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SYNOPSIS

Haematospirillum jordaniae is a slow-growing, 
gram-negative, rod-shaped bacterium that be-

longs to the alphaproteobacteria family Rhodospi-
rillaceae. H. jordaniae was first identified as a human 
pathogen in 2016 by the Special Bacteriology Refer-
ence Laboratory (SBRL) at the Centers for Disease 
Control and Prevention (CDC) (1). SBRL identified 
25 total H. jordaniae isolates that were sent from state 
health departments across the United States during 
2000–2019. All 25 historical isolates were obtained 
from blood samples collected from adult men av-
eraging 58 (range 39–78) years of age. Most of the 
clinical cases were identified during summer and fall 
months, suggesting a seasonal trend associated with 
H. jordaniae infection. In this article, we describe 4 
patients who had H. jordaniae infections identified in 
2020 and who had environmental exposures in a de-
fined region of Pennsylvania, USA. We also describe 
the results of environmental testing for H. jordaniae 
conducted in the same area in 2024.

Methods

Identifying the Bacteria in Clinical Samples
Patient blood samples were sent to the Pennsylva-
nia Department of Health (PADOH)’s Bureau of 
Laboratories for bacterial identification and to rule 

out Brucella species, according to standard Labora-
tory Response Network protocols. After negative 
Brucella results and the inability to identify the iso-
lates, bacterial isolates were then sent to SBRL at 
CDC for bacterial identification. We identified the 
bacterial isolates recovered from each patient using 
previously described methods for 16S rRNA gene 
sequence analysis and Clinical Laboratory and Stan-
dards Institute guidelines (1–3). We also used matrix-
assisted laser desorption/ionization time-of-flight  
(MALDI-TOF) analysis as a secondary identification 
method. We performed MALDI-TOF analysis on a 
Biotyper SMART (Bruker) by using an in-house li-
brary containing reference spectra from 6 strains of 
H. jordaniae, which is publicly searchable through Mi-
crobeNet (https://microbenet.cdc.gov). All isolates 
yielded a MALDI-TOF score of >2.0 for a reliable 
species-level identification as H. jordaniae.

Medical Information
We conducted emergency department (ED) medical 
chart reviews for all 4 patients. Public health officials 
conducted interviews with patients 1, 2, and 3. Pa-
tient 4 could not be reached for interview.

Environmental Sample Collection
We identified 3 water locations in Pennsylvania for 
environmental sampling on the basis of patient inter-
views. Patient 2 identified locations A and B as her 
entry and exit points in the creek on the day of injury, 
near where patient 1 also reported injury. Patient 3 
identified location C as the location where the patient 
entered the river on the day of injury, ≈50 miles from 
locations A and B.

We collected four 1-L water samples from loca-
tions A and B once a month throughout 2024 and four 
1-L water samples from location C for 7 months in 
2024. We collected water samples from the river’s sur-
face, enabling the current to flow into the container 
without disturbing the river bottom sediment. At each 
sample collection site, we collected global positioning 
satellite coordinates, weather conditions, and water 
physiochemical measurements (pH, temperature, 
dissolved oxygen, conductivity, and specific conduc-
tance) by using a YSI Pro 2030 (YSI Incorporated).

Environmental Sample Processing and Testing
We shipped water samples to SBRL on cold packs 
on the day of sample collection. Because of resource 
constraints, a subset of the total number of collected 
samples were processed for DNA extraction. We fil-
tered 1-L samples through MicroFunnel filter funnels 
containing a 0.22 μm filter (Cytiva), and we extracted 
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Haematospirillum jordaniae was first identified as a hu-
man pathogen in 2016. In this article, we describe 4 
patients who had H. jordaniae infections identified in 
2020 and who had temporally and spatially linked envi-
ronmental exposures. Three of the 4 patients reported 
leg injuries while participating in recreational river water 
activities in south-central Pennsylvania, USA. In 2024, 
we detected H. jordaniae in river samples collected at 
locations identified during patient interviews. All patients 
sought emergency department services for clinical as-
sessment; however, the causative bacterial isolate was 
not initially identified. H. jordaniae was identified as the 
bacterial cause months after patient treatment and dis-
charge. Although H. jordaniae infections are considered 
rare, the true occurrence is unknown. Additional informa-
tion about the organism’s ecology and environmental 
seasonality could guide public health messaging and in-
crease awareness among healthcare providers.



H. jordaniae Infections after Exposure to River Water

genomic DNA from the filters by using the DNeasy 
PowerWater Kit (QIAGEN) according to manufactur-
er instructions. We analyzed extracted filter genomic 
DNA by using previously published methods for a 
real-time quantitative PCR (qPCR) specific to H. jorda-
niae (4). Modifications of methods for the screening of 
the submitted water samples included using the pre-
viously published real-time qPCR with environmental 
samples and testing environmental genomic DNA ex-
tracted from water filters. We used 2 layers of controls, 
including positive (PCR amplification) and negative 
(nontemplate) controls for real-time qPCR, as well as 
positive and negative filter extraction controls, which 
aided in confirming that targeted DNA could be col-
lected through experimental filter extraction.

Ethics
This study did not meet the definition of human sub-
jects research as defined in the US Code of Federal 
Regulations, Title 45 Part 46. Therefore, this study was 
not subject to review by an institutional review board.

Case Series

Patient 1
Patient 1 was a 28-year-old man who reported a 
scratch to his right distal leg in September 2020 (Fig-
ure 1). The injury occurred while participating in a 
recreational water activity in a south-central Penn-
sylvania creek. Within 24 hours of the injury, red-
ness developed on the medial aspect of the patient’s 
right lower extremity. Two days later, swelling and 
pain developed at the location of the redness. The 
patient was initially treated by his primary care 
physician by telehealth appointment and prescribed 

cephalexin. After treatment was initiated, the red-
ness started to improve but then became worse and 
spread down the patient’s leg, resulting in swelling 
of his ankle. The patient denied any fever or chills 
and was taking oral cephalexin (500 mg every 6 h for 
10 days) as prescribed.

Ten days after the initial injury, the patient 
sought care at a local ED with a primary complaint of 
severe pain associated with the right lower extrem-
ity wound infection. Temperature was 37.1°C, heart 
rate 115 beats/min, respiratory rate 18 breaths/min, 
blood pressure 148/102 mm Hg, and oxygen satura-
tion 99% on room air. Physical examination revealed 
swelling, tenderness, and erythema on the medial 
aspect of the right lower extremity from the ankle to 
halfway up the tibia. The patient’s remaining physi-
cal examination findings were unremarkable. Lab-
oratory results at admission revealed an elevated 
leukocyte count of 21,800 cells/μL (reference range 
3,900–9,500 cells/μL) (Table).

The patient was given 1 dose of intravenous (IV) 
vancomycin (1.25 g) in the emergency room before 
being hospitalized for sepsis and cellulitis and started 
on IV vancomycin (1.5 g every 8 h) and IV clindamycin 
(600 mg every 8 h) antimicrobial therapy. Radiographs 
and ultrasound of the right ankle showed a moderate 
amount of soft tissue swelling surrounding the ankle 
that was consistent with cellulitis. No fluid collection 
was observed in the ankle to indicate a septic joint, 
and no radiopaque foreign body or acute osseous 
abnormalities were observed. The patient clinically 
improved, was discharged after 3 days of in-hospi-
tal treatment, and was prescribed a 7-day course of 
oral clindamycin (300 mg every 6 h). A blood sample 
obtained at admission was cultured, and a bacterial  
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Figure 1. Clinical timeline of 4 patients with Haematospirillum jordaniae infections, Pennsylvania, USA, 2020. Three of the 4 cases were 
later determined to be associated with recreational freshwater exposure.
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isolate was recovered; 16S rRNA gene sequence anal-
ysis showed the isolate to be most closely related to H. 
jordaniae (reference strain no. DSM 28903T). A nearly 
full-length (1,406-bp) 16S rRNA gene sequence from 
the isolate shared 99.9% sequence similarity with 
DSM 28903T. On the basis of Clinical and Laboratory 
Standards Institute guidelines (3), we identified the 
isolate (GenBank accession no. PX060169) as H. jorda-
niae 3 months after the patient’s admission.

Patient 2
Patient 2 was a 34-year-old woman with a history 
of rheumatoid arthritis, hypothyroidism, idiopathic 
thrombocytopenic purpura, hypertension, and mi-
graines. She reported hitting her left shin on a rock 
in August 2020 while participating in a recreational 
water activity in a south-central Pennsylvania creek 
(Figure 1). The patient reported redness and discom-
fort developing in the area the day after injury and 
severe pain of the lower leg around superficial abra-
sions on the left shin that developed 3 days later. The 
patient subjectively reported low-grade fever, with-
out objective temperatures >100°F (37.8°C). Four days 
after the initial exposure, the patient was evaluated 
by her primary care physician, who was concerned 
that compartment syndrome might have developed 
and advised her to go to the ED for further evaluation.

During ED examination, the patient reported 
severe left lower leg pain. Temperature was 37.7°C, 
heart rate 121 beats/min, respiratory rate 18 breaths/
min, blood pressure 150/108 mm Hg, and oxygen 
saturation 100% on room air. Physical examination 
revealed erythema and tenderness of the left lower 
extremity, and a 1 cm abrasion was located on the an-
terior aspect of the leg distal to the left knee. Edema 
of the left lower leg was also noted. The rest of the 
physical examination was unremarkable. Laboratory 
results at admission revealed an elevated leukocyte 
count of 24,200 cells/μL (reference range 3,900–9,500 
cells/μL) (Table).

The patient was hospitalized for sepsis attribut-
able to cellulitis and administered a single dose of IV 
ceftriaxone (1 g) in the ED and started on IV cefazolin 

antimicrobial therapy (2g every 8 h) after admission 
as treatment for potential group B Streptococcus infec-
tion. Radiographs of the patient’s left lower fibula and 
tibia showed subcutaneous phleboliths (calcification 
of blood clots) likely unrelated to the injury and no ra-
diopaque foreign body or acute osseous abnormalities. 
The patient clinically improved during hospitaliza-
tion with decreased left leg pain, improved leukocyte 
count, and improved physical therapy evaluations. 
She was discharged after 2 days and prescribed an 
8-day course of oral cephalexin (500 mg 4×/d).

Within 2 days of discharge, the blood cultures 
performed at admission were positive for unspeci-
fied gram-negative rod-shaped bacteria, and the pa-
tient was advised to return to the ED for evaluation. 
At admission, the patient reported improved symp-
toms with decreased redness and swelling at the site 
and an increased ability to ambulate on her left leg. 
She denied any fevers, chills, nausea, or vomiting. 
On physical examination, a slight warmth around 
the healing abrasions was noted, the erythema on 
her left leg had improved, and no edema was appar-
ent. Repeat blood culture, lactic acid, basal metabol-
ic panel, and complete blood count were performed. 
Other than a slightly elevated leukocyte count at 
9,600 cells/μL (reference range 3,900–9,500 cells/
μL), other values were unremarkable. The patient 
was hospitalized and treated with IV cefepime (2 g 
every 8 h); while hospitalized, the patient continued 
to clinically improve. She was discharged on day 3 
with a 10-day course of oral levofloxacin (750 mg/d). 
The blood cultures from blood obtained during the 
second hospitalization were negative. Two months 
later, we identified the isolate from a blood sample 
obtained during the patient’s initial hospitalization 
as H. jordaniae (GenBank accession no. PX060171). 
A nearly full-length (1,408-bp) 16S rRNA gene se-
quence from the isolate shared 99.9% sequence simi-
larity with DSM 28903T.

Patient 3
Patient 3 was a 36-year-old man with history of diabe-
tes mellitus, obesity, and boils. He reported hitting his 
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Table. Laboratory results during initial hospital admission of 4 patients with Haematospirillum jordaniae infections with recreational 
water exposure in 3 of 4 cases, Pennsylvania, USA, 2020* 
Laboratory values Patient 1 Patient 2 Patient 3 Patient 4 
Leukocyte count, cells/μL 21,800 (3,900–9,500) 24,200 (3,900–9,500) 22,430 (4,000–10,800) 21,000 (4,000–11,000) 
Neutrophil count, cells/μL 18,300 (1,800–7,400) 20,570 (1,800–7,400) 17,620 (1,800–7,700) 18,000 (1,700–7,800) 
Platelets/μL 394,000  

(140,000–366,000) 
413,000  

(140,000–366,000) 
247,000  

(140,000–400,000) 
265,000  

(140,000–400,000) 
Creatinine, mg/dL 0.87 (0.7–1.3) 0.75 (0.6–1.2) 0.8 (0.6–1.2) 0.91 (0.7–1.3) 
Hemoglobin, g/dL 15 (12.8–16.6) 13 (11.7–15.1) 15.3 (14.0–16.8) 14.3 (13–17.3) 
Calculated eGFR non-African 
American, mL/min/1.73 m2 

117 (>90) 104 (>89) >60 (>60) >90.0 (>90) 

*Values in parentheses are hospital laboratory reference values. eGFR, estimated glomerular filtration rate. 
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leg in July 2020 while participating in a recreational  
water activity in a south-central Pennsylvania river 
(Figure 1). The patient sought care at the ED the day 
after the injury with pain, swelling, and erythema of 
the anterior aspect of the right leg.

At initial examination, the patient reported severe 
right lower leg pain. Temperature was 36.4°C, heart 
rate 106 beats/min, respiratory rate 16 breaths/min, 
blood pressure 164/76 mm Hg, and oxygen satura-
tion 97% on room air. Physical examination showed 
a 10.5 cm area of poorly defined erythema, warmth, 
and tenderness of the anterior aspect of the right leg. 
No drainage, breakage of the skin, or crepitus of the 
limb’s joints was noted. Laboratory results at admis-
sion demonstrated an elevated leukocyte count of 
22,430 cells/μL (reference range 4,000–10,800 cells/
μL) (Table).

The patient was administered a single dose of IV 
clindamycin (800 mg) for presumed bacterial infec-
tion. Radiographs of the right tibia and fibula showed 
chronic calcification of the diaphysis of the tibia, 
unchanged from a prior radiograph, and no signs 
of acute osseous abnormalities, radiopaque foreign 
body, or soft tissue gas. On the basis of the patient’s 
age, comorbidities, laboratory results, imaging, and 
examination findings, the decision to treat as an out-
patient with a primary care physician follow-up was 
made. The patient was discharged with a 10-day 
course of oral clindamycin (300 mg every 8 h).

Within 4 days of discharge, the blood culture per-
formed at admission was positive for gram-negative 
rod-shaped bacteria. The patient was advised to re-
turn to the ED for evaluation and additional blood 
cultures. At admission, the patient reported feeling 
better with right leg improvement. He had slight ten-
derness and itchiness of the right leg, with pain only 
when walking and during palpation. Physical exami-
nation showed an increased warmth of the right ante-
rior lower leg compared with the left leg and a central 
scabbed-over pinpoint wound on the right leg with 
mild erythema. Bloodwork revealed resolved leuko-
cytosis; other blood values, radiographs, and urinaly-
sis results were unremarkable. The patient was hospi-
talized and received IV cefepime (dose unknown) for 
bacteremia and cellulitis of the right lower extremity. 
While hospitalized, the patient clinically improved, 
and the redness of the right leg completely resolved. 
Three days after collection, preliminary results for the 
repeat blood cultures were negative. After consul-
tation with an infectious disease doctor, the patient 
was discharged on a 10-day course of oral ciprofloxa-
cin (500 mg every 12 h) and oral amoxicillin/clavu-
lanate (500 mg/125 mg every 8 h) (length of course 

unknown). The blood cultures obtained during hos-
pitalization were negative after 5 days of incubation. 
Gram-negative rod-shaped bacteria were recovered 
by the hospital laboratory from blood cultures collect-
ed at the patient’s initial ED visit. We identified the 
isolate as H. jordaniae 1.5 months after the patient’s 
discharge (GenBank accession no. PX060170). A near-
ly full-length (1,408-bp) 16S rRNA gene sequence 
from the isolate shared 99.9% sequence similarity 
with DSM 28903T.

Patient 4
Patient 4 was a 48-year-old man with history of fatty 
liver who sought care at the ED in July 2020 with a 
history of a fever up to 101°F (38.3°C), nausea, and left 
lower leg erythema with swelling of 1-day duration 
(Figure 1). The patient reported being at a cabin the 
prior 2 days and noticed bug bites and scratches de-
velop on his legs while walking in shorts. Additional 
information about any water-related exposures for 
this patient are unknown as the patient was unable to 
be reached for an interview.

At initial examination, the patient had a fever of 
38.6°C; heart rate was 111 beats/min, blood pressure 
107/67 mm Hg, and an oxygen saturation of 97% on 
room air. Physical examination showed bug bites and 
erythema on the anterior distal shin of the left leg 
that did not extend to the knee or thigh. Mild edema 
was also noted in areas of erythema. Tachycardia was 
the only other major physical examination finding. 
Laboratory results at admission revealed an elevated 
leukocyte count of 21,000 cells/μL (reference range 
4,000–11,000 cells/μL) (Table).

The patient was observed in hospital for cellulitis 
and administered a single dose of IV cefazolin (2g). 
Ultrasound of the left lower extremity revealed no 
signs of deep vein thrombosis. The patient’s fever 
and tachycardia improved with IV fluids, ketorolac 
tromethamine, and acetaminophen. The patient was 
discharged ≈4 hours after admission with a 7-day 
course of oral sulfamethoxazole/trimethoprim (800 
mg/160 mg every 12 h). Two months later, we identi-
fied an isolate from a blood sample obtained during 
the patient’s ED treatment as H. jordaniae (GenBank 
accession no. PX060172). A nearly full-length (1,408-
bp) 16S rRNA gene sequence from the isolate shared 
99.9% sequence similarity with DSM 28903T.

Environmental Testing
We collected 121 total water samples. We processed 
and extracted DNA from 67 (55%) samples: 23 from 
location A, 23 from location B, and 21 from location C. 
Of the 67 processed samples, 18 (27%) tested positive  
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for H. jordaniae by real-time qPCR. All positive sam-
ples were collected during July–October; 83% (n = 
15) of positive samples were from location C, but all 
3 sampling sites had >1 positive sample (Figure 2). 
During July–September, location C demonstrated an 
average cycle threshold value difference of 5.88 com-
pared with locations A and B, representing almost a 
2-log increase in bacterial load at location C compared 
with the other sampling locations. Water temperature 
ranged from 4.9° to 28.1°C throughout the year, with 
peak temperatures recorded in July and August.

Discussion
We identified 4 patients with H. jordaniae infections 
that were spatially and temporally linked in Penn-
sylvania in 2020. Through systematic environmental 
sampling over a 1-year period in 2024, we identified 
H. jordaniae in the implicated water sources for 3 of 
the 4 patients at the same time of year when the pa-
tients’ exposures occurred.

Three of 4 patients reported leg injuries and fresh-
water exposure. Exposures occurred independently of 
one another while participating in recreational water ac-
tivities in waterways that are tributaries of the Susque-
hanna River in south-central Pennsylvania. The fourth 
patient’s exposure to freshwater is unknown; however, 
he did spend time outdoors during the same period. A 
handful of sporadic cases of H. jordaniae have been pub-
lished previously (5–7), including 2 persons with docu-
mented freshwater exposure accompanied by an injury 
to the skin or soft tissue, similar to 3 patients reported in 
this article (5). Although we have limited epidemiologic 
details on H. jordaniae isolates submitted to CDC, most 
historical specimens were collected during July and Au-
gust, which coincides with the timing of infections for 
the 4 case-patients presented in this article. 

Environmental testing over a 1-year period at 
3 locations where the patients reported entering or  
exiting the rivers suggest seasonality in the detection of 

H. jordaniae. All positive environmental samples were 
collected during July–October, coinciding with the tim-
ing of the 4 patients’ illnesses, as well as historical H. 
jordaniae infections. Despite those findings, information 
on the presence and persistence of H. jordaniae in the 
environment remains limited. Although this study is a 
systematic sampling and testing for H. jordaniae in the 
environment in Pennsylvania, the study was limited in 
scope. Because of limited resources, we were not able to 
process all samples collected or visit location C for all 
months of the year. The full geographic distribution of H. 
jordaniae in this area and its persistence in water remains 
unknown. Additional information about the organism’s 
ecology and seasonality in the environment can guide 
future messaging efforts focused on disease prevention 
and increase awareness of the pathogen’s transmission 
among healthcare providers and the public.

Although H. jordaniae infections are considered 
rare, the true occurrence is unknown. For the 4 pa-
tients in this cluster, the final identification of H. jor-
daniae as the bacterial cause of their infections did 
not occur until months after they were treated and 
discharged. Diagnosing an H. jordaniae infection can 
be challenging because of the difficulty in recovering 
the bacteria from primary specimens because of the 
slow growth and fastidious nature of the organism. 
Bacterial identification was attempted at the hospital 
or the PADOH laboratories before isolates were sub-
mitted to CDC, leading to additional logistical delays 
in final identification. Recently, laboratory methods 
for a sensitive, specific, and efficient real-time qPCR 
were published (4). Such methods could be used by 
state and local health departments to decrease time 
to diagnosis and to identify cases of H. jordaniae that 
would otherwise go undetected if specimens are not 
submitted to CDC. Taxonomic updates to bacterial 
databases for commercial platforms might also im-
prove identification in hospital and state laboratories, 
decreasing the time for identification.
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Figure 2. Environmental testing results for Haematospirillum jordaniae and water temperature measurements at 3 locations (A–C) in 
Pennsylvania, USA, 2024, in study of 4 patients with H. jordaniae infections from 2020 after recreational water exposure.
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Information regarding H. jordaniae and its effects 
on human health remains limited. Although H. jor-
daniae infections are rare, this case series highlights 
freshwater exposure as a potential route of transmis-
sion. Clinicians should be vigilant in identifying bac-
terial infections and the potential for sepsis during 
midsummer and early fall when treating skin wounds 
that might be associated with freshwater exposure. In 
addition, H. jordaniae should be considered in the dif-
ferential diagnosis for those patients when requesting 
bacterial identification from local public health labora-
tories. This request could expedite bacterial identifica-
tion and provide a better estimate of the total number 
of H. jordaniae infections across the United States.
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Fungi belonging to various species of the genus 
Trichosporon can cause a wide range of infections, 

from superficial skin damage to serious systemic infec-
tions in immunocompromised persons, who can have 
high mortality rates (1). Trichosporon, which belongs to 
the Basidiomycota family, includes ≈20 species that are 
pathogenic to humans (2). Although Cutaneotrichospo-
ron cutaneum and T. asahii are the predominant Basid-
iomycota species, new species have increasingly been 
described in human pathology since 2002  (2).

In 2024, a new Basidiomycota species, T. aus-
troamericanum, was identified in a urine sample from 
a kidney transplant recipient in Brazil (3); the species 
was then detected in several clinical samples from 
France, South America, and Asia. T. austroamerica-
num and T. inkin have been confounded in the past 
before the species were distinguished through phy-
logenetic analysis of the intergenic spacer (IGS) 1  

region and amplified fragment length polymor-
phism fingerprinting.

Ubiquitous in the environment, some Trichosporon 
species have been isolated from soil, leaf mold, and 
decayed wood (4). The environmental reservoirs of T. 
inkin and T. austroamericanum remain unknown. More-
over, emergence of hospital trichosporonosis cases 
caused by T. asahii have been described (5), highlight-
ing hospital sources during epidemiologic and envi-
ronmental investigations. Thus, Trichosporon species 
should not be overlooked in the hospital environment.

During July 2022–June 2024, the kidney trans-
plant department of Marseille University Hospital, 
Marseille, France, recorded 4 cases of invasive fungal 
infection. Whole-genome sequencing (WGS) was ini-
tially performed on the first 3 reported cases by us-
ing matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry, which  
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During 2022–2024, six cases of invasive fungal infec-
tion occurred among immunocompromised patients at 
Marseille University Hospital, Marseille, France. Matrix-
assisted laser desorption/ionization time-of-flight mass 
spectrometry initially identified Trichosporon inkin fungi. 
However, phylogenetic analysis of intergenic spacer re-
gion 1 and whole-genome sequences revealed the ge-
netically distinct species T. austroamericanum. Analysis 
of core genome and mitogenome from 6 patient isolates 
and 1 environmental isolate revealed substantial genetic 
diversity among T. austroamericanum strains, indicating a 

polyclonal outbreak. Furthermore, the mitochondrial ge-
nome emerged as a potential marker for intraspecies dif-
ferentiation, which potentially could aid in epidemiologic 
investigations. Identified in 2024 but potentially underes-
timated, T. austroamericanum has since been reported in 
case clusters from hospital settings in France, highlighting 
the need for accurate fungal identification and suggesting 
previously identified T. inkin cases should be re-evaluated 
for T. austroamericanum. Clinical T. austroamericanum is 
emerging in hospital settings and should be included in 
the differential diagnosis of fungal infections.
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identified the agent as T. inkin. Further investigation us-
ing other molecular methods revealed T. austroamerica-
num fungi as the causative agent. Because of the rarity 
of the species, we suspected a putative common source. 
Moreover, 2 other cases subsequently were diagnosed 
in patients admitted in cardiology and gastrointestinal 
surgery centers in 2 other hospitals of our institution. 
We investigated the sudden upsurge of trichosporono-
sis cases through WGS and phylogenetic analysis.

Materials and Methods
We prospectively identified patients over a 2-year 
period from 3 different sites of Marseille University 
Hospital system, referred to as hospitals A, B, and C. 
Our study included all patients with associated clini-
cal signs of infection from whom T. austroamericanum 
fungi was isolated from sterile sites.

We collected retrospective medical data for each 
patient, when available, by using HOSPILINK DPI ver-
sion 5.11.3P10.8.3 (Axigate Link, https://axigatelink.
com) and processed data in an anonymized Excel 2013 
file (Microsoft, https://www.microsoft.com). Data 
included demographic information, exposure factors, 
underlying diseases, and clinical signs and symptoms. 

Inclusion and Ethics
We anonymized all identified T. austroamericanum 
strains recovered from clinical samples and stored 
them in Cryosysteme Protect bead tubes (Dutscher, 
https://www.dutscher.com) at −20°C. The hospital 
strain bank assigned a unique number to each sam-
ple: L0221, L0385, L0399, L0419, L0445, and L0458. 
The hospital routinely performed antifungal sus-
ceptibility testing by using the Sensititre YeastOne 
microdilution method (Thermo Fisher Scientific,  
https://www.thermofisher.com), according to the 
manufacturer’s instructions.

This study was reviewed and approved by the 
Ethics Committee of Assistance-Publique-Hôpitaux 
de Marseille (approval no. CSE24-49) and the Assis-
tance Publique Hôpitaux de Marseille Health Data 
Access Portal (approval no. PADS24-275). Patients 
were informed of the research and their nonopposi-
tion to the use of their data was collected. In accor-
dance with those committees and current regula-
tions, written informed consent was not required. All 
potentially identifying information was removed in 
compliance with International Committee of Medical 
Journal Editors guidelines.

Mycologic Investigation
From identified patients, we collected cryptococcal an-
tigen in serum by using Cryptococcal Antigen Lateral 

Flow Assay (IMMY, https://www.immy.com) and 
Platelia Aspergillus Antigen (Bio-Rad Laboratories, 
https://www.bio-rad.com). In addition, the hospi-
tal’s infection control team initiated an environmental 
investigation in 2023, which they continued in 2024 
until the last infected patient was identified. The in-
vestigation focused on the rooms and units where the 
initial kidney transplant patients had been under care 
from the date of admission to discharge, including ra-
diology, the intensive care unit (ICU), the urological 
surgery operating theater, and the dialysis unit. The 
team also investigated the nephrology unit, where pa-
tients were hospitalized for a week after kidney trans-
plantation. The team collected air samples by using 
AESAP1075 Sampl’air Lite microbiological air sam-
pler (AES Laboratories, https://www.chemeurope.
com), collecting 330 liters on Sabouraud dextrose agar 
(SDA). The team collected water samples from faucets 
or showers in patients’ rooms in 250-mL bottles con-
taining sodium thiosulfate. The team also collected 
surface samples by using eSwab Liquid Amies Elu-
tion Swabs (Copan, https://www.copangroup.com). 

Next-Generation Sequencing
We performed DNA extraction on pure subculture 
from SDA supplemented with gentamicin and chlor-
amphenicol (Bio-Rad), using previously described 
methods (6). We sequenced genomic DNA by using 
a paired-end strategy. We barcoded and prepared 
samples by using the COVIDseq Test sample prep 
kit (Illumina, https://www.illumina.com) adapted 
for fungi, in which the tagmentation step fragment-
ed and tagged the DNA. We used limited cycle PCR 
amplification (12 cycles) to complete the tag adapters 
and introduce dual-index barcodes. After purification 
on ITB beads (Illumina), we normalized libraries to 
the same molarity, then pooled those into a single li-
brary for sequencing on the NovaSeq 6000 (Illumina). 
We loaded the pooled single-strand library onto the 
reagent cartridge and then onto the instrument along 
with the flow cell. We conducted automated cluster 
generation and paired-end sequencing of dual index 
reads in a single 25-hour run of 2 × 150 bp.

We also performed nanopore sequencing on indi-
vidually sequenced genomic DNA by using the Pro-
methION 2 Solo or GridION and the LSK109 Ligation 
Kit on a FLO-PRO002 flow cell (all Oxford Nanopore 
Technologies, https://nanoporetech.com). The end-
prep step fixes specific nucleotides to use for adapter 
ligation, after which we purified the DNA on mag-
netic beads (CleanNA, https://www.cleanna.com). 
We activated the flow cell by adding a flush buffer 
and a tether from Flow Cell Priming Kit EXP-FLP002 
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(Oxford Nanopore Technologies). We then loaded the 
libraries onto the flow cell for a 72-hour run.

Bioinformatics
We converted Illumina binary base call (BCL) files 
into fastq files by using bclconverter version 4.2.4 (Il-
lumina). We used Trimmomatic version 0.39 (7) to trim 
reads to a minimum Phred quality of 33 and minimum 
read length of 36 bp. We trimmed nanopore raw reads 
by using ProwlerTrimmer (8), a Phred quality of 20–35, 
and minimum read length of 1,000 bp.

We obtained complete genomes from mixed de 
novo assembly of Illumina and nanopore reads by us-
ing Unicycler version 0.4.4 (9). We removed contigs 
<1,000 bp in length. We determined GC content and 
evaluated contamination by using ContEst16S (EZBio 
https://www.ezbiocloud.net). We assessed assembly 
quality by using BUSCO version 5.7.1 and the fungi_
odb10 database (10).

We used the Burrows-Wheeler aligner (Galaxy 
version 2.3 plus galaxy0; https://usegalaxy.eu) (12) 
to map filtered reads to the reference genome CBS 
17435 (11) from the CBS culture collection (https://
wi.knaw.nl/fungal_table) hosted by the Westerdijk 
Fungal Biodiversity Institute (Utrecht, the Neth-
erlands). We generated consensus sequences by 
using iVar consensus (Galaxy version 1.4.4 plus 
galaxy0) (13), with depth coverage of >10 reads 
and base quality of Q20. We aligned the resulting 
sequences by using MAFFT (Galaxy version 7.526 
plus galaxy2) (14).

We calculated pairwise single-nucleotide poly-
morphism (SNP) distances by using SNP distance 
matrix (Galaxy version 7.526 plus galaxy2) and iden-
tified SNPs by using the Find SNP Sites command 
(Galaxy version 2.5.1 plus galaxy0) (15). We aligned 
concatenated SNP lists and analyzed with IQ-TREE 
version 2.4.0 (http://www.iqtree.org) plus galaxy1 
to generate a maximum-likelihood phylogenetic tree, 
which we visualized on iTOL (https://itol.embl.de). 
We calculated genome coverage with a custom Py-
thon script (Python Software Foundation, https://
www.python.org).

We isolated mitochondrial genomes into a single 
circular contig ≈40-kb in size and aligned contigs by us-
ing mauve version 2.4.0 (16). We oriented contigs from 
the cytochrome c oxidase 1 start codon. When necessary, 
we generated reverse complements using an online tool 
(https://reverse-complement.com/terms.html), then 
annotated genomes by using GeSeq (https://chlorobox.
mpimp-golm.mpg.de/geseq.html).

We mapped trimmed Illumina reads against the 
reference IGS1 sequence (CBS 17435) using Burrows-

Wheeler aligner (12) and obtained consensus sequenc-
es by using sam2consensus (https://github.com/
edgardomortiz/sam2consensus). We used MAFFT 
(https://mafft.cbrc.jp/alignment/server/index.
html) (13) to align sequences and performed subse-
quent phylogenetic analysis by using IQ-TREE with 
1,000 bootstraps (17).

Maximum-Likelihood Core-Genome  
Phylogenetic Analysis 
We constructed a core-genome tree by using the Gal-
axy platform. We masked repeats with RepeatMasker 
(Galaxy version 4.1.5 plus galaxy0) and annotated the 
assemblies by using the Maker annotation pipeline 
(18) with the Augustus predefined prediction model 
Cryptococcus neoformans gattii (Galaxy version 2.31.11 
plus galaxy2). We derived the aligned core-genome 
from the resulting annotated general feature format 
files by using Roary in Galaxy version 3.13.0 plus gal-
axy3, then collected SNPs by using the Find SNP Sites 
tool (Galaxy Version 2.5.1 plus galaxy0). We used 
those SNPs to build the maximum-likelihood tree on 
IQ-TREE version 2.3.6 (built August 4, 2024) (17), un-
der ModelFinder (19). We visualized trees by using 
the iTOL platform.

Results

Patient Data
By June 2024, a total of 6 patients with T. austroameri-
canum infection had been identified (Table 1). The pa-
tients’ median age was 65.5 (range 55–83) years; 3 (50%) 
were male and 3 (50%) were female. Four patients were 
kidney transplant recipients who had clinical signs of 
an infection 2–4 months after transplantation; all 4 had 
scar dehiscence and subcutaneous abscesses, suggest-
ing that the scar was the portal of entry. 

The 2 other patients were immunocompetent. 
One (sample no. L0419) had been hospitalized in the 
cardiology department and was referred for a ne-
phrology consultation during the time the outbreak 
was occurring. That patient had not undergone recent 
surgery. The other patient (sample no. L0445) experi-
enced shock and acute respiratory distress syndrome 
after gastrointestinal surgery.

Of the 25 T. austroamericanum–positive sam-
ples, 16 (64%) were blood cultures from 2 patients, 
3 were scar swab samples from 1 patient, 3 were 
abscess aspiration samples from 3 patients, and 3 
were respiratory samples (2 bronchial aspirate and 
1 bronchoalveolar lavage fluid) from 1 patient. 
All T. austroamericanum isolates exhibited similar  
antifungal susceptibility profiles (Table 2), and we 
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noted no significant difference related to date of 
isolate collection.

Mycological Investigation
The infection control team conducted an environmen-
tal survey in hospital A during April 20, 2023–July 19, 
2024. In total, they collected 145 surface samples, 33 
air samples, and 17 water samples in the urological 
surgery operating theater and the following patient 

units: the nephrology ICU, the kidney transplanta-
tion unit, the nephrology daycare, the radiology unit, 
and the dialysis unit. Samples were mainly collected 
from patient rooms, medical device storage area, and 
the decontamination room. All 195 samples were 
negative for T. austroamericanum. However, a T. aus-
troamericanum strain was isolated from an air sample 
taken as part of a routine surveillance in a pediatric 
ICU of hospital B.
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Table 1. Characteristics of patients from investigation of Trichosporon austroamericanum infections among hospitalized patients, 
France, 2022–2024* 

Characteristics 
Sample no. 

L0221 L0385 L0399 L0419 L0445 L0458 
Patient location       
 Hospital A A A B C A 
 Hospital ward       
  Kidney transplantation unit Y Y Y N N Y 
  Cardiac surgery N N N Y N N 
  Gastrointestinal surgery N N N N Y N 
Clinical signs at time of positive culture       
 Fever Y Y N N N N 
 Asthenia Y Y N Y Y N 
 Dyspnea N Y N N Y N 
 Digestive symptoms N N N N Y N 
 Scar dehiscence Y Y Y NA NA Y 
Biology at time of positive culture       
 Creatinine, µmol/L 271 128 103 177 80.7 216 
 C-reactive protein, mg/L 86 73 43 22 NP 1.3 
Positive culture results       
 Date of first positive culture 2022 Jul 2023 Apr 2023 Jun 2023 Dec 2024 Apr 2024 Jun 
 Days after transplantation 71 78 135 NA NA 115 
 No. positive samples 4 11 1 5 3 1 
  Blood 0 11 0 5 0 0 
  Scar swab 3 0 0 0 0 0 
  Abscess aspiration 1 0 1 0 0 1 
  Respiratory sample 0 0 0 0 3 0 
Microbiology       
 Cryptococcal antigen Positive Positive Positive Negative NP Negative 
  Titer 160 5,120 20 – – – 
 Aspergillus antigen Negative NP NP NP Negative NP 
  Index 0.04 – – – 0.13 – 
Outcome       
 Death within 90 d N N N Y Y N 
  No. days after first positive culture NA NA NA 30 30 NA 
Treatment       
 Posaconazole N Y N N N N 
 Voriconazole Y Y Y N N Y 
 Amphotericin B N Y N N N N 
 Surgical debridement Y Y Y NA N Y 
 Immunosuppressant reduction Y Y N NA NA Y 
*NA, not applicable; NP, not performed; –, no data. 

 

 

 
Table 2. Antifungal susceptibility testing of isolates from investigation of Trichosporon austroamericanum infections among 
hospitalized patients, France, 2022–2024* 

Strain no. 
MIC per antifungal agent, µg/mL 

AMB 5-FC FCZ ITC VRC POS CAS MCF AND 
L0221 1 64 0.5 0.12 0.03 0.12 8 8 8 
L0385 0.25 32 0.5 0.06 0.015 0.06 >8 >8 >8 
L0399 0.25 16 1 0.06 0.015 0.12 >8 >8 >8 
L0419 0.12 >64 1 0.06 0.015 0.06 >8 >8 >8 
L0445 2 >64 1 0.12 0.03 0.25 >8 >8 >8 
L0458 0.5 32 1 0.12 0.03 0.12 8 8 8 
*AMB, amphotericin B; ANI, anidulafungin; CAS, caspofungin; FCZ, fluconazole; ITC, itraconazole; MIF, micafungin; VRC, voriconazole; POS, 
posaconazole; 5-FC, 5-Fluorocytosine. 
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Next-Generation Sequencing

Multilocus Sequence Typing
We initially performed WGS on the first 3 reported 
cases, which MALDI-TOF mass spectrometry had 
identified as T. inkin. To investigate genetic varia-
tions, we applied a multilocus sequence typing ap-
proach. We mapped sequences of cytb, rpb1/2, and 
tef1 genes and the SSU and D1/D2 regions against 
the reference genome of T. inkin (GenBank accession 
no. MT801082). Although the sequences were iden-
tical among the isolates, notable differences from T. 
inkin emerged among isolates from those 3 cases. In 
addition, we observed high divergence between the 
strains from our investigation and the T. inkin refer-
ence mitochondrial genome and IGS1 marker, char-
acterized by numerous point mutations, deletions, 
and insertions (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/31/11/25-0503-App1.pdf). The 
consistent mutation patterns across the strains, along 
with their divergence from T. inkin, strongly support-
ed the classification of the isolates as a distinct taxo-
nomic entity. That preliminary analysis served as the 
starting point for further investigation into the IGS1 
region of the 6 patient-derived isolates. Phylogenetic 
analysis, which included 3 reference sequences pro-
vided by the National Reference Center for Invasive 
Mycoses and Antifungals (CNRMA) at Institut Pas-
teur (https://www.pasteur.fr), confirmed that the 7 
strains (6 patient and 1 environmental) belonged to T. 
austroamericanum species (Figure 1).

