitted by Ixodes ticks (3). LD has been 
described conceptually in stages, although manifesta-
tions of what was described as later stages can occur 
at the initial stage of infection. The initial stage often 
manifests with a characteristic skin rash, erythema 
migrans, described as a centrifugally expanding ery-
thematous annular skin lesion with a clear center, 
or the bull’s-eye lesion, at the site of the tick bite (4). 
However, the classic form of erythema migrans does 
not occur in many cases, even those with microbiologic 
proof of the infection (5,6). The second stage of disease, 
occurring weeks to months later, and third stage of dis-
ease, occurring months later, are known to have a wide 
variety of manifestations, including neurologic, car-
diac, and musculoskeletal signs and symptoms (1,4). 
Arthralgias are common in early LD, whereas arthritis, 
when it occurs, appears in later stages (7). In addition, 
various ocular etiologies have been observed during 
the second and third stages of LD. 

Although reports of ocular LD are rare, it can 
manifest in various ways, including, but not lim-
ited to, uveitis; optic neuritis; cranial nerve III, IV, 
and VII palsies; papilledema; and retinal vasculitis. 
We reviewed previously described case reports of 
ocular LD, summarizing the clinical manifestations 
to further clarify the possible manifestations of ocu-

lar LD to help guide physicians regarding when to 
consider this diagnosis. A caveat is that many of 
the early published cases did not necessarily fol-
low the Centers for Disease Control and Prevention 
(CDC) case definitions at the time they were report-
ed. Those definitions are for surveillance and not 
meant as clinical criteria for individual diagnosis 
and treatment (8,9).

Methods
This retrospective case series aimed to evaluate ocu-
lar manifestations of LD by reviewing cases identi-
fied in the PubMed database that were published 
during 1988–2025. We included published articles 
in PubMed up until March 15, 2025, that described 
clinical manifestations of various forms of ocular LD. 
We conducted the literature search in PubMed by us-
ing the search terms “ocular Lyme” and “ocular and 
variations, with B. burgdorferi.” Inclusion criteria in-
cluded articles that discussed >1 case report of ocu-
lar manifestations of LD. Exclusion criteria included 
inability to obtain full text, text in language other 
than English, and studies that did not discuss clinical 
manifestations of a specific case. We noted a paucity 
of articles that met CDC criteria at the time the cases 
were reported. Despite those limitations, we were 
able to illustrate the specific variety of ocular condi-
tions by screening 176 articles; among the reviewed 
full texts, 29 were eligible for sufficient analysis. We 
excluded 2 texts because no English versions of the 
texts were available. We reviewed 27 publications 
(Table; Appendix Table, https://wwwnc.cdc.gov/
EID/article/32/1/25-0769-App1.pdf). In order of de-
creasing assurance that the patient had LD were mi-
crobiologic evidence (e.g., DNA) or culture-positive 
test results for B. burgdorferi, meeting CDC criteria for 
LD with serologic conversion, CDC criteria otherwise 
being met, and CDC criteria not being met.

Results
The reviewed literature (Table; Appendix Table) 
highlights diverse ocular manifestations of LD and 
the basis for their diagnosis and method for treat-
ment. Of the 38 cases we analyzed, 5 cases had micro-
biologic proof of LD (10–14) (Table). Cases that had 
microbiologic proof were 2 cases of anterior uveitis, 1 
case of intermediate uveitis, 1 case of abducens nerve 
palsy with anterior uveitis, and 1 case of intranuclear 
ophthalmoplegia.

Ocular LD Cases with Microbiologic Proof
One case occurred in a 67-year-old man who had bi-
lateral, progressive, asymmetric crystalline keratopa-
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Reports of ocular manifestations of Lyme disease (LD) 
are uncommon, and signs and symptoms may be over-
looked by physicians. We conducted a retrospective 
case series of ocular LD reported during 1988–2025. 
Among 27 published reports in PubMed, we noted that, 
in 38 cases, the most common ocular manifestation was 
uveitis, representing 45% of cases, followed by optic 
neuritis and cranial nerve palsies (including trochlear 
and abducens). Not all cases met Centers for Disease 
Control and Prevention surveillance guidelines for LD, 
given that some case reports were published before the 
current guidelines. Cases that provided microbiologic 
proof were 2 anterior uveitis cases, 1 case of anterior 
uveitis with abducens’s nerve palsy, 1 case of intermedi-
ate uveitis, and 1 case of intranuclear ophthalmoplegia. 
Ocular LD can have a broad variety of manifestations; 
therefore, physicians should be aware of those manifes-
tations and obtain microbiologic proof for a more defini-
tive diagnosis and epidemiologic value when possible.
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thy. The patient had been taking methotrexate and 
systemic steroids for several years for recurrent irido-
cyclitis and arthritis of unknown cause. The patient 
had a penetrating keratoplasty of the right eye be-
cause of decreased visual acuity and had recurrence 
of the crystalline keratopathy 6 months later. Another 
6 months later, he experienced acute vision loss ac-
companied by massive crystalline deposits. Another 
keratoplasty was performed, and a corneal specimen 
had spirochete-like bodies detected by light and elec-
tron microscopic examination and broadrange (16S 
rDNA) PCR tests that were positive for B. burgdorferi 
sensu lato DNA. The patient was then treated with in-
travenous ceftriaxone for 2 weeks and was continued 
on his immunosuppression agents; he also received 
tetracycline eyedrops and steroid eyedrops, which 
were continued for over 2 years. The corneal findings 
remained unchanged.

Another case occurred in a 26-year-old woman 
with unilateral intermediate uveitis, specifically pars 
planitis. Her vitreous fluid tested PCR-positive for 
B. burgdorferi. She was treated with oral doxycycline 
(100 mg 2×/d) and 2 months later had onset of kera-
titis and inflammation in the other eye. She was then 
started on intravenous ceftriaxone and experienced 
substantial improvement in her symptoms. However, 
10 days later, after she had onset of severe thrombo-
cytopenia, ceftriaxone was discontinued, and she was 
started on oral nitrofurantoin therapy for 2 months. 
She had continual visual deterioration, and a vitrec-
tomy was performed. The vitreous fluid was found 
to be PCR-positive for a 232-bp segment specific for 
B. burgdorferi.

Another case with microbiologic proof occurred 
in a 45-year-old women who initially had systemic 
symptoms of fever, chills, headache, light headed-
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Table. Published case reports of ocular Lyme disease that indicate microbiologic proof of Lyme disease, 1988–2025* 

Article authors Year† Evidence Age/sex 

Ocular manifestations, 
diagnosis, and additional 

symptoms 
Treatment and resolution time in 

article 
Dietrich et al. (10) 2008 Corneal specimen: 

spirochete-like bodies and 
fragments detected by light 
and electron-microscopic 

examination. PCR: positive 
for Borrelia burgdorferi 
sensu lato DNA. IFA: 

borderline. Western blot: 
weak reaction. 

67/M History of recurrent 
iridocyclitis and arthritis 

(unknown etiology) treated 
with methotrexate and 

steroids; developed 
progressive asymmetric 

keratopathy 

Penetrating keratoplasty 2 times. 
IV ceftriaxone for 2 wks, and 
systemic immunosuppression 

(prednisone and methotrexate) 
continued. Tetracycline eyedrops 
and steroid eyedrops continued 

for >2 y without recurrence. 

Hilton et al. (11) 1996 Vitreous fluid: positive PCR 
test result for 232-bp 

segment specific for B. 
burgdorferi; ELISA-negative 

(repeat test 4 mo later 
positive); Western blot 

negative, with faint reactivity 
to 4 IgG bands (repeat test 4 

mo later positive). 

26/F Diagnosed with pars planitis Doxycycline 100 mg 2/d with 
improvement but recurrence. 

Treated with IV ceftriaxone 2 g/d 
for 10 d, followed by 2 mo oral 
macrolides. Visual deterioration 

requiring vitrectomy. 

Kauffmann and 
Wormser (12) 

1990 IFA: positive IgM and IgG. 
Vitreous debris examination 

showed occasional intact 
spirochetes compatible with 

Lyme disease. FTA-ABS 
and VRDL negative for 
Treponema pallidum. 

45/F Painful red eye with 
decreased vision and 

periorbital edema; 
diagnosed with iritis and 

posterior synechiae; 
additional symptoms: 

headache, lightheadedness, 
fevers, nausea, vomiting, 

EM-like rash 

Prior treatment with steroids with 
development of sudden rise in 
ocular pressure with proptosis, 
conjunctival purulent discharge, 
and rapid-onset dense cataract. 

Started on nafcillin and 
gentamicin for possible orbital 
cellulitis. Without improvement, 

had vitrectomy 2 times. 
Sauer et al. (13) 2009 ELISA: positive. Western 

blot: positive; aqueous 
humor: Borrelia spp.  

DNA noted. 

39/F Acute diplopia, pain and 
redness; diagnosed with 

abducens nerve palsy and 
anterior uveitis; additional 

symptoms: EM and 
arthralgia 

Ceftriaxone 2 g/d for 2 wks and 
topical steroids with recovery. 

Hardon et al. (14) 2002 ELISA-positive for IgG. CSF 
PCR positive for Borrelia 

spp. CSF antibody: 
negative. 

31/M Reduced eye movements; 
diagnosed with bilateral 

internuclear 
ophthalmoplegia 

IV ceftriaxone 2 g/d for 3 wks 
with resolution. 

*As of March 15, 2025. Year listed is the year of publication unless the year of the case is otherwise specified in the cited article. Not all cases were based 
on current Centers for Disease Control and Prevention case definition. CSF, cerebrospinal fluid; EM, erythema migrans; FTA-ABS, fluorescent 
treponemal antibody absorption test; IFA, indirect immunofluorescence assay; IV, intravenous; VDRL, Venereal Disease Research Laboratory test. 
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ness, and an erythema migrans–like rash. Approxi-
mately 30 days later, she had iritis with posterior 
synechiae. For the iritis, she received a subconjunc-
tival injection of triamcinolone (40 mg) but then had 
onset of hypopyon with vitritis. She was then start-
ed on oral prednisone therapy (up to 100 mg/d), 
but the inflammation worsened, and she had onset 
of severe panophthalmitis. She then had a sudden 
rise in intraocular pressure with proptosis and a 
conjunctival purulent discharge and was started on 
nafcillin and gentamicin for orbital cellulitis. One 
week later, she had 1 lensectomy and 2 vitrectomy 
procedures; the specimen obtained during the sec-
ond vitrectomy was stained by using the Deiterle 
method and showed occasional intact spirochetes 
on microscopic examination. A fluorescent trepone-
mal antibody absorption test and a Venereal Disease 
Research Laboratory test showed that the specimen 
was negative for Treponema pallidum (the bacteria 
that causes syphilis).

Another case with microbiologic proof occurred 
in a 39-year-old woman who had a history of recent 
tick bite (within 3 months); a history of erythema mi-
grans rash, arthralgia, and acute diplopia; and pain 
and redness in 1 eye. She was found to have abducens 
nerve palsy with anterior uveitis. Workup showed 
Borrelia spp. DNA in the aqueous humor specimen. 
She was treated with topical steroids and ceftriaxone 
for 2 weeks, during which time the patient recovered.

Another case in this series of cases with microbio-
logic proof of LD occurred in a 31-year-old man who 
had bilateral intranuclear ophthalmoplegia. A lum-
bar puncture was performed, and the result of a PCR 
test of the cerebrospinal fluid (CSF) was positive for 
Borrelia spp. The patient was treated with intravenous 
ceftriaxone for 3 weeks, and symptoms resolved. CSF 
from a repeat lumbar puncture after 3 months tested 
negative for Borrelia spp. by PCR.

Possible or Probable Ocular LD Cases
Although some case reports showed microbiologic 
proof of LD through testing of CSF or specimens from 
the eye, many of the cases we found in the literature 
were diagnosed on the basis of laboratory results or 
erythema migrans in the setting of a recent tick bite. 
We assessed all the reported cases of possible or prob-
able ocular LD (Appendix Table). Some of the cases 
followed the 2-tier or modified 2-tier testing method 
for LD; however, not all cases followed this method 
for diagnosis. Of all the case reports we reviewed 
(Table; Appendix Table), the most common ocular 
manifestation noted was uveitis (reported in 17 pa-
tients). Another common manifestation was cranial 

nerve palsies, which affect ocular movement (7 pa-
tients had abducens nerve palsy, and 2 patients has 
trochlear nerve palsy). Another 8 patients were found 
to have optic neuritis, of whom 4 had papillitis. Two 
patients had retinal vasculitis, and 2 patients had op-
tic disc edema. One patient had scleritis. Additional 
symptoms noted in only 1 case report each included 
1 case of ocular muscle myositis, 1 case of papillede-
ma, 1 case of optic disc edema, 1 case of interstitial 
keratitis, 1 case of ocular flutter, 1 case of opsoclonus, 
and 1 case of internuclear ophthalmoplegia. Systemic 
symptoms such as fatigue, arthralgia, and influenza-
like illness were frequently observed, indicating the 
multisystemic nature of LD.

Discussion
Reports of ocular involvement in LD are relatively 
rare; such cases are sometimes linked to early infil-
tration into the eye by B. burgdorferi bacteria or B. 
burgdorferi remaining dormant in the eye and then 
manifesting with symptoms later (4). The reported 
cases we describe do not include a reaction of the 
eye from a tick bite occurring on or around the eye. 
Ocular LD demonstrates a broad spectrum of mani-
festations, most commonly various forms of uveitis 
(anterior, intermediate, posterior, and panuveitis) 
but also cranial nerve palsies, optic neuritis, retinal 
vasculitis, scleritis, and other rare ocular findings, 
often accompanied by systemic symptoms such as 
fatigue, arthralgia, and influenza-like illness, which 
underscore LD’s multisystemic nature. Of the 38 cas-
es we reviewed, only 5 had definitive microbiologic 
confirmation through PCR or culture, whereas the 
remainder were classified as probable or possible on 
the basis of clinical features and serologic testing, 
which varied in consistency, reflecting historical di-
agnostic challenges.

First reported in the 1980s, shortly after B. burg-
dorferi was identified as the causative agent, ocular 
LD was initially described in case reports of conjunc-
tivitis, uveitis, optic neuritis, and cranial nerve pal-
sies. Certain cases of uveitis may be confused with 
conjunctivitis (pink eye) (Figure). Although diagnos-
tic methods advanced in the 1990s and 2000s with 
improved serologic assays and PCR testing, micro-
biologic proof for ocular LD cases has remained rare. 
Our findings are consistent with previous literature, 
which has also documented the diversity of manifes-
tations, the predominance of uveitis, the rarity of mi-
crobiologic confirmation, and variability in adherence 
to diagnostic guidelines, particularly in older reports. 
Similar studies include systematic reviews by Lu 
and Zand in 2022 (1), which analyzed LD-associated  
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optic neuritis; Klaeger and Herbort in 2010 (3), which 
focused on retinal vascular changes; Johnson et al. in 
2018 (7), which studied broader LD manifestations, 
including ocular findings; and multiple case series 
from the 1980s through 2000s, such as Fatterpekar et 
al. in 2002 (4) describing orbital LD (1,3,4,7).

The heterogeneity of ocular manifestations found 
in patients with microbiologic proof of LD highlights 
the importance of testing for B. burgdorferi in patients 
with otherwise unexplained ocular manifestations. 
In addition, very few publications provided direct 
microbiologic proof of LD. Ideally, to recognize the 
possible ocular manifestations of LD, the presence of 
microbiologic proof of B. burgdorferi in some part of 
the body would be necessary.

Limitations of this study include the lack of mi-
crobiologic proof in most cases, heterogeneity in diag-
nostic criteria, small sample size, retrospective design 
with reliance on published case reports susceptible 
to reporting bias, incomplete or inconsistent clinical 
data, and temporal variability, given that many cases 
were published decades ago before modern diagnos-
tic tools and treatment protocols. Those factors limit 
generalizability of case report findings to current clin-
ical practice.

This comprehensive but limited analysis of pub-
lished cases highlights clinical symptoms of possible 
or probable cases of LD. The successful outcomes in 
most cases, despite some requiring prolonged or re-
peated treatment, underscore the necessity of a multi-
disciplinary approach. Going forward, more compre-
hensive descriptions of ocular involvement should be 
published. This retrospective case series highlights 
the importance of further studies that can provide 

direct microbiologic proof for diagnosis of LD and 
guide the treatment of ocular manifestations in LD. 
Those measures will help us determine if ocular LD is 
an emerging condition.

In summary, LD can have, albeit rarely, a wide 
variety of ocular manifestations, most commonly 
uveitis, cranial nerve palsies, and optic neuritis. 
When evaluating a patient who lives or travels in 
an area of high LD prevalence, keeping LD in the 
differential diagnosis is important. A patient may 
seek primary care and clinicians in variety of sub-
specialties such as rheumatology, ophthalmology, 
infectious diseases, and neurology because of the 
various clinical manifestations of the illness. There-
fore, all physicians need to be aware of the possibil-
ity of LD and be knowledgeable of how to test for 
it (or be ready to refer the patient to a colleague 
with expertise in LD) and report such cases to pub-
lic health officials (6).
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Optimal management of the birthing parent with 
Q fever in pregnancy and of the newborn infant 

has not been established. Coxiella burnetii, the caus-
ative bacteria for Q fever, has a tropism for the pla-
centa in humans and other mammals (1); infection 
can result in spontaneous abortion and fetal demise. 
However, several studies have reported healthy, 
unaffected infants born to mothers with a diagnosis 
of acute or chronic Q fever in pregnancy (2–7). Pub-
lished evidence is lacking to guide best practices for 
managing such infants. Evidence is currently best 
gleaned from the occasional published case report 

of Q fever in pregnancy, despite most having no, or 
minimal, discussion of infant management. Many 
experts recommend against breastfeeding (8,9), al-
though the evidence base for that recommendation 
remains theoretical (1). 

In this article, we discuss 2 women in Australia 
in whom Q fever was diagnosed in pregnancy, with 
particular focus on the peripartum period and man-
agement of the infant. Breastfeeding was encouraged 
for both newborn infants. Written and verbal paren-
tal consent for the publication of this case report was 
obtained. This study was approved by the Children’s 
Health Queensland Hospital and Health Service Hu-
man Research Ethics Committee.

Case 1
A 28-year-old primiparous, previously healthy wom-
an was admitted to hospital with fevers and head-
aches at 10 weeks’ gestation. She was prescribed 14 
days of empiric doxycycline (safe for use during the 
first trimester); however, diagnosis of Q fever was not 
made until seroconversion was noted at 24 weeks’ 
gestation. Retrospective testing of a blood sample 
from 10 weeks’ gestation detected C. burnetii DNA 
through PCR; results of serologic testing were initial-
ly nonreactive (Table 1).

The woman lived in an urban suburb of Brisbane, 
Queensland, Australia, with her sister, brother-in-
law, 3 nephews, a dog, and a pet lizard. She had not 
traveled overseas nor had any contact with cattle or 
sheep farms. A few months before conception, she 
had commenced work in a pet food cannery. Al-
though Q fever vaccination had been recommended 
given occupational risk (livestock exposure through 
pet food), she had not yet been immunized.

Upon retrospective diagnosis of Q fever, trime-
thoprim/sulfamethoxazole (cotrimoxazole) was pre-
scribed for the period of 25–32 weeks’ gestation, ac-
cording to local and international recommendations 
(10,11). Her routine fetal ultrasound scan at 20 weeks’ 
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Optimal management of the birthing parent with Q fever 
in pregnancy and of the infant has not been established. 
Coxiella burnetii expresses a tropism for the placenta; 
resulting infection can potentially lead to spontaneous 
abortion and fetal demise. Although evidence around pre-
venting transmission and infection in the peripartum and 
postpartum period is lacking, reports of healthy babies 
born to mothers with acute or chronic Q fever in pregnan-
cy are increasing. Historically, many clinicians have rec-
ommended against breastfeeding in this setting because 
of a theoretical risk for bacterial transmission through 
breastmilk. We discuss 2 women in Australia who had 
Q fever in pregnancy, focusing on the peripartum period 
and infant management. Breastfeeding was encouraged 
in both cases. Both infants were born healthy and at term 
and have demonstrated no serologic or clinical evidence 
of Q fever infection in the first year of life.
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gestation found no morphologic abnormalities. A 
third trimester scan reported mild femur length 
shortening but was otherwise unremarkable. Third 
trimester blood tests confirmed the mother’s serocon-
version to Q fever (Table 1).

The woman gave birth to a healthy baby boy at 
39 weeks, 6 days of gestation by spontaneous vaginal 
delivery. Birth weight was 2,560 g (3rd percentile). 
The infant required a 24-hour admission to the special 
care nursery for hypoglycemia. Of note, at the time of 
delivery, results of PCR testing of the mother’s blood 
for C. burnetii were positive, and serologic titers in the 
postpartum period increased.

Placental histopathology revealed acute chorio-
nitis and chorionic vasculitis, noting some unusual 
features and multinucleate giant cells in the inflam-
matory infiltrate and focal but prominent necrosis of 
subchorionic inflammatory infiltrate. Focal changes 
of chronic villitis were also seen. There was no necro-
tizing villitis nor placental abscess formation, which 
differed from previous cases of Q fever placentitis 
seen in Queensland (L. Taege, pers. comm., pathol-
ogy report, 2023 Jun 30). C. burnetii was detected by 
PCR from the placenta but was not detected from ei-
ther cord blood or breastmilk.

Breastfeeding was encouraged in the setting of 
regular clinical review and serologic and PCR testing 
of mother, infant, and breastmilk (Table 1). The infant 
was exclusively breastfed until 6 months of age and 
continued breastfeeding into the second year of life 
after introduction of solids. The baby has remained 
well, with growth parameters tracking on the 80th 
percentile, and has shown no clinical signs of Q fever 
infection. Although the infant showed high IgG titers 
at 6 weeks postpartum, which might represent infec-
tion, the titers waned over time, more in keeping with 
transplacental transfer of maternal IgG. Furthermore, 
at birth, phase 2 results of IgM serologic testing were 
nonreactive and remained nonreactive when tested 
on 4 occasions in the first 12 months of life.

The mother’s echocardiogram 3 months postpar-
tum was normal. Because results of Q fever serologic 

testing remained strongly positive with a chronic in-
fection profile (Table 1), treatment with doxycycline 
was recommended. The patient, however, elected not 
to begin therapy postpartum. Further imaging evalu-
ations, such as fludeoxyglucose-18 positron emission 
tomography or computer tomography, were not con-
ducted. The mother was advised to contact her infec-
tious diseases physicians before future pregnancies 
because of the risk for repeat placental infections.

Case 2
A 30-year-old woman, gravida 6, para 4, tested positive 
for Q fever on serologic tests and PCR of blood taken 
at 8 weeks’ gestation, discovered as part of a public 
health investigation. Two months earlier, she had 
aided in the delivery of a calf, where known Q fever 
exposure had occurred. The woman lived on a dairy 
farm with her children and partner. Pathologic testing 
at that time revealed reactive phase 2 and phase 1 IgG 
and IgM (Table 2). Retrospective review of available 
serologic tests found similar results from 4 months 
earlier (Table 2). Of note, Q fever DNA was detected 
in both blood samples by PCR, although a dedicated 
blood tube was not obtained in either case. Q fever se-
rology from 10 years earlier was negative. It was thus 
deemed that the patient, at the time of diagnosis, had 
chronic/persistent focalized Q fever infection in preg-
nancy, although the exact timing of infection was un-
clear. The patient was started on doxycycline during 
the first trimester until 13 weeks, then took cotrimoxa-
zole with folic acid supplementation from 14 to 34 
weeks’ gestation. Serologic tests for Q fever remained 
positive throughout her pregnancy, but PCR of blood 
did not detect Q fever on 3 other occasions.

The pregnancy was otherwise uncomplicated, 
and no morphologic abnormalities were identified by 
ultrasound. A healthy baby boy was born by induced 
vaginal delivery at 37 weeks’ gestation with a birth 
weight of 2,510 g (2nd percentile). Q fever was not 
detected from the placenta or breastmilk by PCR. Pla-
cental histology showed no signs of acute or chronic 
infection. Breastfeeding was encouraged.
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Table 1. Serologic and PCR monitoring for case 1 during pregnancy, at delivery, and during the first 12 months postpartum in study of 
Q fever in pregnancy, including management of the newborn, Australia* 

Time 

Maternal 
phase 2 

IgM 

Maternal 
phase 2 
IgG (IFA) 

Maternal 
phase 1 
IgG (IFA) 

Infant 
phase 2 

IgM (EIA) 

Infant 
phase 2 
IgG (IFA) 

Infant 
phase 1 
IgG (IFA) 

Infant 
blood PCR 

Maternal 
blood PCR 

Breastmilk 
PCR 

10 weeks’ gestation Neg <10 – – – – – Detected – 
29 weeks’ gestation 320 5,120 2,560 – – – – ND – 
At delivery 160 2,560 1,280 Neg NA NA ND Detected ND 
6 weeks postpartum 320 10,240 10,240 Neg >1,280 640 ND ND ND 
4 months postpartum 80 10,240 10,240 Neg >1,280 320 ND ND ND 
7 months postpartum 80 20,480 5,120 Neg 160 40 ND ND ND 
12 months postpartum 80 20,480 5,120 Neg 80 <10 ND ND ND 
*EIA, enzyme immunoassay; IFA, immunofluorescence assay; NA, not available (not tested); ND, not detected; neg, negative; –, not applicable. 
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In the 9 months postpartum that were document-
ed, the mother’s phase IgG has remained elevated, 
1:320 at most recent testing (Table 2). The baby has re-
mained well; growth parameters have tracked on the 
10th to 25th percentile, and no serologic evidence of 
Q fever acquisition has been noted (IgM nonreactive, 
IgG nonreactive by 6 months of age [Table 2]). C. bur-
netii PCR of breastmilk was negative on 4 occasions 
from birth until 6 months postpartum. The mother 
chose to cease breastfeeding at 8 months postpartum.

Literature Review
C. burnetii is found in all areas of the world except 
New Zealand and Antarctica (12). At least half of Q 
fever infections are asymptomatic (13). Rarely, a per-
sistent focalized infection (also known as chronic Q 
fever) develops (12,13). Persistent or chronic infec-
tion is more common during pregnancy because of 
the bacteria’s ongoing replication within the placenta 
(14). Population-based seroprevalence studies have 
shown mixed results when evaluating the effects of Q 
fever infection on obstetric outcome (15).

The management of Q fever perinatally is beset 
by lack of evidence and difference of opinion. No 
consensus guidelines exist for the management of 
Q fever in pregnant women or newborns, although 
some national guidelines comment specifically on 
the treatment of Q fever in pregnancy (10,14). Sev-
eral case series and case reports of Q fever in preg-
nancy have been published. The largest case series of 
53 patients from France over a 15-year period found 
obstetric complications in 37 (69.8%) women, most 
commonly intrauterine growth retardation, intra-
uterine fetal death, and premature delivery (16). An-
other large series from France involving 29 women 
reported obstetric complications in 66% of women (9). 
Both series reported improved obstetric outcomes in 
those women prescribed antimicrobial therapy (cotri-
moxazole or roxithromycin) for at least 5 to 10 weeks 

before delivery. However, a marked selection bias is 
present in those studies because Q fever is often only 
diagnosed at the time of fetal demise or other obstet-
ric complication, especially in persons who did not 
receive antimicrobial therapy (9,16).

Case series from the Netherlands and Germany 
during Q fever outbreaks present a more optimistic 
picture. Munster et al. (17) compared 183 seroposi-
tive women to 1,046 seronegative women during 
a large outbreak in the Netherlands and found no 
difference in preterm delivery, birth weight, size for 
gestational age, or perinatal mortality between the 
groups. A smaller series from Germany involved 11 
women during 2 distinct outbreaks. Infected wom-
en were offered a variety of treatment (cotrimoxa-
zole, macrolide, sulfadiazine, and pyrimethamine 
or a combination thereof), and 2 women received no 
treatment (2). Of those 11 pregnancies, 1 maternal 
death occurred (reported as unrelated), 1 child was 
born with syndactyly (whose mother had received 
clarithromycin), and 1 late preterm delivery at 35 
weeks occurred. The other 8 infants were born at 
term and healthy (2).

Antimicrobial treatment in women with Q fever 
infection in pregnancy is complicated by concerns 
about potential maternal and neonatal toxicity. For 
both reported women, treatment was initiated upon 
diagnosis. Because of concern about congenital anom-
alies and miscarriage, trimethoprim/sulfamethoxa-
zole was avoided in the first trimester, and in both 
cases doxycycline was prescribed. Doxycycline is con-
sidered safe in pregnancy until 18 weeks’ gestation. 
Beyond that time, doxycycline is not recommended 
because of concerns around bone growth inhibition 
and discoloration of deciduous teeth of the newborn, 
complications that were observed with the use of 
earlier tetracyclines. However, despite concerns, evi-
dence is lacking that doxycycline causes tooth discol-
oration or bone growth inhibition, and doxycycline 

 
Table 2. Serologic and PCR monitoring for case 2 during pregnancy, at delivery, and during the first 9 months postpartum in study of 
Q fever in pregnancy, including management of the newborn, Australia* 

Time 

Maternal 
phase 2 

IgM 

Maternal 
phase 2 
IgG (IFA) 

Maternal 
phase 1 
IgG (IFA) 

Infant 
phase 2 

IgM (EIA) 

Infant 
phase 2 

IgG 

Infant 
phase 1 

IgG 

Infant 
blood 
PCR 

Maternal 
blood PCR 

Breastmilk 
PCR 

3 months preconception 320 320 40 – – – – Detected – 
8 weeks’ gestation 80 160 160 – – – – Detected – 
14 weeks’ gestation 160 320 640 – – – – ND – 
20 weeks’ gestation 160 >1,280 >1,280 – – – – ND – 
32 weeks’ gestation 80 320 640 – – – – ND – 
At delivery 80 80 320 Neg 320 (IFA) 80 (IFA) ND ND ND 
6 weeks postpartum 40 80 160 NA NA NA NA ND ND 
4 months postpartum 80 80 80 Neg EIA neg EIA neg ND ND ND 
6 months postpartum 80 80 160 Neg EIA neg EIA neg ND ND ND 
9 months postpartum 80 80 320 NA NA NA NA NA NA 
*EIA, enzyme immunoassay; IFA, immunofluorescence assay; NA, not available (not tested); ND, not detected; neg; negative; –, not applicable. 
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is increasingly used in children (18,19). With regard 
to cotrimoxazole in pregnancy, concerns persist that 
it could be linked to hemolytic anemia and jaundice 
in the newborn after maternal treatment close to de-
livery, but evidence does not support that link (20). 
Although current US Centers for Disease Control and 
Prevention guidelines recommend that physicians 
consider ceasing cotrimoxazole at 32 weeks’ gesta-
tion, many physicians, including ourselves, recom-
mend continuing to 36 weeks (15) or until delivery 
(14). Of note, the cessation of cotrimoxazole at 32 
weeks in case 1 might have contributed to blood PCR 
positivity at the time of birth and subsequent higher 
maternal serologic titers. Although doxycycline has 
been shown to have superior anti-Coxiella activity 
than cotrimoxazole (21), until further safety data are 
available on doxycycline’s use during the second and 
third trimesters, we recommend doxycycline until 
week 16 followed by cotrimoxazole until delivery.

Several other case reports have been published 
after Q fever infection in pregnancy (Table 3). In the 
absence of universal or prospective Q fever testing, 
published case series and case reports might have a 
selection bias, because relatively asymptomatic Q fe-
ver infection in an uncomplicated pregnancy is un-
likely to be assessed for Q fever infection.

Acknowledging the limitations of seropreva-
lence studies and the selection bias of case reports 
and series, we have not found any evidence of con-
genital Q fever syndrome. Although fetal demise 
can occur and there have been 2 documented cases 
of Q fever detection in aborted fetuses confirming 
placental transmission (32,33), babies born alive af-
ter Q fever infection in pregnancy show no signs or 
sequelae of in utero infection.

Similarly, no definitive case of neonatal or infant 
Q fever has ever been reported. Four cases of infant Q 
fever have been described internationally; however, 
all of those reports have a likely alternative diagno-
sis or represent transplacental transfer of antibodies 
(34–37). Of note, no infant cases of Q fever were re-
ported in the large, well-documented outbreaks in the  
Netherlands (38,39).

Despite the lack of reports of confirmed Q fe-
ver in neonates or infants, concerns around Q fever 
transmission through breastmilk are often cited (6,8). 
C. burnetii DNA has been detected by PCR in dairy 
milk, although transmission through ingestion of 
unpasteurized dairy products has not been conclu-
sively demonstrated (12,40). C. burnetii has also been 
identified in human milk. A 1981 paper from India 
reported 5 of 97 samples of human milk tested were 
found to be positive for C. burnetii or its antibody (41). 

A further study from India in 1986 reported 22 of 153 
human milk samples demonstrated C. burnetii anti-
bodies; 4 of the positive samples then demonstrated 
the presence of the bacteria by specific seroconversion 
in guinea pigs (42). On the basis of those reports, in 
1990, Langley concluded, “C. burnetii can be excreted 
in human milk” (1). This review went on to describe 
1 previously published case of a 9-month-old baby in 
Scotland who died of sudden infant death syndrome 
in 1983. In the postmortem examination, high Q fever 
antibodies were identified, and acquisition of Q fever 
through breastmilk was speculated but not confirmed 
(36). The theoretical risk for breastmilk transmission 
of Q fever has subsequently been used to recommend 
that women who have had Q fever during pregnancy 
do not breastfeed (8).

Infant feeding practices are often not discussed 
in case reports of perinatal Q fever. Among the nu-
merous published case series and studies of Q fever 
in pregnancy (Table 3), only 5 commented on infant 
feeding practices (4,7,23,27,43); breastfeeding was 
permitted in just 1 recent case in Australia (7). The 
authors report the baby was healthy and asymptom-
atic at the time of writing (4 months of age) (7). A case 
series from Limoges, France, references “women who 
breastfed against recommendations” (9), and a series 
from Germany alludes to cessation of breastfeeding 
upon detection of C. burnetii by PCR in breastmilk (2). 
Neither report specifically commented on follow-up 
of the breastfed infant(s) (2,9).

The benefits of breastfeeding to both mother and 
baby have become more evident in recent decades 
(44–46). Breastfeeding in mothers living with other 
infectious diseases, such as HIV, is becoming more 
widely accepted and supported in many countries 
(47). Given the paucity of evidence to recommend 
against breastfeeding in Q fever infection, in both of 
the cases reported in this study, breastfeeding was en-
couraged in accordance with the mothers’ preferenc-
es. No transmission of Q fever occurred; both infants 
have tested negative by blood PCR on multiple occa-
sions and have shown no signs of seroconversion. Re-
sults of PCR testing of breastmilk for C. burnetii were 
negative on every occasion (Tables 1, 2).

Infection control precautions at the time of de-
livery to prevent potential mother-to-child transmis-
sion or nosocomial transmission to staff and other 
patients are key (32,48). C. burnetii is aerosolized, 
and the placenta carries high bacterial loads even 
after antenatal treatment. Airborne precautions in 
the delivery suite and operating theater are recom-
mended. In both cases described, the use of inter-
ventions such as scalp electrodes was permitted as 
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clinically indicated, the mother and infant were not 
separated, and the infant was washed after delivery 
and then managed with standard precautions. C. 
burnetii is highly resistant to inactivation by standard 
disinfectants. The US Centers for Disease Control 
and Prevention recommends cleaning with Micro-
Chem Plus (a dual-quaternary ammonium/deter-
gent compound) (National Chemical Laboratories,  

https://www.nclonline.com), a 1:100 dilution of 
household bleach, or 1% Virkon S treatment (14).

After the birth of an infant to a parent with Q fe-
ver in pregnancy, we recommend histologic exami-
nation and PCR testing of the placenta; clinical, sero-
logic, and PCR monitoring of mother and infant for 
a period of 6 months to 1 year; and, if feasible, serial 
PCR testing of breastmilk. Our second case also dem-
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Table 3. Published cases of Q fever infection in pregnancy reviewed for study of Q fever in pregnancy, including management of the 
newborn, Australia* 
Mother’s age, 
country (reference) 

Gestation Treatment Outcome 

42 y, the 
Netherlands (22) 
 

Shortly before conception; steep 
increase in IgG phase I and IgG 

phase II and PCR serum 
positive at 25 weeks’ 

Cotrimoxazole (allergy so  
changed to erythromycin) 

Induction of labor at 38 weeks; healthy 
baby, birth weight 3,850 g; amniotic 

fluid and placenta PCR positive; 
newborn blood PCR negative 

29 y, Slovenia (3)  Seroconversion found at 9 
weeks; febrile illness 10 days 

before conception 

Azithromycin for 6 d at 9  
weeks’ gestation 

Spontaneous vaginal delivery at term; 
birth weight 3,500 g; amniotic fluid and 

placenta PCR negative 
39 y, Australia (4) Fever at 7 weeks; 

seroconversion at 9 weeks 
Cotrimoxazole from 9 to 36  

weeks’ gestation 
Spontaneous vaginal delivery at  

term; birth weight 3,600 g; placenta, 
blood, breastmilk PCR negative 

27 y, Germany (23)  Acute Q fever at 7 weeks; 
retrospective diagnosis  

at 19 weeks 

Erythromycin from 25 to 26 weeks’ 
gestation; rifampin + clarithromycin 

from 26 weeks through delivery 

Delivery at 30 weeks;  
birth weight 3,900 g 

28 y, Spain (5)  14 weeks No treatment Delivery at 36 weeks; healthy baby, 
birth weight 2,125 g 

26 y, United 
Kingdom (24) 

14 weeks No treatment Intrauterine fetal demise at  
25 weeks; C. burnetii detected  

on placental stains 
28 y, Israel (25)  22 weeks’ gestation; fever since 

16 weeks; acute Q fever  
on serology 

Erythromycin and rifampin from 22 
to 30 weeks’ gestation 

Premature labor at 30 weeks; 
 birth weight 1,300 g; baby treated for 

14 d with rifampin + erythromycin; 
complete recovery 

29 y, Israel (26)  21 weeks’ gestation; fevers 
since 17 weeks; chronic  

Q fever on serology 

Erythromycin at 21 weeks’ 
gestation, then tetracycline from  

22 weeks gestation until  
induction at 28 weeks 

Induced at 28 weeks; birth weight 
1,000 g; placenta necrotic;  

C. burnetii isolated; baby not  
infected; yellow teeth 

34 y, Spain (27) 
 

21 weeks’ gestation; febrile; 
acute Q fever on serology 

Cotrimoxazole from 21 weeks’ 
gestation until term 

Delivery at 40 weeks; healthy baby, 
birth weight 2,930 g; formula fed 

18 y, Spain (28)  Fevers at 19 weeks’ gestation; 
seropositive 1 month later 

Clarithromycin commenced  
at 20 weeks’ gestation;  
duration not specified 

Delivery at 40 weeks; healthy baby  

34 y, Israel (29)  Pyrexia of unknown origin  
at 24 weeks’ gestation; 26 

weeks abruption 

No treatment Viable baby delivered; birth weight  
967 g; PCR Q fever positive 

27 y, Israel (30)  26 weeks’ gestation; 3-week 
history of fevers 

Doxycycline commenced at 26 
weeks’ gestation, continued  

until IUFD at 27 weeks 

Intrauterine fetal demise at 27 weeks 

29 y, Australia (7)  29 weeks’ gestation Cotrimoxazole from 29 to 30 
weeks’ gestation; clarithromycin 

from 31 weeks until term  
(rash with cotrimoxazole) 

Medical induction at 39 weeks;  
healthy baby; amniotic fluid, fetal 

blood, and placenta PCR negative 

26 y, United 
Kingdom (31)  

28 weeks’ gestation (acute Q 
fever seroconversion between 

16 and 29 weeks) 

Ciprofloxacin from 29 weeks’ 
gestation until induction  

at 32 weeks 

Induced at 32 weeks; healthy baby 

34 y, Israel (29)  Fevers at 29 weeks’ gestation No treatment Placental abruption; delivered at 31 
weeks; healthy baby; birth weight 
1,514 g; placenta PCR positive 

22 y, Australia (6)  Fevers at 28 weeks’ gestation; 
acute Q fever on serology 

Cotrimoxazole from 29 weeks’ 
gestation until term 

Spontaneous vaginal delivery at 40 
weeks; C. burnetti detected on  

PCR of placenta, not detected in 
breastmilk; patient well 

*Cotrimoxazole, trimethoprim/sulfamethoxazole. 
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onstrates the potential for Q fever to develop chro-
nicity or recrudescence after preconception acute in-
fection, likely reflecting Coxiella burnetii’s tropism for 
uterine tissue. This phenomenon has been previously 
described in 1 woman during the outbreak in the 
Netherlands (Table 3) (22). As such, close observation 
for Q fever in pregnancy should also be recommend-
ed for any cases of acute Q fever in the period 3–6 
months before conception. Reactivation of Q fever in 
subsequent pregnancies has also been described (33).

In conclusion, we report 2 women with Q fever 
in pregnancy, 1 infected in the first trimester and 1 
likely infected 3–6 months before conception with 
persistent focal disease evident through pregnancy. 
Both women received antimicrobial therapy (doxy-
cycline and cotrimoxazole) until 32–34 weeks’ ges-
tation. In both cases, healthy, albeit small, infants 
were born at term with no evidence of long-term 
sequelae or in utero infection. Both infants were 
breastfed for >6 months without transmission of 
Q fever. Although transmission precautions at the 
time of delivery remain key, our experience, as well 
as review of the literature, provides reassurance for 
women who wish to breastfeed after Q fever infec-
tion during pregnancy. Given the rarity and paucity 
of strong scientific evidence, we would advocate 
that all pregnant persons with Q fever infection be 
referred to an expert group.
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Probiotics are preparations containing live mi-
croorganisms that confer health benefits on the 

host when administered in adequate amounts (1). 
They are widely used in humans for preventing and 
treating various conditions, such as gastrointestinal,  

neonatal, allergic, and recurrent respiratory infectious 
diseases (2–5). However, the increasing application of 
probiotics has brought associated infections into fo-
cus (6). Some case reports indicate that the use of pro-
biotics can lead to safety issues such as systemic infec-
tions. For instance, patients with impaired immune 
function can develop Lactobacillus-related bacteremia 
and endocarditis (7). In 2021, a systematic review ana-
lyzed 1,537 studies over a period of nearly 25 years 
and found 49 cases of invasive infections associated 
with the use of probiotics in children. Most of those 
infections were in children who were <2 years of age 
and had underlying conditions that encouraged inva-
sive infections to develop, such as prematurity and 
the use of central venous catheter (CVC) (8).

In recent years, given progress in research on the 
gut microbiota of patients with congenital heart dis-
ease, the application of probiotics in patients after 
heart surgery has also attracted widespread atten-
tion. In a 2024 randomized controlled trial involving 
112 adult congenital heart disease patients, of whom 
57 were given the probiotic Lactobacillus plantarum 
24-7 and 55 were given a placebo, results showed 
probiotic supplementation could improve symp-
toms such as bloating and hard stools, and no ad-
verse events related to probiotics were recorded (9). 
In neonatal congenital heart disease patients, a ran-
domized controlled trial involving 100 patients, in 
which 50 were given the probiotic Bifidobacterium lac-
tis plus inulin and 50 a placebo, the incidence of nos-
ocomial sepsis, necrotizing enterocolitis, and death 
was significantly reduced in the probiotic treatment 
group (10). A randomized controlled trial involving 
82 pediatric patients, 41 in the probiotics group and 
41 in the placebo group, analyzed the microbiota in 
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We examined probiotic-associated bacteremia in a co-
hort of postoperative pediatric cardiac surgery patients 
in China. Among 16,436 children who underwent cardi-
ac surgery during 2019–2024, a total of 5,034 received 
probiotics; 6 developed bacteremia with probiotic strains 
(Bacillus subtilis, Bacillus licheniformis, Lacticaseibacil-
lus rhamnosus). Three cases occurred in children who 
had not directly received probiotics, suggesting potential 
cross-contamination or catheter-related transmission. 
All 6 patients had complex congenital heart disease and 
central venous catheters; 5 underwent palliative sur-
gery. Fever, elevated C-reactive protein and leukocytes, 
and use of respiratory support were common. Antibiotic 
therapy achieved blood-culture clearance in all; 1 death 
occurred because of underlying cardiac disease, not 
infection. Our findings conclude probiotic-associated 
bacteremia is rare and usually resolves with antibiotics; 
outcomes correlate more with cardiac complexity than 
bacteremia itself. Maintaining perioperative probiotic 
use and enhancing infection-control measures, specifi-
cally regarding central line care, are recommended to 
minimize the risk for probiotic-associated bacteremia in 
pediatric cardiosurgical patients.
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feces and blood, organic acid concentrations in fe-
ces, plasma intestinal fatty acid binding protein, and 
immunological responses (11). The total number of 
obligate anaerobes was higher in the intervention 
group than in the control group after postoperative 
day 7, and the team concluded that probiotics might 
alleviate intestinal damage induced by cardiopul-
monary bypass in children (11).

As use of probiotics increases, however, cases 
of probiotic-associated bacteremia in children after 
heart surgery have been reported. For example, a 
2019 study (12) reported the case of a 15-month-old 
child with dilated cardiomyopathy and severe mitral 
regurgitation who underwent mechanical valve re-
placement surgery. After surgery, the child was given 
probiotics to prevent antibiotic-associated diarrhea 
and subsequently developed fever and increased C-
reactive protein (CRP) and leukocytes; blood cultures 
were positive for Bifidobacterium spp. After discon-
tinuing probiotics and adjusting antibiotics, cultures 
tested negative and clinical symptoms improved (12). 
Another case was reported involving a neonate with 
coarctation of aorta and marginal hypoplastic left 
heart syndrome who underwent aortic repair and 
pulmonary banding operation (13). The neonate was 
given probiotics postoperatively to improve feeding 
intolerance and prevent necrotizing enterocolitis. The 
child developed increased CRP and leukocytes and 
thrombocytopenia; blood cultures tested positive for 
Lactobacillus (now Lacticaseibacillus) rhamnosus. Al-
though the blood cultures became negative and acute 
phase reactants normalized after discontinuing pro-
biotics and adjusting antibiotics, the child still had 
fever, somnolence, and hemodynamic instability and 
eventually died (13).

Such limited case reports are far from sufficient 
to address concerns regarding the safety of those 
probiotics in pediatric patients after cardiac surgery. 
The main obstacle to conducting clinical research is 
the low incidence of probiotic-associated bacteremia, 
which results in insufficient sample sizes to carry out 
high-level clinical studies. This case series study fo-
cuses on probiotic-associated bacteremia in postop-
erative pediatric cardiac surgery patients at a hospital 
in China.

Methods
This study was conducted retrospectively and in-
cluded all children who underwent cardiac surgery 
during 2019–2024 at the National Center for Cardio-
vascular Disease and Fuwai Hospital in Beijing, Chi-
na. We retrieved clinical data from medical records, 
including demographic and surgery-related charac-

teristics, such as age, sex, weight, cardiac malforma-
tions, surgical procedures, residual deformities after 
surgery (palliative surgery, arrhythmia, heart failure, 
pulmonary hypertension), main postoperative treat-
ments, reasons for probiotic use, reasons for blood 
culture testing, respiratory and circulatory support, 
CRP and leukocyte levels at the time of infection, 
concurrent infections, antibiotic use before infection, 
probiotic species, possible routes of infection (pro-
biotic use, CVC insertion), comorbidities, antibiotic 
therapy, and outcomes.

This hospital applies 3 different types of probi-
otics. The first contains Bacillus subtilis, Enterococcus 
faecium, and multivitamins (Beijing Hanmei Pharma-
ceutical Co., Ltd., https://www.bjhanmi.com.cn); 
the second contains Bacillus licheniformis and lactose 
(Northeast Pharmaceutical Group Shenyang First 
Pharmaceutical Co., Ltd., http://www.nepharm.
com); and the third contains L. rhamnosus and Bifido-
bacterium (Nestle People’s Republic of China Co., Ltd., 
https://www.nestle.com). The probiotic species used 
in this study are closely related to strains previously 
reported in the literature (1). Although the probiotic 
preparations used at this hospital contain Enterococ-
cus faecium and Bifidobacterium, those bacteria are also 
part of the normal gut flora. Therefore, patients with 
bacteremia caused by those 2 pathogens are not at-
tributed to probiotic-associated bacteremia.

At the hospital, probiotic administration is con-
sidered in specific high-risk scenarios, such as car-
diopulmonary bypass time of >120 minutes, cyanotic 
congenital heart disease, complex congenital heart 
diseases or those complicated by cardiac insufficien-
cy, antibiotic use lasting >7 days, and the presence 
of intestinal dysfunction (e.g., abdominal distension 
and diarrhea). Conversely, probiotics are contraindi-
cated in patients receiving immunosuppressants after 
organ transplantation and in those with acute intesti-
nal diseases, such as necrotizing enterocolitis or intes-
tinal perforation.

Catheter-related bloodstream infection was de-
fined in accordance with the Clinical Practice Guide-
lines for the Diagnosis and Management of Intravas-
cular Catheter-Related Infection: 2009 Update by the 
Infectious Diseases Society of America (14). A diag-
nosis requires either isolation of the same organism 
from >1 percutaneous blood culture and from the 
catheter tip (>15 CFU/mL on semiquantitative cul-
ture of a 5-cm segment) or  paired blood cultures (1 
from the catheter hub and 1 from a peripheral vein) 
that satisfy the differential-time-to-positivity criterion 
(e.g., microbial growth detected in the hub sample >2 
hours earlier than in the peripheral sample).
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This study was approved by the hospital’s ethics 
committee (identification no. 2024-2319). Because of 
the study’s retrospective nature, the requirement for 
informed consent was waived. The ethical principles 
of the 1975 Declaration of Helsinki were followed in 
this study.

Results
Among 16,436 postoperative patients, 5,034 received 
probiotic treatment. Probiotic-associated bacteremia 
was documented in 6 patients, 3 of whom had not 
directly received probiotics. In the 3 treated patients, 
the causative organisms matched the administered 
probiotic preparations.

The ages of the 6 patients ranged from 8 months 
to 13 years (Table 1). Five of them received palliative 
surgery because of complex heart diseases. All pa-
tients had postoperative residual deformities. Three 
patients had a direct history of probiotic use. CVCs 
were inserted in all patients when the probiotic infec-
tions occurred. Fever with increased leukocyte count 
and CRP were the main manifestations of probiotic 
infection. After administration of antibiotic medica-
tions and discontinuing probiotics, 5 patients recov-
ered (1 of whom had a cerebral embolism, manifest-
ing in convulsions and hemiplegia), whereas 1 patient 
died of severe cardiac disease. In the deceased case-
patient, the patient’s blood culture turned negative 
after a 6-day course of antibiotic therapy, indicating 
that the bacteremia was effectively controlled (Table 
2). Nevertheless, the patient, who had a single-ventri-
cle cardiac malformation and had undergone a Glenn 
procedure, subsequently developed a pulmonary 

embolism, which led to an increase in pulmonary vas-
cular resistance, resulting in circulatory failure and 
eventual death. Therefore, the patient’s death was not 
directly attributable to the infection.

Discussion
In this study, we investigated probiotic-associated 
bacteremia in children after cardiac surgery. The inci-
dence we observed is similar to the result of a recent 
literature report (5 blood culture–positive Clostridium 
butyricum bacteremia cases from a total of 6,576 per-
sons who had blood cultures positive for any bacte-
ria) (15). Probiotic-associated bacteremia in pediat-
rics was mainly reported in premature infants, most 
likely attributable to severe underlying diseases and 
compromised immune function (16). Patients under-
going cardiac surgery are susceptible to a dysregulat-
ed inflammatory response because of surgical stress. 
That response can lead to systemic complications 
such as immunosuppression and impaired intestinal 
epithelial barrier function, thereby increasing the risk 
for various infections, including probiotic-associated 
bacteremia (17).

Of note, probiotics possess distinct characteris-
tics that differentiate them from common pathogenic 
microorganisms. The highly acidic environment of 
human gastric juice is lethal to most common patho-
gens. Probiotics, however, possess substantial acid 
tolerance, enabling them to survive such bactericidal 
activity, reach the intestines intact, and subsequent-
ly colonize to exert their beneficial effects (18,19). 
If reduced immune function combined with im-
paired intestinal epithelial barrier function occurs in  
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Table 1. Demographic characteristics and surgical parameters of 6 patients in study of bacteremia associated with probiotic use in 
children after cardiac surgery* 

Category 
Patient number 

1 2 3 4 5 6 
Age/sex 6 y/F 8 mo/M 8 mo/M 1.5 y/M 9 mo/F 13 y/F 
Body weight, kg 21.5 5.4 5.1 11 7.2 57 
Height, cm 111 63 62 85 70 150 
SpO2, % 80 86 92 91 100 78 
Cardiac disease Single ventricle Swiss-cheese 

VSD 
PAA/TECD/MA

PCAs 
mL-TGA; TR Dilated 

cardiomyopathy 
DORV; 

complications of 
previous Glenn 
procedure; TR 

Cardiac procedure Fontan PA-banding RV-PA 
connection 

DSO; tricuspid 
valvuloplasty 

PA-banding Tricuspid valve 
replacement 

Palliative surgery Yes Yes Yes No Yes Yes 
Residual deformities Pulmonary 

hypertension 
Increased 
pulmonary 
blood flow 

Pulmonary 
dysplasia; 
MAPCAs 

Cardiac 
dysfunction 

Cardiac 
dysfunction 

COVID-19; 
pulmonary 
embolism 

Maximum VIS 29 9 14 26 8 11 
Vasopressin use Yes No Yes Yes No Yes 
Maximum CVP, mm Hg 19 4 9 13 8 12 
*Patient 6 died of severe cardiac disease, not attributable to probiotic use. CVP, central venous pressure; DORV, double outlet right ventricle; DSO, 
double switch operation; MAPCAs, major aortopulmonary collateral arteries; mL-TGA, congenitally corrected transposition of the great arteries; PAA, 
pulmonary artery atresia; PA, pulmonary artery; RV, right ventricle; TECD, total endocardial cushion defect; TR, tricuspid regurgitation; VIS, vasoactive 
inotropic score; VSD, ventricular septal defect. 
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children after cardiac surgery, enterogenous bacte-
remia can occur.

In this study, 5 of the 6 children underwent pal-
liative surgeries because of complex cardiac diseases. 
Their cardiopulmonary functions were not corrected 
after the operations. They still had many problems, 
such as residual hypoxemia, heart failure, and pulmo-
nary hypertension (patients nos. 1, 3, and 6 received 
vasopressin treatment). Another child (patient no. 4), 
although having undergone corrective surgery, had 
left ventricular dysfunction because of preoperative 
atrioventricular valve regurgitation. The child also 
required a long period of extracorporeal membrane 
oxygenation support after the surgery. This constella-
tion of severe, unresolved cardiopulmonary impair-
ments provided a plausible pathological foundation 
for probiotic-associated bacteremia. The presence of 
those high-risk factors collectively pointed to bacteri-
al translocation as a key underlying mechanism. Con-
sequently, their infections are more likely attributable 
to their critical underlying conditions than to a direct 
pathogenic effect of the probiotics.