WGS Typing
We conducted WGS typing to assess the clonal na-
ture of the T. austroamericanum outbreak. Of the 7 
genomes, 6 demonstrated excellent assembly quality 
and had contigs ranging from 12 to 31 (Table 3). Those 
assemblies showed consistent genome lengths of 20.8 
to 21 Mb, and GC content was close to 61.31%. The 
BUSCO scores were all >96% (range 96.5%–97.4%), 
indicating highly complete and accurate assemblies. 
However, the assembly for strain L0445 stood out be-
cause it had a much higher number of contigs (1,051), 
a larger genome size of 26 Mb, and a higher GC con-
tent of 62.59%. That assembly also showed contami-
nation with bacterial Achromobacter xylosoxidans 16S 
sequence, so we excluded it from further analyses.

The core genome consisting of 11,957 genes en-
abled construction of a phylogenetic tree from the 
extracted SNPs, which formed sequences with 542 
nt sites and 196 parsimony-informative positions 
(Figure 2, panel A). Of the 542 sites, we observed 
129 distinct site patterns, indicating a high level of 

sequence variation across the strains. Strains L0453 
and L0221, separated by only 85 SNPs (Figure 2, 
panel B), were the closest in the tree. L0453, from 
the ICU air duct, also appeared near L0458, with 
a difference of 97 SNPs. In addition, we identified 
7,668 shell genes, representing genes shared by a 
subset of strains, indicating genetic diversity be-
yond the core genome.

Whole-Genome SNP Analysis
We performed whole-genome SNP calling by map-
ping the Illumina reads of our strains against T. aus-
troamericanum reference genome CBS 17435 (11). That 
method enabled us to include strain L0445, for which 
high-quality mapping data was available. Read map-
ping demonstrated high genome coverage quality 
across all 8 chromosomes and strict coverage exceed-
ing 97% for all strains (minimum coverage 97.30% +SD 
0.00368%) and reaching up to 99.98% (+SD 0.00043%).

The resulting whole-genome SNP distance matrix 
revealed patterns consistent with the core genome 
analysis (Figure 3, panel A). Distances between the 
CBS 17435 reference and the clinical strains ranged 
from 447 to 1,085 SNPs. The smallest pairwise dis-
tance was 105 SNPs between L0385 and L0399, which 
were 2 isolates collected within 3 months of each oth-
er from the same hospital, supporting their close ge-
netic relationship. The second closest group consisted 
of L0221, L0453, and L0458, which clustered together 
despite being collected in different years (Table 1). 
Most other pairwise distances ranged from ≈400 to 
>1,100 SNPs, including between L0445 and the rest 
of the isolates (≈1,070–1,186 SNPs), suggesting that 
L0445 is genetically more distant, consistent with its 
location at a hospital site geographically distant from 
the others.

Mitochondrial Genome
As a complementary approach, we analyzed the mi-
tochondrial genome to assess its potential for dis-
criminating between strains. We used mapping to 
obtain mitochondrial genomes of ≈44 kb from 3 T. 
austroamericanum reference strains from the CNRMA 
and the L0445 strain, then generated genomes of oth-
er 6 genomes through de novo assembly (Appendix 
Figure 2). Of note, synteny was identical between the 
de novo assembled mitogenomes.

The alignment of those mitochondrial genomes 
against the de novo assembled L0221 sequence re-
vealed 4 distinct mutational profiles, including 3 
among Marseille strains (Figure 4). Those profiles in-
cluded 3 key mutated positions in the mitochondrial 
genome of the cox3 (at position 22240), apocytochrome 
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b (at position 31837), and trnL (tRNA-Leu) (at posi-
tion 39897) genes. The mutations provide clear genet-
ic distinctions among the strains. For instance, strain 
CNRMA15 exhibited a unique mutation, C at posi-
tion 22240, whereas other strains, such as L0221, have 
a G at that position (Figure 4, panel A). That analysis 
underscores the value of mitochondrial genome se-
quencing for identifying and distinguishing between 

T. austroamericanum strains involved in this outbreak 
and future outbreaks. 

The phylogenetic placement of mitochondrial ge-
nomes showed 4 distinct clades. L0221 and CNRMA15 
formed a separate branch because of their unique 
SNP profiles. L0458 and L0453 were closely related, 
as seen in the core-genome analysis. Finally, L0385, 
L0419, L0399, L0445, CNRMA22, and CNRMA16 
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Figure 1. Maximum-likelihood 
phylogenetic tree of IGS1 
sequences from study of 
Trichosporon austroamericanum 
infections among hospitalized 
patients, France, 2022–2024. 
The tree includes strains isolated 
from 6 patients (red font) and 1 
environmental sample (L0453, 
blue font), mapped against T. 
austroamericanum and related 
species from GenBank (https://
www.ncbi.nlm.nih.gov/genbank) 
and the CBS culture collection 
(https://wi.knaw.nl/fungal_table). 
Bold font indicates reference 
strain CBS 17435. The clustering 
confirms that the patient and 
environmental strains belong to 
T. austroamericanum and form a 
distinct clade. The tree also shows 
the relationships between other 
Trichosporon species, such as T. 
inkin, T. caseorum, and T. ovoides, 
and other T. austroamericanum 
reference strains from the National 
Reference Center for Invasive 
Mycoses and Antifungals at Institut 
Pasteur (https://www.pasteur.fr). 
Bootstrap values are indicated 
at the nodes. Scale bar indicates 
nucleotide substitutions per site. 
IGS, intergenic spacer region.
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cluster together, and CNRMA 15 branches off the oth-
ers (Figure 4, panel B).

Discussion
With ≈20 pathogenic species, Trichosporon spp. are 
the second leading cause of Basidiomycota infections 
in humans (2). Although rare, Trichosporon infections 
in solid organ transplant patients have previously 
been reported and should be considered in cases of 
breakthrough infection or echinocandin therapeutic 
failure (20). In this case series, 67% of patients with 
invasive T. austroamericanum infection were kidney 
transplant recipients. For all kidney transplant re-
cipients, the starting point was infection at the graft 
scar that occurred within 2–4 months of transplanta-
tion, suggesting a common source of contamination 
at the time of surgery. Of note, 2 patients in 2 differ-
ent hospitals also had invasive T. austroamericanum 
infections, thus challenging the common source as-
sumption. However, we did not observe any major 

changes in the antifungal susceptibility profiles that 
would have contradicted the idea of a common origin 
or that would have reflected an evolution of the strain 
over time (Table 2).

T. austroamericanum was initially described in 
May 2024 by E.C. Francisco et al. (3). The first case we 
report appeared in July 2022, but because our data-
base did not yet contain T. austroamericanum reference 
strains, the Trichosporon species were initially identi-
fied by MALDI-TOF mass spectrometry as T. inkin, 
a closely linked species. In the absence of a satisfac-
tory reference genome, we focused on the T. inkin 
mitochondrial genome, the only genome available 
and well described in the literature (21). We observed 
considerable differences between the genomes of our 
strains, and the reference mitochondrial genome of T. 
inkin (Figure 5). The T. austroamericanum species de-
scribed by Francisco et al. reinforced our analyses. 

IGS1 is the region of interest for discriminat-
ing between different Trichosporon species (3,22,23).  
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Table 3. Characteristics of isolates from investigation of Trichosporon austroamericanum infections among hospitalized patients, 
France, 2022–2024 

Characteristics 
Isolate no. 

L0221 L0385 L0399 L0419 L0445 L0453 L0458 
Contigs 14 12 16 13 1,051 31 24 
Length, bp 20,873,347 20,931,201 21,007,957 20,906,681 26,088,532 20,871,584 20,893,304 
% GC 61.3 61.31 61.31 61.31 62.59 61.31 61.31 
Contamination N N N N Y N N 
BUSCO C-score, % 96.50 96.90 97.40 96.60 96.10 96.90 96.90 
 

Figure 2. Core-genome phylogenetic relationships and single–nucleotide polymmorphism distance matrix from study of 
Trichosporon austroamericanum infections among hospitalized patients, France, 2022–2024. A) Phylogenetic tree based on the 
core genome of the analyzed strains showing the evolutionary relationship between strains. Distance between branches reflects 
the degree of genetic divergence on the basis of SNP variations in the core genome. Scale bar indicates nucleotide substitutions 
per site. B) Core-genome SNP distance matrix. Each value represents the number of SNPs that differ between genome pairs. 
Darker shades indicate greater distance. 
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Comparing the rRNA IGS1 region nucleotide se-
quences between our strains with the CNRMA T. 
austroamericanum strains enabled us to confirm the re-
sult of mitochondrial genome analysis and revealed 
that our hospital was facing an emergence of T. aus-
troamericanum. Moreover, the mitochondrial genome 
showed 3 different profiles within the T. austroameri-
canum strains isolated in Marseille and 3 key mutation 
positions. The appearance of spontaneous mutations 

has been described in the mitochondrial genome of 
certain phytopathogenic species, probably resulting 
from replication errors and the presence of mobile ge-
netic elements (24).

We investigated a potential common origin 
through genomic analysis, as previously described 
(25). We produced complete genomes of T. aus-
troamericanum by de novo WGS. Drawing inspiration 
from other epidemic investigations (26,27), we chose 
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Figure 3. Whole-genome single–nucleotide polymmorphism-based phylogeny and distance matrix from study of Trichosporon 
austroamericanum infections among hospitalized patients, France, 2022–2024. A) Whole-genome phylogenetic tree of the analyzed 
strains. Blue font indicates reference strain; blue font indicates environmental strain. Scale bar indicates nucleotide substitutions per site. 
B) Whole-genome SNP distance matrix. Each value represents the number of SNPs that differ between genome pairs. Darker shades 
indicate greater distance. 

Figure 4. single–nucleotide polymmorphism map and phylogenetic analysis 
of mitogenomes from investigation of Trichosporon austroamericanum 
infections among hospitalized patients, France, 2022–2024. A) SNP map 
of mitochondrial genomes from T. austroamericanum isolates. The SNP 
alignment highlights 3 key positions in the mitochondrial genome (at 
positions 22240 in the cox3 gene, 31837 in the apocytochrome b gene, 
and 39897 in the trnL [tRNA-Leu] gene). B) Phylogenetic placement of 
clinical isolates (red font), the environmental strain (blue font), and strains 
from the National Reference Centre for Invasive Mycoses and Antifungals 
at Institut Pasteur (https://www.pasteur.fr). Scale bar indicates nucleotide 
substitutions per site. 
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to target conserved sequences for a core-genome SNP 
typing approach (Figure 2). After publication of the 
T. austroamericanum CBS 17435 reference genome (11), 
we conducted a WGS and SNP analysis. Whole-ge-
nome SNP distances between the CBS 17435 reference 
strain from Brazil and our strains ranged from 447 to 
1,186 SNPs. Of note, that range of differences was of 
the same order of magnitude as what we observed 
among the individual strains in our study, support-
ing the hypothesis of a polyclonal outbreak. Such an 
approach had already been used to identify clusters 
of 2 other basidiomycetes, T. asahii and Rhodotorula 
spp. (28,29). 

No consensus regarding SNPs among fungal spe-
cies exists because many strains are needed to study 
mutation rates, which is not always possible for rarer 
species. Thus, the cutoff point to determine whether 
strains are related seems to be set at <15 SNPs for Can-
dida auris and 1,200 SNPs for other species, such as 
Rhodotorula mucilaginosa (28,30). Nevertheless, some 

strains in our study were genetically much closer. 
L0385 and L0399 differed by only 105 SNPs and were 
isolated from the same site within a short interval, 
suggesting a recent common origin or persistence 
from an environmental reservoir (Figure 3).

Phylogenetic analysis of the mitochondrial ge-
nome, core genome, and whole genome showed 
similar results, highlighting the benefits of those 
phylogenetic analyses in epidemiologic fungal in-
vestigations. Although the core-genome analysis 
was based on only a limited number (11,957) of 
genes, it enabled distinguishing the species and 
obtaining a phylogenetic placement like that from 
whole-genome analysis.

The hospital’s infection control team also con-
ducted an environmental survey to identify a source 
of contamination, but investigations in the kidney 
transplant and nephrology departments did not re-
veal any common source of contamination. Investi-
gations elsewhere have isolated Trichosporon species 
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Figure 5. Maximum-likelihood 
phylogenetic tree and BLAST ring of 
isolates from a study of Trichosporon 
austroamericanum infections among 
hospitalized patients, France, 
2022–2024. A) Maximum-likelihood 
phylogenetic tree of the mitochondrial 
genome, showing the relationship 
between T. inkin, T. asahii, T. 
austroamericanum reference strain 
(bold font), and T. austroamericanum 
isolates from this study. Scale bar 
indicates nucleotide substitutions per 
site. B) Mitogenome alignment of T. 
austroamericanum isolates against 
T. inkin (MT801082), obtained by 
using BLAST Ring Image Generator 
(https://github.com/happykhan/BRIG).
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from the hospital environment. One published study 
identified 53 patients with positive T. asahii cultures 
in a hospital in Jamaica, 4 of whom were hospitalized 
in an ICU and had invasive T. asahii infection (5). Af-
ter an environmental investigation in that hospital, 10 
surface swab samples from the patient rooms showed 
T. asahii, including samples from drawers, bed rails, 
faucets, and sinks (5). In our investigation, T. aus-
troamericanum was isolated (no. L0453) from an air 
sample from a pediatric ICU at hospital B, but no in-
fection or colonization with that microorganism was 
noted among patients from that unit. We found no 
epidemiologic link between that unit and the report-
ed clinical case-patients, all of whom were treated in 
other hospitals. The lack of an epidemiologic link sug-
gests that T. austroamericanum was part of the hospital 
environment. In our study, the whole-genome SNP 
analyses showed 123–1,088 SNPs difference between 
the clinical strains and the environmental strain. 
However, that finding does not exclude the possibility 
of multiple clonally unrelated strains circulating and 
acquired within hospital environmental reservoir. 

The results of this study demonstrate that core-
genome analysis can effectively differentiate T. aus-
troamericanum strains, revealing a polymorphic spe-
cies. Furthermore, the mitochondrial genome shows 
strong potential as an excellent marker for intraspe-
cies differentiation. That approach is particularly 
valuable in the absence of available annotated ge-
nomes for T. austroamericanum and was supplemented 
and reinforced by the release of the reference genome  
CBS 17435 (11).

In conclusion, our findings suggest that certain 
previously deposited sequences identified as T. inkin 
should be re-evaluated for T. austroamericanum to ac-
count for the emergence of this newly described spe-
cies. In addition, this study underscores the need for 
vigilance regarding T. austroamericanum infections, 
including the potential for nosocomial involvement. 

The dataset generated for this study is available in the 
National Center for Biotechnology Information BioProject 
(https://www.ncbi.nlm.nih.gov/bioproject) database  
under accession nos. PRJDB20459 for mapped genomes 
and PRJNA1244900 for assemblies.
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Neoehrlichia mikurensis is the cause of the infec-
tious disease neoehrlichiosis. This tickborne bac-

terium is widespread in Europe and northern Asia. 
Ixodes ricinus ticks are the main vector in Europe. 
Infection prevalence varies from barely detectable 
to >20% (1,2); the southern coastline of Norway is a 
high-prevalence region, where up to 25% of ticks are 
infected with N. mikurensis (3).

N. mikurensis can cause a long-lasting infection 
with spiking fever. Immunosuppressed patients, 
predominantly those who have been treated with 
rituximab (anti–CD20/B cell) or splenectomized, are 
at risk of developing severe neoehrlichiosis (4). The 
target of this intracellular species of bacteria is hu-
man vascular endothelium (5). Severe neoehrlichiosis  

may be accompanied by vascular events such as ve-
nous thromboembolism in immunocompromised 
persons and arteritis in immunocompetent persons 
(6). Molecular detection of N. mikurensis DNA by PCR 
is the only diagnostic test available because antibody 
tests have not yet been established and N. mikuren-
sis does not grow in routine blood culture; it might 
grow in specialized cell culture. Neoehrlichiosis is 
underrecognized because of low awareness among 
clinicians and limited availability of microbiologic 
diagnostic methods (4,7).

A growing body of evidence suggests that N. 
mikurensis may give rise to asymptomatic infections, 
presumably persisting for months (8–11). It is not clear 
if persons with persistent asymptomatic N. mikurensis 
infection are at risk for activation of acute disease at 
a later stage. Carriage of N. mikurensis in the blood of 
asymptomatic healthy persons raises the possibility 
of N. mikurensis transmission through blood transfu-
sion. Two retrospective studies have examined that 
issue. A study of blood donors in Sweden found that 
0.7% of the donors had detectable levels of N. miku-
rensis DNA in the blood, yet no transmission of the 
infection could be established (12). A study of blood 
donors in Denmark found that none were infected by 
N. mikurensis (13).

The aim of this study was to investigate the prev-
alence of N. mikurensis in healthy blood donors liv-
ing in southern Norway, an area highly endemic for 
N. mikurensis infection, and to analyze recipients of 
blood components from infected donors for possible 
infection with N. mikurensis. The Norwegian Regional 
Committee for Medical and Health Research Ethics, 
South-Eastern region, approved the study (reference 
no. 513442). All blood donors and blood recipients 
provided written informed consent, which included 
permission to collect information by approved ques-
tionnaires and to collect blood and analyze it for tick-
borne infections.
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The tickborne bacterial pathogen Neoehrlichia miku-
rensis has been detected in <1% of blood donors in 
Sweden. N. mikurensis can give rise to asymptomatic 
persistent infections. Up to 25% of Ixodes ricinus ticks 
in southern Norway are infected with N. mikurensis. We 
investigated the incidence of N. mikurensis infection 
among blood donors in this region. We detected N. mi-
kurensis in the blood of 45/499 (9%) blood donors by in-
dependent PCR methods; 69% of those were repeatedly 
positive 1–7 months after the first detection and tested 
negative after doxycycline treatment. We tested 8/19 
adult recipients of potentially infected blood; none tested 
positive for N. mikurensis at the time of testing (191–301 
days after transfusion). Our study identified a very high 
rate of infection with N. mikurensis in blood donors in 
Norway; whether infection can be transmitted by transfu-
sion of blood products, however, remains unclear.
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Materials and Methods

Blood Donors and Blood Components
We recruited blood donors at the Department of Im-
munology and Transfusion Medicine at Sørlandet 
Hospital (Kristiansand, Norway) during March 20–
June 15 (group 1, n = 381) and August 21–Septem-
ber 14, 2023 (group 2, n = 118) when they attended 
the hospital to donate blood. Each week, we invited 
all donors attending Monday–Thursday until up to 
40 donors (usually ≈10 per day) were recruited per 
week. Blood donors answered a questionnaire at 
the time of study inclusion regarding health com-
plaints the preceding year—pain, headache, dizzi-
ness, fever, night sweats, sleep problems, nausea or 
digestive problems, fatigue, and rash—as well as 
history of tick bites, tickborne infections, and anti-
microbial treatment.

We collected EDTA blood and serum from all 
participants. Blood components (red blood cell or 
platelet concentrates) were produced in accordance 
with standard procedures. All blood components 
were leukocyte-reduced. No pathogen reduction 
technology was used.

DNA Extraction
We isolated DNA by MagNAPure 96 DNA or Viral 
NA Small Volume Kit (Roche, https://www.roche.
com) from 200 µL of whole blood and plasma/buffy 
coat fractions of the blood from patients 1–4 days af-
ter sampling and plasma/buffy coat fractions of the 
blood from blood donors within 1 day of sampling.  
We collected plasma and buffy coat after centrifuga-
tion at 1,000 × g for 12 minutes and concentrated to 
200 µL by centrifugation at 10,000 × g for 2 minutes. 
We added MS2 bacteriophage DNA to all samples 
before extraction to monitor for integrity of extrac-
tion and amplification by MS2-specific PCR (14). If 
the internal control system indicated inefficient DNA 
isolation from the plasma/buffy coat fractions of the 
blood donors, we performed additional extractions 
from thawed whole blood. We analyzed all index 
sample DNA after storage at −20°C; we tested some 
of the other samples before freezing.

Real-Time PCR
We tested all samples by real-time PCR for N. mi-
kurensis; we conducted 2 independent assays target-
ing the groEL gene. The sequences, concentrations, 
and thermocycling conditions of the assays have 
previously been published (8). The protocols used 
5 µL of DNA in a 15-µL reaction mixture consisting 
of 5 mM MgCl2, 0.5 units uracil DNA-glycosylase  

(Eurogentec S.A., https://www.eurogentec.com), 
and LightCycler FastStart DNA master mix (Roche) 
with primers and probes. The PCRs are validated for 
human diagnostics and are in routine use, 1 (CNM-I) 
at the national reference laboratory for N. mikuren-
sis diagnostics at Sahlgrenska University Hospital 
(Göteborg, Sweden) and 1 (CNM-II) at the national 
reference laboratory for Borrelia diagnostics at Sør-
landet Hospital, the site of this study. The CNM-I 
assay had been validated by using specimens from 
≈180 patients in Sweden with confirmed neoehrlichi-
osis and 180 negative controls; all samples were veri-
fied by panbacterial 16S rRNA PCR and sequencing. 
The CNM-I and CNM-II assays show complete con-
cordance with neoehrlichiosis patients in Norway, 
as demonstrated in a previous study involving 12 
persons diagnosed with neoehrlichiosis (8).

We analyzed blood donor samples 1 time by each 
real-time PCR. If only 1 of the PCR methods was posi-
tive, we retested samples in triplicate by both meth-
ods. When >1 replicate was positive in the triplicate 
testing, we considered the donor positive. We tested 
confirmatory and posttreatment samples of blood 
donors and samples from blood recipients by both 
methods in triplicate.

Follow-Up of N. mikurensis–Positive Blood Donors
We informed blood donors by letter if N. mikurensis 
was detected in their blood and asked them to pro-
vide a new sample for retesting. If we detected N. 
mikurensis in a repeat blood sample, we treated the 
donors with antimicrobial drugs, retested them by 
PCR after completion of the course of treatment to en-
sure they had cleared the infection, and asked them 
to answer the enrollment questionnaire at the time of 
follow-up and posttreatment sampling.

Blood Recipients
All adult recipients of red blood cell or platelet com-
ponents from N. mikurensis–positive donors who were 
alive at the time of the study received written infor-
mation and invitation to participate in the study. We 
did not contact plasma recipients because only batch-
processed virus-inactivated plasma (Octaplasma; Oc-
tapharma, https://www.octapharma.com) is used 
for transfusion in Norway, not single-donor plasma. 
We offered all blood recipients PCR testing, either for 
their participation in the study or as part of routine 
diagnostic procedure. Children <18 years of age were 
not eligible to participate in the study; however, we 
informed the attending hospital pediatrician if a child 
had been transfused with a blood component from 
a N. mikurensis–positive donor. We collected EDTA 
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blood and serum from the participating blood recipi-
ents. The included patients answered a questionnaire 
regarding health complaints the preceding year, im-
mune status, medication, cardiovascular events, and 
history of tick bites, tickborne infections, and antimi-
crobial treatment.

Statistics
We used χ2 (Table 1) and Fisher exact (Table 2) tests 
to compare categorical variables. We used statistics 
calculators (Social Science Statistics, https://www.
socscistatistics.com) to perform Mann-Whitney U 
test to compare age and sex in different groups and 
analysis of variance for pairwise comparison to ex-
amine >2 means. We considered p values <0.05 to  
be significant.

Results

Blood Donors
The study included 499 blood donors, most of them 
living near or in Kristiansand city on the southern 
coast of Norway. The male-to-female ratio was 1.03:1, 
and the median age was 44 years (range 18–66 years). 
Most (82%) of the blood donors had a history of tick 
exposure. We noted no age-related difference in self-
reported tick exposure among the blood donors; the 
average age was 42 years in those who reported no 
tick bites (n = 89), 41 years in those who reported 1–2 
tick bites (n = 144), and 43 years in those who reported 
>2 tick bites (n = 266) over their lives. We observed no 
significant difference between the groups (p = 0.21).

Detection of N. mikurensis in Blood Donors
We analyzed DNA from the plasma/buffy coat (n = 
490) or whole blood (n = 9) from blood donors by 2 
different real-time PCR methods for detection of N. 
mikurensis. We detected N. mikurensis DNA in 45/499 
(9.0%) of the blood samples (Figure 1). All 45 blood 
donors had PCR cycle threshold values >34. We first 
tested blood donor group 1 (n = 381) for N. mikurensis 
infection by PCR 2–5 months after the blood samples 
were drawn and group 2 (n = 118) 0–1 month after the 
blood samples were drawn (Table 1). The rate of N. 
mikurensis detection in index samples was the same 
in blood donors in early spring (March–April, 12/17 

[71%]) as in late summer/autumn (August–Septem-
ber, 7/12 [58%]) (Table 1). In follow-up samples, 
drawn 1–7 months after the index sample, N. miku-
rensis DNA was detectable in 31/45 persons. The rate 
of donors repeatedly positive in follow-up sampling 
did not differ significantly in different seasonal pe-
riods; however, it was slightly lower among donors 
recruited in late summer (August–September). Out 
of the 31 repeatedly positive blood donors, 14 (45%) 
reported receiving tick bites between the first and sec-
ond blood sampling, most during June–September.

Characteristics of Negative and Positive Blood Donors
The blood donors who tested positive for N. mikuren-
sis were older (median age 52 years) than the blood 
donors who tested negative (median age 42 years) 
(p<0.001). We observed no significant difference by 
sex; 18/246 female and 27/253 male donors tested 
positive (p = 0.19). Moreover, the N. mikurensis posi-
tive group reported more tick bites in the year of the 
study than the noninfected group (p = 0.04) (Table 
2). However, we observed no significant difference 
in overall history of tick exposure, history of Lyme 
borreliosis or tickborne encephalitis, or experienced 
health complaints between the groups (Table 2).

Follow-up of N. mikurensis–Positive Blood Donors
None of the infected donors experienced fever at the 
time of first blood sampling and donation. We offered 
treatment with doxycycline (200 mg/d for 3 weeks) 
and retesting by PCR after treatment to the 31 blood 
donors with N. mikurensis DNA detected in 2 repeat-
ed blood samples. We retested most (29/31) blood 
donors and did not detect N. mikurensis DNA in any 
of them. Some reported improvement in a few health 
complaints, but more than half (16/29) experienced 
no change in health after treatment (Table 2).

Testing of Recipients of Blood Components from N. 
mikurensis Positive Donors
We traced recipients of blood components donated 
by N. mikurensis PCR-positive donors. Two platelet 
concentrates from 1 of the donors had been sent to 
another hospital, but it is unknown whether they 
were transfused. Thirty-two of the 45 positive do-
nors provided 39 blood component units that were 
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Table 1. Seasonal distribution of Neoehrlichia mikurensis DNA found in blood donors, Norway, 2023* 

Sample 
No. (%) Neoehrlichia mikurensis DNA–positive blood donors 

March–April, n = 175 May–June, n = 206 August–September, n = 118 p value 
Index sample 17 (9.7) 16 (7.8) 12 (10) 0.71 
Follow-up sample 12 (6.9) 12 (5.8) 7 (5.9) 0.91 
Difference, index to follow-up 5 (2.9) 4 (1.9) 5 (4.2) 0.63 
*p values determined by 2 test.   
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given to 37 unique patients. Thirteen recipients had 
died by the time we traced the donations; we did 
not explore their cases further. Of the remaining 24 
blood recipients, 5 were children and could not be 
included in the study. All of the remaining 19 pa-
tients had received red blood cell concentrates; 17 
of them had received 1 unit, 1 of them 2 units from 
the same donor, and 1 recipient 1 red blood cell and 
1 platelet concentrate from 2 different donors. The 
median time from donation to transfusion was 20 
days (range 5–34 days). We invited all 19 recipients 
to participate in the study; 8 recipients provided 
blood samples for testing. Each had received 1 red 
blood cell concentrate from an infected donor. One 
had also received 1 platelet unit on a different date. 
Median time from transfusion to testing of recipients 
was 246 days (range 196–301 days). We did not de-
tect N. mikurensis in any of the recipients. The me-
dian age of the 8 transfused patients was 69 years 
(range 27–79 years). None were immunosuppressed 
or reported fever at the time of blood sampling. Two 
patients experienced venous thrombosis, 1 patient in 
the arm about the same time as receiving blood and 
1 few months after transfusion, but both tested neg-
ative for N. mikurensis. Five recipients self-reported 
treatment with antimicrobial drugs; 1 received treat-
ment on 2 occasions. Three patients were treated 
with dicloxacillin, apocillin, and clindamycin, which 
are not effective against N. mikurensis. The type of 
drugs was not specified at 3 other occasions for 3  

different patients. We could not exclude treatment 
with drugs active against N. mikurensis.

Discussion
We found high incidence (9%) of infection with N. mi-
kurensis among blood donors from the Kristiansand 
region in southern Norway. We treated all repeatedly 
PCR positive blood donors (69%) with doxycycline; 
all tested negative after treatment. We did not estab-
lish transmission of infection in any of the recipients 
of blood components from the infected donors who 
were available for testing.

The observed rate of N. mikurensis infection was 
considerably higher than that reported in previous 
studies of blood donors in Sweden (0.7%) (12) and 
Denmark (0%) (13). The high rate of N. mikurensis in 
blood donors in our study may be partly explained 
by our region being highly endemic for N. mikurensis 
infections and with <25% N. mikurensis–infected ticks 
(3). The prevalence of N. mikurensis in ticks in the oth-
er Scandinavian countries varies (0% to >10%) and 
differs across locations (5,15,16). The donors in Swe-
den were recruited from 1 region (Kalmar); the blood 
donors in Denmark were recruited from all over Den-
mark. Most areas in Denmark have low prevalence, 
0%–5%, of N. mikurensis infection in ticks (15).

More than 80% of the blood donors in our area 
had a history of tick bite, similar to the cohort of 
blood donors in Sweden (12). The high B. burgdor-
feri sensu lato seroprevalence of 18% in the blood 
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Table 2. Characteristics of blood donors at study inclusion and after treatment with antimicrobial drugs in study of tickborne 
Neoehrlichia mikurensis in the blood of blood donors, Norway, 2023* 

Reported data 
No. (%) blood donors  

p value N. mikurensis DNA negative N. mikurensis DNA positive 
Tick bite in current year 97/454 (21) 16/45 (36) 0.04 
History of tick bites 370/454 (82) 40/45 (89) 0.31 
History of borreliosis/TBE† 38/454 (8.4) 6/45 (13) 0.27 
Health complaints in previous 4 months    
 Pain 10/451 (2.2) 1/44 (2.3) >0.99 
 Headache 6/451 (1.3) 2/44 (4.6) 0.15 
 Dizziness 3/451 (0.7) 0/44 (0) >0.99 
 Fever 0/451 (0) 0/44 (0) >0.99 
 Night sweat 8/451 (1.8) 2/44 (4.6) 0.22 
 Sleep problems 11/450 (2.4) 1/44 (2.3) >0.99 
 Nausea/digestive problems 0/451 (0) 0/44 (0) >0.99 
 Fatigue 22/451 (4.9) 3/44 (6.8) 0.48 
 Rash 4/450 (0.9) 0/44 (0) >0.99 
Improvement of health complaints after treatment with antimicrobial drugs   
 Pain  3/29 (10)  
 Headache  4/29 (14)  
 Dizziness  2/29 (6.9)  
 Fever  1/29 (3.5)  
 Night sweat  2/29 (6.9)  
 Sleep problems  4/29 (14)  
 Nausea/digestive problems  2/29 (6.9)  
 Fatigue  3/29 (10)  
 Rash  1/29 (3.5)  
*p values determined by Fisher exact test. TBE, tickborne encephalitis. 
†History of borreliosis/TBE; 25 were reported as borreliosis, 19 were unspecified (either borrelioses or TBE) and none reported TBE.  
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donor population and 22% in the adult population 
underscore the high exposure to ticks in the Kris-
tiansand region (17,18). The prevalence of N. miku-
rensis antibodies in the population is, however, still 
unknown because of the lack of serologic assays for 
this emerging pathogen.

The very low (0.7%) or nonexistent prevalence 
of N. mikurensis in previous studies of blood donors 
(12,13) may reflect methodological issues regarding 
the type of blood tested (serum, plasma, or whole 
blood). The high prevalence of N. mikurensis infection 
in our study is to a certain extent a result of our strat-
egy of isolating DNA from the buffy coat fraction of 
fresh whole blood. In that fraction, bacteria and leu-
kocytes are concentrated, and the diagnostic sensitiv-
ity of N. mikurensis detection is optimized (19). Test-
ing of plasma, serum, and frozen or nonconcentrated 
whole blood material is suboptimal and may reduce 
the overall sensitivity of the testing; those factors may 
affect the results of other studies on blood donors.

More than two thirds (31/45) of initial positive 
blood donors from Kristiansand were repeatedly 
positive for N. mikurensis DNA for up to 7 months 
after the first detection. This finding strengthens 
the notion that N. mikurensis may be associated 
with an asymptomatic carriage state, as reported 
in other studies (8,10–12). The infection rate among 
blood donors was as high in March–April, the first 
spring months in Norway when it is still cold and 
the vegetation is low, as in August–September when 

the grass is high and tick bites are more difficult to 
avoid. That finding indicates that a substantial pro-
portion of donors had an ongoing infection from a 
previous tick bite rather than a recent one. Alterna-
tively, a second positive test in donors may in a few 
cases be explained by reinfection; nearly half of the 
repeatedly positive donors reported a new tick bite 
between the index and follow-up samples. The ten-
dency of N. mikurensis to cause a persistent infection 
will lead to an accumulation of positive persons over 
time, which may result in the high infection rates 
seen among blood donors and immunosuppressed 
patients in the Kristiansand region (8).

The N. mikurensis–infected blood donors did not 
report any signs of infection and were allowed to 
donate blood when they attended the blood bank. 
According to national guidelines in Norway, donors 
reporting an asymptomatic tick bite are prevented 
from donating blood for 4 weeks, whereas donors 
who have been treated for Lyme borreliosis must re-
frain from donation for 6 months. Our study shows 
that the current guidelines will not prevent N. miku-
rensis–infected blood donors from donating blood. 
Blood donors reported some common health com-
plaints at the time of donation regardless of whether 
they tested positive for N. mikurensis. Headache and 
nightly sweats were more frequent in the infected 
donors but did not reach statistical significance. The 
donors who repeatedly tested positive for N. mi-
kurensis DNA did not donate blood again until the  

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 11, November 2025	 2095

Figure. Flowchart of the study 
design and follow-up testing of 
N. mikurensis–infected blood 
donors in study of tickborne 
Neoehrlichia mikurensis in 
the blood of blood donors, 
Norway, 2023. Two patients did 
not provide blood samples for 
posttreatment testing.
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N. mikurensis infection was eradicated by antimi-
crobial drug treatment. Some of the treated donors 
experienced relief from various types of reported 
health complaints after antimicrobial treatment. We 
could not verify in this study whether those results 
were causally related to N. mikurensis infection. Fur-
thermore, antimicrobial therapy may have beneficial 
immunomodulatory effects besides killing of bacte-
rial pathogens (20).

In our study, none of the recipients of blood from 
the infected blood donors tested positive for N. miku-
rensis by PCR. However, we tested only 8 of 19 traced 
recipients. Furthermore, we did not test the blood 
components of the N. mikurensis–infected blood do-
nors for N. mikurensis. Our findings are consistent 
with the Sweden study in which 7 recipients of poten-
tially N. mikurensis–infected blood also tested nega-
tive (12). The time from transfusion to testing of the 
recipients in both our study and the Sweden study 
was 2–13 months. The delayed testing might have re-
duced the probability of detecting transmission of in-
fection because of either spontaneous recovery or ad-
equate antimicrobial treatment. Acute disease caused 
by N. mikurensis has not been reported in children 
(21); we did not test the children receiving blood from 
N. mikurensis infected donors in this study.

All recipients of blood in our study received 
transfusions of leukocyte-reduced components. Leu-
kocyte reduction of cellular blood components has 
been shown to lower the risk for transmission of tick-
borne Anaplasma phagocytophilum, which is known to 
infect granulocytes, although experimental models 
indicate that the risk is not eliminated (22,23). N. mi-
kurensis is an intracellular bacterium with tropism for 
endothelial cells, similar to most Rickettsia spp. (5,24). 
In blood components, N. mikurensis might be present 
inside circulating endothelial cells, phagocytosed by 
neutrophils, or free in blood (5,25). In general, bacteria 
contaminating blood components may be removed 
by leukocyte reduction if they are phagocytosed or 
inside of cell types that aggregate in the leukocyte 
fraction or, if filtration is used in the process, if they 
attach to the filter matrix (26).

Red blood cell components are stored at 4°C. At 
low temperatures, contaminating extracellular bacte-
rial species are not likely to replicate and their sur-
vival rate is often reduced. However, the intracellular 
bacterial pathogen R. conorii not only survived for 35 
days in canine blood components stored at 4°C but 
also breached the leukocyte filter used and main-
tained infectivity (27). Platelet components are stored 
at room temperature, which increases the risk for bac-
terial growth and transmission of infection. Survival 

of N. mikurensis in blood components should be in-
vestigated to clarify the ability of N. mikurensis to be 
transmitted via blood transfusion.

Immunosuppression, in particular B cell–deplet-
ing therapy (rituximab) or splenectomy, is the main 
risk factor for developing acute neoehrlichiosis (21). 
None of the study recipients traced after receiving 
blood products from N. mikurensis–infected donors 
were immunosuppressed and at a substantial risk 
of contracting disease. This condition could partly 
explain why N. mikurensis was not detected in their 
blood after transfusion. Still, we note that immuno-
competent persons may also be vulnerable and in 
danger of contracting severe infection, given that 20% 
of neoehrlichiosis patients in Sweden were not immu-
nocompromised (6,21).

It is too early to decide whether N. mikurensis 
can be transmitted by blood transfusion. However, 
the high incidence of N. mikurensis among blood do-
nors in our highly endemic area is an alarming find-
ing that requires further study. Many factors could 
influence the risk for transmission and the putative 
establishment of persistent infection with N. miku-
rensis bacteremia among blood recipients; among 
those are the ability of this emerging bacterial patho-
gen to stay alive during preparation and storage of 
the blood components.
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Streptococcus pneumoniae is a leading pathogen 
globally and is the most common cause of com-

munity-acquired pneumonia, bacterial meningitis, 
bacteremia, and otitis media. Macrolides are of-
ten used to treat pneumococcal respiratory infec-
tions, and their frequent use has led to increases of 

macrolide resistance and coselected lincosamide 
resistance in S. pneumoniae (1). Although β-lactam 
antibiotics are first-line treatments, established 
guidelines exist for using intravenous clindamycin 
to treat community-acquired bacterial pneumonia 
(CABP) (2).

The 2 major macrolide-resistance mechanisms in 
streptococci are 23S rRNA methylation by erm gene–
encoded methylases (confers resistance to macrolides, 
lincosamides, and streptogramin B antibiotics) and re-
moval of macrolides by the mef/msrD-encoded efflux 
pumps. In group B Streptococcus (GBS), 2 additional 
mechanisms conferring lincosamide resistance have 
been described: lincosamide modification by nucleo-
tidyltransferases (lnu genes) (3,4), and the resistance 
to lincosamides, streptogramin A, and pleuromutilins 
conferred by the lsaE- or lsaC-encoded ATP-binding 
cassette (ABC) transporters (5,6). Streptogramin an-
tibiotics have been used for skin infections caused by 
gram-positive species, and although pleuromutilins 
are primarily used for veterinary purposes (7), use 
of the pleuromutilin lefamulin has been approved by 
the US Food and Drug Administration for systemic 
treatment of CABP in adults (8). In a recent study (9), 
211 strains of S. pneumoniae tested, including 105 that 
were penicillin resistant, were all lefamulin suscep-
tible according to Clinical and Laboratory Standards 
Institute criteria (10), with MICs <0.25 µg/mL. In this 
study, we describe acquisitions of a conserved lsaC-
containing element in pneumococci that appear to 
have been introduced through 2 independent mecha-
nisms of horizontal transfer into the same serotype 
20, multilocus sequence type (ST) 1257 (serotype 20/
ST1257) strain lineage.
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Among >25,000 invasive pneumococcal disease iso-
lates recovered in US locations during 2015–early 2024 
through population-based surveillance, we detected 17 
case isolates carrying the lsaC gene, which has been 
shown to confer resistance to clindamycin in group B 
Streptococcus. Sixteen isolates carried the mef, msrD, 
tetM, and lsaC genes on a 29-kb mobile element ac-
quired through an interspecies recombination event and 
were intermediately clindamycin resistant. One isolate 
acquired a 62-kb mobile element containing the ermB, 
tetM, and lsaC genes through a transposition event. 
All 17 cases were in adults, including 4 adults expe-
riencing homelessness and 9 with substance abuse 
problems. All 17 lsaC-positive isolates shared a 5.2-kb 
lsaC-containing element precisely integrated within the 
conserved oriT site of their respective mobile element. 
Those 17 lsaC-positive strains were all serotype 20, 
multilocus sequence type 1257, and were recovered 
recently (2021–2024); isolates 1–16 represented emer-
gent disease clusters in New York and Connecticut.



Multidrug Resistance Gene lsaC in S. pneumoniae

Materials and Methods

Active Bacterial Core Surveillance Data
We defined invasive pneumococcal disease (IPD) cases 
through isolating S. pneumoniae from a normally ster-
ile site in an Active Bacterial Core surveillance (ABCs) 
(11) area resident. The surveillance sites included 
entire US states or selected counties in 10 states, rep-
resenting ≈30–35 million persons during 2015–2024 
(11). We reviewed case medical charts to obtain de-
mographic information. We defined adults experienc-
ing homelessness as adults documented as homeless 
or residing in a shelter, mission, medical respite, or 
church community center at the time of positive cul-
ture. This activity was reviewed by a Centers for Dis-
ease Control and Prevention (CDC) review board, was 
deemed not to be human participants research, and 
was conducted consistent with applicable federal law 
and CDC policy. ABCs sites obtained ethics approval 
from their state health department and academic part-
ner institutional review boards as necessary.

ABCs Isolate Characterization
Isolates were assigned serotypes, multilocus STs, 
and resistance features employing short-read whole-
genome sequencing as previously described within 
the CDC Pneumonia and Streptococcus Laboratory 
Branch (National Center for Immunization and Re-
spiratory Diseases, Division of Bacterial Diseases) 
(12,13). We deposited genome sequences in the Na-
tional Center for Biotechnology Information Sequence 
Read Archive (BioProject no. PRJNA284954). We 
used broth microdilution testing in the Pneumonia 
and Streptococcus Laboratory Branch as previously 
described (14) to verify resistance phenotypes pre-
dicted for clindamycin, erythromycin, tetracycline, 
and tiamulin. Tiamulin has the same mechanism of 
action as lefamulin, and the 2 antimicrobial drugs 
share closely similar MICs for pneumococci and for 
bacterial in vitro transcription-translation (15). Pneu-
mococcal susceptibility to lefamulin corresponds to a 
MIC of <0.5 µg/mL according to Clinical and Labora-
tory Standards Institute guidelines (10).

Long-Read Sequencing
Long-read sequencing was conducted by the CDC 
Biotechnology Core Facility Branch (Office of Labora-
tory Systems and Response, Division of Core Labora-
tory Services and Response) to provide a single contig 
genome resource of a representative lsaC-positive iso-
late and to map the lsaC element; the PacBio Microbial 
Multiplexing procedure (Pacific Biosciences, https://
www.pacb.com) was implemented. Genomic DNA 

extracted for short-read sequencing was also used 
to generate a representative single contig genome 
(isolate identifier 20234456). We generated libraries 
using the SMRTbell Express Template Prep Kit 3.0 
and size-selected using a 0.45x Ampure bead cleanup 
(Pacific Biosciences) to remove small DNA (<5 kb). 
We sequenced final libraries for 30 hours after 30 
minutes preextension times on the Sequel II using Se-
quel II Binding Kit 3.2 (Pacific Biosciences). We used 
PacBio HiFi reads in Flye v2.9 (16,17) to conduct de 
novo assembly for the genome size of 2.13 Mb and 
evaluated the assembled circularized contig by using 
BLAST + 2.9.0 (18). A coverage of 367 was obtained 
for the strain 20234456 genome, which we deposited 
into GenBank (accession no. CP178339).

Genomic Analyses
We used Prokka version 1.14.5 (19) to obtain annotated 
open reading frames and then used EasyFig version 
2.2.3 (20) to align sequences and generate figures. We 
generated core-genomic maximum parsimony trees 
and pairwise single-nucleotide polymorphism (SNP) 
matrices from short-read bacterial genome sequences 
using kSNP3.0 with a kmer size of 19 (21). We used 
resultant core.tre files generated from kSNP3.0 to gen-
erate core-genomic pairwise SNP comparisons and 
phylogenetic diagrams using MEGA7 (22). We used 
the Proksee website (23) to generate a circular map 
of a representative lsaC-positive isolate and to predict 
mobile element genes using the mobileOG-db data-
base (24). We used progressive Mauve (25) to generate 
aligned core genomes of representative serotype 20/
ST1257 isolates and subjected core genome alignments 
to Gubbins (26) to identify recombinant regions.

Results

Serotype 20/ST1257 Invasive Pneumococcal  
Disease Isolate Phylogeny
 Genomic sequence–based ABCs strain surveillance 
carried out during 2015–2023 (3 serotype 20/ST1257 
isolates [1 lsaC-positive] were also included from 
2024) included >25,000 genomes from invasive pneu-
mococcal disease (IPD) case isolates recovered during 
this period. Of those, 17 IPD isolates recovered dur-
ing 2020–early 2024 tested positive for the lsaC deter-
minant (Table). All 17 lsaC-positive isolates were se-
rotype 20/ST1257, were recovered from adults 34–84 
years of age, and were among 367 serotype 20/ST1257 
IPD isolates recovered during 2015–early 2024.

A single lsaC-positive isolate (isolate 17) recov-
ered in Tennessee was ermB+/tetM+ and was phy-
logenetically distinct from lsaC-positive isolates 1–16 
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recovered in New York and Connecticut that were 
positive for the mef/msrD macrolide efflux genes and 
tetM (Figure 1). The phylogenetic tree revealed 2 sep-
arate geographic clusters corresponding to New York 
and Connecticut. Twelve genomes (representing all 
6 Connecticut isolates and 6 New York isolates) re-
vealed a range of 2–20 pairwise SNP differences; the 
average was 11 SNPs. The genomes from 4 New York 
isolates recovered during 2022–2024 formed a sepa-
rate subcluster (Figure 1); the pairwise SNP differ-
ence range was 5–14 SNPs (average of 9.5 SNPs).

Resistance Phenotypes
Isolate 17 was fully resistant to clindamycin (MIC >2 
µg/mL) and erythromycin (MIC  4 µg/mL). Isolates 
1–16 shared the clindamycin MIC of 0.5 µg/mL and 
erythromycin MICs of 2–8 µg/mL, compared with 
MICs of <0.12 µg/ml for clindamycin and erythro-
mycin in control serotype 20/ST1257 isolate 20195631 
and strain ATCC49619 (Table).

All 17 lsaC-positive isolates tested as suscep-
tible to lefamulin (MIC range of <0.25–0.5 µg/
mL). However, isolates 1–3 revealed MICs to both 
pleuromutilins that were above control values, and 
isolates 4–11 revealed MICs to 1 pleuromutilin that 
were above control values. Although inconclusive, 
those data are consistent with the lsaC gene con-
ferring reduced susceptibility to pleuromutilins  

compared with lsaC-negative strains, especially 
when considering that the lsaC determinant in iso-
lates 1–16 appears to encode an active clindamy-
cin efflux component conferring intermediate 
clindamycin resistance. Besides isolates 1–17, 5 
serotype 20/ST1257 isolates carried resistance de-
terminants, consisting of a single ermB-positive iso-
late, 2 mef/msrD-positive isolates, and 2 tetM-posi-
tive isolates, none of which were phylogenetically 
related to isolates 1–16 or isolate 17 (Figure 1).

Mobile Element Carrying Isolate 17 lsaC Gene
Examination of the region carrying the lsaC gene in 
isolate 17 revealed a complex 61-kb mobile element 
of the broad Tn916/Tn1545 conjugative transposon 
family (27) inserted within the 3′ end of the ribosomal 
protein gene rplL (corresponding to base 1,215,206 
of the Tigr4 reference genome [GenBank accession 
no. CP000410]). That insertion revealed evidence of 
a transposition event shown by the tandem repeat 
of the 3′ 5 codons of the rplL gene at the distal end 
of the 61-kb element (Figure 2). That element shared 
its highest similarity to an element from S. interme-
dius (GenBank accession no. CP003858) with >98% 
sequence identity over the overlap (Figure 2). The S. 
intermedius insertion was also within the correspond-
ing site of its rplL gene that shared 90.8% sequence 
identity with the isolate 17 rplL gene.
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Table. Selected antibiotic phenotype testing for serotype 20 ST1257 lsaC-positive and control isolates in study of 2 independent 
acquisitions of multidrug resistance gene lsaC in serotype 20 ST 1257 Streptococcus pneumoniae isolates, United States* 

Isolate no.† 
Laboratory ID 

no. Resistance genotype 
MIC, µg/mL (resistance)‡ 

State ERY CLI LEF§ TIA¶ TET 
C ATCC49619 Negative <0.12 (S) <0.12 (S) <0.25 (S) <0.5 <0.25 (S) NA 
C 20195631 Negative <0.06 (S) 0.12 (S) ND ND <0.25 (S) NA 
C 20236374 ermB 4 (R) >2 <0.25 (S) 1 <0.25 (S) NA 
17 20204687 ermB, lsaC, tetM 4 (R) >2 <0.25 (S) 1 >8 (R) TN 
1–3 20228033, 

20238465, 
20246104 

lsaC, mef/msrD, tetM 2–8 (R) 0.5 (I) 0.5 (S) 2 >8 (R) NY 

4 20242307 lsaC, mef/msrD, tetM 2–8 (R) 0.5 (I) 0.5 (S) 1 >8 (R) CT 
5–11 20223565, 

20232253, 
20232771, 
20235035, 
20235950, 
20241474, 
20243458 

lsaC, mef/msrD, tetM 2–8 (R) 0.5 (I) <0.25 (S) 2 >8 (R) NY (5), 
CT (2) 

12–15 20212635 lsaC, mef/msrD, tetM 2–8 (R) 0.5 (I) <0.25 (S) 1 >8 (R) CT (2), 
NY (2) 20234456 

20237578 
20244259 

16 20232812 lsaC, mef/msrD, tetM 2–8 (R) 0.5 (I) <0.25 (S) <0.5 >8 (R) NY 
*C, negative control; CLI, clindamycin; CLSI, Clinical Laboratory Standards Institute; CT, Connecticut; ERY, erythromycin; I, intermediately resistant; ID, 
identification; LEF, lefamulin; NA, not applicable; ND, not done; R, resistant; S, susceptible; ST, sequence type; TET, tetracycline; TIA, tiamulin. 
†Isolates 1–17 correlate to isolates described in text. All isolates listed are from Active Bacterial Core surveillance and are serotype 20/ST1257, except for 
ATCC49619. 
‡Susceptible, intermediately resistant, or resistant as described in CLSI (10). 
§LEF susceptibility is defined by CLSI as <0.5 µg/ml (10). Resistance values are currently undefined. 
¶TIA susceptibility breakpoints have not been defined. 
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Mitis Group Streptococcal Source of Mobile  
Element Carried by Isolates 1–16
Isolates 1–16 carried an identical 41-kb region that 
consisted of a 29-kb mobile element flanked by ≈12 kb 
of upstream and 1 kb of downstream divergent chro-
mosomal sequence that shared 88% sequence identity 
with the corresponding region of serotype 20/ST1257 
pansusceptible isolates (Figure 3). This flanking re-
gion and the predicted mobile element shared >99% 
sequence identity to its closest match in GenBank, S. 
pseudopneumoniae strain 315_SPSE (accession no. NZ_
JVLX00000000) (Figure 4). The upstream crossover 
in this presumed homologous recombination event 
occurred just downstream of ribosomal protein gene 
rpsD (position 89,092 within lsaC-positive serotype 
20/ST1257 strain 20234456) (Figure 5); the down-
stream crossover point corresponded to base 130,195 
within putative transport protein gene orf17. Those 
positions corresponded to base 86,400 (upstream 

crossover) and 97,643 (downstream crossover) of the 
Tigr4 reference genome. S. pseudopneumoniae strain 
315_SPSE was an outlier, in that the next 10 closest 
matches to the 12-kb flanking sequences, although 
representative of S. pseudopneumoniae and S. mitis 
strains, shared only ≈95% sequence identity to the 12-
kb flanking sequence (Figure 6). The predicted 29-kb 
mobile element from isolates 1–16 shared high simi-
larity in its overlap with the mobile element in isolate 
16 except for presence of the 5.3 kb mef/msrD region 
and lack of the 2 kb ermB region (Figure 7, panel A).

5255-bp Integrative lsaC Element Shared by  
lsaC-Carrying Isolates
All 17 lsaC-positive isolates carried the complete 
1,479-bp lsaC gene as part of a 5,255-bp integrative  
element also conserved with a counterpart locus in the 
GBS strain UCN70 (5) and predicted to carry genes 
encoding a site-specific integrase and a replication 
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Figure 1. Core-genomic phylogeny of serotype 20/ST1257 invasive pneumococcal disease isolates recovered during 2015–2024 in 
study of 2 independent acquisitions of multidrug resistance gene lsaC in serotype 20/ST1257 Streptococcus pneumoniae, United States. 
Of 367 serotype 20/ST1257 invasive pneumococcal disease isolates recovered during 2015–2024, we included 358 with <200 short-
read genome contigs in the phylogram. Only 3 year 2024 isolates, including 1 of the depicted lsaC-positive isolates 1–16, were included. 
There were 6,727 variable positions. Isolates 1–16 are indicated on a single branch with the red box divided into 2 subclusters specific 
to New York (10 isolates) and Connecticut (6 isolates) Active Bacterial Core surveillance sites. The 10-isolate New York subcluster has 
an inner subbranch of 6 isolates and outer subbranch of 4 isolates. The main branch containing isolates 1–16 and the outward New York 
subbranch are labeled with Rec, indicative of the disproportionate contribution of recombination to the long branch lengths. Asterisks 
indicate 50 isolates from adults experiencing homelessness. The remaining isolates were susceptible to antibiotics, except for 2 mef/
msrD-positive isolates (green arrows), 2 tetM-positive isolates (black arrows), and 1 ermB-positive isolate (blue arrow). Isolate 17 
(positive for ermB, tetM, lsaC) is indicated with a solid red rectangle. ST, sequence type.
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initiation protein (Figure 7, panel A). The 5,255-bp 
isolate 1–16 lsaC element differed by 5 bp from isolate 
17 and 10 bp from GBS UCN70. The isolate 1–16 lsaC 
allele differed from the isolate 17 lsaC allele by 2 mis-
sense substitutions, and those 2 alleles differed from 
GBS UCN70 lsaC allele by 1–2 missense substitutions. 
As described for related lsaC elements (6), each 5,255-
bp element contained flanking homologous junctions 
(j1 and j2 in Figure 7, panel B) that shared repeated re-
gions after a run of 6 Cs (j1) or preceding a run of 5–7 

Gs (j2). Junctions j1 and j2 each shared overlapping 
sequence nearly identical to an oriT sequence motif 
shared by various related conjugative transposons, 
indicative of specific integration of the 3 different 
5,255-bp lsaC elements within transposons harboring 
an identical oriT (Figure 7, panel B).

Features of Serotype 20/ST1257 Cases
Only 9 of the 367 serotype 20/ST1257 case-patients 
were <18 years of age; only 1 patient was <5 years of 
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Figure 2. Complex mobile element within isolate 17 (positive for ermB, tetM, and lsaC) in study of 2 independent acquisitions of 
multidrug resistance gene lsaC in serotype 20/ST1257 Streptococcus pneumoniae, United States. A) Predicted mobile element genes 
and functions. B) The insertion site is depicted between rplL and atpB in pansusceptible genome serotype 20/ST1257 with rplL 3′ 15 bp 
target site highlighted in yellow. The alignment between corresponding genomic regions of isolate 17 and S. intermedius strain 270 is 
shown with 15 bp repeat of rpllL 3′ end indicated upstream of genomic atpB gene in isolate 16 and upstream of unidentified open frames 
in S. intermedius 270. Although the S. intermedius rplL gene had an identical 15-bp terminus, it only shares 90% sequence identity with 
the pneumococcal rplL gene. The original EasyFig (20) output was modified to depict the interspecies homology between the 2 rplL 
homologs. Homology legend indicates range of 77%–100% sequence identity, depicting ≈90% sequence identity between the 2 different 
rplL alleles and >96% sequence identity between the 2 insertion elements. ST, sequence type.

Figure 3. Introduction of isolate 1–16 mobile element into Streptococcus pneumonae serotype 20/ST1257 by a double crossover 
homologous transformation event in study of independent acquisitions of multidrug resistance gene lsaC in serotype 20/ST1257  
S. pneumoniae isolates, United States. Crossover 1 occurred within orf5 and crossover 2 occurred near the 5′ end of orf17. Apparent 
nonpneumococcal homolog genes in isolates 1–16 (serotype 20/ST1257 [mef, msrD, tetM, lsaC]) flanking the mobile element (orf 
5–16) are indicated upstream in brown, as is most of orf17 immediately downstream of the insertion element. These genes share 
<90% sequence identity with the parental strain lineage serotype 20/ST1257. The section corresponding to orf17 has been modified 
from the original EasyFig (20)  depiction to reflect more accurately the decreased homology between the 2 orf17 alleles and the actual 
breakpoint in homology. The repeated 8-bp target site for the ancestral transposition event is indicated. Predicted mobile element genes 
and functions are indicated in the below grid corresponding to 15–44.2 kb of the entire isolate 1–16 region. orf5 is indicated by 1 open 
reading frame in isolates 1–16 but is indicated by 2 short homologous reading frames in the parental strain (top). ST, sequence type.
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age. Of the 357 case-patients with known residence 
status, 50 (14.0%) were adults experiencing homeless-
ness, including 4 (23.5%) of the case-patients whose 
cases corresponded to 4 of the isolates 1–17. This find-
ing is consistent with data from ABCs in 2018 and 
2019 (28,29), in which serotype 20 made up the third 
highest proportion of cases among adults experienc-
ing homelessness, surpassed only by serotypes 4 and 
12F. Of serotype 20 cases, 14.9% were from adults 
experiencing homelessness in 2018 and 12.2% were 
from adults experiencing homelessness in 2019. Typi-
cal of serotypes more common among adults experi-
encing homelessness (29), 9 of the 17 serotype 20 lsaC-
positive isolates were recovered from adults with 
substance use problems involving cocaine or meth-
amphetamines (6 persons, 1 of which was an adult 
experiencing homelessness) or alcohol (2 persons).

Contribution of Interspecies and Intraspecies  
Recombination to Apparent Phylogenic Distance of 
Isolates 1–16 from Closest Pansensitive Ancestor
To assess temporal distances between lsaC-positive 
genetic progeny and their closest ancestors, we  
generated a core-genome phylogeny of serotype 20/
ST1257 IPD isolates (Figure 1). Isolate 17 differed by 
only 12 SNPs from the closest pansensitive strains 

(Figure 1). That finding is consistent with a recent 
transposition event in which the mobile element 
was precisely inserted within the genomic rplL gene 
(Figure 2). In contrast, the inner subbranch separat-
ing isolates 1–16 from its predicted most common 
ancestor showed a distance of ≈130 SNPs. The dis-
tance between closest pansensitive isolates (2 iso-
lates recovered in Connecticut during 2015–2018) 
and the subcluster of 6 New York isolates within 
isolates 1–16 was 140–180 SNPs. Through recombi-
nation analysis of aligned genomes (26), all or most 
of this pairwise distance (152 SNPs) was introduced 
into the depicted phylogeny (Rec1 in Figure 1) by 
the single interspecies recombination event that in-
troduced the resistance element along with ≈13 kb of 
nonpneumococcal flanking core-genomic sequence 
(Figures 3–5).

The 10 New York isolates (all recovered during 
2022–2024) were additionally subdivided into 2 sub-
clusters by 5 recombinant fragments uniformly pres-
ent in the distal 4 isolates on the tree (data not shown). 
The most distal subcluster (consisting of isolates re-
covered during 2022–2024) displayed considerable 
distance (104–117 SNPs) from the other 6 New York 
isolates (recovered during 2022–2023). The 5 recom-
binant regions within the 4 distal subcluster isolates 
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Figure 4. Near sequence identity shared between pneumococcal isolates 1–16 and Streptococcus pseudopneumoniae strain 
315_SPE in mobile element insertion region in study of 2 independent acquisitions of multidrug resistance gene lsaC in serotype 20/
ST1257 S. pneumoniae, United States. The near-identical region includes much of the mobile element itself, and flanking genes that 
diverge from pneumococcal parental recipient strain (top). The EasyFig (20) output homology was modified to reflect boundaries 
between marked homology differences between the 2 pneumococcal strains (focused upon orf17 only) and between the middle 
pneumococcal strain and the below S. pseudopneumoniae strain (encompassing the last 3 orfs of the mobile elements and most of 
orf17). ST, sequence type.
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ranged from 750–9,020 bp in length and accounted for 
all or most of this entire SNP distance between the 2 
subgroups (Rec2 in Figure 1); that finding was indica-
tive of a close temporal distance between those 4 iso-
lates and the 6 ancestral New York isolates.

Discussion
lsaC determinants have been described from GBS 
(5,6) and very recently have been reported from an-
imal strains of S. equisimilis (30). In this study, we 
identified 2 independent introductions of lsaC into 
pneumococci where the determinant is present on 
2 distinct mobile elements, 1 cocarrying ermB and 
tetM, and 1 cocarrying mef, msrD, and tetM. Within 
both mobile elements, the lsaC component element 
targeted oriT through a conserved mechanism first 
described in GBS (6). Within isolate 17, the large 
mobile element carrying ermB and tetM was like-
ly to have been first introduced into the genome 
through transposition targeting the rplL 3′ 15-bp 
target, followed by oriT-targeted insertion of lsaC. 
Disruption of the oriT sequence would presumably 
prevent further high-frequency transposition of the 
composite transposon containing ermB, tetM, and 
lsaC. Because the mobile element observed within 
isolates 1–16 was introduced through interspecies  

homologous transformation (31) and not by conju-
gative transposition requiring an intact oriT, pre-
dicting whether the lsaC element was cocarried 
with other resistance genes or introduced subse-
quently is not possible. These 2 lsaC elements did 
not recently originate from the same donor bacte-
rial strain; they differed by 5 SNPs, including 2 mis-
sense substitutions within the lsaC gene. The ap-
parent oriT-targeting mechanism of lsaC horizontal 
transfer has the potential to include numerous bac-
terial species because of the ubiquity of conjugative 
elements sharing the oriT target for lsaC element 
insertion and the presence of transposition genes 
(site specific integrase/replication initiation) genes 
within the lsaC element itself.

Serotype 20 is one of the few serotypes that 
have an extremely high propensity for generating 
genomic clusters among IPD isolates recovered 
from adults, where a so-called clustering isolate 
differs from >1 isolates by <10 SNPs (28,29,32,33). 
The 23-valent pneumococcal polysaccharide vac-
cine introduced in 1983 contains a serotype 20 com-
ponent; however, the immunity conferred by this 
vaccine decreases within a few years (34). Despite 
the introduction of highly effective pneumococcal 
protein-polysaccharide conjugate vaccines, starting 
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Figure 5. Single contig genome of 
isolate 20234456 (msrD-positive, mef-
positive, tetM-positive, lsaC-positive) 
representative of isolates 1–16 in 
study of 2 independent acquisitions 
of multidrug resistance gene lsaC in 
serotype 20/ST1257 Streptococcus 
pneumoniae, United States. Position 
1 starts at the dnaA structural gene. 
CDSs and tRNA genes are indicated 
on the forward strand (outer band) and 
reverse strand (inner band). The genes 
approximating the location of the 
interspecies double-crossover event 
introducing the resistance element lie 
between the rpsD ribosomal protein 
gene and the putative transport gene 
orf17. The ribosomal protein gene 
rplL is also depicted near the 1.2-
Mbp marker to show the approximate 
genomic location of the accessory 
element carrying the ermB, tetM, and 
lsaC determinants in isolate 17. Other 
determinants shown reflect potential 
genomic resistance determinants 
(all indicative of susceptibility in this 
genome according to bioinformatic 
pipeline output), including folP/
folA (fluoroquinalones), parC/gyrA 
(sulfamethoxazole/trimethoprim), and pbp2x/pbp1a/pbp2b (β-lactam antibiotics). In addition, the multilocus sequence typing markers 
spi-15, gki-8, aroE-15, ddl-31, xpt-31, and recp-18 define ST1257. CDS, coding sequences; ST, sequence type.
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with the 7-valent vaccine (PCV7) in 2000, serotype 
20 was not included within another licensed vac-
cine until the licensure of PCV21 in 2024 for adults 
19–64 years of age with risk conditions for IPD and 
for those >65 years (35). The serotypes that have the 
highest proportions of clustering IPD isolates, such 
as 4, 12F, and 20, have the greatest propensity to 
cause IPD among adults experiencing homelessness 
and are rarely found in carriage (35–39). Those se-
rotypes have been characterized as short carriage–
duration serotypes (40) and rapidly spread between 
adults, causing IPD in vulnerable hosts shortly af-
ter acquisition in carriage (40,41). Serotypes such 
as 4, 12F, and 20 differ from serotypes often found 
in pediatric carriage, such as 35B and 19A (35,36) 
that are associated with relatively low frequencies 
of genomic clustering (29). The prevalence in IPD of 
such long duration–carriage serotypes as 35B and 
19A appear directly related to their higher detec-
tion incidence in pediatric carriage (35–37,39); that 
observation is supported by the well-characterized 
herd effect of adult IPD prevention affected by high 
coverage of conjugate vaccines among the pediatric 
population (41,42).

Serotype 4, which has the highest propensity for 
both genomic clusters and causing IPD among adults 
experiencing homelessness, was recently found to  
acquire reduced susceptibility to vancomycin 
through the acquisition of a vanG-containing mobile  

element (14). The acquisitions of vanG and lsaC in 
pneumococci had not been reported before those 
very recent observations of their presence in the 
short carriage–duration serotypes. Another recent 
and unusual finding within those high-clustering 
serotypes was the generation of a serotype 12F 
to serotype 4 serotype-switch variant IPD cluster 
causing multiple IPD cases among adults experi-
encing homelessness (32). Recent increases (45) in 
the number of persons lacking permanent shelter 
(record numbers of 653,104 persons in 2023 and 
771,480 persons in 2024) are likely to directly corre-
late to concurrent increases of IPD caused by high-
clustering serotypes among adults experiencing 
disadvantages (28,29,32,33,45,46). Those increases 
might have contributed to unusual interspecies 
and intraspecies horizontal genetic transfer events 
involving those serotypes.

The acquisition of lsaC in isolate 17 is of poten-
tial medical significance, even though the strain is 
already fully clindamycin resistant through the 
presence of ermB on the same mobile element. Even 
though streptogramin A and pleuromutilin anti-
biotics are currently used primarily for veterinary 
purposes (7), the pleuromutilin lefamulin was re-
cently approved for systemic use in cases of CABP in 
adults (8). Although all 17 isolates in this study were 
susceptible to lefamulin, 4 tested at the breakpoint 
of susceptibility, and 10 revealed MICs that were 
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Figure 6. Alignments between Streptococcus mitis strain, pneumococcal isolates 1–16, S. pseudopneumoniae strain 315_SPSE, 
and pansusceptible serotype 20/ST1257 pneumococcal strain (bottom) in study of 2 independent acquisitions of multidrug resistance 
gene lsaC in serotype 20/ST1257 S. pneumoniae, United States. This alignment depicts representative homology between certain 
streptococcal strains recognized as S. mitis and the genome flanking the resistance element in strains 1–16. Also shown is the near 
identity to this region shown by S. pseudopneumoniae strain 315_SPSE. The mobile elements (triangles) in isolates 1–16 and S. 
pseudopneumoniae 315_SPSE correspond to the mobile elements depicted in Figure 4. The apparent nonpneumococcal genes (brown) 
flank the mobile element introduced by recombination into isolates 1–16. Red arrows indicates the genomic region in the serotype 20/
ST1257 corresponding to the mobile element insertion site. ST, sequence type.
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above control values for the closely related pleuro-
mutilin tiamulin. In view of the cross-resistance to 
clindamycin and pleuromutilins observed in GBS, it 
is reasonable to assume lsaC-conferred intermediate 
clindamycin-resistance and to suspect reduced pleu-
romutilin susceptibility in isolates 1–16. In isolates 
1–16, the presence of lsaC would prevent the use 
of clindamycin for certain situations, such as strain 
penicillin resistance or patient allergy in CABP cas-
es. The physical linkage of lsaC with other resistance 
genes also provides the obvious potential for cose-
lection of the unrelated resistance determinants in  
bacterial strains.

Of note, isolates 1–16 appear to have recently 
emerged and are actively expanding within 2 dif-
ferent ABCs sites; the most recent isolate appeared 
within the small proportion of 2024 ABCs strain 
surveillance completed at that time. The apparent 

temporal distance shown between the isolate 1–16 
lineage and pansusceptible serotype 20/ST1257 iso-
late is mainly artifactual because of SNPs introduced 
through recombination at the lsaC insertion region of 
the genome. This lsaC-positive cluster has continued 
to recently diversify; a 4-isolate subcluster revealed 
multifragment recombination, which appears to com-
monly occur in pneumococci from a single exposure 
to donor DNA (32,48).

The recent acquisitions of lsaC and vanG within 
invasive pneumococci highlight the granular nature 
of whole-genome sequence–based disease strain sur-
veillance for detecting rare resistance gene acquisi-
tion events and for monitoring subsequent spread 
of such novel strains. With continued narrowing of 
available antibiotic choices for treating bacterial infec-
tions, maintaining this vigilance through long-term 
surveillance of invasive strains is key.
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Figure 7. Related regions shared between the 2 pneumococcal lsaC elements from this study, the mobile element found in S. 
pseudopneumoniae 315_SP_SPSE, and the partial mobile element from GBS strain UCN70 in study of 2 independent acquisitions of 
multidrug resistance gene lsaC in serotype 20/ST1257 S. pneumoniae, United States. A) The lsaC element target site (oriT) is indicated 
in S. pseudopneumoniae 315_SPSE, with partially homologous junctions (j1 and j2) of the lsaC elements in the 3 strains (isolate 1–16, 
isolate 17, and S. agalactiae UCN70). B) The identical oriT sequence shared between related mobile elements lacking lsaC from 5 
different species is shown. lsaC element junction j1 shares homology with the 5’ oriT sequence and junction j2 shares homology with 
the 3′ oriT sequence. Purple indicates the shared C and G repeats; green indicates direct repeats between each of the 3 strains shared 
between their specific j1 and j2 sequences and homologous central oriT sequence. Bold indicates J1 and j2 bases shared with the oriT 
sequence. ST, sequence type.
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Even before the COVID-19 pandemic, a primary 
challenge with respiratory disease surveillance 

has been estimating the number of infections within 
the community, because counting every case of ill-
ness was not feasible. Public health officials have 
mitigated this limitation by using proxy indicators to 
detect rises in community incidence of disease. Com-
monly used proxies include sentinel laboratory data, 

which examine the percentage of respiratory viral 
tests returning positive, and syndromic surveillance 
data, which tracks the percentage of emergency de-
partment (ED) visits for respiratory viral illness. As 
such, measuring the activity of respiratory diseases 
generally relies on ill persons seeking medical care 
and getting tested.

That approach to viral respiratory disease sur-
veillance was disrupted during the COVID-19 pan-
demic. Early during the pandemic, to limit effects on 
the healthcare system and decrease individual risk, 
the public was asked to stay home and only seek care 
if severely ill (1). As a result, ED visit volume declined 
precipitously (2). In addition, SARS-CoV-2 testing 
availability was limited, and its use was often restrict-
ed to patients deemed sick enough to require medical 
care (3). The Los Angeles County (LAC) Department 
of Public Health (DPH), in Los Angeles, Califor-
nia, USA, identified the need to develop a system 
to gather timely, accurate, and relevant information 
about SARS-CoV-2 circulation in the community. In 
response, Angelenos in Action (AiA), a text message-
based community syndromic surveillance system to 
track respiratory symptom trends, was created. AiA 
was modeled after long-running community surveys, 
such as Influenzanet and Outbreaks Near Me (4–7), 
and was intended to track trends in respiratory viral 
illness by measuring the number of persons report-
ing respiratory viral symptoms. The survey was in-
tentionally focused on symptom reporting as a means 
of capturing illnesses of varying severity, including 
those cases mild enough to not require a medical visit.

For ≈4 years, AiA has provided data for LAC 
DPH. However, we wished to perform a comprehen-
sive longitudinal analysis to ascertain whether it suc-
ceeded in reliably tracking communitywide COVID-19  
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Respiratory virus indicators were unreliable at the onset 
of the COVID-19 pandemic when testing availability was 
limited and residents with mild symptoms were advised 
to avoid unnecessary medical care. The Los Ange-
les County Department of Public Health (Los Angeles, 
California, USA) developed Angelenos in Action (AiA), 
a text message–based community syndromic surveil-
lance system to monitor respiratory illness trends. Ap-
proximately 17,000 unique participants responded >1 
time; 43% of participants continue to regularly respond 
to the survey. We assessed AiA’s performance by mea-
suring correlation coefficients with reported COVID-19 
case counts (0.975), sentinel laboratory SARS-CoV-2 
test positivity rate (0.762), and wastewater SARS-CoV-2 
concentrations (0.861). AiA performed strongly against 
3 comparator surveillance methods and correlated par-
ticularly well with raw case counts. A moderate corre-
lation was also noted between influenza test positivity 
rate and AiA data, indicating the system has potential to 
detect respiratory illness besides COVID-19.
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activity. Our aim is to assess the performance of AiA as 
a method of tracking COVID-like illness (CLI) in LAC 
by observing its timeliness and accuracy in correlation 
to other measures of COVID incidence.

Materials and Methods
The symptom survey became available to all LAC res-
idents >18 years of age on July 6, 2020. Recruitment 
for survey participants was performed with the intent 
to create a respondent panel that was demographi-
cally similar to the overall LAC population. Partici-
pant recruitment occurred during late summer and 
late fall of 2020. Participants were recruited primarily 
through digital advertising and social media adver-
tising on Facebook (http://facebook.com). Two local 
radio stations recorded advertising spots that aired 
Monday through Wednesday for the first 2 weeks of 
the launch. Their websites and social media accounts 
displayed digital banners and posts about AiA dur-
ing July 2020. Advertisements also ran on 2 local Afri-
can American–focused digital newspapers. DPH gen-
erated press releases in both English and Spanish and 
advertised AiA through DPH social media accounts. 
An external marketing agency managed paid media. 
Recruitment materials were approved by the LAC 
DPH institutional review board. Enrollment has re-
mained continuously open to all LAC residents. Proj-
ect participation was initially limited only to those 
with a cell phone; however, an option to participate 
by email was added on December 20, 2021. Surveys 
were generated by Qualtrics (https://www.qualtrics.
com) and sent by short message service. At the time of 
enrollment, participants were offered a choice of re-
ceiving the survey in English or Spanish. Participants 

provided their postal (ZIP) code to confirm residence 
in LAC and either a telephone number or an email 
address. Additional questions about age, sex, and 
race and ethnicity were optional. Participants may 
unsubscribe at any time by replying STOP to any AiA  
text message.

The symptom survey was distributed weekly and 
consisted of 1 question asking the respondent wheth-
er they were feeling well that day. If they reported 
not feeling well, 2 additional yes or no questions 
were asked. Participants were asked whether they 
were experiencing cough or shortness of breath and 
whether they were experiencing >2 of the following 
symptoms: headache, body ache, sore throat, fever, 
chills, or loss of sense of taste or smell (Figure 1). In 
consideration of the Council of State and Territorial 
Epidemiologists list of COVID-19 clinical symptoms 
at the time of the survey’s development (8), respon-
dents were considered to have CLI if they responded 
yes to both questions. Respondents who reported 
not feeling well, regardless of their responses to the 
symptom-specific questions, were instructed to con-
tact their doctor.

Active respondents for each year were defined as 
those who submitted >1 survey during that Morbid-
ity and Mortality Weekly Report (MMWR) surveil-
lance year (MMWR week 40 of that calendar year 
through MMWR week 39 of the next calendar year) 
(9). To observe survey response trends over time, re-
sponses were tracked by MMWR week and plotted 
by MMWR surveillance year. To account for the 53rd 
week during the 2020–21 surveillance year, 2020 week 
40 is an imputed average of the CLI rates during week 
40 and week 41. The data for each remaining week 
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Figure 1. Survey question and 
response flow for the Angelenos 
in Action community-driven, 
text message-based COVID-19 
surveillance system used in 
Los Angeles County, California, 
USA, 2020–2024. Red 
represents response pattern 
that results in the designation of 
COVID-like illness.
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during 2020 were subsequently shifted 1 week back-
ward. We chose to impute an average for week 40 and 
week 41 because there is historically little variation 
in respiratory viral activity during those weeks (10). 
We assessed survey population representativeness 
by comparing survey participant demographics with 
LAC demographic characteristics derived from the 
provisional population estimates prepared by Hed-
derson Demographic Services for the LAC Internal 
Services Department (11).

We compared trends in AiA’s CLI rate with data 
from 3 other methods of COVID-19 surveillance used 
by LAC DPH during the pandemic; raw COVID-19 
case counts, sentinel laboratory data, and wastewater 
surveillance data. We tabulated raw countywide case 
counts by mandatory laboratory and provider case 
reports to LAC; counts are described as 7-day roll-
ing averages (12). We described sentinel laboratory 
data as weekly aggregates of the percentage of posi-
tive tests out of all tests performed for a given virus 
at the 7 LAC sentinel laboratories (10). We gathered 
sentinel laboratory data for SARS-CoV-2, influenza, 
and respiratory syncytial virus (RSV) testing. Waste-
water surveillance for SARS-CoV-2 has been ongoing 
in LAC since January 9, 2022, and has involved all 3 
LAC water treatment plants since September 12, 2022. 
Together, the 3 plants service ≈7.7 million of LAC’s 
almost 10 million inhabitants. Each plant collects an 
average of 3 samples per week. We gathered waste-
water surveillance data from the WastewaterSCAN 
dashboard (13,14). We describe wastewater SARS-
CoV-2 RNA concentrations as a smoothed average of 
5 consecutive samples after trimming the highest and 
lowest of the 5 samples.

We calculated CLI rates as the proportion of all 
responses in the AiA survey that fulfilled criteria for 
CLI. We calculated Pearson correlation coefficients to 
assess linear correlation between CLI rates and each 
of the 3 comparator metrics. The time frame during 
which CLI rates were calculated differed depend-
ing on the comparison being made. We reported CLI 
rates as 7-day rolling averages in comparison with 
daily case counts, weekly averages in comparison 
with sentinel laboratory data, and 7-day smoothed 
averages in comparison with wastewater surveillance 
data. Because symptoms of CLI overlap with similar 
respiratory illnesses, including influenza and RSV, 
Pearson correlation coefficients were also calculated 
between CLI rates and weekly LAC sentinel labora-
tory test positivity rates for influenza and RSV.

Because of prominent shifts in testing strategies 
and major changes to laboratory and provider re-
porting requirements in LAC throughout 2022, we  

calculated correlations between CLI rates and re-
ported cases by using data from the opening of the 
survey through January 29, 2022. We calculated cor-
relations between CLI rates and sentinel laboratory 
data for SARS-CoV-2 by using data from the opening 
of the survey through April 6, 2024. Because influen-
za viruses and RSV were essentially not circulating 
during the first year of the pandemic, we calculated 
supplemental correlations between CLI rates and sen-
tinel laboratory data for influenza and RSV by using 
data collected during June 20, 2021–April 6, 2024. We 
calculated correlations between CLI rates and waste-
water data by using data collected during January 9, 
2022–April 6, 2024.