Moreover, those patients often require the insertion 
of CVCs postoperatively, which further increases the 
risk for infections (20). Patient no. 5 serves as a perti-
nent example of this scenario, because the infection oc-
curred without documented probiotic use and yet in the 
absence of other recognized translocation risks. In this  

patient, after the isolation of B. subtilis from a percutane-
ous blood culture, the same organism was isolated from 
the catheter tip, with semiquantitative culture yield-
ing >15 CFUs. Those findings confirmed a diagnosis of 
catheter-related bloodstream infection. Similar routes of 
transmission have been reported in previous literature, 
but without discussion on infection control recommen-
dations. This case prompted a detailed investigation 
into potential transmission routes. After detailed inves-
tigation and analysis, we found that, in probiotic prepa-
rations, some spore-forming organisms are not sensitive 
to common disinfectants (such as alcohol); the alcohol-
based hand rub is less reliable than soap-and-water 
hand hygiene and sporicidal environmental cleaning 
(21). Those precautions, however, should not be gener-
alized to non–spore-forming probiotics, because Clos-
tridioides difficile–like precautions are intended specifi-
cally for cases of suspected spore transmission.

In 2 specific cases, the patients had no history of 
probiotic intake and no positive CVC cultures, so the 
route of transmission remained undetermined. We 
hypothesized that this missing information could be 
related to the preparation of probiotic medications, 
which at the time were not handled separately from 
other oral drugs in the hospital, creating a risk for 
cross-contamination. This notion was supported by 
the occasional detection of B. subtilis in routine envi-
ronmental surveillance.
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Table 2. Infection-related data of 6 patients in study of bacteremia associated with probiotic use in children after cardiac surgery* 

Category 
Patient number 

1 2 3 4 5 6 
Symptoms of onset Fever Fever Fever Fever Fever Fever + shock 
Pathogen Bacillus 

licheniformis 
Bacillis subtilis B. subtilis B. licheniformis B. subtilis Lacticaseibacillus 

rhamnosus 
Prior antibiotic exposure Yes Yes Yes Yes Yes Yes 
Concurrent infection No No Burkholderia 

cepacia 
(sputum) 

Acinetobacter 
baumanii 
(blood) 

No No 

Leukocyte count, × 109 cells/L 16.91 27.34 13.31 41.3 5.89 26.69 
Neutrophils, % 79.1 84.9 90.1 76.6 80.2 77.2 
CRP, mg/L 74.9 55.1 23.8 99.9 155 305 
CRBSI No No No No Yes No 
Probiotic use No Yes No Yes No Yes 
Probiotic duration, d No 6 No 10 No 6 
Abdominal distension/diarrhea No Yes No Yes No Yes 
Respiratory support during 
infection 

Mechanical 
ventilation 

High-flow 
nasal cannula 

Mechanical 
ventilation 

Mechanical 
ventilation 

No Mechanical 
ventilation 

VIS during infection 14 No 6 10 No 4 
CVC insertion Yes Yes Yes Yes Yes Yes 
Antibiotic Imipenem/ 

cilastatin; 
vancomycin 

Linezolid; 
cefoperazone/ 

sulbactam 

Meropenem Meropenem 
vancomycin 

Piperacillin/ 
tazobactam 

Meropenem 

Antibiotic duration, d 10 12 10 10 7 12 
Outcomes Discharged at 

65 dpo 
Cerebral 

embolism, 
discharged at 

136 dpo 

Discharged at 
71 dpo 

Discharged at 
153 dpo 

Discharged 
at 42 dpo 

Died 12 d after 
infection 

*CRBSI, catheter-related bloodstream infection; CRP, C-reactive protein; CVC, central venous catheter; dpo, days postoperative; VIS, vasoactive 
inotropic score. 
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Because this hospital does not routinely perform 
antimicrobial susceptibility testing on probiotic 
strains, such data are unavailable to guide therapy. 
In clinical practice, therapeutic strategy is based 
on the identified pathogens from blood culture, 
supplemented by a review of the relevant literature 
(22–24). This process allows for the empirical selec-
tion of appropriate antibacterial agents to eliminate 
the bacteremia. Treatment efficacy is subsequently 
evaluated through clinical indicators, such as body 
temperature, leukocyte, CRP, and follow-up blood 
culture results. Although this process constitutes 
an empirical approach, the resolution of bacteremia 
(as confirmed by negative blood cultures in all pa-
tients) demonstrates its clinical acceptability. Given 
the rarity of probiotic-associated bacteremia and its 
successful resolution with antibiotic therapy with-
out direct adverse outcomes, we do not recommend 
altering the current use of probiotics in post–cardiac 
surgery patients.

The first limitation of this study is that, be-
cause a means of genetic strain testing (e.g., 
whole-genome sequencing) was not available, we 
cannot definitively confirm that the bacteremia 
originated from the administered probiotic prep-
arations. Second, because of the small number of 
cases, we were unable to adequately control for 
potential confounders such as disease severity, 
immunosuppression, central venous catheter use, 
prolonged intensive care unit stay, or prior anti-
biotic exposure, which might have influenced the 
development of probiotic-associated bacteremia.  
Therefore, the findings can only suggest an asso-
ciation rather than establish causality. Finally, in 2 
patients, other pathogens (Burkholderia cepacia and 
Acinetobacter baumanii) were concurrently isolated 
from blood or sputum, making it impossible to de-
termine which bacterium was responsible for clini-
cal deterioration.

In conclusion, this single-center case series found 
probiotic-associated bacteremia to be a rare occur-
rence. Among the identified cases, clinical outcomes 
were more closely linked to patients’ underlying 
complex cardiac conditions than to the bacteremia 
itself. On the basis of those findings, probiotics ap-
pear to be generally safe for use in pediatric patients 
undergoing cardiac surgery. In addition to the gas-
trointestinal tract, CVCs might also serve as potential 
routes of transmission. Therefore, enhanced infection 
prevention and control measures, specifically regard-
ing central line care, are warranted in pediatric car-
diosurgical patients to minimize the risk for probiot-
ic-associated bacteremia.

This study was supported by the National High Level 
Hospital Clinical Research Funding (grant nos. 2025-GSP-
QN-7, 2025-GSP-QN-40 and 2025-GSP-GG-19).
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Group A Streptococcus (GAS) infections include in-
vasive GAS (iGAS) infections, which are associ-

ated with high case-fatality rates (CFRs) (1). Clinical 
manifestations of iGAS disease include cellulitis, bac-
teremia, pneumonia, necrotizing fasciitis, and strep-
tococcal toxic shock syndrome (STSS) (1,2). Treatment 
for iGAS infection includes supportive care and anti-
microbial treatment, including combination therapy 
with penicillin and clindamycin in severe infections 
(3). GAS vaccine candidates in development include 
a 30-valent M protein–based vaccine (4).

Meningitis is an uncommonly reported but severe 
manifestation of iGAS infection (1). Among 91 pedi-
atric intracranial GAS infections in the United States 
during 1997–2014, meningitis was the most common 
illness and was associated with the highest CFR (5). 
Meningitis was responsible for 2% of severe GAS dis-
ease cases in Europe during 2003–2004 (6), and GAS 
was responsible for 2% of community-acquired bacte-
rial meningitis cases in the Netherlands during 2006–
2013 (7). Analyses from several countries have iden-
tified recent increases in GAS meningitis, potentially 
associated with changes in strain characteristics (8,9). 

In contrast to other bacterial pathogens such as 
Streptococcus pneumoniae (pneumococcus), group B 
Streptococcus (GBS), Haemophilus influenzae, Neisseria 
meningitidis (meningococcus), and Listeria monocyto-
genes (10), GAS has not been widely recognized as 
a cause of meningitis. Thus, GAS infection has not 
been included in clinical practice guidelines for cen-
tral nervous system infections (11) or recent reviews 
of bacterial meningitis (12). Trends in incidence rates 

and clinical and microbiological characteristics of 
GAS meningitis cases in the United States have not 
been as thoroughly described as other meningitis 
etiologies (10). We used active laboratory- and pop-
ulation-based GAS surveillance to describe incidence, 
demographic and clinical characteristics, and associ-
ated emm types and antimicrobial resistance profiles 
for GAS meningitis in the United States during 1997–
2022. We compared those findings to other manifes-
tations of GAS disease and other bacterial meningitis 
etiologies to more thoroughly describe epidemiology 
of GAS-related meningitis.

Materials and Methods

Surveillance
The Active Bacterial Core surveillance (ABCs) sys-
tem (13), within the Emerging Infections Program 
Network of the Centers for Disease Control and Pre-
vention, identifies GAS meningitis cases and other 
invasive bacterial infections. From 1997 to 2015, 
areas covered under the ABCs system expanded 
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/32/1/25-0871-App1.pdf). By 2022, ABCs ar-
eas included ≈34.9 million residents in 10 states.

ABCs defines iGAS as GAS isolated from a nor-
mally sterile site, or from a wound culture if accom-
panied by a diagnosis of necrotizing fasciitis or STSS, 
in a resident of a surveillance area (13). Consistent 
with previous ABCs reports, we defined a meningi-
tis case as an ABCs pathogen (S. pneumoniae, GAS, 
GBS, H. influenzae, N. meningitidis) isolated from  
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Group A Streptococcus (GAS) causes a variety of dis-
eases in humans but is not widely appreciated as a 
cause of meningitis. During 1997–2022, ten sites partici-
pating in the Active Bacterial Core Surveillance network 
in the United States identified GAS meningitis cases. 
We calculated annual incidence and case-fatality rates 
(CFRs) for 320 of those cases and determined antimi-
crobial resistance by whole-genome sequencing. Annual 
incidence of GAS meningitis ranged from 0.02 to 0.07 
cases/100,000 persons. Children <1 year of age had the 

highest average annual incidence, 0.23 cases/100,000 
children. GAS meningitis had a higher CFR (19.4%) than 
meningitis caused by group B Streptococcus, Streptococ-
cus pneumoniae, Neisseria meningitidis, or Haemophilus 
influenzae. Clindamycin resistance among GAS menin-
gitis isolates increased from 3.2% during 1997–2002 to 
17.7% during 2018–2022. Clinicians should be aware 
that meningitis is an uncommon but severe manifesta-
tion of invasive GAS and has a higher CFR than more 
established meningitis etiologies. 
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cerebrospinal fluid in any patient or from another 
sterile site in a patient with a clinical diagnosis of 
meningitis in the medical record (10). For this study, 
we included all ABCs cases identified during January 
1, 1997–December 31, 2022.

Laboratory Testing
We performed whole-genome sequencing (WGS) on 
all available isolates from GAS meningitis cases, as 
previously described (14,15). We analyzed sequences 
by using a previously validated bioinformatics pipe-
line to identify emm type and multilocus sequence 
type (ST), predict antimicrobial resistance, and deter-
mine the presence of select virulence factors (14,15).

Before 2015, we performed antimicrobial sus-
ceptibility testing by using broth microdilution, as 
previously described (14). Starting in 2015, we pre-
dicted susceptibility by WGS, on the basis of detec-
tion of resistance determinants (14,15), or by using 
a penicillin-binding protein 2× typing scheme for 
β-lactams (14). Those methods are comparable, as 
previously reported (15).

Statistical Analyses
We calculated annual GAS meningitis incidence, ex-
pressed as the number of cases per 100,000 persons, 
stratified by age (<18 years and >18 years), by using 
US Census annual population estimates for ABCs 
catchment areas. We also calculated average annual 
incidence of meningitis caused by each ABCs patho-
gen, stratified by age group (0–11 months, 1–4 years, 
5–17 years, 18–64 years, >65 years), during 3 time 
periods: before the meningococcal conjugate vaccine 
(MCV4) was introduced (1997–2005); after MCV4 was 
introduced, and during introduction of pneumococ-
cal conjugate vaccine (PCV) 7, but before introduction 
the meningococcal B (MenB) vaccine (2006–2015); 
and after introduction of both meningococcal vac-
cines and 2 pneumococcal vaccines (PCV7, PCV13) 
(2016–2022). All time periods occurred after introduc-
tion of the H. influenza type b (Hib) vaccine. For that 
comparison, we limited catchment areas to the areas 
common to all ABCs pathogens. To estimate the na-
tional burden of GAS meningitis in the United States, 
we applied age- and race-specific observed incidence 
of GAS meningitis from the ABCs data to the total  
US population.

We calculated CFR on the basis of outcome at 
discharge. We compared categorical variables by us-
ing Fisher exact test or χ2 test and considered p<0.05 
statistically significant. We examined linear trends 
by using linear regression and a t-test or by using the 
Cochran-Armitage test for binomial proportions.

We defined an isolate as covered by the 30-valent 
vaccine when its emm types were included in the vac-
cine, that is, emm types 1, 2, 3, 4, 5, 6, 11, 12, 14, 18, 19, 
22, 24, 28, 29, 44, 49, 58, 73, 75, 77, 78, 81, 82, 83, 87, 
89, 92, 114, and 118 (4). We calculated changes in the 
percentage of clindamycin-resistant isolates and dis-
tribution of emm types over 5 time periods of similar 
length: 1997–2002, 2003–2007, 2008–2012, 2013–2017, 
and 2018–2022.

Results

Demographic and Clinical Characteristics of  
GAS Meningitis Case-Patients
During 1997–2022, we identified a total of 38,262 cas-
es of iGAS infection through ABCs, among which 320 
(0.84%) met our meningitis definition. Most (69.3%) 
GAS meningitis cases occurred during December–
May annually (Appendix Figure 1).

Of the 320 GAS meningitis cases, 112 (35.0%) oc-
curred in children (persons <18 years of age) (Table 
1). During the same timeframe, children account-
ed for only 8.8% (n = 3,342) of nonmeningitis iGAS 
cases (n = 37,942). The median age of patients with 
GAS meningitis was 41 (range 0–92, IQR 8–58) years, 
significantly lower than the median age of 53 (range 
0–107, IQR 36–68) years among nonmeningitis iGAS 
patients (p<0.001). We saw no statistically significant 
difference in sex, race, or ethnicity between iGAS pa-
tients with and without meningitis (Tables 1, 2).

Of 112 pediatric patients with GAS meningitis, 
only 6.2% had >1 underlying condition, compared 
with 15.3% of pediatric iGAS cases with nonmen-
ingitis syndromes (p<0.01) (Table 1). Among adults 
(persons >18 years of age), 70.7% of GAS meningitis 
patients and 78.8% of nonmeningitis iGAS patients 
had >1 underlying condition (Table 2).

Across all age groups, 40.3% of patients with GAS 
meningitis had >1 additional iGAS clinical syndrome, 
such as otitis media, pneumonia, abscess, septic 
shock, cellulitis, or STSS, documented in ABCs. The 
most common clinical syndromes co-occurring with 
GAS meningitis were pneumonia (9.8%) among chil-
dren and otitis media (18.3%) among adults (Tables 1, 
2). The CFR in adults increased from 20.7% (43/208) 
to 51.6% (16/31) when meningitis was complicated 
by septic shock or STSS (p<0.01).

The overall CFR for GAS meningitis was 19.4%; 
CFR was 20.8% among persons <1 year of age, 24.0% 
among persons 1–4 years of age, 12.7% among persons 
5–17 years of age, 20.9% among persons 18–64 years of 
age, and 20.0% among persons >65 years of age. We 
saw no statistically significant variation in CFR across 
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the years of the study in any of the age groups. Overall, 
4,104 iGAS case-patients died during the study period, 
and 62 (1.5%) of those deaths were caused by menin-
gitis. Of the 125 deaths among pediatric iGAS cases, 19 
(15.2%) were caused by meningitis.

GAS Meningitis Incidence Trends and  
National Estimates
Annual GAS meningitis incidence fluctuated lit-
tle across the study period, from 0.02 to 0.07 cas-
es/100,000 persons, representing 0.3%–1.9% of 
iGAS infections in ABCs each year (Appendix Fig-
ure 2). In contrast, the incidence of all iGAS infec-
tions in ABCs remained stable during 1997–2013 

(3.1 to 4.2 cases/100,000 persons), before beginning 
to rise in 2014, reaching 8.2 cases/100,000 persons 
in 2022.

GAS meningitis incidence was higher in younger 
age groups, representing 3.2% of all pediatric iGAS 
cases and with an annual average incidence of 0.06 
cases/100,000 children. GAS meningitis represented 
0.6% of adult iGAS cases and had an average annual 
incidence of 0.03 cases/100,000 adults (Figure 1). Chil-
dren <1 year of age had the highest GAS meningitis 
incidence, an average annual incidence of 0.23 cas-
es/100,000 children, representing 4.8% of iGAS cases 
in patients <1 year of age. Adults 18–64 years of age 
had the lowest GAS meningitis incidence, an average 

 
Table 1. Demographic and clinical characteristics of pediatric patients with group A Streptococcus meningitis versus other 
nonmeningitis invasive group A Streptococcus infections, United States, 1997–2022* 
Characteristics Meningitis, n = 112 Nonmeningitis, n = 3,342 p value 
Age range 

   

 0–11 mo 24 (21.4) 471 (14.1) 0.04 
 1–4 y 25 (22.3) 1,134 (33.9) 0.01 
 5–17 y 63 (56.3) 1,736 (52.0) 0.37 
Sex 

   

 M 56 (50) 1,943 (58.1) 0.09 
 F 56 (50) 1,399 (41.9)  
Race and ethnicity 

   

 White non-Hispanic 43 (38.4) 1,109 (33.2) 0.25 
 Black non-Hispanic 18 (16.1) 540 (16.2) >0.99 
 American Indian/Alaska Native non-Hispanic 2 (1.8) 73 (2.2) 0.85 
 Asian/Pacific Islander non-Hispanic 5 (4.5) 188 (5.6) 0.64 
 Other non-Hispanic 0 (0.0) 7 (0.2) 0.24 
 Hispanic 24 (21.4) 664 (19.9) 0.67 
 Unknown 20 (17.9) 761 (22.7) 0.22 
Underlying conditions 

   

 Chronic medical conditions† 4 (3.6) 381 (11.4) 0.004 
 Immunocompromising conditions‡ 1 (0.9) 90 (2.7) 0.25 
 Obesity 2 (1.8) 103 (3.1) 0.47 
 None of the above 99 (88.4) 2,673 (80.0) 0.004 
 Unknown 6 (5.4) 157 (4.5)  
Co-occurring syndromes 

   

 Otitis media 6 (5.4) NA NA 
 Pneumonia 11 (9.8) NA NA 
 Abscess 7 (6.8) NA NA 
 Septic shock 9 (8.0) NA NA 
 Cellulitis 9 (8.0) NA NA 
 Streptococcal toxic shock syndrome 4 (3.6) NA NA 
 None of the above 78 (69.6) NA NA 
Outcomes 

   

 Died (CFR) 19 (17.0) 106 (3.2) <0.001 
Vaccine target coverage 

   

 emm type data available 94 (83.9)  2,616 (78.3)  
 emm type in 30-valent vaccine§ 86 (91.5) 2,440 (93.3) 0.49 
Antimicrobial susceptibility 

   

 Susceptibility data available 91 (81.3) 2,079 (62.2)  
 Nonsusceptible    
  Erythromycin 4 (4.4) 163 (7.9) 0.23 
  Clindamycin 4 (4.4) 103 (4.9) 0.86 
  Levofloxacin 1 (1.1) 16 (0.8) 0.68 
*Bold font indicates statistical significance. CFR, case-fatality rate; NA, not applicable 
†Chronic medical conditions included asthma, chronic obstructive pulmonary disease, diabetes, cirrhosis, alcohol abuse, atherosclerotic cardiovascular 
disease, congestive heart failure, burns, cerebrospinal fluid leak, and cerebrovascular accident. 
‡Immunocompromising conditions included multiple myeloma, sickle cell disease, asplenia, organ transplantation, immunoglobulin deficiency, 
immunosuppressive therapy, human immunodeficiency virus or the acquired immunodeficiency syndrome (HIV–AIDS), leukemia, Hodgkin’s disease, 
lupus, nephrotic syndrome, and chronic kidney disease. 
§30-valent vaccine emm types include 1, 2, 3, 4, 5, 6, 11, 12, 14, 18, 19, 22, 24, 28, 29, 44, 49, 58, 73, 75, 77, 78, 81, 82, 83, 87, 89, 92, 114, and 118. 
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annual incidence of 0.03 cases/100,000 persons. Ex-
trapolating those incidences to the entire country, we 
estimated 3,528 cases of meningitis caused by GAS in 
the United States during the 26-year period of 1997–
2022, ranging from 49 to 239 cases annually, including 
686 fatal cases.

GAS Meningitis Incidence Compared with  
Other Bacterial Meningitis Etiologies
During 1997–2022, ABCs received 11,026 reported 
cases of bacterial meningitis caused by GAS, GBS,  
S. pneumoniae, N. meningitidis, or H. influenzae. The 

percentage of meningitis cases caused by GAS in-
creased over time (p<0.001) (Appendix Figure 3).

The average annual incidence of GAS meningitis 
across all ages (0.04 cases/100,000 persons) was low-
er than that of meningitis caused by the other patho-
gens in the 1997–2005 and 2006–2015 periods (Table 
3) but similar to the incidence of meningococcal men-
ingitis (0.04 cases/100,000 persons) in 2016–2022. 
However, the overall CFR of GAS meningitis for each 
age group was higher (13.1%–26.1%) than that of the 
other pathogens, except for GBS and S. pneumoniae in 
the >65 years of age group (Table 3). When stratified 

 
Table 2. Demographic and clinical characteristics of adult patients with group A Streptococcus meningitis versus other nonmeningitis 
invasive group A Streptococcus infections, United States, 1997–2022* 
Characteristics Meningitis, n = 208 Nonmeningitis, n = 34,600 p value 
Age range, y 

   

 18–64 153 (73.6) 23,106 (66.7) 
 

 >65 55 (26.4) 11,494 (33.2) 0.04 
Sex 

   

 M 93 (44.7) 19,193 (55.5) 0.002 
 F 115 (55.3) 15,407 (44.5)  
Race and ethnicity 

   

 White non-Hispanic 102 (49.0) 15,432 (44.6) 0.20 
 Black non-Hispanic 24 (11.5) 3,943 (11.4) 0.93 
 American Indian/Alaska Native non-Hispanic 2 (0.9) 1,142 (0.3) 0.06 
 Asian/Pacific Islander non-Hispanic 3 (1.4) 702 (2.0) 0.59 
 Other non-Hispanic 0 12 (0.03) 0.07 
 Hispanic 18 (8.7) 3,495 (10.1) 0.50 
 Unknown 59 (28.4) 9,391 (27.2) 0.69 
Underlying conditions 

   

 Chronic medical conditions† 102 (49.0) 21,740 (62.8) <0.001 
 Immunocompromising conditions‡ 24 (11.5) 4,887 (14.1) 0.29 
 Obesity 50 (24.0) 9,565 (27.7) 0.25 
 Smoking 22 (12.9) 4,432 (16.5) 0.34 
 Experiencing homelessness 12 (9.8) 2,778 (12.0) 0.23 
 Living in long-term care facility 4 (3.3) 1,538 (6.7) 0.06 
 Intravenous drug use 12 (5.8) 4,225 (12.2) 0.002 
 None of the above 61 (29.3) 7,335 (21.2) 0.06 
 Unknown 5 (2.4) 589 (1.7)  
Co-occurring syndromes 

   

 Otitis media 38 (18.3) NA NA 
 Pneumonia 27 (12.9) NA NA 
 Abscess 15 (8.0) NA NA 
 Septic shock 27 (13.0) NA NA 
 Cellulitis 18 (8.7) NA NA 
 Streptococcal toxic shock syndrome 6 (2.9) NA NA 
 None of the above 113 (52.9) NA NA 
Outcome 

   

 Died (CFR) 43 (20.7) 3,936 (11.4) <0.001 
Vaccine target coverage 

   

 emm type data available 169 (81.3) 28,568 (82.6)  
 emm type in 30-valent vaccine§ 152 (89.9) 24,235 (84.8) 0.06 
Antimicrobial susceptibility 

   

 Susceptibility data available 167 (80.3) 25210 (72.9)  
 Nonsusceptible   

 

  Erythromycin 20 (11.9) 5,217 (20.7) 0.004 
  Clindamycin 17 (10.2) 4,571 (18.1) 0.005 
  Levofloxacin 1 (0.6) 267 (1.1) 0.64 
*Bold font indicates statistical significance. CFR, case-fatality rate; NA, not applicable 
†Chronic medical conditions included asthma, chronic obstructive pulmonary disease, diabetes, cirrhosis, alcohol abuse, atherosclerotic cardiovascular 
disease, congestive heart failure, burns, cerebrospinal fluid leak, and cerebrovascular accident. 
‡Immunocompromising conditions included multiple myeloma, sickle cell disease, asplenia, organ transplantation, immunoglobulin deficiency, 
immunosuppressive therapy, human immunodeficiency virus or the acquired immunodeficiency syndrome (HIV–AIDS), leukemia, Hodgkin’s disease, 
lupus, nephrotic syndrome, and chronic kidney disease. 
§30-valent vaccine emm types include 1, 2, 3, 4, 5, 6, 11, 12, 14, 18, 19, 22, 24, 28, 29, 44, 49, 58, 73, 75, 77, 78, 81, 82, 83, 87, 89, 92, 114, and 118. 
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by age group (Appendix Figure 4), the percentage of 
GAS meningitis among all meningitis cases in ABCs 
was highest (8.7%) in the 5–17 years of age group and 
lowest (1.1%) in the 0–11 months of age group.

emm Types and Vaccine Targets
Among GAS meningitis cases, 263 (82.2%) had isolates 
available for emm typing; 153 (58.0%) were cultured 
from cerebrospinal fluid, 106 (40.1%) from blood, and 5 
(1.9%) from other sources. We identified 41 emm types 
among GAS meningitis isolates; the 10 most common 
emm types covered 76.0% of isolates. Overall, nonmen-
ingitis isolates had higher emm diversity than menin-
gitis isolates; 136 different emm types were identified, 
and 64.6% of isolates were covered by the 10 most com-
mon emm types (Appendix Figure 5).

The 2 most common emm types among meningitis 
cases were emm1 (31.9%) and emm12 (12.2%), account-
ing for 48.9% of isolates from children and 41.4% from 
adults. emm6 (9.6%) was the third most common type 
among children and emm28 (5.9%) was the third most 
common among adults. CFR among case-patients 
with an emm1 isolate (26.2%) was significantly higher 

than CFR among case-patients with other emm types 
(13.3%) (p<0.05). Of the 84 emm1 GAS meningitis 
isolates, 2 isolates identified in 2020 belonged to the 
M1UK lineage. Among nonmeningitis cases, the most 
common types were emm1 (16.5%) and emm89 (7.5%).

Among children with GAS meningitis, the per-
centage of emm1 isolates ranged from 21.7% during 
2008–2012 to 46.7% during 2018–2022; the percent-
age of isolates belonging to the 7 most common emm 
types (1, 3, 4, 6, 12, 28, and 89) increased from 37.5% 
(6/16) during 1997–2002 to 93.5% (14/15) during 
2018–2022 (Figure 2). Among meningitis isolates from 
adult patients, the percentage of isolates belonging to 
the 7 most common emm types ranged from 41.3% 
(19/46) during 2018–2022 to 90.5% (38/42) during 
2008–2012. The emm types included in the 30-valent 
vaccine candidate represented 91.5% of isolates from 
pediatric meningitis cases and 89.9% of isolates from 
adult meningitis cases.

Antimicrobial Resistance
Among meningitis cases, 259 (80.9%) had isolates 
available for antimicrobial drug susceptibility  

Figure 1. Incidence of iGAS 
meningitis versus GAS 
infections, by age, United States, 
1997–2022. A) Patients <18 
years of age; B) patients >18 
years of age. Scales for the 
y-axes differ substantially to 
underscore patterns but do not 
permit direct comparisons. GAS, 
group A Streptococcus; iGAS, 
invasive GAS.
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testing. We determined or predicted 25 (10.0%) iso-
lates were resistant to erythromycin, of which 21 
(84.0%) were also resistant to clindamycin, 1 (4.0%) 
was also resistant to levofloxacin, and 1 (4.0%) was 
also resistant to chloramphenicol. We did not de-
tect β-lactam, linezolid, or vancomycin resistance 
among available isolates. Of the 21 clindamycin-
resistant isolates, 8 (38.1%) were emm92 and 4 
(19.1%) were emm12 type; all emm92 isolates were 
part of the same ST82 lineage. The percentage of 
clindamycin-resistant isolates among GAS menin-
gitis cases increased over time (Figure 3), from 3.2% 
(n = 1) during 1997–2002 to 17.7% (n = 11) during 
2018–2022 (p<0.05), but remained lower than rates 
among nonmeningitis cases, from which clindamy-
cin resistance increased from 0.6% (n = 10) dur-
ing 1997–2002 to 29.0% (n = 3,088) during 2018– 
2022 (p<0.05).

Discussion
We explored trends in GAS meningitis in the United 
States over 26 years and demonstrated that menin-
geal infection is an uncommon but severe manifes-
tation of iGAS and that GAS meningitis incidence is 
similar to that of more widely recognized meningitis 
etiologies. Although the incidence of bacterial menin-
gitis in the United States has decreased overall since 
2008 (10), driven largely by decreases in S. pneumoniae 
and N. meningitidis, the incidence of GAS meningitis 
remained stable across the years of the study. How-
ever, the percentage of bacterial meningitis caused by 
GAS in the United States has substantially increased 
over time. Starting in 2022, multiple countries report-
ed increases in iGAS disease and meningitis (2,8,9),  
suggesting that GAS could further expand as a menin-
gitis etiology. Although the overall incidence of GAS 
meningitis remains lower than those for meningitis  

 
Table 3. Incidence and case-fatality rates for GAS meningitis and meningitis caused by other bacterial pathogens, United States, 
1997–2022* 
Rates per age group GAS GBS Streptococcus pneumoniae Hemophilus influenzae Neisseria meningitides 
Incidence rate†      
 0–11 mo      
  1997–2005 0.34 12.30 8.95 1.71 3.04 
  2006–2015 0.22 12.80 4.57 2.14 1.59 
  2016–2022 0.15 12.64 2.75 2.71 0.48 
  All years 0.23 12.61 5.37 2.17 1.71 
 1–4 y      
  1997–2005 0.04 0.03 1.49 0.21 0.73 
  2006–2015 0.06 0.02 0.61 0.35 0.24 
  2016–2022 0.07 0.01 0.53 0.35 0.04 
  All years 0.06 0.02 0.84 0.31 0.32 
 5–17 y      
  1997–2005 0.05 0.03 0.35 0.05 0.45 
  2006–2015 0.05 0.02 0.25 0.03 0.07 
  2016–2022 0.04 0.01 0.27 0.05 0.02 
  All years 0.05 0.02 0.28 0.04 0.16 
 18–64 y      
  1997–2005 0.02 0.09 0.84 0.07 0.23 
  2006–2015 0.03 0.07 0.70 0.07 0.09 
  2016–2022 0.03 0.07 0.53 0.08 0.03 
  All years 0.03 0.07 0.68 0.07 0.11 
 >65 y      
  1997–2005 0.04 0.15 1.50 0.17 0.10 
  2006–2015 0.06 0.10 1.27 0.16 0.08 
  2016–2022 0.06 0.17 0.90 0.22 0.04 
  All years 0.06 0.14 1.18 0.19 0.07 
 All ages      
  1997–2005 0.04 0.26 0.98 0.11 0.32 
  2006–2015 0.04 0.24 0.74 0.12 0.11 
  2016–2022 0.04 0.22 0.57 0.14 0.04 
  All years 0.04 0.24 0.75 0.12 0.14 
Case-fatality rate, %‡      
 0–11 mos 21.7 7.0 6.7 4.7 5.4 
 1–4 y 26.1 12.5 11.2 2.5 5.5 
 5–17 y 13.1 4.8 8.1 1.9 10.7 
 18–64 y 20.9 14.4 15.6 3.8 11.0 
 >65 y 20.4 26.3 21.3 7.7 15.4 
 All ages 17.9 9.9 15.2 4.9 9.6 
*GAS, group A Streptococcus; GBS, group B Streptococcus. 
†Cases per 100,000 population. 
‡Rate for 1997–2022. 
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caused by S. pneumoniae, H. influenzae, and GBS, the 
CFR was 1.5–4 times higher for GAS meningitis. In 
this large cohort, the 19.4% CFR for GAS meningitis 
closely approximates that seen in prior studies (16,17), 
and CFR did not decrease over time.

In our study, children <1 year of age had the 
highest incidence of GAS meningitis and the second 
highest CFR, consistent with previous reports of GAS 
meningitis in young children (18–20). Preliminary 
ABCs data for 2023 (P.A. Hawkins et al., unpub. data) 
showed the incidence of GAS meningitis in that age 
group increased from 0.15 (95% CI 0.04–0.37) cas-
es/100,000 children during 2016–2022 to 1.06 (95% 

CI 0.26–2.38) cases/100,000 children, even though the 
overall incidence of GAS meningitis remained stable. 
Compared with other etiologies of bacterial meningi-
tis in ABCs among children <1 year of age, GAS still 
represents a small percentage of meningitis cases, 
most of which are caused by GBS.

We observed a seasonal pattern of GAS menin-
gitis cases, and a peak in winter and early spring; 
that same pattern has been reported for GAS phar-
yngitis and iGAS infections in the United States 
and Europe (1,5,6,14). One study proposed that the 
seasonal pattern might be explained by concurrent-
ly circulating viral infections during high-incidence 

Figure 2. Distribution of emm 
types among isolates from group 
A Streptococcus meningitis 
cases, by age, United States, 
1997–2022. A) Patients <18 
years of age; B) patients >18 
years of age.

Figure 3. Clindamycin 
resistance among isolates 
from group A Streptococcus 
(GAS) meningitis and other 
GAS-related syndromes, United 
States, 1997–2022. The graph 
demonstrates increasing rates 
of clindamycin resistance among 
GAS isolates over time. Shading 
indicates 95% CIs.
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periods, along with effects of crowding and close 
contact because of increased time spent indoors 
during cold months (1).

We also noted that the percentage of GAS men-
ingitis patients with underlying conditions was low, 
particularly among pediatric patients, and that >90% 
of cases occurring in children without underlying 
medical conditions, potentially reflecting the sever-
ity of emm1 infections, as previously documented (1). 
Although most GAS meningitis cases in our study oc-
curred in previously healthy children, nearly 1 in 5 
pediatric GAS meningitis cases were fatal. We noted 
otitis media in ABCs for 13.8% of all GAS meningitis 
cases, consistent with previous reports that found that 
GAS meningitis was often preceded or accompanied 
by otitis media or sinusitis (16,17,20–23) and likely re-
sulted from continuous spread of the infection rather 
than particular virulence factors (24)

The 2 most common emm types we identified 
among GAS meningitis isolates, emm1 and emm12, 
belonged to the emm pattern A-C, which has a strong 
preference for infection at the throat (25,26). emm1 
and emm12 are among the most common emm types 
in pharyngitis isolates reported across the United 
States, Canada, and Europe (15,27–30). emm1 has 
also been documented as the predominant strain 
from GAS meningitis cases in small studies from sev-
eral countries in Europe, which identified increases 
in overall iGAS and GAS meningitis incidence as-
sociated with emm1, particularly the M1UK lineage 
(1,8,9,16,17,20,31–33). However, despite a substantial 
increase in M1UK isolates in ABCs sites in the United 
States from 2015–2018 to 2019–2021 (34), only 2 of 263 
meningitis isolates typed in our study belonged to the 
M1UK lineage. Isolates from GAS meningitis cases in 
this study were less diverse overall than those from 
other iGAS infections, highlighting the potential for 
vaccines in development to provide substantial pro-
tection against this disease manifestation.

The first-line antimicrobial regimen used in the 
empiric treatment of bacterial meningitis is typically 
a combination of vancomycin plus a third-genera-
tion cephalosporin, or a fluoroquinolone for patients 
who might have a severe allergy to β-lactams (35). 
Clindamycin combined with β-lactams has been asso-
ciated with improved survival in severe iGAS infec-
tions (36) and is frequently used as part of combination 
antimicrobial therapy in intracranial GAS infections 
(21,22). We did not observe any β-lactam or vanco-
mycin resistance among the 259 isolates tested and 
found only 1 isolate resistant to fluoroquinolones. On 
the other hand, clindamycin resistance among GAS 
meningitis isolates substantially increased across the 

years of this study, consistent with a reported 3-fold 
increase in macrolide and clindamycin resistance 
from 2013 to 2022 among iGAS isolates in ABCs (2). 
The poor diffusion of clindamycin over the meninge-
al membranes is an additional challenge and has led 
to recommendations to use high-dose clindamycin or 
linezolid as an adjunctive antibiotic (37,38).

One limitation of our study was the low incidence 
of GAS meningitis reported in ABCs, which made it 
difficult to detect patterns from year to year; howev-
er, we were able to show trends in the epidemiology 
of GAS meningitis in the United States over time. A 
limitation posed by ABCs data is the focus on inva-
sive disease, which does not fully capture concurrent 
noninvasive GAS disease syndromes such as otitis 
media and pharyngitis; those syndromes have been 
reported in a high percentage of GAS meningitis cas-
es in previous studies. Another limitation of ABCs is 
that it does not collect outcome data after discharge, 
which is necessary to assess long-term sequelae and 
delayed death. Neurologic sequelae occur in a large 
percentage of patients who survive GAS meningitis 
(7,16,17). Finally, we did not collect antibiotic use his-
tory and thus were unable to determine any correla-
tion between antibiotic use and antimicrobial resis-
tance or outcome in GAS meningitis cases.

In summary, we assessed 26 years of clinical, 
epidemiologic, and molecular data available from 
the well-established and robust ABCs system, 
which provided a large collection of GAS menin-
gitis cases. Our findings provide insights into GAS 
meningitis, its epidemiology and clinical manifes-
tations, and its contribution to the overall burden of 
bacterial meningitis in the United States since evo-
lution of bacterial meningitis epidemiology after 
introduction and sustained use of vaccines against 
other pathogens causing meningitis, including S. 
pneumoniae, N. meningitidis, and H. influenzae. Our 
findings highlight the need for including GAS in fu-
ture meningitis studies and reviews and in updated 
meningitis clinical practice guidelines and can help 
inform clinical practice, vaccine design, and public 
health interventions in the United States. Clinicians 
should be aware that meningitis is an uncommon 
but severe manifestation of invasive GAS and has a 
higher CFR than other meningitis etiologies; there-
fore, they should consider GAS in the differential 
diagnosis of meningitis.
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Respiratory syncytial virus (RSV) is the most com-
mon cause of acute lower respiratory tract infec-

tions (LRTI) in children and can potentially result in 
bronchiolitis, which often requires hospitalization. 
Young children, especially during their first 6 months 
of life, are at high risk for illness and death caused by 
RSV, particularly during a first infection (1).

Nirsevimab (Beyfortus; AstraZeneca, https://www. 
astrazeneca.com; Sanofi Pasteur, https://www.sanofi.
com), a long-acting monoclonal antibody (mAb) against 
RSV, has an extended half-life of ≈71 days (2) and 
has been used in recent years to prevent severe RSV  

infections and outcomes in children <1 year of age. Re-
cent clinical trials have demonstrated its efficacy in pre-
venting RSV-associated acute LRTI, with an observed 
efficacy of 75% (3). In addition, a 62% reduction in hos-
pitalization because of RSV-associated LRTI has been 
reported (3), which increased to 78.4% among preterm 
infants (4). A pragmatic trial conducted under near real-
world conditions showed 83.2% overall effectiveness of 
nirsevimab and 75.7% effectiveness in reducing severe 
RSV-associated LRTI requiring supplemental oxygen (5). 
Other studies using real-world data have reported simi-
lar results, especially for RSV-related hospitalizations 
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During the 2024–25 winter season, a universal immu-
nization campaign with nirsevimab was implemented 
in a region of Italy to prevent respiratory syncytial virus 
(RSV) infection among infants <12 months of age. We 
assessed its effects using regional syndromic surveil-
lance data on emergency department visits (EDVs) and 
hospitalizations for lower respiratory tract infections and 
RSV infections. We estimated expected burden using 
an interrupted time series analysis, based on historical 
trends, and observed values with predictions. Children 

1–5 years of age, not eligible for immunization, served as 
a comparison group. Among infants, EDVs for acute low-
er respiratory tract infections decreased by 42.7% and 
hospitalizations decreased by 46.5%, whereas EDVs for 
RSV infection decreased by 49.3% and hospitalizations 
decreased by 55.0%. No reductions were observed in 
children 1–5 years of age, confirming ongoing RSV circu-
lation. Our findings support the effectiveness of universal 
nirsevimab immunization in reducing severe RSV-related 
outcomes among infants.
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and severe RSV disease (6–8). A systematic review and 
meta-analysis has further validated that mAb adminis-
tration in infants reduces the burden of RSV-related hos-
pital and ICU admissions (9).

Initial experiences with routine nirsevimab im-
munization in infants have been reported in several 
hospitals across Europe (10–12), and new population-
level studies are emerging, all indicating a marked 
positive effect, especially in very young infants (12). 
This positive effect is further supported by evidence 
from settings where both maternal and infant im-
munization programs are implemented, suggesting 
potential additive benefits in reducing the burden of 
RSV-related illness (13).

During October 2024–March 2025, a large-
scale immunization campaign using nirsevimab 
was launched in Lombardy, Italy, a region of 
northern Italy with nearly 10 million inhabitants, 
for infants <12 months of age. We conducted a 
study to estimate the effects of the campaign on 
the incidence of emergency department visits 
(EDVs) and hospital admissions associated with 
acute LRTI and RSV infection. Because studies 
conducted so far did not account for season-to-
season variability (6–9), which could result in in-
accurate estimates of the effects of RSV immuni-
zation, we performed an interrupted time series 
analysis that incorporated this element to estimate 
changes in trends before and after the program  
was implemented.

This project, conducted using routinely collect-
ed health data, was deemed by the Directorate Gen-
eral for Health of the Lombardy Region to be public 
health surveillance (Regional Government Reso-
lution DGR n. XII/3010 of September 9, 2024, con-
cerning the assessment of universal RSV immuniza-
tion), not research, and was conducted according to 
applicable regional (Regional Law n. 33/2009, Art. 
5 bis) and national law and policy (Italian Legisla-
tive Decree n. 196/2003, as amended by Legislative 
Decree n. 101/2018, Art. 2-sexies). Data processing 
complied with national and European data protec-
tion regulations (General Data Protection Regula-
tion 2016/679).

Materials and Methods

Study Design and Population
The study used an interrupted time series design 
combined with a negative binomial regression model. 
The analysis covered the period of August 27, 2018 
(ISO week 35–2018), through May 11, 2025 (ISO week 
19–2025).

The primary study population for evaluating an 
intermediate intervention outcome consisted of in-
fants <12 months of age residing in the Lombardy re-
gion of Italy. All analyses were based on the second-
ary use of anonymized datasets routinely collected 
by the Lombardy Region’s Directorate General for 
Health as part of its public health mandate.

Data
The regional Emergency Department Syndromic 
Surveillance system is a new instrument developed 
by the Prevention Unit of the Lombardy Region’s 
Directorate General for Health (14). Emergency de-
partment (ED) records were classified as EDVs if 
the patient was evaluated in the ED and not admit-
ted; records were classified as hospitalizations if the 
patient was admitted. Each ED record was classified 
using codes from the International Classification of 
Diseases, 9th Revision, Clinical Modification (ICD-9-
CM), providing a concise and precise description of 
the primary diagnosis of the visit. To analyze the per-
formance of the immunization campaign, additional 
codes for acute LRTI and RSV infection were moni-
tored (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/32/1/25-0870-App1.pdf).

We obtained data on the number of births from 
the regional demographic registry, which collects 
and updates vital statistics, including births, deaths, 
and resident population data. We obtained data on 
the number of nirsevimab administrations from the 
regional data flow system, which systematically re-
cords individual vaccination events across healthcare 
settings. Using data on monthly birth cohorts and 
individual-level vaccination records, we linked each 
nirsevimab administration to the corresponding child 
to calculate immunization coverage for birth cohorts 
during January 2024–March 2025.

RSV Immunization Campaign
The 2024–25 immunization campaign against RSV 
infection in the Lombardy region targeted all infants 
born during January 1, 2024–March 31, 2025. A multi-
center approach was used to ensure broad coverage; 
immunizations were provided through vaccination 
centers, general pediatricians, hospital pediatric de-
partments, and hospital maternity units.

Beginning October 10, 2024, infants born dur-
ing January–October 2024 were eligible to receive a 
single dose of nirsevimab (50 mg or 100 mg accord-
ing to weight) at vaccination centers or from general 
pediatricians. Starting November 1, 2024, nirsevimab 
became available for direct administration at hospital 
maternity units. Infants who were not immunized at 
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birth were subsequently contacted through vaccina-
tion centers or general pediatricians to receive the 
RSV immunization. Maternal vaccination for RSV 
was not available in this region or in Italy during the 
2024–25 season.

Statistical Analysis
We aggregated EDVs and hospital admissions into 
weekly counts and displayed them graphically by 
ISO week. We defined epidemic seasons as beginning 
in ISO week 35 of 1 year and ending in ISO week 19 of 
the following year, capturing the full duration of RSV 
activity. We stratified descriptive calculations by age 
group: <1 year and 1–5 years.

To evaluate the effects of the immunization cam-
paign, we conducted interrupted time-series analyses 
using generalized linear models. The primary impact 
indicators analyzed in this study included EDVs and 
hospitalizations for acute LRTI and RSV infection. 
The intervention period ran from October 10, 2024 
(ISO week 41–2024) through March 31, 2025 (ISO 
week 14–2025).

We trained Poisson and negative binomial re-
gression models using historical data and used them 
to predict outcomes for the 2024–25 season. Because 
the seasonal patterns of pre-COVID seasons dif-
fer substantially from those after the first waves of  
COVID-19 in the region, we used data from ISO 
week 35–2021 to ISO week 41–2024 to train the mod-
el. Weekly counts of EDVs and hospitalizations for 
acute LRTI and RSV infection were used as outcome 
variables (Appendix). We used the model to gener-
ate counterfactual estimates (i.e., the expected num-
ber of EDVs and hospitalizations for acute LRTI and 
RSV infection in the absence of an RSV immunization 
campaign). We then compared observed cases with 
those estimates, which were displayed with 95% un-
certainty intervals (95% UIs).

To determine whether differences between ob-
served and expected values among infants were 
caused by a general reduction in RSV circulation rath-
er than the immunization campaign, we compared 
EDVs and hospitalizations for acute LRTIs and RSV 
infection in children 1–5 years of age. Those children 
were not eligible for nirsevimab and served as the 
comparison group.

We conducted a sensitivity analysis (Appendix) 
to further corroborate results when excluding diag-
noses that could potentially lead to misclassification 
of EDVs or hospitalizations. We performed all analy-
ses using Python 3.13.0 (https://www.python.org/
downloads/release/python-3130) with the pandas, 
numpy, matplotlib, statsmodels, and patsy packages. 

We cleaned and managed historical data before De-
cember 31, 2024, by using SAS 9.4 (SAS Institute Inc., 
https://www.sas.com).

Results
A total of 64,903 doses of nirsevimab were adminis-
tered by the end of the immunization campaign on 
March 31, 2025, consisting of 34,913 doses at 100 mg 
and 29,990 doses at 50 mg. Those doses were given 
to 61,732 infants out of 77,983 births registered dur-
ing January 1, 2024–March 31, 2025, resulting in an 
overall immunization coverage rate of 79.2% (Ap-
pendix Table 3).

We observed pronounced seasonal trends across 
both age groups in all winter seasons, except for 
2020–21, when public health and social measures 
were widely implemented in the Lombardy Region 
in response to the initial waves of the COVID-19 pan-
demic (Figures 1, 2). Epidemic waves after this period 
exhibited substantially higher peaks than did pre-
COVID seasons (i.e., 2018–19 and 2019–20); patterns 
of EDVs and hospital admissions were increasingly 
delayed, and most cases occurred among infants <12 
months of age (Figure 1).

In the postpandemic seasons (2021–22, 2022–23, 
and 2023–24), peaks in EDVs for acute LRTIs and RSV 
infection among children <12 months of age were typ-
ically observed from ISO week 46 (2021–22 season) to 
ISO week 1 (2022–23 season); an average of 359 (range 
354–364) visits for acute LRTIs and 78 (range 68–98) 
visits for RSV infections occurred (Table 1; Appendix 
Table 4). Seasonal peaks in both EDVs and hospital 
admissions for acute LRTI in that age group were 
lower in prepandemic seasons but though still high-
er than in 2024–25. For RSV infection, however, the 
2024–25 season peak was similar to prepandemic lev-
els; 38 EDVs (vs. 30–32 prepandemic) and 27 hospital 
admissions (vs. 32–36 prepandemic) were recorded 
(Appendix Table 4).

In the same ISO weeks in which EDVs for acute 
LRTI peaked across seasons among infants <12 
months of age, a peak was also recorded among chil-
dren 1–5 years of age (i.e., between ISO weeks 46 and 
51); an average of 32 (range 24–37) EDVs for acute 
LRTI was recorded (Table 1). Unlike the pattern ob-
served in children <12 months of age, the 2024–25 sea-
sonal peak among children 1–5 years of age reached 
similar numbers of EDVs and hospital admissions for 
acute LRTI to the numbers seen in post-COVID sea-
sons (Table 1; Figure 2).

When comparing the cumulative number of 
EDVs and hospital admissions for acute LRTI across 
different winter seasons among children <12 months 
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of age, the lowest counts were recorded in the 2024–
25 season: 1,918 EDVs and 1,240 hospitalizations. 
The cumulative number of EDVs for acute LRTI 
was markedly higher in postpandemic seasons than 
in prepandemic seasons (Figure 3). Similar patterns 
were observed for RSV infection (Appendix Figure 1).

During the 2021–22 winter season, EDVs and hos-
pitalizations for acute LRTIs increased among infants 
<12 months of age, resulting in 2,685 EDVs and 1,982 
hospital admissions (Figure 3). Those numbers rose 
further in the 2022–23 and 2023–24 seasons, reaching 
3,700 EDVs in 2022–23 and 3,572 EDVs in 2023–24.

In the 2024–25 season, only 1,918 EDVs for acute 
LRTI were recorded among children <12 months of 
age (Table 2; Appendix Figure 3, panel A), marking 
the lowest number of EDVs for the condition across 
all winter seasons studied, including both prepan-
demic and postpandemic periods. Compared with 
3,700 EDVs in the 2022–23 season and 3,572 EDVs 
in the 2023–24 season, that difference represents a 
decline of >50%. Even more pronounced reductions 

were observed in hospital admissions for acute LRTI, 
which fell to 1,240 during the 2024–25 season, com-
pared with 2,396 in the 2023–24 season (a 48% reduc-
tion) and 2,478 in the 2022–23 season (a 50% reduc-
tion) (Figure 3, panel B). Although the peak of EDVs 
and hospital admissions for RSV infection in the 
2024–25 season was similar to that observed in pre-
pandemic seasons (Appendix Table 4), cumulative 
counts in the postpandemic seasons (from 2021–2024) 
were substantially higher (Appendix Figure 1). Com-
pared with the 2022–23 season, the 2024–25 season 
showed a 59% reduction in EDVs (from 644 to 265) 
and a 61% reduction in hospital admissions (from 704 
to 273) among children <12 months of age.

Interrupted Time Series Analysis
Regression modeling suggested that EDVs and hos-
pitalizations for acute LRTI and RSV infection plum-
meted among children <12 months of age during the 
2024–25 season (Table 2; Figure 4; Appendix Figure 
2). We observed comparable declines for LRTI and 

Figure 1. EDVs and hospitalizations among children <12 months of age in study of reduced EDVs and hospitalizations in infants after 
universal respiratory syncytial virus immunization, Italy, 2024–25. Numbers are shown for ISO week 35–2018 to ISO week 19–2025 for 
lower respiratory tract infection (A) and respiratory syncytial virus infections (B). Green shading indicates the period during which public 
health and social measures were implemented in response to the initial waves of the COVID-19 pandemic in the region. Red shading 
marks the prophylaxis period during which nirsevimab was administered. EDV, emergency department visit. 
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RSV infections among the same age group, both in 
EDVs (−42.7% for LRTIs and −49.3% for RSV infec-
tion) and hospital admissions (−46.5% for LRTIs and 
−55.0% for RSV infection). By contrast, children 1–5 
years of age, who were not the target population of 
the immunization campaign, showed an opposite 
trend (Figure 5; Appendix Figure 3). Although those 
children had lower absolute numbers of both EDVs 
and hospitalization than infants <12 months of age, 
their indicator activity increased during the 2024–25 

season. Specifically, predicted EDVs for RSV infec-
tion were 68 (95% UI 55–80), whereas observed vis-
its were 116, a 70.6% (95% UI 26.5–114.7%) increase. 
Those values exceeded those observed in previous 
post-COVID seasons (2021–22 to 2023–24), confirm-
ing persistent RSV circulation among children 1–5 
years of age. Similarly, predicted hospital admis-
sions for RSV infection were 46 (95% UI 36–55), com-
pared with 75 observed admissions, a 63.0% (95% UI 
13.0– 113.0%) increase.

Figure 2. EDVs and hospitalizations in children 1–5 years of age in study of reduced EDVs and hospitalizations in infants after universal 
respiratory syncytial virus immunization, Italy, 2024–25. Numbers are shown for ISO week 35–2018 to ISO week 19–2025 for lower 
respiratory tract infection (A) and respiratory syncytial virus infections (B). Green shading indicates the period during which public health 
and social measures were implemented in response to the initial waves of the COVID-19 pandemic in the region. Red shading marks the 
prophylaxis period during which nirsevimab was administered. EDV, emergency department visit.

 
Table 1. EDVs and hospitalizations for lower respiratory tract infection at seasonal peak week among children in study of reduced 
EDVs and hospitalizations in infants after universal respiratory syncytial virus immunization, Italy, 2024–25* 

Winter season 
Children <12 mo 

 
Children 1–5 y 

EDVs Hospital admission EDVs Hospital admission 
2018–19 221 (week 1) 176 (week 1)  13 (week 5) 9 (week 50) 
2019–20 230 (week 52) 175 (week 1)  33 (week 52) 10 (week 9) 
2020–21 10 (week 41) 13 (week 42)  5 (week 40) 3 (week 41) 
2021–22 354 (week 46) 268 (week 46)  37 (week 46) 16 (week 45) 
2022–23 358 (week 1) 250 (week 49)  24 (week 49) 24 (week 52) 
2023–24 364 (week 52) 212 (week 52)  35 (week 51) 24 (week 51) 
2024–25 123 (week 52) 73 (week 1)  43 (week 52) 18 (week 6) 
*Numbers shown are for winter seasons from 2018–19 to 2024–25. The ISO week in which the peak was reached is indicated in parentheses. EDV, 
emergency department visit.  
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Sensitivity Analysis
Diagnoses of ICD-9-CM code 07.96 (i.e., RSV in-
fection) accounted for 0.2% of EDVs and hospi-
talizations for acute LRTIs among children <12 
months of age and accounted for 2.0% of EDVs and  
0.8% of hospital admissions among children 1–5 

years of age (Appendix Table 5, Figures 4, 5). Ex-
cluding that diagnosis code from the acute LRTI 
definition produced only minor differences in the 
estimated impact of universal RSV immunization, 
underscoring the robustness of the analysis (Ap-
pendix Table 6).