To determine if one system’s data lagged anoth-
er system, we calculated cross-correlation for each 
comparison by offsetting the data from 1 system by 
a discrete time interval and obtaining a new Pearson 
correlation coefficient. We repeated this process by 
shifting data 5 intervals forward and backward. The 
time interval used in the comparisons to case counts 
and to wastewater data was 1 day. The time interval 
used in the comparison to sentinel laboratory data 
was 1 week. If the offset data resulted in a higher 
Pearson correlation coefficient than in the original 
comparison, we determined there was a data lag. 

This work was reviewed by Centers for Disease 
Control and Prevention and the LAC DPH Institu-
tional Review Boards, was not considered human 
subjects research, and was conducted consistent with 
applicable federal law and Centers for Disease Con-
trol and Prevention policy. Consent from survey par-
ticipants was obtained at the time of enrollment.

Results

AiA Participation
During July 6, 2020–April 6, 2024, a total of 20,033 
unique adults received >1 symptom survey from 
AiA. The highest number of participants receiving 
a symptom survey in a week was 17,393 during the 
week starting December 26, 2021. The highest number 
of survey responses in 1 week was 11,061 during the 
week starting January 24, 2021 (Figure 2). There were 
7,792 responses during the first week of the 2021–22 
season, 7,022 responses during the first week of the 
2022–23 season, and 5,493 responses during the first 
week of the 2023–24 season. The survey has received 
>1 response from 17,092 unique adults (Table 1). Re-
spondents identifying as White composed 49.9% of 
all survey respondents and 51.3% of active respon-
dents during the 2023–24 season, whereas 29.2% of 
all LAC residents identify as White. Respondents 
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identifying as Latino composed 29.2% of all survey 
respondents and 28.0% of active respondents dur-
ing the 2023–24 season, whereas 45.9% of all LAC 
residents identify as Latino. Respondents >40 years 
of age composed 68.9% of all survey respondents 
and 78.3% of active respondents during the 2023–24 

season, whereas 60.6% of all LAC residents are >40 
years of age. Active respondents declined each year 
from a peak of 14,587 during the 2020–21 season to 
7,388 during the 2023–24 season through the week 
ending April 6, 2024. When excluding the truncated 
2019–20 and 2023–24 seasons, the average number 
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Figure 2. Trends in the 
weekly number of responses 
to the Angelenos in Action 
community-driven, text 
message–based COVID-19 
surveillance system by MMWR 
influenza season (10), Los 
Angeles County, California, 
USA, 2020–2024. The blue 
diamond represents the highest 
number of surveys submitted 
in any week since the survey 
opened. MMWR, Morbidity and 
Mortality Weekly Report.

 
Table. Demographic characteristics of Los Angeles County adults and respondents to the Angelenos in Action community-driven, text 
message–based COVID-19 surveillance system, California, USA, 2020–2024* 

Characteristics 

No. (%)  
Los Angeles County adult 

population 
Respondents who answered >1 

survey† 
Active respondents‡ during 

2023–2024 season† 
Total 7,364,388 17,092 7,388 
Age, y    
 18–29 1,540,122 (20.9) 1,388 (8.1) 328 (4.4) 
 30–39 1,360,790 (18.5) 3,881 (22.7) 1,256 (17.0) 
 40–49 1,260,968 (17.1) 4,751 (27.8) 2,033 (27.5) 
 50–59 1,251,487 (17) 3,813 (22.3) 1,967 (26.6) 
 60–69 1,058,203 (14.4) 2,396 (14) 1,345 (18.2) 
 >70 892,818 (12.1) 814 (4.8) 440 (6) 
 Not given NA 49 (0.3) 19 (0.3) 
Sex    
 M 3,601,392 (48.9) 3,995 (23.4) 1,640 (22.2) 
 F 3,762,996 (51.1) 12,984 (76) 5,708 (77.3) 
 Not given NA 70 (0.4) 23 (0.3) 
Race    
 American Indian 14,582 (0.2) 51 (0.3) 23 (0.3) 
 Asian 1,218,430 (16.5) 1,668 (9.8) 693 (9.4) 
 Black 590,152 (8) 493 (2.9) 250 (3.4) 
 Hawaiian/Pacific Islander 13,467 (0.2) 77 (0.5) 33 (0.4) 
 Latino 3,380,602 (45.9) 4,985 (29.2) 2,068 (28.0) 
 Multiracial NA 845 (4.9) 379 (5.1) 
 White 2,147,155 (29.2) 8,530 (49.9) 3,792 (51.3) 
 Other NA 238 (1.4) 77 (1) 
 Not given NA 205 (1.2) 73 (1) 
*NA, not available. 
†Through April 6, 2024. 
‡Active respondents are defined as those who submitted >1 survey during that year’s Morbidity and Mortality Weekly Report influenza season (MMWR 
week 40 of that year through MMWR week 39 of the next year) (10). 
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of surveys submitted by respondents completing the 
survey >1 time in a year increased from 32.5 dur-
ing the 2020–21 season to 33.9 during the 2022–23 
season. (Appendix Table, http://wwwnc.cdc.gov/
EID/article/31/11/25-0907-App1.pdf).

CLI Detection and System Comparisons
CLI rate increased each season from 2.2/1,000 re-
sponses during the 2019–20 season to 7.6/1,000 
responses during the 2023–24 season (Appendix 
Table). CLI rate peaked during MMWR week 1 dur-
ing both the 2020–21 season and the 2021–22 season 
(Figure 3). CLI rate peaked during MMWR week 
48 during the 2022–23 season and MMWR week 52 
during the 2023–24 season. When comparing AiA 
CLI rates to reported COVID-19 case count data, the 
Pearson correlation coefficient was 0.975 (Figure 4). 
When comparing AiA CLI rates to sentinel labora-
tory percent positivity data for SARS-CoV-2, the 
Pearson correlation coefficient was 0.762 (Figure 5). 
When comparing AiA CLI rates to wastewater sur-
veillance data for SARS-CoV-2, the Pearson correla-
tion coefficient was 0.861 (Figure 6). An increase in 
CLI rate was noted during May and June 2022 when 
no similar rise in wastewater detection of SARS-
CoV-2 RNA was reported. Cross-correlation did not 
identify a data lag in any of those 3 comparisons. 
Additional comparisons of AiA CLI rates to sentinel 
laboratory percentage positivity data for RSV (Ap-
pendix Figure 1) produced a correlation coefficient 
of 0.094 and for influenza (Appendix Figure 2) pro-
duced a correlation coefficient of 0.508.

Discussion
During the first 4 years of the COVID-19 pandemic, 
AiA was able to reliably track population-level trends 
in symptomatic respiratory illness without a lag in 
data signal when compared with other commonly 
used surveillance methods. Data from AiA corre-
lated well with data from the 3 comparator systems; 
the lowest correlation existed between AiA data and 
SARS-CoV-2 sentinel laboratory percentage positiv-
ity data. We noted multiple factors that might have 
contributed to the relatively weaker correlation. First, 
sentinel laboratory data was delivered in the form of 
once-weekly 7-day averages, so this comparison in-
cluded fewer data points than either of the other 2 
comparisons. Second, visual inspection of the data in 
this comparison shows that CLI increases from AiA 
data might have occasionally preceded percentage 
positivity increases from sentinel laboratory data. 
This effect was particularly apparent during the 
emergence of the highly infectious Delta variant dur-
ing summer 2021 and during the winter 2022 seasonal 
increase. Last, although cross-correlation reassur-
ingly displayed no overall lag in either dataset, this 
method might also be limited by the spacing of data 
points (i.e., a lag of <7 days might exist but would not 
be possible to detect by this method).

When other respiratory viruses resumed circulat-
ing at higher levels in late 2021, data from AiA contin-
ued to correlate well with COVID-19 data from other 
systems. However, AiA’s CLI trends also appeared 
to have been affected by >1 other viruses. Whereas 
AiA showed a weak correlation with RSV sentinel  
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Figure 3. Trends in COVID-
like illness responses to the 
Angelenos in Action community-
driven, text message–based 
COVID-19 surveillance system 
used in Los Angeles County, 
California, USA, 2020–2024, by 
MMWR influenza season (10). 
A response was designated 
as a COVID-like illness if the 
respondent indicated they were 
sick and answered yes to both 
symptom-specific questions. The 
colored diamonds correspond 
to the peak rate for each year. 
MMWR, Morbidity and Mortality 
Weekly Report; WK, week. 
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laboratory data (Appendix Figure 1), it showed a 
moderate correlation with influenza sentinel labora-
tory data (Appendix Figure 2). When examining pe-
riods of increased viral activity specifically, we noted 
that an instance of unseasonably high influenza ac-
tivity during May and June 2022 appeared to corre-
spond to a rise in CLI that preceded the increase in 
SARS-CoV-2 test positivity rates and SARS-CoV-2 

wastewater concentrations observed later that sum-
mer. Further, when compared with peak SARS-CoV-2 
test positivity rates, peak CLI rates appeared pro-
portionally higher when influenza and SARS-CoV-2 
were co-circulating (July 2022 and December 2022, 
and January and December 2023) than when SARS-
CoV-2 was circulating alone (July 2021, January 2022, 
and August and September 2023). Those findings  

2114	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 11, November 2025

Figure 5. Trends of weekly CLI 
response rate to the Angelenos 
in Action community-driven, text 
message–based COVID-19 
surveillance system used in 
Los Angeles County, California, 
USA, 2020–2024, and weekly 
Los Angeles County sentinel 
laboratory SARS-CoV-2 
percentage positivity during 
July 6, 2020–April 6, 2024. A 
response was designated as a 
CLI if the respondent indicated 
they were sick and answered 
yes to both symptom-specific 
questions. Pearson correlation 
coefficient = 0.762. Scales for 
the y-axes differ substantially to 
underscore patterns but do not 
permit direct comparisons. CLI, 
COVID-like illness.

Figure 4. Trends of 7-day 
rolling average CLI response 
rate to the Angelenos in 
Action community-driven, text 
message–based COVID-19 
surveillance system used 
in Los Angeles County, 
California, USA, 2020–2024, 
and 7-day rolling average Los 
Angeles County COVID-19 
case counts during July 6, 
2020–January 29, 2022. A 
response was designated 
as a CLI if the respondent 
indicated they were sick 
and answered yes to both 
symptom-specific questions. 
Pearson correlation 
coefficient = 0.975. CLI, 
COVID-like illness.
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indicate that AiA data might have been meaningfully 
influenced by influenza virus circulation, which is 
not surprising because of the overlap between typical 
influenza symptoms and the symptoms captured in 
the AiA symptom survey and highlights a limitation 
of the short survey format (15). This lower specificity 
means data from AiA must be interpreted in the con-
text of other surveillance data and viral seasonality. 
However, it also demonstrated that AiA possesses 
potential to be used to detect respiratory illnesses be-
yond just COVID-19.

The simple data flow within AiA avoids the re-
porting delays inherent to the surveillance methods 
used before the pandemic. For example, electronic 
laboratory reporting data can take 3–4 days from 
specimen collection to test reporting. Syndromic sur-
veillance requires appropriate medical record coding 
before reporting to public health, a process that can 
take 1–2 weeks. Because those systems rely on en-
gagement with healthcare to capture cases, they are 
subject to additional delays attributable to the time 
from a patient first experiencing symptoms to their 
engagement with healthcare (4,16,17). For waste-
water surveillance, the time required to collect and 
transport wastewater samples for testing introduces 
delays as long as 1–2 weeks. However, AiA delivers 
data with a remarkably short turnaround time, in as 
few as 24 hours after survey response. AiA’s data 
collection is also independent of healthcare seek-
ing, so it is not subject to delays from symptom on-
set to a medical visit. This attribute also enables AiA 
to capture complete data on those who do not seek  

medical care at all, which proved to be another 
strength, because most viral respiratory illnesses,  
COVID-19 included, do not prompt healthcare seek-
ing (18–20). As a result, AiA’s ability to rapidly dis-
play changes in disease activity and capture data 
regarding illnesses that did not require medical care 
made it particularly useful to DPH when the commu-
nity health landscape was often rapidly changing.

LAC residents continue to participate in AiA 
>4 years after the pandemic started. Approximately 
40% of all participants who responded since the sur-
vey’s inception have participated in >1 of the weekly 
surveys during the 2023–24 season. Further, the av-
erage number of responses submitted by each ac-
tive respondent has been consistently high and in-
creased in each full season of the analysis, indicating 
that those who continued to engage with the survey 
did so with consistently high frequency (Appendix 
Table 1). This result might be partially attributable 
to AiA’s text-based format and maximum of 3 ques-
tions per week, which placed minimal participation 
burden on respondents. This robust level of engage-
ment was unexpected because no formal recruiting 
campaigns have occurred since January 2021, and 
there have been no participant retention campaigns. 
However, partially because of the absence of reten-
tion campaigns, overall participation has decreased. 
Modeling performed before the system’s release and 
on the basis of ED influenza-like illness data before 
the pandemic indicated AiA would require 5,773 
weekly responses to detect the presence of CLI above 
its baseline rate when SARS-CoV-2 was not in high  
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Figure 6. Trends of smoothed CLI 
response rate to the Angelenos 
in Action community-driven, text 
message–based COVID-19 
surveillance system used in Los 
Angeles County, California, USA, 
2020–2024, and trimmed and 
smoothed Los Angeles County 
SARS-CoV-2 RNA wastewater 
concentrations during January 9, 
2022–April 6, 2024. A response 
was designated as a CLI if the 
respondent indicated they were 
sick and answered yes to both 
symptom-specific questions. 
Concentrations are normalized 
against values of a ubiquitous 
virus to account for stool flow rates 
and then multiplied by a factor of 
106 (data not shown). Pearson 
correlation coefficient = 0.861. 
CLI, COVID-like illness.
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circulation. Weekly responses have not exceeded 
5,773 since June 2023, which initially created concern 
about the reliability of data after this date. However, 
correlation with other surveillance metrics remained 
strong despite the lower number of responses. Exist-
ing differences between the survey’s overall respon-
dent population and the LAC population have be-
come more dramatic during the most recent season, 
which could introduce further bias. The survey also 
does not account for illnesses among children, and 
those >60 years of age were underrepresented, which 
might partially explain its poor correlation with RSV 
data. Together, those trends indicate that the system’s 
utility in identifying actionable increases of respira-
tory illness might be diminished and its representa-
tiveness and data quality can be improved.

Among the more consequential differences be-
tween AiA and its comparator systems is that AiA 
was the only system to measure symptomatic ill-
ness. This distinction is critical because the informa-
tional value of a positive COVID-19 test has changed 
as testing habits shifted throughout the pandemic, 
with asymptomatic testing becoming a more com-
mon strategy for controlling spread (21). However, 
the undetermined relevance of a positive test in an 
asymptomatic person made counting positive tests 
a less reliable metric of determining the community 
burden of disease. Later, the mass adoption of com-
mercially available antigen tests made it easier for the 
public to rapidly determine if they had contracted the 
virus, but those test results were often not reported 
to public health authorities, creating an environment 
where case counts were likely underestimates of true 
disease counts. Pandemic fatigue and high relative 
costs of testing further contributed to creating un-
certainty in the accuracy of raw case counts (22–24). 
Although AiA might not have always been able to de-
termine the specific etiology of an illness, AiA’s focus 
on detecting symptoms enabled it to remain reliable 
in detecting the magnitude of clinically apparent re-
spiratory illness in the community.

Timely, accurate, and actionable data are crucial 
in the face of pandemic and seasonal viral respira-
tory illness. During the COVID-19 pandemic, when 
typical methods of obtaining data were impaired or 
inoperable, AiA provided data accurately and in a 
timely fashion. AiA was able to produce reliable re-
sults years into the pandemic despite waning partic-
ipation and discordant demographic characteristics 
between respondents and the local population. AiA’s 
community symptom survey approach enabled it to 
fill the surveillance gap by gathering data that were 
not captured by common surveillance methods but 

were still highly relevant to understanding the com-
munity burden of disease. Further, the principles of 
this survey methodology and the low relative cost 
of implementation could be adapted in low- and 
middle-income countries where mobile phone use 
is widespread but access to healthcare or laborato-
ry testing might be limited. Our findings highlight 
the strengths of community participatory surveil-
lance systems in monitoring emerging and endemic  
infectious diseases.
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In 2020, a unique spotted fever group Rickettsia (SFGR), 
Rickettsia sp. 2019-CO-FNY, was identified in 3 clini-

cally ill dogs in the southern and midwestern United 
States (1). Those dogs exhibited symptoms like those 
caused by R. rickettsii, the agent responsible for Rocky 
Mountain spotted fever (RMSF). SFGR are emerg-
ing tickborne pathogens infecting dogs and humans. 
Among tickborne pathogens infecting dogs, SFGR had 
the highest seroprevalence at 10.4% in the United States 
during 2004–2010 (2). The Centers for Disease Control 
and Prevention reported annual SFGR cases in humans 
in the United States increased substantially from 486 in 
2000 to 6,248 in 2017 (3). Despite frequent exposure to 

SFGR, gaps remain in our understanding of pathogenic 
Rickettsia spp., disease severity, and tick vectors.

In the United States, several SFGR species, includ-
ing R. parkeri, R. rickettsii, and R. rickettsii subsp. cali-
fornica, cause disease in humans (4,5). Among those 
species, R. rickettsii is the most virulent in dogs and 
humans and can be fatal without early antibiotic in-
tervention (6). In addition to R. rickettsii, other SFGR 
species have been detected in dogs in the United 
States, including R. montanensis, R. amblyommatis, and 
R. parkeri, all of which caused asymptomatic infection 
(7,8). Until recently, R. rickettsii was the only SFGR 
known to cause disease in dogs in North America. 
Dogs with RMSF can demonstrate fever, lethargy, 
neurologic signs, and generalized or localized pain, 
like arthropathy (9,10). Clinical signs reported in dogs 
infected with Rickettsia sp. 2019-CO-FNY resembled 
those seen in RMSF, indicating the existence of ad-
ditional virulent SFGR in the United States and un-
derscoring the importance of expanded vectorborne 
disease surveillance for canine and human health.

In this study, we cultured and sequenced a novel, 
pathogenic SFGR, Rickettsia sp. 2019-CO-FNY. We 
identified Rickettsia sp. 2019-CO-FNY in 14 additional 
sick dogs and cultured it from 1 infected dog. On the 
basis of whole-genome sequencing (WGS) and imag-
ing, we determined that Rickettsia sp. 2019-CO-FNY 
is a new Rickettsia species, which we propose naming 
Rickettsia finnyi sp. nov., strain 2024-CO-Wats.

Methods

Infected Dogs
All dogs naturally infected with Rickettsia sp. 
2024-CO-Wats were identified after samples were 
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In 2020, a novel spotted fever group Rickettsia was de-
scribed in 3 clinically ill dogs in the United States. Us-
ing naturally infected canine blood, the novel Rickettsia 
sp. was isolated in epithelial (Vero E6) and mononuclear 
(DH82 and 030D) cell lines. The sequenced whole ge-
nome revealed a 1.27 Mb circular chromosome with 
96.87% identity to Rickettsia raoultii on the basis of av-
erage nucleotide identity analysis. A maximum-likelihood 
phylogeny tree placed the novel Rickettsia in its own 
branch within the spotted fever group. Immunofluores-
cence revealed single rods localized along the membrane 
in epithelial cells and randomly distributed in the cyto-
plasm of mononuclear cells. We propose the name Rick-
ettsia finnyi sp. nov., strain 2024-CO-Wats, which is avail-
able from national and international Rickettsial isolate 
reference collections. Fever and thrombocytopenia were 
among abnormalities in the 17 naturally infected dogs we 
describe, underscoring the pathogenic importance of R. 
finnyi sp. nov. and its potential public health relevance.
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submitted to a veterinary diagnostic laboratory for 
canine comprehensive vectorborne disease testing. 
Signalment, sample collection date, and geographic 
location were included on submission forms. Attend-
ing veterinarians were asked to provide historical 
and clinical information. Ethical approval for animal 
use was not required for blood samples initially sub-
mitted for diagnostic testing; however, additional 
blood samples requested for R. rickettsii indirect im-
munofluorescence assay (IFA), posttreatment quanti-
tative PCR (qPCR), and culture were approved un-
der Institutional Animal Care and Use Committee 
protocol number 21–274. Analysis combined newly 
acquired data from 14 dogs with data from 3 dogs  
previously described (1).

Rickettsia Detection and Culture
The EDTA whole-blood sample used for culture was 
collected from a dog on April 25, 2024, by a veterinar-
ian in Indiana, USA, and submitted to a veterinary di-
agnostic laboratory for comprehensive tickborne dis-
ease testing. The sample was received April 30, 2024, 
and stored at 4°C for 72 hours before testing. Tests 
consisted of qPCR for vertebrate GAPDH (internal 
control), Anaplasma, Apicomplexa, Babesia, Bartonella, 
Ehrlichia, hemotropic Mycoplasma and Rickettsia; IFA 
for Babesia vogeli, Bartonella henselae, Bartonella koehler-
ae, Bartonella vinsonii subsp. berkhoffii, Ehrlichia canis, 
and Rickettsii spp.; ELISA for antibodies to Babesia gib-
soni and a SNAP 4DX Plus point-of-care ELISA (Idexx 
Laboratories, https://www.idexx.com) for Dirofilaria 
immitis antigen and species-specific antibodies to E. 
canis, Ehrlichia ewingii, Anaplasma phagocytophilum, A. 
platys, and Borrelia burgdorferi (11–17). Rickettsia sp. 
2024-CO-Wats infection was confirmed with ampli-
con sequencing (GENEWIZ, http://www.genewiz.
com) of the Rickettsia 23s-5s internal transcribed  

spacer genus qPCR and a newly developed R. fin-
nyi species-specific (sp-sp) hydrolysis probe-based 
qPCR (1) (Appendix, https://wwwnc.cdc.gov/EID/
article/31/11/25-0681-App1.pdf).

We added blood from a dog naturally infected 
with Rickettsia sp. 2024-CO-Wats to continuously 
maintained cell cultures using a previously pub-
lished protocol (18). In brief, we combined 100 µL of 
blood and sucrose-phosphate-glutamate in a 1:1 ratio 
for each inoculation of 5 replicate cultures of Vero E6 
(VE6) and 3 replicate cultures of DH82 and 030D cells 
seeded in either 7 ml tissue culture tubes, 6-well plates, 
or T-25 flasks (Fisher Scientific, http://www.fishersci. 
com) (Appendix Table 1). Cultures were grown at 
34°C with 5% CO2 in either DMEM 5% FBS (VE6) 
or RPMI 1640 GlutaMAX 10% FBS (030D and DH82 
cells) in a Biosafety Level 3 laboratory. We tested cul-
ture supernatants or cell suspensions from passages 
by qPCR and calculated fold changes in Rickettsia 
(Appendix). We performed retrospective qPCR and 
amplicon sequencing on stored culture DNA samples 
to assess a mutation acquired in a major facilitator su-
perfamily (MFS) transporter gene (Appendix) (Table 
1). We stained culture samples using the Gimenez 
method (19). We obtained images under oil immer-
sion with an Olympus BX60 microscope and digital 
camera. We developed and performed an immuno-
fluorescence technique on all 3 infected cell lines and 
acquired images with BZ-X810 Keyence (Appendix).

DNA Extraction and Whole-Genome Sequencing
We grew canine 030D and monkey VE6 cells infect-
ed with Rickettsia sp. 2024-CO-Wats in T25 flasks for 
DNA extraction (QIAGEN, https://www.qiagen.
com). Sequencing was performed by the University of 
Delaware DNA Sequencing and Genotyping Center 
using  Pacific Biosciences (https://www.pacb.com)  
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Table 1. Growth of Rickettsia finnyi sp. nov. strain 2024-CO-Wats in Vero E6, 030D, and DH82 cells monitored through changing Cq 
values in Rickettsia 23s-5s ITS and R. finnyi–specific M61 qPCRs in study of isolation and characterization of novel pathogenic 
spotted fever group Rickettsia in dogs, United States* 

Day 

Vero E6 

 

030D 

 

DH82 

Sample 

Rickettsia 
23S-5S 

(Cq) 

R. finnyi 
M61 probe 

(Cq) Sample 

Rickettsia 
23S-5S 

(Cq) 

R. finnyi 
M61 probe 

(Cq) Sample 

Rickettsia 
23S-5S 

(Cq) 

R. finnyi 
M61 probe 

(Cq) 
3 VE6–5† 28.88 NA  030D-3† 33.32 NA  DH82–3† 31.35 NA 
6 VE6–5† 28.88 NA  030D-3-P1† 35.13 NA  DH82–3-P1† 33.38 NA 
10 VE6–5† 28.41 32.26  030D-3-P1† 30.37 34.52  DH82–3-P1† 32.83 35.76 
13 VE6–5-P1† 30.40 34.28  030D-3 -P1† 30.86 34.45  DH82–3-P1† 28.93 32.60 
20 VE6–5-P2† 21.41 25.88  030D-3-P2†  25.27 29.48  DH82–3-P2† 24.74 29.31 
32 VE6–5-P4†‡  16.06 17.20  030D-3-P4† 20.35 21.67  DH82–3-P4† 19.49 22.78 
57 NA NA NA  NA NA NA  DH82–3-P7† 18.70 NA 
89 VE6–5-P7 12.81 NA  NA NA NA  NA NA NA 
104 VE6–5-P9†‡ 15.73 NA  030D-3-P15† 18.59 NA  DH82–3-P14† 18.93 NA 
*Cq, quantification cycle; NA, not applicable; qPCR, quantitative PCR. 
†qPCR performed to identify an MFS transporter single nucleotide mutation T→G. 
‡MFS transporter single nucleotide mutation A→C present 
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Single-Molecule DNA for each culture DNA was 
sheared to 15 kb using the Megarupture 3 instrument 
(Diagenode, https://www.diagenode.com). SMRT-
bell DNA libraries were constructed according to the 
PacBio HiFi SMRTbell protocol using SMRTbell Ex-
press Template Prep Kit 3.0 and barcoded with the 
SMRTbell adaptor index plate 96A (Pacific Biosci-
ences). AMPure PB beads were diluted at a 3.1× ratio 
to remove fragments <5 kb before sequencing and 1 
SMRTcell was used to sequence the libraries on the 
Revio PacBio instrument for 30 hours.

Genome Assembly and Annotation
We assessed sequencing generated by PacBio HiFi 
circular consensus sequencing reads for quality us-
ing NanoPlot (20), aligned with host cell DNA, Canis 
lupus familiaris (030D) genomic DNA (Genbank no. 
GCA_000002285.4), and Chlorocebus sabaeus strain 
WHO RCB 10–87 (VE6) genomic DNA (Genbank 
no. GCA_015252025.1) using Minimap2 version 2.28 
(21). We then filtered using SAMtools version 1.20 

(22) and confirmed host DNA removal and coverage 
of the Rickettsia genome by using BAM file statistics. 
We assembled unmapped reads using Flye version 
2.9.5 (23) and assessed quality using version 5.3 
of the QUAST tool (24). We verified genome com-
pleteness and absence of plasmid sequences using 
Benchmarking Universal Single-Copy Orthologs 
tool version 5.8.0 and SourceFinder version 1.0 (25). 
We annotated the genome with the National Center 
for Biotechnology Information Prokaryotic Genome 
Annotation Pipeline.

Genomic and Phylogenetic Analysis
We directly compared the whole genomes of 37 Rick-
ettsia spp. from GenBank, including 4 strains of R. 
rickettsii and 4 strains of R. parkeri, with the genome 
of 2024-CO-Wats (Appendix Table 2). We analyzed 
digital DNA-DNA hybridization (dDDH) with the 
Type Strain Genome Server (https://tygs.dsmz.
de) (26) and determined average nucleotide identity 
(ANI) using the OrthoANI tool (27). We annotated 38  
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Table 2. Date, location, signalment, and vectorborne disease diagnostic results from dogs naturally infected with Rickettsia finnyi sp. 
nov. strain 2024-CO-Wats in study of isolation and characterization of novel pathogenic spotted fever group Rickettsia in dogs, United 
States* 

Dog no. Date State Breed Age, y/sex 
Rickettsia 23S-5S 
ITS PCR (Cq, Mt)† 

R. rickettsii 
IFA titer 

Vectorborne disease co-
infections, test type (titer) 

1‡ 2018 May 17 TN MB 10/MC 37.7, 77.5° 1:512 None 
2‡ 2019 May 8 IL BT 9/MC 39.1, 78° 1:256 None 
 2019 May 15§    ND 1:8,192  
3‡  2019 Aug 28 OK MB 9/MC 33.8, 77.5° 1:1,024 None 
 2019 Sep 10§    ND 1:8,192  
4 2020 May 3 OK V 8/MC 38.1, 78° 1:256 Ehrlichia SNAP4DxPlus 
 2020 May 28§     ND 1:512  
5 2020 May 7 TX MB 7/MC 34.5, 77° 1:512 Mycoplasma hematoparvum 

PCR+ 
6 2020 Jul 16 NC KSD 2/FS 35.4, 77.5° <1:32 Bartonella henselae IFA 

(1:64) 
 2020 Aug 19§    ND 1:1,024  
7 2020 Aug 1 CO ESS 12/FS 33.8, 77.5° <1:32 Babesia sp. (Coco) PCR+ 
8 2022 May 23 KS LR 4/MC 37.7, 77.5° 1:265 Ehrlichia SNAP4DxPlus 
9 2022 May 24 MO LR 6/M 38.3, 77.5° 1:2,048 None 
 2022 Jun 17§    ND 1:8,192  
10 2023 May 5 KS ASP 3/FS 33.9, 77.5° <1:32 None 
11 2023 May 5 KS MB 13/MC 36.5, 77.5° 1:4,096 Anaplasma SNAP4DxPlus, 

B. canis IFA (1:256), 
12 2023 Sep 13 AL MB 8/MC 36.6, 78° 1:512 None 
 2023 Oct 2§    ND 1:4,096  
13 2023 Sep 18 MO LR 8/M 33.1, 77.5° 1:256 None 
14 2023 Oct 10 IA GR 5/FS 37.4, 78° 1:64 Ehrlichia SNAP4DxPlus, E. 

canis IFA (1:64) 
 2023 Oct 19§    ND 1:4,096  
15¶ 2024 Apr 25 IN MB 9/M 28.8, 77° 1:1,024 None 
16 2024 Oct 23 LA TP 4/M 36.5, 77.5° 1:2,048 None 
17 2025 May 14 LA MB 8/MC 36.4, 77.5° 1:4,096 None 
*ASP, American Staffordshire terrier; BT, Boston terrier; Cq, quantification cycle; ESS, English springer spaniel; FS, female spayed; GR, golden retriever; 
IFAT, indirect immunofluorescent antibody; ITS, internal transcribed spacer; KSD, Kangal shepherd dog; LR, labrador retriever; MC, male castrated; Mt, 
melting temperature; MB, mixed breed; ND, not detected; TP, toy poodle; VBD, vectorborne disease; V, Vizsla. 
†Rickettsia 23S-5S ITS amplicons were Sanger sequenced and 100% identical to Rickettsia sp. strain 2019-CO-FNY. 
‡Dogs described previously (1). 
§Post doxycycline treatment. 
¶Sample used for culturing. 
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Rickettsia genomes with Prokka version 1.14.6 (default 
settings, Rickettsia-specific BLAST DB) (28). We iden-
tified orthologous core genes present in all genomes 
were identified using ProteinOrtho version 6.3.1 (29), 
aligned each gene at the nucleotide level with MAFFT 
version 7.526 (30), and concatenated into a matrix. We 
then performed maximum-likelihood phylogenetic 
inference with RAxML-NG version 1.2.1 (31) under a 
general time-reversible plus FC plus gamma 4m plus 
B model with per-partition parameter estimation. 
We mapped bootstrap support (500 replicates) onto 
the best maximum-likelihood tree, which was rooted 
with Rickettsia bellii.

Results

Infected Dogs
We compiled signalment, collection date and loca-
tion, and vectorborne diagnostic results from the 
17 Rickettsia sp. 2024-CO-Wats infected dogs (14 
new and 3 previously described) (Table 2) (1). More 
than half the samples were collected in May (9/17, 
53%), and many dogs (7/17, 41%) resided in Kan-
sas, Missouri, or Oklahoma (Table 2). Two dogs 
were co-infected with Babesia sp. (Coco) or Myco-
plasma hematoparvum, and 5 dogs were seroreactive 
for other vectorborne pathogens. Because of limited 
and inconsistent clinical data, dogs were not uni-
formly evaluated for each parameter. The most com-
mon abnormal findings were fever (n = 13), lethargy 

(n = 13), and thrombocytopenia (n = 12) (Figure 1). 
Fourteen veterinarians administered doxycycline 
therapy (5–10 mg/kg every 12 hours) at the time of 
sample submission. One dog died before diagno-
sis and doxycycline therapy, and 1 was euthanized 
1 day after starting doxycycline. One dog died be-
cause of nephrotic syndrome after treatment as pre-
viously described (1). Seven veterinarians sent ad-
ditional samples for Rickettsia qPCR testing and R. 
rickettsii IFA. Results for all dogs tested for Rickettsia 
after doxycycline treatment were negative by qPCR, 
and all but 1 dog had a 4-fold or greater increase in 
R. rickettsii IFA titers (Table 2).

Rickettsia Culture and Visualization
The EDTA-whole blood sample used for culturing 
was qPCR-positive for Rickettsia by 23s-5s ITS qPCR 
(quantification cycle 28.7, melting temperature 77°C) 
and R. finnyi–specific probe-based qPCR (quantifica-
tion cycle 31) (Table 2). Serum from the same dog was 
seroreactive by R. rickettsii IFA with a titer of 1:2,048. 
All other vectorborne tests were negative (Table 2). All 
3 cell lines were infected with Rickettsia sp. 2024-CO-
Wats and maintained over multiple passages (Table 1; 
Appendix Figure 2). Images of 2024-CO-Wats-infect-
ed 030D-P18 and VE6-P4 cells stained with Gimenez 
revealed red, small (<0.5 by 2 µm), intracytoplasmic, 
randomly distributed rod-shaped bacteria (Figure 2). 
We visualized bacteria by immunofluorescence stain-
ing in 3 infected cell lines using serum from 2 dogs 
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Figure 1. Common 
clinicopathological findings in 
17 dogs naturally infected with 
Rickettsia finnyi sp. nov. strain 
2024-CO-Wats in study of 
isolation and characterization 
of novel pathogenic spotted 
fever group Rickettsia in dogs, 
United States. ALP, alkaline 
phosphatase; ALT, alanine 
transaminase.
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naturally infected with Rickettsia sp. 2024-CO-Wats 
(Figure 3). The staining did not differ between the 2 
serum samples. The 030D-P9 (100% of cells), DH82-P8 
(≈95%) and VE6-P2 (100%) cells were highly infected. 
The bacteria were in the cytoplasm as single rods or, 
less frequently, as clusters. In addition, we visualized 
aggregates of bacteria and, to a lesser extent, single 
bacilli on the cytoplasmic membrane of VE6 cells. We 
did not observe bacteria with nonreactive serum or 
with secondary antibody control.

Whole-Genome Sequencing, Assembly, and Annotation
We performed whole-genome sequencing using 1.33 
µg (purity 1.92 A260/A280) of DNA from 030D cells 
infected with Rickettsia sp. 2024-CO-Wats and us-
ing 1.73 µg (purity 1.84 A260/A280) of DNA from 
VE6 cells infected with Rickettsia sp. 2024-CO-Wats. 
PacBio sequencing generated ≈1.5 million reads 
from infected 030D cells, where 1,481,022 reads were 
mapped to the host genome and removed leaving 
16,333 unmapped reads. Approximately 4.6 million 
reads were generated from infected VE6 cells, where 
3,030,649 reads were mapped to the host genome and 
removed, leaving 1,619,279 unmapped reads. We 
subsampled reads from VE6 cells and used 24,476 

(2%) of the best quality reads for assembly. Flye 
generated a single, circularized contig of 1,270,764-
bp with 32.3% G+C content for 2024-CO-Wats from 
both cultures. Mean genome coverage for 2024-CO-
Wats was 174× from 030D and 261× from VE6 cul-
tures. The assembled genomes showed 100% Bench-
marking Universal Single-Copy Orthologs scores 
(genome completeness) using the Rickettsiales lin-
eage. SourceFinder did not identify sequences origi-
nating from plasmids. Both genomes were deposited 
in Genbank as Rickettsia sp. 2024-CO-Wats cultured 
from 030D cells (accession no. CP170741) and Rick-
ettsia sp. 2024-CO-Wats-2 from VE6 cells (accession 
no. CP187160). Both genomes were identical except 
a single nonsynonymous mutation at coordinate 
646,406-bp (A/C) coding the 62nd amino acid in an 
MFS transporter protein (GenBank accession nos. 
XIA57199 and XRJ55031) changing the TTT (phenyl-
alanine) in the 030D culture to TTG (leucine) in the 
VE6 culture. PCR and amplicon sequencing of the 
MFS transporter gene from cultures confirmed the 
mutation only occurred in VE6-P4 cells beginning on 
day 32 and was still present in VE6-P9 cells on day 
104 (Table 1). The National Center for Biotechnology 
Information Prokaryotic Genome Annotation Pipe-
line identified 1,425 genes, 1,234 gene open-reading 
frames, 33 tRNAs, 3 rRNAs, and 4 ncRNAs.

Genomic and Phylogenetic Analysis
When compared with 37 Rickettsia spp. genomes, the 
2024-CO-Wats genome was most similar to R. raoultii 
(GenBank accession no. CP098324); average nucleo-
tide identity was 96.86% and dDDH was 70.6% (Ap-
pendix Table 2). ProteinOrtho identified 636 core or-
thologous genes, and phylogenetic analysis placed 
2024-CO-Wats with its own distinct branch within the 
SFGR (Figure 4).

Discussion
We isolated and sequenced the genome of a novel, 
pathogenic SFGR (formerly Rickettsia sp. 2019-CO-FNY) 
from a clinically ill dog that we propose naming Rickett-
sia finnyi sp. nov. type strain 2024-CO-Wats. This novel 
Rickettsia was cultured and maintained over many pas-
sages proving viability in epithelial (VE6) and mononu-
clear (030D and DH82) cells. Whole-genome sequenc-
ing generated a small, circular genome (1.27 kb) from 
infected 030D and VE6 cell lines. The Rickettsia genome 
was identical except for 1 nucleotide mutation in the 
VE6 cultured strain in an MFS transporter protein gene. 
The difference resulted in a conservative hydrophobic-
to-hydrophobic amino acid change (phenylalanine to 
leucine), which could affect substrate specificity and 
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Figure 2. Microscopic images from study of isolation and 
characterization of Rickettsia finnyi, novel pathogenic spotted 
fever group Rickettsia in dogs, United States. Images depict 
Rickettsia finnyi sp. nov. strain 2024-CO-Wats–infected 030D 
canine mononuclear cells (A) and Vero E6 primate epithelial cells 
(B) stained with Giménez. Original magnification ×100. Image is 
white balance adjusted.
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transport efficiency, among other functions. The muta-
tion could possibly have occurred in the VE6 culture 
because of different growth conditions or passage tech-
niques. Genome alignment revealed it was most similar 
to R. raoultii (CP098324), with relatively small percent-
age differences between other SFGR species. Phylo-
genetic analysis of the genome sequence (CP170741) 
placed R. finnyi sp. nov. (2024-CO-Wats) on a distinct 
lineage within the spotted fever group, further support-
ing that it is a new species.

Criteria to designate a new Rickettsia sp. indi-
cate that the genome must have an OrthoANI value 
of >83.63% compared with >1 Rickettsia species with 
a validly published name to be classified in the ge-
nus and a dDDH value of <92.3%, OrthoANI value of 
<99.19% identical with other known Rickettsia spp., or 

both to be considered a new species (32). R. finnyi sp. 
nov. (2024-CO-Wats) meets each of those criteria to be 
recognized as a new Rickettsia species. Genome com-
parisons revealed the highest results from both met-
rics was R. raoultii (CP098324) with a dDDH formula 2 
value of 70.6% and OrthoANI measurement of 96.86%.

By both Gimenez staining and immunofluores-
cence, the morphology and cellular localization of R. 
finnyi sp. nov. (2024-CO-Wats) revealed characteris-
tics consistent with pathogenic SFGR, including high 
quantities of bacillary-shaped intracellular bacteria 
and evidence of cell-to-cell expansion. In epithelial 
cells, R. finnyi sp. nov. (2024-CO-Wats) concentrated 
at the cytoplasmic membrane, likely representing  
direct transfer to neighboring cells, a well-documented 
mechanism used by SFGR for intracellular expansion 
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Figure 3. Microscopic images from study of isolation and characterization of Rickettsia finnyi, novel pathogenic spotted fever group 
Rickettsia in dogs, United States. Images depict R. finnyi sp. nov. strain 2024-CO-Wats–infected 030D canine mononuclear cells (A–C), 
DH82 canine histiocytic cells (D–F), and Vero E6 primate epithelial cells (G–I) detected by immunofluorescence using R. finnyi sp. nov.–
seroreactive canine serum (dog 2, May 15 date from Table 2). Scale bar indicates 20 µm. SFGR nonreactive canine serum was used 
as a negative control. Green represents 2024-CO-Wats organisms. Blue represents nuclei of individual mammalian host cells (DAPI). 
SFGR, spotted fever group Rickettsia.
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(33). In contrast, the cytoplasmic localization observed 
in mononuclear cells is typical of obligate intracellular 
rickettsiae and provides supporting evidence that R. 
finnyi sp. nov. (2024-CO-Wats) is well adapted to sur-
vive in nonendothelial mammalian host cells (34).

In this study, we did not assess in vitro patho-
genicity or cytopathic effects of R. finnyi sp. nov. 
(2024-CO-Wats); however, we documented growth 
for >104 days in 2 mononuclear cell lines. Previous 
studies have reported that pathogenic Rickettsia spp. 
can proliferate in nonendothelial cells, including 
leukocytes and macrophages, and that they exhibit 
enhanced intracellular survival in macrophage-like 
cells; the nonpathogenic Rickettsia spp. lacked this 
ability (34–38). Rickettsia spp. capable of proliferat-
ing in phagocytic cells have likely adapted mecha-
nisms to evade host immunity and replicate before 

invading endothelial cells. The prolonged survival 
of R. finnyi sp. nov. (2024-CO-Wats) in mononuclear 
cells, along with clinical signs observed in naturally 
infected dogs, provide evidence that it is pathogen-
ic. Additional studies comparing transcription lev-
els and posttranslational modifications of R. finnyi 
sp. nov. in phagocytic versus epithelial cells might 
help elucidate mechanisms of pathogenicity and 
cytologic variation.

Since our initial description in 2020 of 3 clinically 
ill dogs naturally infected with R. finnyi sp. nov., an 
additional 14 infected dogs have been identified. His-
torical and clinicopathological findings for most of 
the dogs included a combination of fever, lethargy, 
and thrombocytopenia, like those seen in R. rickett-
sii infections. Vectorborne co-infections could have 
contributed to the abnormalities or disease severity in 
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Figure 4. Phylogenetic tree from study of isolation and characterization of Rickettsia finnyi, novel pathogenic spotted fever group Rickettsia 
in dogs, United States. Tree depicts 38 Rickettsia spp., including R. finnyi sp. nov. strain 2024-CO-Wats (bold), which has its own distinct 
branch within the spotted fever group Rickettsia. A total of 636 orthologous core genes present in all genomes were aligned at the 
nucleotide level with MAFFT version 7.526 (30) and concatenated into a matrix. Maximum-likelihood phylogenetic inference was performed 
with RAxML-NG version 1.2.1 (31) under a general time-reversible plus FC plus gamma 4m plus B model with per-partition parameter 
estimation. Bootstrap support (500 replicates) was mapped onto the best maximum-likelihood tree, which was rooted with R. bellii.
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those dogs. However, the presence of similar abnor-
malities seen in the other dogs in our study without 
evidence of co-infections further supports the notion 
that R. finnyi sp. nov. is pathogenic in dogs.

Several Rickettsia spp., including R. parkeri and 
R. rickettsii, have been documented in both dogs and 
humans (6,8,39). Dogs serve as sentinels for human 
rickettsiosis, particularly RMSF, because they share 
similar clinical signs and exposure to the same ticks 
that transmit R. rickettsii (6,39,40). Antibodies to R. 
finnyi sp. nov. cross-react with R. rickettsii in IFA, as 
with most SFGR, making it challenging to accurately 
diagnose RMSF or other spotted fever rickettsiosises 
in dogs and humans. Furthermore, diagnostic PCRs 
specific to R. rickettsii might not detect novel Rickettsia 
spp. For example, Rickettsia sp. CA6269, which repre-
sents a novel Rickettsia sp. or subspecies of R. rickettsii, 
was detected in humans using broad-based Rickettsia 
qPCR screening after negative R. rickettsii and R. typhi 
sp-sp qPCR results (41). Studies are needed to deter-
mine whether R. finnyi sp. nov. can also infect and 
cause disease in humans.

R. finnyi sp. nov. (2024-CO-Wats) is likely trans-
mitted by the lone star tick, Amblyomma americanum. 
Indeed, Noden et al. (42) reported amplified DNA se-
quences that were 100% identical with Rickettsia sp. 
2019-CO-FNY in an A. americanum tick collected in 
2018 in Oklahoma. Supporting possible exposure to A. 
americanum ticks, 1 R. finnyi sp. nov.–infected dog was 
co-infected with Babesia sp. coco, a protozoan patho-
gen detected in A. americanum ticks (43,44). Moreover, 
the geographic range of A. americanum ticks overlaps 
with areas in the United States where most infected 
dogs have been identified to date. Given the zoonotic 
potential of many Rickettsia spp., identifying the vec-
tors and reservoir hosts of R. finnyi sp. nov. is essen-
tial toward understanding its transmission dynamics 
and potential public health impacts.

In conclusion, Rickettsia finnyi sp. nov. (fin′ny.i. 
N.L. gen. n. finnyi, named after Finny, the first infect-
ed dog, in recognition of companion dogs that have 
contributed to the discovery of novel pathogens) 
is proposed as a novel spotted fever group Rickett-
sia. Cells are small (<0.5 µm by 2 µm), rod-shaped 
intracytoplasmic bacteria that stain red using the 
Gimenez technique and grow in epithelial (Vero E6) 
and mononuclear (DH82 and 030D) cell lines. The cir-
cular genome is 1.27 Mb. This species has been iden-
tified in A. americanum ticks from Oklahoma and in 
dogs from the central and southeastern United States, 
where infection was associated with moderate to se-
vere illness. The type strain is 2024-CO-Wats, isolated 
from a naturally infected dog in Tippecanoe County, 

Indiana, in 2024. Cultures have been deposited in 2 
curated rickettsial banks: the Centers for Disease 
Control and Prevention Rickettsial Isolate Reference 
Collection (WDCM 1093; accession no. RFI001), At-
lanta, Georgia, USA; and the Collection de Souches 
de l’Unité des Rickettsies (WDCM 875; accession no. 
R5053), Marseille, France.
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The COVID-19 pandemic has caused us 
to reevaluate what “work” should look like. 
Across the world, people have converted 
closets to offices, kitchen tables to desks, 
and curtains to videoconference back-
grounds. Many employees cannot help but 
wonder if these changes will become a 
new normal.

During outbreaks of influenza, corona-
viruses, and other respiratory diseases, 
telework is a tool to promote social dis-
tancing and prevent the spread of disease. 
As more people telework than ever before, 
employers are considering the ramifica-
tions of remote work on employees’ use of 
sick days, paid leave, and attendance. 

In this EID podcast, Dr. Faruque Ahmed, 
an epidemiologist at CDC, discusses the 
economic impact of telework.



Mpox is a reemerging infectious disease caused 
by monkeypox virus (MPXV) (1), a member 

of the genus Orthopoxvirus (2). MPXV has 2 distinct 
clades, clade I and clade II; each clade is further divid-
ed into 2 subclades (Ia and Ib, IIa and IIb) on the basis 
of genetic differences (3,4). Subclades can be further 
divided into multiple lineages (https://nextstrain.
org/mpox/all-clades), such as lineages A.1, A.2, A.3, 
and B.1 inside clade IIb (4,5). 

Mpox has become a new global challenge since 
the 2022 clade IIb outbreak that led to >100,000 cases 
across 115 nonendemic countries (6,7). In addition, 
the Democratic Republic of the Congo (DRC) and 
other countries in Africa have reported multiple 
escalating outbreaks of clade I MPXV over the past 
several years, including the first clade Ib mpox out-

break (8,9). The newly identified MPXV subclade Ib 
has spread within DRC and to neighboring coun-
tries (10,11), and travel-associated exportation has 
resulted in cases in multiple countries, including in 
Europe, Asia, and the Americas, through human-to-
human close-contact transmission (12). Continued 
cases of clade IIb mpox outside of Africa and ongo-
ing escalation of clade I mpox cases highlight the 
urgency for the international health community to 
monitor the disease and to strengthen surveillance 
of MPXV (7,13,14).

Advanced molecular techniques such as quan-
titative PCR (qPCR) and whole-genome sequencing 
(WGS) provide effective approaches for the surveil-
lance of MPXV (15,16). The MPXV genome has a cen-
tral conserved core region and 2 variable terminal 
regions with inverted terminal repeats at both ends 
(17). The 2 variable terminal ends contain clade- and 
subclade-specific genes, multicopy genes, and low-
complexity repeat sequences (18), whereas the cen-
tral core region of each clade has highly conserved 
genomic sequences encoding essential genes. Or-
thopoxvirus or MPXV generic qPCRs that target the 
conserved core region of the genome can rapidly and 
precisely detect MPXV DNA in samples (19); how-
ever, those methods might be unable to differentiate  
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Mpox is a reemerging infectious disease caused by 
monkeypox virus (MPXV). Whole-genome sequencing 
provides comprehensive surveillance of MPXV but is 
challenging in resource-limited outbreak settings and on 
clinical samples with low viral load. We developed a low-
cost, high-throughput partial-genome sequencing strat-
egy and a freeware Nextflow pipeline for MPXV genomic 
surveillance. We targeted 2 genomic regions of MPXV by 

using short overlapping amplicons. This amplicon-based 
approach generated high-quality sequences over the 2 
genomic regions from clinical specimens, including sam-
ples with low viral DNA and from formalin-fixed tissues. 
This partial-genome sequencing approach can determine 
MPXV subclades and offers an attractive strategy to lower 
cost and improve MPXV surveillance during outbreaks in 
mpox-endemic and -nonendemic countries.
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clades or subclades of MPXV (20). The less-con-
served genomic regions that might be targeted by 
clade- or subclade-specific PCR are more prone to 
generic drift and deletion mutations that have oc-
curred in poxviruses (21). 

WGS has been broadly used to generate consen-
sus genomes and analyze MPXV genomic variation 
(6,22), becoming a critical tool for comprehensive 
surveillance to track circulating and emerging vari-
ants, drug resistance, and molecular evolution and 
to understand the transmission of MPXV (7,23). 
However, WGS requires expensive instruments and 
reagents, as well as samples with high viral load, 
limiting its use in resource-limited outbreak set-
tings. The ≈200-kb double-stranded DNA genome 
of MPXV (24) introduces challenges for designing 
and optimizing efficient tiled primers for WGS of 
all 4 subclades. The conserved core region provides 
an optimal target for a pool of specific primers for 
partial-genome sequencing (PGS) of all subclades 
of MPXV.

In this study, we developed an amplicon-based 
PGS strategy by targeting 2 genomic regions in the 
central conserved core region of the MPXV genome (a 
10-kb region and a 15-kb region) by using a portable 
MiniON sequencing device with low-cost Flongle 
flow cells from Oxford Nanopore Technologies 
(ONT) (https://nanoporetech.com). We evaluated 
the specificity of the PGS data to determine MPXV 
subclades in clinical specimens and the ability to se-
quence poor-quality specimens to improve the sensi-
tivity of MPXV genomic surveillance.

Materials and Methods

Mpox Clinical Specimens
Mpox specimens used in this study included remain-
ders of samples submitted to the Centers for Disease 
Control and Prevention (CDC) Poxvirus Laboratory 
(Poxvirus and Rabies Branch, Division of High-Con-
sequence Pathogens and Pathology, National Center 
for Emerging and Zoonotic Infectious Diseases) for 
routine testing. CDC reviewed viral sequencing of 
the samples for genomic surveillance and deemed 
the study as nonresearch public health surveillance. 
No specimen collection was performed for this study. 
We subjected specimens from lesion swab or crust 
samples of patients to DNA extraction with an EZ1 & 
2 DNA tissue kit on an EZ1 Advanced XL Instrument 
(QIAGEN, https://www.qiagen.com). We quanti-
fied DNA concentration on a Qubit 3 Fluorometer 
with a dsDNA high-sensitivity assay kit (Invitrogen, 
https://www.thermofisher.com).

qPCR
We performed qPCR on the DNA samples by using 
an Applied Biosystems 7500 Fast Dx PCR instrument 
with a TaqMan fast advanced master mix (Thermo 
Fisher Scientific, https://www.thermofisher.com) as 
previously described (25). We conducted reactions in 
20-µL volumes. PCR profile was 95°C for 20 seconds, 
(95°C for 3 seconds, and 63°C for 30  seconds) for 40 
cycles. We recorded cycle threshold (Ct) values of 
MPXV DNA samples.

MPXV Amplicon-based PGS
We designed 2 pools of overlapping primers for the 
10-kb region (nucleotide position 29,632 to 40,271) 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/11/25-0548-App1.pdf) and the 15-kb re-
gion (nucleotide position 72,243 to 86,891) (Appendix 
Table 2) amplicons against the respective genomic re-
gion of an MPXV reference sequence (GenBank acces-
sion no. ON563414.3) by using PrimalScheme (https://
primalscheme.com). We produced amplicons by using 
multiplex PCR with either primer pool 1 or pool 2 (10 
µM). PCR profile was 98°C for 1 minute, 98°C for 20 sec-
onds, 60°C for 30 seconds, and 72°C for 1 minute for 24 
cycles (for specimens with Ct <30) or 35 cycles (Ct >30) at 
72°C for 2 minutes and a 4°C hold. PCR volume was 25 
µL/reaction, including 12.5 µL Q5 High-Fidelity 2X Mas-
ter Mix (New England Biolabs, https://www.neb.com),  
2 µL primer pool, 5 µL DNA, and 5.5 µL PCR-grade 
H2O. We verified amplicons on a 2% agarose gel by us-
ing a Gel Doc CR+ Molecular Imager (Bio-Rad Labora-
tories, https://www.bio-rad.com). We pooled ampli-
cons for the 10-kb and the 15-kb regions for the same 
specimen together and purified them with AMPure XP 
beads (Beckman Coulter, https://www.beckman.com) 
at a volume ratio of 1:1, followed by end repairing, bar-
coding, and adaptor ligation with an ONT native bar-
coding 96 V14 kit (SQK-NBD114.96) according to the 
manufacturer’s protocol. We loaded DNA libraries into 
Flongle FLO-FLG114 flow cells and performed ampli-
con sequencing, base calling, and demultiplexing on an 
MK1C Instrument (Oxford Nanopore).

Illumina DNA Library Sequencing
We prepared MPXV DNA libraries with an Illumina 
DNA prep kit and a Nextera DNA Unique Dual In-
dexes (Illumina, https://www.illumina.com) as de-
scribed previously (26). We measured the concentra-
tions of DNA libraries on the Qubit 3 Fluorometer. We 
determined the average sizes of libraries on a TapeSta-
tion 2400 instrument with a high-sensitivity D1000 kit 
(Agilent Technologies, https://www.agilent.com). 
We diluted DNA libraries to a concentration of 2 nM. 
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We loaded 20 µL of the pooled libraries at a final con-
centration of 750 pM into the NextSeq1000 cartridge 
for WGS by using a P2 300-cycle kit (Illumina).

Bioinformatic Analyses of PGS and WGS Data

Nanopore Data
We imported raw sequencing data into Geneious 
Prime 2023.2.1 (https://www.geneious.com). We 
aligned and mapped reads to clade IIb (GenBank ac-
cession no. ON563414.3) or clade I (GenBank accession 
no. KC257460) reference genomes by using Minimap2 
version 2.24 (https://github.com/lh3/minimap2). 
We generated average sequence coverages and con-
sensus sequences over the 10-kb and 15-kb regions of 
MPXV genomes per specimen. We manually identi-
fied single-nucleotide polymorphisms (SNPs) and in-
sertions or deletions (indels) across the 2 regions in 
comparison with respective reference sequences. We 
used consensus sequences for MPXV clade and lin-
eage assignment and phylogenetic analysis by using 
Nextclade 3.10.0 (https://clades.nextstrain.org).

Illumina Data (Metagenomic)
We processed raw data derived from Illumina se-
quencing through a custom-built workflow in the CLC 
Genomic Workbench 24.0 (QIAGEN). We extracted 
the mapped reads over the 10-kb and 15-kb genomic 
regions from the respective whole genomes. We com-
pared sequence read depth and coverages over the 2 ge-
nomic regions derived from WGS with those from PGS.

Nextflow Pipeline
We built a new Nextflow pipeline specific for stan-
dardizing analysis of the 10-kb and 15-kb amplicon 
sequences under the Nextflow Workflow Manager 
(version 24.04.2) with Docker and Singularity as 

software containers (https://github.com/CDCgov/
ONT-Seq-analysis) (Appendix Figure 1). In brief, we 
used SEQTK version 1.4-r122 (https://github.com/
lh3/seqtk) to remove adapters and low-quality calls 
from base called reads. We trimmed reads with Trim-
momatic version 0.39 (https://github.com/usadel-
lab/trimmomatic) and mapped them to a reference 
sequence (GenBank accession no. NC_063383.1) by 
using Minimap2 version 2.28-r1209. We refined con-
sensus sequences generated with Ivar consensus 
version 1.4.3 by using ONT’s MEDAKA tool ver-
sion 1.4.4. We assigned clades by using Nextclade 
module version 3.8.2 with additional mutation calls, 
phylogenetic placements, and quality checks specific 
for MPXV. We included custom scripts in the proj-
ect repository to parse Nextclade output files, assign 
MPXV subclades, and summarize the resulting report 
into a more accessible format.

Results

Improved Sequence Read Depths and Coverages  
Using Amplicon-Based PGS Compared with WGS
We used 2 overlapping primer pools to generate am-
plicons over the 10-kb or the 15-kb regions (Figure 1, 
panel A). Amplicon size ranged from 310 bp to 489 
bp, with an average of 393 bp (Appendix Tables 1, 2). 
To evaluate the performance of the amplicon-based 
PGS approach on MPXV clinical specimens, we mea-
sured read depths and sequence coverages over the 2 
genomic regions of MPXV after performing 10-kb and 
15-kb PGS on MPXV DNA isolated from 36 clinical 
specimens (20 clade IIb, 10 clade Ia, and 6 clade Ib) 
with Ct <30 (Table 1). More than 93% reads produced 
from each specimen corresponded to MPXV (Appen-
dix Table 3). Bioinformatic analysis demonstrated that 
the 10-kb and 15-kb PGS generated high-sequence 

2130	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 11, November 2025

Figure 1. Locations and coverage of 10-kb and 15-kb amplicons of monkeypox virus for study of partial-genome amplicon sequencing 
for improvement of genomic surveillance during mpox outbreaks. A) Genomic positions of the 2 regions. B) Representative of sequence 
coverage over the 10-kb and 15-kb amplicons of monkeypox virus in clinical specimens. ITR, internal terminal repeat.
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read depths (Table 1) over the 2 regions of MPXV ge-
nomes (Figure 1, panel B), with an average read depth 
of 1,706 over the 10-kb region and 783 over the 15-kb 
region (Table 1). We observed complete target region 
coverage for all specimens (Appendix Table 3).

To test whether the 10-kb and 15-kb PGS could still 
give high read depth and sequence coverage over the 
2 genomic regions in specimens containing low viral 
DNA, we performed PGS on 8 MPXV samples: 4 clade 
IIb samples with Ct >30 and 4 clade Ia samples diluted 
with DNase-free water at a ratio of 1:1,000 or 1:10,000 
to produce Ct >30 as determined by qPCR (Table 2). 
The amplicon-based PGS yielded high-sequence read 
depth across the 2 genomic regions, having an average 
read depth of 521 over the 10-kb region and 436 over 
the 15-kb region (Table 2) and >95% sequence cover-
age for all specimens (Appendix Table 3), even though 
DNA was undetectable in some specimens (Table 2). 

In contrast, metagenomic WGS on the same specimens 
produced low read depth over the 2 regions, having a 
maximum average read depth of 5.4 for either of the 2 
regions and 12 for the whole MPXV genome (Table 2). 
Analysis of Ct value and coverage predicted complete 
target region coverage when MPXV Ct values were 
<31 (Appendix Table 3, Appendix Figure 2).

Next, we performed the 10-kb and 15-kb PGS on 
DNA isolated from formalin-fixed paraffin-embed-
ded mpox clinical specimens, which are also challeng-
ing for WGS because of the fragmentation and cross-
linking of DNA (27). Sequence analysis demonstrated 
that amplicon sequencing generated an average read 
depth of 792 over the 10-kb region and 694 over the 
15-kb region for formalin-fixed specimens (nos. 41–
45) (Table 3). Read depths were substantially lower 
with metagenomic WGS, which produced an average 
read depth of 11.2 over the whole genome (Table 3).
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Table 1. Characteristics of MPXV specimens with Ct <30 and amplicon sequencing read depths over the 10-kb and 15-kb genomic 
region of MPXV for study of partial-genome amplicon sequencing for improvement of genomic surveillance during mpox outbreaks* 

Specimen no. Source/sample type Country/year 
DNA concentration, 

ng/L Ct 10-kb 15-kb 
1 Back/lesion USA/2024 4.7 19.8 1,279 554 
2 Swab drag USA/2024 5.6 22.7 840 408 
3 Chest lesion USA/2024 1.2 21.0 3,800 465 
4 Lesion USA/2024 4.3 22.6 1,455 324 
5 Back/lesion USA/2024 1.0 21.1 3,046 449 
6 Leg/skin swab USA/2024 8.4 20.1 1,625 328 
7 Skin swab USA/2024 1.0 22.0 1,417 487 
8 Eye/swab drag USA/2024 4.0 21.2 1,019 345 
9 Penis/swab USA/2024 10.7 19.2 1,097 464 
10 Penis/skin swab USA/2024 1.4 21.7 1,750 584 
11 Penis/skin swab USA/2024 9.3 19.9 2,760 479 
12 Chest/skin swab USA/2024 9.1 21.9 950 116 
13 Back/skin swab USA/2024 4.6 19.6 2,365 557 
14 Hand/skin swab USA/2024 22.0 20.5 1,870 461 
15 Perianal/swab USA/2024 2.9 21.3 1,259 432 
16 Penis/skin swab USA/2024 2.1 19.6 2,363 281 
17 Perianal/swab USA/2024 23.0 23.3 2,764 264 
18 Penis/skin swab USA/2024 1.0 20.8 1,673 652 
19 Penis/lesion USA/2024 10.9 21.5 932 241 
20 Lesion USA/2024 2.5 23.8 3,095 272 
21 Crusts DRC/2017 2.3 16.0 3,612 329 
22 Vesicles DRC/2017 1.9 16.0 1,819 1,231 
23 Vesicles DRC/2016 8.1 15.2 1,361 1,653 
24 Vesicles DRC/2017 16.0 16.7 1,421 1,607 
25 Vesicles DRC/2017 9.1 15.6 1,778 2,169 
26 Crusts DRC/2016 89.0 13.0 142 1,469 
27 Vesicles DRC/2017 62.0 18.0 797 1,056 
28 Vesicles DRC/2017 30.0 17.0 212 670 
29 Vesicles DRC/2017 28.0 22.3 1,180 762 
30 Vesicles DRC/2016 20.0 20.7 783 698 
31 Swab DRC/2024 0.8 22.6 2,022 1,520 
32 Swab DRC/2024 0.2 25.2 2,300 1,835 
33 Swab DRC/2024 6.0 17.7 1,856 1,339 
34 Swab DRC/2024 9.0 17.8 1,147 895 
35 Swab DRC/2024 0.2 25.1 1,907 1,532 
36 Swab DRC/2024 4.9 19.0 1,718 1,254 
*Total DNA was extracted from MPXV specimens (n = 36) from different body sources of patients in USA in 2024 (nos. 1–20) or in DRC during 2016–
2024 (nos. 21–36). DNA concentrations (ng/µL), MPXV Ct values, and read depths over the 2 genomic regions of MPXV genomes (10-kb and 15-kb) 
derived from amplicon sequencing on DNA samples included. Ct, cycle threshold; DRC, Democratic Republic of the Congo; MPXV, monkeypox virus; 
USA, United States. 
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Identification of Genetic Variations in the 10-kb and the 
15-kb Regions of MPXV Using Amplicon-Based PGS
Analyses of consensus sequences over the 10-kb 
and the 15-kb genomic regions (Appendix Table 4) 
demonstrated that amplicon-based PGS can identify 
many types of genetic variations in MPXV specimens 
from clade IIb, Ib, and Ia (Table 4; Appendix Table 
5). Compared with reference sequence KC257460, 
the specimens showed multiple genetic variations, 
including 107 SNPs (28 unique) and 20 indels (2 
unique) identified in 10 clade Ia specimens from DRC 
and 70 SNPs (13 unique) and 7 deletions (2 unique) 
detected in 6 clade Ib specimens from DRC (Table 4; 
Appendix Table 5). We detected 42 SNPs (14 unique) 
and 2 deletions in 20 clade IIb specimens from the 
United States (Table 4) compared with reference se-
quence ON563414.3. The deletions led to predicted 
amino acid changes in the encoded proteins (Appen-
dix Table 5). Approximately 40% of the SNPs over 
the 10-kb and the 15-kb regions of MPXV genomes 
in the clade IIb specimens were GA>AA or TC>TT 
APOBEC3-like mutations (Table 4). However, most 
SNPs in the clade Ia or Ib specimens were not APO-
BEC3-driven mutations (Table 4), as expected when 

using this clade Ia reference. The SNPs and indels 
affected 19 structural or functional genes, includ-
ing OPG047, OPG048, OPG049, OPG053, OPG054, 
OPG055, OPG056, and OPG057 in the 10-kb region 
and OPG092, OPG094, OPG095, OPG097, OPG098, 
OPG101, OPG102, OPG103, OPG104, OPG105, and 
OPG0108 in the 15-kb region (Appendix Table 5). 
Affected genes OPG105 (72 SNPs) and OPG054 (37 
SNPs) comprised ≈50% of SNPs over the 2 genomic 
regions of MPXV from 36 clinical specimens (Figure 
2), result that align with previous findings (28). More-
over, the 10-kb amplicon was able to identify a non-
synonymous SNP (C184T) and a deletion (N267del) 
in OPG057 gene in a specimen (no. 8) (Appendix Ta-
ble 5), variations that were previously associated with 
tecovirimat resistance (29).

In silico analysis of the 10-kb and the 15-kb re-
gions from 88 published MPXV genome sequences 
revealed a pattern of conserved SNPs in different 
MPXV subclades (Figure 3; Appendix Table 6). Clades 
I and II could be separated by the 15 unique SNPs, 
clades Ia and Ib could be divided by the 4 SNPs, and 
clades IIa and IIb could be distinguished by 11 SNPs 
(Figure 3). This pattern of conserved SNPs indicated 
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Table 2. Characteristics of MPXV specimens with Ct >30 and sequencing read depths over the 10-kb and 15-kb regions or the whole 
genome of MPXV for study of partial-genome amplicon sequencing for improvement of genomic surveillance during mpox outbreaks* 

Specimen no. (dilution ratio) Source/sample type Country/year 
DNA concentration, 

ng/L Ct 10-kb 15-kb Genome 
37 Penis/swab USA/2024 14.30 35.3 587 703 10.0 
38 Chin/swab USA/2024 0.50 34.0 305 326 0.2 
39 Swab USA/2023 0.10 30.7 214 172 12.0 
40 Swab USA/2023 1.00 31.4 157 138 2.0 
29 (1:1,000) Vesicles DRC/2017 0.02 32.3 950 310 0.4 
29 (1:10,000) Vesicles DRC/2017 0.00 36.2 1,086 866 0.0 
30 (1:1,000) Vesicles DRC/2016 0.02 30.0 544 613 0.0 
30 (1:10,000) Vesicles DRC/2016 0.00 33.4 323 356 0.2 
*Total DNA was extracted from MPXV specimens from different body sources of patients in USA during 2023–2024 (nos. 37–40) or in DRC during 2016–
2017 (nos. 29–30). The 2 DNA samples from DRC were diluted with PCR-grade water at the ratio of 1:1,000 or 1:10,000. DNA concentrations (ng/µL), 
MPXV Ct values, and read depths over the 2 genomic regions (10-kb and 15-kb) derived from amplicon sequencing or over the whole genome (genome) 
of MPXV derived from metagenomic sequencing on DNA samples included. Ct, cycle threshold; DRC, Democratic Republic of the Congo; MPXV, 
monkeypox virus; USA, United States. 

 
 

 
Table 3. Characteristics of formalin-fixed (nos. 41–45) or inconclusive (nos. 46–48) MPXV specimens from the United States and 
sequencing read depths over the 10-kb and 15-kb regions or the whole genome of MPXV for study of partial-genome amplicon 
sequencing for improvement of genomic surveillance during mpox outbreaks* 

Specimen no. Source Year 
DNA concentration, 

ng/L Ct 10-kb 15-kb Genome 
41 Tissue 2022 39.4 17.1 576 347 9.6 
42 Tissue 2022 6.3 17.1 981 1,065 0.1 
43 Rectum 2023 56.4 17.4 794 977 17.9 
44 Lung 2023 3.0 30.4 869 382 0.07 
45 Tissue 2024 7.4 17.3 741 698 28.4 
46 Swab 2024 0.0 37.1 69 1,391 NA 
47 Swab 2024 0.0 37.3 15 691 NA 
48 Swab 2024 0.0 37.2 359 1,092 NA 
49 Swab 2024 0.0 38.4 25 155 NA 
*Total DNA was extracted from formalin-fixed MPXV tissue specimens from different body sources of patients in the United States during 2022–2024 
(nos. 41–45) or inconclusive specimens (nos. 46–49) with MPXV Ct >37. DNA concentrations (ng/µL), MPXV Ct values, and read depths over the 2 
genomic regions (10-kb and 15-kb) derived from amplicon sequencing or over the whole genome (genome) of MPXV derived from metagenomic 
sequencing on DNA samples included. Whole-genome sequencing was not performed on 3 inconclusive specimens (nos. 46–48) or failed on specimen 
no.49; sequencing read depths over the whole genome of MPXV were not available. Ct, cycle threshold; MPXV, monkeypox virus; NA, not available. 
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the potential use of the 10-kb and the 15-kb regions 
for differentiation of MPXV subclades.

Correct Assignment of MPXV Subclades on the Basis 
of 10-kb and 15-kb Partial-Genome Sequences
To examine whether the 10-kb and 15-kb PGS could 
be used to determine MPXV subclades from clinical 
specimens, we imported the consensus sequences of 
the 2 genomic regions derived from amplicon-based 
PGS (Appendix Table 4) into the Nextclade web in-
terface by using the Mpox virus (all clades) reference 
dataset. Clade assignment showed that MPXV in 29 
specimens from the United States belonged to clade 
IIb lineage B. MPXV in 10 specimens from DRC were 
assigned to clade Ia; however, the other 6 specimens 
from DRC were assigned to clade Ib (Figure 4; Appen-
dix Table 7). WGS conformed (with 100% agreement) 
all subclades and lineage assignments produced by 
the 10-kb and 15-kb PGS data (Appendix Table 7).

To increase the robustness of this evaluation, we 
also performed an in silico analysis of the 10-kb and 
the 15-kb regions extracted from 88 publicly available 
MPXV complete or near-complete genome sequences, 
including all subclades, and compared NextClade as-
signment of the 10-kb and the 15-kb regions to assign-
ment using the whole-genome sequences. The partial-
genome sequences were sufficient to produce correct 

assignments of subclade or lineages for all 88 sequenc-
es, including 25 clade Ia, 16 clade Ib, 12 clade IIa, and 
35 clade IIb lineages A and B (Appendix Table 8).

To further validate the potential that the 10-kb 
and the 15-kb amplicons could be used to determine 
clade, subclade, or lineage information for inconclu-
sive clinical specimens or specimens that had failed 
WGS, we selected 4 MPXV specimens (nos. 46–49) 
from the United States that had undetectable total 
DNA and MPXV Ct >37 (Table 3). For all 4 specimens, 
consensus sequences over the 10-kb and the 15-kb ge-
nomic regions produced from the 10-kb and 15-kb 
PGS successfully assigned clade IIb lineage B MPXV 
by Nextclade (Figure 4; Appendix Table 7).

Automated Bioinformatic Analysis of 10-kb and 15-kb 
PGS Reads Using ONT Sequencing
To build a cost-free bioinformatic workflow, improve 
reproducibility and accessibility, and enable automat-
ic analyses of the 10-kb and the 15-kb amplicon se-
quences of MPXV, we developed a Nextflow pipeline 
(https://github.com/CDCgov/ONT-Seq-analysis) 
(Appendix Figure 1). The pipeline performed qual-
ity control and reference-based assemblies of Oxford 
Nanopore sequencing reads and generated consen-
sus sequences independent of clade. By using the 
pipeline, we verified the clade, subclade, and lineage  
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Table 4. Genetic variants over the 10-kb and 15-kb genomic regions of MPXV in 36 clinical specimens for study of partial-genome 
amplicon sequencing for improvement of genomic surveillance during mpox outbreaks* 
Specimen no. Country sSNP nsSNP Total SNPs† Indels Variants‡ SNP type§ SNPs 
1–20 USA 15 27 42 2 44 GA>AA 17 
       Other 25 
21–30 DRC 90 17 107 20 127 GA>AA 22 
       Other 85 
31–36 DRC 60 10 70 7 77 GA>AA 23 
       Other 47 
*See Table 1. DRC, Democratic Republic of the Congo; indels, insertions and deletions; MPXV, monkeypox virus; nsSNP: nonsynonymous SNP; SNP, 
single-nucleotide polymorphism; sSNP, synonymous SNP. USA, United States. 
†Total number of SNPs include sSNP and nsSNPs. 
‡Variants include total number of SNPs plus indels. 
§SNP type GA>AA (5′–3′) includes TC>TT (5′–3′). 

 

Figure 2. SNPs in the affected genes over the 10-kb and 15-kb genomic regions of monkeypox virus in 36 clinical specimens from 
United States and Democratic Republic of the Congo for study of partial-genome amplicon sequencing for improvement of genomic 
surveillance during mpox outbreaks. OPG, orthopoxvirus gene; SNP, single-nucleotide polymorphism.
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assignments of MPXV genomes in the 49 clinical 
specimens, in addition to sublineage placements of 13 
specimens (nos. 8–20) (Appendix Table 9).

Discussion
Genome sequencing is at the front line of MPXV sur-
veillance and outbreak investigation for the small-
pox virus–related pathogen of high public health 
importance (7). In this study, we demonstrate that 
an amplicon-based PGS produces robust sequence 
data that can determine the clades and subclades of 
MPXV from clinical specimens. This high-sensitivity 

and low-cost PGS represents an attractive strategy for 
high-throughput clade typing and MPXV genomic 
surveillance in resource-limited settings and for spec-
imens with low viral load.

High-quality sequences are critical for effective 
MPXV genomic surveillance (30). Clinical specimens 
usually contain higher human DNA background than 
viral DNA that can degrade under suboptimal trans-
port or storage (30). Unbiased metagenomic sequenc-
ing approaches generate most non-MPXV reads or 
low viral-specific reads when specimens have high 
MPXV Ct values, causing low coverage of the whole 
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Figure 3. Conserved SNPs over the 10-kb and the 15-kb regions identified in silico among respective clades from 88 published 
moneypox virus genomes for study of partial-genome amplicon sequencing for improvement of genomic surveillance during mpox 
outbreaks. A) Unique SNPs over the 10-kb region. B) Unique SNPs over the 15-kb region. Large black points represent SNPs. Vertical 
shaded bars represent the binding sites of the amplicon primers. OPG, orthopoxvirus gene; SNP, single-nucleotide polymorphism.

Figure 4. Amplicon-based phylogenetic assignment of monkeypox virus by 10-kb and 15-kb regions in Nextclade 3.10.0 (https://clades.
nextstrain.org) for study of partial-genome amplicon sequencing for improvement of genomic surveillance during mpox outbreaks. 
Sixteen clinical specimens from Democratic Republic of the Congo were assigned to clade Ia or Ib, and 33 clinical specimens from 
United States were assigned to clade IIb lineage B.1.
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MPXV genome, as demonstrated in this study. Sev-
eral short-tiled (31) and long-tiled (32–34) amplicon-
based WGS approaches have been developed to im-
prove the sensitivity of MPXV WGS; however, such 
approaches also showed low success for samples 
with Ct >30, limiting potential use for specimens with 
low viral load. In this study, we conducted PGS by 
using short-tiled amplicons over the 10-kb and 15-kb 
regions of MPXV genome to improve PCR efficiency 
and lower primer dropout across the different clades. 
The approach selectively amplified the 2 genomic re-
gions and yielded high read depth, even when the Ct 
values of MPXV specimens were >30.

Affordable MPXV genomic surveillance is criti-
cal to rapidly identify introduction of new lineages 
or emerging outbreaks (35). WGS is high-cost and 
resource-intensive and can be difficult for mpox-en-
demic regions or areas experiencing an outbreak to 
afford because of limited resources, capacity, or ex-
pertise. Amplicon-based WGS could be cost saving 
with ONT flow cells, but the number of specimens 
per run would be limited. In this study, we designed 
tiled primers that specifically target all 4 subclades of 
MPXV. We used the portable ONT MK1C sequencing 
platform with low-cost Flongle flow cells and native 
barcoding 96 V14 kit for PGS. One Flongle flow cell 
costs <$100 US and could be used for sequencing up 
to 40 specimens. The ONT native barcoding 96 V14 kit 
could be used for barcoding >288 specimens. The 10-
kb and 15-kb amplicon-based PGS markedly reduced 
sequencing cost per specimen compared with WGS 
approaches. Thus, inexpensive amplicon-based PGS 
offers an attractive approach to complement WGS for 
largescale MPXV surveillance.

Bioinformatic resources and reproducibility can 
pose a barrier for MPXV surveillance. In this study, 
we described a freeware, open source, and accessible 
Nextflow pipeline for analyzing sequencing data 
produced by the 10-kb and 15-kb PGS strategy. The 
pipeline streamlines the entire process of amplicon 
sequencing data analysis, substantially reducing the 
need for manual intervention and the potential in-
troduction of human errors. With detailed documen-
tation and a feasible implementation strategy, our 
pipeline is suitable for varying levels of bioinformatic 
expertise. The pipeline’s ability to simply differenti-
ate clades and subclades either through the Nextclade 
output or the SNP panel will be incredibly valuable 
in outbreak investigations and epidemiologic studies.

Profiling whole-genome genetic variation and 
phylogenetic evolution is essential for MPXV ge-
nomic surveillance. Many types of genetic variations 
in MPXV genomes have been identified by WGS 

(23,36–39). In this study, we used amplicon-based 
PGS on the 10-kb and 15-kb regions of MPXV ge-
nomes and detected numerous SNPs and indels in the 
2 genomic regions of MPXV from clinical specimens. 
The large proportion of SNPs in MPXV lineage B ge-
nomes from clade IIb were GA>AA, consistent with 
previous findings based on WGS (23,40,41), suggest-
ing the 10-kb and 15-kb regions might be sufficient 
to identify changes in APOBEC-motif mutations, an 
indicator of sustained human-to-human transmis-
sion of an MPXV lineage. We also found that the 
10-kb and 15-kb regions possess unique conserved 
SNPs that can distinguish clades Ia, Ib, IIa, and IIb. 
Our results strongly suggest that the 10-kb and 15-
kb PGS approach could produce actionable informa-
tion for public health MPXV surveillance, in which a 
subset of samples can be submitted to WGS for more  
detailed analysis.