Figure 3. Comparison of 
cumulative EDVs (A) and 
hospitalizations (B) for lower 
respiratory tract infections 
among children <12 months of 
age from winter season 2018–19 
to 2024–25 in study of reduced 
EDVs and hospitalizations in 
infants after universal respiratory 
syncytial virus immunization, 
Italy. To enable comparison 
between different epidemic 
years, a season was defined as 
the period going from the 35th 
week of 1 year to the end of 
the 34th week of the following 
year, covering the entire winter 
epidemic and accounting for 
shifts in its onset and conclusion. 
Pre-COVID and post-COVID 
seasons are colored in different 
shades of blue and red. EDV, 
emergency department visit.

 
Table 2. Impact of universal RSV immunization on EDVs and hospitalization in children <12 months of age and those 1–5 years of 
age, Italy, 2024–25* 

Age cohort 
Indicator activity, winter 2024–25 

 
Difference in indicator activity 

Predicted (95% UI) Observed Absolute change % Change (95% UI) 
Children <12 mo      
 LRTI      
  EDVs 3,347 (3,067–3,627) 1,918  −1,429 −42.7 (−48.1 to −37.3) 
  Hospitalizations 2,316 (2,120–2,513) 1,240  −1,076 −46.5 (−51.9 to −41.0) 
 RSV infection      
  EDVs 523 (456–590) 265  −258 −49.3 (−58.2 to −40.4) 
  Hospitalizations 607 (523–691) 273  −334 −55.0 (−63.2 to −46.8) 
Children 1–5 y      
 LRTI      
  EDVs 287 (262–312) 393  106 36.9 (18.9–55.0) 
  Hospitalizations 160 (145–176) 225  65 40.6 (17.6–63.6) 
 RSV infection      
  EDVs 68 (55–80) 116  48 70.6 (26.5–114.7) 
  Hospitalizations 46 (36–55) 75  29 63.0 (13.0–113.0) 
*EDV, emergency department visit; LRTI, lower respiratory tract infection; RSV, respiratory syncytial virus; UI, uncertainty interval. 
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Discussion
We present the results of an evaluation of the effec-
tiveness of a large-scale nirsevimab immunization 
campaign for infants <12 months of age. The cam-
paign aimed to reduce EDVs and hospital admissions 
for acute LRTI and RSV infection in the Lombardy re-
gion of northern Italy.

We observed a significant overall decline in EDVs 
and hospitalizations for acute LRTI and RSV infec-
tion among infants <12 months of age; we observed 
comparable percentage reductions in both EDVs and 
hospitalizations relative to both historical trends and 
model-predicted values. Starting November 2024, 
most infants were immunized at birth, ensuring time-
ly protection. This campaign likely contributed to 
the observed impact, as opposed to outpatient-based 
strategies that rely on postdischarge follow-up. How-
ever, this decline is unlikely attributable to reduced or 
interrupted RSV circulation during the 2024–25 sea-
son, given that the trends observed in the 1–5–year 

age group remained consistent with or exceeded his-
torical and predicted levels. The observed reduction 
in RSV-related outcomes in infants was not mirrored 
in children 1–5 years of age, suggesting that the in-
tervention likely prevented disease among infants, 
not that levels of RSV circulation in the population  
were reduced.

A recent analysis modeled different immuniza-
tion and vaccination scenarios in the Lombardy re-
gion using data collected before the RSV campaign 
was implemented to inform regional public health 
policies (15). That analysis estimated a considerable 
reduction in the number of hospitalizations caused 
by RSV: a 44% decrease with an estimated immuniza-
tion coverage rate of 70% and a 60% decrease with an 
estimated immunization coverage rate of 95%. Those 
findings are consistent with the results of our analysis, 
which found that EDVs associated with RSV hospital-
ization decreased by 55% in the 2024–25 season. The 
previous study further predicted that the intervention 

Figure 4. Interrupted time 
series analysis of EDVs (A) 
and hospitalizations (B) for 
lower respiratory tract infections 
among infants <12 months of 
age in study of reduced EDVs 
and hospitalizations in infants 
after universal respiratory 
syncytial virus immunization, 
Italy, 2024–25. Numbers are 
shown for ISO week 35–2021 to 
ISO week 19–2025. A negative 
binomial model incorporating a 
Fourier parameter was trained 
using historic data before 
the launch of the universal 
respiratory syncytial virus 
immunization program (before 
October 10, 2024; vertical 
dashed lines indicate launch 
date) and was then used to 
compute predicted values and 
95% UIs. Those values are 
displayed against the observed 
weekly counts of EDVs and 
hospital admissions for lower 
respiratory tract infections. EDV, 
emergency department visit; UI, 
uncertainty interval. 



RESEARCH

52	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 1, January 2026

would have had limited effects on reducing overall 
RSV circulation, because infants contribute relatively 
little to RSV community transmission (15). Our study 
corroborated that finding; an opposing trend was ob-
served in children 1–5 years of age, supporting the 
use of this age group as a comparison population for 
deriving counterfactual estimates.

The effect of the RSV immunization campaign ob-
served in our study is further supported by effective-
ness estimates derived from a density case–control 
study (16), which were subsequently applied to the eli-
gible infant population in Spain to estimate the national 
impact (17). That extrapolation suggests that, for every 
1,000 infants immunized with the mAb, 14.7 cases of 
RSV-associated acute LRTIs are prevented. Likewise, 
we observed that, for every 1,000 mAb doses admin-
istered, 22.0 EDVs (1,429/64,903) and 16.6 hospital ad-
missions (1,076/64,903) for acute LRTI were prevented.

Similar findings have been reported in Luxem-
bourg (10), where an estimated coverage of 84% was 

achieved in maternity wards across the country’s 4 
hospitals (≈1,524 births), leading to a 69% reduction 
in hospitalizations among infants <6 months of age 
with laboratory-confirmed RSV infection. A notable 
increase in the mean age of RSV-associated hospital-
izations was observed in that study for 2024–25 com-
pared with 2022–23; the mean age shifted from 7.8 
months in 2022–23 to 14.4 months in 2024–25. That 
shift in age distribution might partly explain the dif-
ferences observed in our study, where EDVs and hos-
pitalizations were considered in infants <12 months 
of age, in addition to potential variations in immuni-
zation coverage.

As expected, no surge in EDVs or hospitaliza-
tions for acute LRTI or RSV infection was observed 
during the rigorous implementation of public health 
and social measures in the initial phase of the pan-
demic in 2020 and 2021. Compared with previous 
epidemics, the postpandemic periods recorded the 
highest number of EDVs and hospital admissions. 

Figure 5. Interrupted time 
series analysis of EDVs (A) 
and hospitalizations (B) for 
lower respiratory tract infections 
among children 1–5 years of age 
in study of reduced EDVs and 
hospitalizations in infants after 
universal respiratory syncytial 
virus immunization, Italy, 2024–
25. Numbers are shown for ISO 
week 35–2021 to ISO week 
19–2025. A negative binomial 
model incorporating a Fourier 
parameter was trained using 
historic data before the launch 
of the universal respiratory 
syncytial virus immunization 
program (before October 10, 
2024; vertical dashed lines 
indicate launch date) and was 
then used to compute predicted 
values and 95% UIs. Those 
values are displayed against the 
observed weekly counts of EDVs 
(and hospital admissions for 
lower respiratory tract infections. 
EDV, emergency department 
visit; UI, uncertainty interval.
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That phenomenon might be attributed to waning im-
munity against RSV as a result of the stringent public 
health and social measures implemented to curb the 
surge of COVID-19 cases. Those measures ultimately 
reduced the circulation of several respiratory viruses, 
including RSV (18,19).

Our analysis has several limitations arising from 
the reliance on administrative anonymized datasets 
rather than laboratory RSV test results. First, testing in-
tensity for RSV might have varied over the study peri-
od, particularly with increased diagnostic efforts in re-
cent years (Appendix Table 5). Those differences might 
have led to greater detection of mild or non-LRTI RSV, 
affecting comparability across seasons. To mitigate 
that possibility, we adopted a broader case definition 
for acute LRTI that relied less on microbiological con-
firmation. Sensitivity analyses further suggested that 
non-LRTI RSV infections had only a marginal effect 
on the model estimates. Second, the datasets we used 
were not originally designed to identify individual cas-
es. We made efforts to remove duplicates from EDVs 
and hospitalization data using a set of criteria, but that 
process was further complicated by the impossibility 
of ascertaining patients’ exposure to the intervention 
under assessment. Therefore, an unimmunized infant 
might have visited different hospitals on different 
days, resulting in multiple counts without the possibil-
ity of deduplication. Third, because the case definition 
used for acute LRTI includes ICD-9-CM code 079.6, 
some episodes might include upper respiratory tract 
infections, leading to potential overestimation of RSV-
related acute LRTI episodes. However, on the basis of 
the sensitivity analysis we conducted, that factor did 
not affect impact estimates when we removed diagno-
ses coded 079.6 from the case definition of acute LRTIs. 
Fourth, although most studies have focused on infants 
<6 months of age, we were unable to replicate that cut-
off because of the nature of the ED data and the fact 
that the target population of the universal immuniza-
tion campaign included all infants born during 2024–
March 2025. Although the datasets used in our analy-
sis encompass both date of birth and age group, only 
age group is a mandatory variable, because it is either 
directly recorded during the EDV or derived from date 
of birth. For children, the available age categories dis-
tinguish only between those <12 months of age and 
those 1–5 years of age. Consequently, our analysis was 
constrained to the infants <12 months of age, rather 
than infants <6 months of age. Fifth, the 2024–25 RSV 
season might not have been fully captured within the 
analysis period, potentially leading to underestima-
tion of RSV-related outcomes for that season. That fac-
tor should be considered when comparing with earlier 

seasons that were fully observed. Last, because of the 
nature of the dataset used, persons residing outside the 
region who might have sought care at 1 of the ≈100 
hospitals could not be excluded. That limitation is like-
ly to have a minimal impact at the regional level, but 
it could be more relevant in areas near the borders of 
other regions in Italy or near Switzerland, where cross-
border healthcare use could occur in both directions.

This study explored the effects of nirsevimab ad-
ministration in a large territory with a population of 
≈10 million persons and ≈64,500 births in 2024 (20) 
(63,053 of whom lived in the region), focusing on the 
number of EDVs and hospital admissions both for 
acute LRTIs and RSV infection among infants <12 
months of age. We compared results with historical 
trends as well as to a comparison group to elucidate 
the effect of the immunization campaign. We found 
that use of nirsevimab for passive immunization of 
newborns and children <12 months of age, achieving 
an immunization coverage rate of ≈79% across the 
Lombardy region of Italy, resulted in a substantial 
reduction in EDVs and hospital admissions for acute 
LRTI and RSV infection. Further studies will be con-
ducted upon the conclusion of the RSV epidemic to 
estimate the cost-effectiveness of the immunization 
campaign implemented. Our results, combined with 
those future analyses, will help inform policy deci-
sions for future immunization programs.
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Viral hemorrhagic fevers (VHFs) are zoonotic 
or vectorborne diseases that pose a substantial 

threat to global health security and cause substantial 
economic burdens because of their rapid transmis-
sibility and high fatality rates, as well as the limited 
availability of effective therapeutics and countermea-
sures. The incidence of VHFs is notably high in the 
tropical regions because environmental conditions fa-
vor the presence of vectors and reservoirs, as well as 

increased interactions between humans and animals 
(1). In addition, the threat of spread is magnified by 
delayed confirmatory diagnosis of VHFs in resource-
limited settings, human displacement resulting from 
conflicts, and rapid increase in intercontinental travel 
and trade (2).

Marburg virus disease (MVD) is one of the VHFs 
caused by 2 orthomarburgviruses, Marburg virus 
(MARV) and Ravn virus (RAVV), classified into a  
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Marburg virus (MARV) is the primary cause of Marburg 
virus disease (MVD), a severe hemorrhagic fever with a 
high case-fatality rate. The first reported MVD outbreak in 
Tanzania occurred in 2023, followed by a second outbreak 
in 2025, both within the Kagera region. During those MVD 
outbreaks, 174 suspected cases were identified; of those, 
10 were laboratory confirmed. After complete genome as-
sembly and bioinformatic analyses, we found the MARV 
strains of the 2023 and 2025 outbreaks to be closely re-

lated and clustered with MARV strains that caused out-
breaks in Rwanda (2024) and Uganda (2014). The se-
quences from both MVD outbreaks in Tanzania showed 
>99.71% nucleotide identity, suggesting a possible single 
spillover event followed by limited human-to-human virus 
transmission. Further ecologic studies are essential to 
identify potential spillover events, but our findings indicate 
that closely related MARV strains circulate in Kagera, Tan-
zania, posing a risk for future outbreak recurrence. 
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single species, Orthomarburgvirus marburgense, genus 
Orthomarburgvirus of the Filoviridae family (3,4). MARV 
was the first filovirus discovered in 1967 during a con-
current outbreak of hemorrhagic fever among labora-
tory workers in Yugoslavia (Serbia) and Germany who 
had been in contact with tissues from African green 
monkeys imported from Uganda (5,6). The genome of 
MARV is composed of a nonsegmented negative-sense 
RNA with ≈19 kbp nucleotides. Genome sequencing is 
useful in MVD surveillance, contact tracing, and track-
ing the evolution of MARV and RAVV (7).

The Egyptian rousette bat (Rousettus aegyptiacus), 
a cave-dwelling bat, is the primary natural reservoir 
of MARV; transmission to humans occurs through 
spillover events from infected bats or contact with 
their bodily fluids or tissues (8). Outbreaks of MVD 
have frequently been associated with visits to bats’ 
roosting sites, such as caves and mines, particularly 
within the geographic range of R. aegyptiacus bats 
(9,10). Two notable MVD outbreaks were reported in 
Africa: the 1998–2000 outbreaks in the Democratic Re-
public of the Congo (DRC), which resulted in 154 cas-
es and 128 deaths (83% case-fatality rate [CFR]), and 
the 2004–2005 outbreak in Uige, Angola, which re-
sulted in 252 cases and 227 deaths (90% CFR) (10–13). 
More recently, the third largest outbreak of MVD was 
reported in Rwanda in 2024, causing 66 confirmed 
cases and 15 deaths (23% CFR) (14). Other isolated 
MVD outbreaks have been identified in South Afri-
ca (1975), Kenya (1980, 1987), Russia (1990), Uganda 
(2007, 2008, 2012, 2014, 2017), Guinea (2021), Ghana 
(2022), and Equatorial Guinea (2023) (15).

The first MVD outbreak in Tanzania was declared 
in Kagera region in March 2023 and consisted of 9 cases 
(8 confirmed and 1 probable) and 6 deaths (66.6% CFR) 
(16). A second outbreak occurred in the same region 
in January 2025 and consisted of 10 cases (2 confirmed 
and 8 probable) and 10 deaths (100% CFR). In this ar-
ticle, we present genomic analyses and examine the 
genetic relationships among the MARV strains respon-
sible for the 2023 and 2025 outbreaks in Tanzania and 
previously reported MARV strains reported in both 
humans and animal reservoirs. The Medical Research 
Coordinating Committee of the Tanzania National In-
stitute for Medical Research granted ethics approval 
(certificate no. NIMR/HQ/R.8a/Vol.IX/4957) and 
permission to publish (ref. no. BD.242/437/01C/42).

Methods

Study Settings
The 2023 and 2025 outbreaks of MVD in Tanzania oc-
curred in the Kagera region, northwestern Tanzania. 

The index case of the 2023 MVD outbreak was in a 
resident of Butahyaibega village in the Bukoba rural 
district who was engaged in fishing on Goziba Island, 
≈80 km east of Lake Victoria shore (Figure 1). The 
outbreak primarily affected Butahyaibega village in 
Kanyangereko ward and Bulinda village in Maruku 
ward, both located ≈20 km south of the town of Bu-
koba. That area is notable for its numerous mining 
sites and caves that are inhabited by colonies of the 
Egyptian rousette bat (R. aegyptiacus).

The probable index case for the 2025 MVD out-
break was in a resident of Katerela village in Ruziba 
ward of Biharamulo district, situated in proximity to 
the Burigi and Biharamulo game reserves and ≈170 km 
south of the 2023 outbreak location (Figure 1). The 2025 
outbreak was confined to the 2 neighboring villages of 
Katerela and Ruziba; contacts and cases were reported 
primarily within Biharamulo and Muleba districts in 
the Kagera region. Of note, a total of 8 probable case-
patients died before sampling could be conducted. 
Those case-patients were epidemiologically linked to 2 
laboratory-confirmed cases, both of whom died.

Sample Collection
During the MVD outbreaks, we collected blood sam-
ples in EDTA tubes for 84 suspected cases in 2023 and 
81 suspected cases in 2025. We transported samples 
to a mobile laboratory stationed at Kabyaile Health 
Center in Missenyi district (Figure 1), which had been 
positioned in Kagera region as part of preparedness 
and response to the 2022–2023 Sudan Ebola virus out-
break in Uganda.

Confirmation of MARV by Real-Time  
Reverse Transcription PCR
We tested blood samples for filoviruses Ebolavirus 
(EBOV) and MARV using real-time reverse tran-
scription PCR (RT-PCR). In brief, we extracted viral 
RNA from inactivated EDTA plasma collected using 
the QIAamp viral RNA mini kit (QIAGEN, https://
www.qiagen.com), in accordance with the manufac-
turer’s instructions. The extracted RNA served as a 
template for the diagnosis of filoviruses using the 
RealStar filovirus screen RT-PCR kit 1.0 (Altona Di-
agnostics, https://altona-diagnostics.com) using a 
CFX96 real-time PCR detection system (Bio-Rad Lab-
oratories, https://www.bio-rad.com), in accordance 
with manufacturer’s instructions. We conducted the 
initial real-time RT-PCR screening for both MARV 
and EBOV at the Kabyaile mobile laboratory before 
confirmation, cryopreservation, and next-generation 
sequencing at the national public health laboratory in 
Dar es Salaam.
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Sequencing Library Preparation and  
Next-Generation Sequencing of MARV
We prepared sequencing libraries using the Illumi-
na viral surveillance panel (Illumina, https://www. 
illumina.com), following the Illumina RNA prep 
with enrichment protocol. We pooled, normalized, 
and quantified the resulting libraries using the Qubit 
DNA high sensitivity kit (Thermo Fisher Scientific, 
https://www.thermofisher.com). We performed 
paired-end sequencing using MiSeq (Illumina) with 
a MiSeq 600 cycle V3 kit and generated sequencing 
reads with a configuration of 2 × 150 bp, yielding an 
average of 11 million reads per sample.

Bioinformatics Analysis
We subjected raw sequencing reads to quality con-
trol using FastQC version 0.11.9 (https://www. 
bioinformatics.babraham.ac.uk/projects/fastqc). We 
trimmed sequencing adapters and low-quality ends 
from reads using trim_galore version 0.6.4 (https://
github.com/FelixKrueger/TrimGalore) powered by 
cutadapt version 4.5 (https://cutadapt.readthedocs.
io/en/stable). We set the quality Phred score cutoff at 

30 with a minimum read length of 75 bp. We aligned 
the quality-filtered sequencing reads to the isolate 
Marburg_virus/H.sapiens-tc/KEN/1980/Mt._Elgon-
Musoke (GenBank accession no. NC_001608.3) as 
reference genome using Burrows-Wheeler Aligner 
version 0.7.17 with the maximum exact match (mem) 
algorithm (H. Li et al., unpub. data, https://doi.
org/10.48550/arXiv.1303.3997). Subsequently, us-
ing the mapped sequencing reads, we performed de 
novo assembly using SPAdes version 3.13.1 (17) and 
Megahit version 1.2.9 (18), and evaluated the quality of 
the resulting assemblies using the Quality Assessment 
Tool (QUAST) program version 5.0.261 (19). We deter-
mined the MARV complete genome from each sample 
as the longest contig assembled.

For phylogenetic analysis, we aligned the MARV 
sequences generated in this study (deposited into Gen-
Bank under accession nos. PV700537–41) with those 
described previously available at GenBank by using 
MAFFT version 7.520 (https://mafft.cbrc.jp/align-
ment/software) to determine their evolutionary re-
lationship (20). The alignment comprised 82 MARV 
complete genome sequences collected during 1967–

Figure 1. Locations of the 
2023 and 2025 Marburg virus 
outbreaks in Kagera region, 
northwest Tanzania. A) The 
outbreaks occurred in northwest 
Tanzania, west of Lake Victoria, 
in Bukoba Rural and Biharamulo 
districts of the Kagera region. 
The region borders Uganda, 
Burundi and Rwanda. Green 
shading indicates Kagera region. 
Red shading indicates the 
affected districts. B) Expanded 
view of boxed area from panel 
A shows epicenters for both 
outbreaks (stars). Upper box 
marks the location of the 2023 
outbreak in a village south of 
Bukoba town; lower box marks 
the location of the second 
outbreak in a village north of 
Biharamulo town. C) Locations 
of the 2023 outbreak in Bukoba 
Rural district. Red dots indicate 
affected villages. D) Locations of 
the 2025 outbreak in Biharamulo 
district. Red dots indicate 
affected villages.
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2025 in Angola (n = 13), DRC (n = 25), Guinea (n = 2), 
Kenya (n = 6), the Netherlands (n = 1), Rwanda (n = 5), 
Sierra Leone (n = 3), Tanzania (n = 5), and Uganda (n = 
22) (Appendix 1 Table, https://wwwnc.cdc.gov/EID/
article/32/1/25-1314-App1.xls). We used the model 
finder implemented in IQ-TREE version 1.6.12 (21) to 
determine the best-fitting model; we chose the general 
time reversible substitution model with estimated base 
frequencies, invariable sites, and gamma-distribution 
rate with 4 discrete categories in accordance with the 
Bayesian information criterion. We reconstructed a 
maximum-likelihood phylogenetic tree with IQ-TREE 
version 1.6.12 (21) and MEGA 12 using 1,000 bootstrap 
replications (22). We calculated the marginal likelihood 
estimation using Tracer version 1.7.2 (https://beast.
community/tracer) to select the appropriate clock 
and demographic model. We used the uncorrelated 
relaxed clock with constant population model to gen-
erate the XML file in BEAUti version 1.10.4 (https://
beast.community/beauti). We then analyzed the gen-
erated file using BEAST version 1.10.4 (https://github.
com/beast-dev/beast-mcmc) for phylodynamic anal-
ysis, applying Monte Carlo Markov chain with a chain 
length of 20 × 106, sampling after every 1,000 cycles. We 
explored the results using Tracer version 1.7.2, target-
ing an effective sample size of >200 for each parameter 
(23,24). We annotated the time-scaled phylogenetic 
tree generated by BEAST using TreeAnnotator version 
1.10.4 (https://beast.community/treeannotator) with 
a maximum clade credibility tree after a burn-in of 20% 
of the sample; we used FigTree version 1.4.4 (http://
tree.bio.ed.ac.uk/software/figtree) for visualization. 

We used the Nextstrain build for Marburg and Ravn 
viruses (https://github.com/pvanheus/nextstrain-
marv-and-ravv) for ancestral state reconstruction and 
then the Auspice tool (https://docs.nextstrain.org/ 
projects/auspice/en/stable/index.html) for visualiza-
tion as described previously (25,26). We used the snp-
sites tool (https://github.com/andrewjpage/snp_
sites) to identify variable positions in the alignment 
after excluding unsequenced regions, and used snp-
dists (https://github.com/tseemann/snp-dists) to 
count the single-nucleotide polymorphisms between 
and within outbreaks, as described previously (27).

Results

Comparative Genomics Analysis of MARV
We attempted virus enrichment sequencing using 
specimens from 10 Marburg virus–positive persons 
and generated whole genomes from 5 persons; 3 of 
those persons were from the 2023 outbreak (sample 
nos. S6, S7, and S8) and 2 from the 2025 outbreak 
(S001 and S002) (Table 1). The genomes of MARV 
strains reported in our study were 18,943–19,070 nt 
long (Table 1). With the exception of unsequenced 
regions between the MARV strains, there were no 
nucleotide sequence variations between strains from 
the same outbreak, whereas there were 39 single-nu-
cleotide polymorphisms between the 2023 and 2025 
MARV strains.

When we compared the 2023 and 2025 MARV 
genomes to a Marburg virus reference genome  
(GenBank accession no. NC_001608.3), we found 

 
Table 1. Patient metadata and sequence metrics from study of 2023 and 2025 MARV outbreaks in Kagera region, northwestern 
Tanzania* 
Characteristic Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 
Sequence ID MARV/H.Sapiens/TZ

/Kagera/S6/2023 
MARV/H.Sapiens/TZ

/Kagera/S7/2023 
MARV/H.Sapiens/TZ

/Kagera/S8/2023 
MARV/H.Sapiens/TZ

/Kagera/001/2025 
MARV/H.Sapiens/TZ

/Kagera/002/2025 
Patient age, y/sex 26/M 27/M 36/M 28/M 30/M 
Location Bulinda Butahyaibega Butahyaibega Katerela Ruziba 
Ct value 24.41 18.73 19.74 25.28 16.34 
Total sequencing 
reads 

10,899,272 5,213,734 7,809,532 23,905,276 9,523,562 

Mean base Phred 
quality score 

35.4 35.2 35.4 37.4 37.3 

No. MARV-specific 
sequencing reads 

17,339 256,285 1,132,206 7,049,308 4,245,624 

Mapped reads, % 0.16 4.91 14.46 29.49 44 
Assembled MARV 
genome size, bp 

18,943 19,054 19,048 19,070 19,030 

GC content, % 38.28 38.18 38.07 38.10 38.01 
Mean genome 
coverage depth 

128.166 1,875.16 8,344.77 46,400 29,600 

Genome 
coverage, % 

99.12 99.70 99.67 99.89 99.57 

GenBank 
accession no.  

PV700539 PV700540 PV700541 PV700537 PV700538 

*Ct, cycle threshold; GC, percentage of guanine (G) and cytosine (C) nucleotides; ID, identification; MARV, Marburg virus. 
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99.12%–99.89% genome coverage. BLASTn (https://
blast.ncbi.nlm.nih.gov) revealed that Tanzania 
MARV strains were closely related to a MARV isolate 
collected from a bat in the Python Cave, southwestern 
Uganda, in 2009 (GenBank accession no. JX458855) 
and from a human during the September 2014 MVD 
outbreak in Kampala, Uganda (GenBank accession 
no. KP985768). When we compared those genomes 
to the MARV reference genome (GenBank accession 
no. NC_001608.3), mean coverage depth was 128.166–
46,400, with variability along the genome (Table 
1; Appendix 2 Figure 1, https://wwwnc.cdc.gov/
EID/article/32/1/25-1314-App2.pdf). We observed 
>99.68% nucleotide identity between MARV strains 
responsible for the 2023 and 2025 outbreaks in Tanza-
nia and those of 2024 outbreak in Rwanda (GenBank 
accession nos. PQ552725–42) (Table 2).

Phylogenetic Analysis
A comparison of Tanzania MARV sequences with all 
available full-length MARV sequences from previous 
outbreaks across Africa demonstrated that the 2023 
and 2025 sequences were closely related and clustered 
with MARV sequences from outbreaks in Rwanda in 
2024 (bootstrap support 100%) and Uganda in 2014 
(bootstrap support 100%) (Figure 2). The sequenc-
es from both MVD outbreaks in Tanzania showed 
>99.71% nucleotide identity, suggesting a possible 
local single spillover event in each of the Bukoba Ru-
ral and Biharamulo districts, followed by limited hu-
man-to-human virus transmission. The clock likeness 
analysis using TempEst version 1.5.3 (http://tree.bio.
ed.ac.uk/software/tempest) revealed the existence 
of a positive temporal signal among representative 
full-length MARV sequences with a correlation coef-
ficient of 0.7184 and a coefficient of determination (R2) 
of 0.5161. The time to most recent common ancestor 
for the analyzed dataset was 1767 (95% highest pos-
terior density interval range 1591–1966) and the evo-
lution rate was 2.2233 × 10−4 (95% CI 1.8419 × 10−4 to 
2.634 × 10−4) substitutions/site/year. Bayesian evolu-
tionary tree reconstruction analysis revealed that the  

Tanzania MARV strains clustered with the 2024 
Rwanda MARV strains. In addition, the MARV strains 
from Tanzania were closely related to those collected 
in Uganda from bats in 2009 and humans in 2014.

Discussion
Marburg virus disease is a VHF with dramatic clini-
cal manifestation and a high CFR that poses a sub-
stantial global health threat and negative economic 
consequences (28). The 3 MVD outbreaks reported 
in 2023, 2024 and 2025 in Tanzania and Rwanda oc-
curred in a radius of ≈150 km, underscoring the com-
mon ecologic zone (Figure 1, panel A). We did not ob-
serve nucleotide substitutions in MARV from the same 
MVD outbreaks in Tanzania. Although the specific 
evolutionary origins of MARV in the Great Lakes eco-
system remains unresolved, we noted that the prob-
able index cases in the Tanzania outbreaks in 2023 and 
2025 were residents within the Kagera region with no 
foreign travel history. The Kagera region, where the 
Tanzania MVD outbreaks occurred, borders Uganda 
to the north, Rwanda to the west, and Burundi to the 
southwest; most of the area forms the Kagera River ba-
sin ecosystem, which is ecologically linked to the Al-
bertine Rift montane forest ecoregion and the Greater 
Virunga Landscape. The Kagera River basin represents 
an interface of the highest biodiversity and diverse 
agro-ecosystems of Africa covering 5 countries; Burun-
di, DRC, Rwanda, Uganda, and Tanzania. High popu-
lation mobility and diverse rich flora and fauna within 
the Kagera River basin ecosystem increase the risk for 
pathogen spillover and cross-border transmission of 
infectious diseases, including MVD. In East Africa, the 
distribution of Egyptian rousette bats encompasses 
Uganda, Rwanda, Burundi, and parts of the DRC, Ke-
nya, and Tanzania. Although no study has reported 
MARV in bats in Tanzania, the virus has been iso-
lated from bats in Uganda, DRC and Kenya (9,29,30). 
The area in Tanzania in which the 2023 and 2025 
MVD outbreaks occurred is notable for its numerous  
mining sites and caves that are inhabited by colonies 
of Egyptian rousette bats, the reservoir host for MARV 

 
Table 2. Comparison of amino acid mutations in Marburg virus strains in study of Marburg virus disease outbreaks in 2023 and 2025, 
Tanzania* 
Gene  2023 outbreak, Tanzania 2024 outbreak, Rwanda 2025 outbreak, Tanzania 
VP35 I94V (A3224G) I94V (A3224G) I94V (A3224G) 
VP40 V57I (G4736) V57I (G4736), Q159R (5043G) V57I (G4736) 
GP P234S (C6640T), Y279D 

(6775G), H349N (C6985), S389G 
(A7105G) 

P234S (C6640T), Y279D (6775G) P234S (C6640T), Y279D (6775G), 
E241G (A6662G), H349N (C6985), 

S389G (A7105G) 
L I243L (A12207C), D699N 

(G13575A), V1673A (T16494C), 
M1734V (16680G), R1756S 

(A16748C), 

R1756S (A16748C) K174R (A12001G), V1673A 
(T16494C), R1756S (A16748C), 
S1820L (C16939T, T16940A), 

R1855K (G17044A) 
*Study strains were compared with a reference isolate, GenBank accession number NC_001608.3. GP, glycoprotein; L, polymerase; VP, viral protein. 
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(31). The nucleotide sequences from both outbreaks 
were highly similar, suggesting a possible local single 
spillover event followed by limited human-to-human 
virus transmission.

The village where MVD was reported for the 
first time in Tanzania is the location of the Kanyan-
gereko Cave, one of the largest Egyptian rousette 
bat roosting sites in the Kagera region, suggesting 
a likely source of the virus (31). High-risk human 
behavior and practices, including collection of bat-
derived manure (guano) from caves for crop fertil-
ization and direct contact with fruits partially eaten 
by Egyptian rousette bats, have been reported in 
the region, increasing the MARV spillover risk to 
humans (9,31). The possibility of virus dispersion 
from Kagera to other location in Tanzania or neigh-
boring countries through movement of possibly in-
fected bats cannot be excluded; average flight dis-
tances of 60.18 km for Egyptian rousette bats and 
interactions with other animal species and humans 
have been documented (9). 

Reported MVD outbreaks in Africa, including 
within eastern Africa, highlight the growing MVD 
public threat (32). It is difficult to determine wheth-
er the number of MARV outbreaks has increased in 
recent years or if more cases have been identified 
through improved diagnostics capacity and public 
health surveillance systems. Investigation of MARV 
in Egyptian rousette bats in Tanzania is crucial to un-
derstand the extent of the risk posed to the human 
population in the Kagera region and beyond. The fact 
that the exact origin of the MVD outbreaks in Tanza-
nia is not identified poses a continued threat to the 
population in the Kagera River basin. We recommend 
anthropologic and ecologic studies to identify the vi-
rus reservoirs and factors that enhance MVD trans-
mission dynamics in this ecosystem.

Our findings indicated that genetically close-
ly related MARV strains were responsible for the 
2023 and 2025 MVD outbreak in Kagera region of 
Tanzania, which supports the hypothesis of a lo-
cal zoonotic spillover event followed by limited 
human-to-human virus transmission. More MARV 
complete genomes from humans and bats and other 
reservoirs from eastern Africa countries are needed 
to accurately understand the evolution and spread 
pattern of MARV, which can help public health au-
thorities to design effective prevention and control 
strategies. Furthermore, obtaining complete ge-
nome sequences during outbreaks are crucial for 
effective monitoring, management of new waves 
of infection, and improved understanding of the 
transmission dynamics.

Figure 2. Maximum-likelihood phylogenetic tree from study of 
2023 and 2025 MARV outbreaks in Kagera region, northwest 
Tanzania. Tree was reconstructed using 82 MARV complete 
genome sequences, including sequences responsible for the 
2023 and 2025 outbreak in Tanzania described in this study (black 
dots) and previously reported sequences acquired from GenBank 
(accession numbers provided). Node values show the percentage 
of bootstrap support. Scale bar indicates nucleotide substitution 
per site. Ang, Angola; DRC, Democratic Republic of the Congo; 
KEN, Kenya; MARV, Marburg virus; NETH, the Netherlands; SL, 
Sierra Leone; UG or UGA, Uganda.
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The global rise of New Delhi metallo-β-lactamase 
(NDM)–producing K. pneumoniae, highlighted by 

surveillance programs such as ATLAS, is becoming an 
alarming concern (1). First detected in Europe in pa-
tients who had received healthcare in India in 2009 (2), 
NDM-producing strains have since spread widely, par-
ticularly among countries in Europe (3), and are closely 
associated with successful K. pneumoniae clones, includ-
ing sequence types (ST) 147, 11, and 15 (4). In Spain, 
the first NDM-1–producing isolate was detected in 
2009 in a K. pneumoniae isolate from a man from Spain 
who had received medical attention in India (5). Re-
cent nationwide carbapenemase surveillance studies in 

Spain have reported prevalence rates of <5% for NDM-
producing Enterobacterales in most regions but also a 
gradual spread across different geographic areas (6). 
However, according to recent data from the country’s 
Network of Laboratories for the Surveillance of Resis-
tant Microorganisms (RedLabRA; https://cnm.isciii.
es/redlabra), among 6,756 carbapenemase-producing 
Enterobacterales (CPE) isolates detected in 2023, a to-
tal of 396 (7.9%) were NDM-producing K. pneumoniae, 
making this type the third most prevalent carbapen-
emase/microorganism association in Spain (7).

Among the lineages of K. pneumoniae involved in 
the spread of NDM enzymes, ST147 is likely one of 
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The emergence of a high-risk New Delhi metallo-
β-lactamase 14–producing Klebsiella pneumoniae 
sequence type 147 clone is of public health concern 
because of its rapid international spread. We report 
cross-border emergence and rapid dissemination of that 
clone in the Canary Islands, Spain, during 2023–2025. 
We analyzed 30 isolates recovered during 2023 in detail 
by reviewing clinical and epidemiologic data, conducting 
whole-genome sequencing to assess clonal relatedness 
and analyze resistomes, and performing antimicrobial 
susceptibility testing of novel therapeutic options 

through reference broth microdilution. The isolates 
formed a well-defined cluster, with minimal genomic 
distance and identical resistomes, confirming the local 
outbreak. Those clones were also closely related to 
other international New Delhi metallo-β-lactamase 14–
producing K. pneumoniae sequence type 147 isolates, 
supporting the ongoing cross-border expansion of 
that clone. Aztreonam/avibactam was the most active 
therapeutic option (MICs <0.125 mg/L). Our findings 
highlight the need for close monitoring to prevent further 
dissemination of this clone.
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the most prevalent sequence types globally (8). That 
clone first appeared in the early 1990s and became 
globally disseminated over the next decade, prob-
ably catalyzed by successful selection of alterations 
in the quinolone resistance-determining regions, 
as well as by acquisition of the plasmid-encoded 
blaCTX-M-15 (9). NDM-producing K. pneumoniae ST147 
isolates have been circulating in Spain for at least 
a decade (10). Treatment of infection with those 
isolates represents a substantial challenge because 
the strains often carry multiple antimicrobial resis-
tance determinants, including extended-spectrum 
β-lactamases, aminoglycoside-modifying enzymes, 
or other carbapenemases, such as K. pneumoniae car-
bapenemase or oxacillinase (OXA) 48–like oxacillin-
ases (11,12). Moreover, NDM enzymes also display 
strong catalytic activity against most β-lactams and 
are increasingly associated with resistance to recent-
ly approved or investigational options, such as ce-
fiderocol and cefepime/taniborbactam (13,14).

A total of 84 NDM carbapenemase variants had 
been described as of August 28, 2025 (15). Whereas 
most differ from the prototype NDM-1 by only 1 or 
a few amino acid substitutions, some of those vari-
ants have notable effects on β-lactam hydrolysis (e.g., 
NDM-5) or resistance to newly developed boronate 
inhibitors (e.g., NDM-9) (16,17). In 2023, an alarming 
report described rapid emergence and dissemination 
of an NDM-14–producing ST147 clone in France, a 
single NDM-1 amino acid variant (D130G) known to 
enhance carbapenem-hydrolyzing activity (18). The 
authors identified Morocco as a potential origin and 
noted high levels of antimicrobial resistance.

Within the framework of the Network of Diag-
nostic Laboratories for Healthcare-Associated Infec-
tion Surveillance in the Canary Islands (19), a total of 
99 cases of infection with the ST147 clone were iden-
tified during January 2023–March 2025 across 3 is-
lands. That outbreak of the NDM-14–producing clone 
in Spain is among the largest reported in Europe. In 
line with European Centre for Disease Prevention 
and Control guidelines for genomic surveillance and 
multicountry outbreak investigations, we performed 
a genomic surveillance study, assessed the outbreak’s 
dimension, and evaluated newly developed thera-
peutic options to generate timely information for in-
fection control and therapeutic alternatives.

Methods

Bacterial Isolates
During January 2023–March 2025, a total of 99 NDM-
14–producing K. pneumoniae isolates were recovered 

from clinical or surveillance samples from patients 
admitted to 4 hospitals on 3 Canary Islands: the Com-
plejo Hospitalario Universitario Insular-Materno In-
fantil (CHUIMI; Gran Canaria), the Hospital Universi-
tario de Gran Canaria Doctor Negrín (Gran Canaria), 
the Hospital Universitario Doctor José Molina Orosa 
(Lanzarote), and the Hospital General de Fuerteven-
tura Virgen de la Peña (Fuerteventura). The isolates 
were submitted to the reference laboratory of the Lab-
oratory Network for Infection Surveillance System of 
the Canary Islands (RELAP; Hospital Universitario 
Nuestra Señora de la Candelaria, Tenerife, Spain). Of 
the 99 isolates, 30 corresponded to the first nondupli-
cate NDM-14–producing K. pneumoniae isolates iden-
tified in the archipelago, all recovered from patients 
admitted to CHUIMI in 2023. We further selected 
those 30 isolates for subsequent whole-genome se-
quence-guided phylogenomic analysis and evaluation 
of recently approved and investigational β-lactams 
and β-lactam/β-lactamase inhibitor combinations 
(Appendix 1 Table 1, https://wwwnc.cdc.gov/EID/
article/32/1/25-1504-App1.xlsx).

Clinical and Epidemiologic Data Collection
We screened for carbapenemase production among 
patients admitted to CHUIMI (Appendix 2, https://
wwwnc.cdc.gov/EID/article/32/1/25-1504-App2.
pdf) and collected clinical and epidemiologic infor-
mation related to patients with positive samples for 
NDM-14–producing K. pneumoniae. Researchers ano-
nymized demographic and clinical data with an al-
phanumeric code and compiled complete details of 
each sample and the information collected in the ini-
tial 2023 outbreak (Appendix 1 Table 1).

Whole-Genome Sequencing
We sequenced the 30 isolates with an Illumina No-
vaSeq 6000 (https://www.illumina.com) and ob-
tained total genomic DNA using a Genomic DNA 
Buffer Set with a Genomic-tip 20/G (QIAGEN, 
https://www.qiagen.com). We generated Illumina 
indexed paired-end libraries from a Nextera DNA 
XT Library Prep Kit (Illumina). In addition, we se-
quenced the isolate from the index case (I238) identi-
fied at CHUIMI, as well as isolate I542 (an NDM-14–
producing K. pneumoniae isolate that belonged to a 
phylogenomically distant ST, 997), in parallel with a 
PacBio platform (Pacific Biosciences, https://www.
pacb.com) to obtain high-quality hybrid assemblies 
and plasmid reconstruction. To understand the evo-
lutionary trajectory, we also sequenced 3 isolates 
from 2024 (n = 1) and 2025 (n = 2) by using the Il-
lumina NovaSeq 6000.
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Bioinformatic Analysis
We quality controlled reads for bioinformatic as-
sembly with Unicycler version 0.5.0 (https://
github.com/rrwick/Unicycler), using a hybrid ap-
proach when possible. We then assessed reads for 
contamination and completeness by using CheckM 
version 1.1.3 (https://github.com/Ecogenomics/
CheckM). We deposited raw reads and assemblies 
in the National Center for Biotechnology Informa-
tion under Bioproject PRJNA1216752 and provide 
complete accession numbers for all databases (Ap-
pendix 1 Table 2).

Using K. pneumoniae ST147 isolate TGH13 (Gen-
Bank accession no. CP012745.1) as a reference, we 
performed core-genome phylogenomic analysis in 
snippy version 4.6.0 (https://github.com/tseemann/
snippy) with the phylogenetically closest 863 ST147 
international isolates from multiple databases (Ap-
pendix 1 Table 3). We created a phylogenomic tree by 
using fasttree version 2.1.11 (https://morgannprice.
github.io/fasttree; parameters “-nt -gtr”). We de-
scribed the complete methodology in detail, includ-
ing phylogenomic analysis and genomic characteriza-
tion of isolates (Appendix 2).

Antimicrobial Drug Susceptibility Testing
We tested for antimicrobial drug susceptibility by us-
ing Sensititer EUMDRXXF microdilution plates (Ther-
mo Fisher Scientific, https://www.thermofisher. 
com), using reference broth microdilution assays 
with cation-adjusted Müeller-Hinton broth for newly 
developed β-lactam/β-lactamase inhibitor combi-
nations, and, for cefiderocol, iron-depleted cation- 
adjusted Müeller-Hinton broth prepared according 
to Clinical and Laboratory Standards Institute guide-
lines (20). We interpreted MIC values according to 
EUCAST guidelines (21) (Appendix 1 Table 4).

Molecular Cloning
We cloned the genes blaNDM-1 and blaNDM-14 into pUCP-
24, then transformed the recombinant plasmids by 
electroporation into Escherichia coli TG1 (wild-type 
permeability) and E. coli HB4 (OmpC and OmpF de-
ficient) and selected on LB agar plates containing 10 
mg/L of gentamicin. MICs were determined as de-
scribed for drug susceptibility (Appendix 1 Table 5).

Results

Index Case
The first case of NDM-14–producing Klebsiella pneu-
moniae ST147 (strain I238) in this outbreak was iden-
tified on January 13, 2023, in a 34-year-old female 

patient admitted to CHUIMI. The patient, originally 
from Laayoune, administered by Morocco, was trans-
ferred for urgent intervention after she had a major 
bile duct injury develop as a complication of a lapa-
roscopic cholecystectomy performed in Morocco in 
2022. Bile duct reconstruction surgery was performed 
on December 28, 2022, and the NDM-14–producing 
ST147 K. pneumoniae isolate was detected 26 days later 
from the catheter tip and biliary drainage. Targeted 
intravenous colistin therapy was initiated (4.5 million 
IU/12 h for 12 days), and the patient was discharged 
after favorable clinical evolution with continued anti-
microbial therapy and outpatient follow-up.

Epidemiologic Investigation, Outbreak Detection,  
and Current Extension
The hospital admission of the index case-patient 
subsequently caused a 3-case transmission event in 
the digestive surgery unit (ward 10S) at CHUIMI. 
Control measures were performed, including epide-
miologic investigations; systematic screenings of car-
bapenemase-producing organisms, including culture 
and molecular-based approaches; enhanced hygiene; 
transfer to a dedicated high-risk ward (8N); cohorting 
of patients; and environmental sampling, if needed. 
Despite control efforts and apparent early contain-
ment of cases in ward 10S, RELAP later identified 98 
additional NDM-14–producing ST147 K. pneumoniae 
isolates through March 2025, for a total of 99 isolates.

We compiled a comprehensive representation 
of the contribution of NDM-14–producing ST147 K. 
pneumoniae to the overall proportion of carbapene-
mase-producing K. pneumoniae isolates submitted by 
CHUIMI to RELAP during the study period (Figure 
1). Isolates that fulfilled >1 of the following criteria 
were submitted: isolates from clinical samples asso-
ciated with invasive infection (excluding coloniza-
tion); isolates from clinical or environmental sources 
during outbreak or epidemic events; or detection 
of emerging pathogens requiring enhanced surveil-
lance, including the NDM-14–producing K. pneu-
moniae isolates we describe. The peak of the reported 
cases occurred during June 2023–September 2024. 
During that period, the mean (+SD) percentage of 
submitted K. pneumoniae isolates producing NDM-
14 among all submitted carbapenemase-producing 
K. pneumoniae isolates was 41.56% (SD +14.40%). 
The maximum peak of incidence occurred in Janu-
ary 2024, when production of NDM-14 accounted for 
67% of the 35 cases.

During the study period, most cases were identi-
fied at CHUIMI (n = 93), where the index case was 
detected. However, during 2024, additional cases 
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were also reported at Hospital Universitario de Gran 
Canaria Doctor Negrín (n = 4), a hospital in Gran Ca-
naria, the same island as the index case, as well as at 
Hospital Universitario Doctor José Molina Orosa on 
the neighboring island of Lanzarote (n = 1) and Hos-
pital General de Fuerteventura Virgen de la Peña on 
the neighboring island of Fuerteventura (n = 1). Those 
detections confirmed not only interhospital transmis-
sion but also cross-island emergence of NDM-14–pro-
ducing ST147 K. pneumoniae.

To clarify the origin and early epidemiologic dy-
namics of that clone, we focused on the first 30 cases 
detected in 2023 at CHUIMI (Appendix 1 Table 1). The 
isolates were collected from patients across different 
medical and surgical wards: internal medicine (n = 
12); general digestive surgery (n = 4); digestive, he-
matology, neurology, and neurosurgery (n = 2 each); 
and pneumology, endocrinology, emergency, vascu-
lar surgery, oncology, and infectious diseases (n = 1 
each) (Appendix 1 Table 1). The spread of the clone 
among those wards and departments occurred de-
spite implementation of control measures and could 
not be clearly linked or assigned to a specific reservoir 
or transmission chain on which to act, limiting the ef-
fectiveness of measures adopted for containment. The 
spread beyond the hospital was later reflected by cas-
es detected through emergency services or with onset 
in the community, although most cases of community 
acquisition showed previous contact with healthcare 
institutions (data not shown).

Patients from whom isolates were recovered 
had a median age of 70.5 years (range 34–96 years); 
sex distribution was similar (17 [56.7%] male and 
13 [44.3%] female). Median time from admission to 

positive blaNDM-14 culture was 14 days (range 0–309 
days) (Appendix 2 Figure 1). Most (n = 28) cases 
were in Canary Islands residents, despite the pres-
ence of 2 nonresidents (1 from Morocco, 1 from Ger-
many) in the initial 3-case cluster in ward 10S. Most 
cases were colonization (19/30 [63.3%]), and 30-day 
mortality among patients with positive cultures was 
low (2/30 [6.7%]). With the exception of the index 
case-patient, who was treated with colistin, most pa-
tients with documented infection were treated with 
ceftazidime/avibactam combined with aztreonam 
(Appendix 1 Table 1).

Genomic Investigation and Cross-Border  
Emergence Linked to Morocco and France
We performed core-genome phylogenomic recon-
struction of the 30 NDM-14–producing K. pneumoniae 
isolates identified at CHUIMI in comparison with the 
closest 863 genomes of the ST147 available in multiple 
databases and using the genome of K. pneumoniae iso-
late TGH13 (GenBank accession number CP012745.1) 
as reference. The NDM-14–producing ST147 K. pneu-
moniae isolates from the Canary Islands grouped 
into a cluster belonging to core-genome multilocus 
sequence type (MLST) 8081/8250 (Figure 2), which 
included other genetically related blaNDM-14–positive 
ST147 K. pneumoniae isolates from other countries, 
such as France, the Netherlands, the United States, 
and the United Kingdom. Isolates from the Canary Is-
lands formed a well-defined subcluster, highlighting 
their close phylogenomic relationship.

We detected 3 core-genome clusters of 5 single-
nucleotide polymorphisms (SNPs) among the isolates 
(Appendix 2 Figure 2). The Canary Islands sublineage 

Figure 1. Carbapenemase-
producing Klebsiella pneumoniae 
isolates submitted to the 
Laboratory Network for Infection 
Surveillance System of the Canary 
Islands by Complejo Hospitalario 
Universitario Insular-Materno 
Infantil (Gran Canaria) during 
January 2023–March 2025 from 
study of emergence of NDM-
14–producing K. pneumoniae 
sequence type 147 clone in Spain 
and outbreak in the Canary Islands. 
Numbers and percentages of 
NDM-14–producing K. pneumoniae 
isolates compared with all isolates 
are shown. Isolates were submitted 
if they fulfilled >1 of the following 
criteria: recovery from clinical 
samples associated with invasive infection (excluding colonization); recovery from clinical or environmental sources during outbreak or 
epidemic events; or detection of emerging pathogens requiring enhanced surveillance, including the NDM-14–producing K. pneumoniae 
isolates described. NDM, New Delhi metallo-β-lactamase.
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had an average core-genome distance among any 2 
isolates of 2.7 SNPs and a maximum distance of 9 
SNPs. Finally, the mean (+SD) whole-genome dis-
tance of any Canary Islands isolate against the index 
case, I238, was 4 (± 3) mutations (including insertions 
and deletions). To visualize the strain evolution, we 
sequenced 3 additional isolates from 2024 (n = 1) 
and 2025 (n = 2) (Appendix 1 Table 2); those isolates 
showed an average whole-genome distance of 28 (± 
13) mutations against I238.

Virulome, Resistome, and Plasmidome of  
NDM-14–Producing K. pneumoniae ST147 Isolates 
from the Canary Islands
Whole-genome sequencing analysis of the 30 iso-
lates identified in 2023 (I238-I440) confirmed clonal  

dissemination of this ST147 clone (core-genome MLST 
≈8081/8250; wzi64, O1/O2v1). Putative virulence 
was influenced by the presence of aerobactin (iuc) and 
yersiniabactin (ybt) and the absence of colibactin (clb). 
The multidrug-resistant profile was associated with 
the presence of multiple β-lactamase-encoding genes, 
including blaNDM-14, blaCTX-M-15, blaOXA-1, blaOXA-9, blaSHV-11, 
and blaTEM-1, as well as detection of a truncated ompK35 
(R60fs), impairing outer membrane permeability. 
Additional resistance determinants were identified 
for aminoglycosides (aac(6′)-Ib′, aac(6′)-Ib-cr, aadA, 
aph(3′)-VI, aph3-Ia, armA), fluoroquinolones (qnrS1), 
and other antimicrobial families (sul1, sul2, dfrA5, 
catB3, arr-3, mphA, mphE, mrx, msrE). Furthermore, 
all isolates carried 6 plasmids: incompatiability group 
(Inc) FIB+IncHI1B (≈330 kbp), IncFIB (≈1,12 kbp),  

Figure 2. Core-genome phylogenomic tree of New Delhi metallo-β-lactamase (NDM) 14–producing Klebsiella pneumoniae ST147 
isolates from a Canary Islands outbreak and related isolates from study of emergence of NDM-14–producing K. pneumoniae ST147 
clone in Spain and outbreak in the Canary Islands. The tree includes the closest 863 genomes of K. pneumoniae isolates belonging to 
the ST147 clone, found in PasteurMLST (https://bigsdb.pasteur.fr/klebsiella), the National Center for Biotechnology Information Genome 
Database (https://www.ncbi.nlm.nih.gov/genome), and Pathogenwatch (https://pathogen.watch). Red shading indicates the Canary 
Island outbreak isolates; other countries and STs of interest are also highlighted. The most prevalent carbapenemases appearing in the 
dataset of the most similar isolates are noted. K. pneumoniae isolate TGH13 (GenBank accession no. CP012745.1) was used as the 
reference strain. Scale bar indicates nucleotide substitutions per site. cgST, core-genome ST; ST, sequence type.
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IncFIB (54 kbp), IncR (≈40 kbp), Col(pHAD28) (4 kbp), 
and ColRNAI (≈9 kbp). Of note, the blaNDM-14 gene 
was located on the nonconjugative IncFIB plasmid of 
≈54 kbp. We compiled comparative data regarding 
the differential genomic features of the isolates from 
the Canary Islands cluster with other nearby isolates 
(Figure 2; Appendix 2 Figure 2).

Genetic Context of β-Lactamases
The blaNDM-14 gene was embedded in an IncFIB (54 
kbp) plasmid also carrying blaCTX-M-15 and blaOXA-1. 
Another large IncFIB+IncHI1B (≈330 kbp) plasmid 
harbored multiple resistance genes but also mul-
tiple conjugative transfer proteins not present in 
the IncFIB (54 kbp) plasmid. Of particular interest, 
an additional isolate, designated I542, which corre-
sponded to a blaNDM-14–positive K. pneumoniae sam-
ple detected during the outbreak but belonging to 
a phylogenomically distant sequence type (ST997), 
also carried the same plasmids, which confirmed the 
ability of the blaNDM-14 gene to spread horizontally 
among different K. pneumoniae sequence types. We 
further analyzed the IncFIB+IncHI1B (≈330 kbp) and 
IncFIB (54 kbp) plasmids and compared them with 
international isolates and MLSTs (Figure 3), finding 

that they matched almost perfectly with each other. 
Further analysis of the pNDM-14 plasmid (Figure 
4) showed complete synteny at the nucleotide level. 
The blaNDM-14 gene was surrounded by an S630 fam-
ily ISSpu2 transposase upstream and an IS6 family 
IS15DIV transposase downstream.