The antiviral drug tecovirimat that has been wide-
ly used to treat MPXV infections in the United States 
works by blocking the viral envelope protein F13 
and inhibiting viral release from MPXV-infected cells 
(42,43). However, long-term use of the drug could in-
duce treatment-resistant nucleotide mutations or de-
letions of the OPG057 gene (29,42,44), resulting in the 
spread of tecovirimat-resistant MPXV variants (45). 
WGS and targeted gene sequencing have identified 
numerous SNPs or indels in OPG057 associated with 
tecovirimat resistance (29,42,43). In this study, the 10-
kb and 15-kb amplicon-based PGS identified tecovir-
imat-resistant genetic variations in the OPG057 gene 
that correspond to amino acid A184T mutation and 
N267 deletion in F13 protein (29) in 1 clade IIb MPXV 
specimen. This finding indicates that amplicon-based 
PGS could be useful for monitoring antiviral drug-in-
duced resistance of MPXV. Recent clinical trials have 
found no substantial benefit for patients treated with 
tecovirimat (46), which might limit usefulness of ge-
netic monitoring in some situations; however, use in 
severe cases is still being evaluated.

In summary, our study demonstrated that the 
10-kb and 15-kb PGS procedure has the advantages 
of cost-effectiveness, simplicity of use, and sufficient 
resolution to provide information needed for public 
health action, such as clade assignment and identi-
fication of drug resistance. Given the outbreaks of 
clade Ia, Ib, and IIb mpox in the past 3 years, this 10-
kb and 15-kb PGS approach offers an attractive strat-
egy to improve overall MPXV surveillance, which 
can help identify importations or new outbreaks 
early. Its low cost and high throughput potential is 
especially poised for use in low-resource and out-
break settings.
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Common molds such as Aspergillus spp. and Mu-
corales are well-recognized pathogens in immu-

nocompromised patients that cause life-threatening 
invasive fungal disease (IFD). Other environmental 
molds are frequently dismissed as contaminants in 
clinical specimens, yet growing evidence through 
clinical vigilance and advances in molecular tech-
niques has revealed some as emerging threats in vul-
nerable populations (1–2). Many of those fungi are 
expected to remain unidentified because cultures stay 
negative without prolonged incubation for those or-
ganisms, and accurate identification requires molecu-
lar methods. Advanced molecular methods, such as 
cell-free DNA sequencing, hold promise as diagnostic 
tools but are not yet routinely available (3,4).

Bjerkandera spp., including B. adusta (syn. Geotri-
chopsis mycoparasitica) and B. fumosa, are filamentous 

basidiomycetes, wood-decaying fungi that have been 
isolated from dead hardwood trees in Europe and 
South America (5). Bjerkandera spp. have been linked 
to chronic cough, allergic bronchopulmonary myco-
sis, and hypersensitivity pneumonitis in humans (6–
8). In addition, invasive sinonasal fungal disease by 
B. adusta was reported in a patient with uncontrolled 
type 2 diabetes, confirmed through histopathologic 
examination (9). We describe 3 patients in Germany 
with pulmonary infection and identification of Bjer-
kandera spp. in respiratory specimen that meet the 
European Organization for Research and Treatment 
of Cancer and the Mycoses Study Group Educa-
tion and Research Consortium (EORTC/MSGERC) 
criteria for probable IFD, highlighting an emerging 
association between the basidiomycete and human 
invasive disease.

The Study
Patient 1 was a 32-year-old man who received allo-
geneic hematopoietic stem cell transplant (HSCT) 
for relapsed mediastinal T-cell lymphoma (Table). 
Nine months later, he experienced progressive dys-
pnea. The patient was on prednisolone (100 mg/d) 
immunosuppressive therapy and did not receive  

Bjerkandera spp. Pulmonary  
Infection in Immunocompromised 

Hosts, Germany
Rosanne Sprute, Danila Seidel, Katrin Mehler, Zoé Westhues, Sarina K. Butzer,  

Jannik Stemler, Oliver A. Cornely, Philipp Koehler

DISPATCHES

We report 3 cases of probable invasive pulmonary dis-
ease caused by Bjerkandera spp. fungi in immunocom-
promised patients in Germany. Accurate identification re-
quired internal transcribed spacer sequencing. Response 
to antifungal treatment varied. Our report underlines the 
pathogenic potential of Bjerkandera spp. and the impor-
tance of molecular diagnostics in rare fungal infections.
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antifungal drugs. Computed tomography (CT) of the 
chest showed new ground-glass opacities and nodu-
lar consolidations. Culture from bronchoalveolar la-
vage (BAL) fluid revealed a mold identified as Bjer-
kandera spp. by sequencing the internal transcribed 
spacer (ITS) 1/2 region in accordance with Clinical 
and Laboratory Standards Institute guidelines (10). 
We did not perform susceptibility testing because 
fungal growth on the testing media was insufficient. 
Results of Mucorales and Aspergillus-specific PCR 
from BAL fluid were negative. Serum was negative 
for galactomannan antigen. We did not perform BAL 
galactomannan testing. We identified no other poten-
tial causes of infectious diseases by culture, PCR, or 
serology (Table). We initiated empiric antimicrobial 
therapy with piperacillin/tazobactam for 2 weeks. 
The fungus was not considered clinically significant; 
no antifungal treatment was initiated. Immunosup-
pression was intensified on suspicion of lung graft-
versus-host disease, but the patient’s condition con-
tinued to deteriorate. We started antifungal therapy 
with posaconazole both as prophylaxis and targeted 
treatment of the probable IFD. Eight days later, we 
performed another BAL in which no fungus or other 

infectious agent was detected. The patient died short-
ly afterward from respiratory failure. No autopsy 
was performed.

Patient 2 was an 82-year-old woman who was 
referred to the University Hospital Cologne with a 
diagnosis of acute myeloid leukemia 5 months be-
fore admission (Table). She had been treated with 
azacitidine monotherapy, but after allergic transfu-
sion reaction to platelets, her cancer treatment was 
discontinued. At admission, the patient was experi-
encing hyperleukocytosis and neutropenia. We ini-
tiated cytoreductive treatment with hydroxyurea. A 
baseline chest CT scan revealed nodular infiltrates 
and a subpleural cavitary lesion, suggestive of fun-
gal pneumonia (Figure 1). Of note, the patient had 
not received any antifungal prophylaxis other than 
trimethoprim/sulfamethoxazole. Bronchoscopy 
demonstrated purulent secretions. Results of galac-
tomannan testing of BAL fluid were positive; culture 
yielded a preliminary phenotypic identification of 
Geotrichum spp. All other diagnostic work-up results 
were unremarkable (Table). Given the clinical signifi-
cance of the mold identification, we pursued further 
species-level analysis. ITS sequencing identified the 

 
Table. Characteristics of patients with probable invasive pulmonary disease by Bjerkandera spp., Germany* 

Patient 
no. 

Age, 
y 

Time of 
diagnosis and 

department 

Underlying 
condition and 

treatment 
Antifungal 

prophylaxis Radiology Microbiology 
Antifungal 
Treatment Outcome 

1 32 May 2017, 
inpatient 

hematology 
unit 

Relapsed 
mediastinal T-
cell lymphoma; 

allogeneic 
HSCT 

None Nodular 
infiltrates, 

ground-glass 
opacities 

Mold culture from 
BAL fluid, 

Bjerkandera spp. 
identified by ITS 

sequencing† 

Posaconazole Deceased 

2 82 Oct 2022, 
outpatient 

hematology 
department 

AML, functional 
neutropenia; 
hydroxyurea 

None Nodular 
infiltrates, 
cavitary 
lesion 

Mold culture from 
BAL fluid, B. adusta 

or B. fumosa 
identified by ITS 

sequencing‡ 

Voriconazole, 
isavuconazole 

Unknown 

3 4 Nov 2022, 
inpatient 
pediatric 

hematology 
unit 

AML; HAM 
regimen 

Micafungin Nodular 
infiltrates, 

ground-glass 
opacities, 
cavitary 
lesion 

Mold culture from 
tracheal aspiration, B. 
adusta or B. fumosa 

identified by ITS 
sequencing§ 

Voriconazole, 
liposomal 

AmB 

Alive, 
secondary 
prophylaxis 

with 
voriconazole 

*Microbiologic analyses were performed at the Institute of Medical Microbiology, Immunology, and Hygiene, University Hospital Cologne, Cologne, 
Germany. AmB, amphotericin B; AML, acute myeloid leukemia; BAL, bronchoalveolar lavage; HAM, high-dose cytarabine with mitoxantrone; HSCT, 
hematopoietic stem cell transplant, ITS, internal transcribed spacer. 
†Other causes of infectious disease were ruled out by negative blood cultures; negative Legionella antigen from urine; negative culture from BAL 
including Mycobacteria and Actinomyces culture; negative results for M. tuberculosis complex, Chlamydia pneumoniae, Mycoplasma pneumoniae, 
Legionella pneumophilia, Aspergillus spp., Mucorales, Pneumocystis jirovecii, and Toxoplasma gondii by PCR from BAL; negative respiratory virus panel 
from BAL; and negative results on throat swab samples for viruses including influenza A, influenza B, parainfluenza, adenovirus, metapneumovirus, 
coronavirus, respiratory syncytial virus, rhinovirus, bocavirus, and enterovirus. There was no serologic evidence for C. pneumoniae or M. pneumoniae 
infection, no active hepatitis A–E, and negative results for cytomegalovirus, herpes simplex virus, varicella zoster virus, and parvovirus PCR from EDTA 
blood. We identified Epstein-Barr virus copies 14 IU/mL from EDTA blood, in control virus that was negative by PCR. 
‡Other causes of infectious disease were ruled out by negative culture from BAL, including Mycobacteria and Actinomyces culture; negative results for M. 
tuberculosis complex, C. pneumoniae, M. pneumoniae, L. pneumophilia, Aspergillus spp., Mucorales, Pneumocystis jirovecii, and Toxoplasma gondii by 
PCR from BAL; negative influenza A, influenza B, parainfluenza, adenovirus, metapneumovirus, coronavirus, respiratory syncytial virus, rhinovirus, 
bocavirus, and enterovirus from BAL and throat swab samples; and negative Legionella and pneumococcal antigen from urine. 
§Other causes of infectious disease were ruled out by negative blood cultures and urine cultures; negative culture from tracheal aspiration; negative C. 
pneumoniae, L. pneumophilia, M. pneumoniae, Aspergillus spp., Mucorales, Pneumocystis carinii, and Toxoplasma gondii by PCR from tracheal 
aspiration; and negative cytomegalovirus, human herpesvirus 6A, Epstein-Barr virus, influenza A, influenza B, parainfluenza, adenovirus, 
metapneumovirus, coronavirus, respiratory syncytial virus, rhinovirus, bocavirus, and enterovirus by PCR from tracheal aspiration. 
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organism as either B. adusta or B. fumosa (10). Asper-
gillus PCR was negative. We could not perform an-
tifungal susceptibility testing because of insufficient 
fungal growth. We initiated voriconazole therapy but 
switched to isavuconazole because the patient experi-
enced visual disturbances. Follow-up chest CT scans 
at 2 and 5 weeks showed stable disease. After 5 weeks 
of antifungal therapy, we discontinued treatment and 
initiated posaconazole as secondary prophylaxis. No 
additional follow-up visits occurred.

Patient 3 was a 4-year-old boy with newly diag-
nosed acute myeloid leukemia who initially received 
cytarabine-based induction chemotherapy (Table). 
He experienced seizures secondary to cerebral  

hemorrhage, requiring mechanical ventilation. After 
successful extubation, we resumed chemotherapy 
using a high-dose cytarabine and mitoxantrone regi-
men. He received micafungin (4 mg/kg 2×/wk) as 
antifungal prophylaxis. Subsequently, he experienced 
febrile neutropenia (temperature 39.2°C/102.6°F) that 
was unresponsive to empiric broad-spectrum antimi-
crobial treatment with meropenem and vancomycin, 
raising suspicion for IFD. We initiated voriconazole. 
Serum galactomannan test results were negative. A 
chest CT scan demonstrated nodular infiltrates and a 
new cavitary lesion radiographically consistent with 
a mold infection (Figure 2, panel A). We switched 
antifungal therapy to liposomal amphotericin B (L-
AmB). Fungal culture from a tracheal aspirate yielded 
a mold with sterile mycelium, which we identified via 
ITS sequencing as B. adusta or B. fumosa (10). Other 
diagnostic assessments yielded no findings (Table). 
After 2 weeks of L-AmB therapy, the patient experi-
enced severe hypokalemia, requiring a switch back 
to voriconazole. A follow-up CT scan performed 3 
weeks later demonstrated a radiographic response to 
treatment (Figure 2, panel B). No further imaging was 
done. The patient continued voriconazole therapy for 
a total of 4 months.

Conclusions
We described 3 cases with probable invasive lung 
infections caused by Bjerkandera spp. in 2 adults and 
1 pediatric patient with hematologic malignancies. 
We identified no other fungal pathogens or alterna-
tive infectious agents by culture, PCR, or serology. 
All cases met criteria for probable invasive pulmo-
nary mold infection (11). Multidisciplinary teams 
discussed the possibility of contamination and like-
lihood of invasive disease by Bjerkandera spp. and 
concluded that the identification of Bjerkandera spp. 

Figure 1. Chest computed tomography scan from an 82-year-
old female patient with acute myeloid leukemia in study of 
Bjerkandera spp. pulmonary infection in immunocompromised 
hosts, Germany. Image depicts nodular infiltrates and a 
cavitary lesion (arrow) in the left lower lobe suggestive of 
fungal pneumonia. We cultured and identified a mold from 
bronchoalveolar lavage fluid as Bjerkandera spp. by internal 
transcribed spacer sequencing.

Figure 2. Chest computed 
tomography scan of a 
4-year-old male patient with 
acute myeloid leukemia 
in study of Bjerkandera 
spp. pulmonary infection 
in immunocompromised 
hosts, Germany. The patient 
experienced fever unresponsive 
to antimicrobial treatment. 
A) Imaging revealed nodular 
infiltrates and surrounding 
ground-glass opacities in both 
lungs (arrow). Bjerkandera spp. 
was identified from tracheal 
aspiration. B) Follow-up 
computed tomography scan after 4 weeks demonstrated regressive nodular lesions and the formation of a cavity in the right upper 
lobe (arrow).
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was consistent with an IFD in each case, warranting 
antifungal treatment.

We identified the fungus in all 3 cases by se-
quencing techniques, underlining the importance of 
molecular approaches in the evaluation of rare fun-
gal infections. In patient 2, B. adusta was preliminary 
identified as Geotrichum spp. based on phenotypic 
appearance. Geotrichum spp. are environmental fun-
gi that cause opportunistic infections in at-risk pop-
ulations (12). Both fungi share phenotypic features 
such as whitish, fluffy to woolly colony morphology 
and wide-branching septate hyphae with formation 
of arthroconidia and only occasional formation of 
chlamydospores (Figure 3) (6,13). Therefore, reli-
able identification in filamentous basidiomycetes 
requires additional techniques such as matrix-assist-
ed laser desorption/ionization time-of-flight mass 
spectrometry and sequencing methods. Sequence 
analysis of the ITS ribosomal DNA has better accura-
cy for species identification; however, for rare fungi, 
reference data may be incomplete or unavailable for 
both methods (14).

Guidance for clinical management of emerging 
IFD remains limited because IFD is rare and clini-
cal manifestations vary. Susceptibility test results 

of 14 B. adusta isolates included high MIC for fluco-
nazole and flucytosine and low MIC for AmB and 
newer triazoles (15). Clinical improvement with itra-
conazole treatment has been described (14) in cases 
with chronic cough associated with Bjerkandera spp., 
consistent with in vitro susceptibility findings. One 
reported case-patient with invasive rhinosinusitis 
caused by Bjerkandera was treated sequentially with 
L-AmB, posaconazole, and voriconazole, leading to 
clinical recovery (9). We used newer triazoles and L-
AmB for treatment with variable responses. The lack 
of comprehensive susceptibility testing and outcome 
data limits definitive treatment recommendations for 
suspected IFD caused by Bjerkandera spp. Describing 
an unusual pathogen carries a risk for error. We were 
unable to demonstrate fungal growth in independent 
respiratory specimens or to obtain histologic proof of 
invasive growth from lung biopsy.

Our findings suggest that Bjerkandera spp. is a hu-
man pathogen causing invasive fungal pneumonia or 
other pulmonary infection in persons at risk, includ-
ing the immunocompromised. Evaluating the clinical 
relevance of such infections must consider the degree 
of immunosuppression and the patient’s future treat-
ment plans. 

Figure 3. Images of Bjerkandera spp. formations from study of Bjerkandera spp. pulmonary infection in immunocompromised hosts, 
Germany. Slides are of lactophenol preparation (original magnification ×1,000). Bjerkandera spp. form white, yellowish-white, or tan 
colonies with a cottony to woolly texture on malt extract agar. The hyphae can be branched. Thin-walled, rectangular arthroconidia 
are formed via schizolytic dehiscence. In addition, ellipsoidal chlamydospores <10 µm long may develop. Arrowheads indicate 
chlamydospores (A–C), arrows indicate arthroconidia (D).
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Cladophialophora carrionii is a black fun-
gus that causes chromoblastomycosis. 

The fungus was first reported in 1946 as 
Fonsecaea pedrosoi var. cladosporium. In 1954, 
mycologist Alfonso Trejos named this chro-
moblastomycosis agent Cladosporium car-
rionii n. sp. (Figure). Later, molecular phy-
logenetic analysis and morphologic traits 
(cladosporioid anamorphs and phialidic 
synanamorphs) supported its current place-
ment in the genus Cladophialophora. 

The term Cladophialophora is derived from 
the Greek words klados (branch) and phiala 

(flask or bottle) and the suffix phora, which 
means bearing or carrying, emphasizing that 
these structures produce and harbor the fun-
gal spores. The specific epithet carrionii is in 
honor of the charismatic Puerto Rican mycol-
ogist Prof. Dr. Arturo I. Carrión, renowned for 
his contributions to medical mycology, par-
ticularly in the taxonomy and clinical under-
standing of dematiaceous fungal pathogens. 
Therefore, the full name Cladophialophora car-
rionii means a black flask-shaped fungus with 
branched conidia chains, named in honor of 
Dr. Carrión.

Cladophialophora carrionii  
[kladˊ-ō-fī-əl-ō-for-ə karˊ-ē-ō-nē-ī]

Authors affiliation: Universidade Federal de Goiás (UFG), Goiânia, Brazil

Figure. Images from early 
records of Cladosporium 
carrionii. A) Fonsecaea 
pedrosoi var. cladosporium 
by F.W. Simson in 1946. B) 
Cladosporium carrionii n. 
sp. by A. Trejos in 1954.
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Cetaceans (whales and dolphins) are ubiquitous 
in the world’s oceans and are critical for moni-

toring oceanic ecosystem health (1). Despite their 
importance, little is known about diseases that af-
fect free-ranging cetacean populations. Monitoring 
cetacean populations is challenging; consequently, 
much can be gained from necropsy examinations 
of dead, stranded animals. This study describes 
the discovery of a novel rhabdovirus species de-
tected during the necropsy of an Atlantic white-
sided dolphin (Leucopleurus acutus) found stranded 
on the Atlantic coast of Nova Scotia, Canada (Ap-
pendix 1 Figure 1, https://wwwnc.cdc.gov/EID/
article/31/11/25-1203-App1.pdf).

Rhabdoviruses are a diverse group of enveloped 
single-stranded negative-sense RNA viruses that in-
fect vertebrates, invertebrates, and plants. Most aquat-
ic rhabdoviruses are described from ray-finned fish 
and amphibians; little is known about rhabdoviruses  

infecting marine mammals (2). Two species of rhab-
doviruses are reported from cetaceans, dolphin 
rhabdovirus (3,4) and harbor porpoise rhabdovirus, 
neither of which was definitively linked to causing 
disease in their hosts (5). We characterized a novel 
rhabdovirus genome and used in situ hybridization 
to link viral infection with histopathologic lesions 
within the brain.

The Study
On October 27, 2024, a freshly dead Atlantic white-
sided dolphin was found ashore on La Bloc Beach 
in the Cape Breton Highlands National Park, Nova 
Scotia, Canada. The carcass was well preserved with 
minimal scavenging or postmortem decomposition 
(Appendix 1 Figure 1) and demonstrated overall 
good nutritional condition (6). No significant lesions 
were identified from the carcass other than those 
from severe encephalitis. We conducted diagnostic 
PCR testing of frozen brain tissue for common patho-
gens known to cause encephalitis in marine mammals 
(avian influenza virus, cetacean morbillivirus, her-
pesvirus, Brucella ceti, Sarcocystis sp., and Toxoplasma 
gondii); results were negative.

Examination of transverse sections of the brain 
revealed multiple extensive areas of severe inflam-
mation and necrosis primarily throughout the fore-
brain within the regions of the cingulate gyrus, in-
ternal capsule, thalamus, and temporal and parietal 
lobes of the neocortex. In situ hybridization showed 
consistent presence of viral RNA in the lesions (Fig-
ure 1). Regions of the brain that did not exhibit le-
sions were primarily within the midbrain and hind-
brain. In affected regions, we observed generalized 
mild to severe expansion of the perivascular space 
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We sequenced a novel rhabdovirus, Tupavirus delphini 
(dolphin tupavirus), from the brain of a stranded dead 
Atlantic white-sided dolphin with severe encephalitis in 
Canada. In situ hybridization linked presence of the virus 
to the animal’s brain pathology and death. Our findings 
underscore the importance of monitoring marine mam-
mals for unexpected pathogens.
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by lymphocytes and plasma cells and fewer macro-
phages and rare eosinophils (Figure 1, panel A). We 
observed intense positive staining for viral RNA in 
the surrounding neuropil but not in the perivascular 
inflammatory cells (Figure 1, panel D). In some areas, 
the normal tissue architecture was effaced by massive 
infiltration of hypertrophied microglial cells (Figure 
1, panel B), many of which stained positive for viral 
RNA (Figure 1, panel E). In the neocortex, we noted 
glial nodules surrounding necrotic neurons (Figure 
1, panel C), as well as neuronal cell bodies and den-
drites within lesion areas that contained abundant 
viral RNA (Figure 1, panel F). All other tissues ex-
amined microscopically were either within normal 
limits or exhibited incidental lesions unrelated to the 
neuropathology described.

For whole-genome sequencing, we performed 
sample preparation and data processing (7) with 
modifications (Appendix 1). The complete 11,088-nt  

dolphin tupavirus (DTV) genome we obtained (de-
posited into GenBank, accession no. PV683224) had 
a structure typical of rhabdoviruses comprising 5 
major open reading frames (ORFs), nucleocapsid, 
phosphoprotein, matrix, glycoprotein, and RNA-
dependent RNA polymerase (L) proteins, and a pu-
tative small hydrophobic protein between the ma-
trix protein and glycoprotein, that encode proteins 
highly divergent from other rhabdoviruses (Table; 
Figure 2) (Appendix 1 Figure 2; Appendix 2 Table 1, 
https://wwwnc.cdc.gov/EID/article/31/11/25-
1203-App2.xlsx) (8,9). Phosphoprotein contains a 
putative C protein in an overlapping reading frame. 
Each ORF of the DTV genome is flanked by con-
served transcription initiation (UUGUC) and ter-
mination/polyadenylation (AWCU7) signals and 
an inferred untranscribed intergenic sequence (GG 
or GA). The L protein of DTV contains an LDSPL 
motif, a modification of the animal rhabdovirus  

Figure 1. Histopathology (A–C) and in situ hybridization (D–F) of brain tissue from stranded Atlantic white-sided dolphin infected with 
novel tupavirus, Canada. Histopathology images are stained with hematoxylin and eosin; cytoplasm and connective tissues appear 
pink, red blood cells red, and cell nuclei purple. A) Cross-section through an arteriole within the neuropil at the level of the internal 
capsule, depicting sometimes massive infiltration of perivascular (Virchow-Robin) space by large numbers of lymphocytes and plasma 
cells, fewer numbers of macrophages, and rare eosinophils. Scale bar indicates 100 μm. B) Cross-section through the cingulate 
gyrus at the level of the internal capsule, showing almost complete effacement of normal neuropil architecture by massive numbers of 
hypertrophied microglial cells. Also depicted are multiple arterioles with large perivascular cuffs of lymphocytes and plasma cells, as 
well as multiple areas of hemorrhage within the neuropil. Inset shows microglial cells. Scale bar indicates 100 μm. C) Section through 
neocortex exhibiting extensive infiltration of the neuropil by glial cells, which frequently form nodules surrounding necrotic neurons. 
Necrotic neurons are shrunken with hypereosinophilic cytoplasm and condensed, pyknotic nuclei (arrows). There are also multiple small 
arterioles with lymphoplasmacytic perivascular cuffs. Inset shows a necrotic neuron. Scale bar indicates 50 μm. D) Abundant viral RNA 
(red staining) in the area surrounding the affected arteriole. Staining is observed in the neuropil as well as some glial cells; however, 
endothelial cells are not infected (inset). No staining is observed within the perivascular inflammatory cells. Scale bar indicates 400 
μm. E) Viral RNA in microglial cells and neuropil (inset) but not within perivascular cuffs (arrow). Scale bar indicates 200 μm.) Abundant 
viral RNA within neurons and dendrites. In situ hybridization, paraffin-embedded formalin-fixed tissue sections were performed with 
RNAScope 2.5HD Detection Reagent and custom probes targeting the 1275–2283 nt region of the viral genome (Bio-Techne Advanced 
Cell Diagnostics, https://www.bio-techne.com). Scale bar indicates 200 μm. 
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conserved motif (LNSPL), also found in Durham 
virus, another tupavirus (10,11).

Phylogenetic analysis of the complete L-protein 
sequences placed DTV within the genus Tupavirus 
(Figure 2). The closest BLAST (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) match to the assembled 
DTV genome was Wenzhou Myotis laniger tupavi-
rus 1 (GenBank accession no. OM030290.1), with an 
overall genomewide nucleotide identity of 50.72%. 
Amino acid sequence divergence in the nucleo-
capsid protein between the DTV and the closest 
BLAST match (Wufeng bat tupavirus 2; accession 
no. OQ715690.1) was 45.12%. Amino acid sequence 
divergence between the DTV and the closest BLAST 
match was 69.38% (Wufeng bat tupavirus 2; acces-
sion no. OQ715690.1) in the G protein and 44.64% 
(Klamath virus; accession no. KM204999.1) in the L 
protein. Virus isolation with multiple passages for 
>1 month using 6 cell lines from diverse host species 
was unsuccessful, as indicated by the lack of visible 
cytopathic effect and negative results with a DTV 
PCR (Appendix 2 Table 3).

Conclusions
We report the identification and characterization of 
a novel rhabdovirus from the brain of a stranded At-
lantic white-sided dolphin with severe encephalitis. 
DTV is genetically distinct from previously known 
cetacean rhabdoviruses, and phylogenetic analysis 
indicates a considerable gap between DTV and other 
tupaviruses, suggesting a substantial level of unsam-
pled viral diversity within the group. Based on the 
presented genomic divergence, genome organization, 
phylogenetic placement, and host species, DTV com-
plies with International Committee on Taxonomy of 

Viruses demarcation criteria as a new species within 
the genus Tupavirus (10).

Reports of rhabdoviruses in aquatic mammals are 
scarce. Their detection and discovery are hindered by 
numerous challenges presented by the environment, 
host biology, and postmortem decomposition; there-
fore, even single case reports of a new virus from an 
aquatic mammal host provide valuable information 
to enhance pathogen surveillance in aquatic environ-
ments.

Unlike the previous 2 cases of cetacean rhabdo-
virus infection, DTV was associated with signs of 
severe disease. The severity of encephalitis we de-
scribed was striking, but not unique. Many patho-
gens, including morbillivirus and Brucella ceti bacte-
ria, can cause encephalitis in marine mammals (12). 
Those agents and others were ruled out in this case 
through a series of PCR tests, further supporting 
DTV as the causative pathogen. Even so, we cannot 
totally rule out the presence of concurrent infections. 
DTV isolation in cultured cells was challenging and 
unsuccessful; however, it is critical for experimen-
tal infections in animal models that will support in-
vestigations into DTV’s host range, tissue tropism, 
transmission, and pathogenicity. PCR screening and 
whole-genome sequencing methods for DTV could 
enable DTV surveillance. In addition, metagenomic 
sequencing of both affected and unaffected tissues 
might identify any co-infections.

The apparent preference of DTV for specific 
areas of the brain is reminiscent of rabies infection 
of terrestrial mammals, in which different host spe-
cies exhibit unique patterns of lesion distribution in 
the brain; those patterns are an important criterion 
for disease recognition and diagnosis (13). A large  

 
Table. Characteristics of highly divergent novel dolphin tupavirus protein sequences from the brain of a stranded dead Atlantic white-
sided dolphin with severe encephalitis, Canada* 
 Nucleotide 

 
Amino acid 

Protein Top match by BLASTn % Identity Top match by DELTA-BLAST % Identity 
Nucleocapsid  Wufeng Rhinolophus pearsonii 

tupavirus 1 (GenBank accession no. 
MZ328291.1) 

68.54  Wufeng bat tupavirus 2 (GenBank 
accession no. WPV62772.1) 

54.88 

Phosphoprotein NA NA  Wufeng Rhinolophus pearsonii 
tupavirus 1 (GenBank accession no. 

UBB42388.1) 

17.55 

Matrix protein NA NA  Bat tupavirus CX1 (GenBank 
accession no. WGC86350.1) 

32.68 

SH protein  NA NA  Durham virus (GenBank accession 
no. ADB88762) 

33.33 

Glycoprotein NA NA  Wufeng bat tupavirus 2 (GenBank 
accession no. WPV62776.1) 

30.62 

Polymerase Wenzhou Myotis laniger tupavirus 1 
(GenBank accession no. 

OM030290.1) 

55.42  Klamath virus (GenBank accession 
no. AJR28401.1) 

55.36 

*Percentage amino acid identity for the SH protein was calculated by aligning it to the SH from Durham virus, the closest tupavirus to DTV, using a 
BLASTp algorithm (https://blast.ncbi.nlm.nih.gov/Blast.cgi). SH proteins have very low identity among the members of the genus (7,8). NA, not applicable; 
SH, small hydrophobic protein.  
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outbreak of rabies has been reported in cape fur 
seals (Arctocephalus pusillus) in South Africa, which 
likely originated as a spillover event from terrestrial 
canids (14). Before that event, rabies in marine mam-
mals was considered vanishingly rare; 1 case had 
been reported in a ring seal (Pusa hispida) in Sval-
bard, Norway, in 1981 (15).

This work highlights the importance of respond-
ing to incidents involving dead marine animals and 
conducting thorough investigations and diagnostics. 
Such discoveries can compound conservation con-
cerns for marine species. It is imperative to continue 
documenting and examining cetacean stranding in-
cidents in Canada, including those involving species 

Figure 2. Maximum-likelihood 
phylogenetic trees of novel 
dolphin tupavirus from stranded 
Atlantic white-sided dolphin, 
Canada, and reference 
rhabdoviruses. Trees were 
reconstructed based on 
the full-length amino acid 
sequences of the polymerase 
protein. All sequence records 
for the phylogenetic analysis 
were downloaded from 
GenBank (Appendix 2 Table 
2, https://wwwnc.cdc.gov/EID/
article/31/11/25-1203-App2.
xlsx). Scale bars represent the 
estimated average number 
of substitutions per site. A) 
High-level phylogeny includes 
a subset of representative 
members across the 
Rhabdoviridae family (n = 
438 sequence records) to 
determine the placement of the 
new virus within the family. Red 
text indicates rhabdoviruses 
of marine mammals, including 
the newly identified dolphin 
tupavirus; blue text indicates 
fish rhabdoviruses. The tree 
was rooted at the midpoint. 
B) Genus-level phylogeny 
provides a fine-level 
assessment of the phylogenetic 
affinities of the new virus within 
the Tupavirus genus. Red text 
indicates the sequence of the 
novel tupavirus; red shading 
highlights the Tupavirus clade 
in the phylogenetic tree. The 
phylogenetic bracket of the 
dolphin tupavirus includes 
a basal Durham virus and a 
large crown clade comprising 
the rest of the Tupavirus 
member viruses. Durham virus 
described from an American 
coot (Fulica americana) that 
demonstrated signs of severe 
disease associated with 
infection, including lesions 
isolated to the central nervous system and consisting of severe cerebral necrosis and mononuclear inflammation similar to DTV. Support 
values at the nodes were determined by SSH-aLRT/Ultrafast bootstrap. Tupavirus genus tree was rooted to the outgroup members of 
the Sunrhavirus genus, Boteke, Sunguru, and Walkabout Creek viruses.



not considered to be a priority by federal government 
wildlife managers. Our work has provided histo-
pathologic and molecular evidence linking a cetacean 
rhabdovirus to CNS pathology and supports further 
investigation to characterize DTV and its associated 
pathology and epidemiology.
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Neoehrlichia mikurensis is an emerging tickborne 
pathogen, mainly transmitted by Ixodes ricinus 

ticks. The human infection known as neoehrlichiosis 
was first reported in Sweden in 2010 and has been 
documented in several countries in Europe (1,2). 
Neoehrlichiosis affects both healthy and immuno-
compromised persons, and more severe symptoms, 
such as vascular complications, are typically seen in 
immunocompromised patients (3). Diagnosis is chal-
lenging because of vague symptoms, low awareness, 
and lack of commercial diagnostic tests. PCR is the 
primary method of detection, because N. mikurensis 
is difficult to culture and no serologic tests are avail-
able. The true prevalence of N. mikurensis in humans 
and ticks remains unclear, although its DNA has been 
detected in both throughout Europe (4,5).

We investigated the prevalence of N. mikurensis 
after tick bites in northern Europe, aiming to detect its 
DNA in ticks and human blood and to assess symp-
toms among participants. The samples were original-
ly collected in 2008–2009, when N. mikurensis was not 
yet recognized as a human pathogen and appropriate 
diagnostic tools were lacking; therefore, this analysis 
could not be conducted until recently. Despite be-
ing >15 years old, the data offer valuable insight into  
N. mikurensis ecology and transmission. Although 

epidemiology might have shifted, the underlying 
biologic mechanisms of pathogen transmission likely 
remain unchanged, ensuring continued relevance.

The Study
We analyzed data from the Tick-Borne Diseases (TBD) 
STING study (6,7), a prospective multicenter study 
conducted in Sweden and on the Åland Islands, Fin-
land (Figure). During May 2008–November 2009, pri-
mary healthcare centers enrolled 1,425 healthy tick-
bitten adults (>18 years of age; median age 63, range 
19–92) through public advertisements. The study was 
approved in 2008 by the Regional Ethical Review 
Board in Linköping, Sweden, and the Åland Health 
Care Ethics Committee.

At study inclusion, participants submitted re-
moved tick(s), provided a blood sample, and com-
pleted a questionnaire on tick exposure, prior tick-
borne diseases, current health status, and medication 
use (8). Participants on antimicrobial drugs or im-
munosuppressive therapy were excluded. A follow-
up visit 3 months later included providing a second 
blood sample and filling out a questionnaire about 
symptoms experienced since inclusion and if the par-
ticipant had sought medical care (8). Medical records 
were reviewed when relevant. Participants also sub-
mitted any additional ticks found attached during the 
3-month study period.

For this study, we photographed each tick and 
identified it by species, developmental stage, and sex. 
We estimated feeding duration for nymphs and adult 
females (9). We homogenized ticks, extracted total 
nucleic acids, and reverse-transcribed to cDNA (7). 
Participant plasma was collected in EDTA tubes (6), 
and we extracted DNA from participants whose ticks 
were PCR-positive for N. mikurensis.

We screened tick cDNA for N. mikurensis by using 
a SYBR Green real-time PCR targeting the 16S rRNA 
gene (10) and confirming positive results by using a 
TaqMan real-time PCR targeting the groEL gene (11). 
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By using PCR testing, we found Neoehrlichia mikurensis 
DNA in 1.1% of ticks removed from persons in Sweden 
and Finland. Symptoms developed in 2 immunocompe-
tent persons. Despite low transmission risk, infection can 
occur after short tick attachment. Our findings highlight 
the need to consider N. mikurensis in patients with unex-
plained symptoms after tick bite.



We analyzed plasma DNA from participants bitten 
by positive ticks by using the same TaqMan assay. 
We confirmed PCR products by sequencing (Macro-
gen Inc., https://www.macrogen.com) and verified 
sequences with BLAST (https://blast.ncbi.nlm.nih.
gov). We used a previously confirmed N. mikurensis-
positive cDNA sample as a positive PCR control (10).

Of the 1,644 I. ricinus ticks analyzed, 18 (1.1%) 
were positive for N. mikurensis in both PCRs (Table 
1). No DNA was found in larvae. Prevalence in 
nymphs was 1.1% and in adult females was 1.3%. 
The ticks were collected from participants in vari-
ous regions in Sweden and on the Åland Islands 
(Appendix Table, http://wwwnc.cdc.gov/EID/
article/31/11/24-1850-App1.pdf). Of the 18 par-
ticipants bitten by PCR-positive ticks, 2 (11%) tested 
positive for N. mikurensis (Table 2).

The first positive participant was a 41-year-old 
otherwise healthy woman from southern Sweden 
who tested positive at inclusion. She had been bitten 
by a N. mikurensis–positive nymph that had fed for 
<24 hours. She reported symptoms including head-
ache, fatigue, numbness, radiating pain, and my-
algia. Eleven days later, she was bitten by another 
tick, which was not submitted for analysis. It was 
unclear whether her symptoms were related to the 
first or second tick bite. During the study period, 
she sought medical care for and was diagnosed with 
myalgia and calf muscle cramps, for which she was 

treated with quinine tablets (100 mg) administered 
as needed.

The second positive participant was a 68-year-
old otherwise healthy woman from south-central 
Sweden, who tested positive at the 3-month follow-
up. She had been bitten by a N. mikurensis–positive 
nymph that had fed for ≈40 hours. She reported fa-
tigue, neck pain, myalgia, and numbness but did not 
seek medical care. She was bitten by 3 additional 
ticks during the study period, of which only 1 was 
submitted to the TBD STING study; it tested nega-
tive for N. mikurensis.

Sequencing confirmed N. mikurensis DNA in both 
the ticks and the blood samples from the 2 partici-
pants. The remaining 16 participants bitten by PCR-
positive ticks tested PCR-negative for N. mikurensis in 
both the inclusion and follow-up blood samples. Out 
of those participants, 9 reported no symptoms during 
the study period and 2 did not respond to the follow-
up questionnaire. The remaining 5 reported nonspe-
cific symptoms, including muscle and joint pain (n = 
5), headache (n = 2), fatigue (n = 2), neck pain (n = 1), 
vertigo (n = 2), and numbness (n = 2).

Conclusions
We detected N. mikurensis DNA in 1.1% of I. ricinus 
ticks that had bitten humans in Sweden and Fin-
land, indicating a low prevalence in the study areas 
compared with those reported in other regions of  

Figure. Schematic overview of 
the Tick-Borne Diseases STING 
study during 2008–2009 in Sweden 
and Finland (6), in which tick-
bitten persons >18 years of age 
gave written informed consent to 
participate, submitted removed 
tick(s), provided a blood sample, 
and completed a questionnaire. At 
a follow-up visit 3 months later, they 
provided a second blood sample and 
completed a second questionnaire. 
Any additional tick(s) found attached 
during the study period were also 
submitted and available medical 
records were reviewed.