Antimicrobial Susceptibility to β-Lactams and 
β-Lactam/β-Lactamase Inhibitor Combinations and 
Mechanisms of Cefepime/Taniborbactam Resistance 
Among the 30 K. pneumoniae clinical isolates associ-
ated with the outbreak, the most active antimicrobial 
combinations were aztreonam/avibactam and az-
treonam/nacubactam, both demonstrating activity 
against the whole collection (100% susceptibility rate; 
30/30 isolates). Aztreonam/avibactam showed the 
greatest potency; 50% MIC and 90% MIC values were 
both 0.125 mg/L. Combinations of cefepime with the 
novel diazabicyclooctane β-lactamase inhibitors zide-
bactam and nacubactam also exhibited high levels of 
activity; susceptibility rates were 96.7% (29/30 iso-
lates), and MIC ranges were 1–16 mg/L for zidebac-
tam and 2 to >32 mg/L for nacubactam. Cefiderocol 
and colistin both demonstrated similarly high suscep-
tibility rates (96.7% susceptibility rate; 29/30 isolates); 

Figure 3. Comparison of 2 of the most relevant plasmids in isolates from study of emergence of New Delhi metallo-β-lactamase (NDM) 
14–producing Klebsiella pneumoniae ST147 clone in Spain and outbreak in the Canary Islands. The blaNDM-14–containing plasmid pNDM-
14 (A) and its probable helper for conjugation and intraspecies transmission pHelper (B) are shown, comparing multiple K. pneumoniae 
ST147 strains from different countries (Spain, I238; France, 296B5 and 320G1; United Kingdom, KP88; the Netherlands, C055099) 
and a phylogenomically distant K. pneumoniae ST997 carrying the same plasmids (I542, Spain). The outer ring shows loci, including 
resistance genes and conjugative transfer proteins. Because of the large size of pHelper, only those 2 types of features are shown. The 
other rings represent the presence or absence of parts of the plasmid relative to the I238 reference plasmid. ESP, Spain; FRA, France; 
GBR, United Kingdom; Inc, incompatibility group; NLD, the Netherlands; ST, sequence type.
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cefiderocol displayed a MIC range of 1–4 mg/L and a 
50%/90% MIC of 2/2 mg/L, at the clinical breakpoint 
for susceptibility.

By contrast, all isolates were resistant to piperacil-
lin/tazobactam, ceftazidime, ceftazidime/avibactam, 
cefepime, aztreonam, imipenem, imipenem/relebac-
tam, meropenem, meropenem/vaborbactam, tobra-
mycin, and amikacin (Appendix 1 Table 4). Of note, 
the combination of cefepime and the boronate-type 
β-lactamase inhibitor taniborbactam showed limited 
activity, inhibiting only 10% of isolates (3/30), with 
MIC values ranging from 4 to 32 mg/L.

We also evaluated production of NDM-1 or 
NDM-14 β-lactamases in either the wild-type E. coli 
TG1 host or the porin-deficient E. coli HB4 host (Ap-
pendix 1 Table 5). The susceptibility profile remained 
largely unchanged between hosts, with the notable 
exception of cefepime/taniborbactam, for which the 
MIC increased substantially, from 4 mg/L in E. coli 
TG1 to 64 mg/L in E. coli HB4.

Discussion
RELAP (19) was launched in 2022, aligning with the 
European Centre for Disease Prevention and Control 
roadmap for integrating genomic typing in surveil-
lance and outbreak investigations (22). The network 

provides timely, high-resolution WGS-based data 
on pathogen emergence within the archipelago, 
with particular focus on high-priority carbapenem-
resistant Enterobacterales designated by the World  
Health Organization.

Using that network, RELAP, located in Tenerife 
(Spain), was able to carry out WGS-guided monitor-
ing of the emergence of a large outbreak caused by 
a highly resistant NDM-14–producing K. pneumoniae 
ST147 clone in the Canary Islands. The outbreak af-
fected 99 patients and spread rapidly across 4 hospi-
tals on 3 islands in 27 months. Whereas the ST147 K. 
pneumoniae clone is a known disseminator of NDM-
type carbapenemases (23,24), its association with the 
NDM-14 enzyme had not previously been reported in 
Spain. Our findings are consistent with and expand 
upon a previous report of this clone’s involvement in 
multiple outbreaks across France (18). Direct epide-
miologic links with Morocco were detected in both 
the Canary Islands and France outbreaks.

The Canary Islands’ insular geography makes 
them highly vulnerable to pathogen importation 
through intense cross-border mobility (e.g., tourism, 
medical transfers), whereas their compartmentalized 
structure contributes to concentrated early trans-
mission within a single island. This effect is further  

Figure 4. Detailed comparison of circularized blaNDM-14 plasmids from study of emergence of New Delhi metallo-β-lactamase (NDM) 
14–producing Klebsiella pneumoniae ST147 clone in Spain and outbreak in the Canary Islands. Plasmids are from multiple countries 
(Spain, I238 and I542; France, 296B5; United Kingdom, KP88) and 2 different STs. Gray lines indicate synteny at the nucleotide level. 
Gray shading indicates loci without gene names or named hypothetical proteins; other colors are randomized on the basis of gene 
order. bleMBL, bleomycin resistance gene; CTX, cholera toxin; IS, insertion sequence; ORF, open reading frame; OXA, oxacillin; pNDM-
14, NDM-14–producing plasmid; ST, sequence type.
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amplified by a tightly interconnected healthcare cir-
cuit relying on few reference hospitals, but interisland 
mobility eventually enables dissemination to other 
islands. Consequently, whereas the focal nosocomial 
cluster in this outbreak was controlled, the lineage 
appears to have disseminated across the community 
and various islands through patient movement and 
interisland healthcare referral, no longer limited to 
a single transmission chain or hospital ward. There-
fore, the situation seems to have evolved from a focal 
outbreak to a scenario of cryptic dissemination. Those 
aspects highlight the necessity for robust surveillance 
measures to limit CPE spread in island settings, rein-
forcing the importance of surveillance networks us-
ing high-resolution, WGS-guided methods for rapid 
outbreak typing and control.

Comparative genomic analysis of the first 30 
cases of the outbreak confirmed the NDM-14 enzyme 
was not acquired by existing K. pneumoniae ST147 lin-
eages circulating in Spain, where this clone has been 
present for more than a decade (25,26). None of the 
outbreak isolates were clustered with previously re-
ported ST147 genomes from Spain, suggesting a re-
cent introduction of this specific sublineage of the 
clone into the country. All isolates from the Canary 
Island outbreak (average core-genome SNP distance 
of 2.7) fell within the clonality range (27). We also 
found them to be closely related to NDM-14–produc-
ing ST147 K. pneumoniae isolates from France, further 
supporting the hypothesis of a common origin in 
North Africa, where this high-risk clone was report-
ed in 2025 (28). Its presence in the Netherlands, the 
United States, and the United Kingdom further un-
derscores its global spread. Recent public health com-
munications have argued for improved surveillance 
of NDM-producing isolates in patients transferred 
from Ukraine (29,30). In this context, the ongoing out-
breaks in France and the Canary Islands, both linked 
to patients transferred from Morocco, also illustrate 
the need to maintain and reinforce surveillance on pa-
tient transfers from neighboring North Africa regions 
with a high burden of CPEs, such as Morocco (28), 
Tunisia (31), and Egypt (32).

The Canary Islands isolates’ resistome showed 
remarkable similarity to other NDM-14–producing 
K. pneumoniae isolates publicly available, including 
carriage of blaNDM-14, blaCTX-M-15, blaOXA-1, blaOXA-9, blaSHV-11, 
and blaTEM-1. All those genes are also present in ge-
nomes found in France, the Netherlands, the United 
States, and the United Kingdom, highlighting the still 
limited evolution of the β-lactam resistance mecha-
nisms in this expanding strain. Alarmingly, some 
recent isolates from the Canary Islands appear to 

have also acquired blaOXA-48, as observed in the Neth-
erlands. Another worrying finding is the first iden-
tification of the NDM-14–bearing plasmid outside 
of the ST147 clone in a phylogenomically distant K. 
pneumoniae ST997 isolate from the Canary Islands. 
Of note, that isolate not only contained the blaNDM-14 
IncFIB (54 kbp) plasmid, which lacks putative genes 
involved in mobilization, but also the pHelper plas-
mid previously found to be necessary for transmis-
sion. Those observations confirm previous laboratory 
conjugation experiments (18) and demonstrate that 
conjugation can also occur between clinical strains, 
highlighting that this gene might disseminate further. 
Currently, its interspecies distribution seems limited 
to Acinetobacter lwoffii and K. pneumoniae. A very simi-
lar blaNDM-1–carrying ≈54 kbp IncFIB plasmid has been 
seen in Enterobacterales, primarily in K. pneumoniae 
in multiple STs globally. Nonetheless, the NDM-14 
variant has only been detected in isolates epidemio-
logically associated with the North Africa region. 
That fact, combined with the distinct clustering of the 
K. pneumoniae lineage in which it appears, strongly 
suggests that the blaNDM-14–carrying plasmid evolved 
independently within the North Africa region from a 
common blaNDM-1 ancestor.

NDM-producing Enterobacterales are commonly 
resistant to all classic β-lactams, including aztreonam 
because of simultaneous production of AmpCs or 
extended-spectrum β-lactamases. As expected, all 
our isolates fit this assumption. Cefiderocol was 
active against the first 30 outbreak isolates analyzed 
here, although in all cases, MICs were borderline at 2 
mg/L. The use of cefiderocol against NDM-producing 
Enterobacterales is to some extent concerning, because 
of measurable hydrolysis of this cephalosporin 
at the biochemical level (33) but also because of 
previously reported cases of drug resistance. By 
contrast, aztreonam/avibactam was highly active 
(MICs <0.125–0.25 mg/L), as previously reported 
(18), confirming that combination as the therapeutic 
option of choice for combating infections caused 
by the strain. We also analyzed the performance 
of some developmental combinations in clinical 
trial evaluation (cefepime/taniborbactam [34,35], 
cefepime/zidebactam [36], cefepime/nacubactam 
[37], and aztreonam/nacubactam [37]) with potential 
activity against MBL-producing Enterobacterales. 
However, none of those options was more active than 
aztreonam/avibactam, because none of them yielded 
MICs <1 mg/L, thus reinforcing the prominent 
role that aztreonam/avibactam is expected to have 
against NDM-producing Enterobacterales in the 
future (38). However, of concern is that some of the 
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newly developed agents, particularly cefepime/
taniborbactam, for which phase 3 clinical trial 
evaluations have recently been completed (39), were 
not active against many of the isolates included 
here (considering a clinical breakpoint of 4 mg/L). 
Resistance to that combination might not be caused 
by direct NDM-mediated resistance to taniborbactam 
inhibition but instead by a combination of NDM 
production with loss-of-function mutations affecting 
the ompK35 porin channel, as previously observed 
(40). Parallel production of both NDM-1 and NDM-14 
in wild-type (E. coli TG1) and porin-deficient (E. coli 
HB4) hosts confirmed that NDM production under 
low-permeability conditions markedly increases 
cefepime MICs (from 64–128 to >256 mg/L) and 
cefepime/taniborbactam MICs (from 4 to 64 mg/L), 
providing further evidence on the interplay between 
NDM production and reduced outer membrane 
permeability in cefepime/taniborbactam resistance.

In conclusion, we report a large outbreak and the 
rapid, widespread emergence of NDM-14–producing 
K. pneumoniae ST147 in the Canary Islands of Spain 
during 2023–2025. The outbreak began after the direct 
transfer of a patient from Morocco. This clone is ge-
netically closely related to isolates currently expand-
ing in France and other countries, thus highlighting 
its clonal cross-border dissemination. The study find-
ings also demonstrate that the blaNDM-14–carrying 
plasmid can be efficiently transferred to distantly 
related K. pneumoniae lineages and investigational 
β-lactam/β-lactamase inhibitor combinations show 
limited activity against these strains, for which aztre-
onam/avibactam is likely to become a key therapeu-
tic option in severe infections.

No ethics approval was needed for this outbreak 
investigation. Demographic and clinical data were 
anonymized with an alphanumeric code. Raw reads 
and produced assemblies are available in the National 
Center for Biotechnology Information (BioProject no. 
PRJNA1216752). Complete accession numbers (BioSample, 
Sequence Read Archive, GenBank) are provided in 
Appendix 1 Table 2.
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Legionnaires’ disease, a severe pneumonia caused 
by Legionella pneumophila bacteria, is an increas-

ingly common disease caused by waterborne patho-
gens in the United States and other developed coun-
tries (1–5). L. pneumophila occurs naturally in surface 
waters and soils and is commonly found in various 
engineered water system components, including 
cooling towers, water distribution systems, shower-
heads, spas, hot tubs, and humidifiers (6,7). The pri-
mary mode of L. pneumophila exposure is through in-
halation of contaminated aerosols (8).

Although Legionnaires’ disease outbreaks are typ-
ically associated with local sources of contamination, a 
few researchers have attributed Legionnaires’ disease 
outbreaks to entire community water systems. For ex-
ample, an outbreak of Legionnaires’ disease occurred 
concomitantly with the catastrophic lead corrosion 
event in Flint, Michigan, USA, in 2014 (9); however, 
such associations of outbreaks with entire water sys-
tems are rare (10). To limit exposure to L. pneumophila 
via building water systems, multiple approaches have 
been suggested, including the maintenance of a resid-
ual disinfectant (11–14), flushing of infrequently used 
plumbing systems to minimize stagnation (15,16), 
and the maintenance of germicidal temperatures in 
residential and institutional water heaters (17,18). Re-
ducing the availability of assimilable organic carbon 
(AOC) is another strategy to minimize overall growth 
of bacteria and opportunistic pathogens (19).

Beginning in April 2023, a city in northern Min-
nesota, USA, had 1–2 confirmed cases of Legion-
naires’ disease reported each month for 7 consecutive 
months. After an investigation, the Minnesota De-
partment of Health (MDH) subsequently announced 
in February 2024 that the community water system 
was the only common source of exposure among the 
reported cases, which had continued to mount into 
2024. Because the groundwater-supplied system rou-
tinely tested negative for total coliforms, that com-
munity water system was not required to disinfect its 
water in accordance with the Ground Water Rule (20). 
In response to the outbreak, the affected utility imple-
mented chloramine disinfection to reduce or elimi-
nate Legionnaires’ disease in the community. We re-
port on the results of an independent investigation in 
which we collected water samples from the drinking 
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The Minnesota Department of Health identified an out-
break of Legionnaires’ disease in a city in northern Min-
nesota, USA, in April 2023 that continued until chlora-
mine disinfection of the community water system was 
implemented. Before chloramine disinfection was imple-
mented, Legionella pneumophila was detected in 1 of 16 
samples from the drinking water distribution system and 
in 5 of 10 premise plumbing samples using both culti-
vation-dependent (Legiolert) and cultivation-independent 
(digital PCR) assays in this independent investigation. 
Approximately 11 weeks after disinfection was imple-
mented, all distribution system samples tested negative; 
however, 1 of 6 Legiolert-tested and 3 of 6 digital PCR–
tested premise plumbing samples were positive. After 
24 weeks of disinfection, all samples collected from the 
distribution system and premise plumbing tested nega-
tive. Our results show that a community water system 
supplied by groundwater supported substantial growth of 
L. pneumophila in premise plumbing and that chloramine 
disinfection halted the outbreak.
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water distribution system and premise plumbing be-
fore and after the implementation of chloramine dis-
infection and analyzed the samples for L. pneumophila 
and other microorganisms of concern (i.e., Legionella 
spp., Acanthamoeba spp., Vermamoeba vermiformis).

Materials and Methods

Study Site 
The community water system is located in north-
ern Minnesota and serves a population of >10,000 
persons. Water is withdrawn from 2 aquifers via 5 
groundwater wells, supplying as much as 2.25 mil-
lion gallons/day. The water treatment process in-
cludes aeration and filtration for iron and manganese 
removal, fluoride addition, and softening. The drink-
ing water distribution system comprises ≈81 miles of 
distribution mains servicing 10.6 square miles; esti-
mated maximum residence time in the system (i.e., 
water age) is 2–3 days.

Sample Collection
We collected water samples on 2 occasions before the 
implementation of chloramine disinfection (February 
2024 and May 2024) and 2 occasions after the imple-
mentation of chloramine disinfection (September 2024 
and December 2024). We collected the samples at the 
water treatment facility (i.e., raw water and finished 
water) and from multiple locations throughout the 
distribution system (Figure; Appendix Table, https://
wwwnc.cdc.gov/EID/article/32/1/25-1232-App1.
pdf) to provide thorough geographic coverage of the 
system and a gradient of distances from the water util-
ity. We selected sampling locations, consisting primar-
ily of accessible public buildings, on the basis of rec-
ommendations from MDH and utility personnel. No 
samples were collected from residential buildings. We 
collected distribution system samples (n = 27) from ei-
ther a hydrant (n = 4) or from inside buildings at the tap 
closest to where the service line entered the building (n 
= 23). We collected additional premise plumbing water 
samples (cold, n = 11; hot, n = 11) in 3 large institu-
tional buildings from kitchen faucets, utility faucets, or 
showers. One of those institutional buildings (location 
B) had a substantial decline in occupancy and water 
use around the time that chloramine disinfection was 
implemented. Another one of the institutional build-
ings (location C) implemented a remediation strategy 
before the initiation of this study. Location E was in-
cluded after the first sample collection event. We per-
formed sample collection and analyses for this study 
independent of other sample collection and analyses 
done by MDH and utility personnel.

For water sample collection, we flushed water for 
5–10 minutes until it reached a constant temperature. 
Then, we collected water samples (≈1 L) for digital 
PCR in autoclaved polypropylene bottles containing 
sodium thiosulfate to quench any residual disinfec-
tant. Similarly, we collected 100-mL samples in man-
ufacturer-provided sterile bottles containing sodium 
thiosulfate for culture-based analyses of L. pneumoph-
ila and total coliforms. We collected samples for total 
organic carbon and AOC, a measure of the organic 
carbon readily available for assimilation by bacteria, 
in carbon-free glass bottles. We immediately placed 
all water samples on ice for same-day transport back 
to the laboratory and processed all samples within 48 
hours of collection.

Water Quality Analyses
We measured temperature, pH, and chlorine con-
centrations onsite immediately before water sample 
collection. We measured temperature and pH using a 
handheld meter (PH60 pH tester; Apera Instruments, 
https://aperainst.com). We determined total chlorine 
using the N,N-diethyl-p-phenylenediamine meth-
od and a portable colorimeter (DR3000 or SL1000;  
Hach, https://www.hach.com) according to the 
manufacturer’s protocol. We determined total or-
ganic carbon concentrations using a TOC analyzer 
(TOC-L series; Shimadzu, https://www.shimadzu.
com) calibrated using potassium hydrogen phthalate  
standards. We measured AOC by inoculating pasteur-

Figure. Approximate locations of the sites from which water 
samples were collected in study of the effect of chloramine 
disinfection of community water system on Legionnaires’ disease 
outbreak, Minnesota, USA. Circles indicate community sampling 
sites A–G. Square indicates water utility. Dotted lines represent 2 
major roads that pass through the community.

Chloramine and Legionnaires’ Disease Outbreak
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ized water samples with 2 strains of bacteria obtained 
from the American Type Culture Collection, Pseudo-
monas fluorescens strain P17 (ATCC 49642) and Spiril-
lum sp. strain NOX (ATCC 49643), incubating them at 
room temperature, and enumerating the organisms 
over time via plating as described previously (21).

Culture-Based Enumeration of Microorganisms
We enumerated L. pneumophila via cultivation using 
the Legiolert method and total coliforms by the Co-
lilert method (IDEXX Laboratories, https://www.
idexx.com), in accordance with the manufacturer’s 
instructions. We performed quality assurance and 
quality control of the Legiolert assay using samples 
of L. pneumophila (ATCC 33156; positive control) and 
Enterococcus faecalis (ATCC 29212; negative control). 
We extracted DNA from >1 positive well from every 
sample positive by the Legiolert method and subject-
ed it to digital PCR, targeting the mip and wzm genes 
to validate the results.

Sample Processing and DNA Extraction
We concentrated microorganisms from each water 
sample (≈1 L) onto a mixed cellulose ester filter 47 
mm in diameter with nominal pore size  of 0.2 µm 
(MilliporeSigma, https://www.sigmaaldrich.com) 
via vacuum filtration. We prepared blank (control) 
filters (n = 15) by filtering 2 mL of autoclaved tap 
water through a clean filter. We immediately placed 
each filter into a PowerWater Bead Pro Tube (QIA-
GEN, https://www.qiagen.com) containing PW1 
lysis buffer and stored them at −20°C. We then ex-
tracted DNA from the filter membranes and from 
biomass removed from positive Legiolert wells via 
syringe, using the DNeasy PowerWater Kit and a 
QIAcube Connect system (QIAGEN) according to 
the manufacturer’s protocol. All blank (control) fil-
ters were negative for all PCR targets except for 16S 
rRNA genes.

Quantitative PCR
We performed real-time quantitative PCR to quantify 
total bacteria (i.e., 16S rRNA genes) (22) and Verma-
moeba vermiformis (i.e., 18S rRNA genes) (23) using a 
CFX Connect Real-Time System (Bio-Rad Laborato-
ries, https://www.bio-rad.com). We determined the 
quantities of unknown samples against calibration 
curves prepared with known quantities of synthetic 
gBlock gene fragments (Integrated DNA Technolo-
gies, https://www.idtdna.com). The limit of detec-
tion (LOD) for all bacteria was 105.0 gene copies/L; 
the LOD for V. vermiformis was 103.0 gene copies/L. 
We used digital PCR to quantify Legionella spp. (ssrA),  

L. pneumophila (mip), L. pneumophila serogroup 1 
(wzm), and Acanthamoeba (18S rRNA for Acanthamoe-
ba) (24,25). Each digital PCR involved multiplexing 4 
target genes using the QIAcuity One on the QIAcuity 
Nanoplate 8.5K 96-well (QIAGEN) following manu-
facturer’s standard operational procedures. The LOD 
for the digital PCRs was 102.34 gene copies/L based on 
a minimum requirement of 3 positive partitions for 
an assay to be designated as a valid detection (Ap-
pendix Tables 7, 8). 

We compared pairwise concentrations of micro-
organisms by Wilcoxon rank sum test. Differences of 
p<0.05 were statistically significant.

Results

Water Quality Characteristics
We tested all water samples collected from the distri-
bution system (Appendix Tables 2–6); all tested nega-
tive for total coliforms (Appendix Tables 2–5). Typical 
temperatures of the distribution system samples were 
4.4°C–15.5°C, except for the September samples that 
had higher temperatures (11.3°C–20.9°C) (Appendix 
Tables 2–5). Among the premise plumbing samples, 
hot water temperatures ranged from 21.4°C (water 
heater was not in use at the time of sample collec-
tion) to 47.2°C (Appendix Tables 2–5). Similarly, cold 
water temperatures typically ranged from 9.4°C to 
15.5°C, except for the September samples, for which 
temperature range was 19.7°C–21.7°C. Water sample 
pH range was 7.2–8.4; median pH was 8.1.

We assumed negligible total chlorine concentra-
tions and did not measure levels in February 2024 
and May 2024 before disinfection was initiated. To-
tal chlorine concentration in the distribution sys-
tem in September 2024 was 0.3–1.8 mg/L as Cl2 and 
in December 2024 was 1.2–2.4 mg/L as Cl2. Total 
chlorine concentrations in the cold-water premise 
plumbing samples were similar to the distribution 
system samples. In contrast, the total chlorine con-
centrations in the hot-water samples were lower 
(0.1–0.8 mg/L as Cl2).

Total organic carbon concentrations were consis-
tent from the source water through the distribution 
system (mean +SD = 2.2 +0.4 mg/L) (Appendix Table 
6). In contrast, AOC concentrations varied substan-
tially depending on sample location and date. AOC 
concentrations in the source water collected from 5 
different wells (before treatment) and in the finished 
water (after treatment) were similar; the range was 
2.2–37.5 µg/L. In December 2024, AOC concentrations 
in the distribution system were similar to the well wa-
ter and finished water (8.8–20.3 µg/L). In contrast, in 
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September 2024, AOC concentrations increased from 
37.1 µg/L in the finished water to 117–157 µg/L in the 
distribution system.

Quantification of Total Bacteria in Distribution  
System and in Premise Plumbing Water
We observed significantly lower concentrations of 
bacteria (Wilcoxon p<10−5) in the distribution system 
and premise plumbing samples after introduction of 
chloramines (Appendix Tables 9–12). Before disinfec-
tion, we quantified substantial concentrations of bac-
teria in both distribution system samples (105.9–107.7 
gene copies/L; median  107.5 gene copies/L) and in 
premise plumbing samples (107.1–109.5 gene copies/L; 
median 107.5 gene copies/L). After disinfection, we ob-
served substantial decreases in the concentrations of 
bacteria in the distribution system samples (105.2–107.3 
gene copies/L; median 105.7 gene copies/L) and in the 
premise plumbing samples (105.0–108.8 gene copies/L; 
median 106.1 gene copies/L).

Quantification of V. vermiformis and Acanthamoeba spp.
All distribution system and premise plumbing sam-
ples were negative for Acanthamoeba organisms (n = 
53). In contrast, we detected V. vermiformis frequently 
in both the distribution system and premise plumb-
ing samples. Before disinfection, the frequency of de-
tection (FOD) in the distribution system samples was 
100% (n = 16), corresponding to concentrations of 
103.0–104.7 gene copies/L (median 104.2 gene copies/L). 
After chloramine disinfection was implemented, the 
FOD decreased to 62.5% (10/16 samples), with corre-
sponding significantly lower concentrations of LOD 
to 105.0 gene copies/L (median  103.0 gene copies/L) 
(Wilcoxon p = 0.003). Similarly, the FOD in the 
premise plumbing samples was 100% (n = 10) before  

disinfection but decreased to 58.3% (7/12 samples) af-
ter chloramine disinfection was implemented.

Quantification of L. pneumophila via Legiolert
Before the use of chloramine disinfection, L. pneu-
mophila was rarely detected in the distribution sys-
tem but was frequently detected in premise plumb-
ing samples via Legiolert (Table 1). We detected L. 
pneumophila in 1 distribution system sample before 
disinfection (1/16 samples) at the LOD (101.0 most 
probable number [MPN]/L). In contrast, half (5/10 
samples) of the premise plumbing samples before 
disinfection were positive by the Legiolert assay; 
most of the Legiolert-negative results came from lo-
cation C, which had performed a remediation pro-
cedure to prevent additional cases of Legionnaires’ 
disease before we began our study. The 3 positive 
hot water samples had L. pneumophila concentrations 
of 102.4–104.0 MPN/L; the corresponding cold water 
samples had concentrations ranging from below the 
LOD to 103.7 MPN/L.

After disinfection was implemented, we noted a 
substantial decrease in the FOD and in the concen-
trations of L. pneumophila determined via Legiolert. 
We did not detect L. pneumophila in any of the dis-
tribution system samples (n = 16) and in only 1/12 
premise plumbing samples. That positive sample, 
which was collected from the hot water at location B 
in September 2024, had an L. pneumophila concentra-
tion of 101.6 MPN/L.

Quantification of Legionella by Digital PCR
We detected Legionella spp. (target gene  ssrA) by 
digital PCR in numerous distribution system and 
premise plumbing samples (Appendix Tables 9–12). 
Before disinfection, the concentrations of Legionella 

 
Table 1. Concentrations of Legionella pneumophila as determined by Legiolert assay in water samples collected in study of Legionella 
and chloramine disinfection within a community water system, Minnesota, USA* 

Location Description 
Concentration, log10 MPN/L 

2024 Feb  2024 May 2024 Sep 2024 Dec 
Water utility Finished water <LOD <LOD <LOD <LOD 
A Distribution system 1 <LOD <LOD <LOD 
B Distribution system <LOD <LOD <LOD <LOD 
 Premise, cold 3.7 2.0 <LOD <LOD 
 Premise, hot 3.7 2.4 1.6 <LOD 
C Distribution system <LOD <LOD <LOD <LOD 
 Premise, cold <LOD <LOD <LOD <LOD 
 Premise, hot <LOD <LOD <LOD <LOD 
D Distribution system <LOD <LOD <LOD <LOD 
E Distribution system ND <LOD <LOD <LOD 
 Premise, cold ND <LOD <LOD <LOD 
 Premise, hot ND 4.0 <LOD <LOD 
F Distribution system <LOD <LOD <LOD <LOD 
G Distribution system <LOD <LOD <LOD <LOD 
*Samples were collected on different dates and from different locations. Samples were classified as being from the distribution system or from the 
premise plumbing (cold or hot). Chloramine disinfection was initiated in June 2024. LOD, limit of detection; MPN, most probable number; ND, not 
determined because no sample was collected. 
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spp. in the distribution system samples (range from 
below the LOD to 104.2 gene copies/L) were slight-
ly lower than those in premise plumbing (range 
102.6–104.7 gene copies/L). A significant (Wilcoxon 
p<0.001) decrease in the concentration of Legionella 
spp. in the distribution system samples (range from 
below the LOD to 103.4 gene copies/L) and in the 
premise plumbing samples (range from below the 
LOD to 104.8 gene copies/L, with 1 outlier at 108.2 
gene copies/L) occurred after implementation of 
chloramine disinfection.

We quantified the concentrations of both L. pneu-
mophila (target gene  mip) and L. pneumophila sero-
group 1 (target gene wzm) in distribution system and 
premise plumbing samples (Appendix Tables 9–12). 
Because the results for those 2 assays were very simi-
lar, we describe here only the results for L. pneumoph-
ila (target gene mip). We did not detect L. pneumophila 
by digital PCR in any distribution system samples ei-
ther before or after the implementation of disinfection 
(Table 2). Before disinfection, however, we detected 
L. pneumophila in several premise plumbing samples 
(Table 2). The FOD of L. pneumophila was greater for 
hot water samples (80%; 4/5 samples) than for cold 
water samples (20%; 1/5 samples) with concentra-
tions in hot water samples ranging from below the 
LOD to 104.3 gene copies/L and in cold water samples 
from below the LOD to 103.2 gene copies/L. We col-
lected most of the PCR-negative samples from loca-
tion C, which had undergone a building remediation 
in response to the Legionnaires’ disease outbreak be-
fore our sample collection campaign. 

After disinfection, the FODs and concentra-
tions of L. pneumophila in premise plumbing samples  
decreased substantially. L. pneumophila was detect-
ed in 2/6 premise plumbing samples collected in  

September 2024 but not in any sample (n = 6) collect-
ed in December 2024. One of the samples collected 
in September 2024 had the highest observed concen-
tration of L. pneumophila (108.2 gene copies/L); that 
sample was collected at the same time and location 
as the lone Legiolert-positive sample after chloramine 
disinfection had been implemented.

Discussion
Most Legionnaires’ disease outbreaks are attributed 
to a specific, localized issue such as water stagna-
tion in a large building or an improperly maintained 
cooling tower (6,7). In February 2024, however, MDH 
publicly announced that the community water sup-
ply was the likely source of L. pneumophila connected 
to an outbreak of Legionnaires’ disease that eventual-
ly comprised 34 confirmed cases (Appendix Figure), 
including 2 deaths and 30 hospitalizations. After the 
announcement, personnel from MDH, which is also 
responsible for regulating drinking water quality in 
the state of Minnesota, asked us to perform an inde-
pendent, complementary analysis of the community 
water system. Our initial analysis identified L. pneu-
mophila in multiple institutional buildings throughout 
the community water system at concentrations suffi-
ciently high (>1,000 MPN or gene copies/L) to require 
corrective action (12). Our subsequent analysis, per-
formed after the implementation of chloramine disin-
fection in June 2024, revealed less frequent detections 
and lower concentrations of L. pneumophila. In addi-
tion, there were no additional cases of Legionnaires’ 
disease after the implementation of chloramine disin-
fection. Our results, therefore, demonstrate that the 
community water system was susceptible to growing 
substantial concentrations of L. pneumophila within 
premise plumbing, contributing to an outbreak of  

 
Table 2. Concentrations of Legionella pneumophila as determined by digital PCR targeting mip genes in water samples collected in 
study of Legionella and chloramine disinfection within a community water system, Minnesota, USA* 

Location Description 
Concentration, log10 gene copies/L 

2024 Feb 2024 May 2024 Sept 2024 Dec 
Water utility Finished water <LOD <LOD <LOD <LOD 
A Distribution system <LOD <LOD <LOD <LOD 
B Distribution system <LOD <LOD <LOD <LOD 
 Premise, cold 3.2 <LOD 3.9 <LOD 
 Premise, hot 4.3 3.1 8.2 <LOD 
C Distribution system <LOD <LOD <LOD <LOD 
 Premise, cold <LOD <LOD <LOD <LOD 
 Premise, hot 2.5 <LOD <LOD <LOD 
D Distribution system <LOD <LOD <LOD <LOD 
E Distribution system ND <LOD <LOD <LOD 
 Premise, cold ND <LOD <LOD <LOD 
 Premise, hot ND 3.9 2.6 NM 
F Distribution system <LOD <LOD <LOD <LOD 
G Distribution system <LOD <LOD <LOD <LOD 
*Samples were collected on different dates and from different locations. Samples were classified as being from the distribution system or from the 
premise plumbing (cold or hot). Chloramine disinfection was initiated in June 2024. LOD, limit of detection; ND, not determined because no sample was 
collected; NM, not measured because the sample was lost during processing. 
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Legionnaires’ disease, and that chloramine disinfec-
tion effectively halted the outbreak.

To our knowledge, researchers have previously 
identified community water systems in the United 
States as the principal factor in outbreaks of Le-
gionnaires’ disease on 3 previous occasions. One of 
those was associated with the water crisis in Flint, 
Michigan (9), and the other 2 were attributed to a 
failure to maintain a strong residual disinfectant 
in community water systems supplied by surface 
water (26,27). The Minnesota outbreak of Legion-
naires’ disease, therefore, was unique because it 
was triggered by a community water system sup-
plied by groundwater. The source of the water sup-
ply is particularly pertinent because in the United 
States, community water systems supplied by 
groundwater that routinely test negative for total 
coliforms are not required to disinfect the water be-
fore distribution or maintain a residual disinfectant 
throughout the distribution system (20).

We suspect that an unexpectedly high AOC con-
tent in the groundwater supply was a factor contrib-
uting to this outbreak of Legionnaires’ disease. It is 
believed that L. pneumophila growth in water distri-
bution systems primarily occurs inside amoeba (e.g., 
V. vermiformis) that graze on biofilms that form on 
the interior surfaces of water distribution and prem-
ise plumbing rather than in the drinking water di-
rectly (28). Thus, the AOC in water supplies could 
indirectly contribute to L. pneumophila proliferation 
by enabling the growth of biofilms on distribution 
system mains and premise plumbing piping (19). 
Although ground water typically has low concentra-
tions of bioavailable organic carbon (21,29–31), AOC 
levels in the drinking water in our study routinely 
exceeded the suggested threshold for microbiologi-
cally stable water in the absence of a residual disin-
fectant of 10–20 µg/L (21) and at times exceeded the 
threshold for water containing a residual disinfec-
tant of 50–100 µg/L (32). Of note, AOC concentra-
tions in the distribution system often were greater 
than those in the raw groundwater and finished wa-
ter; identifying the cause of this increase within the 
distribution system warrants further investigation.

From a practical perspective, our study dem-
onstrates that maintaining a residual disinfectant 
throughout the distribution system is a robust ap-
proach to suppress the growth of Legionella spp. 
bacteria (as ssrA genes), L. pneumophila bacteria (via 
Legiolert and digital PCR targeting mip and wzm 
genes), other bacteria (as 16S rRNA genes), and 
amoebas (especially V. vermiformis) (28,33). Another 
theory is that the lack of residual disinfectant was 

a pertinent factor contributing to this outbreak of 
Legionnaires’ disease. Although most public water 
systems in the United States practice primary disin-
fection (i.e., as part of the treatment process before 
distribution) and maintain a residual disinfectant, 
the Ground Water Rule (20) enables community wa-
ter systems that test negative for total coliforms to 
forego disinfection. As of December 2025, there are 
>250 community water systems in Minnesota that 
do not practice disinfection, including 10 such sys-
tems that serve populations of >1,000 persons.

In conclusion, our study provides evidence that 
a community water system was the source of a Le-
gionnaires’ disease outbreak that was subsequently 
resolved by implementing chloramine as a residual 
disinfectant throughout the drinking water distribu-
tion system. The principal water quality factor leading 
to the outbreak was a lack of residual disinfectant in 
the drinking water distribution system. Perhaps more 
important, however, we conjecture that unexpectedly 
high concentrations of AOC contributed to the overall 
growth of bacteria and the occurrence of L. pneumoph-
ila. Although groundwater is generally low in AOC 
(<50 µg/L [34]), that water quality parameter is rarely 
monitored in the United States. We advocate, there-
fore, for AOC testing to identify community water sys-
tems at greater risk for bacterial and possibly L. pneu-
mophila growth, especially those supplied by ground 
water that do not use disinfection and any disinfected 
system that struggles to maintain a residual through-
out their distribution system. Furthermore, nondisin-
fected ground water systems and disinfected systems 
that struggle to maintain a residual also should con-
sider periodic monitoring for L. pneumophila and disin-
fection or disinfection boosting when positive samples 
or cases of Legionnaires’ disease are encountered.
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Although routine bacterial culture and multiplex 
reverse transcription PCR for respiratory viruses 

and fastidious organisms are commonly performed 
in respiratory specimens from patients with acute 
respiratory syndrome, the distinct microbial cause 
remains unidentified in most patients. A study from 

China showed that among school-age children with 
acute respiratory infections (ARIs), 46.9% of viral and 
30.9% of bacterial etiologies could be identified, but 
the other patients had ARIs of unknown etiology (1). 

The routine practice of bacterial culture of expec-
torated sputum relies on blood and chocolate agar 
plates incubated at 35°C–37°C for 48 hours. Those 
methods could miss bacteria that grow poorly or very 
slowly at body temperature and might be overgrown 
by common oropharyngeal commensals. Although 
most respiratory pathogens are not thermotolerant, 
pathogens such as Aspergillus spp. fungi and the bac-
terium Mycobacterium xenopi are thermotolerant and 
have been described as causing respiratory infections, 
especially in patients with chronic lung disease (2).

We hypothesized that increasing the incubation 
temperature during culture can suppress normal flo-
ra and enable fastidious, thermotolerant bacteria to 
grow, possibly revealing novel pathogens contribut-
ing to ARIs. We investigated respiratory specimens 
by prolonged incubation of agar plates at high tem-
perature, then subjected cultured bacterial isolates to 
matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry and partial 
16S rRNA gene sequencing to determine whether 
thermotolerant bacteria were the cause of ARIs.

Materials and Methods

Study Design and Specimen Collection
We conducted a multicenter, retrospective study in 
a hospital network in Hong Kong, China, including 
a 1,700-bed university-affiliated teaching hospital 
(Queen Mary Hospital) and 3 extended care hospi-
tals ranging in size from 270 to 530 beds. We includ-
ed all respiratory specimens, including sputum and  
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In patients with acute respiratory infections (ARIs), rou-
tine diagnostic tests often fail to identify the microbial 
cause; thus, many ARIs have undetermined etiology. 
We investigated potential involvement of thermotolerant 
bacteria in ARIs among patients in Hong Kong, China, 
by incubating blood agar inoculated with respiratory 
specimens at 50°C for 5 days. Among 7,257 specimens 
analyzed, 58 specimens from 57 patients grew thermo-
tolerant bacteria not identified by other methods. We 
identified Tepidimonas spp. in 42 isolates, 3 of which 
appear to be a novel Tepidimonas species (tentatively 
Tepidimonas hongkongensis sp. nov). Genomic analy-
sis revealed various virulence, resistance, and stress-
related genomes in the 3 isolates. Tepidimonas spp. 
bacteria were predominantly isolated from patients with 
chronic lung disease and malignancies. We also detect-
ed T. hongkongensis in hospital water samples but at 
a lower percentage than in respiratory specimens, sug-
gesting colonization potential. Clinical implications of T. 
hongkongensis remain unknown; continued surveillance 
could determine its role in ARIs.
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bronchoalveolar lavage fluid (BALF) samples, collect-
ed during January 19–May 19, 2024, and sent to the 
microbiology laboratory at Queen Mary Hospital for 
routine bacterial culture. This study was approved by 
the Institutional Review Board of the University of 
Hong Kong Special Administrative Region, People’s 
Republic of China/Hospital Authority Hong Kong 
Special Administrative Region, People’s Republic of 
China West Cluster (UW 25-135).

Routine Investigations Methodology
As part of routine screening, we performed Gram 
stains on all lower respiratory specimens to semiquan-
tify the number of leukocytes and assess specimen 
quality. We observed Gram stains under light micros-
copy at ×100 magnification and graded stains on the 
basis of the number of leukocytes as trace (<25 cells), 
2+ (25–75 cells), or 3+ (>75 cells) and epithelial cells 
as 1+ (<10 cells), 2+ (10–25 cells), or 3+ (>25 cells) in 
an average of 10 fields. We inoculated all samples on 
blood and chocolate agar plates for routine bacterial 
culture and also inoculated BALF samples on MacCo-
nkey agar plates. Plates routinely are incubated at 35°C 
at 5% CO2 and examined every 24 hours for 2 days. 
For this study, we also inoculated all respiratory tract 
samples on separate blood agar plates, incubated at 
50°C, and examined plates every 24 hours for 5 days. 
We defined any colonies that grew from the blood agar 
plates at 50°C as thermotolerant bacteria, and subject-
ed those to MALDI-TOF spectrometry and 16S rRNA 
PCR (3), when necessary, for bacterial identification. If 
the MALDI-TOF In Vitro Diagnostic database (Bruker, 
https://www.bruker.com) failed to identify bacteria, 
we performed subsequent Sanger sequencing. 

16S rRNA, MALDI-TOF Spectrometry,  
and Whole-Genome Sequencing Methods
When MALDI-TOF spectrometry failed to identify 
bacterial isolates, we performed 16S rRNA sequenc-
ing. We used universal bacterial primers 16S-1F and 
16S-2R and the QIAmp DNA Minikit (QIAGEN, 
https://www.qiagen.com) to extract DNA and se-
quenced on the 3500 Genetic Analyzer system (Ther-
mo Fisher Scientific, https://www.thermofisher.
com) (Appendix). 

We considered bacteria that had suboptimal 
similarity percentages with existing bacteria in the 
BLAST (https://blast.ncbi.nlm.nih.gov) as possible 
novel species (4). We subjected those bacteria to 
whole-genome sequencing by using a dual platform 
of short- and long-read sequencing. For short-read 
sequencing, we performed DNA preparation by us-
ing the Nextera DNA Prep Kit, then sequenced on 

the iSeq100 (Illumina, https://www.illumina.com). For 
long-read sequencing, we used the Ligation Sequenc-
ing Kit for DNA preparation and MinION for sequenc-
ing (both Oxford Nanopore Technologies, https:// 
nanoporetech.com) (Appendix, https://wwwnc.cdc.
gov/EID/article/32/1/25-0818-App1.pdf). 

Covariates of Interest
We retrieved data on patients who had thermotoler-
ant bacterial species identified from electronic health 
records. Patient information included demographic 
data, underlying medical conditions, signs and symp-
toms, time from hospital admission to sample collec-
tion, hematologic parameters, inflammatory markers, 
and radiologic findings.

Statistical Analysis
We reported descriptive statistics as median and 
range and categorical variables as frequency and per-
centage. We used Fisher exact or χ2 tests for 2-group 
comparisons. We performed statistical analyses in 
SPSS Statistics 24.0 (IBM, https://www.ibm.com) 
and considered p<0.05 statistically significant.

Results
During January 19–May 19, 2024, the microbiology 
laboratory collected 7,257 respiratory specimens, of 
which 6,766 were lower respiratory tract specimens: 
5,922 expectorated sputum, 388 tracheal aspirates, 
and 456 bronchial specimens, including BALF and 
endobronchial biopsy specimens. The other 491 respi-
ratory specimens were upper respiratory tract speci-
mens: 113 nasal or nasopharyngeal swab samples, 283 
oral or throat swab samples, and 95 gastric aspirates.

Among collected specimens, 66 (64 sputum and 
2 throat swab) specimens from 65 patients grew ther-
motolerant bacteria that could not be identified by 
MALDI-TOF spectrometry (Table 1). Among the 66 
thermotolerant bacterial specimens, we identified 
Tepidimonas spp. in 42 (63.6%, 0.6% of all respiratory 
specimens, 41 sputum and 1 throat swab) specimens 
from 41 patients by 16S rRNA sequencing; 37 were 
T. aquatica, 3 were undetermined Tepidimonas spp., 1 
was T. taiwanensis, and 1 was T. fonticaldi. 

Patients with Tepidimonas spp. bacterial isolates 
were from all age groups; 56.1% of patients were fe-
male and 43.9% were male (Table 2). The most com-
mon underlying conditions in the cohort were solid 
organ malignancy (41.5%), hypertension (36.6%), 
chronic lung disease (24.4%), and hyperlipidemia 
(24.4%). Among Tepidimonas spp. isolates, 58.5% were 
from sputum saved in the outpatient setting or col-
lected <48 hours of hospital admission, suggesting a 
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possible community source. Common clinical signs 
and symptoms included cough, fever, and shortness 
of breath. Some of the patients had abnormal chest 
radiograph findings, including consolidation or pul-
monary infiltrates (26.8%), pleural effusion (19.5%), 

and chronic lung changes (24.4%). However, 34.1% 
of patients with Tepidimonas spp. isolated had unre-
markable findings on chest radiographs, representing 
possible bacterial colonization of the respiratory tract.

Among laboratory characteristics of the 41 spu-
tum specimens, 51.2% had trace leukocytes, and 
46.3% had <10 epithelial cells per field (Table 3). In 
addition, 36.6% had growth of other pathogenic or-
ganisms, the most common of which were Haemophi-
lus influenzae and Flavobacterium species.

Novel Species Identification
Our study identified 3 clinical isolates of a novel Tepi-
dimonas sp. bacterium. Here, we report phenotypic 
characteristics and genomic features of those bacte-
ria, including detection of virulence, antimicrobial 
resistance (AMR), and stress-related genes. To inves-
tigate potential sources of this bacterium, we also per-
formed environmental sampling in the hospital.

Phenotypic Analysis and Biochemical Characteristics
The 3 undetermined sequences detected by 16S rRNA 
sequencing displayed 96.68%–97.59% sequence iden-
tity to known Tepidimonas spp. available in the BLAST 
database, suggesting that the taxonomic position of 
those isolates remained uncertain. The sequences 
were from 3 isolates (HKU77, HKU78, and HKU79) 
from 3 patients: 1 with pulmonary metastasis, 1 with 
community-acquired pneumonia, and 1 with under-
lying Graves’ disease and schizophrenia who had fe-
ver during hospitalization.

Gram stain of isolates HKU77, HKU78, and 
HKU79 revealed gram-negative, non–spore-forming, 
motile rods with occasional spherical enlargement 
(Appendix Figure, panel A). We observed small 
translucent and nonpigmented colonies with no he-
molysis on blood agar after 24 hours of incubation. 
The size of colonies gradually increased with pro-
longed incubation. We noted no pigment production 
at 35°C or 42°C, but colonies displayed a slight brown 
pigmentation after prolonged incubation at 50°C. 
Optimal growth of those bacteria occurred at 50°C, 
and we noted no visible growth at 25°C (Appendix 
Figure, panels B–D). The 3 isolates did not grow in 
anaerobic conditions. Growth on chocolate agar and 
Haemophilus test medium at 50°C was similar to that 
for blood agar; we observed slower growth on Bru-
cella agar. However, we noted no growth on buffered 
charcoal yeast extract agar or brain heart infusion 
agar supplemented with X and V factor. We observed 
no fluorescence under ultraviolet light (Table 4).

Biochemically, all 3 isolates were oxidase-positive 
and weakly catalase-positive (with 15% hydrogen  
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Table 1. Bacteria from respiratory specimens collected in a study 
on detection of novel thermotolerant Tepidimonas spp. bacteria 
in human respiratory specimens, Hong Kong, China, 2024* 
Thermotolerant bacteria No. (%) specimens  
Tepidimonas spp. 42 (63.6) 
 T. aquatica 37 
 T. taiwanensis 1 
 T. fonticaldi 1 
 Unidentified Tepidimonas spp.† 3 
Schlegelella aquatica 14 (12.1) 
Vulcaniibacterium thermophilum 4 (6.1) 
Thermomonas spp. 2 (3.0) 
Lactobacillus delbrueckii 1 (1.5) 
Bacillus species 3 (4.5) 
 B. gelatini 1 
 B. licheniformis 1 
 B. safensis 1 
*Identified by matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry. 
†Unable to identify species-level by 16S rRNA sequencing. 

 

 
Table 2. Demographic characteristics of 41 patients from whom 
Tepidimonas spp. bacteria were detected in respiratory 
specimens, Hong Kong, China, 2024* 
Characteristics Value 
Median age, y (range) 70 (15–97) 
Sex  
 F 23 (56.1) 
 M 18 (43.9) 
Underlying conditions  
 Hypertension 15 (36.6) 
 Diabetes mellitus 7 (17.1) 
 Hyperlipidemia 10 (24.4) 
 Cardiovascular disease 9 (22.0) 
 Renal impairment 7 (17.1) 
 Cerebral vascular accident 1 (2.4) 
 Chronic lung disease 10 (24.4) 
 Chronic liver disease 7 (17.1) 
 Solid organ malignancy 17 (41.5) 
 Hematologic malignancy 1 (2.4) 
 Autoimmune disease 1 (2.4) 
Timing of positive growth  
 Outpatient or <48 h of admission 24 (58.5) 
 >48 h after admission 17 (41.5) 
Clinical signs and symptoms  
 Fever 13 (31.7) 
 Cough 14 (34.1) 
 Sputum 11 (26.8) 
 Shortness of breath 13 (31.7) 
Chest radiography  
 Not done 2 (4.9) 
 Unremarkable 14 (34.1) 
 Consolidation or pulmonary infiltrates 11 (26.8) 
 Pleural effusion 8 (19.5) 
 Chronic lung changes 10 (24.4) 
Blood parameters, median (range)  
 Leukocytes,  109 cells/L 8.34 (1.77–23.10) 
 Neutrophils,  109 cells/L 5.94 (1.29–20.95) 
 C-reactive protein, mg/dL 5.21 (0.17–18.53) 
*Values are no. (%) except as indicated. 
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peroxide) and tested negative for lipase, lecithinase, 
DNAase, and gelatinase at 50°C. The isolates were 
positive for nitrate reductase, glutamyl arylamidase, 
and tyrosine arylamidase and weakly positive for ure-
ase. Sugar fermentation (glucose, lactose, sucrose, ci-
trate), indole, H2S production, and ortho-nitrophenyl-
β-galactoside were all negative after incubation at 
50°C. We evaluated enzymatic activity by using 
the VITEK AutoMicrobic GNI+ card (bioMérieux, 
https://www.biomerieux.com), which was positive 
for glutamyl arylamidase and tyrosine arylamidase, 
and 1 strain (HKU78) showed additional enzymatic 
activity of L-proline arylamidase and a positive Ell-
man’s test result. 

The 3 isolates were susceptible to piperacillin, 
piperacillin/tazobactam, ceftazidime, amikacin, cip-
rofloxacin, tobramycin, and cefepime, according to 
the Clinical Laboratory Standards Institute Pseudomo-
nas breakpoints (5). The MICs of penicillin for the 3 
isolates were <0.016 μg/mL, and MICs of vancomy-
cin were 48–64 μg/mL. Comparison with phenotypic 
characteristics of T. aquatica and T. taiwanensis showed 

that the Tepidimonas species from our 3 strains did 
not grow on buffered charcoal yeast extract agar, but 
both T. aquatica and T. taiwanensis did. Furthermore, 
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Table 3. Characteristics of isolate cultures from 41 sputum 
specimens in study of novel thermotolerant Tepidimonas spp. 
bacteria in human respiratory specimens, Hong Kong, China, 2024 
Characteristics No. (%) 
Leukocyte quantified by Gram stain  
 Negative 7 (17.1) 
 Trace 21 (51.2) 
 2+ 7 (17.1) 
 3+ 6 (14.6) 
Epithelial cells quantified by Gram stain  
 Negative 4 (9.8) 
 1+ 19 (46.3) 
 2+ 10 (24.4) 
 3+ 8 (19.5) 
Other organisms grown 15 (36.6) 
 Acinetobacter species 2 (4.9) 
 Candida species 2 (4.9) 
 Escherichia coli 1 (2.4) 
 Flavobacterium species 3 (7.3) 
 Haemophilus influenzae 4 (9.8) 
 Pseudomonas aeruginosa 2 (4.9) 
 Methicillin-resistant Staphylococcus aureus  1 (2.4) 
 Stenotrophomonas maltophilia 2 (4.9) 

 

 
Table 4. Laboratory characteristics of 3 strains of novel thermotolerant Tepidimonas spp. bacteria isolated in human respiratory 
specimens, Hong Kong, China, 2024* 
Test HKU77T HKU78 HKU79 
Gram stain Gram-negative rod Gram-negative rod Gram-negative rod 
Anaerobic growth No growth No growth No growth 
Motility Motile Motile Motile 
Oxidase Positive Positive Positive 
Catalase, 15% H2O2 Weakly positive Weakly positive Weakly positive 
Yellow pigment Slightly brown Slightly brown Slightly brown 
Hemolysis Negative Negative Negative 
UV fluorescence Negative Negative Negative 
Growth, 72 h    
 25°C No growth No growth No growth 
 37°C Very slow growth Very slow growth Very slow growth 
 42°C Slow growth Slow growth Slow growth 
 50°C Growth Growth Growth 
Growth rate, 50°C, 72 h    
 Chocolate agar Same as blood agar Same as blood agar Same as blood agar 
 Haemophilus test medium Nearly same as blood agar Nearly same as blood agar Nearly same as blood agar 
 Brucella agar Slower than blood agar Slower than blood agar Slower than blood agar 
 BCYE agar No growth No growth No growth 
 Oxoid brain–heart infusion agar No growth No growth No growth 
Egg yolk agar, 50°C Negative Negative Negative 
DNAase agar, 50°C Negative Negative Negative 
Gelatinase agar, 50°C Negative Negative Negative 
Glucose oxidation and fermentation test, 
50°C 

Inert Inert Inert 

Nitrate, 50°C Positive Positive Positive 
Urease, 50°C Weakly positive Weakly positive Weakly positive 
ONPG, 50°C Negative Negative Negative 
Positive by VITEK AutoMicrobic GNI+ 
system†, McFarland 2 

Glutamyl arylamidsae, 
tyrosine arylamidase 

Glutamyl arylamidsae, tyrosine 
arylamidase, L-proline 

arylamidase, Ellman’s test 

Glutamyl arylamidsae, 
tyrosine arylamidase 

MIC, g/mL at 50°C    
 Vancomycin 64 48 64 
 Penicillin <0.016 <0.016 <0.016 
*Strains of novel T. hongkongensis. BCYE, buffered charcoal yeast extract; ONPG, ortho-Nitrophenyl-β-galactoside; UV, ultraviolet. 
†bioMérieux, https://www.biomerieux.com. 
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T. taiwanensis is gelatinase- and nitrate-positive, but 
T. aquatica and the novel Tepidimonas species from our 
study are not (Table 4).

Comparative Genomic Characterizations
The de novo assembly, using Illumina and Oxford 
Nanopore Technology reads, yielded complete ge-
nomes for the strains HKU77, HKU78, and HKU79 
(Figure 1). The genome sizes of the 3 strains ranged 
from 2,842,968 to 2,891,522 bp, and GC content 
spanned 67.1%–67.2% (Table 5). We submitted the 
assembled genome sequences to PROKKA (https://
github.com/tseemann/prokka) for annotation, which 
resulted in 2,695–2,786 protein-coding sequences, 3 
rRNA operons, and 50–52 tRNA-coding genes (Table 

5). Annotation via the RAST pipeline (Rapid An-
notations using Subsystems Technology; Argonne 
National Laboratory, https://www.anl.gov/mcs/
rast-rapid-annotation-using-subsystem-technology) 
indicated that the 3 strains possess a similar number 
of genes and subsystems, except for strain HKU78, 
which harbored a phage genome containing an ad-
ditional integron integrase IntI1 gene related to the 
phages, prophages, transposable elements, and plas-
mids subsystem in RAST (Figure 2).

To determine the phylogenetic positions of the 3 
strains within the genus Tepidimonas, we used Type 
(Strain) Gene Server (Leibniz Institute, https://tygs.
dsmz.de) results to construct a phylogenetic tree incor-
porating genome data from the 3 strains and complete 
genomes of other Tepidimonas spp. type strains. That 
analysis revealed that HKU77, HKU78, and HKU79 
cluster together, forming a distinct and well-support-
ed phylogenetic clade, separate from other Tepidimo-
nas species, and are most closely related to T. fonticaldi 
(Figure 3, panel A). Similarly, the phylogenetic tree 
constructed from core-genome sequences displayed 
a consistent topology (Figure 3, panel B). In silico ge-
nome-to-genome comparison demonstrated that the 3 
strains from our study shared pairwise digital DNA-
DNA hybridization (dDDH) values ranging from 
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Figure 1. Circular genome 
map of novel thermotolerant 
Tepidimonas spp. bacteria 
detected in human respiratory 
specimens, Hong Kong, China, 
2024. Using patient strain 
HKU77T as the reference 
genome forming the backbone, 
the ring compares genome 
matches from patient strains 
HKU78 and HKU79 and the 2 
closest Tepidimonas species, 
T. fonticoaldi AT-A2T and T. 
taiwanensis I1–1T genomes. The 
genome features include GC 
content and plus (+) or minus (–) 
GC skew. 

 
Table 5. Genome characteristics and functional annotation in 
study of novel thermotolerant Tepidimonas spp. bacteria in 
human respiratory specimens, Hong Kong, China, 2024* 
Features HKU77T HKU78 HKU79 
Size, bp 2,842,968 2,875,687 2,891,522 
 No. contigs 1 1 1 
 % GC   67.2 67.1 67.2 
 No. coding sequences 2,695 2,744 2,786 
 No. rRNA sequences 3 3 3 
 No. tRNA sequences 51 52 50 
*Genome statistics obtained from PROKKA 
(https://github.com/tseemann/prokka) annotation and seqkit 
(https://github.com/shenwei356/seqkit/releases) results.  
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95.3% to 97.8% among each other. Those 3 strains were 
most closely related to T. fonticaldi AT-A2 (dDDH value 
26.1%–26.2%), followed by T. taiwanensis I1–1 (dDDH 
value 24.7%–24.8%), and T. charontis SPSP-6T (dDDH 
value 24.0%–24.3%), but the dDDH values were below 
the 70.0% threshold, indicating the 3 strains from our 
study are a different species (Table 6). On the basis of 
those results, we propose that strains HKU77, HKU78, 
and HKU79 represent a newly identified Tepidimonas 
species. We suggest the name Tepidimonas hongkongen-
sis sp. nov. for the location of isolation and that strain 
HKU77T (GenBank accession no. CP187300) be desig-
nated as the type strain.

Virulence, AMR, and Stress-Related Genes
We characterized virulence factors of T. hongkongensis 
by using the Virulence Factors of Pathogenic Bacteria 
database (https://www.mgc.ac.cn/VFs/main.htm), on 
the basis of available sequences (Appendix Table 1). We 
identified several genes that contribute to the function 
of motility and adherence, some of which are similar 

to genes of type IV pili of Pseudomonas spp., including 
pilB, pilC, and pilT, contributing to the adhesion of T. 
hongkongensis to other cells. We also detected different 
genes related to immune evasion and several genes that 
contribute to counteracting phagocytosis in humans. 
Those genes included uge, which is observed to gener-
ate the capsule in Klebsiella spp. bacteria, and algC, algU, 
and algW, which are responsible for alginate regulation 
and biosynthesis in Pseudomonas spp. bacteria. In ad-
dition, we observed genes in T. hongkongensis that are 
associated with secretion systems in other bacteria, in-
cluding clpV (type VI secretory system), epsE, and lspG 
(type II secretory system). T. hongkongensis strains also 
contained hemE and hemL genes, which are observed in 
heme biosynthesis in Haemophilus spp. bacteria. 

Another species, T. taiwanensis, has previous-
ly been reported to produce alkaline protease and 
polyhydroxyalkanoates (PHA), renewable and bio-
degradable polymers that can replace convention-
al plastic (6). Comparison of T. hongkongensis and 
type strain T. taiwanensis LMG22826T (GenBank  
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Figure 2. Comparison of feature counts of functional annotations from detection of novel thermotolerant Tepidimonas spp. bacteria in 
human respiratory specimens, Hong Kong, China, 2024. Annotations were determined by using Rapid Annotations using Subsystems 
Technology (Argonne National Laboratory, https://www.anl.gov/mcs/rast-rapid-annotation-using-subsystem-technology). Each functional 
category is represented by bars corresponding to the 3 patient strains of T. hongkongensis identified in this study.
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accession no. CP083911) showed that T. hongkongensis 
contained alkaline proteases, except lysyl endopepti-
dase. Furthermore, T. taiwanensis possesses phaC and 
phaR genes that are necessary for PHA production, as 
well as phaZ coding PHA depolymerase. Similarly, all 
3 T. hongkongensis strains possessed the phaC, phaR, 
and phaZ, suggesting that T. hongkongensis is associ-
ated with PHA production. Oxidation of thiosulfate 
to sulfate has been reported in all Tepidimonas species 
through the sox pathway (7), and all 3 T. hongkongen-
sis strains contained the genes encoding the sulfur-
oxidizing protein.

Using the National Center for Biotechnology 
Information AMRfinder (https://www.ncbi.nlm.
nih.gov/pathogens/antimicrobial-resistance/AM-
RFinder), we found that all 3 T. hongkongensis har-
bored aminoglycoside resistance genes (aadA2) and a 
β-lactamase gene (blaOXA-2). We also identified stress-
related genes, including multiple heat-shock proteins 
and efflux pumps, including qacL (Appendix Table 2).

Characteristics for Patients with T. hongkongensis Strains
The isolate of strain HKU77T was from a patient with 
pulmonary metastases. The DNA GC content was 
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Figure 3. Phylogeny of novel 
thermotolerant Tepidimonas spp. 
bacteria isolated from human 
respiratory specimens, Hong 
Kong, China, 2024. Phylogenetic 
trees show the relationship 
between 3 patient strains 
identified in this study (bold 
font) and global representative 
Tepidimonas spp. strains. A) 
Tree was inferred using whole-
genome data with Type (Strain) 
Gene Server (Leibniz Institute, 
https://tygs.dsmz.de). B) Tree 
inferred from the species-specific 
core genes and compared with 
existing Tepidimonas spp. in 
GenBank. Scale bar indicates 
nucleotide substitutions per site.
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67.2% mol; we considered this the type strain. The 
isolate of the second strain, HKU78, was from a pa-
tient with community-acquired pneumonia and had 
DNA GC content of 67.1% mol. The isolate of the third 
strain, HKU79, was from a patient with underlying 
Graves’ disease and paranoid schizophrenia and had 
DNA GC content of 67.2% mol.

Environmental Sample Collection and  
Clinical Correlations
We collected 101 water samples from the faucets in 
various areas of the hospital, including wards, util-
ity rooms, bathrooms, and the pantry, after the study 
period in April 2025. Among collected samples, 47 
(46.5%) grew thermotolerant bacteria (Table 7). From 
those 47 samples, we subsequently identified 43 
(91.5%; 42.6% of all water samples collected) thermo-
tolerant bacteria as Schlegelella aquatica. We identified 
T. hongkongensis in 2 (2.0%) water samples and Pro-
phyrobacter cryptus bacteria in 1 (1.0%) water sample. 
The percentages of water samples growing S. aquatica 
(42.6%) and T. hongkongensis (2.0%) were higher than 
the rates in respiratory specimens: 0.6% S. aquatica and 
0.2% T. hongkongensis (p<0.05). Although we identi-
fied >20 times more S. aquatica isolates than Tepidimo-
nas spp. isolates in the water samples, we isolated 3 
times as many Tepidimonas spp. bacteria than S. aquat-
ica in respiratory specimens. Furthermore, among the 
17 patients with Tepidimonas spp. bacteria isolated 
from sputum 48 hours after hospitalization (Table 2), 
none were hospitalized in the 2 wards from which we 
isolated T. hongkongensis in the water samples.

Discussion
Thermotolerant bacteria can thrive under elevated 
temperatures, typically 45°C–60°C. Examples of ther-
motolerant bacteria causing human infection include 
Campylobacter fetus (8) and Mycobacterium xenopi (2). 
Various thermotolerant bacteria, such as Tepidimonas 
spp., have been isolated or detected in environmental  

hot water samples, including hot springs (9–11). 
However, the clinical consequences of most thermo-
tolerant bacteria are uncertain.

In addition to Tepidimonas spp., our study identi-
fied different thermotolerant bacteria in clinical speci-
mens, including S. aquatica, which belongs to the Co-
mamonadaceae family and was first isolated from a 
hot spring in Taiwan (9) but was not known to cause 
human infection. In addition, we identified Vulcanii-
bacterium thermophilum in 4 patient samples; it was first 
isolated from a geothermal soil sample in Tengchong, 
Yunnan Province, in southwest China in 2012 (10) and 
was the reported cause of prosthetic joint infection in 1 
case (13). In addition, Thermomonas spp. bacteria, which 
we detected in 2 specimens, frequently have been iso-
lated from hot water (11,14), marine sediment (15), 
and soil (16–18). One study reported its detection in 
the naso-oropharyngeal microbiome from breast can-
cer patients with severe COVID-19 (19). Lactobacillus 
delbrueckii bacteria, which we detected in 1 specimen, 
commonly are used for probiotics and food fermenta-
tion (20); however, that bacterium has been reported 
to cause urinary tract infection and bacteremia (21–24). 
Finally, we detected 3 Bacillus spp. bacteria, which are 
known to form heat-resistant spores; although non–B. 
anthracis Bacillus are usually considered environmental 
bacteria, they can cause infection in patients with pros-
theses and central catheters (25,26).

The genus Tepidimonas was established in 2000 
(27), and its members are gram-negative bacilli with 
positive catalase and oxidase activity that are motile  
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Table 6. Pairwise genomic alignments in study of novel thermotolerant Tepidimonas spp. bacteria in human respiratory specimens, 
Hong Kong, China, 2024* 
Tepidimonas species ID Genome size, bp GC, % No. proteins No. rRNA No. tRNA % d4 
T. hongkongensis reference HKU77T 2,842,968 67.2 2,695 3 51 NA 
T. hongkongensis  HKU78 2,924,694 67.1 2,807 6 52 95.3 
T. hongkongensis  HKU79 2,891,522 67.2 2,786 3 50 95.5 
T. fonticaldi  AT-A2 3,009,526 69.0 2,761 6 54 26.1 
T. taiwanensis  I1–1 2,915,587 68.8 2,671 9 56 24.7 
T. charontis  SPSP-6T 2,808,982 66.6 2,634 8 55 24.0 
T. thermarum  AA1 2,703,753 68.7 2,552 6 51 23.8 
T. aquatica  CLN-1 2,672,904 68.6 2,506 4 58 23.4 
T. ignava  DSM 12034 2,715,700 68.8 2,562 6 54 22.7 
T. sediminis  YIM 72259 2,533,936 71.8 2,337 5 58 22.5 
T. alkaliphila  YIM 72238 2,465,445 69.0 2,279 3 54 21.8 
*Comparison through digital DNA-DNA hybridization by using Type (Strain) Gene Server (Leibniz Institute, https://tygs.dsmz.de). ID, identification. 

 

 
Table 7. Bacteria from 101 water samples collected in hospital 
for study of novel thermotolerant Tepidimonas spp. bacteria in 
human respiratory specimens, Hong Kong, China, 2024* 
Thermotolerant bacteria No. (%) samples 
Schlegelella aquatica 43 (42.6) 
Tepidimonas hongkongensis sp. nov. 2 (2.0) 
Prophyrobacter cryptus 1 (1.0) 
Alphaproteobacterium 1 (1.0) 
*Water samples were collected from faucets in various areas of the 
hospital, including wards, utility rooms, bathrooms, and the pantry. 
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due to a single polar flagellum. Tepidimonas spp. bac-
teria typically exhibit optimal growth at tempera-
tures >45°C; therefore, most have been isolated from 
relatively high-temperature environments, such as 
hot springs and spas worldwide (9–11). As of Janu-
ary 25, 2026, only 8 Tepidimonas species have been 
validly published in the List of Prokaryotic names 
with Standing in Nomenclature: T. ignava, T. aquatica, 
T. taiwanensis, T. thermarum, T. fonticaldi, T. sediminis, 
T. alkaliphila, and T. charontis (https://lpsn.dsmz.de/
genus/tepidimonas). Within the genus, T. taiwanensis 
is the only strain that uses glucose and fructose for 
growth, due to the presence of putative ABC glucose/
mannose (gtsABCD) and fructose (frcABC) transport-
ers (7), whereas other species are frequently referred 
to as asaccharolytic. Similar to a previous report (7), 
the novel T. hongkongensis bacterium does not use 
glucose and fructose for growth. Of note, T. taiwan-
ensis produces alkaline protease and PHA, renewable 
and biodegradable polymers that can replace conven-
tional plastic (6). Genome analysis revealed that T. 
hongkongensis contains most of the alkaline protease 
genes found in T. taiwanensis, as well as genes associ-
ated with PHA production (12). Analysis of stress-re-
lated genes in T. hongkongensis revealed the presence 
of heat-resistant protein and ATPase genes, which ex-
plain its thermotolerant characteristic.

In our study, 0.6% of respiratory specimens grew 
Tepidimonas spp. bacteria after prolonged incuba-
tion at 50°C, and most patients from whom speci-
mens were collected had solid organ malignancy 
and chronic lung disease, although ages were wide 
ranging. Other Tepidimonas spp. bacteria have been 
detected in clinical samples. For instance, a proposed 
new Tepidimonas species, T. arfidensis, was cultured 
from a bone marrow aspirate sample from a patient 
with leukemia with neutropenic fever (28). Other 
Tepidimonas spp. bacteria have been implicated in 
different human microbiome studies, including the 
urine microbiome for urinary incontinence (29,30), 
the endometrial microbiome for endometriosis (31), 
the gut microbiome in primary sclerosing cholangitis 
(32), and the sinus microbiome in chronic rhinosinus-
itis (33). In our study, only 36.6% of the patients had 
growth of other pathogenic bacteria in the sputum 
(Table 3), suggesting that Tepidimonas spp. are patho-
genic and can cause lower respiratory tract infection. 

The tap water samples collected from the hospital 
revealed the presence of T. hongkongensis sp. nov. and 
a high percentage of S. aquatica. Those results align 
with previous findings that Tepidimonas spp. and S. 
aquatica bacteria are commonly found in the environ-
ment (9,34). Of note, we detected Tepidimonas spp. 

bacteria more frequently than S. aquatica in the wa-
ter samples, but we detected more Tepidimonas spp. 
than S. aquatica in respiratory specimens (Tables 1, 7), 
suggesting that Tepidimonas spp. bacteria could have 
a greater potential for colonizing the human respira-
tory tract than other environmental bacteria. 

Comparative genomic analysis revealed that all 
3 T. hongkongensis strains contained various virulence 
genes spanning critical functional classes, including 
adherence, iron uptake, lipid metabolism, nutritional 
virulence, serum resistance, and stress adaptation, but 
those genes are absent in S. aquatica LMG 23380 (Ap-
pendix Table 1). Those genes support colonization 
of host tissue, nutrient scavenging, immune evasion, 
and persistence under stress, further underscoring the 
potential pathogenicity of T. hongkongensis. Although 
resistome profiling did not demonstrate substantial 
antimicrobial resistance in T. hongkongensis (Appendix 
Table 2), we did detect it in environmental samples, 
and its ability to acquire other resistance, such as co-
listin resistance, through horizontal gene transfer from 
other gram-negative bacteria, is not known (35,36). 
Therefore, further surveillance is warranted.

Whether detection of T. hongkongensis in the hospi-
tal water systems warrants interventions requires fur-
ther risk assessments and studies. First, the infectious 
threshold of T. hongkongensis should be established to 
assess the risk that patients could acquire it from the 
water system. Furthermore, whether usual water dis-
infection protocols, such as chlorine or ultraviolet light, 
are effective against this bacterium is unknown. Ongo-
ing vigilance and documentation will help define the 
baseline incidence and clinical significance for this bac-
terium and guide future recommendations.

The first limitation of our study is that it was con-
ducted in a hospital network in Hong Kong; wheth-
er similar observations occur in other hospitals and 
countries requires further investigation. Second, we 
only used 50°C for agar incubation to isolate thermo-
tolerant bacteria, which might have failed to recover 
other clinically relevant pathogens that do not grow 
at such high temperatures. Third, although isolation 
of Tepidimonas spp. bacteria from the clinical speci-
mens in our study might be related to a hot water 
source, other studies have isolated various Tepidimo-
nas spp. bacteria in sterile clinical specimens, sug-
gesting this genus might not solely be an environ-
mental contaminant. Finally, isolation of Tepidimonas 
spp. and other thermotolerant bacteria in respiratory 
specimens could represent colonization instead of 
respiratory pathogens. However, many patients in 
our study had underlying solid organ malignancy, 
suggesting pathogenicity is still possible in severely 
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immunocompromised patients, such as bone marrow 
transplant recipients. Further studies are required to 
investigate the pathogenic potential of T. hongkongen-
sis and the range of illnesses the bacteria can cause.

In conclusion, we successfully isolated 42 thermo-
tolerant Tepidimonas spp. bacterial strains from clini-
cal specimens, including 3 novel strains confirmed by 
whole-genome sequencing. We propose the name T. 
hongkongensis sp. nov. to describe the 3 novel strains 
and designation of HKU77T as the type strain of this 
novel species. The combination of high incubation tem-
perature for selection, prolonged incubation for growth, 
and MALDI-TOF mass spectrometery and 16S rRNA 
sequencing enabled discovery of this novel species. 
Analysis of water samples from the hospital further con-
firmed the presence of T. hongkongensis in the environ-
ment. Although clinical implications of T. hongkongensis, 
especially in immunocompromised patients, are not yet 
known, its potential spread in water systems is concern-
ing. Ongoing vigilance and documentation will help 
define the baseline incidence and clinical significance of  
T. hongkongensis and guide future recommendations.  
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Among the wide range of fungi responsible for inva-
sive infections in humans, species within the Tricho-

sporonaceae family are generally considered rare or  

uncommon pathogens (1–4). However, recent reports in-
dicate an increasing incidence in both high-income and 
resource-limited countries over the past decade (2,4–6).
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Fungi in the family Trichosporonaceae are rarely in-
volved in invasive disease but are frequently associated 
with colonization or respiratory allergic infection. Tricho-
sporonaceae exhibit intrinsic resistance to echinocan-
din antimicrobial drugs, posing challenges for treatment 
and contributing to high mortality rates. We compiled a 
nationwide analysis of 112 cases of invasive disease 
caused by Trichosporon spp. and related fungi, diag-
nosed in France over 20 years, that combined clinical 
data, susceptibility profiles, and molecular identification. 

We identified 12 species; T. asahii was the most com-
mon species recovered, and the new species T. aus-
troamericanum was next. Comparison of clinical data 
highlighted species and genotypic differences, such as 
a much higher proportion of children infected by T. asa-
hii and major differences in antimicrobial drug suscepti-
bility. Correct identification is not only of epidemiologic 
interest but also necessary for patient management be-
cause of the varying clinical and microbiological charac-
teristics found in different species.
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Trichosporonaceae is a family of basidiomyce-
tous, yeast-like fungi that produce arthroconidia and 
are commonly found in air, soil, and water worldwide 
(7). Trichosporonaceae can also be recovered from con-
taminated materials or medical devices. Some species 
are part of the normal or transient human microbiota, 
particularly on the skin and in the gastrointestinal tract 
(8–11). After taxonomic revisions, clinically relevant 
Trichosporonaceae are now distributed into 3 genera, 
Trichosporon, Apiotrichum, and Cutaneotrichosporon. Each 
genus contains multiple species known to cause inva-
sive infections in humans (12–14). T. asahii remains the 
most frequently reported species responsible for inva-
sive fungal disease (IFD) caused by Trichosporonaceae 
(5,6,9,15–17), but it is also known to cause summer-type 
hypersensitivity pneumonitis, particularly in Japan 
(18,19). This species is also considered the most virulent 
among Trichosporonaceae and demonstrates higher 
MICs for amphotericin B and azoles than other fungi 
(15,17,20–22). The distribution of other species varies, 
but typically Cutaneotrichosporon dermatis, T. asteroides, 
C. mucoides, T. inkin, and T. faecale are relatively com-
monly involved in IFD (2,4,5,17,21,23,24), and T. inkin is 
recognized as a leading cause of white piedra (25).

IFD caused by Trichosporonaceae has a high mor-
tality rate, ranging from 30% to 90% (4,24,26,27). Such 
infections are commonly associated with hematologic 
malignancies (1,2,28) and are frequently reported in 
pediatric populations (26). Immunosuppressed pa-
tients are particularly at risk, especially those with 
central venous catheters, urinary or peritoneal cath-
eters, broad-spectrum antimicrobial drug use, corti-
costeroid therapy, intensive care unit (ICU) stays, or 
prior exposure to echinocandins such as caspofungin, 
to which Trichosporonaceae fungi are intrinsically re-
sistant (1,3,4,23,29,30). Clusters of infection have been 
described previously (16). Current treatment guide-
lines recommend voriconazole monotherapy for IFD 
caused by Trichosporonaceae (28,31), although other 
azoles and amphotericin B are also commonly used. 
Some studies advocate combination therapy with am-
photericin B and voriconazole (17,20).

Despite the clinical relevance of Trichosporona-
ceae infections, epidemiologic data from multicentric 
studies remain scarce (4), and most information stems 
from case reports or small patient cohorts (6,27). Be-
cause of the variability in antimicrobial drug sus-
ceptibility across species, accurate identification is 
essential for both epidemiologic understanding and 
clinical management (1,21). In this article, we report 
112 episodes of IFD caused by Trichosporonaceae,  
diagnosed during 2002–2022 in France. The cases 
were documented across 41 centers and are supported  

by clinical data, precise molecular identification, and 
antimicrobial susceptibility testing.

Materials and Methods

Clinical Data
We included in the study all first episodes of IFD 
caused by Trichosporonaceae notified at the National 
Reference Center for Invasive Mycoses and Antifun-
gals (NRCMA) during 2002–2022. Demographic and 
clinical data concerning the patients were collected 
during prospective national surveillance programs. 
The surveillance of the NRCMA was approved by 
the Institut Pasteur Institutional Review Board 1 (ap-
proval no. 2009–34/IRB) and the Commission Na-
tional de l’Informatique et des Libertés, according to 
French regulations. The YEASTS program collected 
information and strains corresponding to fungemia 
episodes in hospitals near Paris during 2002–2022 (1). 
The Réseau de Surveillance des Infections Fongiques 
(RESSIF) program centralized data on IFD episodes, 
without selection bias, from 36 hospitals throughout 
France, diagnosed during 2012 and 2022 (32).

We collected demographic and clinical data by 
using electronic case report form designed on the 
VOOZANOO platform (http://www2.voozanoo.
net). We conducted statistical analyses by using Stata 
software version 17 (StataCorp, LLC, https://www.
stata.com). We expressed categorical variables as per-
centages and continuous variables as medians +SD. 
We evaluated differences between the groups by us-
ing χ2 or Fisher exact tests and considered p values 
<0.05 statistically significant. We conducted Shapiro-
Wilk tests to determine the distribution of MIC val-
ues for genotypes 1, 3, and 4 of T. asahii and then per-
formed a Kruskal Wallis or analysis of variance test.

Isolates
As part of this prospective surveillance program, clin-
ical isolates were sent to the NRCMA for complemen-
tary investigations, including species identification 
and in vitro antifungal susceptibility testing by the 
EUCAST method. Depending on the period, methods 
for identification were different (ID32C carbon assim-
ilation profiles or matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry profiles 
associated with internal transcribed spacer [ITS] or 
intergenic spacer [IGS] region sequencing), but when 
it was possible ITS+IGS regions were sequenced pro-
spectively or retrospectively. For the isolates (n = 3) 
not sent to the active surveillances programs YEASTS 
or RESSIF (32,33) and from before 2008, retrospective 
identification was not possible.
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We amplified ITS regions by PCR by using pan-
fungal primers V9D (5′-TTAAGTCCCTGCCCTTTG-
TA-3′) (34) and LS266 (5′-GCATTCCCAAACAACTC-
GACTC-3′) (35) and the IGS region by using 26SF and 
5SR, as previously reported (14). We edited sequences 
by using Geneious Prime software (https://www.
geneious.com). We trimmed ITS region sequences 
with sequences of primers ITS1 (5′-TCCGTAGGT-
GAACCTGCGG-3′) and ITS4 (5′-GCATATCAATA-
AGCGGAGGA-3′) and IGS1 region sequences by 
using sequences SCTTTGSACT and ACYGCATCC, 
adapted from previous reports (14).

For species identification, we compared concate-
nated sequences of ITS and IGS regions of the clinical 
isolates with concatenated sequences of type strains. 
When sequences of isolates had a percentage of simi-
larity with sequence of type strain >98%, we consid-
ered isolates as belonging to the same species. When 
the percentage was 90%–98%, we suggested that iso-
lates could belong to a putative undescribed species, 
and we named them with a cf. in front of the species 
name. For those isolates, we deposited sequences into 
GenBank (accession nos. PV575975–8).

We conducted multiple alignments of 106 
ITS+IGS concatenated sequences of 1,556 bp (95 clini-
cal isolates and 11 type strains) by using multiple 
sequence comparison by log-expectation alignment 
and constructed a neighbor-joining tree by using a 
Hasegawa-Kishino-Yano model with a bootstrap 
analysis of 1,000 replicates. We used a newick tree 
to design a cladogram with Itol software version 1.9 
(https://itol.embl.de). We used IGS1 sequences for T. 
asahii isolates to determine genotype.

Antimicrobial Susceptibility Profile
We determined MICs for fluconazole, voriconazole, 
posaconazole, and flucytosine for all isolates accord-
ing to the EUCAST broth microdilution standard-
ized method (https://www.eucast.org/fileadmin/
src/media/PDFs/EUCAST_files/AFST/Files/
EUCAST_E.Def_7.4_Yeast_definitive_revised_2023.
pdf). We also determined caspofungin, micafungin, 
and amphotericin B MICs with a modified version 
of the protocol, which uses AM3 medium instead of 
RPMI medium as described previously (36).

We calculated values of MIC inhibiting at least 
50% (MIC50) or 90% (MIC90) of the isolates among 1 spe-
cies. Of note, neither EUCAST nor Clinical and Labora-
tory Standards Institute currently publish breakpoints 
for any Trichosporonacea species. Recently, EUCAST 
proposed interpretation of amphotericin B and anidu-
lafungin MICs for Trichosporon spp.; but because we 
did not use standard conditions to determine MICs for 

amphotericin B, we cannot take those values into ac-
count. However, epidemiologic cutoffs have been pro-
posed for fluconazole for T. asahii and for fluconazole 
and voriconazole for C. dermatis (https://www.eucast.
org/fileadmin/src/media/PDFs/EUCAST_files/
AFST/Files/EUCAST_guidance_for_Rare_yeast_
with_no_breakpoints_final_clean_19-06-2024.pdf).

Phenotypic Observation
We examined the macroscopic appearance of 10 isolates 
belonging to species of the ovoides clade, containing the 
main Trichosporon species involved in IFD. Those iso-
lates were CBS 4828 type of T. faecale, CNRMA15.795 T. 
cf. faecale, CBS 5585 neotype of T. inkin, CNRMA20.443 
T. austroamericanum, CBS 2482 type of T. coremiiforme, 
CNRMA19.523 T. cf. coremiiforme, CBS 7556 neotype of 
T. ovoides, CBS 9051 type of T. lactis, CBS 9052 type of T. 
caseorum, and CBS 2479 type of T. asahii.

We prepared a suspension concentrated at 2.105 
cells/mL on the basis of a fresh culture of isolates in 
sterile water. We determined concentration by us-
ing luna cell counting slides (Logos Biosystems Inc., 
https://logosbio.com). Then, we deposited 2 µL of 
the solution on Sabouraud agar plates and incubated 
at 20°C. We measured the size of the colony after 4, 
5, 6, 7, and 10 days and noted color and appearance.

Results

Episode Characteristics
During 2002–2022, a total of 112 cases of IFD caused 
by Trichosporonaceae, mainly bloodstream infec-
tion (77.7%), concerning 112 patients, were reported 
to the NRCMA from 41 hospitals in France (37 met-
ropolitan and 4 overseas) (Table 1). Most patients 
were male (66.1% vs. 33.9% female); median age was 
43.77 years, and a high percentage were extreme ages 
(18.8% children <15 years of age and 17.9% adults 
>65 years of age). The main underlying conditions 
were hematologic malignancies (39.3%), recent sur-
gery (<30 days from diagnosis; 28.6%), and solid 
organ transplantation (11.6%). Twelve patients also 
had diabetes mellitus, 7 had traumas (generally se-
rious accidents involving contact with plants, such 
as being crushed by a tree, or mower or rototiller 
accidents resulting in multiple fractures or amputa-
tions), and 23 were neutropenic. Risk factors associ-
ated were stay in ICU (45.9%), presence of catheter 
(56.3%), immunosuppressive drugs (37.5%), or ad-
ministration of steroids (22.3%). At least 33.9% of pa-
tients received antimicrobial drugs before IFD diag-
nosis, mainly echinocandins (24.1%). Most patients 
received antimicrobial drugs after diagnosis (90.2%), 
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mainly with voriconazole (57.1%). Mortality by day 
30 after diagnosis was 38.4%.

Of note, among the 112 episodes, 14 corresponded 
to mixed infections. Those patients were simultane-
ously infected with 1 or 2 additional fungal species, 
mainly ascomycetous yeast (n = 9) at the same infection 
site (Appendix Table, http://wwwnc.cdc.gov/EID/
article/32/1/25-0504-App1.pdf). Those episodes were 
caused by 6 different species of Trichosporonaceae, al-
though T. asahii was involved in most cases (9/14).

Species Diversity
Among the 112 episodes studied, 101 isolates from 101 
episodes were sent to the NRCMA. On the basis of the 
ITS+IGS sequencing, 94 isolates belonged to 9 already 
described species, distributed across 3 genera (Tricho-
sporon [n = 5], Apiotrichum [n = 2], Cutaneotrichosporon 
[n = 2]). Seven isolates corresponded to 3 putative un-
known species: 4 closely related to T. faecale (GenBank 
accession nos. PV575976 and PV575977), 2 to T. coremi-
iforme (GenBank accession no. PV575975) and 1 to A. 
loubierii (GenBank accession no, PV575978) (Figure 1).

Most isolates belonged to the Trichosporon ge-
nus (90.1%). Two species represented most cases of 
IFD caused by Trichosporonaceae in France: T. asahii 
(51.5%) and the species recently described as T. aus-
troamericanum (22.8%), which is closely related to T. 
inkin (Figure 2). Among the 58 cases of T. asahii, 51 
isolates were received at the NRCMA. On the basis of 
IGS sequencing, 6 genotypes were identified, mainly 
genotype 1 (n = 25) and genotypes 3 (n = 11) and 4 (n 
= 11), followed by genotype 7 (n = 2), genotype 5 (n = 
1), and 1 isolate with an undefined allele.

Episodes of IFD caused by Trichosporonaceae 
were reported under several national surveillance 
programs. If we compare the distribution of species 
and the number of episodes by year over the same 
period for the RESSIF program and the YEASTS pro-
gram, the proportion of T. asahii is higher among the 
YEASTS program than among the RESSIF survey but 
the opposite for T. austroamericanum. A trend for an 
increased number of episodes over time in the RESSIF 
survey was seen (Figure 3).

In Vitro Antimicrobial Drug Susceptibility
Voriconazole appears to be the most active antifun-
gal agent in vitro (Table 2), with the lowest MIC50 
or MIC90 values and ranges of MICs for all species, 
except for A. mycotoxinivorans, for which both iso-
lates have lower values for posaconazole than vori-
conazole. Conversely, all isolates of all species have 
high MICs to flucytosine (>4 mg/L and all MIC50 
determined ≥32 mg/L) and to echinocandins (data 
not shown). Trichosporon asahii, A. loubieri, A. myco-
toxinivorans, and isolates closely related to T. faecale 
have reduced susceptibility to amphotericin B com-
pared with other Trichosporonaceae species. More 
precisely, T. asahii isolates belonging to genotype 4 
tend toward lower MIC50 or MIC90 values for azoles 
and amphotericin B than isolates of genotypes 1 and 
3 (genotype 1 displayed the highest MIC50 or MIC90 
for all antimicrobial drugs), but the differences were 
statistically significant only for amphotericin B (p = 
0.0073). EUCAST recently defined epidemiologic cut-
off values for fluconazole (wild-type <16 mg/L) for T. 
asahii and for fluconazole (wild-type <16 mg/L) and 
voriconazole (wild-type <0.125 mg/L) for C. dermatis. 
Taking those values into account, we can see only 4 
isolates of genotype 1 can be considered resistant to 
fluconazole. We found no resistant isolates among 
the other genotypes or for C. dermatis strains. Fur-
thermore, T. asahii have higher MICs for azoles and 
amphotericin B than T. austroamericanum and T. inkin 
with a difference in voriconazole MIC distribution 
(Figure 4).
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Table 1. Demographic and clinical characteristics of patients in 
study of clinical manifestations of emerging Trichosporon species 
infections, France, 2002–2022* 
Characteristics Value 
Sex  
 M 74 (66.1) 
 F 38 (33.9 
Age, years, mean SD (range) 43.77 24.39 (1–90) 
 <15 y 21 (18.8) 
 >65 y 20 (17.7) 
Clinical information  
 Bloodstream infection 87 (77.7) 
 Bone infection 12 (10.7) 
 Stay in intensive care unit, n = 98 45 (45.9) 
Underlying conditions  
 Hematologic malignancy 44 (39.3) 
 Acute leukemia 25 
 Lymphoma 13 
 Recent surgery 32 (28.6) 
 Solid organ transplantation 14 (11.6) 
 Kidney 5 
 Heart 4 
 Liver 4 
 Lung 1 
 Diabetes 12 (10.7) 
Risk factors  
 Neutropenia 23 (20.5) 
 Presence of catheter 63 (56.3) 
 Immunosuppressive treatment 42 (37.5) 
 Steroids 25 (22.3) 
 Antifungal exposure 38 (33.9) 
 Echinocandins 27 (24.1) 
Antifungal treatment 101 (90.2) 
 Containing voriconazole 64 (57.1) 
 Containing amphotericin B 24 (21.4) 
Outcome, n = 99  
 Death within 30 days of diagnosis 38 (38.4) 
*Values are no. (%) except as indicated. 
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Growth Rate and Morphologic Aspect
On the basis of the growth rate measured for 10 iso-
lates belonging to different species of Trichosporon 
(Appendix Figure), we observed that T. coremiiforme 
and isolates corresponding to the potential T. cf. co-
remiiforme (isolate name CNRMA19.523) species had 
the highest growth rate, whereas T. inkin and T. aus-
troamericanum had reduced but similar growth rate. 
All isolates grew as white colonies on Sabouraud agar 
plate and were generally creamy, although some spe-
cies appeared smooth or flat to domed and wrinkled 
(Figure 5).

T. asahii versus T. austroamericanum
Episodes involving only 1 species (excluding mixed 
infections) and those with isolates sent to NRCMA 
were included in this comparison, which corresponds 
to 44 episodes of T. asahii infection and 22 of T. aus-
troamericanum. A higher proportion of women and 
children among the patients infected with T. asahii 
were observed, whereas the proportion of men was 
much higher among patients infected with T. aus-
troamericanum. Furthermore, infections because of T. 
austroamericanum were more frequently associated 

with recent surgery (p = 0.03) or solid organ trans-
plantation (p = 0.008) (Table 3).

Discussion
In this report, we describe demographic, clinical, 

and molecular characteristics of a large collection of 
112 cases of IFD caused by Trichosporonaceae fungi 
diagnosed in France throughout 2 decades during 
multicentric national prospective surveillance pro-
grams. As mentioned in other studies, we observed 
a high proportion of children among the patients 
(18.8%) but with a significant difference in propor-
tion depending on the species (26). As outlined in this 
study, most cases of IFD caused by Trichosporona-
ceae are bloodstream infections (77.7%) and occur in 
patients with underlying conditions such as hemato-
logic malignancy (39.3%), recent surgery (28.6%), or 
solid organ transplant (11.6%) (1,2,28). A recent study 
concluded that, in cases of fungemia caused by Tricho-
sporon spp., advanced age, use of mechanical ventila-
tion, and persistent neutropenia were associated with 
poor prognosis (4). Another study demonstrated 
that exposure to caspofungin is a risk factor associ-
ated with fungemia caused by Trichosporon spp. (1).  
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Figure 1. Cladogram of 94 
clinical isolates and 11 reference 
strains from study of clinical 
manifestations of emerging 
Trichosporon species infections, 
France, 2002–2022. Tree was 
designed using Itol software 
version 1.9 (https://itol.embl.de) 
on the basis of the newick tree 
obtained from the Hasegawa-
Kishino-Yano model analysis 
after multiple alignment of 
concatenation of trimmed 
sequences of internal transcribed 
spacer and intergenic spacer 
regions (Geneious Prime, https://
www.geneious.com). GenBank 
accession numbers or type 
strain identification numbers are 
provided for each isolate. Scale 
bar indicates substitutions per site. 
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Similarly, the risk factors that we found frequently 
were hospitalization in ICU (45.9%), presence of cath-
eter (56.3%), and exposure to antimicrobial drugs 
(33.9%), primarily echinocandins (27/38).

On the basis of the data from RESSIF, we seem to 
be observing a trend in France toward an increase in the 
number of cases of IFD caused by Trichosporonaceae.  

However, the incidence of those infections is difficult 
to determine precisely, because some participating 
centers did not participate exhaustively over the entire  
study period.

Sequencing of ITS+IGS regions of rDNA enabled 
us to identify >12 different species of Trichosporona-
ceae responsible for 112 IFD cases in 41 different hos-
pitals in France during 2002–2022. Of note, all cases 
reported from overseas territories were because of T. 
asahii only. We suggest that 7 cases were because of 
putative undescribed species, for which additional 
molecular characterizations such as whole-genome 
sequencing analysis are now warranted. As expected, 
most cases were caused by T. asahii, but unexpected-
ly, the recently described species T. austroamericanum 
ranked second (12). The percentage of children was 
significantly lower among patients infected with this 
new species (4.5%) than among those infected with 
T. asahii (29.5%; p = 0.024). On the other hand, the 
percentage of men was much higher (86% vs. 52%; 
p = 0.007). In addition, T. asahii was more frequently 
involved in bloodstream infections or exposure to an 
antimicrobial drug, whereas T. austroamericanum was 
more frequently associated with recent surgery (p = 
0.03) and solid organ transplant (p = 0.008) (Table 3).

Sequencing of the IGS region for T. asahii isolates is 
described as a useful tool for genotyping this species. 
At least 13 different genotypes have already been iden-
tified, some of which appear to have geographic prefer-
ences. Genotypes 1, 3, and 4 seem to be more frequent 
worldwide (5,15,16,23,37). Among the 101 isolates re-
ceived at the NRCMA during the study period we re-
port, the 51 isolates of T. asahii belonged to 6 different 
genotypes, and we confirmed the major genotype was 
1 (49%), followed by genotypes 3 (21%) and 4 (21%). Of 
note, genotype 3 is frequently reported in the United 
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Figure 2. Proportions of species involved in invasive 
trichosporonosis cases from study of clinical manifestations  
of emerging Trichosporon species infections, France,  
2002–2022. The cf. designation indicates putative  
undescribed species.

Figure 3. Species distribution 
over time for RESSIF survey 
used in a study of the clinical 
manifestations of emerging 
Trichosporon species infections, 
France, 2002–2022. Number 
of episodes diagnosed in the 
centers participating in the survey 
are reported for each year. The 
cf. designation indicates putative 
undescribed species.
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States, in Thailand, and in the houses of summer-type 
hypersensitivity pneumonitis patients in Japan (14,17). 
Of interest, among the 11 patients infected with geno-
type 3 in this study, at least 6 were recovered from pa-
tients born or diagnosed in the Americas. Surprisingly, 
according to the genotype and excluding cases of mixed 
infections, 13 of 21 patients infected by genotype 1 died 
within 30 days of diagnosis: 5 of 11 for genotype 3 and 
only 1 of 8 for genotype 4. Those results could suggest 
some epidemiologic characteristic related to genotype 
or some difference in terms of virulence.

We confirmed that no matter the species or geno-
types, voriconazole is the most effective antimicrobial 
drug in vitro against isolates belonging to the Tricho-
sporonaceae family (17,20). Because of the small 
number of isolates for 10 species, we can only give 
the MIC values obtained for informational purposes. 

However, there are some differences worth noting: T. 
asahii, A. loubieri, A. mycotoxinivorans, and the isolates 
closely related to T. faecale have a lower susceptibil-
ity to amphotericin B compared with other species. 
Furthermore, T. asahii has higher MICs for azoles and 
amphotericin B than do T. austroamericanum and T. 
inkin. Some differences are noticed between geno-
types; genotype 1 has the highest MIC for all antimi-
crobial drugs tested, whereas genotype 4 has lower 
MICs to azoles and amphotericin B than isolates of 
genotypes 1 and 3. Some studies reported a lower 
susceptibility for certain genotypes (17,37,38) and one 
study found that genotype 7 isolates have the high-
est MIC90 values for azoles, suggesting those isolates 
contributed to the increasing rates of voriconazole 
non-wild–type isolates observed in the past 10 years 
(37). In this study, the proportion of genotype 7 was 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 1, January 2026	 99

 
Table 2. Antimicrobial susceptibility profiles of 101 clinical isolates determined by using the EUCAST method, according to species 
and genotypes recovered, in study of clinical manifestations of emerging Trichosporon species infections, France, 2002–2022* 
Species and genotype (no. 
isolates) 

MIC50/MIC90, mg/L (range of MICs) 
AMB 5FC FLUCO VORI POSA 

Trichosporon asahii (52) 2/>4 (0.25–>4) 64/>64 (4–>64) 4/16 (0.25–64) 0.06/0.25 (<0.015–1) 0.25/0.5 (<0.015–1) 
 Genotype 1 (25) 2/>4 (0.25–>4) 64/>64 (4–>64) 4/32 (0.25–64) 0.125/0.25 (<0.015–1) 0.25/0.5 (<0.015–1) 
 Genotype 3 (12) 1/2 (0.5–4) 32/>64 (8–>64) 1 /4 (0.5–8) 0.06/0.25 (0.03–0.5) 0.25/0.5 (0.06–0.5) 
 Genotype 4 (11) 1/1 (0.25–2) 32/>64 (8–>64) 2/4 (0.25–16) 0.06/0.125  

(<0.015–0.25) 
0.06/0.25  

(<0.015–0.5) 
 Genotype 7 (2) −/− (2) −/− (>64) −/− (2–16) −/− (0.06–0.5) −/− (0.03–0.5) 
 Genotype 5 (1) −/− (4) −/− (32) −/− (2) −/− (0.03) −/− (0.25) 
 Genotype 13† (1) −/− (>4) −/− (>64) −/− (8) −/− (0.125) −/− (1) 
T. austroamericanum (21) 0.25/1  

(0.06–2) 
>64/>64  
(64–>64) 

0.5/4  
(0.25–4) 

0.03/0.06  
(<0.015–0.125) 

0.06/0.25  
(<0.015–0.25) 

T. inkin (7) 0.5/− (0.125–>4) >64/− (16–>64) 2/− (1–16) 0.03/−  
(<0.015–0.25) 

0.125/−  
(<0.015–0.5) 

T. cf. coremiiforme (2) −/− (0.5–2) −/− (8–32) −/− (0.5–1) −/− (0.03–0.125) −/− (0.06–0.125) 
T. coremiiforme (1) −/− (0.5) −/− (16) −/− (2) −/− (0.03) −/− (0.125) 
T. cf. faecale (4) −/− (1–>4) −/− (16–>64) −/− (1–16) −/− (0.03–0.25) −/− (0.03–0.5) 
T. japonicum (4) −/− (0.25–4) −/− (8–>64) −/− (0.5–4) −/− (<0.015–0.125) −/− (0.03–0.125) 
Cutaneotrichosporon dermatis (4) −/− (0.06–0.25) −/− (>64) −/− (2–16) −/− (0.03–0.125) −/− (<0.015–0.125) 
C. mucoides (1) −/− (0.06) −/− (8) −/− (2) −/− (0.125) −/− (0.5) 
Apiotrichum loubieri (1) −/− (1) −/− (8) −/− (2) −/− (0.03) −/− (0.06) 
A. montevideense (2) −/− (0.06–0.25) −/− (>64) −/− (1) −/− (0.03–0.06) −/− (0.03–0.125) 
A. mycotoxinivorans (2) −/− (2) −/− (16–32) −/− (2–8) −/− (0.125–1) −/− (<0.015–0.25) 
*AMB, amphotericin B; cf., putative undescribed species; FLUCO, fluconazole; POSA, posaconazole; VORI, voriconazole; 5FC, flucytosine. 
†Genotype 13 corresponds to the genotype described previously (GenBank accession no. MN936175) 

 

Figure 4. Voriconazole MIC 
distribution for 3 species of 
Trichosporon from study of 
clinical manifestations of 
emerging Trichosporon species 
infections, France, 2002–2022. 
MICs determined by using the 
EUCAST method.
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too small to calculate MIC90s. Nevertheless, determin-
ing natural diversity would be useful to explain dif-
ferences in susceptibility or even virulence, possibly 
linked to environmental pressures such as repeated 
exposure to azoles, because that mechanism is known 
in other pathogenic fungi (39–41).

We confirmed that T. asahii, especially genotype 1, 
is the major species of the Trichosporonaceae family in-
volved in human IFD. We also confirmed that the pedi-
atric population is at a higher risk and that the most fre-
quent underlying conditions associated with infection 
are hematologic malignancies, recent surgery, and solid 
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Figure 5. Macroscopic aspect of colonies grown on Sabouraud agar plates incubated 10 days at 20°C for 10 isolates recovered from study 
of clinical manifestations of emerging Trichosporon species infections, France, 2002–2022. A) T. asahii type strain isolate CBS 2479. B) T. 
austroamericanum isolate CNRMA20.443. C) T. inkin neotype strain isolate CBS 5585. D) T. coremiiforme type strain isolate CBS 2482. 
E) T. cf. coremiiforme isolate CNRMA19.523. F) T. faecale type strain isolate CBS 4828. G) T. cf. coremiiforme isolate CNRMA15.795. H) 
T. ovoides neotype strain isolate CBS 7556. I) T. caseorum type strain isolate CBS 9052. J) T. lactis isolate CBS 9051. T. coremiiforme 
and isolates corresponding to the potential T. cf. coremiiforme species (E, G) had the highest growth rate, whereas T. inkin and T. 
austroamericanum had reduced but similar growth rate. The cf. designation indicates putative undescribed species.

 
Table 3. Comparison of demographic and clinical characteristics of the patients with single trichosporonosis episodes caused by 
Trichosporon asahii versus T. austroamericanum from study of clinical manifestations of emerging Trichosporon species infections, 
France, 2002–2022* 
Characteristics T. asahii, n = 44 T. austroamericanum, n = 22 p value 
Sex    
 M 23 (52.2) 19 (86.4) 0.007 
 F 21 (47.8) 3 (13.6)  
Mean age, y, SD (range) 43 24.5 (1–83) 50 19.7 (8–83) 0.159 
 <15 y 13 (29.5) 1 (4.5) 0.024 
 >65 y 6 (13.6) 5 (22.7) 0.35 
Site of infection    
 Bloodstream infection 37 (84.1) 15 (68.2) 0.038 
 Bone 3 (6.8) 4 (18.2)  
 Skin 3 (6.8) 1 (4.5)  
Intensive care unit admission 15 (34.1) 8 (36.4) 0.903 
Hematologic malignancy 22 (50) 6 (27.3) 0.082 
Acute leukemia 12 (27.3) 3 (13.6)  
Lymphoma 8 (18.2) 1 (45)  
Recent surgery  6 (13.6) 8 (36.4) 0.03 
 Orthopedic 2 (4.5) 2 (9.1)  
 Cardiac 0 2 (9.1)  
 Kidney-urinary tract 0    2 (9.1)  
Solid organ transplantation 3 (6.8) 8 (36.4) 0.008 
 Liver 2 (4.5) 1 (4.5)  
 Kidney 1 (2.3) 3 (13.6)  
 Heart 0 3 (13.6)  
 Lung 0 1 (4.5)  
Presence of catheter 29 (65.9) 10 (45.5) 0.315 
Exposure to antimicrobial drugs 13 (29.5) 10 (45.5) 0.175 
Neutropenia 11 (25) 3 (13.6) 0.535 
Immunosuppresive drugs 19 (43.2) 11 (50) 0.571 
Corticotherapy 12 (27.3) 4 (18.2) 0.665 
Death within 30 days of diagnosis 14 (31.8) 5 (22.7) 0.389 
*Values are no. (%) except as indicated. 
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organ transplantation. We identified 3 main genotypes 
recovered among the patients diagnosed in French 
hospitals (genotypes 1, 3, and 4). Of note, we observed 
that genotype 4 seems to be more frequently associated 
with trauma and having lower MICs values for ampho-
tericin B and azoles, compared with other genotypes. 
Species and genotype identification of environmental 
isolates will be necessary to increase the knowledge 
about natural reservoirs, diversity, and virulence.

We observed that the recently described T. aus-
troamericanum, closely related to T. inkin and frequent-
ly misidentified by using carbon profile assimilation 
pattern, 26S, ITS sequencing, or matrix-assisted laser 
desorption/ionization time-of-flight mass spectrom-
etry, was the second most common Trichosporona-
ceae family involved in human IFD. When compared 
with the clinical data of patients infected with T. asa-
hii, we found very different species characteristics. In 
contrast, T. inkin, T. faecale, and C. dermatis, which are 
frequently identified as responsible for non–T. asahii 
IFD, were rarely involved in our survey (4,17,21).

In conclusion, this study confirms that the correct 
identification of Trichosporonaceae species and geno-
types is not only of epidemiologic interest but also 
critical for patient management. Certain clinical and 
microbiological characteristics, such as in vitro sus-
ceptibility to antimicrobial agents, can vary according 
to species. Clinicians must have the correct organism 
identification to treat patients correctly. 
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After infection, SARS-CoV-2 is produced from 
the respiratory tract, which is the primary 

mode of secondary transmission between contacts 
(1–3). Therefore, it is essential to identify and iso-
late patients producing infectious virus to minimize 
transmission. Developing sensitive methods for 
identifying infectious virus and defining the kinetics 
of infectious viral production are critical for inform-
ing measures aimed at reducing the community and 

hospital transmission risk. This goal is particularly 
crucial for hospitalized or immunocompromised 
persons who might experience prolonged viral rep-
lication with consequences of both prolonged infec-
tivity and new variant emergence, as well as receiv-
ing antiviral treatments whose effect on infectious 
virus produced is not well understood (4,5)

Infected persons might remain real-time re-
verse transcription (qRT-PCR) positive for ex-
tended periods well after the resolution of clinical 
symptoms and detectable infectious virus (6–8). 
Previous studies have associated antigen positiv-
ity with detectable infectious virus (9). Alternative-
ly, some practitioners use specific qRT-PCR cycle 
thresholds (Cts) or defined time after initial PCR 
positivity (10–12). However, sensitive detection of 
infectious virus is essential to know which patients 
might contribute to forward transmission and to 
calibrate other methodologies.

Typically, the Vero E6 cell line has been used for 
the detection of infectious virus production and the 
resultant data was the basis for designating isolation 
measures during the initial pandemic phase (13–15). 
This cell line is particularly advantageous because of 
its genetic deficiency in type I interferon production, 
which enables efficient viral propagation by evad-
ing host antiviral defenses (16,17) However, highly 
sensitive methods are necessary to understand the 
nature of infectious virus production, particularly in 
hospitalized patients undergoing antiviral treatment. 
Subsequent studies have used modified Vero E6 lines 
expressing transmembrane protease serine 2 (TM-
PRSS2) and angiotensin-converting enzyme 2 (ACE2) 
for improved viral culture (18–21) but without sys-
tematic parallel comparisons across these lines. The 
purpose of this study was to compare viral culture 
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We evaluated the efficiency of SARS-CoV-2 detection 
from patient respiratory specimens by comparing 3 cell 
lines: Vero E6, Vero E6 expressing transmembrane pro-
tease serine 2 (Vero E6 T2), and Vero E6 expressing 
angiotensin-converting enzyme 2 and transmembrane 
protease serine 2 (Vero E6 A2T2). We compared a 
range of sample types, clinical conditions, and real-time 
reverse transcription PCR cycle threshold values. Vero 
E6 A2T2 exhibited enhanced sensitivity by supporting 
efficient virus entry and replication with faster cytopathic 
effect. Vero E6 culture isolated infectious virus only up 
to 3 days after PCR confirmation but with Vero E6 A2T2 
cells, culture occurred up to 7 days after confirmation. 
Whole-genome sequencing showed no evidence of 
adaptive mutations when Vero E6 A2T2 was used for 
viral culture, supporting use for downstream analyses. 
Optimized infectious virus detection systems are need-
ed for research and clinical settings, particularly for high-
risk, immunocompromised populations that produce vi-
rus longer and contribute to variant emergence.
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methods for the detection of infectious SARS-CoV-2 
to identify improved and optimized methods.