 
Table 1. The prevalence of Neoehrlichia mikurensis determined in 1,644 Ixodes ricinus ticks collected from 1,425 humans who were 
bitten in Sweden or on the Åland Islands, Finland, during May 2008–November 2009 
Developmental stage of the tick Total no. ticks analyzed No. (%) N. mikurensis PCR-positive ticks* 
Adult females 392 5 (1.3) 
Adult males 7 0 
Nymphs 1,138 13 (1.1) 
Larvae 69 0 
Undetermined† 38 0 
Total 1,644 18 (1.1) 
*PCR-positive tick was defined as a tick that tested positive for N. mikurensis in both the SYBR Green and TaqMan real-time PCR assays. 
†Tick developmental stage remains undetermined because of damages as previously described (7). 
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Sweden (10,12). Two participants bitten by PCR-
positive ticks also tested positive for N. mikurensis 
in blood samples and reported symptoms consistent 
with neoehrlichiosis, despite being immunocompe-
tent. Those findings suggest that, although the over-
all risk for infection after a tick bite is low, transmis-
sion can still occur even after short tick attachment 
times (<24 h) and in persons without known immu-
nosuppression.

The prospective design of the TBD STING study, 
large number of samples, and standardized follow-
up strengthen the reliability of our findings. The use 
of a 2-tier PCR targeting the 16S rRNA and groEL 
genes and then sequencing ensured high specificity 
of the detection assay. By linking infected ticks to the 
person they had bitten, the study provided an oppor-
tunity to assess the risk for transmission under natu-
ral conditions.

Although PCR detects bacterial DNA rather than 
viable organism, its sensitivity depends on having  
enough N. mikurensis DNA present in the blood sam-
ple. Because N. mikurensis likely causes low-level bac-
teremia because of its tissue tropism (13,14), the patho-
gen might not always be detectable in blood samples, 
leading to false-negative results and potential under-
diagnosis. Therefore, the symptoms reported by PCR-
negative participants bitten by positive ticks might be 
related to N. mikurensis exposure. Furthermore, PCR 
cannot detect seroconversion or immune responses, 
and the absence of serologic tools limits the ability of 
this study to identify resolved infections.

The absence of N. mikurensis DNA in tick larvae 
supports evidence that transovarial transmission is 
unlikely (10,12,15), whereas similar prevalence in 
nymphs and adult females suggests stable infection 
rates across stages, informing our understanding 
of pathogen maintenance in tick populations. The 
relevance of our results likely extends beyond the 
specific regions studied. Therefore, in areas where 
N. mikurensis has been detected in ticks, clinicians 
should consider this pathogen in the differential  

diagnosis of patients with unexplained symptoms 
after a tick bite.
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Dengue fever, caused by mosquitoborne dengue 
virus (DENV), remains a major public health 

threat. DENV is primarily transmitted by Aedes aegyp-
ti mosquitoes (1). Rising global dengue incidence has 
been linked to climate change and urbanization (2). 

In Costa Rica, DENV transmission has become in-
creasingly complex. Dengue cases rose from 30,649 in 
2023 (2) to 31,259 in 2024 (1); San José, Alajuela, and 
Puntarenas reported the highest incidence rates. In-
ciensa launched a nationwide DENV sequencing pro-
gram in 2023, which confirmed simultaneous circula-
tion of all 4 serotypes (DENV-1–4). That study was 
approved by the Pan-American Health Organization 
Ethics Review Committee (reference no. PAHO-
2024-08-0029) and was conducted as part of routine  

arbovirus surveillance at Inciensa. In February 2024, 
that surveillance detected DENV-2 genotype II (cos-
mopolitan); by September genotype II had fully 
replaced genotype III, and the earliest cases were 
reported in coastal districts (3,4). Genotype II is as-
sociated with more severe clinical outcomes (4) and 
has been reported in Peru and Brazil since 2019 (3,4), 
raising concerns for regional spread. We investigated 
whether ecologic factors were contributing to DENV 
shifts in Costa Rica.

The Study
To assess ecologic drivers, we compared dengue 
incidence with a climate-driven suitability index, 
which integrates temperature- and humidity-de-
pendent mosquito traits, such as biting rate, lifes-
pan, and extrinsic incubation. Before 2022, dengue 
activity was irregular in Costa Rica but surged 
during 2022–2024 (Figure 1, panel A); we noted a 
moderate correlation (r  =  0.38) between suitabil-
ity and incidence during the 2022–2023 epidem-
ic (Appendix 1, https://wwwnc.cdc.gov/EID/
article/31/11/25-0746-App1.pdf). At the province 
level, correlations in 2022 were broadly consistent 
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Dengue remains a major public health challenge. In 
Costa Rica, we implemented nationwide genomic sur-
veillance to track dengue virus serotype 2 cosmopolitan 
genotype emergence. Phylogenetic and eco-epidemio-
logic analyses revealed early detection, climate-driven 
spread, and spatial heterogeneity. Our findings under-
score the need for integrated surveillance to guide adap-
tive responses to emerging arboviral threats.
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(Figure 1, panel B), but in 2023, we observed stron-
ger associations in Puntarenas and Limón, where 
the cosmopolitan genotype first appeared, suggest-
ing ecologic and virologic factors converged to in-
tensify local transmission (Figure 1, panel C).

Historically, DENV-1 and DENV-2 have been the 
predominant serotypes in Costa Rica, fluctuating in 
relative proportions. However, we observed a major 

shift in 2023–2024, characterized by co-circulation of 
all 4 serotypes, mirrored by emergence of DENV-4 in 
late 2022 and reemergence of DENV-3 in early 2023 
after a 6-year absence (Appendix 1 Figure 1, panel A). 
The reemergence of DENV-3 aligns with the known 
ubiquitous serotype cycles observed every 7–9 years, 
and DENV-4 emergence aligns with its recent expan-
sion in South America (1). 

Figure 1. Temporal and spatial correlation between climate-driven suitability and dengue incidence from a study of shifting dynamics 
of dengue virus serotype 2 and emergence of cosmopolitan genotype, Costa Rica, 2024. A) Time series of monthly dengue cases 
and climate-driven suitability index for transmission during June 2014–November 2024. Shaded area (yellow) indicates the epidemic 
period during which enough cases with a clear seasonal signal were reported to enable an estimate correlation between suitability 
and incidence (Spearman r = 0.38; p<0.05). Scale bars for the y-axes differ substantially to underscore patterns. B, C) Province-level 
Spearman correlation values between monthly dengue incidence and climate suitability during 2022 (B) and 2023 (C). Warmer colors 
indicate stronger correlations. White dashed boundaries mark provinces with nonsignificant correlation (p>0.05) and solid dark gray 
boundaries indicate provinces with statistically significant correlation. In 2023, higher correlations were observed in eastern and coastal 
provinces where early cases of the dengue virus serotype 2 cosmopolitan genotype were detected.
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To assess whether those serotype shifts were as-
sociated with longer-term changes in age distribution, 
we analyzed dengue case data spanning 2014–2024, 
the entire period of available national dengue surveil-
lance. During the years with available dengue reports, 
age ranges among infected persons changed slightly, 
but we saw no quantifiably significant change over 
time (linear slope 0.17; p = 0.048) (Appendix 1 Figure 
1, panel B). That estimate did not strongly support 
a substantial increase in the force-of-infection over 
time, which was supported by the relatively stable 
climate-driven suitability estimates (Figure 1). Force-

of-infection should be mirrored by a decreasing age 
of reported infections; however, the age of infection 
increased slightly by 1.3 years for every extra circu-
lating serotype (p<0.001), independent of year (Ap-
pendix Figure 1, panel B). That finding potentially 
indicates that serotype mixing increased the preva-
lence for secondary infections, which then occurred 
in older persons who were already seropositive.

Concurrently, we observed a marked change in 
circulating DENV-2 strains; the previously dominant 
genotype III was replaced by genotype II in early 2024 
(Appendix 1 Figure 1, panel C). During May 2023–

Figure 2. Maximum-likelihood phylogeny 
and spatiotemporal expansion of dengue 
virus (DENV) serotype 2 (DENV-2) and 
emergence of cosmopolitan genotype, 
Costa Rica, 2024. A) Time-stamped 
phylogenetic tree of DENV-2 genotype 
III, showing 2 independent introductions 
of this genotype into Costa Rica, 
including 1 major transmission cluster. 
Tips are colored according to sampling 
location. Scale bar indicates nucleotide 
substitutions per site. Full phylogeny 
shown in Appendix 1 Figure 2 (https://
wwwnc.cdc.gov/EID/article/31/11/25-
0746-App1.pdf). B) Population density 
map of Costa Rica, highlighting areas 
with elevated DENV transmission 
potential. C, D) Spatiotemporal expansion 
of DENV-2 genotype III lineage D.1.2, 
illustrating the progressive spread of 2 
distinct clades, clade I (C) and clade II 
(D), from urban centers to coastal regions 
between May 2023 and March 2024.
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August 2024, DENV-2 genotype III was more preva-
lent, particularly in Alajuela, San José, Puntarenas, 
and Limón, regions historically associated with high 
DENV transmission. Over time, however, genotype II 
became increasingly dominant, especially in San José, 
Cartago, and Alajuela, and genotype III declined. That 
pattern suggests a gradual replacement, potentially  

driven by selective advantage, immune escape, or re-
peated introductions from external sources.

After launching a nationwide genomic surveil-
lance program, Inciensa generated 133 DENV-2 
whole-genome sequences during 2023–2024. Using 
the dynamic DENV lineage classification system 
(5), we assigned 110 genotype III (Asian–American)  

Figure 3. Time-scaled and 
spatiotemporal dynamics 
of dengue virus serotype 2 
(DENV-2) and emergence of 
cosmopolitan genotype, Costa 
Rica, 2024. A) Time-scaled 
phylogenic reconstruction of 
global DENV-2 showing major 
clade in Costa Rica in 2024. Full 
phylogeny shown in Appendix 
1 Figure 3 (https://wwwnc.cdc.
gov/EID/article/31/11/25-0746-
App1.pdf). B) Time-scaled 
phylogenetic reconstruction of the 
major DENV-2 genotype II clade, 
illustrating its expansion from 
Puntarenas, Limón, and Cartago 
in early 2024 (map inset). C) 
Spatiotemporal dynamics of the 
major DENV-2 genotype II clade 
in Costa Rica demonstrating its 
spread among provinces. DENV, 
dengue virus.
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genomes to lineage D.1.2 and 23 genotype II (cosmo-
politan) genomes to lineage F.1.1.2. Genotype III se-
quences were from 110 patients (mean age 38 years) 
across 7 provinces (Appendix 2 Table 1, https://
wwwnc.cdc.gov/EID/article/31/11/25-0746-App2.
xlsx); mean genome coverage was 92.6%, and mean 
cycle threshold was 22. Genotype II sequences were 
from 23 patients (mean age 38 years) in 5 provinces 
(Appendix 2 Table 2); mean coverage was 80%, and 
mean cycle threshold was 24. Phylodynamic analy-
ses showed a well-supported monophyletic clade of 
DENV-2 genotype III in Costa Rica (Figure 2, panel 
A; Appendix 1 Figure 2), consistent with sustained lo-
cal persistence after introduction events from Central 
America over the previous decade.

Maximum-likelihood phylogenetic reconstruc-
tion revealed cocirculation of 2 distinct clades within 
the DENV-2 genotype III D.1.2 lineage, here referred 
to as clades I and II (Figure 2, panel B). Although 
phylogenetically distinct, both clades belong to the 
same lineage. Phylogeographic analysis showed that 
early circulation was concentrated in Alajuela, Car-
tago, and San José, followed by expansion toward 
the coastal regions of Puntarenas and Limón. Clade 
I likely emerged in May 2023 (95% highest posterior 
density [HPD] April–late May 2023) (Figure 2, panel 
D) and spread from San José and Cartago to Puntare-
nas and Limón by early 2024. Clade II (Figure 2, panel 
E), detected as early as June 2023 with a similar HPD, 
displayed broader dispersal, including to the densely 
populated areas of Alajuela and San José. The spatial 
overlap of those sublineages with high-population 
regions (Figure 2, panel C) underscores the role of 
urban centers as transmission hubs enabling spread 
of DENV-2. 

Further phylogenetic resolution of DENV-2 gen-
otype II sequences revealed a distinct evolutionary 
trajectory compared with DENV-2 genotype III (Fig-
ure 3, panel A; Appendix 1 Figure 3), supporting the 
hypothesis of recent introduction followed by rapid 
establishment in Costa Rica. The time-stamped phy-
logenetic tree indicated that >2 independent intro-
ductions of the DENV-2 genotype II F.1.1.2 lineage 
likely occurred, potentially mediated by regional vi-
ral flow from countries in Latin America, including 
Bolivia and Brazil, and resulted in establishment of 
a well-supported monophyletic clade. Bayesian time-
scaled phylogenetic analysis of that clade suggests 
emergence around October 2023, with a 95% HPD 
interval spanning from September to late November 
2023. Early circulation was primarily concentrated in 
Puntarenas, Limón, and Cartago, then subsequently 
disseminated into San José, Alajuela, and Heredia 

(Figure 3, panel B). Reconstruction of viral dispersal 
for that major clade further highlighted its rapid es-
tablishment across densely populated areas (Figure 
3, panel C). Initially detected in coastal and central 
provinces, the virus quickly spread into high-trans-
mission hubs, particularly those characterized by 
high population density.

Conclusions
We used nationwide DENV genomic data and a suit-
ability index to conduct an eco-epidemiologic as-
sessment of dengue in Costa Rica. We documented 
replacement of DENV-2 Asian–American genotype 
by DENV-2 cosmopolitan genotype. Using sequenc-
ing, phylodynamics, and climate modeling, we 
showed how viral introductions, ecologic factors, 
and human mobility shaped transmission. Unlike 
other settings where genotype shifts were driven by 
immunity or fitness (6–8), we found no evidence of 
climate- or age-related increases. DENV-2 II, detect-
ed in early 2024, rapidly replaced DENV-2 genotype 
III despite declining circulation and did not show 
increased severity or deaths. At least 2 introduction 
events seeded widespread dissemination, consistent 
with patterns in Brazil and Southeast Asia (9,10). 
Now globally dominant, the cosmopolitan genotype 
has also been reported in Peru, Brazil, and Colombia 
(3,4,11). Its moderate correlation with climate suit-
ability (r = 0.38) (2,12) and spread into urban centers 
(13–15) highlight how ecologic and mobility factors 
can amplify transmission. Those findings under-
score the urgent need for real-time genomic surveil-
lance integrated with environmental and mobility 
data to strengthen early dengue detection and tar-
geted interventions.
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Spiroplasma ixodetis, an emerging tickborne bacte-
rium transmitted by Ixodes ricinus ticks, shows a 

prevalence range of 0.4%–3.0% in questing ticks (1,2) 
to 13.5% in ticks removed from humans in Europe (3). 
Human cases of S. ixodetis infection, spiroplasmosis, 
have been reported from Europe, including Sweden 
(4,5), in both immunocompetent and immunosup-
pressed patients; symptoms were more severe in im-
munosuppressed patients (4,6).

Low awareness, nonspecific symptoms similar to 
other tickborne infections, and potential co-infection 
with other tickborne pathogens contribute to misdi-
agnosis or underdiagnosis (7,8). Because S. ixodetis is 
an intracellular bacterium, culturing is difficult, and 
no serologic assays are available; the primary de-
tection tool is PCR. We assessed the risk for human 
exposure to this pathogen by investigating the prev-
alence, geographic distribution, and potential coexis-
tence with other tickborne pathogens in feeding ticks 
removed from humans in Sweden and in the Åland 
Islands, Finland.

The Study
This study is a part of the Tick-Borne Diseases (TBD) 
STING study, a prospective multicenter study in 
Sweden and in the Åland Islands, Finland. The study 
enrolled 2,327 healthy tick-bitten participants (>18 
years of age) at primary healthcare centers (PHCs) in 
4 geographic regions (9) (Figure 1) through public ad-
vertisements during 2008–2010. The Regional Ethics 
Review Board in Linköping, Sweden, and the Åland 
Health Care Ethics Committee approved the study.

We homogenized tick specimens, extracted to-
tal nucleic acids, and reverse-transcribed them to 
cDNA (9) (Appendix, https://wwwnc.cdc.gov/EID/
article/31/11/25-0545-App1.pdf). We also extracted 
DNA from blood plasma collected at inclusion (at the 
time of the tick bite) and at follow-up 3 months later 
from participants bitten by a S. ixodetis–positive tick. 
We detected S. ixodetis in ticks and plasma using a spe-
cies-specific TaqMan real-time PCR targeting a 170-bp 
fragment of the RNA polymerase β subunit (10), then 
performed nucleotide sequencing and verification with 
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). We 
analyzed all S. ixodetis–positive ticks for the presence of 
nucleic acid from Borrelia burgdorferi sensu lato, B. miya-
motoi, tick-borne encephalitis virus, Anaplasma phagocy-
tophilum, Neoehrlichia mikurensis, Babesia spp., and Rick-
ettsia spp. by real-time PCR (11) (Appendix Table 1).

The study consisted of 2,735 I. ricinus ticks: 1,823 
nymphs, 689 adults, 118 larvae, and 105 ticks for 
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The prevalence of Spiroplasma ixodetis in ticks that have 
bitten humans in Sweden and in the Åland Islands, Fin-
land, was 2.6%, with observed significant geographic 
differences between regions. The pathogen was not 
detected in blood samples from participants bitten by S. 
ixodetis–positive ticks, indicating low risk for transmis-
sion to humans. 
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which we could not determine developmental stage 
(Table 1). The blood feeding time range was <24 to 
>72 hours (Appendix Table 2). Most (n = 1,156) ticks 
were collected in southcentral Sweden, followed by 
the Åland Islands (n = 950), southernmost Sweden (n 
= 605), and northern Sweden (n = 24) (Table 2). In to-
tal, 72 ticks (2.6%) were positive for S. ixodetis; of those, 
60 showed >99.42% sequence identity with S. ixodetis 
strain sHm (GenBank accession no. AP026933.1). All 
plasma samples from study participants bitten by a S. 
ixodetis–containing tick yielded negative PCR results.

We found no statistical differences in the preva-
lence of S. ixodetis among the different developmen-
tal stages of the ticks (Table 1); however, we found a 
statistically significant difference in geographic distri-
bution of S. ixodetis–positive ticks between southcen-
tral Sweden and southernmost Sweden (p = 0.0004), 
southcentral Sweden and the Åland Islands (p = 
0.00005), and southernmost Sweden and the Åland 

Islands (p<0.00001). No ticks collected in northern 
Sweden were positive for S. ixodetis.

In total, 26 (36%) of the S. ixodetis–positive ticks 
contained >1 additional pathogens, mainly species in 
the  B. burgdorferi s.l. complex (n = 14), of which most 
were B. afzelii. Coexistence of S. ixodetis and other tick-
borne pathogens was less common. Fifteen of the ticks 
with coexisting pathogens were nymphs, and 11 were 
adult females. Three ticks carried 3 pathogens: S. ixo-
detis, B. burgdorferi s.l., and N. mikurensis (Appendix 
Table 2). We found no statistically significant differ-
ence between observed frequency (17%) and expected 
frequency (19%) for coexistence between S. ixodetis and 
B. burgdorferi s.l. bacteria, suggesting that coexistence 
does not appear more often than expected by chance 
based on the prevalences of the individual pathogens 
(p = 0.738). We found statistically significant differenc-
es in geographic distribution of ticks with coexistence, 
regardless of pathogens, between southcentral Sweden 
and southernmost Sweden (p = 0.0004), southcentral 
Sweden and the Åland Islands (p = 0.04), and south-
ernmost Sweden and the Åland Islands (p<0.00001).
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Figure. Locations of primary health care centers in study of Spiroplasma ixodetis in ticks removed from humans, Sweden and in the 
Åland Islands, Finland. Maps indicate all primary health care centers (A) and centers where Spiroplasma ixodetis–positive ticks were 
found (B) in 4 regions: northern Sweden (top boxes), southcentral Sweden (center left boxes), southernmost Sweden (bottom boxes), 
and the Åland Islands, Finland (center right boxes). Source: Google Maps (https://www.google.com/maps).

 
Table 1. Ticks testing positive for Spiroplasma ixodetis, by 
developmental stage, in study of S. ixodetis in ticks removed 
from humans, Sweden and Åland Islands, Finland 
Developmental stage Total no. (%) No. (%) positive * 
Larva 118 (4.0) 3 (2.5) 
Nymph 1,823 (67) 44 (2.4) 
Adult  689 (25) 22 (3.2) 
 F 654 (24) 21 (3.2) 
 M 35 (1.3) 1 (2.9) 
Not determined† 105 (4.0) 3 (2.9) 
Total 2,735 (100.0) 72 (2.6) 
*Percentage calculated based on the number of S. ixodetis–positive ticks 
in relation to the total number of ticks in the study per developmental 
stage. 
†Developmental stage could not be determined because of damage to 
ticks during removal from host. 

 

 
Table 2. Distribution of collected and Spiroplasma ixodetis–
positive ticks, by geographic region, Sweden and in the Åland 
Islands, Finland 

Region Total no. (%) 
No. (%) positive 

* 
Southcentral Sweden 1,156 (42) 31 (2.7) 
Åland Islands, Finland 950 (35) 4 (0.42) 
Southernmost Sweden 605 (22) 37 (6.1) 
Northern Sweden 24 (1.0) 0 
*Percentage calculated based on the number of S. ixodetis–positive ticks 
in relation to the total number of ticks in the study per region. 

 



S. ixodetis, Sweden and Åland Islands, Finland

Conclusions
The overall prevalence of S. ixodetis in I. ricinus ticks 
removed from humans was 2.6%, with statistically 
significant differences in distribution between geo-
graphic areas. S. ixodetis–positive ticks were found 
in all developmental stages, including larvae, sug-
gesting transovarial transmission of the bacterium. 
The prevalence in our study is consistent to previous 
studies showing a prevalence of 0.4%–3% in questing 
ticks (1,2). The number of ticks analyzed from north-
ern Sweden was low, which can explain the nega-
tive results in this area. However, because of climate 
changes and raised temperatures, more suitable habi-
tats for ticks and hosts might result in the spread of 
S. ixodetis–infected ticks into new areas (12). Few S. 
ixodetis–positive ticks were detected in the Åland Is-
lands, an area with high tick density, highly endemic 
for B. burgdorferi s.l. and tick-borne encephalitis virus 
(9,13). That finding indicates that endemic areas for 
one pathogen may not be endemic for others.

The negative PCR results in plasma from par-
ticipants who did not necessarily show symptoms 
related to tickborne diseases were consistent with a 
previous study (3). In that study, patients with in-
fluenza-like symptoms and erythema migrans also 
showed negative results in blood after being bitten 
by a tick carrying S. ixodetis. Even though S. ixodetis 
bacteria have been detected in blood (4), knowledge 
of the optimal time of sampling or the frequency 
of the pathogen in blood is limited. The inclusion 
sample was collected only days after the tick bite, 
perhaps before a potential bacteremia, and the fol-
low-up sample was collected 3 months after a po-
tential acute infection, which may be the reason for 
the negative outcome. No time lag for transmission 
has been established as of November 2025; because 
S. ixodetis is located in the midgut of the tick, we hy-
pothesize that the time lag could be similar to that of 
Borrelia spp. transmission, 24–48 hours (9).

Most of the ticks carrying >1 pathogen contained 
both S. ixodetis and B. burgdorferi s.l. bacteria. That 
finding was not surprising because Borrelia spp. bac-
teria, mainly B. afzelii, are the most common patho-
gens found in questing ticks in Europe (14).

Our study used samples collected >15 years ago; 
although our findings might not reflect the current sit-
uation, they provide relevant epidemiologic insights 
into the prevalence and geographic distribution of S. 
ixodetis. Although we were unable to sequence all S. 
ixodetis–positive ticks, mainly because of high cycle 
threshold values (>35), we believe the real-time PCR 
findings are trustworthy because primers and probe 
are designed for species-specific detection.

Further studies are needed to expand our un-
derstanding of prevalence, geographic distribu-
tion, and the possibility of co-infection of tickborne 
S. ixodetis. Our results indicate low risk of being in-
fected by S. ixodetis after a tick bite; however, spiro-
plasmosis and co-infections should be considered 
as differential diagnoses in cases of fever after a 
tick bite (4,8).
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Anaplasmosis is a tickborne disease caused by 
Anaplasma phagocytophilum, a bacterium spread 

by some Ixodes spp. ticks (1). I. pacificus, the western 
black-legged tick, is the primary vector for A. phago-
cytophilum on the West Coast of the United States (2). 
Most patients with anaplasmosis experience moder-
ate illness, including fever, malaise, headache, myal-
gia, nausea, vomiting, or diarrhea (3–6). The disease 
can progress to severe illness, with 31% of reported 
case-patients hospitalized, and rarely to death; the 
case-fatality rate is 0.3% in the United States (7). The 
risk for severe illness increases with advanced patient 
age, immunosuppression, and delayed diagnosis and 
treatment (6,7). Laboratory testing often shows trans-
aminitis and cytopenias, including anemia, throm-
bocytopenia, and leukopenia (3–6). Peripheral blood 
smear tests may show morulae in granulocytes dur-
ing acute illness, but that test is not a sensitive method  

for diagnosis (4,8). Definitive diagnosis relies on mo-
lecular testing, immunohistochemistry, or culture. Se-
rologic testing is less specific (4).

The seasonality of human anaplasmosis cases 
in the United States coincides with vector activity. 
Nymphal Ixodes spp. ticks are active during March 
through early July; most anaplasmosis cases in the 
United States occur during May−August. A smaller 
peak in cases takes place during October−November, 
when adult Ixodes ticks are active (9).

In Washington, USA, the range of I. pacificus ticks 
encompasses western Washington and the eastern 
slopes of the Cascade mountains (10). Tick surveil-
lance conducted by the Washington State Department 
of Health during 2011−2017 identified A. phagocyto-
philum in I. pacificus and I. spinipalpis ticks (2). Despite 
detection of A. phagocytophilum in ticks in the state, 
reports of autochthonous cases are rare but have been 
documented in canines with no recent travel out-
side of western Washington (11). We describe 2 re-
ported human cases of autochthonous anaplasmosis  
in Washington.

The Case-Patients
In July 2022, an 81-year-old man (case-patient 1) vis-
ited an urgent care center with symptoms of fever 
(starting that day), shortness of breath, and dizziness. 
His medical history was notable for paroxysmal atrial 
fibrillation, congestive heart failure with dyspnea on 
exertion, pulmonary embolism, hypertension, dys-
lipidemia, and stroke. Bloodwork revealed throm-
bocytopenia (78,000 platelets/µL; reference range 
140,000–400,000 platelets/µL), elevated aspartate 
aminotransferase (58 U/L; reference 10–35 U/L), and 
acute kidney injury with elevated blood urea nitrogen 
(32 mg/dL; reference 7–25 mg/dL) and creatinine 
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We describe 2 cases of autochthonous human ana-
plasmosis in Washington, USA, where anaplasmosis 
has been rarely reported. Clinicians should consider 
anaplasmosis in the differential diagnosis for patients 
with compatible clinical symptoms after tick bite or time 
spent outdoors in an area where Ixodes pacificus ticks 
are present.
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(1.51 mg/dL; reference 0.70–1.22 mg/dL). Treating 
physicians discharged the patient with instructions to 
return for care if his symptoms worsened.

The patient sought treatment at an emergency 
department 2 days later for worsening shortness 
of breath, fatigue, weakness, and fever reaching 
103°F. His platelet count had worsened to 44,000 
platelets/µL, and his aspartate aminotransferase 
level was 86 U/L. A computed tomography angio-
gram identified mild cardiomegaly and trace bilat-
eral pleural effusion but no pulmonary embolism. 
Computed tomography of the abdomen and pelvis 
revealed unremarkable results, and results of a re-
spiratory virus panel (Biofire Respiratory 2.1 Panel, 
https://www.biofiredx.com) were negative. The 
patient received a dose of ceftriaxone and was ad-
mitted to the hospital. Consultation with infectious 
disease specialists prompted blood sample collec-
tion for tickborne disease testing, and physicians 
initiated empiric doxycycline 3 days after admis-
sion. The patient showed improvement in plate-
let count and liver function on that day and was 
discharged. Five days after discharge, the patient’s 

blood sample results returned positive for A. phago-
cytophilum by qualitative real-time PCR conducted 
at a commercial laboratory, and physicians pre-
scribed a continued 10-day course of doxycycline. 
His symptoms resolved ≈1 month after discharge.

The commercial laboratory reported the patient’s 
PCR results to the local health jurisdiction, who for-
warded the sample to the Centers for Disease Control 
and Prevention (Atlanta, GA, USA), where real-time 
PCR and sequence analysis confirmed A. phagocytoph-
ilum. Upon interview, the patient reported no travel 
outside of Washington state and no tick detections or 
tick bites during the exposure period (5−21 days be-
fore symptom onset). Three weeks before symptom 
onset, the patient did visit Mason County, Washing-
ton, for several days and performed yard work in an 
area where a neighbor recently reported a tick bite. 
Public health officials presumed that location to be 
the patient’s likely exposure location. Environmental 
investigation did not begin until April 2023, because 
nymphal ticks are not likely to be active in August; 
however, limited drag sampling in April revealed no 
ticks for collection.
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Figure. Geographic data from a study of 2 autochthonous cases of anaplasmosis, Washington, USA, 2022–2023. Blue indicates counties 
where health investigators have reported I. pacificus ticks (12); dark blue indicates counties of likely exposure for the 2 cases reported.



Two Cases of Anaplasmosis, Washington, USA

In June 2023, a woman (case-patient 2) residing 
in Washington began experiencing fever, back pain, 
neck stiffness, and headache. The woman had a his-
tory of psoriasis and hypothyroidism, managed with 
levothyroxine and a topical corticosteroid. Four days 
after symptom onset, she visited an urgent care center, 
where peripheral blood smear testing showed evidence 
of circulating, unidentified atypical cells and neutrope-
nia, suggesting an infectious disease process or leuke-
mia. Attending physicians discharged the patient with 
instructions to seek care if symptoms worsened. The 
woman visited an emergency department 2 days later, 
reporting fever, severe headache, back pain, and neck 
stiffness. Physicians admitted her to the hospital, where 
bloodwork revealed leukopenia (leukocytes 2,540/µL; 
reference range 4,000–12,000/µL), thrombocytopenia 
(platelets 96,000/µL reference 150,000–450,000/μL), 
anemia (erythrocytes 3.5 million/µL; reference 4–5.5 
million/µL), and transaminitis (alanine transaminase 
691 IU/L, reference 6–60 IU/L; aspartate aminotrans-
ferase 786 IU/L, reference 5–40 IU/L; alkaline phos-
phatase 435 IU/L, reference 28–126 IU/L). Computed 
tomography showed hepatosplenomegaly but no 
other abnormalities, and additional serologic testing 
showed negative results for cytomegalovirus, hepatitis 
(A, B, and C), HIV, and Toxoplasma. A respiratory virus 
panel (VERIGENE Respiratory Pathogens Flex Test, 
https://us.diasorin.com) and 2 sets of blood cultures 
revealed negative results. The patient tested positive 
for group A Streptococcus on throat culture and had 
low-level viremia with Epstein-Barr virus, although 
antibody testing was negative. An infectious disease 
specialist consulted on the day of admission recom-
mended an extensive work-up for viral and tickborne 
diseases, and attending physicians initiated a course of 
cefepime and doxycycline the next day. A blood sam-
ple collected the day after admission tested positive 
for A. phagocytophilum via real-time PCR on day 6 of 
hospitalization, and physicians prescribed a continu-
ing regimen of doxycycline for 10 days. Thrombocy-
topenia and leukopenia resolved 4 days after starting 
doxycycline, and physicians discharged the patient 10 
days after admission, noting gradual improvement in 
symptoms.

The hospital laboratory reported the real-time 
PCR results for this patient to officials at the local 
health jurisdiction, who interviewed the patient. The 
patient reported hiking in multiple parks in Pierce 
County, but no travel outside of Washington dur-
ing the exposure period. No environmental investi-
gation took place because the patient did not report 
a tick bite and researchers could identify no single 
exposure location.

Conclusion
Washington is a low incidence region for tickborne 
diseases (2), posing a challenge for public health sur-
veillance, prevention communication, and provider 
education. We charted the counties in Washington 
with documented I. pacificus tick presence and the 
suspected counties of exposure for the 2 human cases 
of anaplasmosis (Figure).

Clinicians should be aware of the local presence 
of A. phagocytophilum and the distribution of I. paci-
ficus ticks in Washington. I. pacificus ticks can also 
transmit Borrelia burgdorferi sensu stricto, the caus-
ative agent of Lyme disease, and Borrelia miyamotoi, 
the causative agent of hard tick relapsing fever (2). 
Health officials have increased tick surveillance in 
Washington, noting increased I. pacificus ticks ac-
tivity in spring and most ticks collected during 
March−May (2,13). To support prompt diagnosis 
and treatment of suspected tickborne disease among 
Washington residents, clinicians should consider 
travel history, exposure to tick habitats, seasonality 
in tick activity, and the patient’s clinical manifesta-
tions. More robust tick surveillance in the state could 
help better define vector distribution, abundance, 
and infection risk to inform public health prevention 
messaging and provider education.
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etymologia revisited
Schizophyllum commune 
[skiz-of′-ǐ-ləm kom′-yoon]

Schizophyllum commune, or split-gill mushroom, is an environmen-
tal, wood-rotting basidiomycetous fungus. Schizophyllum is de-

rived from “Schíza” meaning split because of the appearance of radial, 
centrally split, gill-like folds; “commune” means common or shared 
ownership or ubiquitous. Swedish mycologist Elias Magnus Fries 
(1794–1878) the Linnaeus of Mycology assigned the scientific name 
in 1815. German mycologist Hans Kniep in 1930 discovered its sexual 
reproduction by consorting and recombining genomes with any one 
of numerous compatible mates (currently >2,800).
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Lyme borreliosis (LB) presents a wide range of 
clinical manifestations across its stages. Early 

localized infection (stage 1) typically manifests as 
erythema migrans, whereas later stages involve sys-
temic complications (1,2). In North America, Borrelia 
burgdorferi sensu stricto is the predominant causative 
agent (3). Possible manifestations of early dissemina-
tion are multiple erythema migrans, arthritis, or acute 
neuroborreliosis (1,2). In Europe, B. afzelii and B. gari-
nii are more common causes (3); B. afzelii is the most 
frequent cause of erythema migrans, lymphocytoma, 
and acrodermatitis chronica atrophicans, and B. gari-
nii primarily causes neuroborreliosis (1,2). Although 
mild hepatopathy occurs in up to 27% of LB cases in 
the United States (4) and in 14%–15% of cases in Eu-
rope (5), hepatic infection by Borrelia spp. is rare (6). 
We report a case of hepatic infection caused by B. af-
zelii in a patient in Switzerland with chronic lympho-
cytic leukemia (CLL) receiving venetoclax and obinu-
tuzumab. Written informed consent for participation 
in this case report was obtained from the patient by 
the authors.

The Case
A 62-year-old white woman with CLL diagnosed 
in 2016 was managed with watchful waiting until 
late 2023, when biopsy-confirmed leukemia cutis  

developed on her right shoulder. In March 2024, she 
began a chemotherapy regimen of obinutuzumab, 
a novel anti-CD20 monoclonal antibody, and vene-
toclax. One week later, she reported nonpruritic 
erythematous rashes on her legs; the first appeared 
on the right ankle, and additional rashes spread to 
the right and left leg. Clinically, multiple circular ery-
thematous exanthemas with a maximum diameter of 
10 cm were present on both legs (Figure 1). After 2 
weeks, the rash on the left leg had further expanded, 
exhibiting discrete central clearing (Figure 1). In ad-
dition to that progression, similar new exanthemas 
appeared on the trunk and both arms (Figure 1). A 
skin biopsy showed a mild superficial and deep lym-
phocytic perivascular dermatitis (Figure 2, panel A). 
Initial test results for Borrelia IgM were negative; bor-
derline IgG elevation was noted (10.78 AU/mL [ref-
erence <10 AU/mL]) (Diasorin, https://int.diasorin.
com). Results of immunoblot (Virotech, http://www.
virotechdiagnostics.com) were positive only for vari-
able major protein-like sequence, expressed. Topical 
steroids were initiated for suspected morphea.

One month later, the exanthemas showed slight 
improvement, except for those on the right arm and 
upper chest (Figure 1). At that time, the patient began 
experiencing persistent fever of temperatures exceed-
ing 38.5°C and elevated C-reactive protein (84 mg/L 
[reference <10 mg/L]); leukocyte and transaminase 
levels were within reference ranges, but cholestatic 
parameters were mildly elevated (gamma-glutamyl 
transferase 55 U/L [reference 6–40 U/L]; alkaline 
phosphatase 317 U/L [reference 35–105 U/L]). Results 
of a whole-body computed tomography scan were 
unremarkable. A drug fever was suspected; veneto-
clax and obinutuzumab were discontinued in June 
2024. Three weeks later, the patient was hospitalized 
for persistent fever, worsening cholestatic parameters 
(gamma-glutamyl transferase189 U/L, alkaline phos-
phatase 804 U/L), new hepatitis (aspartate transferase 
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We report Borrelia afzelii hepatitis in an immunosup-
pressed patient in Switzerland receiving anti-CD20 
therapy and venetoclax. Diagnosis was made by 
metagenomic sequencing and PCR. This case under-
scores the need to consider Lyme borreliosis in un-
explained hepatitis cases and highlights the value of 
molecular diagnostics in immunosuppressed patients 
when serologic test results are negative.
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140 U/L [reference 11–34 U/L], alanine transaminase 
80 U/L [reference 8–41 U/L]), and elevated C-reactive 
protein (120 mg/L). Results of serologic testing and 
PCR were negative for hepatitis B, C, and E; Epstein-
Barr virus; cytomegalovirus; herpes simplex virus; 
adenovirus; HIV; Bartonella henselae; Coxiella burnetii; 
Brucella spp.; Toxoplasma gondii; Schistosoma spp.; 
Leishmania spp.; and dimorphic fungi. Results of blood 
cultures, including those for mycobacteria, were neg-
ative, as was follow-up serologic testing for Borrelia. 
Liver ultrasound revealed discrete hepatomegaly 
with mildly mottled parenchyma; Fibroscan (Echo-
sens, https://www.echosens.com/en-us) showed a 
slightly elevated stiffness (7.6 kPa [reference 2–7 kPa]). 
Positron emission tomography–computed tomogra-
phy showed global hepatic hypermetabolism. Liver 
biopsy showed chronic cholestatic hepatitis with acute 
cholangitis but preserved lobular architecture (Figure 
2, panels B, C). Immunohistochemistry results for cy-
tomegalovirus and Epstein-Barr virus were negative; 
unfortunately, no sample for microbiology was taken. 
To further investigate the origin of hepatitis, metage-
nomic next-generation sequencing (mNGS) per-
formed on the liver biopsy identified B. afzelii, which 
was confirmed by nested PCR (Appendix, https://
wwwnc.cdc.gov/EID/article/31/11/25-0584- 

App1.pdf). Retrospective PCR analysis of the skin bi-
opsy was also positive for B. afzelii, establishing the 
diagnosis of early disseminated LB with multiple ery-
thema migrans and hepatitis.

The patient was treated with ceftriaxone (2 g/d 
for 3 wks) and fully recovered (Figure 3). Patient his-
tory revealed tick bites in the year before the onset of 
symptoms. The patient, who resides in a small village 
in a valley in Switzerland, had been treated for ery-
thema migrans ≈20–30 years previously.

Conclusions
We documented a case of B. afzelii hepatitis in an im-
munosuppressed patient receiving anti-CD20 thera-
py and venetoclax. The case underscores the diagnos-
tic challenge of LB in severely immunocompromised 
persons, in whom serologic testing might be unreli-
able and mNGS offers a valuable diagnostic tool.

We found only 6 cases of histologically confirmed 
Borrelia-associated hepatitis in the literature; of those, 
2 cases were PCR-confirmed (B. garinii and B. burgdor-
feri s.s.) (7–12) (Appendix Table). Histology typically 
showed sinusoidal and portal inflammation, Kupffer 
cell hyperplasia, granulomatous hepatitis, or a combi-
nation of those; spirochetes were visualized in 2 cas-
es. Clinically, most hepatitis manifested in fever and 
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Figure 1. Evolution of cutaneous findings for reported case of early disseminated Lyme borreliosis with multiple erythema migrans 
and hepatitis in 62-year-old immunosuppressed patient treated with venetoclax and obinutuzumab, Switzerland. A) Oval erythematous 
rash on the anterior aspect of the right ankle, first lesion to appear (February 20, 2024). B) Right leg with 2 new additional circular/oval 
patches located on the anterior thigh and anterior knee (March 3, 2024). C–F) Worsening of the exanthemas, with expanding red rash 
and central clearing (targetoid appearance) on the left leg (C) and onset of red macules on the right arm (D) and the left (E) and right (F) 
posterolateral trunk (April 9, 2024). G–H) Macules on the décolleté (G) and evolution of cutaneous findings on the right arm, including 
the appearance of an additional macule (H) (April 27, 2024).