Materials and Methods

Patient Population
We obtained respiratory samples from 246 SARS-
CoV-2 positive patients at the Hospital of the Uni-
versity of Pennsylvania (Philadelphia, PA, USA), de-
termined by Cepheid (https://www.cepheid.com), 
Thermo Fisher TaqPath EUA (Thermo Fisher Scientif-
ic, https://www.thermofisher.com), or Roche Cobas 
(https://www.roche.com) clinical assay, depending 
on period. We determined Ct values for all samples 
before virus isolation by the qRT-PCR protocol as 
described previously (22). Nasopharyngeal swab 
and endotracheal aspirate specimens were collected 
during April 2020–February 2024 from critically ill 
hospitalized patients who provided consent (Univer-
sity of Pennsylvania internal review board protocol 
no. 823392), and we extracted clinical data from the 
electronic medical record system. We obtained ad-
ditional nasopharyngeal swab specimens as deiden-
tified specimens that remained after clinical patient 
testing from several timepoints during April 2020–
February 2024 (University of Pennsylvania internal 
review board protocol no. 814859). Nasopharyngeal 
swab specimens were collected in viral transport me-
dium (VTM; BD, https://www.bd.com) or in some 
cases phosphate-buffered saline (PBS) because of 
VTM shortage, and endotracheal aspirates were col-
lected without media. Specimens were stored at −80C 
until analysis.

Cell Lines and Viruses
We cultured Vero E6 (ATCC-CRL-1586), Vero E6 TM-
PRSS2 (kindly provided by Dr. Sara Cherry), and Vero 
E6 ACE2 TMPRSS2 (kindly provided by Dr. Luis Mar-
tinez-Sobrido) in Dulbecco minimum essential medi-
um (DMEM) with 10% L-glutamine, 4.5 g/L D-glucose 
(ThermoFisher Scientific), 10% heat-inactivated fetal 
bovine serum (FBS; Cytiva, https://www.cytivalife-
sciences.com), and 1× penicillin/streptomycin (Ther-
mo Fisher Scientific). rSARS-CoV-2-mCherry virus 
was kindly provided by Dr. Luis Martinez-Sobrido.

Human Primary Epithelial Cell Air-Liquid  
Interface Cultures
We derived nasal epithelial stem cells from cytologic 
brushings obtained from patients without respira-
tory infection undergoing sinonasal surgery at the 
University of Pennsylvania and the Philadelphia 
Veterans Affairs Medical Center, after receiving  

informed consent and under protocols approved 
by the University of Pennsylvania internal review 
board (protocol no. 800614) and the Philadelphia 
Veterans Affairs internal review board (protocol no. 
00781). We pooled nasal cells from 4–6 patients and 
differentiated as previously described to prepare 
air-liquid interface cell cultures (23).

Virus Culture
We seeded Vero E6, Vero E6 TMPRSS2, and Vero E6 
ACE2 TMPRSS2 cells at 100,000 cells/well into 48-
well plates (TPP Techno Plastic Products, https://
www.tpp.ch) to achieve subconfluent monolayers 
after 24 hours in a CO2 incubator. We removed the 
medium and inoculated 50 µL of PCR-positive clini-
cal specimen diluted 1:1 in DMEM with 2% fetal calf 
serum (both Thermo Fisher Scientific) in triplicate. 
After 1 hour incubation at 37°C, we added 1 mL of 2% 
FBS DMEM. We incubated the plates at 37°C in a CO2 
incubator. We observed the cells daily and harvested 
when 40%–50% demonstrated cytopathic effect.

Whole-Genome Sequence Analysis
We sequenced genomes by using the ARTIC POLAR 
protocol as described previously (24,25). We ana-
lyzed the genomes after aligning to the SARS-CoV-2 
wild-type reference sequence (GenBank accession no. 
NC_045512.2). We used the BWA aligner tool version 
0.7.17 (https://github.com/lh3/bwa/releases/tag/
v0.7.17) with a filter requiring a minimum mapping 
score of 30. We removed reads that did not align to 
the reference by using Samtools version 1.10 (https://
github.com/samtools/samtools/releases/tag/1.10). 
We called variants by using Bcftools version 1.10.2-34 
(https://github.com/samtools/bcftools/releases/
tag/1.10.2). We used a previously published bioinfor-
matics pipeline to assign point mutations (26–29).

Infection of Nasal Air-Liquid Interface Cultures
We diluted virus isolates in 2% FBS DMEM to 50 µL 
at multiplicity of infection (MOI) of 0.01 and added 
apically to nasal air-liquid interface (ALI) cultures for 
1 hour adsorption. Then, we apically washed the cells 
3 times. We added 100 µL of 2% FBS DMEM apically 
to collect the produced virus.

Tissue Culture Infectious Dose Assays
We used Vero E6, Vero E6 TMPRSS2, or Vero E6 
ACE2 TMPRSS2 cells for 50% tissue culture infectious 
dose (TCID50) assays. We added serial dilutions onto 
cell plates that were incubated at 37°C for 1 hour. 
We added a liquid overlay (DMEM with L-Glut, 2% 
heat-inactivated FBS, 1% sodium pyruvate, 0.01% 
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agarose) and incubated for 16 hours. We removed 
the overlay and added 4% paraformaldehyde for >30 
minutes to fix monolayers. We removed the parafor-
maldehyde and washed 3 times in 0.05% Tween/PBS 
(Thermo Fisher Scientific) and blocked with 2% bo-
vine serum albumin in PBS with Tween 20 (Thermo 
Fisher Scientific). Then, we added 50 µL SARS-CoV-2 
nucleocapsid antibody and incubated overnight. We 
washed the plates 3 times, added 50 µL horseradish 
peroxidase-conjugated secondary antibody, incu-
bated for 1 hour, washed the plates again, added 50 
µL KPL TrueBlue substrate (SeraCare, https://www.
seracare.com), and incubated for 15 minutes at room 
temperature. After that incubation, we washed the 
plates 3 times with distilled water. We estimated the 
endpoint titer (50% of wells positive) by using the 
Reed-Muench method.

Western Blots
We rinsed cells with PBS stored on ice. We prepared 
lysates by using lysis buffer (1% nucleocapsid-40, 2 
mM EDTA, 10% glycerol, 150 mM NaCl, 50 mM Tris-
HCl, pH 8.0) with protease and phosphatase inhibi-
tors (Roche). We conducted Western blots as previ-
ously described (23).

Statistics
We graphed and analyzed data by using GraphPad 
Prism (https://www.graphpad.com), showing indi-
vidual values or mean ±SD. Unless stated, we deter-
mined significance by Fisher exact test for pairwise 
comparisons.

Biosafety
We conducted all procedures in a certified Biohazard 
Safety Level 3 laboratory. Procedures were approved 
by the University of Pennsylvania Office of Environ-
mental Health and Safety.

Results
Nasal swab or endotracheal aspirate specimens were 
collected and analyzed from a total of 246 patients in-
fected with SARS-CoV-2. The cohort included cross-
sectional samples (n = 178) and longitudinal samples 
(n = 68) collected from patients. Among the patients 
from whom longitudinal samples were collected, 10 
had asymptomatic infection, 54 had symptomatic re-
spiratory illness and survived, and 4 died (Tables 1, 
2). Of those 68 patients, 23 were male and 45 were fe-
male. The median patient age was 61 (range 24–101) 
years. Major comorbidities and immunosuppression 
were noted in 25 cases. Hematologic malignancies 
such as leukemia and lymphoma were present in 

11 patients, 5 patients had undergone solid organ 
transplantation, and 10 had solid malignancies on 
active therapy. 

From the longitudinal cohort, 38 patients who 
sought care during the later stages of the pandemic 
were vaccinated and had received booster doses, 
whereas the remaining 30 patients, who sought care 
during the early stages of the pandemic, were un-
vaccinated. Of patients who received therapy, 27 re-
ceived remdesivir, 3 Paxlovid (Pfizer, https://www.
pfizer.com), and 6 monoclonal antibody therapy be-
fore specimen collection. Most patients also received 
corticosteroids as part of the treatment regime. 

We carried out virus culture isolations by using 
the routinely used parental Vero E6 cell line; Vero 
E6 expressing the serine protease TMPRSS2 (Vero 
E6 T2), which enables SARS-CoV-2 spike protein 
processing and enhances viral entry; and Vero E6 
expressing both TMPRSS2 and ACE2, which serves 
as the receptor for SARS-CoV-2 entry (Vero E6 
A2T2). We evaluated those 3 cell lines in parallel 
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Table 1. SARS-CoV-2 strains recovered from PCR positive 
patients in study on the enhanced isolation and detection of 
COVID-19 in hospitalized patients undergoing antiviral therapy 

SARS-CoV-2 strain 
PCR positive patients 

Cross-sectional Longitudinal 
Wild-type 5 30 
Delta 6 0 
BA.1 12 0 
BA.2 34 0 
BQ 25 0 
BA.5 70 0 
XBB.1 26 0 
Unknown 0 38 
Subtotal 178 68 
Total 246 

 

Table 2. Longitudinal patient cohort demographics from study on 
the enhanced isolation and detection of COVID-19 in hospitalized 
patients undergoing antiviral therapy* 
Characteristics Value 
Patients  68 
Age range, y 24–101 
Sex  
 M 23 
 F 45 
Clinical manifestation  
 Asymptomatic 10 
 Symptomatic, survived 54 
 Symptomatic, died 4 
Vaccinated 38 
Nonvaccinated 30 
Antiviral treatment  
 Remdesivir 27 
 Paxlovid 3 
 Monoclonal antibody 6 
 No antivirals 7 
Immunosuppressed 25 
*Values are no. patients except as indicated. Paxlovid, 
http://www.pfizer.com. 
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for their efficiency in supporting virus culture iso-
lation (Figure 1, panel A). 

To assess the effect of collection medium on vi-
rus isolation efficiency, we inoculated nasal swab 
specimens collected with PBS and VTM and con-
firmed to contain the BA.5 SARS-CoV-2 variant onto 
3 cell lines (n = 30 per group with comparable Ct 

values). The virus isolation rates from PBS samples 
were 3.3% (n = 1) in Vero E6, 6.6% (n = 2) in Vero E6 
T2, and 16.6% (n = 5) in Vero E6 A2T2. In contrast, 
VTM samples demonstrated markedly higher isola-
tion efficiencies: 20% (n = 6) in Vero E6, 40% (n = 12) 
in Vero E6 T2, and 83.3% (n = 25) in Vero E6 A2T2 
(p<0.001) (Figure 1, panel B).
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Figure 1. Comparative analysis of SARS-CoV-2 infectious virus isolation using Vero E6–derived cell lines from study on the enhanced 
isolation and detection of COVID-19 in hospitalized patients undergoing antiviral therapy. A) Thirty nasal swab specimens confirmed by 
real time PCR to contain the SARS-CoV-2 BA.5 variant, representing a range of Ct values from 12.1–27.9, were inoculated in triplicate 
onto Vero E6, Vero E6 T2, and Vero E6 A2T2 cell lines. B) Number of BA.5-positive nasal swab specimens collected in either PBS 
or VTM and inoculated in triplicate onto the 3 cell lines. C) BA.5-positive nasal swab specimens collected in VTM and stratified by Ct 
values; samples with values <20 or >20 were inoculated in triplicate into the 3 cell lines, and the number of successful virus isolations 
was plotted with corresponding means +SD. Error bars indicate SDs. Ct, cycle threshold; PBS, phosphate-buffered saline; Vero E6 T2, 
Vero E6 cells expressing transmembrane protease serine 2; Vero E6 A2T2, Vero E6 cells expressing both transmembrane protease 
serine 2 and angiotensin-converting enzyme 2; VTM, viral transport medium.
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To evaluate the sensitivity across a range of viral 
copy numbers in nasal swab specimens, we stratified 
samples collected only in VTM confirmed to contain 
BA.5 by qRT-PCR Ct values, <20 (n = 30) or >20 (n = 
30), and inoculated both onto the 3 cell lines separate-
ly. When Ct values were <20, all 3 cell lines supported 
virus isolation, with efficiencies of 23.3% (n = 7) for 
Vero E6, 36.6% (n = 11) for Vero E6 T2, and 76.6% (n = 
23) for Vero E6 A2T2 (p<0.001). However, for samples 
with Ct values >20, only Vero E6 T2 (3.3%, n = 1) and 
Vero E6 A2T2 (43.3%, n = 13) successfully supported 
viral isolation (p<0.001); Vero E6 failed to yield virus 
(Figure 1, panel C).

We confirmed nasal VTM samples (n = 148) by 
qRT-PCR and sequencing to contain several SARS-
CoV-2 variants, including wild-type, Delta, BA.1, 
BA.2, BQ, BA.5, and XBB.1. We inoculated samples 
in triplicate onto the 3 cell lines to evaluate their ca-
pacity for isolating viruses from swab specimens that 
were positive for variants other than BA.5. The mean 
+SD isolation success rates were 28.3 +1.24 per 148 
samples for Vero E6, 48 +2.44 for Vero E6 T2, and 
114.6 +3.29 for Vero E6 A2T2, suggesting greater ef-
ficiency of Vero E6 A2T2 cells (p<0.001) (Figure 2).

To assess suitability for high titer virus stock pro-
duction, we inoculated nasal swab specimens from 3 
patients onto all 3 cell lines and ALI primary human 
nasal epithelial cultures. We subsequently passaged 
virus isolates in the same cells to obtain second-gen-
eration virus stocks. The final log mean +SD viral ti-
ters (measured by TCID50 assays that used Vero E6 
A2T2) after the second passage in ALI cultures were 
7.3 +0.1, 7.5 +0.1, and 7.0 +0.3 for the 3 patients. In 
comparison, second-passage titers were 6.3 +0.2, 6.2 
+0.3, and 6.6 +0.3 for Vero E6; 6.1 +0.3, 5.2 + 0.3, and 
5.5 +0.2 for Vero E6 T2; and 5.1 +0.2, 5.5 +0.3, and 5.5 
+0.2 for Vero E6 A2T2. Thus, although sensitive for 
viral isolation, Vero E6 A2T2s produced viral stocks 
with much lower viral titers (Table 3).

We selected 3 clinical specimens (patients 1, 17, 
and 20) confirmed by qRT-PCR to be positive for 
the SARS-CoV-2 BA.5 Omicron variant and each 
sample was inoculated onto Vero E6, Vero E6 T2, 
and Vero E6 A2T2 cell lines. We conducted whole-
genome sequencing on the parent swab and viral 
isolates obtained after the first passage in each of 

the cell lines to assess if there were any cell line-
specific mutations introduced during culture. We 
also whole-genome sequenced the original swab 
material from patients 17 and 20, but insufficient 
nucleic acid was available from patient 1 for se-
quencing. Comparative genomic analysis revealed 
no noteworthy differences between the viral ge-
nomes from the parental swab material and those 
derived from each cell line (Figure 3). Furthermore, 
there were no consensus mutations, and the chang-
es in minor variants were fairly limited, with <0.15 
change in proportion (Figure 4).
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Figure 2. Viral culture isolation rates from nasal swabs of 
nonimmunocompromised patients infected with SARS-CoV-2 
variants of concern from study on the enhanced isolation and 
detection of COVID-19 in hospitalized patients undergoing 
antiviral therapy. Nasal swabs (n = 148) PCR-confirmed positive 
for wild-type, Delta, BA.1, BA.2, BQ, BA.5, and XBB.1 SARS-
CoV-2 variants of concern were cultured in triplicate on 3 different 
cell lines. Error bars indicate SDs. Vero E6 T2, Vero E6 cells 
expressing transmembrane protease serine 2; Vero E6 A2T2, 
Vero E6 cells expressing both transmembrane protease serine 2 
and angiotensin-converting enzyme 2. 

 
Table 3. Three clinical specimens confirmed positive by real time reverse transcriptase PCR for the SARS-CoV-2 BA.5 Omicron 
variant from study on the enhanced isolation and detection of COVID-19 in hospitalized patients undergoing antiviral therapy 
Nasal swab ID ALI Vero E6 Vero E6 T2 Vero E6 A2T2 p value 
1 7.3 ±0.1 6.3 ±0.2 6.1 ±0.3 5.1 ±0.2 <0.001 
17 7.5 ±0.1 6.2 ±0.3 5.2 ±0.3 5.5 ±0.3 <0.01 
20 7.0 ±0.3 6.6 ±0.3 5.5 ±0.2 5.5 ±0.2 <0.01 
*Values are mean ±SD. ID, identification. 
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Successful virus culture isolation depends on 
the efficient entry of viral particles from clinical 
specimens into susceptible cells through cell surface 
or endosomal pathways and then by replication. To 
compare the efficiency and route of viral entry in the 
3 Vero-derived cell lines, we inoculated nasal swab 
samples qRT-PCR-positive for SARS-CoV-2 variants 
WA.1, Delta, and XBB.1 (viral titers measured by 
Vero E6 A2T2) at a MOI of 0.01. Western blot con-
firmed higher expression levels of TMPRSS2 in Vero 
E6 T2 cells and ACE2 in Vero E6 A2T2 cells (Figure 
5, panel A).

We harvested cells 12 hours postinfection to probe 
for SARS-CoV-2 spike and nucleocapsid proteins. We 
detected nucleocapsid and spike protein in all the cell 
lines that were inoculated with nasal swab material 
positive for wild-type and Delta strain, with the high-
est expression observed in Vero E6 A2T2. In contrast, 
we only observed nucleocapsid and spike expression 
with Vero E6 A2T2 cells inoculated with nasal swab 
material positive for XBB.1 variant (Figure 5, panel B). 
Infection with mCherry-expressing wild-type virus 
at 0.01 MOI revealed much greater membrane fusion 
events in Vero E6 A2T2 cells, as indicated by broader 
areas of red fluorescence aligned with cytopathic ef-
fect seen from the brightfield image compared with 
the other 2 cell lines that demonstrated a more local-
ized cellular infection at 12 hours postinfection (Fig-
ure 6, panel A). Cytopathic effect observations at 12 
hours postinfection for wild-type, Delta, and XBB.1 
variants at 0.01 MOI revealed numerous pronounced 
syncytia and fewer single cell infections in Vero E6 
A2T2, whereas Vero E6 and Vero E6 T2 cells primar-
ily exhibited isolated infected cells (Figure 6, panel B).

To compare the sensitivity of the 3 Vero E6-de-
rived cell lines in quantifying infectious viral load 
present in respiratory swab specimens relative to Ct 
values, we performed a modified TCID50 assay on the 
basis of detecting foci of infection by using clinical 
samples from a subset of hospitalized patients with 
SARS-CoV-2 infection. Modified TCID50 assays con-
ducted by using parental Vero E6 cells yielded viral 
titers of log 1.8–4.3 TCID50/mL. In contrast, assays 
that used Vero E6 T2 cells demonstrated higher vi-
ral titers of 1.8–6.8 TCID50/mL, and assays that used 
Vero E6 A2T2 cells exhibited the broadest and most 
sensitive detection range, spanning 1.8–9.8 TCID50/
mL. Across all 3 cell lines, viral titers demonstrated 
a strong inverse correlation with the qRT-PCR Ct 
values of the respective respiratory samples, with in-
verse Pearson correlation coefficients of 0.85 for both 
Vero E6 and Vero E6 T2, and 0.86 for Vero E6 A2T2. 
Of note, Vero E6 A2T2 cells demonstrated superior 
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Figure 3. Heatmap of viral whole genome sequences of patient 
swab specimens after first passage in the 3 cell lines Vero E6, 
Vero E6 T2, and Vero E6 A2T2 from study on the enhanced 
isolation and detection of COVID-19 in hospitalized patients 
undergoing antiviral therapy. Columns represent sequenced 
samples; rows correspond to mutations relative to the wild-type 
reference SARS-CoV-2 strain. Darker blue shades indicate 
an increased prevalence of specific mutations relative to the 
wild-type strain. Del, deletion; nsp, nonstructural protein; ORF, 
open reading frame; RdRp, RNA-dependent RNA polymerase; 
Vero E6 T2, Vero E6 cells expressing transmembrane protease 
serine 2; Vero E6 A2T2, Vero E6 cells expressing both 
transmembrane protease serine 2 and angiotensin- 
converting enzyme 2.
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sensitivity, consistently yielding higher infectious ti-
ters and detecting infectious virus even in specimens 
with the highest Ct values. The highest Ct threshold 
level for detecting infectious virus was 27.3 (Figure 7).

After assessing the correlation of TCID50 infec-
tious titers with Ct values in each cell type in hospital-
ized patients, we measured the duration of the infec-
tious viral production by the patients after qRT-PCR 
confirmed SARS-CoV-2 infection (n = 68) by TCID50 
assays that used Vero E6, Vero E6 T2, and Vero E6 
A2T2 cell lines. First, we measured the upper respira-
tory tract viral titers from a subset of patients (n = 38) 
(Figure 8, panel A). Those patients received remdesi-
vir, Paxlovid, or monoclonal antibody therapy. The 

titers obtained in Vero E6 revealed only 3 patients 
(3/38) to have infectious virus in their upper respira-
tory tract up to 3 days (log 2 TCID50/mL). When Vero 
E6 T2 cells were used, we detected infectious virus 
(log 2–3 TCID50/mL) in 7 patients (7/38) up to 4 days. 
However, Vero E6 A2T2 cells detected infectious vi-
rus in more patients (16/38), with viral titers of log 
0.5–6 TCID50/mL, and 2 patients showed detectable 
virus at 7 days. 

We also assessed lower respiratory tract viral ti-
ters in a subset of patients (n = 30) by using endotra-
cheal aspirates. The lower respiratory tract titers of 
those patients were log 3.17–8.17 TCID50/mL from 
assays that used Vero E6 cells, log 4.17–9.17 TCID50/
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Figure 4. Minor variants identified after passage 1 from SARS-CoV-2 BA.5 Omicron variant positive nasal swab specimens in 3 cell 
lines Vero E6, Vero E6 T2, and Vero E6 A2T2 from study on the enhanced isolation and detection of COVID-19 in hospitalized patients 
undergoing antiviral therapy. This figure shows the minor variants observed in the 3 virus culture isolates obtained after passage 1 from 
nasal swab samples from patients 1, 17, and 20 that were SARS-CoV-2 positive and were a BA.5 Omicron variant. Vero E6 T2, Vero E6 
cells expressing transmembrane protease serine 2; Vero E6 A2T2, Vero E6 cells expressing both transmembrane protease serine 2 and 
angiotensin-converting enzyme 2.

Figure 5. Efficiency and possible routes of infectious viral particle internalization of SARS-CoV-2 in Vero E6, Vero E6 T2, and Vero E6 
A2T2 cell lines from study on the enhanced isolation and detection of COVID-19 in hospitalized patients undergoing antiviral therapy. 
Samples were separated by using sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to a polyvinylidene 
difluoride membrane for detection of ACE2, TMPRSS2, GAPDH (A) or SARS-CoV-2 spike and nucleocapsid antibodies (B). GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase; ACE2, angiotensin-converting enzyme 2; del, deletion; TMPRSS2, transmembrane 
protease serine 2; Vero E6 T2, Vero E6 cells expressing TMPRSS2; Vero E6 A2T2, Vero E6 cells expressing both TMPRSS2 and ACE2.
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mL from assays that used Vero E6 T2 cells, and log 
2.67–14.17 TCID50/mL from assays that used Vero 
E6 A2T2 cells (Figure 8, panel B). Assays that used 
Vero E6 and Vero E6 T2 cells showed viral produc-

tion in the lower respiratory tract up to 9 days after 
PCR confirmation and assays that used Vero E6 A2T2 
cells showed infectious virus in the lower respiratory 
tract up to 11 days after PCR confirmation. Vero E6 
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Figure 6. Efficiency and possible routes of infectious viral particle internalization for mCherry-labeled wild-type SARS-CoV-2 virus in 
Vero E6, Vero E6 T2, and Vero E6 A2T2 cell lines from study on the enhanced isolation and detection of COVID-19 in hospitalized 
patients undergoing antiviral therapy. A) Inoculated cells, singular cells or fused (in red). B) Cytopathic effects induced by SARS-CoV-2 
XBB.1 viral inoculation, focal areas of rounded cells or regions of fused cells forming syncytia or giant cell structures across the different 
cell lines. Vero E6 T2, Vero E6 cells expressing transmembrane protease serine 2; Vero E6 A2T2, Vero E6 cells expressing both 
transmembrane protease serine 2 and angiotensin-converting enzyme 2.

Figure 7. Threshold sensitivity 
SARS-CoV-2 viral titers by TCID50 
assays that used different cell 
types in upper respiratory tract 
specimens across a range of 
Ct values from a study on the 
enhanced isolation and detection 
of COVID-19 in hospitalized 
patients undergoing antiviral 
therapy. A–C) Viral titers were 
measured in samples with varying 
Ct values using TCID50 assays 
for 3 cell lines: A) Vero E6, B) 
Vero E6 T2, and C) Vero E6 
A2T2. D) Pearson correlation 
coefficient of the respiratory viral 
titers determined by each cell 
line versus the Ct value. Dotted 
lines indicate 95% CIs. Ct, cycle 
threshold; TCID50, 50% tissue 
culture infectious dose; Vero E6 
T2, Vero E6 cells expressing 
transmembrane protease serine 
2; Vero E6 A2T2, Vero E6 cells 
expressing both transmembrane 
protease serine 2 and angiotensin-
converting enzyme 2.



 COVID-19 in Patients Undergoing Antiviral Therapy

A2T2 cells appear to detect infectious virus produc-
tion from patients for substantially longer than the 
Vero E6 that is traditionally used for virus isolation.

Discussion
Through a comparative evaluation of 3 Vero E6–de-
rived cell lines, our data provide insights for improv-
ing the detection and quantification of infectious 
SARS-CoV-2 from clinical samples, including hos-
pitalized, critically ill, or immunocompromised pa-
tients. This investigation highlights the substantial 
value of the optimization of the level of TMPRSS2 and 
ACE2 expression in the cell lines used for the isola-
tion and quantification of infectious virus from clini-
cal samples. Compared with PCR-based methods or 
the traditional Vero cells, cell lines expressing both 
the ACE2 receptor and TMPRSS2 protease were much 
more effective and had a multifold increase in sensi-
tivity for detecting infectious virus. Although we did 
not find a similar comprehensive mechanistic com-
parison in the literature, similar findings have been 
reported by using different Vero E6 cell lines (19–21). 
We observed that Vero E6 A2T2 consistently outper-
formed the parental Vero E6 and intermediate Vero E6 
T2 in virus isolation efficiency, infectious titer quan-
tification, and sensitivity of detection from specimens 
with low viral RNA loads. This performance was evi-
dent in both standard isolation and TCID50 assay viral 
quantification. In contrast, when titers of viral stock 
grown in the different cells were compared, Vero E6 
A2T2 performed poorly, likely because of the rupture 
of syncytia before optimal titers were reached. This 
poor performance suggests that although ideal for 
virus isolation, Vero E6 A2T2 might not be ideal for 
virus stock preparation. Of note, Vero E6 A2T2 cells 
did not induce adaptation mutations in the viral ge-
nome after initial passages, indicating they preserve 
virus integrity while enhancing sensitivity and are 
well-suited for downstream genomic and phenotypic 
analyses. Mechanistic studies confirmed initiation of 
early replication after 12 hours of incubation, higher 
levels of spike protein expression, and robust syncy-
tia formation of fluorescent reporter viruses, reinforc-
ing the utility of Vero E6 A2T2 for detection, isolation, 
and quantification. This confirmation underscores 
the value of implementing optimized virus detection 
methods in the clinical settings, particularly when 
monitoring viral kinetics in patients with prolonged 
infections. Of note, although Vero E6 cells expressing 
only ACE2 might slightly improve over parental cells 
because of higher receptor density, lacking TMPRSS2 
directly affects entry, resulting in inferior efficiency 
versus TMPRSS2 expressing cell lines (30). We found 

that a Ct value of 27.3 would be the threshold of in-
fectious virus isolation by using the high sensitivity 
Vero E6 A2T2 line, although this threshold might de-
pend on different variants.

One limitation of this study is that we did not have 
enough sample size to get estimates for each vari-
ant. Accurate measurement of infectious virus is also 
critical in basic science and animal studies to achieve 
correct conclusions. Vero E6 A2T2 cells detected 
higher titers and durations of viral production in pa-
tients relative to other cell lines. A second limitation  
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Figure 8. Infectious SARS-CoV-2 virus detection over time in the 
upper and lower respiratory tract of hospitalized patients when 
assayed using Vero E6, Vero E6 T2, and Vero E6 A2T2 cell lines 
from study on enhanced isolation and detection of COVID-19 
in hospitalized patients undergoing antiviral therapy. Viral titers 
shed after PCR-confirmed SARS-CoV-2 infection were measured 
by TCID50 assays that used the 3 cell lines. A) Upper respiratory 
tract viral titers obtained from nasal swab specimens; B) lower 
respiratory tract titers obtained from endotracheal aspirates. 
TCID50, 50% tissue culture infectious dose; Vero E6 T2, Vero E6 
cells expressing transmembrane protease serine 2; Vero E6 A2T2, 
Vero E6 cells expressing both transmembrane protease serine 2 
and angiotensin-converting enzyme 2.
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of the study was that the period between patients’ 
symptom onset and hospital admission after PCR 
confirmation likely varied among different patients. 
Therefore, although the relative sensitivity of the dif-
ferent cell lines is clear, the kinetics of infectious virus 
decline is not generalizable. In our patients, infectious 
virus was detected up to 11 days post-PCR, and titers 
reached log 14.17 TCID50/mL in endotracheal aspi-
rates. This study highlights the need to apply optimal 
infectious virus detection methodologies to studies of 
therapy and infection control to prevent prolonged 
viral transmission.

In conclusion, the Vero E6 A2T2 cell line repre-
sents a sensitive, robust, and reliable platform for 
SARS-CoV-2 isolation and quantification particularly 
in complex cases involving immunocompromised pa-
tients. Our findings offer an optimized methodologi-
cal framework for enhanced virologic surveillance 
and therapeutic monitoring, supporting better clini-
cal and public health management during outbreaks.
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Humans have spent eons imagining—
and experiencing—outbreaks of dis-
ease. Now that the COVID-19  
pandemic has reached our doorstep, 
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In recent years, arbovirus incidence and geographic 
range have expanded markedly, leading to multi-

ple outbreaks worldwide. Nevertheless, a substantial 
proportion of patients remain undiagnosed, largely 
because of the predominant focus on dengue clini-
cal suspicion. We report findings from an enhanced 
surveillance initiative in Panama that reanalyzed 
dengue-negative samples, leading to the identifica-
tion of other viral agents, including Oropouche vi-
rus (OROV) and Punta Toro virus (PTV). Our results 
highlight the need to broaden diagnostic approaches 
in arbovirus endemic regions.

OROV is a single-stranded, negative-sense, seg-
mented RNA virus classified within the family Peri-
bunyaviridae, genus Orthobunyavirus, primarily trans-
mitted by the anthropophilic biting midge, Culicoides 
paraensis. OROV, first identified in Trinidad and To-
bago in 1955, has circulated across Central and South 
America (1). In Panama, it was first isolated in 1989, 
although there is serologic evidence of earlier circula-
tion in 1968 and 1978 (2).

In 2024, the Pan American Health Organiza-
tion/World Health Organization reported rising 
OROV cases across the Americas, including areas 
with no previous evidence of circulation (3). Health 
officials linked this geographic expansion to se-
vere clinical outcomes, including fatalities, verti-
cal transmission, fetal loss, and microcephaly (4). 
Studies from Brazil identified a novel recombina-
tion event in OROV genomes (5).

PTV belongs to the Phenuiviridae family, Phlebo-
virus genus. This highly diverse genus encompasses 
numerous species globally distributed and transmit-
ted by vectors like sandflies and ticks (6). Key mem-
bers include Toscana virus and Rift Valley fever virus, 
which cause epidemics and neurologic disease across 
the Mediterranean Basin, Europe, and the Middle 
East (7). Reports from the Americas have identified 
Phlebovirus species in Brazil, Peru (8), Colombia (9) 
and Panama (10), although PTV appears to be report-
ed only in Panama. Human infections, mainly detect-
ed in metropolitan areas of Panama, cause nonspe-
cific febrile illness characterized by fever, headache, 
weakness, and retro-orbital pain (10).

The Study
In 2023–2024, the Gorgas Memorial Institute (Panama 
City, Panama) analyzed 3,589 serum samples. After 
a Pan American Health Organization/World Health 
Organization alert on rising regional OROV incidence 

Detection of Oropouche and Punta 
Toro Virus Infections by Enhanced 
Surveillance, Panama, 2023–2024
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Enhanced arboviral surveillance in Panama revealed an 
Oropouche virus case, 5 months before the 2025 nation-
al outbreak, in samples that tested negative for routinely 
screened arboviruses. Subsequent contact tracing iden-
tified an additional case of Punta Toro virus. Our findings 
highlight the importance of expanding diagnostic efforts 
to identify circulating arboviruses.
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and because of the lack of confirmed cases in Panama, 
we retrospectively tested a subset (24%) of dengue virus 
(DENV)–negative samples from that set for OROV by 
reverse transcription PCR (11). We later integrated this 
assay into a broader diagnostic algorithm for samples 
testing negative for DENV, Zika virus, and Chikungo-
nya virus, which included testing for Alphavirus, Ortho-
flavivirus, and Phlebovirus (Appendix 1, https://ww-
wnc.cdc.gov/EID/article/32/1/25-1224-App1.pdf).

Through this surveillance, we identified an 
OROV-positive case from August 2024. The patient, a 
31-year-old male environmental officer stationed in a 
forested area of the Soberanía National Park, Panama, 
sought treatment for an acute febrile syndrome char-
acterized by severe frontal-occipital headache, chills, 
arthralgia, and marked asthenia. The man underwent 
an initial clinical evaluation at a primary healthcare 
facility, where the result of a dengue NS1 antigen 
test was negative. Treating clinicians reported no 
neurologic manifestations or relapses. Health offi-
cials conducted contact tracing, covering the patient’s 
residence and workplace, collecting serum and urine 
samples from 36 contacts. Twelve symptomatic per-
sons underwent testing for OROV, DENV, Zika virus, 
chikungunya virus, Orthoflavivirus, Phlebovirus, and 
Alphavirus (Table 1). Of those, 1 contact tested posi-
tive for the Phlebovirus genus, with symptoms includ-
ing fever, chills, myalgia, arthralgia, headache, retro-
orbital pain, and conjunctivitis.

We sequenced aliquots from both positive sam-
ples (OROV and Phlebovirus genus) using an in-
house metagenomic approach (A. Martinez et al., 
unpub. data, https://dx.doi.org/10.17504/proto-
cols.io.36wgq6545lk5/v1) (Appendix 1), yielding a 
complete OROV genome (GenBank accession nos. 
PV942050–2) (Table 2). We performed phyloge-
netic analysis using the Nextstrain OROV database 
(https://github.com/nextstrain/oropouche), which 
placed the sample at the basal node of the BR-2015–
2024 clade (5), notably separated from the sequences 
circulating in the Brazil outbreak (Figure).

We performed a comparative analysis of OROV 
using the Panama sequence (hOROV/Panama/
A003066/2024), recent Brazil sequences (OROV/
Saul/17225/2020, LACENAM_ILMD_3228ZCF, and 
ILMD_TF29; GenBank accession nos. PP154170–2), 
and the ancestral BeAn19991 strain as reference. 
The Panama sequence showed multiple amino acid 
substitutions across structural and nonstructural 
proteins sharing 96.8% amino acid identity for the 
large (L) segment, 97%–99% for the medium (M) seg-
ment, and 98%–100% for the small (S) segment with 
BeAn19991. The Panama sequence also shared 99% 

amino acid identity for the L segment, 98%–99% for 
the M segment, and 100% for the S segment with the 
Brazil sequences (Appendix 1 Figure 1). We theorized 
that the differences may influence viral replication 
or transcription efficiency (K.B. Gunter et al., unpub. 
data, http://dx.doi.org/10.1101/2025.08.02.668287).

Further testing identified the Phlebovirus ge-
nus–positive sample as PTV (GenBank accession 
nos. PV942053–5) (Appendix 1 Figure 2; Appendix 
2, https://wwwnc.cdc.gov/EID/article/32/1/25-
1224-App1.xlsx). Compared against the prototype 
strain (GenBank accession nos. KP272028–30), ami-
no acid identity was 87% for the L segment, 94% 
for the M segment, and 95%–97% for the S segment. 
Comparison with a 2004 sequence (GenBank acces-
sion nos. KP272031–3) showed amino acid identity 
as 99% with the L segment, 99% with the M seg-
ment, and 98%–99% with the S segment (Appendix 
1 Figures 3, 4).

Before the OROV outbreak that began in January 
2025 in Panama, the last documented case occurred 
in 1989 in Bejuco, a coastal community ≈35 miles west 
of Panama City, a region surrounded predominantly 
by mature broadleaf forest at the time (2). The OROV 
case we identified was likely acquired in a similar 
ecologic setting, at the interface between the metro-
politan region and the Soberanía National Park. The 
geographic proximity between Bejuco and Soberanía 
National Park (22–25 miles) suggests shared ecologic 
characteristics and supports the hypothesis of ongo-
ing cryptic OROV circulation before the 2025 cases 
reported in Darién province.

Although the absence of genomic data over the 
intervening decades limits reconstruction of OROV’s 
full evolutionary history in Panama, our case provides 
valuable evidence suggestive of persistent, undetect-
ed sylvatic circulation. The Panama OROV sequence 
shows marked amino acid divergence from the ances-
tral BeAn19991 strain, especially in the L and M seg-
ments, and fewer differences relative to strains cur-
rently circulating in Brazil and South America, which 
have been reported since 2022 (5). Those changes are 
similar to mutations reported in recent studies (G.C. 
 

 
Table 1. Signs and symptoms found in symptomatic contacts of 
case-patient with Oropouche virus from study of detection of 
Oropouche and Punta Toro virus infections by enhanced 
surveillance, Panama, 2023–2024 
Sign/symptom No. (%) contacts, n = 12 
Fever >38°C 8 (67) 
Severe headache 8 (67) 
Intense chills 7 (58) 
Retro-orbital pain 4 (33) 
Conjunctivitis 2 (17) 
Body pain 1 (8) 
 

Oropouche and Punta Toro Virus Infections, Panama
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Scachetti et al., unpub. data, http://dx.doi.org/10.1
101/2024.07.27.24310296). The differences between 
the Panama strain and newly described OROV reas-
sortants suggests ongoing adaptive processes, driven 
potentially by local selective pressures or prolonged 
cryptic circulation in Panama. Sporadic retrospective 
OROV detections in Brazil from dengue surveillance 
samples mirror this context (12).

PTV, causing undifferentiated febrile illness (10), 
is an arbovirus that appears to be underreported in 
Panama, which complicates clinical suspicion re-
quired for an accurate diagnosis. Our sequenced 
sample revealed appreciable genetic variability com-
pared with the reference strain but fewer differences 
relative to a more recent sequence, suggesting both 
divergence from the original reference and ongoing 
viral evolution.

Conclusions
Both of the case-patients we describe had worked in 
areas of mature broadleaf forest, suggesting those 
locations as the sites of infection and indicating pos-
sible simultaneous, cryptic circulation of different 
arboviruses. The enhanced arboviral surveillance de-
scribed in our study, which involved testing across 
multiple viral genera, broadened the analysis of den-
gue-negative samples, enabling the detection of other 
arboviruses. Of note, the OROV and PTV strains in 
our study showed greater genetic similarity among 
recent strains, pointing to ongoing evolution, while 
divergence from older strains reflects accumulation 
of mutations over time. Together, those findings un-
derscore the complexity and dynamic nature of arbo-
virus evolution and highlight the crucial need to en-
hance and expand arboviral surveillance frameworks 

 
Table 2. Sequence analysis results from a study of detection of Oropouche and Punta Toro virus infections by enhanced surveillance, 
Panama, 2023–2024* 

Organism and 
segment 

GenBank 
accession no. 

Start 
position 

End 
position No. reads 

Base 
coverage 

Coverage, 
% 

Mean depth 
of segment, 

reads, n 
Mean base 
quality, % 

Mean 
mapped read 

quality, % 
Oropouche virus sample A003066 
 M PP154171 1 4371 6,387 4,364 99.4 162.4 37.5 41.3 
 S PP154170 1 944 3,411 846 89.6 405.13 37 45.5 
 L PP154172 1 6814 14,128 6,814 100 239.7 37.5 46.2 
Punta Toro virus sample A3416V2 
 S KP272018 1 1899 217,265 1,899 100 18.609 37 48.2 
 M KP272017 1 4340 280,677 4,340 100 10.978 37 50.3 
 L KP272016 1 6407 877,321 6,407 100 23.679 37 51.2 
*L, large; M, medium; S, small. 

 

Figure. Concatenated maximum likelihood phylogenetic tree of 3 OROV segments from a patient found in study of detection of 
OROV and Punta Toro virus infections by enhanced surveillance, Panama, 2023–2024. The Panama sample is labeled as hOROV/
Panama/3066/2024. Also shown in the tree are the prototype reference strain BeAn19991 and the Brazil outbreak clade BR-2015-
2024, collapsed for better visualization. L, large; m, medium; OROV, Oropouche virus; s, small.
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beyond the routine detection of dengue to encompass 
the full spectrum of circulating arboviruses and their 
potential effect on public health.
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Sphingobacterium hotanense is a strictly aerobic, 
gram-negative bacillus first isolated in 2013 from 

soil in China (1). The Sphingobacterium genus includes 
>50 species typically found in soil, compost, and 
aquatic habitats (2,3). Documented infections with 
Sphingobacterium spp. in humans are rare (2,3), mani-
festing mostly as skin and soft tissue infections (SSTI) 
in immunocompromised patients (3); we found lim-
ited reports of S. hotanense infections in the literature 
(2). We describe 2 cases of S. hotanense bacteremia sec-
ondary to SSTIs in Minnesota, USA.

The Mayo Clinic Institutional Review Board (IRB) 
acknowledged that based on the responses submitted 
for our activity through the Mayo Clinic Human Sub-
jects Research Wizard tool, and in accordance with 
the Code of Federal Regulations, 45 CFR 46.102, this 
study did not require IRB review.

The Study
Case 1 was in a 78-year-old man who sought care for 
acute right lower extremity pain. His medical history 
included ulcerative colitis treated with mesalamine, 
cirrhosis from primary sclerosing cholangitis, and 
iron deficiency anemia from bleeding portal gas-
tropathy. Five days earlier, the patient went fishing 
in Montana, USA, where he walked barefoot on riv-
erbeds and fell in soil. No other travel history or ani-
mal exposure was reported. The patient was febrile 
(38.6°C); examination revealed erythematous right 

lower extremity (Figure 1) and abdominal tender-
ness. HIV test was negative. Computed tomography 
(CT) imaging of the abdomen demonstrated moder-
ate ascites. Medical staff administered intravenous 
ceftriaxone to treat cellulitis and possible spontane-
ous bacterial peritonitis (SBP); however, subsequent 
diagnostic paracentesis was not suggestive of SBP.

Blood cultures grew gram-negative rods within 
12 hours, and antimicrobial drugs were switched to 
intravenous piperacillin/tazobactam. After 18 hours, 
speciation identified S. hotanense (Figure 2) in 2 of 3 
aerobic culture bottles of 2 sets, with antimicrobial 
susceptibilities (Table). Bacteremia was attributed to 
SSTI. The patient remained on intravenous piperacil-
lin/tazobactam for 72 hours and then was discharged 
on a 7-day course of oral levofloxacin; outpatient fol-
low-up visit showed resolution of cellulitis.

Case 2 was in a 75-year-old man who sought care 
for acute right lower extremity pain; his lethargic 
state limited the ability to obtain a detailed medical 
history. His medical history included HIV infection 
managed with abacavir/dolutegravir/lamivudine; 
viral load was undetectable but CD4 count low (93/
μL), attributed to concomitant myelodysplastic syn-
drome. He had a previous diagnosis of remitting se-
ronegative systemic synovitis managed with chronic 
prednisone (5 mg/d), and had lower extremity stasis 
dermatitis with chronic open wounds. He was afe-
brile but hypotensive (91/60 mm Hg). Examination 
revealed erythematous right lower extremity (Figure 
3). Laboratory studies revealed elevated lactate (5.6 
mmol/L). CT imaging of the right leg demonstrated 
subcutaneous edema without abscesses or gas. He 
was admitted to the intensive care unit for vasopres-
sor treatment and received intravenous vancomycin, 
ceftriaxone, and clindamycin. 

Blood cultures grew gram-negative bacilli after 
12 hours, which was attributed to SSTI in his right leg. 
The antimicrobial regimen was narrowed to intrave-
nous ceftriaxone and metronidazole. After 24 hours, 
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S. hotanense was identified in 2 of 3 aerobic culture 
bottles from 1 set and in 1 bottle from a second set. 
Antimicrobial susceptibility was similar to that of 
case 1 (Table); intravenous ciprofloxacin was added 
to his regimen. Forty-eight hours after admission, his 
pain progressed, and operative debridement revealed 
extensive myonecrosis, necessitating above-knee am-
putation. Postoperative antimicrobial treatment was 
intravenous cefepime for 7 days. Intraoperative tis-
sue cultures grew Enterococcus faecalis and Enterobac-
ter cloacae; no additional antimicrobials were initiated 
because infection source was adequately controlled. 
Repeat blood cultures after the 7-day course of treat-
ment indicated resolution of bacteremia. However, 
the patient then experienced acute pancreatitis, pul-
monary embolism, candidemia, and pulmonary as-
pergillosis and died.

Blood cultures tested positive by BD BACTEC (Bec-
ton Dickinson, https://www.bd.com); we identified S. 
hotanense in our laboratory after subculture on standard 
growth media at 35°C with 5%–7% CO2 (Appendix  

Figure, https://wwwnc.cdc.gov/EID/article/32/1/25-
1290-App1.pdf). Sphingobacterium spp. are not detected 
by rapid syndromic assays, including commercial 
multiplex PCR panels; the optimal method of species-
level identification is diagnostic mass spectrometry or 
sequencing of the variable regions of the 16S rRNA 
gene. We identified isolates from case 1 and case 2 us-
ing matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (Bruker Daltonics, https://
www.bruker.com) based on Biotyper numeric score of 
2.00–3.00 with >10% score separation from the next best 
score. Given the rarity of Sphingobacterium organisms 
in human infections, data on performance of commer-
cial automated identification systems remain limited. 
In smaller or resource-limited laboratories, phenotypic 
identification may be guided by the biochemical profile 
of Sphingobacterium spp. (4).

We performed drug susceptibility testing using 
the agar dilution method to determine the MIC of an-
timicrobial drugs. We used reporting guidelines and 
breakpoints for gram-negative bacilli that are non-
Enterobacterales, nonfastidious, and nonfermenta-
tive according to Clinical and Laboratory Standards 
Institute guidelines (5) to determine S. hotanense sus-
ceptibility. On retrospective evaluation, we identified 
10 S. hotanense isolates referred from external institu-
tions during July 2020–July 2025 (Appendix).

Sphingobacterium spp. are rarely implicated in 
human infections, typically affecting elderly or im-
munocompromised hosts (3). Reported infections 
typically involve SSTI with or without bacteremia (3); 
however, acute cholangitis (6), respiratory tract infec-
tions (7), septic arthritis (8), and meningitis have also 
been reported (9).

Figure 1. Lower extremities of patient in case 1 in report of 
Sphingobacterium hotanense infections in immunocompromised 
patients with skin and soft tissue infections, Minnesota, USA. 
Erythema and swelling of the right lower leg and foot are shown. 
No overt signs of abscess, necrosis, or purulence were noted at 
the time of examination.

Figure 2. Gram stain of positive blood culture from patient in 
case 1 in report of Sphingobacterium hotanense infections in 
immunocompromised patients, Minnesota, USA. Numerous gram-
negative bacilli are shown (pink rods), representing S. hotanense 
infection. Scale bar indicates 20 μm.

Sphingobacterium hotanense Infections, USA
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One documented case report from Europe de-
scribed S. hotanense bacteremia secondary to cellulitis 
after a rooster scratch (2). Here, we report 2 addition-
al cases of S. hotanense bacteremia from SSTI in im-
munocompromised hosts, consistent with previous 
reports. Case 1 involved a cirrhotic patient who had 
likely cirrhosis-associated immune dysfunction (10); 
exposure to river water and soil likely served as the 
source of inoculation (1). Case 2 involved a patient 
who had multiple immunocompromising conditions, 
including HIV, myelodysplastic syndrome, and corti-
costeroid use; lower-extremity wounds likely served 
as the port of entry.

The patient in case 1 had uncomplicated recov-
ery after antimicrobial drug treatment. The patient 
in case 2 experienced a more severe course requiring 
above-knee amputation for necrotizing SSTI. In case 
2, intraoperative tissue cultures grew Enterococcus fae-
calis and Enterobacter cloacae, consistent with the usual 
polymicrobial nature of necrotizing SSTI (11). The  

absence of S. hotanense from tissue cultures may re-
flect preoperative antimicrobial exposure affecting 
culture yield, given that no other source of bacteremia 
was identified.

When S. hotanense was isolated in 2013, anti-
microbial susceptibility testing revealed resistance 
to ampicillin and tetracycline but susceptibility to 
ceftazidime (1). In subsequent reports, the organism 
demonstrated susceptibility to β-lactams, fluoroqui-
nolones, and trimethoprim/sulfamethoxazole and 
resistance to aminoglycosides (2). The susceptibility 
patterns of the S. hotanense isolates in the cases we de-
scribe were similar to those previously reported, in-
cluding sensitivity to broad-spectrum β-lactams such 
as ceftazidime, cefepime, piperacillin/tazobactam, 
and carbapenems as well as to fluoroquinolones and 
trimethoprim/sulfamethoxazole. Given the rarity of 
S. hotanense infections, antimicrobial selection should 
be guided by in vitro susceptibility results; piperacil-
lin/tazobactam or cefepime are reasonable empiric 
choices and fluoroquinolones appropriate oral step-
down options. Additional considerations include un-
derlying conditions, drug allergies, and concern for 
polymicrobial infection.

Identification of S. hotanense in both cases we 
report was possible because we obtained blood cul-
tures. Blood culture yield in cellulitis is generally low 
(<5%); cultures are therefore reserved for patients 
with high-risk features, such as sepsis, necrotization, 
immunosuppression, immersion injuries, or animal 
bites (12). Because cellulitis is often treated empirical-
ly without obtaining blood cultures, it might be that 
S. hotanense SSTI is more common than currently rec-
ognized but underdiagnosed because of infrequent 
microbiologic testing.

Conclusions
S. hotanense is a rare cause of SSTI. Given its environ-
mental reservoir, clinicians should maintain suspicion 
for S. hotanense in immunocompromised patients ex-
periencing SSTI, especially with recent environmen-
tal exposure. More frequent microbiologic testing in 
select high-risk cases could reveal this organism as an 
underrecognized cause of infection.
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manuscript.
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Table. Antimicrobial susceptibility profile of isolates from blood 
cultures of 2 patients in report of Sphingobacterium hotanense 
infection in immunocompromised patients, Minnesota, USA 
Antimicrobial drug MIC, µg/mL Susceptibility 
Amikacin >32 Resistant 
Aztreonam 16 Intermediate 
Cefepime <2 Susceptible 
Ceftazidime <4 Susceptible 
Ciprofloxacin <0.25 Susceptible 
Gentamicin >8 Resistant 
Levofloxacin <0.5 Susceptible 
Meropenem <0.12 Susceptible 
Piperacillin/tazobactam <8/4 Susceptible 
Tobramycin >8 Resistant 
Trimethoprim/sulfamethoxazole <0.5/9.5 Susceptible 

 

Figure 3. Right lower leg of patient in case 2 in report of 
Sphingobacterium hotanense infection in immunocompromised 
patients, Minnesota, USA, demonstrating extensive skin 
discoloration with surrounding erythema and increased drainage 
from wound (not visible).
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etymologia revisited
Petri Dish  
[pe′tre ′dish]

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

fellow German physician and pioneering microbiologist Robert Koch 
(1843–1910), Petri published a paper titled “A minor modification of 
the plating technique of Koch.” This seemingly modest improvement 
(a slightly larger glass lid), Petri explained, reduced contamination 
from airborne germs in comparison with Koch’s bell jar.
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Spotted fever group (SFG) rickettsioses are acute un-
differentiated febrile illnesses caused by tickborne 

transmission of intracellular gram-negative bacteria 
belonging to SFG Rickettsia. Rocky Mountain spotted 
fever (RMSF) is caused by R. rickettsii subspecies rick-
ettsii and Pacific Coast tick fever by R. rickettsii subsp. 
californica; those 2 SFG rickettsioses are the most fre-
quently reported in California, USA (1,2). We recently 
described 2 cases, 1 with disease onset in 2023 and 1 
identified retrospectively with onset in 2004, of severe 
RMSF-like illness in northern California caused by a 
newly recognized SFG rickettsial pathogen, Rickettsia 
sp. CA6269 (3). This novel rickettsial genotype was 
first identified in Haemaphysalis leporispalustris ticks in 
Sonoma County, California, and, more recently in H. 
leporispalustris ticks in Maine, USA (4,5). Subsequent-
ly, whole-genome sequencing of rickettsial strain 
HLP 7421, isolated in 1961 from a pool of H. leporis-
palustris ticks collected in Montana, USA, supported 
classification of the Rickettsia sp. CA6269 genotype as 
a new species, R. lanei (6). In this study, we report on 
the detection of R. lanei in Dermacentor occidentalis and 
H. leporispalustris ticks collected at or near locations of 
exposure for the 2004 and 2023 cases.

The Study
The California Department of Public Health moni-
tors prevalence of SFG Rickettsia annually by collect-
ing and testing Dermacentor spp. ticks (3,7). In 2024, 
SFG Rickettsia surveillance was enhanced to include 
collection of H. leporispalustris and additional Derma-
centor spp. ticks from areas associated with exposures 
for the 2004 (Marin and San Mateo Counties) and 
2023 (Alameda and Contra Costa Counties) cases. In 
addition, H. leporispalustris ticks were collected from 
an area in Sonoma County where R. lanei–positive 
ticks were originally described (4). In 2024, a total of 
3,607 adult and nymphal ticks were tested for SFG 
Rickettsia: 2,872 D. occidentalis ticks collected from 
34 of the 58 California counties and 69 D. similis and 
666 H. leporispalustris ticks collected from 6 counties 
(Figure; Appendix, https://wwwnc.cdc.gov/EID/
article/32/1/25-1261-App1.pdf).

We extracted and purified tick nucleic acids and 
screened for Rickettsia spp. using PanR8 real-time 
PCR (rPCR) (3,8). We tested all positive samples for 
R. rickettsii subsp. californica using the nusG rPCR and 
R. rickettsii subsp. rickettsii/R. lanei using RRi6 rPCR 
(8,9). We used a fourth rPCR to distinguish R. lanei 
from R. rickettsii subsp. rickettsii (3). We detected Rick-
ettsia spp. in 14% of D. occidentalis ticks, 20.3% of D. 
similis ticks, and 3.5% of H. leporispalustris ticks (Table 
1). We detected R. rickettsii subsp. californica only in 
D. occidentalis ticks (1.3%) and did not detect R. rickett-
sii subsp. rickettsii in any ticks. Two H. leporispalustris 
nymphs (24-5179 and 24-6522) collected 34 days apart 
from the same site in San Mateo County and 1 D. occi-
dentalis adult female tick (24-7980) from Contra Costa 
County were positive for R. lanei by rPCR with cycle 
threshold values of 27.5 (24-5179; DNA diluted 1:20), 
27.5 (24-6522; DNA diluted 1:20), and 18.4 (24-7980; 
DNA neat) (Figure). The overall prevalence of R. lanei 
was 0.3% in H. leporispalustris ticks and 0.03% in D. 
occidentalis ticks (Table 1).
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Rickettsia lanei is a newly recognized spotted fever group 
rickettsial species that causes severe Rocky Mountain 
spotted fever–like illness. We used genome sequencing, 
enabled by hybridization capture-based target enrich-
ment, to establish Dermacentor occidentalis ticks as the 
likely source of a human infection with R. lanei in Cali-
fornia, USA.
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We performed hybridization capture-based 
target enrichment sequencing to investigate ge-
nome relatedness of R. lanei strains from the 2023 
case (strain CA23RL1) and ticks 24-5179, 24-6522, 
and 24-7980 (10). We amplified remnant nucleic 
acids from the plasma specimen collected on day 
7 from the 2023 case using the REPLI-G whole ge-
nome amplification kit (QIAGEN, https://www.
qiagen.com). Unfortunately, nucleic acids from  
the 2004 case had been depleted. We processed 
tick DNAs without whole-genome amplifica-
tion. We performed DNA library preparation and  
hybridization capture-based target enrichment 
using a customized panel of ≈10,000 120-bp bio-
tinylated oligonucleotides designed to span the  
genome of R. rickettsii subsp. californica (Gen-
Bank accession no. CP003308.1) end-to-end using 
the KAPA HyperCap workflow version 3 (Roche, 

https://www.roche.com). We sequenced enriched 
libraries on a MiSeq using reagent kit v2 (500 cy-
cles) (Illumina, https://www.illumina.com).

We assembled a near whole-genome sequence 
of strain CA23RL1 from the 2023 case by mapping 
sequencing reads to the R. lanei type strain HLP 
7421 genome (GenBank accession no. CP172233) 
using Geneious Prime v2022.0.2 (https://www.ge-
neious.com). The percentage of CA23RL1 reads that 
mapped to HLP 7421 was 29.9%, providing 99.4% 
genome coverage with an average depth of 400 
reads. We mapped unused reads to the genome of R. 
rickettsii subsp. californica and inserted the resultant 
mapped sequences into the CA23RL1 consensus se-
quence. We used Sanger sequencing to close genome 
sequence gaps and resolve repetitive regions, estab-
lishing a complete genome sequence of 1,270,942 
bp for CA23RL1. Genome relatedness was 98.5% 

Figure. Heat maps displaying the number of Dermacentor occidentalis (A) and Haemaphysalis leporispalustris (B) ticks tested for 
spotted fever group Rickettsia in 2024, by county, in study of D. occidentalis ticks and link to Rickettsia lanei infections, California, USA. 
Color scale represents number of ticks. Black star represents the location of ticks testing positive by PCR for R. lanei: 1 D. occidentalis 
tick in Contra Costa County (A) and 2 H. leporispalustris ticks in San Mateo County (B). Gray shading indicates counties in which tick 
collection was not attempted or the tick species was not found.

 
Table 1. PCR detection of Rickettsia in Dermacentor and Haemaphysalis ticks collected in California, 2024 

Tick species No. ticks tested 

No. PCR-positive ticks (%) 

Rickettsia genus 
R. rickettsii 

subspecies rickettsii 
R. rickettsii subsp. 

californica R. lanei 
Dermacentor occidentalis 2,872 402 (14) 0 38 (1.32) 1 (0.03) 
Dermacentor similis 69 14 (20.29) 0 0 0 
Haemaphysalis leporispalustris 666 23 (3.45) 0 0 2 (0.3) 
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between CA23RL1 and R. rickettsii subsp. rickettsii, 
98.7% between CA23RL1 and R. rickettsii subsp. cali-
fornica, and 99.7% between CA23RL1 and R. lanei, as 
determined by the orthologous average nucleotide 
identity algorithm (11).

We assembled genome sequences for the tick 
samples by mapping reads to the CA23RL1 genome. 
Genome coverage for the tick samples was >99.4%; 
average depth was >1,100 sequencing reads. We re-
solved repetitive regions and genome sequence gaps 
using Sanger sequencing and aligned complete ge-
nome sequences for the tick samples to the CA23RL1 
genome using Mauve version 1.1.3 to determine 
genetic relatedness (12). The D. occidentalis 24-7980 
genome sequence was identical to the CA23RL1 ge-
nome sequence, whereas those of the H. leporispalus-
tris samples (24-5179 and 24-6522) were identical to 
one another but differed from the CA23RL1 and 24–
7980 genome sequences by 19 nt polymorphisms and 
4 insertions/deletions (Table 2).

Sequencing data are available in the National 
Center for Biotechnology Information BioProject da-
tabase (accession no. PRJNA1261853). Limitations to 
our study are the lack of long-read next generation 
sequencing data to confirm lengthy repetitive DNA 
regions and the potential bias in using closely related 
reference sequences for guiding capture probe design 
and genome assembly.

Conclusions
We investigated the role of Dermacentor spp. and H. 
leporispalustris ticks as reservoirs and potential vec-
tors of R. lanei in California and found a very low 
prevalence of infection. Ticks infected with R. lanei 
were only detected in counties identified as loca-
tions of exposure for the 2 cases: 2 H. leporispalustris 
nymphs collected in San Mateo County near a loca-
tion of exposure for the 2004 case and 1 D. occiden-
talis adult tick collected in Contra Costa County at 
a site of exposure for the 2023 case. The positive D. 
occidentalis tick was collected at 1 of 5 golf courses 
visited by the case-patient within 14 days of illness 
onset (3). This ecoepidemiologic association and 
identical R. lanei genomic sequence match between 
the 2023 case and the D. occidentalis tick strongly 
implicate this tick species as the source of disease 
transmission. This conclusion is further supported 

by the observation that D. occidentalis ticks infest 
humans much more frequently than do H. leporis-
palustris ticks (13).

The R. lanei genome sequence from the H. lep-
orispalustris ticks shared a high degree of sequence 
identity (orthologous average nucleotide identity 
>99.9%) with the sequence from the 2023 case and 
the D. occidentalis tick. Although it is unlikely that H. 
leporispalustris plays a role in the human transmission 
of R. lanei given both its preference for lagomorphs 
and the rarity of human infestations, this tick species 
may serve as a key vector for maintenance of R. la-
nei in nature, much as it does for R. rickettsii (14,15). 
Future studies are warranted to confirm vector com-
petency of D. occidentalis and H. leporispalustris for R. 
lanei transmission. Acknowledging the severity of the 
2 R. lanei infections and the broad distribution of the 
tick species, our results highlight the role of ecoepi-
demiologic investigations in identifying risk factors 
and guiding mitigation strategies for preventing vec-
torborne diseases.
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Table 2. Comparison of tick genome sequences to Rickettsia lanei strain CA23RL1 genome sequence in study of Dermacentor 
occidentalis ticks and link to Rickettsia lanei infections, California, USA 

Tick identifier Tick species County of collection Genome size, bp 
Single-nucleotide 
polymorphisms Insertions/deletions 

24-5179 Haemaphysalis leporispalustris San Mateo 1,270,870 19 4 
24-6522 H. leporispalustris San Mateo 1,270,870 19 4 
24-7980 Dermacentor occidentalis Contra Costa 1,270,942 0 0 
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Nocardia are filamentous, gram-positive, aero-
bic bacteria that infect immunocompromised 

hosts, causing pulmonary, cutaneous, or central 
nervous system disease (1–4). Dissemination to ab-
dominal organs is rare (5). Among published cases, 
splenic involvement accounts for <10% of abdominal 
nocardiosis (5). We report disseminated N. ignorata 
infection with concurrent splenic and brain involve-
ment in a patient in the United States who had large 
B-cell lymphoma.

The Study
A 79-year-old man with chronic obstructive pulmo-
nary disease and large B-cell lymphoma had a new-
onset seizure, left facial droop, and slurred speech. 
Computed tomography of the brain revealed mul-
tiple enhancing lesions with surrounding edema and 
mild herniation (Figure 1, panels A–E). Computed 
tomography of the abdominal pelvis (Figure 1, panel 
F, G) and chest showed a pulmonary nodule, a right 
renal lesion, and a 6.1-cm splenic mass.

Biopsy of the spleen demonstrated an exten-
sively necrotic B-lymphocyte antigen cluster of 

differentiation 20–positive large B-cell lymphoma 
and limited viable tissue, explaining the negative 
primary stains we obtained (Figure 2). Cultures 
of splenic aspiration and brain biopsy grew fila-
mentous branching N. ignorata (Figure 3). We used 
matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry for species-level iden-
tification. Blood culture results were negative. We 
used blood agar and chocolate agar for isolation. 
We extended the incubation period to accommo-
date slow growth.

We started the patient on antimicrobial therapy 
(intravenous imipenem and oral trimethoprim/sul-
famethoxazole and linezolid) before susceptibility 
results were available. The patient’s hospital course 
was complicated by upper gastrointestinal bleed-
ing. He was transitioned to comfort care and subse-
quently died.

Conclusions
Disseminated nocardiosis frequently affects the 
lungs, brain, or skin, but splenic involvement is 
rare (2,3,5). Immunosuppression from malignancy 
predisposes patients to opportunistic infections 
such as those caused by Nocardia (2,3,6). This case 
highlights the diagnostic challenge posed by non-
specific clinical findings and the need for micro-
biologic confirmation, given that Nocardia species 
exhibit variable antimicrobial drug susceptibility 
(1,3). The observed pattern of simultaneous brain 
and splenic involvement in the setting of lympho-
ma underscores the need to consider the emergence 
of this disease in immunocompromised patients. 
Our findings also support early inclusion of nocar-
diosis in the differential diagnosis for patients with 
concurrent central nervous system and visceral le-
sions (2,3,5,7).

Disseminated Nocardia ignorata  
Infection with Splenic and  

Brain Involvement in Patient  
with Large B-Cell Lymphoma
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A 79-year-old man in the United States with large B-cell 
lymphoma and chronic obstructive pulmonary disease 
had disseminated Nocardia ignorata infection involving the 
brain and spleen. Despite antimicrobial therapy, he died 
from complications. This rare manifestation highlights the 
need to consider Nocardia in immunocompromised pa-
tients with central nervous system and abdominal lesions.
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Figure 1. Computed tomography (CT) images of brain, abdomen, and spine of 79-year-old man with chronic obstructive pulmonary 
disease and large B-cell lymphoma who had disseminated Nocardia ignorata infection, United States. A–E) Brain CT with and without 
contrast showing multiple regular peripheral enhancing brain lesions (indicated by arrow and lowercase letters a and b) measuring 2.2 
cm at the left frontal lobe (A) and 3.8 cm at the right (B); mildly lobulated at the right posterior lateral temporal lobe (C); and moderate 
edematous mass (D), resulting in mild brain herniation (E). F, G) CT images of abdomen (F) and pelvis (G). An indeterminate complex 
lesion measuring 6.1 cm is seen in the spleen (F, arrow).

Figure 2. Ultrasound-guided biopsy image of spleen of 79-year-
old man with chronic obstructive pulmonary disease and large 
B-cell lymphoma who had disseminated Nocardia ignorata 
infection, United States. Tissue fragment shows extensive 
necrosis with a small focus of large B-cell lymphoma. Neoplastic 
cells stain positively for CD20 antibody, paired box protein 5, and 
Bcell lymphoma 2, with 20% expression of myelocytomatosis 
oncogene, corroborating the diagnosis of disseminated Nocardia 
ignorata infection. Mindbomb1 antibody is positive in 90% of the 
cells. Acid-fast, Fite–Faraco, Gomori methenamine silver, and 
periodic acid–Schiff special stains do not demonstrate identifiable 
microorganisms or microbiota. Original magnification × 20.
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Figure 3. Brain tissue images from 79-year-old man with chronic obstructive pulmonary disease and large B-cell lymphoma who 
had disseminated Nocardia ignorata infection, United States. A, B) Parenchyma with identifiable granulation tissue, neutrophils, and 
histocytes and background hemorrhage and necrosis are seen. Hematoxylin and eosin stain; original magnification ×10. C–F) Thin, 
filamentous, partially acid-fast rods with a beaded appearance within the necrotic tissue background are visible. Branching within 
visualized organisms was not identified. Arrows indicate N. ignorata bacteria. Fite–Faraco stain; original magnification × 100.
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Since late 2021, highly pathogenic avian influenza vi-
rus (HPAIV) epizootic events in poultry have been 

reported worldwide, driven by HPAIV A(H5N1) clade 
2.3.4.4b (1). Although wild birds are the natural reser-
voir for avian influenza viruses, H5N1 clade 2.3.4.4 has 
also infected wild mammals and, more recently, dairy 
cattle, raising concerns about viral adaptation to mam-
malian hosts, cross-species transmission, and increased 
risk for zoonotic spillover (2). Infections among agricul-
tural workers have further amplified concern about pos-
sible human-to-human transmission and broader public 
health implications (3,4). Monitoring population-level 
exposure is critical for assessing susceptibility of hu-
man populations to H5N1 clade 2.3.4.4b infection and 
informing appropriate risk mitigation strategies.

Determination of HPAIV prevalence relies on 
passive surveillance from testing symptomatic per-
sons through PCR and sequencing to detect active 
infections (5). However, HPAIV H5N1 can manifest 
as a mild infection and be underdetected and under-
reported (6). Serologic tools that detect virus-specific 
antibodies indicating prior exposures or infection can 

provide a more accurate estimate of infection preva-
lence at the population level. Serologic testing for 
HPAIV H5Nx subtype-specific antibodies has largely 
relied on hemagglutinin inhibition (HAI), neuramini-
dase inhibition, and microneutralization (MN) assays 
(7). HAI and MN are considered reference methods 
because of their high specificity and sensitivity and 
are often used in a complementary manner for in-
fluenza antibody characterization and quantitation. 
However, those assays are time-consuming and must 
be conducted primarily in a Biosafety Level 3 labora-
tory when performed with H5Nx viruses (7). Inter-
pretation of such assays can be challenging, leading 
to undesired variability and lower sensitivity. We 
evaluated 2 assays from Meso Scale Discovery (MSD, 
https://www.mesoscale.com) for the detection of H5 
antibodies to determine their feasibility and scalabil-
ity for serosurveys.

The Study
The first of the 2 assays is a multiplex panel, the V-
PLEX Respiratory Panel 7 (IgG) Kit, which includes 
antigens for SARS-CoV-2, respiratory syncytial virus, 
seasonal influenza, and avian influenza H5 (flu A/
Ghana/39/2021 H5 clade 2.3.4.4b). The assay is de-
signed to work only with human samples. The sec-
ond assay, the Influenza H5 Bridging Serology Kit, 
uses a biotinylated H5 protein designed to detect H5 
antibodies from multiple species, this antigen is the 
head fragment from the hemagglutinin of A/Ghana/
AVL-763_21VIR750–39/2021 (H5N1 clade 2.3.4.4b). 
The second assay also includes an H1 cross-reactivity 
blocker to minimize nonspecific detection of H1 an-
tibodies in human samples. We evaluated the assays 
only for influenza, not other respiratory pathogens.

For testing, we used residual serum samples 
previously submitted for clinical testing to the Brit-
ish Columbia Centre for Disease Control (Vancou-
ver, BC, Canada). Positive samples (n = 6) were 
obtained from sequential serum samples collected 
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We evaluated 2 electrochemiluminescence serologic as-
says to detect avian influenza H5 antibodies. The assays 
identified H5 antibodies from both serum and dried blood 
spots and had strong specificity and minimal cross-re-
activity in human and avian samples. Such assays can 
support populationwide serologic surveys aimed at as-
sessing population-level immunity.
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12–22 days after onset from a patient infected with 
H5N1 clade 2.3.4.4b virus (8). Those serum samples 
were previously shown to be reactive for -H5 by 
HAI and MN assays at the National Microbiology 
Laboratory (Winnipeg, MN, Canada) (9). We also 
tested samples collected from close contacts (n = 8) 
of the infected patient that were determined to be 
negative for H5N1 by HAI and MN at the National 
Microbiology Laboratory. We used 23 residual an-
tenatal serum samples submitted to the British Co-
lumbia Centre for Disease Control in 2022 for rou-
tine clinical testing as negative controls. To assess 
assay cross-reactivity, we tested residual samples 
from persons infected during the 2024–25 respira-
tory season with influenza A (H1, n = 15; H3, n = 6), 
confirmed by PCR.

In the multiplex assay (Figure, panel A), samples 
from the persons infected with H5N1 demonstrated 
the highest geometric mean concentration (GMC) 
to the H5 antigen (GMC  =  630,877 arbitrary units 
[AU]/mL, 95% CI  622,836–639,021 AU/mL). Ante-
natal samples, H5N1 contact samples, and samples 
from those infected with H3 demonstrated low reac-
tivity compared with samples from the infected pa-
tient (GMC <8,650 AU/mL). Samples from persons 
recently infected with influenza H1 exhibited some  

reactivity to the H5 antigen, suggesting cross-reactiv-
ity between H1 and H5 antibodies; however, the sig-
nal from H1-infected samples was significantly lower 
(GMC = 16,977 AU/mL, 95% CI = 4,412–65,320 AU/
mL) than that of the confirmed H5N1 case (p<0.0001). 
Despite strong subtype-specific responses in H1- and 
H3-infected samples, the H5-infected samples dem-
onstrated even higher signal intensity to both H1 
and H3 antigens, suggesting the presence of anti-
bodies to both H1 and H3 HA from past exposures 
(Appendix Figure, http://wwwnc.cdc.gov/EID/
article/32/1/25-1117-App1.pdf). Cross-reactivity 
between H5 and H1 antibodies is expected because 
of the recognition of shared, conserved epitopes in 
the hemagglutinin stalk region. However, this cross-
reactivity could only be assessed if acute and con-
valescent samples were available; in this case, only 
convalescent samples from the H5-infected patient  
were available (10).

The bridging serology assay functions on the ba-
sis of a biotinylated H5 antigen that binds to a strep-
tavidin-coated plate, along with an H5-conjugated 
detection antigen. This setup forms a bridging com-
plex in the presence of H5 antibodies, enabling their 
specific detection across species. We tested the same 
set of samples by using this assay (Figure, panel B). 

Figure. Specific detection of H5 antibodies in human and avian samples in a study on detection of avian influenza H5–specific 
antibodies by chemiluminescent assays. A) Results of human serum sample testing by using the MSD V-Plex Respiratory Panel 7 (IgG) 
kit (MSD, https://www.mesoscale.com), diluted 1:5,000 in the manufacturer-provided diluent. B) Results of human serum sample testing 
by using the MSD Influenza H5 Bridging Serology Assay (MSD, https://www.mesoscale.com), diluted 1:20 and prepared according 
to the manufacturer’s instructions. C) Results of dried blood spot sample testing by using the MSD Influenza H5 Bridging Serology 
Assay at 1:10 dilution. D) H5 antibody polyclonal and avian sample results obtained from chickens inoculated with various influenza 
subtypes and tested on the MSD Influenza H5 Bridging Serology Assay according to the manufacturer’s instructions. Antibody titer 
production was confirmed by hemagglutinin inhibition assay.*A/chicken/Vietnam/14/2005; †H5 DNA vaccinated with HA from A/mallard/
BC/373/2005 (H5N2) and challenged with A/chicken/Vietnam/14/2005 (H5N1); ‡A/teal/Germany/Wv632/2005; AU, arbitrary units; MSD, 
Meso Scale Discovery.
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Unlike the multiplex assay, background reactivity ob-
served in H1-infected samples was largely eliminat-
ed (GMC = 0.18 AU/mL, 95% CI = 0.0066–4.88 AU/
mL), and the assay specifically detected antibodies 
only in the samples from the H5N1-infected persons 
(GMC = 390.5 AU/mL, 95%CI = 344.5–442.7 AU/mL).

To assess the suitability of the assay across differ-
ent sample types, we prepared contrived dried blood 
spot (DBS) samples by mixing packed red blood cells 
with either serum from antenatal testing or H5N1 
cases. DBS samples from the H5N1 cases had detect-
able H5 antibodies, although the signal was lower 
than that observed in serum samples (GMC = 14.12 
AU/mL, 95% CI = 9.627–20.7 AU/mL). We detected 
no cross-reactive background in the rest of the sample 
groups (Figure, panel C).

To evaluate the cross-species applicability of the 
assay, we tested a commercially available chicken H5 
polyclonal antibody (Creative Diagnostics, https://
www.creative-diagnostics.com) along with serum 
samples from chickens that were experimentally in-
fected with low pathogenicity or inactivated highly 
pathogenic H5 influenza viruses, vaccinated with an 
H5N1 DNA vaccine, and subsequently challenged 
with inactivated H5N1 or exposed to other HA sub-
types (Table). H5 antibodies were detectable in sam-
ples from animals infected with H5 viruses; the high-
est levels were observed in a vaccinated animal with 
H5 DNA vaccine and challenged with H5N1 (A/
chicken/Vietnam/14/2005) and in a chicken infected 
with H5N1 (A/chicken/Vietnam/14/2005) (Figure, 
panel D). We observed no cross-reactivity in serum 
from animals infected with non-H5 subtypes.

Conclusions
Our results show that the V-PLEX Respiratory Panel 
7 (IgG) and the H5 Bridging Serology serologic assays 

can specifically detect H5 antibodies in humans. In 
the V-PLEX panel, serum samples from H1 infected 
patients showed varied levels of cross-reactivity to 
the H5 antigen, whereas samples from H3 infected 
patients did not show cross-reactivity to the H5 an-
tigen. The serology bridging assay shows a marked 
reduction in cross-reactivity with closely related hem-
agglutinin subtypes, such as H1 in humans. This as-
say is compatible with DBS and can detect antibodies 
from avian species.

This study is limited by the small number of 
H5N1-positive human samples available for testing 
and the absence of manufacturer-defined reactiv-
ity cutoffs. Additional samples from confirmed H5-
infected patients with mild or moderate symptoms 
would enable determination of thresholds to distin-
guish between positive and negative results. For avi-
an samples, the main limitation is that serum was ob-
tained from experimentally inoculated animals; thus, 
the assay’s performance in wild birds, or in other spe-
cies, remains to be evaluated.

Although HAI and MN assays remain the refer-
ence methods for influenza subtyping, the assays 
we describe provide a versatile and scalable alter-
native. The assays have strong potential as screen-
ing tools for detecting anti-H5 in both humans 
and animals and for use in serologic surveys or  
contact tracing.
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Table. Viruses used to inoculate avian species for serum collection in a study on detection of avian influenza H5-specific antibodies by 
chemiluminescent assays* 
Virus Name Lineage Host HAI titer† 
Anti-H5N1 Anti-H5N1 polyclonal antibody‡ Clade 2.3.4.4b Chicken N/A 
H5N1 A/chicken/Vietnam/14/2005 Clade 2.3.2 Chicken 256 
H5N1 H5 DNA vaccinated with HA from 

A/mallard/BC/373/2005 (H5N2) and challenged with 
A/chicken/Vietnam/14/2005 (H5N1) 

Vaccine: North American; 
challenge: Clade 2.3.2 

Duck 1,024 

H5N1 A/teal/Germany/Wv632/2005 Eurasian LPAI Chicken 256 
H5N2 A/turkey/Minn/3689-1551-1981 North American Chicken 128 
H3N2 A/DK/ON/05/2000 Triple reassortant North 

American 
Chicken 128 

H5N3 A/TY/CA/35621/1984 North American Chicken 128 
H7N3 A/chicken/BC/CN-7/2004 North American Chicken 256 
H7N9 A/Anhui/001/2013 East Asian Chicken 128 
H9N2 A/Ty/Mn/12877/1285/1981 North American Chicken 128 
*HA, hemagglutinin; HAI, hemagglutinin inhibition. 
†Experimental serum generated at the National Centre for Foreign Animal Disease, Canadian Food Inspection Agency, where HAI testing was also 
performed. 
‡Creative Diagnostics, https://www.creative-diagnostics.com. 
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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

https://wwwnc.cdc.gov/eid/article/12/1/et-1201_article
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Rat hepatitis E virus (R-HEV) (family Hepeviridae, 
species Rocahepevirus ratti) is an emerging cause 

of viral hepatitis in humans that belongs to the Hep-
eviridae family, the same family as hepatitis E virus 
(HEV) (species Paslahepevirus balayani), a major cause 
of hepatitis in humans (1). Rats are the primary res-
ervoirs of R-HEV, and the virus has been detected in 
several countries, mainly in Europe, and in different 
species of rodents (2). Since the first reported hu-
man infection in a transplant patient in 2018 in Hong 
Kong, China, reports of human cases in immunosup-
pressed and immunocompetent patients from Asia, 
Europe, and North America have been increasing 
(3–5). Those cases highlight the zoonotic potential of 
R-HEV, positioning this agent as a growing concern 
for public health (6).

R-HEV and HEV are transmitted by the fecal–oral 
route. The virus is shed in the stool of infected hu-
mans and animals and subsequently discharged into 
wastewater. R-HEV can be studied under the One 
Health approach, enabling us to consider the interac-
tions between environment, hosts, and the virus (7). 
Wastewater surveillance has proven to be effective 
in detecting the emergence of both well-known and  

little-studied enteric viruses in different regions and 
in tracking their spread and circulation within various 
communities (1,8). In South America, we found only 
1 recent report of R-HEV detection from naturally 
growing mangrove bivalve mollusks collected for lo-
cal sale in a touristic area of Brazil and demonstrating 
a low detection rate (2.2%) (9). Because of the scarce 
evidence of R-HEV circulation in South America, we 
aimed to assess the presence of R-HEV in wastewater 
from Córdoba, a central province of Argentina, as an 
indicator of viral circulation in the region.

The Study
During January 2023–December 2024, we collected 
sewage samples weekly (total n = 99: 2023, n = 49; 
2024, n = 50) from the Bajo Grande wastewater treat-
ment plant (BG-WWTP) of Córdoba city, the capital 
of the province of Córdoba, with 1,505,250 inhabitants 
(Figure 1, panel A). BG-WWTP receives the waste of 
≈56.9% of the city’s population (https://censo.gob.
ar/index.php/mapa_desague_red_publica2). We 
concentrated each 500-mL sample 100 times by using 
the polyethylene glycol-6000 precipitation method, as 
described previously (8), and conducted RNA extrac-
tion by using the Nucleic Acid Extraction Versatile 
Spin Kit (Anatolia Geneworks, https://www.anatoli-
ageneworks.com). We conducted molecular detection 
of the virus by using a real-time reverse transcription 
PCR (RT-PCR) targeting a 69-bp fragment of the open 
reading frame 1 genomic region, as described previ-
ously (10). We used the TaqMan Fast Virus 1-Step 
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During 2023–2024, we detected rat hepatitis E virus in 
67.7% of wastewater samples from central Argentina. 
This high level of detection opens new inquiries in the 
region, highlighting the need to investigate the virus in 
both animal reservoirs and humans, with a focus on 
hepatitis cases of unknown etiology.
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master mix (Thermo Fisher Scientific, https://www.
thermofisher.com), performed in a StepOne Real-
Time PCR (Thermo Fisher Scientific). For positive 
controls we used synthetic oligonucleotide (Appen-
dix, http://wwwnc.cdc.gov/EID/article/32/1/26-
1218-App1.pdf), and for negative controls we used 
sterile water. We considered samples RNA R-HEV 
positive if we observed an S-shaped curve in the spe-
cific detection channel of each specimen and obtained 
a cycle threshold value <40 for viral specific target, 
as previously described (1,8). With the aim of genetic 
characterization of positive samples, we conducted 
heminested RT-PCR amplification of a 338-bp frag-
ment within the open reading frame 1 genomic re-
gion of the Hepeviridae family (11). We purified PCR 
products by using the PureLink Quick Gel Extraction 
Kit (Invitrogen, https://www.invitrogen.com) and 
sequenced in both directions by using an Applied Bio-
system 3500XL Genetic Analyzer (Thermo Fisher Sci-
entific). We conducted phylogenetic analyses by using 
MEGA version11 (12), IQ-Tree (http://iqtree.cibiv.
univie.ac.at), and FigTree (https://tree.bio.ed.ac.
uk/software/figtree). In addition, we used a newly 
developed genotyping tool for R-HEV classification 
(13) and constructed an identity matrix to determine 
the similarity between the sequences obtained by  

using BioEdit software version 7.7.1 (https://bioedit.
software.informer.com/Descargar-gratis).

Of the 99 samples analyzed, 67.7% (95% CI 
58.5%–76.9%; n = 67) tested positive for R-HEV detec-
tion by RT-PCR (Appendix Table 1). By year, 77.6%; 
(95% CI 63.0%–87.8%; n = 38) of samples from 2023 
were positive, and 58.0% (95% CI 43.3%–71.5%; n = 
29) of samples from 2024 were positive (Figure 1, pan-
el B). Of the 67 positive samples by real-time RT-PCR, 
14 were positive by the heminested RT-PCR, and 10 
were sequenced. The phylogenetic tree confirmed the 
virus species identity as Rocahepevirus ratti (GenBank 
accession nos. PX060496–504, PX060508) and showed 
grouping with sequences from sewage samples from 
Italy and rodents from Canada, within genotype C1 
(Figure 2). The genotyping tool indicated that 9 se-
quences from this study belonged to the proposed 
clade I, subtype a. One sequence yielded an indeter-
minate result (Appendix Table 2). The similarity be-
tween the obtained sequences varied from 0.71 to 0.98 
(Appendix Table 3).

Conclusions
This study revealed R-HEV circulation in Argentina, 
confirming the presence of emerging R-HEV in South 
America. R-HEV detection in wastewater samples 

Figure 1. Emerging rat hepatitis E virus detection in Argentina, 2023–2024. A) Study area in the province of Córdoba (red shading), 
located in the central region of Argentina, and the location of Bajo Grande wastewater treatment plant in the city of Córdoba. Red lines 
indicate the sewage network, which covers 56.9% of the city’s population. B) Frequency of detection of rat hepatitis E virus during 2023–
2024, per month. The circles indicate detections per week sampled within each month.
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shows a high level of circulation (high detection rate) 
in the human environment from the central region of 
the country. The low number of sequenced samples 
could be explained by the dilution and degradation 
of viral RNA within the wastewater matrix, driven by 
factors such as pH fluctuations, temperature varia-
tion, and complex biochemical interactions. Those 
conditions might promote the formation of short, 
partially degraded RNA fragments that remain de-
tectable by real-time RT-PCR but are insufficient for 
amplifying longer genomic regions required for con-
ventional PCR and sequencing. Similar patterns were 
reported in previous wastewater studies (8). Con-
tamination of wastewater by human waste is a pos-
sible source of the virus, although the involvement of 

rodents, the natural viral host, in sewers is the most 
likely scenario (14). To date, we have not found evi-
dence of human or animal infections in Argentina; 
therefore, our results open new and unexplored fields 
for R-HEV research in South America. Studies from 
the past 2 years have demonstrated the presence of 
R-HEV RNA in wastewater from countries in Europe, 
underscoring the value of wastewater-based surveil-
lance for detecting emerging viruses such as R-HEV 
(1,8). Concomitantly, studies were conducted to clari-
fy the clinical implications of R-HEV in Europe. Those 
studies revealed that R-HEV could cause symptomat-
ic disease in humans, both in immunosuppressed and 
immunocompetent patients, producing mild illness, 
severe hepatitis, and potentially death (4).

Figure 2. Maximum-likelihood phylogenetic tree on the basis of a 338 bp fragment of the open reading frame 1 genomic region of rat 
hepatitis E virus (R-HEV; Rocahepevirus ratti) from Argentina, 2023–2024. Red text indicates sequences obtained during this study. The 
tree includes representative sequences of each R-HEV genotype available in GenBank database, additional sequences of proposed 
clades (clade I in blue, clade II in pink) and subtypes a (square), b (circle), c (5-pointed star), d (4-pointed star), e (rhombus), and f 
(triangle) (13). Two hepatitis E virus (Paslahepevirus balayani) sequences (genotypes 1 and 3) were used as outgroups. Enlarged area 
shows sequences from this study and the first 10 most similar sequences from BLAST analysis (https://blast.ncbi.nlm.nih.gov). Statistical 
support values are indicated at nodes; only supports over 70/70 are shown. Scale bar represents the number of substitutions per site.
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Phylogenetic analysis revealed that the sequences 
obtained in our study clustered together, although 
they were not identical (similarity 0.71–0.98). That 
clustering could suggest that the same strains circu-
lated over the 2-year period. The sequences grouped 
close to strains previously detected in sewers in 
Italy and in rodents from Canada within genotype 
C1 (1,15). However, because of the limited available 
data—very few sequences of this virus are currently 
deposited in GenBank, and 3 are from South Amer-
ica—and because of the relatively short genomic 
fragment analyzed, definitive conclusions cannot be 
drawn. Recently published studies suggest our se-
quences would be assigned to clade I, subtype a (13).

In line with the One Health approach, our find-
ings reinforce the need to further investigate R-HEV 
circulation in Argentina and South America. This 
effort should integrate environmental surveillance 
with clinical research, such as testing samples from 
symptomatic patients for R-HEV RNA and exploring 
potential viral reservoirs such as rats. In addition to 
rodents, attention should be given to other possible 
hosts, such as pigs, in which R-HEV infections have 
been documented (6).
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Leishmaniasis is a neglected tropical diseases that 
is transmitted by female phlebotomine sandflies 

and affects >1 million persons annually (1). The dis-
ease manifests in 3 clinical forms, cutaneous, muco-
cutaneous, and visceral. Of those, human visceral 
leishmaniasis represents the most severe manifesta-
tion and is the second-leading cause of parasitic dis-
ease–related deaths in humans after malaria, causing 
>30,000 deaths annually (1). Infection with Leishmania 
infantum in humans causes severe systemic disease, 
with a higher risk for progression in infants and HIV-
infected patients (1).

Dogs are the primary reservoirs of L. infantum, 
making them critical targets for surveillance and con-
trol to reduce the risk for zoonotic leishmaniasis. Al-
though canine leishmaniasis, which is caused by L. 
infantum, has been widely reported in subtropical and 
tropical regions, including Asia, North Africa, South-
ern Europe, and the Americas (2), recent data from 
sub-Saharan Africa remain scarce. Human cutane-
ous leishmaniasis, which is caused by an unidentified 
Leishmania species, was reported in Malawi in 1993 (3), 
and 1 seropositive dog was reported in 2016 (4), but 
to our knowledge, no data regarding Leishmania infec-
tions in humans or animals have been reported since. 

In Zambia, a neighboring country of Malawi, ca-
nine leishmaniasis was first reported in 1994 (5). Sub-
sequently, no further cases were reported for nearly 
30 years, until a 2021 study identified autochthonous 
infection cases of canine leishmaniasis in 3 dogs (6). 
Furthermore, a recent study conducted in 2022 re-
vealed a high seroprevalence of Leishmania antibod-
ies in dogs from 2 urban cities in Zambia (7). The re-
ported high seroprevalence of Leishmania infection in 
Zambian dogs (≈17%) prompted us to investigate the 
presence of Leishmania infection in dogs in Malawi.

The Study
During 2023–2024, we collected 557 canine blood 
samples through convenience sampling during 
mass rabies vaccination campaigns, including 157 
samples from Mchinji District, 100 from Nkhota-
kota District, and 300 from Zomba District (Table, 
Appendix 1 Figure 1, https://wwwnc.cdc.gov/
EID/article/32/1/25-0855-App1.pdf). The ar-
eas of sampling were semiurban or rural, and all 
dogs were nonpedigreed, local, or mixed breeds 
based on visual observations. Most of the dogs 
were semi–free-ranging and lived outdoors. We 
took records and photographs for dogs showing 
alopecia, emaciation, or other abnormalities (Fig-
ure 1; Appendix 2, https://wwwnc.cdc.gov/EID/
article/32/1/25-0855-App2.xlsx). We obtained 
blood from each dog into an EDTA tube and stored 
the samples in a DNA/RNA shield (Zymo Re-
search, https://www.zymoresearch.com). We also 
obtained plasma from the remaining blood. The 
study protocol was approved by the Department 
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Canine leishmaniasis has long been thought to be ab-
sent in Malawi. However, our cross-sectional study in 
indigenous dogs showed a high prevalence of Leish-
mania infection in some areas, where seropositivity 
rates reached up to 7.0%. These findings suggest that 
this neglected zoonotic disease may already be en-
demic in Malawi.
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of Animal Health and Livestock Development in  
Malawi (approval no. DAHLD/AHC/07/2024/01).

We extracted DNA by using NucleoSpin DNA 
Blood Extraction Kit (Macherey-Nagel, https://
www.mn-net.com) and amplified it by using conven-
tional PCR targeting the small subunit RNA region 
(8) and internal transcribed spacer 2 region (9). We 
also tested DNA by using real-time PCR targeting 
kinetoplast DNA (10). The PCR detection targeting 
the small subunit region showed an overall detection 
rate of 7.9% (44/557) (Table). Similarly, PCR targeting 
the internal transcribed spacer 2 region identified an 
overall detection rate of 6.3% (35/557) (Table). Real-
time PCR analysis demonstrated a detection rate of 
4.7% (26/557) (Table). In total, 8.1% (45/557) of the 
samples showed >1 positive results in 3 PCR tests 
(Table). We sequenced positive samples from con-
ventional PCR and confirmed that they were identi-
cal to the L. infantum reference genome (JPCM5 strain, 
GenBank accession no. GCF_000002875) (Appendix 
2). In addition, we amplified the entire internal tran-
scribed spacer region sequences (11) from the rep-

resentative sequences in each district and compared 
them with global L. infantum sequences. As a result, 
all sequences from Malawi and most L. infantum se-
quence strains clustered together, corresponding to 
L. infantum zymodeme MON-1 (Appendix 1 Figure 
2), the predominant zymodeme found worldwide in 
both humans and dogs, suggesting a shared ancestry 
of the parasite.

We also conducted ELISA for detecting IgG (12) 
by using L. donovani soluble lysate antigen from 
cultured promastigotes (LdSLA) and recombinant 
rK39r4 antigens. We used serum from clinically con-
firmed canine leishmaniasis dog (6) as a positive con-
trol, and we used healthy endemic dog control serum 
samples from 18 healthy confined breeding dogs in 
Malawi to determine the optimal cutoff value (mean 
+5 SD). As a result, we observed a 3.0% (16/538) sero-
positivity for each antigen and an overall seropreva-
lence of 4.1% (22/538) (Table; Figure 2). The results 
of PCR and ELISA were not entirely concordant, and 
we found a large number of PCR-positive dogs to 
be seronegative (Figure 2). However, dogs exhibit-
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Figure 1. Clinical manifestations 
of Leishmania infantum‒infected 
dogs in Mchinji, Nkhotakota, 
and Zomba districts in a study of 
canine leishmaniasis, Malawi. A) 
Severely crusted, thickened dark 
surface pinna (24MWD_C073). 
B) Bilateral ulcerative lesions 
on the ears with an exposed 
tissue (24MWD_C110). C, D) 
Unilateral ulcerative lesions 
on the ears and alopecia with 
severe thinning of the fur 
(24MWD_C040).
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ing double seropositivity (i.e., positive on PCR and 
ELISA) for LdSLA and rK39r4 antigens were signifi-
cantly more likely to be PCR-positive (odds ratio 57.1, 
95% CI 13.7–387.4). In addition, dogs showing severe 
clinical signs were mostly positive by both PCR and 
ELISA (Figure 1, Figure 2).

After observing high seropositivity in Zomba 
District, we followed up on some of the seropositive 
dogs. We performed the original sample collection in 
September 2024 and revisited the area in March 2025. 
We found that 1 dog (24MWD_C040) was seriously 
ill (Figure 1), and we performed fine-needle biopsy 
on the enlarged superficial cervical lymph node. We 
cultured the collected fluid at room temperature in 
Novy-MacNeal-Nicolle medium overlaid with M199 
media (13). Eleven days after inoculation, we ob-
served a motile promastigote stage of the parasite and 
confirmed the internal transcribed spacer sequence to 

be L. infantum, further confirming the presence of the 
parasite (Figure 3; Appendix 1 Figure 2).

Conclusions
This study confirmed the presence and high en-
demicity of L. infantum in indigenous dogs in Ma-
lawi. Our study found that both symptomatic and 
asymptomatic dogs tested positive for L. infantum 
DNA. In addition, we successfully isolated the pro-
mastigote stage of the parasite from 1 dog, which 
showed severe clinical manifestations, was positive 
in all PCRs, and had high ELISA optical density 
values for LdSLA and rK39r4. This finding sug-
gests that double positivity by PCR and ELISA is 
an indicator of disease progression, whereas PCR 
or ELISA single-positive dogs might still be as-
ymptomatic carriers. As such, the strategic use of 
LdSLA and rK39r4 antigens in ELISA and PCR for 
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Table. PCR and ELISA results for detecting Leishmania spp. in indigenous dogs from the Mchinji, Nkhotakota, and Zomba districts in 
a study of canine leishmaniasis, Malawi* 

District 
qPCR-

positive† 
SSU–cPCR-

positive 
ITS2–cPCR-

positive 
LdSLA-

seropositive 
rK39r4-

seropositive 
PCR-

positive‡ 

Serologic 
test–

positive§ 

Both PCR 
and serologic 
test–positive 

Mchinji 12/157 (7.6) 17/157 (10.8) 13/157 (8.3) 0/140 (0) 1/140 (0.7) 17/157 (10.8) 1/140 (0.7) 0/140 (0) 
Nkhotakota 5/100 (5.0) 5/100 (5.0) 5/100 (5.0) 0/98 (0) 0/98 (0) 5/100 (5.0) 0/98 (0) 0/98 (0) 
Zomba 9/300 (3.0) 22/300 (7.3) 17/300 (5.7) 16/300 (5.3) 15/300 (5.0) 23/300 (7.7) 21/300 (7.0) 10/300 (3.3) 
Total 26/557 (4.7) 44/557 (7.9) 35/557 (6.3) 16/538 (3.0) 16/538 (3.0) 45/557 (8.4) 22/538 (4.1) 10/538 (1.9) 
*All values are no. (%). cPCR, conventional PCR; ITS2, internal transcribed spacer 2; LdSLA, Leishmania donovani soluble lysate antigen from cultured 
promastigotes; qPCR, real-time PCR; rK39r4, recombinant rK39r4 antigen; SSU, small subunit. 
†Defined as cycle threshold value <35. 
‡Defined as the count of the sample that showed positives in any of the 3 tests: qPCR, SSU-cPCR, or ITS2-cPCR. 
§Defined as the count of the sample that showed positives in LdSLA, rK39r4 antigen, or both. 
 

Figure 2. Scatterplots showing ELISA OD values for LdSLA and rK39r4 in indigenous dogs from Mchinji, Nkhotakota, and Zomba 
districts in a study of canine leishmaniasis, Malawi (Zomba, 300 samples; Mchinji, 140 samples; and Nkhotakota, 98 samples). 
Red indicates PCR-positive samples. Identification numbers of the dogs that exhibited clear clinical manifestations are also shown, 
corresponding to numbers in Figure 1. Plots were generated by using R studio software version 4.4.1 (https://rstudio.com/products/
rstudio). Cutoff OD values (0.4 for LdSLA, vertical dashed line; 0.7 for rK39r4, horizontal dotted line) were determined as mean of the 
healthy endemic control dogs plus 5 SDs. LdSLA, Leishmania donovani soluble lysate antigen from cultured promastigotes; OD, optical 
density; rK39r4, recombinant rK39r4 antigen.
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L. infantum testing will enhance diagnostic perfor-
mance by increasing the tests’ ability to correctly 
identify infected dogs. 

Zomba District showed the highest disease prev-
alence in ELISA positives and PCR–ELISA double 
positives. Compared with the districts of Nkhotakota 
and Mchinji, Zomba can be characterized as urban, 
where higher dog-to-human population densities are 
observed. Because of the lack of information about 
vector sandfly distribution in Malawi, speculating on 
the possible risk factors explaining this prevalence 
difference by the region is difficult. Nevertheless, a 
higher prevalence in densely populated areas also 
has been reported in Zambia and Brazil (7,14). Canine 
leishmaniasis has been documented as a precursor to 
human outbreaks in other regions (15). 

In summary, we report a high prevalence of L. in-
fantum in dogs from 3 districts in Malawi, as detected 
by molecular methods and serologic assays. A live par-
asite also was confirmed and isolated from the lymph 
node biopsy fluid of 1 dog. Our findings indicate the 
possible emergence or reemergence of the disease in 
the country, highlighting the urgent need for broader 
disease surveillance of the disease in humans, dogs, 
and the sandfly vector. Our results underscore the role 
of dogs as reservoirs of L. infantum in Malawi, posing a 
zoonotic risk, and highlight the need for urgent public 
health interventions to prevent its spread.
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Francisella tularensis is a highly infectious, gram-
negative bacterium that causes tularemia and 

may be transmitted through several pathways, in-
cluding bites from infected ticks (primarily Ambly-
omma americanum and Dermacentor variabilis in the 
northeastern United States), deer flies (Chrysops spe-
cies), contact with infected animals, ingestion of con-
taminated food or water, and inhalation of infectious 
aerosols (1). Clinical manifestations vary by route of 
exposure and consist of 6 primary forms, glandular, 
oculoglandular, oropharyngeal, pneumonic, typhoi-
dal, and ulceroglandular; ulceroglandular is most 
common in the United States (2). Although treatable 
with antimicrobial drugs (1,3), case-fatality rates can 
reach 24% depending on clinical form and infecting 
subspecies (4,5).

The literature shows reports of tularemia from 
every US state except Hawaii; most historical cases 
have occurred in the south-central and Pacific North-
west regions (6). Incidence peaked in 1939, with 2,291 
cases, and case rates remain highest during May–Sep-
tember, coinciding with periods of increased tick ac-
tivity (1). Nationally, reported cases increased by 56% 
during 2011–2022 compared with 2001–2010, partly 
reflecting improved diagnostics (7). Incidence among 

American Indian and Alaska Native populations re-
mains ≈5 times higher than among White persons, 
highlighting ongoing demographic disparities (7).

The state of New York, USA, recorded the first 
documented case of tularemia in 1927 and linked the 
transmission to rabbit consumption (8). Although tu-
laremia remains rare, averaging <1 case/year in the 
state (9), recent reports show an increase in tularemia 
cases, particularly from Long Island, where Suffolk 
County sees >1 case/year (9). In response, the New 
York State Department of Health (NYSDOH) and the 
Suffolk County Department of Health Services initi-
ated enhanced F. tularensis surveillance in ticks and 
conducted a retrospective analysis of human cases to 
better define tularemia epidemiology in this region.

The Study
We analyzed tularemia cases during 1993–2023 retro-
spectively for all New York counties, excluding New 
York City. As mandated by New York public health 
law, clinicians electronically reported provider-diag-
nosed tularemia cases and positive laboratory test re-
sults for F. tularensis to the NYSDOH (10,11), prompt-
ing their investigation by local health departments, 
who entered clinical and demographic information 
into the NYSDOH Communicable Disease Electronic 
Surveillance System (11). We classified reports based 
on the tularemia national surveillance case definition 
at the time of diagnosis (7). We included confirmed 
or probable cases in our study. We mapped cases in  
ArcGIS Pro 3.2 (Esri, https://www.esri.com) by 
county of residence, mapping Suffolk County cases 
also by residence postal (ZIP) code.

We analyzed data relevant to demographic and 
epidemiologic characteristics of tularemia cases (Ta-
ble), revealing that cases were predominately among 
White men, with an average age of 40.7 years. Our 
case-fatality rate of 6.7% among cases with a known 
outcome (n = 15) was higher than the ≈2% previously 
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During 1993–2023, health officials in New York, USA, 
received reports of 30 tularemia cases. Of those, 43% 
were from Suffolk County, 69% were diagnosed during 
2014–2023, and 1 person died. Tick surveillance de-
tected Francisella tularensis in 1 pool of nymphs from 
Suffolk County, indicating localized risk.
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reported (5), although outcome was recorded in only 
50% of our cases. We obtained sufficient clinical data 
to enable determination of disease form in 15 cases 
(50%): 10 case-patients had ulceroglandular/glan-
dular tularemia, 3 had pneumonic tularemia, 1 had 
cellulitis, and 1 died as a result of sepsis and renal 
failure that developed in the setting of underlying 
chronic conditions. Half of cases (n = 15) were from 
counties on Long Island. Of those, 13 occurred in Suf-
folk County, representing 43% of the total reported 
cases during the study period, with 69% of all Suffolk 
County cases reported recently (2014–2023) (Figure). 
Reported cases of tularemia have emerged sporadi-
cally from across New York since 1993 at a rate of <1 
case/year on average, but 50% of cases were reported 
during the last decade of the study: 67% from Long 
Island and 33% from elsewhere in the state (Figure).

We carried out standardized drag sampling of 
host-seeking A. americanum and D. variabilis ticks as 
previously described (12) during 2019–2023 at 21 sur-
veillance sites across Suffolk County with suitable 
habitat for ticks and their vertebrate hosts or locations 
tied epidemiologically to tularemia cases. We collect-
ed a total of 27,158 ticks and pooled them by species, 
developmental stage, site, and collection date (up to 
20 nymphs or 10 adult female or male ticks each) for 
nucleic acid extraction as previously described (12). 
We collected an additional 517 D. variabilis ticks from 
57 locations in 18 other New York counties during 
the same timeframe. We screened the resulting 3,220 
pools for F. tularensis using an in-house–validated 
real-time PCR targeting the Tul4 gene, capable of de-
tecting multiple subspecies (13) (Appendix, https://
wwwnc.cdc.gov/EID/article/32/1/25-0854-App1.
pdf). We calculated measures of tick population den-
sity (ticks per 1,000 m2 sampled) and minimum infec-
tion rate at the site level (12). We overlayed average 
tick density values on a map of Suffolk County tula-
remia cases using ArcGIS Pro.

Of 17,921 A. americanum nymphs collected, 1 
pool tested positive for F. tularensis. Those ticks were 
collected on July 23, 2020, from Southampton Town-
ship, which had an F. tularensis minimum infection 
rate of 0.42% and the highest overall tick population 
density, averaging 266.8 ticks/1,000 m2 sampled 
(Figure). Tularemia cases tended to be reported in 
residents of higher tick density regions of Suffolk 
County (Figure).

Conclusions
This study underscores the importance of ongoing 
human disease and vector surveillance, particularly 
in Suffolk County, where nearly half of New York  

tularemia case-patients resided during 1993–2023 and 
where we observed a recent increase in reported cases 
beginning in 2014. The demographics of New York 
tularemia cases resembled those observed nation-
ally. Case-patients were predominantly White men, 
although the median age in New York (38.5 years) 
was lower than reported nationally (48 years) (7). The 
case-fatality rate of 6.7% in our study was higher than 
the ≈2% previously reported (5), but interpretation is 
limited because outcome was recorded in only 50% 
of the cases we report (n = 15). We did not observe 
increased incidence in American Indian or Alaskan 
Indigenous populations in New York; however, our 
data did not include race and ethnicity in nearly 27% 
of cases. Increased effort to improve the accuracy 
and completeness of communicable disease surveil-
lance reporting data obtained from medical providers 
and patients during public health case investigations 
would enable better elucidation of epidemiologic risk 
factors associated with tularemia in New York.

Despite extensive sampling over 4 years, the 
prevalence of F. tularensis in ticks was low, high-
lighting the potential importance of other infection 
routes. The detection of F. tularensis in A. americanum 
nymphs from Southampton and the variability in tick 
densities across Suffolk County locations point to lo-
calized ecologic factors influencing tick distribution 
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Table. Demographic and epidemiological characteristics of 
confirmed and probable tularemia cases, New York, 1993–2023* 
Demographics No. (%) patients 
Age, y  
 0–9 3 (10) 
 10–19 2 (6.67) 
 20–29 4 (13.33) 
 30–39 6 (20) 
 40–49 3 (10) 
 50–59 4 (13.33) 
 60–69 5 (16.67) 
 70–79 3 (10) 
 ≥80 0 (0) 
Sex  
 M 19 (63.33) 
 F 11 (36.67) 
Race/ethnicity  
 White 18 (60) 
 Black 2 (6.67) 
 Hispanic or Latino 2 (6.67) 
 Unknown 8 (26.67) 
Outcome  
 Alive 14 (46.67) 
 Dead 1 (3.33) 
 Unknown 15 (50) 
Case status  
 Confirmed 19 (63.33) 
 Probable 11 (36.67) 
*Data represent cases reported to the New York State Department of 
Health; percentages calculated based on cases with available information. 
Mean age for case patients 40.7 (SD 21.97) years; median age 38.5 
(range 2–78) years. 

 



DISPATCHES

and subsequent tick bite exposure risk. Tularemia 
cases tended to be reported in residents of higher 
tick density regions of Suffolk County, but averag-
ing tick density values across sampling years and tick 
developmental stages limits temporal interpretabil-
ity. Rising temperatures and changing precipitation 
patterns may lengthen the seasonal window of vec-
tor activity and alter host population dynamics and 
enzootic transmission cycles, ultimately affecting hu-
man exposure risk (14). This possibility is particularly 
relevant to coastal New York, where environmental 
changes could increase seasonal exposure risk (15), 
reinforcing the need for continued tick surveillance 
and targeted public health interventions.

Given tularemia’s broad geographic distribu-
tion in the United States, prevention efforts should 
focus on increasing public and provider awareness, 

ensuring timely diagnosis, and promoting effective 
prevention strategies. Continued human and vector 
surveillance remains critical for early detection and 
risk assessment. However, the timeliness and com-
pleteness of epidemiologic data associated with hu-
man tularemia cases is paramount to gaining a better 
understanding of disease etiology.
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Figure. Human tularemia cases 
mapped by county of residence, 
New York, USA, 1993–2023. 
Year of case diagnosis shown. 
Inset displays tularemia cases by 
postal (ZIP) code tabulation area 
of residence, Suffolk County, 
New York, 1993–2023, overlaid 
with cumulative host-seeking 
tick density (2019–2023). Tick 
density expressed as ticks per 
1,000 m2 sampled (nymphs and 
adults combined), cumulative 
over the surveillance period. Red 
marker indicates location of the 
Francisella tularensis–positive 
tick pool.
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Mycobacterium decipiens is a recently identified 
nontuberculous mycobacterium genetically 

closest to the M. tuberculosis complex but of low viru-
lence. Since its description in 2018, the medical litera-
ture documents 2 human infections (1,2). We report 
a cutaneous case of M. decipiens in a 60-year-old man 
living in an area between Paris and Corsica, France.

The patient sought treatment for skin lesions 
on his anterior right knee evolving over 9 months. 
His medical history included irritable bowel dis-
ease treated with the anti–tumor necrosis factor-α 
monoclonal antibody adalimumab (80 mg subcuta-
neously on the abdomen every 2 wks) for 9 years. 
Two months after a 2-week trip to French Guiana, 
where he hiked in forests and swam in rivers and 
pools, he noticed an erythematous papule that pro-
gressively worsened. He reported no history of 
trauma, sick contacts, or animal exposure and no 
adalimumab injections during the trip. He did re-
port multiple mosquito bites. The man’s occupation 
involved building renovation and, on returning 
from French Guiana, he emptied stagnant swim-
ming pool water in Corsica. 

Clinical examination revealed an erythematous, 
exudative, budding lesion over the patella, with mul-
tiple satellite nodules (Figure, panel A). Ipsilateral 
inguinal lymphadenopathy was nontender and sub-

centimetric. The patient reported no fever or weight 
loss. Magnetic resonance imaging of the right knee re-
vealed superficial prepatellar bursitis and tendinopa-
thy of the patellar and pes anserinus tendons. Blood 
counts and protein electrophoresis were unremark-
able; C-reactive protein was moderately elevated at 
25.6 mg/L (normal <5 mg/L). HIV serology result 
was negative. 

Histopathologic examination of a surgical bi-
opsy showed epithelioid and giant cell granulomas 
without necrosis, along with superficial and deep 
lymphocytic inflammation around capillaries. Direct 
mycobacteriologic examination with auramine and 
Ziehl–Neelsen staining revealed 1–9 acid-fast bacilli 
per microscopic field. M. tuberculosis PCR (MDR/
MTB ELITe MGB kit on ELITe InGenius platform; 
ELITechGroup; https://www.elitechgroup.com), 
targeting IS6110 and rpoB, produced negative re-
sults. Cultures produced dry, chamois-colored colo-
nies on both liquid (mycobacteria growth indicator 
tube, modified 7H9) and solid (Coletsos) media. We 
observed growth after 24 days in the liquid medium 
and after 27 days on Coletsos medium at 30°C and 
37°C; colonies were larger at 30°C. Commercial-
line probe assays (GenoType CM and AS; Bruker; 
https://www.bruker.com) covering the most com-
mon and pathogenic nontuberculous mycobacte-
rium as well as the M. tuberculosis complex failed to 
identify the isolate (3).

Sequencing of the 16S rRNA and hsp65 genes 
showed 100% identity with M. decipiens (ATCC TSD-
117; GenBank OY970459.1; TBL 1200985, Genbank 

146	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No.1, January 2026

RESEARCH LETTERS

Mycobacterium decipiens is a newly identified species 
with high genomic similarity to M. tuberculosis. We report 
a cutaneous M. decipiens infection in a patient in France 
who had inflammatory bowel disease being treated with 
anti–tumor necrosis factor-α therapy. The infection was 
successfully treated with an oral antimicrobial regimen.

Figure. Cutaneous infection on the right knee before and after 
treatment from study of Mycobacterium decipiens infection in 
a patient treated with anti–tumor necrosis factor-α therapy, 
France, 2024. A) Before treatment: erythematous, exudative, 
budding lesion over the patella with multiple satellite nodules. B) 
After treatment: residual pigmented macular lesions, sometimes 
depressed, consistent with postinflammatory changes.
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NR_178632.1 for 16S and GenBank KJ371035.1 for 
hsp65). The closest non–M. decipiens matches were 
M. tuberculosis strains LP-0106963-RM2 (GenBank 
CP194255.1) and RM1 (GenBank CP194256.1), which 
showed 99.4% identity for 16S, and M. szulgai (Gen-
Bank KC481265.1, 96.2%) and M. intracellulare sub-
species. yongonense (GenBank OR672012.1, 95.7%) 
for hsp65. Whole-genome sequencing confirmed the 
identification; analysis with KRAKEN2 using a dedi-
cated mycobacterial reference database identified the 
isolate as M. decipiens, with 92.8% of reads assigned 
(4). We deposited raw reads in the National Center 
for Biotechnology Information under BioProject PRJ-
NA1308041 (accession no. SRR35034371).

 We determined MICs for antimicrobial drugs 
potentially active against slow-growing mycobacte-
ria using the SLOMYCO Sensititer system (Thermo 
Fisher Scientific; https://www.thermofisher.com) 
with Mueller–Hinton medium incubated at 30°C. 
MICs were readable after 10 days of incubation, and 
interpretation followed Clinical and Laboratory Stan-
dards Institute guidelines (5) for slowly growing my-
cobacteria other than M. avium and M. kansasii. The 
strain was susceptible to clarithromycin, rifabutin, 
moxifloxacin, amikacin, linezolid, and trimethoprim/
sulfamethoxazole but resistant to rifampin.

The patient received empirical treatment with 
clarithromycin, ethambutol, and rifampin, resulting 
in poor response after 1 month. Once M. decipiens 
was identified, we replaced rifampin with moxiflox-
acin, leading to rapid clinical improvement within 
4 weeks. We reduced adalimumab to 40 mg every 2 
weeks. The patient continued on combination ther-
apy for 2 additional months after complete remis-
sion. Reduction of adalimumab triggered an irrita-
ble bowel disease flare requiring corticosteroids and 
mesalazine enemas. Six months after discontinua-
tion of antimicrobial drugs, only postinflammatory 
scarring remained (Figure, panel B).

M. decipiens is a slow-growing species, with op-
timal growth at 32°C–35°C. Colonies are rough, non-
pigmented, and chamois-colored, resembling M. tu-
berculosis. Researchers have noted misidentification 
by rapid M. tuberculosis identification assays, compli-
cating microbiologic diagnosis (6).

The reservoir of M. decipiens remains unknown. 
Reported cases of M. decipiens infection involved pa-
tients who had recently traveled to tropical regions 
(US Virgin Islands, Maldives, and French Guiana), 
suggesting a possible epidemiologic link (1,2). In this 
case, the patient reported river bathing in French Gui-
ana and exposure to stagnant swimming pool water. 
In another case, the patient reported bathing in a tidal 
pool, raising the possibility of an aquatic reservoir (1). 
Reports have noted resistance of M. decipiens to first-
line antituberculous drugs, including rifampin, iso-
niazid, and ethambutol (6). In our case, discontinuing 
rifampin and initiating moxifloxacin brought rapid 
clinical improvement. A prior reported case likewise 
involved administration of a macrolide-moxifloxacin 
combination with a third agent, which led to success-
ful recovery (1).

In conclusion, clinical strains of M. decipiens  
in humans, as reported both here and in prior re-
ports, appear to be susceptible to clarithromy-
cin, moxifloxacin, linezolid, rifabutin, and trim-
ethoprim/sulfamethoxazole (Table). Those agents 
should be considered in empirical regimens for 
possible M. decipiens infections, pending suscepti-
bility results.
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Table. Susceptibility of clinical isolates studied in prior reports and in our investigation of Mycobacterium decipiens infection in patient 
treated with anti–tumor necrosis factor-α therapy, France, 2024*   

Antimicrobial drug 
MIC of clinical isolates, μg/mL 

Case 1 (1) Case 2 (2) Case 3 (this study) 
Amikacin ≤1, S 4, S 1, S 
Ciprofloxacin 4, R 1, S 4, R 
Clarithromycin 4, S 0.25, S 8, S 
Doxycycline 0.5, S 2, I 2, I 
Ethambutol 4, I 8, R 4, I 
Linezolid ≤1, S ≤1, S 1, S 
Moxifloxacin 0.5, S ≤0.12, S 0.25, S 
Rifabutin ≤0.25, S ≤0.25, S <0.25, S 
Rifampin 2, R 2, R 4, R 
Trimethoprim/sulfamethoxazole 0.25/4.75, S 0.5/9.5, S 0.5/9.5, S 
*The S/I/R breakpoints have been defined by analogy with the Clinical and Laboratory Standards Institute breakpoints for slowly growing mycobacteria 
other than M. avium and M. kansasii (5). I, intermediate; R, resistant; S, susceptible. 
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Ehrlichiosis is a tickborne zoonosis caused by intra-
cellular, Rickettsia-like Ehrlichia spp., which were 

first described in humans in 1987 (1). The primary 
human pathogens are E. chaffeensis, which causes 
human monocytic ehrlichiosis, and E. ewingii and E. 
muris eauclairensis (EME), which cause granulocytic 
ehrlichiosis. EME, identified in 2009 in Eau Claire, 
Wisconsin, USA, occurs mainly in the Upper Mid-
west, particularly Minnesota and Wisconsin (2). It is 
transmitted by the blacklegged tick (Ixodes scapularis), 
and incidence peaks in summer (2). 

Clinically, ehrlichiosis manifests as an acute fe-
brile illness, most often with fever (≈90%), headache, 
malaise, myalgia, and gastrointestinal symptoms 
(nausea, vomiting, diarrhea). Laboratory findings 
commonly include thrombocytopenia (≈76% of cas-
es), leukopenia, lymphopenia, and elevated aspartate 
transferase (≈46% cases); rash occurs in ≈17% of cases 
(3). Neurologic symptoms such as confusion, amne-
sia, or seizures have been reported in ≈9% of cases, 
particularly in older or immunosuppressed patients, 
usually with unremarkable imaging (4). We report a 
fatal case of severe ehrlichiosis caused by E. muris eau-
clairensis in a liver transplant recipient in Minnesota.

In May 2025, a 52-year-old man from northern 
Minnesota who had liver cirrhosis and hepatocellu-
lar carcinoma underwent deceased-donor liver trans-
plantation. Seven months later, he sought care for a 
3-day history of headache, blurred vision, malaise, 
and throat congestion. His immunosuppression regi-
men included mycophenolate, sirolimus, cyclospo-
rine, and prednisone. He had multiple episodes of 
glucocorticoid-resistant acute T-cell–mediated rejec-
tion treated with 4 doses of antithymocyte globulin, 
most recently 1 month earlier.

At the time of examination, the only notable find-
ing was jaundice. The patient lived on a farm with 
tick exposure but denied known bites. Laboratory 
tests showed anemia, lymphopenia, thrombocytope-
nia, transaminitis, and hyperbilirubinemia (Table). A 
peripheral blood smear obtained at admission was 
negative for intracellular morulae. PCR tests for cy-
tomegalovirus, Epstein-Barr virus, herpes simplex 
virus types 1 and 2, human herpesvirus 6, influenza, 
and SARS-CoV-2 were negative. Ferritin was elevat-
ed (331 µg/L). The patient was started on cefepime 
for neutropenic fever, but worsening headaches and 
confusion developed within 24 hours. Brain magnetic 
resonance imaging showed no acute infarcts. Empiric 
meningitis treatment was initiated (vancomycin, ce-
fepime, and ampicillin). Lumbar puncture yielded 
clear yellow cerebrospinal fluid with 1 leukocyte, 
protein 17 mg/dL, and glucose 74 mg/dL. Results 

Ehrlichia muris eauclairensis bacterial infections can mani-
fest with atypical and severe symptoms in immunocompro-
mised patients. We report a fatal case of severe ehrlichio-
sis caused by E. muris eauclairensis in a liver transplant 
recipient in Minnesota, USA. Healthcare providers must 
remain vigilant about tickborne infections in endemic re-
gions, especially among immunocompromised patients.
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of cerebrospinal fluid studies, including Gram stain, 
HSV PCR, and a meningitis-encephalitis panel, were 
negative. On hospitalization day 3, a tickborne dis-
ease panel was ordered, and doxycycline (100 mg in-
travenously every 12 h) was initiated. By day 4, acute 
hypoxic respiratory failure developed, requiring in-
tubation and intensive care unit transfer.

On hospitalization day 5, results were received 
from the tickborne disease panel, a real-time PCR and 
DNA probe hybridization assay performed on whole 
blood at Mayo Clinic Laboratories (Rochester, MN, 
USA). The tests were negative for Anaplasma phagocy-
tophilum, E. chaffeensis, Babesia spp., and Borrelia miya-
motoi but positive for E. muris eauclairensis. Within 24 
hours, the patient developed multiorgan failure and 
died.

Autopsy revealed patchy pulmonary edema, hem-
orrhage, hyaline membranes, and reactive pneumocytes 
in lung tissue (Figure, panel A). The liver showed exten-
sive necrosis consistent with ischemic injury (Figure,  
panel B). Renal parenchyma demonstrated acute tubu-
lar injury with bile casts (Figure, panel C). The spleen 
was congested, and the heart exhibited moderate 
myocyte hypertrophy and mild perivascular fibrosis. 
No specific findings were reported from brain paren-
chymal tissue. Clinical findings supported severe eh-
rlichiosis manifesting with acute respiratory distress 
syndrome and multiorgan failure.

Diagnosis of EME relies on PCR, which is most 
sensitive during the first week of illness. Early sero-
logic testing might be negative and cannot reliably 

differentiate EME from other species, and antibod-
ies can persist for months to years; paired acute 
and convalescent serum sample testing is recom-
mended. Treatment is doxycycline (100 mg orally 
or intravenously 2×/d for 7–14 days), guided by  
clinical response (5).

Immunosuppression impairs cell-mediated im-
munity and increases ehrlichiosis-related mortal-
ity, as demonstrated in animal models (6). High-risk 
groups include transplant recipients, asplenic pa-
tients, and patients with HIV, who can develop se-
vere complications such as pancytopenia, renal fail-
ure, acute respiratory distress syndrome, shock, and 
neurologic dysfunction (7). In this patient, recent 
antithymocyte globulin therapy likely contributed to 
the poor outcome. That agent depletes T cells through 
complement-dependent lysis, activation, and apopto-
sis; induces B-cell apoptosis; alters leukocyte–endo-
thelial interactions; disrupts endothelial function; and 
promotes regulatory and natural killer T cells (8).

Figure. Microscopic findings 
from autopsy of liver transplant 
recipient with fatal Ehrlichia 
muris eauclairensis infection, 
Minnesota, USA. A) Hematoxylin 
and eosin stain of lung tissue 
shows acute diffuse alveolar 
damage with intraalveolar edema 
(asterisk) and focal hyaline 
membranes. Scale bar indicates 
100 μm. B) Hematoxylin and 
eosin stain of kidney tissue 
shows acute tubular injury 
(asterisk). Scale bar indicates 50 
μm. C) Masson’s trichrome stain 
of the liver shows prominent 
zone 3 necrosis (asterisk) 
consistent with ischemic injury. 
Scale bar indicates 500 μm. D) 
Higher magnification of panel C 
shows the loss of hepatocytes 
(asterisk) near the central vein 
(zone 3). Scale bar indicates 
100 μm.

 
Table. Laboratory values at hospital admission for liver transplant 
recipient who later died of Ehrlichia muris eauclairensis infection, 
Minnesota, USA 
Test (reference range) Value 
Hemoglobin, g/dL (13.2–16.6) 9.6 
Platelets, × 109/L (135–317) 59 
Leukocytes, × 109 cells/L (3.4–9.6) 1.2  
Lymphocytes, × 109 cells/L (0.95–3.07) 0.04 
Creatinine, mg/dL (0.74–1.35) 0.53 
Alanine aminotransferase, U/L (7–55) 88 
Aspartate aminotransferase, U/L (8–48) 142 
Total bilirubin, mg/dL (0.0–12) 18.2 
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Reported outcomes of ehrlichiosis in solid organ 
transplant recipients have generally been favorable; 
for example, 1 case of E. chaffeensis infection resolved 
despite multiorgan involvement (9). In a study of 
75,077 US blood samples (2007–2013), EME was iden-
tified in 69 patients (0.1%), mostly in Minnesota and 
Wisconsin; 49 were immunocompromised, of which 
13 (27%) were on immunosuppressive therapy, in-
cluding 7 transplant recipients (10). All recovered, 
most after doxycycline treatment.

Clinicians should maintain a high index of sus-
picion for ehrlichiosis in febrile transplant recipients 
who have headache, altered mental status, throm-
bocytopenia, or transaminitis, particularly in those 
with tick exposure or residence in endemic areas. 
In this case, transaminitis and severe hyperbilirubi-
nemia with liver allograft dysfunction complicated 
the diagnosis, underscoring the importance of timely 
tickborne disease testing. Early recognition and treat-
ment are critical to preventing fatal outcomes.
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We report the emergence and spread of multilocus 
variable-number tandem-repeat analysis type 27 (MT-
27) macrolide-resistant Bordetella pertussis (MRBP) in 
Kobe, Japan, in 2025. Whole-genome sequencing re-
vealed that MT27-MRBP did not originate from the widely 
circulating MT27 macrolide-sensitive B. pertussis in Ja-
pan but was closely related to MRBP in China.
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Bordetella pertussis, a gram-negative, pathogenic 
bacterium of the genus Bordetella, is the causative 

agent of contagious respiratory illness and whoop-
ing cough (pertussis). Diphtheria-pertussis-tetanus 
(DPT) combination vaccines have substantially re-
duced pertussis-related illness and deaths, especial-
ly among infants (1). Macrolides represent mostly 
natural polyketide-class products containing a large 
macrocyclic lactone ring with potential attachment 
groups (e.g., deoxy sugars), with antibiotic or antifun-
gal activities. Macrolides are popular pharmaceutical 
drugs, frequently used for pertussis treatment and 
prevention. Macrolide-resistant B. pertussis (MRBP), 
characterized by the A2047G mutation in a region 
critical for macrolide binding to the 23S rRNA gene, 
has recently emerged and spread worldwide (2). In 
China, the predominant MRBP genetic lineage has 
shifted in the pertussis toxin promoter region (ptxP) 
allele type from ptxP1 to ptxP3, and the prevalence 
of the ptxP3-carrying multilocus variable-number 
tandem-repeat analysis type (MT) 28 MRBP strain has 
increased rapidly (3).

In Japan, pertussis notifications, which de-
creased during the COVID-19 pandemic, have sig-
nificantly increased since 2024 (4). MRBP was first 
documented in 2018 during the first isolation of 
ptxP1-MT195-MRBP (5). More recently, ptxP3-MRBP 
strains isolated from Tokyo and Okinawa have been 
described, demonstrating close genetic relation to 
the China strains (6,7).

MT27 is a single-locus MT28 variant, and this 
genotype, carrying the virulence-associated alleles 
ptxP3/ptxA1/prn2/fim3-1, became predominant 
among macrolide-susceptible B. pertussis (MSBP) 
strains in various countries, including Japan (8–10). 
In contrast, to date, just 1 MT27-MRBP strain has 
been reported in China in 2017 (8); no cases have 

been identified outside of China. In this study, we 
report 5 MT27-MRBP strains isolated during Febru-
ary–March 2025 from children with pertussis in 1 
hospital and 2 private clinics in Kobe, Japan (Table). 
To investigate the molecular epidemiologic charac-
teristics of these 5 MT27-MRBP isolates, we com-
pared them to Japan MT27-MSBP strains isolated 
during 2010–2025, including 10 isolates from Kobe, 
and MRBP strains from China (3,6–8,10). This study 
was approved by the Kobe City Review Board (ap-
proval no. SenR3-10).

We collected 9 MT27 strains from patients 2 
months through 12 years of age during January–
March 2025 (Table). All 5 MT27-MRBP strains har-
bored the A2047G mutation in the 23S rRNA and 
exhibited MICs of >256 μg/mL for erythromycin, 
clarithromycin, and azithromycin. All MT27-MRBP–
infected patients recovered without any sequelae. We 
used the BIGSdb-Pasteur platform (https://bigsdb.
pasteur.fr/bordetella) to identify the MT27-MRBP 
virulence genotype, which yielded identical results 
for all strains: ptxP3/ptxA1/fhaB1/fim3–1/prn150. 
Among the 5 virulence-related genes, we observed a 
difference in the prn allele between the MT27-MSBP 
and MT27-MRBP strains isolated in Kobe (i.e., prn2 in 
MSBP and prn150 in MRBP) (Table). Of note, prn150 
was identical to the allele in the globally prevalent 
MT28-MRBP strains (3).

To determine genetic relatedness, we performed 
phylogenetic analyses using whole-genome sequences 
of 6 MT27-MSBP isolates obtained in Kobe since 2013 
(Table) and other publicly available genomes (Appendix 
Table, https://wwwnc.cdc.gov/EID/article/32/1/25-
0890-App1.xlsx). Our single-nucleotide variant–based 
phylogenetic analysis revealed that the 5 MT27-MRBP 
strains clustered within the prn150 lineage, which is 
genetically closely related to the MRBP strain from  

 
Table. Clinical features and microbiological profiles of 15 MT27-Bordetella pertussis isolates in Kobe, Japan, January 2013–March 2025* 

Strain ID Collection date 
Patients Macrolide 

susceptibility 
Genotyping of virulence-related genes 

Age/sex Vaccination (no. doses) ptxP ptxA fhaB fim3 prn 
KBP0005 2013 Mar 25 1 y/M DPT (3) Susceptible 3 1 1 1 2 
KBP0006 2015 Apr 21 4 mo/F NA Susceptible 3 1 1 1 2 
KBP0007 2016 Feb 25 8 mo/M Unvaccinated Susceptible 3 1 1 1 2 
KBP0009 2019 Sep 24 1 mo/F Unvaccinated Susceptible 3 1 1 1 2 
KBP0010 2024 Jun 24 1 mo/F Unvaccinated Susceptible 3 1 1 1 2 
KBP0011 2024 Jun 24 35 y/M DPT (4) Susceptible 3 1 1 1 2 
KBP0014 2025 Jan 25 8 y/F DPT-IPV (4) Susceptible 3 1 1 1 2 
KBP0016 2025 Feb 3 10 y/F DPT-IPV (4) Resistant 3 1 1 1 150 
KBP0017 2025 Feb 12 2 mo/M DPT-IPV (1) Resistant 3 1 1 1 150 
KBP0018 2025 Feb 13 12 y/M DPT-IPV (4) Susceptible 3 1 1 1 2 
KBP0019 2025 Feb 18 9 y/F DPT-IPV (4) Susceptible 3 1 1 1 2 
KBP0020 2025 Feb 20 10 y/F DPT-IPV (4) Resistant 3 1 1 1 150 
KBP0025 2025 Mar 7 12 y/F DPT-IPV (4) Susceptible 3 1 1 1 2 
KBP0026 2025 Mar 7 12 y/F NA Resistant 3 1 1 1 150 
KBP0028 2025 Mar 12 12 y/F NA Resistant 3 1 1 1 150 
*DPT, diphtheria-pertussis-tetanus; IPV, inactivated polio vaccine; MT, multilocus variable-number tandem-repeat analysis type; NA, not available. 
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China and that clonal population (Figure). Further-
more, MT27-MRBP strains in Kobe were genetically 
distinct from the China MT27-MRBP (GenBank acces-
sion no. SRR16306222), as well as from the Japan MRBP 
strains, BP636 (GenBank accession no. DRR631445) in 
Tokyo and OkiPb01308 and OkiPb01309 (National Cen-
ter for Biotechnology Information BioProject accession 
no. PRJDB20292) in Okinawa (Figure). The identifica-
tion of genetically divergent strains across 3 geographi-
cally separated regions of Japan suggests multiple, epi-
demiologically independent introductions. In contrast, 
MT27-MSBP strains KBP0014, KBP0018, KBP0019, and 
KBP0025, isolated in 2025, belonged to a clade of cur-
rently prevalent strains in Japan. Taken together, our 
results suggest that MT27-MRBP does not originate 
from the currently circulating MT27-MSBP in Japan 
but could have been potentially introduced from Chi-
na. Finally, 5 MT27-MRBP–infected patients resided 
in 3 different wards with no apparent temporal links, 
suggesting that this newly emergent strain might be 
spreading latently in Kobe.

In conclusion, we identified distinct genetic dif-
ferences between the MT27-MSBP and MT27-MRBP 
strains collected during January–March 2025 in Kobe. 
Our study suggests that MT27-MRBP strains closely 
related to the China MRBP strains have emerged and 
spread in Kobe, Japan.
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Strongyloides stercoralis can persist for decades in 
humans (1). In immunocompromised patients, 

such as transplant recipients, S. stercoralis can cause 
disseminated infection or hyperinfection syndrome 
(2). Mortality exceeds 60% in immunosuppressed 
persons (3), reaching 87% if treatment is not initiat-
ed (4). We report 2 cases of strongyloidiasis in renal 
transplant recipients who shared the same donor.

The donor was a 72-year-old man who was 
born in Ghana and resided in Tenerife, Canary Is-
lands, Spain, for 20 years. He died from subarach-
noid hemorrhage after a traumatic brain injury. He 
had no known immunosuppressive condition, and 
his eosinophil count was unremarkable. Following 
National Transplant Organization guidelines on 
the selection criteria of donors in relation to infec-
tious diseases (5), routine donor serologic screening 
was conducted. Testing for HIV, human T-lympho-
tropic virus 1 and 2, hepatitis C and B virus, syphi-
lis, cytomegalovirus, Epstein-Barr virus, herpes 
simplex virus 1 and 2, and toxoplasmosis revealed 
no noteworthy findings except positive results for 
cytomegalovirus IgG and hepatitis B core antibody 
(hepatitis B surface antigen was negative). Because 
of the donor’s geographic origin, Mantoux test-
ing and testing for antibodies against Coccidioides 
immitis, Histoplasma capsulatum, Plasmodium spp., 
and S. stercoralis were conducted; all results were 
negative. The additional testing was conducted at 
an external reference laboratory (Reference Labo-

We report 2 cases of donor-derived Strongyloides ster-
coralis infection in renal transplant recipients. Despite 
initial negative serologic testing in donor samples, ret-
rospective testing confirmed transmission. This report 
underscores the limitations of serologic screening, the 
need for targeted protocols in endemic-risk populations, 
and the importance of close posttransplant surveillance.
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ratory S.A., Barcelona, Spain), where Strongyloides 
serology was performed by using a crude-antigen 
enzyme-linked immunosorbent assay (SciMedx 
Corporation, https://www.scimedx.com), yielding 
an index value of <0.1 (>1 is considered positive). 
One kidney from the donor was transplanted into 
each of 2 recipients.

Recipient A was a 65-year-old man with diabetic 
nephropathy who was on continuous ambulatory 
peritoneal dialysis for 11 months before transplant. 
No complications were reported during the immedi-
ate posttransplant period. Approximately 2 months 
after transplant, a cough with sputum production 
developed; the patient was initially treated on an 
outpatient basis with oral amoxicillin/clavulanic 
acid (500 mg/8 h for 7 days). He then sought care at 
the local emergency department with severe epigas-
tric pain and heartburn, asthenia, tendency toward 
hypotension, and persistence of mild respiratory 
symptoms. A computed tomography scan revealed 
gastric distension, mild small-bowel dilatation and 
thickening, minimal pelvic free fluid, and bilateral 
pleural and pericardial effusion. Laboratory find-
ings included C-reactive protein of 114 mg/L (ref-
erence range <5 mg/L), increased leukocytes of 23 
× 109 cells/L (reference 4–11 × 109 cells/L ), serum 
IgE 1,664.9 IU/mL (reference <100 IU/mL), and 
marked hypereosinophilia, rising from 3.2 × 109 
cells/L (reference <0.5× 109 cells/L) at admission to 
18.7 × 109 cells/L on day 6 of hospitalization (Figure 
1). We learned the patient had previously traveled 
by caravan across Spain’s Mediterranean coast, an 
area described as endemic for strongyloidiasis (6). 
Formalin ethyl-acetate sedimentation concentration 
with subsequent microscopic examination of stool 
samples revealed S. stercoralis L1 rhabditiform lar-
vae (Figure 2). Because of the donor’s negative se-
rology, we suspected endogenous reactivation. The 
patient received oral ivermectin (200 μg/kg/d for 25 
days) and albendazole (400 mg 2×/d for 15 days), 
with progressive clinical improvement. Once the 
patient reached normalization of eosinophilia and 
preservation of graft function, he was discharged.

Figure 1. Eosinophil count 
evolution in recipient A during 
admission in a study of 
donor screening failure for 
Strongyloides stercoralis in solid 
organ transplantation.

Figure 2. Strongyloides stercoralis L1 rhabditiform larva found in 
stool sample from recipient A in a study of donor screening failure 
for Strongyloides stercoralis in solid organ transplantation.
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Recipient B was a 74-year-old man with dia-
betic nephropathy who was on hemodialysis for 20 
months before transplantation; no complications 
were reported during the immediate posttransplant 
period. He had no known risk factors for Strongyloi-
des infection. After the confirmed diagnosis in recipi-
ent A, we conducted targeted screening, revealing 
S. stercoralis L1 rhabditiform larvae in stool samples 
examined by direct microscopy by using the formalin 
ethyl-acetate sedimentation concentration technique. 
He did not show peripheral eosinophilia at any time 
and remained asymptomatic with unremarkable 
laboratory values throughout follow-up. We treated 
him with oral ivermectin (200 μg/kg/d for 2 days) 
and repeated treatment 2 weeks later. Both patients 
tested negative in follow-up stool examinations per-
formed by using the same concentration and micros-
copy methods.

Because of the suspicion of a common transmis-
sion source, stored donor serum was sent for repeat 
Strongyloides serologic testing by using third-stage 
larvae antigen enzyme-linked immunosorbent as-
say for Strongyloides IgG (DRG Instrument Gmbh, 
https://www.drg-diagnostics.de). The sample tested 
positive with an index value of 1.61 (>1.1 is consid-
ered positive), confirming donor-derived transmis-
sion of the parasite.

This event highlights several clinically relevant 
considerations. First, the sensitivity of serologic as-
says varies widely (7,8); thus, active infection cannot 
be ruled out solely on the basis of a negative result in 
epidemiologically at-risk patients. This limitation is 
even more relevant for immunosuppressed patients, 
in whom serologic testing might yield false-negative 
results. Therefore, additional diagnostic methods, 
such as PCR, stool concentration techniques, or agar 
plate culture, should be considered to reliably ex-
clude infection. Second, it underscores the need to 
reinforce targeted screening protocols in both donors 
and recipients with origin or prolonged residence in 
endemic areas, including national regions (9), which 
are often overlooked. Close monitoring of recipients 
from such donors remains essential, and the appear-
ance of any new symptoms, such as mild respiratory 
symptoms seen in recipient A, should raise concern, 
even with negative donor serology, as in this case it 
might corresponded to Löffler syndrome. Finally, 
this report highlights the usefulness of storing serum 
from deceased donors for retrospective confirmation.
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Melioidosis is a severely neglected tropical dis-
ease that is prevalent yet highly underreported 

in Africa (1,2). Burkholderia pseudomallei, as its caus-
ative agent, is a gram-negative environmental bacte-
rium, and exposure can lead to pneumonia, sepsis, 
and abscess formation; mortality rates sometimes 
exceed 40% (1). Nigeria is a high-priority country 
for melioidosis surveillance efforts in Africa because 
the disease burden is thought to the highest on the 
continent (2–4). However, current epidemiologic es-
timates in Nigeria are derived solely from modeling 
(3,4). Environmental distribution of B. pseudomallei 
has been established in Nigeria; the highest soil posi-
tivity rate has been demonstrated in the southeastern 
state Ebonyi (5). We hypothesized that environmental 
exposure to B. pseudomallei would result in a serologic 
response among inhabitants of Ebonyi state. Thus, we 

performed a cross-sectional study to assess the extent 
of a serologic response to B. pseudomallei in this state. 

We recruited healthy participants using a conve-
nience sampling approach in communities and the 
blood bank of the Alex Ekwueme Federal University 
Teaching Hospital Abakaliki. Adult participants were 
only able to take part if they could provide consent 
and were without suspicion of acute disease or febrile 
illness. Every consecutive participant meeting those 
criteria was recruited using a 1:1 ratio between com-
munities and the blood bank. We obtained serum 
samples, and participants completed a short survey 
with questions on demographics and risk factors re-
lated to B. pseudomallei exposure. 

We tested serum at a 1:2,000 dilution for the 
presence of IgG against a panel of 4 B. pseudomal-
lei antigens (BPSL2096, BPSL2697, BPSS0477, and 
BPSS1498) spotted at a concentration of 1 mg/mL on 
the INTER-ARRAY platform (fzmb GmbH, https://
www.inter-array.com), and we applied a signal in-
tensity threshold of 0.3 on the basis of previous stud-
ies (6,7) (Appendix, https://wwwnc.cdc.gov/EID/
article/32/1/25-1113-App1.pdf). We verified array 
performance with buffer control and nonpooled 
positive (melioidosis, culture-confirmed) and nega-
tive (healthy, nonendemic) control samples in ev-
ery run. We screened serum of healthy participants 
from the hyperendemic region of Ubon Ratchathani, 
Thailand, collected as part of a previous study, in 
parallel with the same assay and used it as a com-
parator (n = 50) (6,8).

Ethical approval for use of the Nigeria samples 
was obtained from the Research and Ethics Commit-
tee of Alex Ekwueme Federal University Teaching 
Hospital Abakaliki (ref. no. 10/06-2022-02/08/2022). 
Ethical approval for the use of the Thailand samples 
was obtained from the Faculty of Tropical Medicine, 
Mahidol University (ref. no. TMEC 12-014), Sappa-
sitthiprasong Hospital, Ubon Ratchathani (ref. no. 
018/2555), and the Oxford Tropical Research Ethics 
Committee (ref. no. 64-11); study details can be found 
elsewhere (6,8).

We recruited 500 participants in Nigeria, 60.6% 
men and 39.4% women, with a median age of 30 (in-
terquartile range 23–38) years; most reported farm-
ing activities and soil exposure as risk factors for 
exposure to B. pseudomallei (Table). We observed 
150 (30%) participants with a positive serologic re-
sponse to >1 antigen of our panel, compared to 23 
(46%) participants for the Thailand cohort (Figure). 
We observed positivity to BPSS1498, also known as 
hemolysin coregulated protein and considered to be 
the prime serodiagnostic target for B. pseudomallei 

1These first authors contributed equally to this article
2These senior authors contributed equally to this article

Melioidosis is an underreported cause of community-ac-
quired pneumonia and sepsis in Nigeria. We conducted a 
cross-sectional study using a Burkholderia pseudomallei 
protein microarray in 500 healthy participants from Nige-
ria. We observed a serologic response supportive of past 
exposure to the causative agent of melioidosis in 30% of 
study participants.
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and B. mallei (7), in 82 (16.4%) participants from Ni-
geria (Table; Figure, panel A). In Thailand, 20 (40%) 
participants had a positive response to BPSS1498 
(Figure, panel B). No participants from Nigeria had 
a positive response to >3 antigens. We included the 
variables age, sex, smoking and alcohol use, soil ex-
posure and farming activity, and sampling location 
(community vs. blood bank) in a logistic regression 
model. However, we excluded diabetes from this 
model because of the limited number of events, de-
spite it being a known risk factor for melioidosis (1). 
Using the previously mentioned model, we found 
no significant predictors of a positive serologic  
response in participants from Nigeria when taking 
into account all pooled antigens.

Strengths of our study include the use of a mul-
tiplex assay that includes BPSS1498, which alone 
proves more sensitive as a serodiagnostic target 
than the indirect hemagglutination assay, the stan-
dard for melioidosis serodiagnosis (9,10). Of note, 
BPSL2096 showed a higher positivity in participants 
from Nigeria than BPSS1498 did, which might reflect 
differences in bacterial strains, host factors, or both. 
However, further studies are needed to elucidate 
this observation. Our positive results are strength-
ened by the fact that we tested serum from partici-
pants from regions in Nigeria in which the patho-
gen has been detected in the environment. Also, we 
compared our results to a selection of healthy serum 
samples from an endemic area in northeastern Thai-

land to contextualize our results. Limitations include 
possible underestimation of the seropositivity rate 
because of the use of a serodiagnostic cutoff value 
for signal intensity established in culture-confirmed 
melioidosis patients (6) or overestimation because of 
possible but considered limited cross-reactivity after 
exposure to other species (9,10). 

Our seroepidemiologic panel should be further 
refined relating to cutoffs in ongoing surveillance ef-
forts in Nigeria and other sub-Saharan countries to 
map the epidemiology of melioidosis. Our seroposi-
tivity estimates of exposure to B. pseudomallei among 
persons in Nigeria can be used to inform future sero-
surveillance and validation work.

 
Table. Demographic characteristics and serologic responses of 
500 healthy participants in Ebonyi state, Nigeria, in study of 
serologic evidence of exposure to Burkholderia pseudomallei* 
Variable Participants, n = 500 
Sex  
 M 303 (60.6) 
 F 197 (39.4) 
Median age, y (IQR) 30.00 (23.00–38.00) 
Farmer 370 (74.0) 
Barefoot soil exposure 306 (61.2) 
Smoking, current 32 (6.4) 
Alcohol use, current 243 (48.6) 
Diabetes 4 (0.8) 
Serologic response  
 BPSL2096 110 (22.0) 
 BPSL2697 2 (0.4) 
 BPSS0477 0 
 BPSS1498 82 (16.4) 
*Values are no. (%) except as indicated. IQR, interquartile range. 

 

Figure. Venn diagrams displaying the serologic responses of participants from Nigeria (A) and Thailand (B) from study of serologic 
evidence of exposure to Burkholderia pseudomallei, Nigeria. The Venn diagram illustrates participants with a serologic response to 
>1 antigens (BPSL2096, BPSL2697, BPSS0477, and BPSS1498). Antigen BPSS0477 was excluded from the Nigeria Venn diagram 
because no participants displayed a positive response.
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A localized pertussis outbreak involving 10 unvaccinated 
infants occurred in Kumamoto, Japan, during March–May 
2025. Nine infants were admitted to the pediatric inten-
sive care unit, 6 of whom received a confirmed diagnosis 
of macrolide-resistant Bordetella pertussis infection. This 
outbreak highlights the importance of booster vaccina-
tions and resistance surveillance.
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Since the relaxation of COVID-19–related public 
health measures, health officials have observed 

increased pertussis notifications in some regions 
of Japan. By April 2025, reported cases had already 
exceeded the previous year’s total. Alerts from the 
Japan Pediatric Society and the National Institute of 
Infectious Diseases have raised concerns about the 
rising incidence and spread of macrolide-resistant 
Bordetella pertussis (MRBP) (1,2), which has increased 
in East Asia, particularly in China, since around 2008 
and more recently in Japan in 2024 (3,4). Nonetheless, 
clinical reports describing localized increases in per-
tussis incidence and the impact of MRBP on critical 
illness in infants remain scarce.

During late March through early May 2025, we 
identified an outbreak in Japan involving 10 unvacci-
nated infants < 2 months of age with PCR-confirmed 
pertussis. All infants were born at term and without 
perinatal complications. Nine required admission to 
the pediatric intensive care unit (PICU) for respira-
tory failure; 6 of those infants had confirmed MRBP 
infection. We conducted a retrospective descriptive 
analysis to characterize clinical features and examine 
potential association with regional pertussis trends.

Kumamoto Prefecture, in central Kyushu in west-
ern Japan, spans ≈7,400 km2 and had a population of 
around 1,690,000 in fiscal year 2024, including 210,000 
children (<15 years of age). The region has single 
PICU, an 8-bed general unit at the Japanese Red Cross 
Kumamoto Hospital, which provides emergency crit-
ical care for children. Since January 1, 2018, pertussis 
has been classified in Japan as a category V infectious 
disease, requiring physician reporting of confirmed 
cases. We diagnosed pertussis at admission using 
the BIOFIRE FILMARRAY Respiratory Panel (bio-

Mérieux, https://www.biomerieux.com). We per-
formed antimicrobial susceptibility test or 23S rRNA 
gene sequencing to estimate macrolide susceptibility 
of infected strains. We extracted data from medical 
records and conducted analysis with Stata 19 (Stata-
Corp LLC, https://www.stata.com).

We investigated annual cumulative pertussis 
cases in Kumamoto Prefecture (all ages, since 2018) 
together with infant PICU admissions at Japanese 
Red Cross Kumamoto Hospital (Figure) (5). During 
the 2025 outbreak, both the number and proportion of 
PICU admissions were higher than in previous years. 
All 9 infants had identifiable sick contacts within 
their household, most frequently school-aged sib-
lings (Table). Six patients received azithromycin (5-
day oral treatment) before PICU admission. After the 
fourth PICU admission, we tested nasopharyngeal 
swab specimens from the subsequent 6 infants by us-
ing bacterial culture or genetic analysis. One sample 
tested positive for B. pertussis on culture, showing 
erythromycin resistance. The remaining 5 samples 
underwent direct DNA sequencing of the B. pertus-
sis 23S rRNA gene, revealing the A2047G mutation 
in all cases. The remaining infant, not in PICU, had a 
macrolide-sensitive strain. 

All PICU patients required intubation a median 
interval of 1 day after admission. The most frequent 
indications were paroxysmal coughing with desatu-
ration and bradycardia. Most infants had persistent 
coughing and elevated airway resistance after intu-
bation; 8 of 9 required continuous neuromuscular 
blockade. Six infants received oral trimethoprim/sul-
famethoxazole for ≤14 days without adverse events, 
all from the fourth PICU case onward after MRBP 
identification. We did not give intravenous antibiot-

Figure. Cumulative reported 
pertussis cases (all ages) in 
Kumamoto Prefecture and infant 
PICU admissions at Kumamoto 
Red Cross Hospital, from study of 
a localized outbreak of macrolide-
resistant pertussis in infants, 
Japan, March–May 2025. Reported 
pertussis cases are based on 
mandatory notifications (all ages) 
in Kumamoto Prefecture. PICU 
data represent infants admitted to 
the single regional PICU. Numbers 
above bars indicate total cases 
(PICU admissions). Data for 2025 
are through May, and therefore 
interpretation of the proportion 
of PICU admissions relative to 
total cases should be made with 
caution. PICU, pediatric intensive 
care unit.
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ics prophylactically but initiated them after respira-
tory management for suspected secondary bacterial 
infection, including ventilator-associated pneumonia; 
7 of 9 patients received ampicillin or ampicillin/sul-
bactam. Leukocytosis (>50,000 cells/μL) occurred in 3 
infants, all treated with leukoreduction. Two patients 
developed pulmonary hypertension; 1 received in-
haled nitric oxide. Median ventilation duration was 
8 days and PICU stay 15 days for the PICU patients, 
longer than in our prior pertussis PICU cases (13 cas-
es during 2012–2024). All patients survived without 
neurologic sequelae.

The temporal clustering of severe pertussis cas-
es over a 2-month period suggests that increased 
community transmission contributed to the rise in 
critical cases. Although surveillance in Japan has re-
ported sporadic MRBP cases, no prior studies have 
described a localized clinical outbreak. Despite the 
lack of prefectural-level susceptibility data, all 6 test-
ed PICU cases were MRBP-positive, suggesting that 
a substantial proportion of circulating strains during 
this outbreak were resistant.

Pertussis most frequently affects children but 
also occurs in adults and adolescents. Outbreaks 

have been reported in fully vaccinated populations 
because of waning immunity, typically 5–10 years 
after vaccination (6,7). However, Japan does not cur-
rently require pertussis boosters beyond early child-
hood. From a public health perspective, a layered 
approach is essential: timely infant vaccination per 
the national schedule, booster doses for school-aged 
children to address waning immunity, and maternal 
tetanus-diphtheria-pertussis immunization during 
pregnancy to provide passive neonatal protection. 
Together, those strategies may help reduce second-
ary transmission within households and mitigate se-
vere outcomes.

In severe infant pertussis, elevated leukocyte 
counts and pulmonary hypertension are associated 
with poor outcomes, underscoring the need for early 
monitoring and critical initiating of care-equipped 
setting (8–10). In the outbreak we describe, prolonged 
mechanical ventilation and extended PICU stays in-
termittently filled all PICU beds with MRBP-infected 
infant, placing a disproportionate burden on pediat-
ric critical care capacity. This experience highlights 
how even localized outbreaks can strain systems in 
regions with only 1 PICU. In pertussis-endemic areas, 

 
Table. Demographic information for 9 infants diagnosed with pertussis and admitted to the pediatric intensive care unit, Kumamoto, 
Japan, March–May 2025* 
Variable Value 
Patient characteristics  
 Median age, d (IQR) 44 (33–50) 
 Sex  
  M 3 (33.3) 
  F 6 (66.7) 
 Median weight, g (IQR) 4,000 (3,600–4,266) 
 Median birthweight, g (IQR) 3,032 (2,560–3,190) 
 Median gestational age at birth, wk (IQR) 38 (37–39) 
 Underlying condition 0 (0.0) 
 Unvaccinated 9 (100) 
Sick contact in family 9 (100) 
 Age group of symptomatic family members  
  Siblings age 1–6 y 1 (11.1) 
  Siblings age 7–12 y 5 (55.6) 
  Parents age ≥18 y 3 (33.3) 
Azithromycin use before PICU admission 6 (66.7) 
MRBP confirmed† 6 (66.7) 
Ventilator management 9 (100) 
Nitric oxide therapy 1 (11.1) 
Prone positioning 4 (44.4) 
Rocuronium 8 (88.9) 
Vasopressor 3 (33.3) 
TMP/SMX use 6 (66.7) 
Leukapheresis 3 (33.3) 
Pulmonary hypertension diagnosis 2 (22.2) 
Clinical course and outcomes  
 Median days from symptom onset to PICU admission (IQR) 7 (7–12) 
 Median days from PICU admission to intubation days, d (IQR) 1 (0–1) 
 Median days of ventilator use, d (IQR) 8 (7–9) 
 Median PICU admission, d (IQR) 15 (14–19) 
 Median hospitalization, d (IQR) 23 (19–24) 
*Values are no. (%) except as indicated. IQR, interquartile range; MRBP, macrolide-resistant Bordetella pertussis; PICU, pediatric intensive care unit; 
TMP/SMX, trimethoprim/sulfamethoxazole. 
†Of 6 infants tested (MRBP undetermined in 3 infants). 
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considering antimicrobial-resistant strains, including 
MRBP, may support timely treatment decisions and 
improved outcomes.
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Raphael (Raffaello Sanzio da Urbino) was one of the 
greatest artists of the Italian Renaissance. Active in 

Perugia, Siena, Florence, Rome, and Urbino (his birth-
place), he is responsible for numerous masterpieces 
of Western art, including the fresco of the School of 
Athens in the Vatican rooms and the painting of the 
Sistine Madonna accompanied by 2 cherubs (pre-
served in Dresden, Germany). He died at the age of 37 

in Rome, Italy, on April 6, 1520, after a short chest in-
fection with fever. Several hypotheses have been pro-
posed to explain his premature death, including syph-
ilis, typhoid, malaria, and even excessive bloodletting 
(1). The paleoproteomic study of his remains might be 
capable of revealing the exact cause of his death.

Raphael’s body was placed in one of the walls 
of the Pantheon in Rome, where his remains are  
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Raffaello Sanzio da Urbino (Raphael), Self-Portrait, ca. 1504–1506 (detail). Oil on poplar. 47.3 cm × 34.8 cm (18.6 in × 13.7 in). The 
Uffizi, Florence, Italy.
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entombed to this day. However, in 1833, an opening 
of the grave was carried out at the request of the Pope 
Gregory XVI to check the condition of the corpse and 
place it in a marble sarcophagus from the Vatican mu-
seums (Figure 1). On that occasion, casts of the skull 
and right hand were made, a piece of the heart was 
given to a Russian diplomat to the Holy See (2), and 
the Danish sculptor Bertel Thorvaldsen was given 
a fragment of the mortar hanging from the original 
coffin: he kept the fragment and later donated it to 
his Danish house servant (now at the Thorvaldsens 
Museum in Copenhagen, inv. no. N87). The French 
painter Jean-Auguste-Dominique Ingres, who was 
not present at the opening of the tomb, was given 
permission by the pope to have a piece of Raphael’s 
bones (3). Keeping bone fragments as relics had been 
a practice for hundreds of years, especially when as-
sociated with religious figures. Raphael was highly 
venerated as an artist, to such an extent that he was 
considered almost a saint (2,3).

In the archives of Dominique Ingres, in Montau-
ban (France), we found envelopes and a glass frame 
holding what were described by Ingres himself as 
“remains of the divine Raphael” (bone splinters and 
sediments; Figure 2). Because of the small amount of 
remaining bone material, no carbon-dating of the re-
mains has been conducted to possibly confirm their 
authenticity. Apart from tradition (not questioned by 
art historians) and archives relating to the relics be-
longing to the Thorvaldsens Museum in Copenhagen 
(4), no conclusive evidence exists to confirm the au-
thenticity of the Montauban’s remains.

Nevertheless, the fragments were the subject 
of a sampling for a proteomic study, according to 
a now well-established paleopathological protocol 
(paleo-proteotyping) (5). The analysis revealed a 
significant proteomic signature for Nocardia niiga-
tensis (50 peptides assigned, 11 of them species-spe-
cific peptides, and high redundancy of 91 spectra 
by tandem mass spectrometry), and the bacterium 
was detected only in the sample of bone marrow 
from a fragment of human rib. In contrast, sev-
eral other bacteria, typically environmental, were 
detected in several of the other samples of the 
grave soil (Pseudonocardia autotrophica, Nonomurae 
gerenzanensis, Streptomyces albireticuli, Hyphomicro-
bium sp., Paraburkholderia ribeironi, Lysobacter anti-
bioticus, Blastocatella sp., Paenibacillus koleovorans, 
Arcicella rosea, Bacillus megaterium, and Rhizobium 
leguminosarum). Finding Nocardia exclusively in the 
bone marrow supports a conclusion that Nocardia 
might have been a cause of death, especially since 
the dead body was placed in an above-ground niche 

within an ancient Roman monument that had been 
transformed into a church. No sign of embalming 
was found at the exhumation (3). 

N. niigatensis is not part of the thanatomicrobiome 
(i.e., microbial communities residing in or moving on 
the surface of altered remains), so its presence cannot 
be explained by a process of decomposition/putre-
faction (6). However, one may consider the possibility 
of a burial contamination by the waters of the Tiber 
during the numerous floods that occurred from the 
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Figure 1. Francesco Diofebi, The 1833 Opening of Raphael’s Tomb 
in Pantheon, 1836. Oil on canvas, 54.9 × 70 cm, Thorvaldsens 
Museum inv. no. B73. Photograph by Hans Petersen.

Figure 2. General view of samples from Raphael’s grave 
and cadaver analyzed for investigation of possible Nocardia 
infection. Ingres Museum, Montauban, France. Photograph by 
Philippe Charlier.



16th through the 19th Centuries (7). Indeed, the draw-
ings (for example by Vincenzo Camuccini), paintings, 
and reports of the state of the skeleton during the 
exhumation of 1833 show a partially disarticulated 
skeleton, subsequently reassembled by the physician 
Antonio Trasmondo. The presence of slight deposits 
on Raphael’s bones, potentially resulting from Tiber 
River flooding, were described by some witnesses in 
1833 (8). However, the peptide signature of N. niiga-
tensis was found only in the bone marrow sample of 
the rib segment and not in any other samples (e.g., 
soil, wall, dust), suggesting an intravitam origin for 
this infectious agent, rather than postmortem con-
tamination by secondary deposition. The detection 
of environmental bacteria, the presence of deposits 
on bones attributed to flooding, and difficulty con-
firming that the bone fragments and sediments were 
from Raphael and his tomb exemplify some of the 
challenges to draw conclusions based on a full paleo-
pathological study.

Nocardia spp. bacteria can infect bones through 
direct extension from a primary lung or skin lesion 
or via hematogenous dissemination from a pulmo-
nary or soft tissue focus. The clinical manifestations 
of a Nocardia infection typically begin as a low-level, 
indolent infection, which then can progress to a fe-
brile illness characterized by pulmonary abscesses, 
disseminated infection, or both, including osteomy-
elitis. That clinical course aligns with the symptoms 
reported for Raphael’s last days of life and agony 
(9): we know from Vasari that Raphael’s death was 
preceded by high fever; another source speaks of 
a 15-day illness (letter from Alf. Pauluzzi to Duke 
Alfonso d’Este, Rome, April 7, 1520) (10). Whatever 
the cause of the artist’s death, the profound impact 
from his work remains for generations. As attrib-
uted to German Nazarene painter Johann Friedrich 
Overbeck, who was among those present in the 
Pantheon for the opening of Raphael’s tomb, “Alas, 
the spirit of the great artist remains buried deeper 
than his bones.”
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Article Title
Retrospective Case Series of Ocular Lyme Disease, 1988–2025

CME Questions
1. Which of the following ocular complications was 
most common in the current case series of patients 
with presumed Lyme disease?
A.	 Uveitis
B.	 Conjunctivitis
C.	 Optic nerve palsy
D.	 Cranial nerve palsy

2. There were 38 cases of suspected Lyme disease 
associated with ocular complications in the current 
study.  How many of these 38 cases included 
microbiological proof of Lyme disease?
A.	 5
B.	 16
C.	 30
D.	 36

3. Which of the following statements regarding ocular 
complications of Lyme disease in the current study is 
most accurate?
A.	 Half of cases included a history of tick bite on or 

around the eye
B.	 There were no cases of optic neuritis reported
C.	 There were no cases of retinal vasculitis 

reported 
D.	 Many cases were associated with systemic or 

flu-like symptoms
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Article Title
Group A Streptococcus Meningitis, United States, 1997–2022

CME Questions
1. What was the most significant difference in the 
demographic data among patients with meningitis and 
nonmeningitis invasive group A Streptococcus (iGAS) 
in the current study?
A.	 Patients with iGAS with meningitis were more 

likely to be male
B.	 Patients with iGAS with meningitis were younger
C.	 Patients with iGAS with meningitis were more 

likely to be Black
D.	 Patients with iGAS with meningitis were more 

likely to be Latino

2. What were the approximate rates of comorbid 
conditions among children and adults with group A 
streptococcal (GAS) meningitis in the current study?
A.	 Children: 95%. Adults: 92%
B.	 Children: 81%. Adults: 75%
C.	 Children: 52%: Adults: 85%
D.	 Children: 6%;  Adults: 70%

3. Which of the following statements regarding clinical 
GAS syndromes among patients with GAS meningitis 
in the current study is most accurate?
A.	 Only 40% of patients had an additional GAS 

syndrome in addition to meningitis
B.	 Among children, otitis media was the most 

common additional GAS syndrome in addition to 
meningitis

C.	 Among adults, pneumonia was the most 
common additional GAS syndrome in addition to 
meningitis

D.	 Sepsis shock was the most common additional 
GAS syndrome in addition to meningitis among 
both children and adults

4. Antimicrobial resistance was highest for GAS 
meningitis against which of the following antibiotics in 
the current study?
A.	 Erythromycin
B.	 β-lactams
C.	 Vancomycin
D.	 Levofloxacin



EID’s spotlight topics highlight the latest 
articles and information on emerging infectious 

disease topics in our global community
https://wwwnc.cdc.gov/eid/page/spotlight-topics

Emerging Infectious Diseases
Spotlight Topics

Antimicrobial resistance  
Ebola • Etymologia  

Food safety • HIV-AIDS 
Influenza • Lyme disease 

Malaria • MERS • Pneumonia • 
Rabies • Ticks • Tuberculosis  

Coronavirus • Zika • Monkeypox