B. afzelii Hepatitis in Patient, Switzerland

nonspecific symptoms. Abdominal pain was reported 
in 1 case and erythema migrans in another case.

The pathogenesis of hepatic injury in LB likely 
involves direct hepatic infiltration by spirochetes and 
immune-mediated damage (4). An in vitro study sug-
gests that vascular adhesion and emigration might 
represent key strategies used by B. burgdorferi sensu 
lato to evade the intravascular innate immune re-
sponse, enabling persistence in organs such as the 
liver (13). Subsequent inflammatory infiltration and 

Kupffer cell activation contribute to hepatic injury 
(14). In our case, although Warthin-Starry staining 
did not reveal spirochetes, its limited sensitivity and 
strong background staining do not exclude presence 
of spirochetes in the liver tissue. The pronounced 
granulomatous inflammation, together with elevated 
liver enzymes and hepatomegaly, strongly suggests 
local hepatic involvement rather than a passive in-
flammatory reaction to circulating pathogens. Al-
though contamination from residual blood cannot 
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Figure 2. Histopathology of 
skin and liver for reported 
case of early disseminated 
Lyme borreliosis with multiple 
erythema migrans and 
hepatitis in a 62-year-old 
immunosuppressed patient 
treated with venetoclax and 
obinutuzumab, Switzerland. A) 
Skin biopsy from an erythema 
chronicum migrans lesion on 
the gluteal region, stained 
with hematoxylin and eosin. 
The histology reveals a mild 
superficial and deep perivascular 
dermatitis characterized by 
a sparse, predominantly 
lymphocytic inflammatory 
infiltrate, without evidence of 
plasma cells. B–C) Liver biopsy 
stained with hematoxylin and 
eosin showing features of 
chronic cholestatic hepatitis with 
superimposed acute cholangitis, 
while maintaining an overall 
preserved lobular architecture. 
Key histological findings include 
marked sinusoidal dilatation 
(peliosis); expanded, markedly 
edematous portal tracts 
without fibrosis; and prominent 
ductular proliferates with 
intraepithelial and intraluminal 
neutrophilic infiltrates consistent 
with neutrophilic cholangitis. 
Neutrophilic infiltrates were also 
observed within the sinusoids. 
Additional features included 
portal ceroid-laden macrophages 
and microvesicular steatosis. 
Scale bars indicate 200 µm. 
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be entirely ruled out, the minimal blood content in 
formalin-fixed, paraffin-embedded tissue makes 
this an unlikely explanation for the robust mNGS  
signal observed.

Furthermore, this case underscores the impor-
tance of promptly recognizing erythema migrans, 
which is primarily a clinical diagnosis. Early identifi-
cation and treatment might have prevented dissemi-
nation and hepatic involvement, especially in immu-
nocompromised patients. In this patient, initial IgG 
serologic testing was borderline positive, but later 
samples were negative, illustrating the limitations 
of serologic testing in immunosuppressed patients. 
Maraspin et al. (15) reported that only 28.6% (2 of 
7) of rituximab-treated patients with erythema mi-
grans tested positive for Borrelia in serologic testing, 
compared with 62.7%–68.6% in immunocompetent 
persons. Moreover, Borrelia dissemination in those 
patients was more frequent; isolation rates of Borrelia 
spp. from skin (80%) and blood (40%) were higher 
than in immunocompetent patients (55%–63% for 
skin and 2% for blood). Those findings reinforce the 
need for biopsy-based molecular diagnostics when 
LB is suspected in immunocompromised patients 
with negative serology.

In conclusion, this case highlights the impor-
tance of considering LB in the differential diagno-
sis of acute hepatitis, particularly in LB-endemic 
regions and in patients with epidemiologic risk 
factors. In immunocompromised patients, negative 
results of serologic testing do not exclude infec-
tion, and invasive diagnostic approaches such as 
biopsy with molecular testing (PCR, mNGS) might 

be essential for accurate diagnosis and timely treat-
ment. Noninvasive diagnostic tools such as plasma 
microbial cell-free DNA sequencing should also  
be considered.
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etymologia revisited
Plague
[plāg]

Plague (from the Latin plaga, “stroke” or “wound”) infec-
tions are believed to have been common since at least 

3000 bce. Plague is caused by the ancestor of current Yersinia 
(named for Swiss bacteriologist Alexandre Yersin, who first 
isolated the bacterium) pestis strains. However, this ancestral 
Y. pestis lacked the critical Yersinia murine toxin (ymt) gene 
that enables vectorborne transmission. After acquiring this 
gene (sometime during 1600–950 bce), which encodes a phos-
pholipase D that protects the bacterium inside the flea gut, 
Y. pestis evolved the ability to cause pandemics of bubonic 
plague. The first recoded of these, the Justinian Plague, began 
in 541 ce and eventually killed more than 25 million persons.
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West Nile virus (WNV) is an orthoflavivirus 
transmitted primarily by Culex spp. mosqui-

toes, which are endemic in France (1). Recent data 
also suggest possible transmission by Aedes albopictus 
mosquitoes, which are now endemic in the greater 

Paris area, representing a potential new WNV vector 
in France (2). 

Discovered in 1937 in Uganda, WNV has spread 
worldwide; in 1999, it was detected in the United 
States, where it is now endemic in nearly all states 
(3). A major epidemic occurred in Europe in 2018, af-
fecting the Mediterranean coast, and autochthonous 
WNV cases have been reported in France in Camar-
gue, in the Var and Aquitaine region (4–6). We report 
2 autochthonous WNV cases in Paris occurring just 
days apart. 

The first patient was a 64-year-old previously 
healthy man who arrived at the emergency depart-
ment (ED) on July 25, 2025, with a 1-week history of 
asthenia, febrile headache, and altered mental sta-
tus. His last travel outside France was to Portugal in 
2016; he had stayed in the Jura department in eastern 
France 3 weeks earlier. Initial lumbar puncture exhib-
ited neutrophil-predominant meningitis (leukocytes, 
430 cells/L [reference <5 cells/L] with 76% neutro-
phils) and elevated cerebrospinal fluid (CSF) protein 
(1.19 g/L [reference <0.40 g/L]) without hypoglycor-
rhachia (Table). A multiplex neuromeningeal PCR 
panel using QIAstat-Dx (QIAGEN, https://www.
qiagen.com) was negative. Probabilistic treatment 
with intravenous ceftriaxone, amoxicillin, acyclovir, 
and dexamethasone was initiated in the ED before the 
patient was admitted to the intensive care unit (ICU). 
A second lumbar puncture performed on hospitaliza-
tion day 4 revealed lymphocytic meningitis (leuko-
cytes, 48 cells/L with 88% lymphocytes). Brain mag-
netic resonance imaging results were unremarkable. 
Blood and CSF samples were both WNV positive by 
PCR and WNV-specific IgM.

The second patient was a 25-year-old woman 
without any travel outside the Paris area during 
the past 4 years. She arrived at the ED on August 2, 
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We report 2 cases of febrile lymphocytic meningitis with 
encephalitis in patients in France. One patient had not 
traveled outside Paris; the other had traveled to eastern 
France. Laboratory findings revealed acute West Nile vi-
rus infection. The cases occurred days apart, raising con-
cern the virus has spread further in France.

 
Table. Clinical characteristics for 2 cases of autochthonous West Nile virus, Paris, France* 
Characteristics Patient 1 Patient 2 
Age, y/sex 64/M 25/F 

History of travel 
Portugal (2016), Jura (in eastern France) 3 

weeks earlier 
None 

Clinical manifestations Fever, headache, obnubilation, neck stiffness Fever, headache, peripheral 
facial paralysis, nystagmus, 
decreased reflexes in lower 

limbs, urinary retention 
First lumbar puncture    
 Protein level, g/L (reference <0.40) 430 1,200 
 Leukocyte count, cells/L (reference <0.05) 1.19; 76% neutrophils 1.95; 90% lymphocytes 
Second lumbar puncture, time after admission 4 d 72 h 
 Protein level, g/L (reference <0.40) 48 260 
 Leukocyte count, cells/L (reference <5) 1.26; 88% lymphocytes 1.4; 75% lymphocytes 
Brain MRI Unremarkable Unremarkable 
PCR WNV Positive in blood and CSF Positive in blood and CSF 
IgM WNV Positive in blood and CSF Positive in blood and CSF 
*CSF, cerebrospinal fluid; MRI, magnetic resonance imaging; WNV, West Nile virus. 
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2025, with fever, neck stiffness, binocular diplopia, 
and vertigo without altered mental status, and had a 
3-day history of influenza-like illness. Lumbar punc-
ture showed lymphocytic meningitis (leukocytes, 
1,200 cells/L with 90% lymphocytes) with elevated 
CSF protein (1.95 g/L) without hypoglycorrhachia 
(Table); she also had biochemical evidence of hepatic 
cytolysis. Probabilistic treatment with intravenous 
cefotaxime (4 g/6 h), amoxicillin (2.5 g/6 h), 1 intra-
venous injection of gentamicin (5 mg/kg), acyclovir 
(600 mg/8 h), and dexamethasone (10 mg/6 h) was 
initiated in ED before ICU admission. Multiplex neu-
romeningeal PCR panel (QIAstat-Dx) was negative 
on first CSF sample. Brain magnetic resonance im-
aging results were unremarkable. A second lumbar 
puncture at 72 hours still showed lymphocytic men-
ingitis with elevated CSF protein and normal glucose. 
Clinical examination evolved to include static and 
kinetic cerebellar syndrome with multidirectional 
nystagmus, bilateral peripheral facial nerve paralysis, 
decreased deep tendon reflexes in the lower limbs, 
and acute urinary retention. Both blood and CSF were 
WNV positive by PCR and IgM testing.

Neither patient had underlying immunodepres-
sion, and both had low inflammatory syndrome (C 
reactive protein <30 mg/L) with negative procalcito-
nin. WNV RNA was detected by using a specific re-
al-time duo reverse transcription PCR, and IgM was 
detected by using the Anti-West Nile Virus ELISA 
on the Analyzer I-2P platform (both EUROIMMUN, 
https://www.euroimmun.com) at the national refer-
ence center for France. Others flaviviruses, notably 
Usutu virus, were ruled out.

The cases described raise concern in France, 
particularly because, although the patients were im-
munocompetent and had favorable outcomes, the 
literature suggests a high (10%) mortality rate for 
neuroinvasive forms of WNV and worse outcomes 
for immunocompromised patients (3,7). Of note, 
clinical manifestations varied between the 2 cases: 
1 patient had acute encephalitis with altered men-
tal status, typical of WNV infection; the other had 
rhombencephalitis without altered consciousness but 
bilateral peripheral facial paralysis and cerebellum 
involvement, uncommon but previously described 
manifestations of the disease (8).

These cases should not be overlooked because 
no human vaccine or effective therapy exists for 
WNV infection. Preliminary results from a ran-
domized trial in Israel investigating convalescent 
plasma to treat WNV found a 10% reduction in 
mortality rates for each 10-fold increase in neutral-
izing antibody titer (9).

A hypothesis to explain viral dissemination, 
notably in the Nouvelle Aquitaine region of France, 
involves climate change–related alterations to avi-
an migratory patterns. Environmental and spatio-
environmental risk models confirm that the struc-
ture of migratory bird flyways contributes to the 
geographic dynamics of human WNV outbreaks in 
Europe, particularly in river basins (the 2 patients 
lived near the Seine) and wetland areas, further 
underscoring the One Health concept in the hu-
man dissemination of pathogens (10). Phylogenetic 
analyses comparing the strains from these 2 cases 
with other strains circulating in France to deter-
mine WNV lineage are ongoing.

In conclusion, our findings highlight spread of 
WNV into northern France during the mosquito sea-
son. This new area of WNV circulation is a concern 
for physicians managing infected patients but also 
for blood, cell, or organ donations for which qualified 
donors are needed. In addition, the 2 cases likely in-
dicate northward spread of the virus beyond its pre-
viously known range. Clinicians should be aware of 
WNV in the greater Paris region and test any patient 
with unexplained lymphocytic meningitis.
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Since avian influenza virus (AIV) subtype H10 was 
isolated in 1949, >2,000 H10 subtype AIVs have 

been isolated from wild waterfowl, poultry, and 
mammals worldwide (1). Cross-species spillovers 
make AIV prevention and control a major One Health 
challenge (2). According to the World Health Orga-
nization weekly update on AIV surveillance pub-
lished December 20, 2024, only 3 human cases of AIV 
A(H10N3) virus infection had been reported world-
wide, all from China (3). We report another human 
case of H10N3 virus infection in Nanning, Guangxi 
Zhuang Autonomous Region, China.

On December 12, 2024, a 23-year-old woman 
began experiencing fever (maximum axillary tem-
perature 40°C) and cough. After failed symptomatic 
management at a local clinic on December 16, she 
was referred to the hospital for outpatient evaluations 
on December 17 and 18. Her condition deteriorated, 
and she was admitted to the hospital on December 
19 with severe community-acquired pneumonia 
complicated by type I respiratory failure. Moreover, 
clinical blood and biochemical tests showed elevated 
C-reactive protein (75.8 mg/L; reference range 0.5–10 
mg/L) (Appendix Table, https://wwwnc.cdc.gov/
EID/article/31/11/25-0847-App1.pdf). 

Chest computed tomography imaging revealed 
thickened lung markings with patchy areas of high 
density in both lungs. Because of worsening respi-
ratory failure, the patient was transferred to the re-
spiratory intensive care unit on December 22 for 
VV-ECMO (venovenous extracorporeal membrane 
oxygenation) (4). 

Reverse transcription PCR of sputum specimens 
analyzed by the Nanning Centers for Disease Con-
trol and Prevention were positive for A(H10N3) AIV 
on December 23. After >10 days of treatment with 
VV-ECMO and antiviral drugs, the patient recov-
ered uneventfully and was discharged on February 
8 (Figure 1).

The patient had no history of exposure to live 
poultry before disease onset. She worked in a local 
supermarket’s meat department that processed and 
sold fresh pork, beef, and poultry products (chicken 
and duck), but no live poultry was handled on site. 
Four close contacts and 12 colleagues of the case-1These authors contributed equally to this article.

We describe the clinical symptoms and epidemiologic 
characteristics of a patient infected with avian influenza 
A(H10N3) virus in Guangxi Province, China, in Decem-
ber 2024. Whole-genome sequencing showed that the 
virus was highly homologous to a virus from Yunnan 
Province. H10 subtype viruses should be monitored for 
potential zoonotic or reassortant events.
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patient completed a 10-day health monitoring period 
and underwent influenza nucleic acid testing, all neg-
ative for H10N3 virus.

Comprehensive environmental surveillance was 
conducted across critical exposure sites. Swab sam-
ples were collected from the patient’s residence (n = 
8); occupational environment, poultry supply chain 
facilities, and network nodes along the poultry sup-
ply chain (n = 61); farmers markets adjacent to the 
patient’s residence (n = 40); and epidemiologically 
linked locations visited 10 days before symptom on-
set (n = 23). Among the 132 environmental samples 
collected, 73 (55.3%) were positive for pan–influenza 
A virus; subtypes H9 (42.5%, 31/73) and H5 (8.2%, 
6/73) predominated. H10 subtype was not detected 
in any of the samples.

We obtained whole-genome virus sequences iso-
lated from bronchoalveolar lavage fluid and passaged 

on embryonated chicken eggs. We designated the vi-
rus A/Guangxi/01591/2024/H10N3 (GX01591) and 
submitted full-length sequences of the polymerase 
basic (PB) 2 (2,341 nt length), PB1 (2,341 nt), poly-
merase acidic (PA) (2,233 nt), hemagglutinin (HA) 
(1,728 nt), nucleoprotein (1,565 nt), neuraminidase 
(NA) (1,452 nt), matrix (M) (1,027), and nonstructural 
(890 nt) genes to GISAID (https://www.gisaid.org; 
accession nos. EPI4019311–8). The egg passage se-
quence was 100% identical to the original sequence. 

We used EpiFlu BLAST from the GISAID influen-
za database for sequence alignment and downloaded 
reference sequences. We performed amino acid site 
analysis with BioEdit 7.01 software (https://thallji-
science.github.io) and constructed a phylogenetic tree 
with MEGA version 7 (https://www.megasoftware.
net). Phylogenetic analysis revealed that the internal 
genes of GX01591 were closely related to those of 

Figure 1. Timeline of disease progression and treatment history in a case of human infection with avian influenza A(H10N3) virus, 
China, 2024. BALF, bronchoalveolar lavage fluid; RICU, respiratory intensive care unit; RT-PCR, reverse transcription PCR; VV-ECMO, 
venovenous extracorporeal membrane oxygenation.

Figure 2. Phylogenetic analysis of avian influenza A(H10N3) virus from human infection, China, 2024. A) Hemagglutinin gene; B) 
neuraminidase gene. Black triangles indicate A/Guangxi/ 01591/2024(H10N3) virus from patient isolates. Purple circles indicate 2 other 
virus isolates from humans in China. Scale bar indicates nucleotide substitutions per site.
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A/Yunnan/0110/2024(H10N3) and belonged to the 
Eurasian AIV lineage (Figure 2). Evolutionary analy-
sis revealed that the HA genes were reassorted from 
avian-origin H10Nx, NA genes were reassorted from 
H7N3, and the other 6 internal genes were reassorted 
from H9N2 influenza viruses (Appendix Figures 1–6).

The HA proteins contained PEIIQGR↓GLLG at the 
cleavage site, indicating low pathogenicity. The virus 
had the QSG motif at the receptor binding site (nucleo-
tide positions 226–8), suggesting avian-like receptor 
specificity (5). In addition, residues 95Y, 151W, 183H, 
190E, 191K, and 194L of the HA protein indicated that 
the H10N3 virus could bind to avian-like receptors (6). 
The E119G, H274Y, and R292K molecular markers of 
NA inhibitors in the NA protein (7), and I38T/M/F of 
the PA inhibitor in the PA protein exhibited no mu-
tations, suggesting susceptibility to the NA inhibitors 
oseltamivir, zanamivir, and peramivir and to the PA 
inhibitor baloxavir. We detected an S to N mutation 
at residue 31 in the M2 protein, indicating resistance 
to adamantanes. The molecular markers N30D and 
T215A in the M1 protein and P42S and V149A in the 
nonstructural 1 protein exhibited mutations, suggest-
ing increased virulence in mice. We also detected the 
mammalian adaptive mutation D701N in PB2.

As noted in previously reported human infec-
tions caused by H10N3 virus (8,9), our patient initial-
ly experienced upper respiratory symptoms before 
severe pneumonia and respiratory failure developed. 
Compared with other patients, our patient’s short 
hospitalization could be attributable to younger age 
and absence of chronic diseases. GX01591, like other 
human H10N3 viruses, is an avian-origin reassortant 
variant (10) and has characteristic avian-like recep-
tor specificity, consequently exhibiting low zoonotic 
transmission risk. However, the AIV H10 virus sub-
type should be monitored for potential zoonotic or 
reassortant viruses.
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Mosquitoborne arboviruses, such as dengue, 
Zika, chikungunya, and yellow fever, have ex-

panded dramatically over the past 5 decades, driven 
by urbanization, globalization, and human mobility 
(1). Dengue and chikungunya alone now cause >50 
million infections annually, reflecting a 30-fold in-
crease linked to demographic and ecologic change 
(2). Although Aedes aegypti and Ae. albopictus mosqui-
toes remain the primary invasive vectors under sur-
veillance and control, other species of epidemiologic 
relevance are gaining increased attention as potential 
emerging threats (3).

Ae. (Fredwardsius) vittatus is one such mosquito, 
notable for its expanding range and proven arbovi-
ral vector competence (4). Described from Corsica, 
France, in 1977 (5), Ae. vittatus is now distributed 
across Africa, the Mediterranean Basin, the Middle 
East, and South and Southeast Asia, and sporadic 
detections have been reported in southern Europe 
and the Caribbean. Ae. vittatus mosquitoes are highly  
adaptable, breeding in both natural and artificial con-

tainers, and thrive in sylvatic, rural, agricultural, and 
periurban environments (6). Laboratory and field 
studies confirm the species’ ability to transmit den-
gue, chikungunya, Zika, and yellow fever viruses and 
its additional potential to transmit Japanese encepha-
litis and West Nile viruses (7). 

During entomological surveillance in August–
September 2025, we collected 67 adult Ae. vittatus 
mosquitoes in traditional Mayan cornfields (milpa) 
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/31/11/25-1358-App1.pdf) on the outskirts of 
the Mama and Teabo municipalities of Yucatán, Mex-
ico (Table; Figure). We aspirated adult mosquitoes as 
they attempted to bite field personnel (Appendix Fig-
ure 2, panel A). We collected both sexes (Table; Ap-
pendix Figure 2, panels B, C), supporting evidence of 
local reproduction and establishment in rural agricul-
tural environments. 

We morphologically identified specimens by 
using standard taxonomic keys (4,5) and deposited 
7 voucher individuals (nos. AR-0734–40), in the Ar-
thropod Collection (ECOSUR, https://colecciones.
ecosur.mx), Chetumal Unit. Ae. vittatus mosquitoes 
can be distinguished from other Aedes species mos-
quitoes by their dark proboscis with pale yellow-
ish scales, small bilateral patches of white scales on 
the clypeus, 3 pairs of narrow white patches on the 
anterior scutum, a short maxillary palp with api-
cal white scaling, and a distinct white patch at the  
midpoint of the third tibia (Appendix Figure 2, 
panels B–E). 

To confirm species identity, we sequenced a 
fragment of the mitochondrial cytochrome oxi-
dase 1 (COX1) gene from an Ae. vittatus mosqui-
to we collected in Yucatán, Mexico (GeneBank 
accession no. PX418072), and analyzed it with 
global reference sequences. Bayesian phyloge-
netic inference placed the mosquito specimen 
from Mexico within the American–Caribbean lin-
eage, clustering with sequences from Cuba and 
the Dominican Republic (Appendix Figure 3).  
Although the history of Ae. vittatus mosquito  
invasion is only beginning to unfold, this regional 

We report detection of Aedes (Fredwardsius) vittatus 
mosquitoes in continental North America, in Yucatán, 
Mexico. Phylogenetic analysis clustered the sequence 
from mosquitoes collected in Mexico with Caribbean 
mosquito lineages, suggesting species introduction via 
the Caribbean. Given its arbovirus competence, urgent 
inclusion of the Ae. vittatus mosquito in surveillance pro-
grams is warranted.

 
Table. Aedes (Fredwardsius) vittatus mosquitoes collected in the Yucatán Peninsula, Mexico, 2025 
Collection date Collection time Location Municipality State Latitude, °N Longitude, °W Elevation, m* No./sex 
Aug 24 16:00 Mama Mama Yucatán 20.480198 −89.357942 23 2/F  

16:30 Mama Mama Yucatán 20.480300 −89.357940 22 1/M 
Aug 25 06:00–07:00 Mama Mama Yucatán 20.480049 −89.357824 23 4/F 
Sep 6 16:00–18:00 Mama Mama Yucatán 20.480198 −89.357942 23 3/F 
 16:00–18:00 Mama Mama Yucatán 20.480198 −89.357942 23 5/M 
Sep 17 16:00–18:00 Mama Mama Yucatán 20.480049 −89.357824 23 33/M 
 16:00–18:00 Mama Mama Yucatán 20.480049 −89.357824 23 18/F 
 16:00–16:30 Teabo Teabo Yucatán 20.40315 −89.287062 22 1/M 
*Meters above sea level. 
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pattern resembles the early stages of Ae. aegypti 
mosquito expansion, for which the Caribbean acted 
as a bridgehead before dispersal into the Americas 
and beyond (8). Although the 0.8–0.9 posterior sup-
port for the Ae. vittatus subclade in North America 
was moderate, the overall tree was well resolved 
(Appendix Figure 3), strengthening confidence in 
this inference. The case of Ae. aegypti mosquitoes 
illustrates how the Caribbean can serve as an in-
termediate launch point for Old World mosqui-
toes, underscoring the importance of acting now 
to monitor Ae. vittatus mosquitoes and prevent  
wider establishment as a new invasive vector in  
the Americas.

We also characterized the ecologic context of 
the Ae. vittatus mosquito using the Global Human  
Modification Index (The Nature Conservancy, https://

gdra-tnc.org/current). High human modification in-
dex scores in the Yucatán Peninsula reflect intense 
land-use change from urbanization, agriculture, and 
infrastructure projects, highlighting conditions favor-
able for mosquito establishment and spread (Figure). 
As a flat landmass with few natural biogeographic 
barriers, the peninsula provides little resistance to 
dispersal of habitat-tolerant invasive species. Studies 
of Ae. aegypti mosquitoes have shown that flat, highly 
connected regions with dense human activity enhance 
mosquito gene flow and facilitate spread (9). By anal-
ogy, regions where Ae. vittatus mosquitoes are now 
reported, including the Yucatán Peninsula, present 
similar ecologic and sociological conditions that could 
accelerate its population increase and dispersal.

Detection of Ae. vittatus mosquitoes in southeast-
ern Mexico highlights the potential emergence of a 

Figure. Aedes (Fredwardsius) vittatus mosquito detection and GHMI, Yucatán Peninsula, Mexico, 2025. White circles show sites where 
mosquitoes were detected in this study; gray circle shows site of mosquito detection from another study (J.C. Tzuc-Dzul et al., unpub. 
data, https://doi.org/10.21203/rs.3.rs-6786909/v1). Inset shows Mexico with study region marked. Map is overlaid with the GHMI (0.09 
km2 resolution). GHMI measures landscape modified by humans and values range from 0 (unmodified) to 1 (completely modified). Gray 
lines indicate main federal and state roads. GHMI, Global Human Modification Index.
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new arbovirus vector in the Americas. The Yucatán 
Peninsula is undergoing profound anthropogenic 
change, where deforestation, agricultural expansion, 
and large-scale infrastructure projects like the Tren 
Maya (10) are rapidly reshaping landscapes. Beyond 
their economic and social goals, such megaprojects 
can intensify ecosystem degradation, reduce ecologic 
barriers, and enhance human connectivity, thereby 
creating ideal conditions for the establishment and 
spread of invasive mosquitoes. Those dynamics un-
derscore the need to integrate health considerations 
into land-use planning, recognizing that environ-
mental transformation can amplify the risk for vec-
torborne diseases. 

In conclusion, detection of Ae. vittatus mosquitoes 
in continental North America, specifically in Mexico’s 
Yucatán Peninsula, highlights the species’ ecologic 
plasticity and the urgent need to investigate intro-
duction pathways and its potential role in arboviral 
transmission. Including the Ae. vittatus mosquito in 
regional surveillance and control programs will be 
essential to anticipate its spread and mitigate future 
public health impacts.

This article was preprinted at https://www.biorxiv.org/
content/10.1101/2025.10.29.684036v1.
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Tick-borne encephalitis virus (TBEV), the causative 
agent of tick-borne encephalitis (TBE), includes 

3 subtypes (European, Siberian, and Far Eastern) 
occurring in Europe and Asia, which are endemic 
areas. Reservoir hosts are small rodents; transmis-
sion occurs mainly by tick bite (Ixodes ricinus or I. 
persulcatus) or consuming unpasteurized milk and 
dairy products from infected animals (1). In Central 
Europe, tick activity is highest in April and May and 
rises again in September and October (1). In Switzer-
land, ongoing climate change has extended the tick 
season from March to November, and the area suit-
able for ticks, which represented ≈16% of the country 
in 2009, is estimated to >25% (2). The number of TBE 
cases increased from 112 in 2014 to 436 in 2024; the 
highest incidence was in persons 45–85 years of age 
(3). We report a fatal case of TBE in an unvaccinated 
traveler from the United States to Switzerland.

On October 13, 2022, a previously healthy 70-year-
old US citizen vacationing in Switzerland sought 
emergency care after 48 hours of experiencing abdomi-
nal pain and asthenia. He reported multiple hikes in 
forested areas in Vaud and Jura cantons in the western  

part of Switzerland; he had not received TBE vaccina-
tion. He experienced rapid neurologic deterioration, 
urinary retention, ascending paraparesis, and ulti-
mately flaccid tetraplegia. Initial brain and spine mag-
netic resonance imaging results were unremarkable. 
Cerebrospinal fluid (CSF) analysis from lumbar punc-
ture revealed increased lymphocytes, hyperproteinor-
rhachia, and hypoglycorrhachia. On day 5, the patient 
required orotracheal intubation because of impaired 
consciousness and bulbar involvement. We diagnosed 
TBE on the basis of clinical manifestation, typical CSF 
profile, and positive serum IgM. Testing for TBEV PCR 
in CSF was negative, as were results of extensive in-
fectious and autoimmune workups. We observed loss 
of brainstem reflexes and subsequent refractory status 
epilepticus beginning on day 9. Another MRI revealed 
the typical TBE pattern (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/31/11/25-1320-App1.
pdf). We withdrew care on day 16 because of poor 
prognosis and in accordance with the patient’s ad-
vanced directives; the patient died. Autopsy findings 
(Figure) supported the diagnosis.

The patient was likely exposed to TBEV during 
the first part of September 2022 while hiking in a 
forested area of the canton of Vaud. In that region, 
estimated TBE incidence in 2024 is 2 cases/100,000 
inhabitants, which is lower than in the central and 
eastern parts of the country (10–23 cases/100,000 in-
habitants). The prevalence of TBEV in I. ricinus ticks, 
the main vector of the virus in Europe, may differ be-
tween endemic and nonendemic regions of Switzer-
land, but the overall range is <1% to 14.3% (4).

Approximately 75% of TBE infections are asymp-
tomatic (5). The median incubation period after a bite 
is 8 days (6–8). TBE often follows a biphasic course of a 
nonspecific febrile illness followed by central nervous 
system involvement after 4 days (5,9). Mortality rate can 
reach 2%; death is associated with older age (>60 years), 
concurrent conditions, and monophasic illness. Severe 
neurologic sequelae are reported in ≈10% of patients. 
EEG is abnormal in 77% of patients with central ner-
vous system involvement (6). Diagnosis relies on IgM 
serology in CSF or serum. IgM is usually detectable at 
the beginning of the neurologic phase and persists for 
3–4 months after infection (5). TBE virus RNA can be 
detected by PCR in the blood during viremic phases 
and also later in the CSF in ≈75% of patients when neu-
rologic symptoms appear (G. Greub, unpub. data).

TBE treatment relies on supportive care. Vaccina-
tion is the most effective preventive measure. Except 
for the canton of Ticino, risk areas and TBE vaccination 
recommendations are extended to the entire area of 
Switzerland for persons >3 years of age (7). The World 1These authors contributed equally to this article.

We report an unvaccinated traveler from the United 
States who contracted fulminant fatal tick-borne en-
cephalitis while visiting Switzerland. Climate changes 
and international travel are intensifying tick exposure for 
unvaccinated persons. The increasing incidence of tick-
borne encephalitis across Europe underscores the im-
portance of tick bite prevention and vaccination against 
tick-borne encephalitis virus.
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Health Organization and the Advisory Committee on 
Immunization Practices recommend TBE vaccine for 
US persons traveling to endemic areas who anticipate 
substantial tick exposure (5). One vaccine is licensed in 
the United States under the trade name Ticovac (Pfizer, 
https://www.pfizer.com). For complete primary vac-
cination, 3 doses should be administered over 1 year. 
Switzerland’s vaccination plan recommends booster 
doses every 10 years after the primary vaccination 
(3). Vaccines are safe and effective; estimated protec-
tion is >90% after the primary vaccination. A national 
survey conducted in Switzerland in 2018 showed that 
TBE vaccination coverage among adults was 41.7% for 
1 dose and 32.9% for 3 doses. Data from the children’s 
vaccination registry for 2022 showed that 50% of chil-
dren 8–16 years of age had received 3 doses.

During 2000–2023, a total of 12 TBE cases were re-
ported among US travelers in Europe and Asia (8). In 
2012, the European Centre for Disease Prevention and 
Control reported 38 cases of internationally acquired 
TBE (10). The incidence is underestimated because of 
low awareness of TBE endemicity and underreport-
ing of the disease, which is often asymptomatic (10). 
In 2023, a total of 20.8 million tourists visited Swit-
zerland, including 1.4 million from the United States; 
the increasing tourism from nonendemic countries 
exacerbates the problem of low awareness of TBEV-
related risks. This case emphasizes the importance of 
personal protective measures and vaccination in trav-
elers to TBE-endemic areas.

About the Author
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Lausanne Hospital in the adult intensive care unit. 

References
  1.	 Pustijanac E, Buršić M, Talapko J, Škrlec I, Meštrović T, 

Lišnjić D. Tick-borne encephalitis virus: a comprehensive 

review of transmission, pathogenesis, epidemiology, clinical 
manifestations, diagnosis, and prevention. Microorganisms.  
2023;11:1634. https://doi.org/10.3390/microorganisms 
11071634

  2.	 Rochat E, Vuilleumier S, Aeby S, Greub G, Joost S. Nested 
species distribution models of Chlamydiales in Ixodes  
ricinus (tick) hosts in Switzerland. Appl Environ Microbiol. 
2020;87:e01237-20.  https://doi.org/10.1128/AEM.01237-20

  3.	 Federal Office of Public Health. Infectious diseases  
dashboard. TBE (early summer meningo encephalitis) [cited 
2025 Sep 26]. https://www.idd.bag.admin.ch/diseases/
fsme/overview.

  4.	 Rieille N, Bressanelli S, Freire CC, Arcioni S, Gern L, Péter O, 
et al. Prevalence and phylogenetic analysis of tick-borne  
encephalitis virus (TBEV) in field-collected ticks (Ixodes 
ricinus) in southern Switzerland. Parasit Vectors. 2014;7:443. 
https://doi.org/10.1186/1756-3305-7-443

  5.	 Hills SL, Poehling KA, Chen WH, Staples JE. Tick-borne 
encephalitis vaccine: recommendations of the Advisory 
Committee on Immunization Practices, United States, 2023. 
MMWR Recomm Rep. 2023;72:1–29. https://doi.org/ 
10.15585/mmwr.rr7205a1

  6.	 Lindquist L, Vapalahti O. Tick-borne encephalitis. Lancet.  
2008;371:1861–71. https://doi.org/10.1016/S0140-6736 
(08)60800-4

  7.	 Federal Office of Public Health (FOPH). Tick-borne  
encephalitis (TBE) [cited 2025 Sep 26]. https://www.bag.
admin.ch/en/tick-borne-encephalitis-tbe

  8.	 Hills SL, Gould CV. Tick-borne encephalitis. In: CDC  
Yellow Book 2026: health information for international 
travel. Oxford University Press; 2025 [cited 2025 Sep 26]. 
https://www.cdc.gov/yellow-book/hcp/travel-associated-
infections-diseases/tick-borne-encephalitis.html 

  9.	 Riccardi N, Antonello RM, Luzzati R, Zajkowska J,  
Di Bella S, Giacobbe DR. Tick-borne encephalitis in Europe: 
a brief update on epidemiology, diagnosis, prevention, and 
treatment. Eur J Intern Med. 2019;62:1–6. https://doi.org/ 
10.1016/j.ejim.2019.01.004

10.	 Steffen R. Epidemiology of tick-borne encephalitis (TBE) 
in international travellers to Western/Central Europe and 
conclusions on vaccination recommendations. J Travel Med. 
2016;23:taw018. https://doi.org/10.1093/jtm/taw018

Address for correspondence: Gilbert Greub, Institute of 
Microbiology, University Hospital Center and University of 
Lausanne, Rue du Bugnon 48, 1011, Lausanne, Switzerland; email: 
gilbert.greub@chuv.ch 

Figure. Neuropathologic autopsy findings from cerebellum of unvaccinated traveler from the United States who died of tickborne 
encephalitis, Switzerland, 2022. A) shows Extensive lymphocytic infiltrate involving both leptomeninges and cerebellar parenchyma 
with depletion of the Purkinje cell layer (arrows). Scale bar represents 300 μm. B) The infiltrate consisted predominantly of cluster of 
differentiation 3 + T cell lymphocytes. Scale bar represents 300 μm. C) Low magnification illustrates the diffuse and extensive nature of 
the infiltrate also involving the white matter with perivascular accentuation (black arrows) and the dentate nucleus (white arrows). Scale 
bar represents 3 mm. Hematoxylin and eosin staining.
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Crimean-Congo hemorrhagic fever virus (CCHFV) 
is an enveloped segmented negative-sense RNA 

virus belonging to the Nairoviridae family of the Bun-
yavirales order (1). The virus is the etiologic agent of 
Crimean-Congo hemorrhagic fever (CCHF), a severe 
tickborne zoonotic illness with a wide geographic dis-
tribution, infecting ≈10,000–15,000 humans annually 
worldwide (2). Ticks, primarily of the genus Hyalomma, 

are considered the vector and the reservoir of CCHFV 
(3). CCHFV can infect various animal hosts, includ-
ing livestock, that, although remaining asymptomatic, 
can act as amplifying hosts of the virus (4). CCHFV is 
transmitted to humans primarily through the bite of 
an infected tick but also by direct contact with blood or 
body fluids of infected animals or humans or through 
improperly sterilized medical equipment (1).

Neither CCHFV infection in humans nor positive 
serologic test results in humans or in animals were 
previously reported in Israel. However, outbreaks of 
the disease and seropositivity among livestock have 
been reported in neighboring countries (5). Moreover, 
the main vector of CCHFV, the Hyalomma marginatum 
tick, is endemic in Israel (6). Hence, the risk for CCH-
FV emergence in Israel is considered high, and unde-
tected viral circulation might already exist in specific 
regions of the country (6).

During April 2024–February 2025, we sampled 
whole blood, serum specimens, and ticks from 19 
beef cattle herds from different regions in Israel. We 
tested serum samples by using an ELISA commercial 
kit (ID Screen CCHF Double Antigen Multi-species; 
Innovative Diagnostics, https://www.innovative-
diagnostics.com). We classified the ticks morpho-
logically and extracted RNA to identify CCHFV pres-
ence (Appendix, https://wwwnc.cdc.gov/EID/
article/31/11/25-0622-App.pdf).

Sixteen beef cattle herds had serologic evidence of 
prior exposure to CCHFV; seropositivity ranged from 
3% to 100% (Table). We detected virus exposure elic-
iting an immune response in locations across Israel 
(Figure). Those serologic results are comparable with 

We conducted a nationwide serologic and molecular 
survey to elucidate the epidemiologic status of Crime-
an-Congo hemorrhagic fever virus in Israel. We found 
serologic and molecular evidence of virus circulation in 
the country. Future human cases could be prevented by 
increasing public awareness and implementing public 
health measures.

 
Table. Seroprevalence of Crimean-Congo hemorrhagic fever virus in cattle, Israel, April 2024–February 2025 
Site of sampling (district) No. sampled animals No. (%) seropositive Average age of sampled animals, y 
Kidmat Tzvi (Golan Heights) 34 17 (50) 8.3 
Merom Golan (Golan Heights) 39 14 (35.9) 9.3 
Ramat Magshimim (Golan Heights) 39 6 (15.4) 8.6 
Keshet (Golan Heights)* 30 0 <2 
Keshet (Golan Heights) 20 20 (100) 8.08 
Ortal (Golan Heights) 25 22 (88) 8.8 
Gazit (Yizrael Valley) 30 9 (30) 7.7 
Zipori (Yizrael Valley) 17 5 (29.4) 7.05 
Alonim (Yizrael Valley) 31 1 (3.2) 2† 
Na’aura (Gilboa) 21 6 (28.6) 7.5 
Nurit (Gilboa) 22 1 (4.7) 5† 
Gal’ed (Ramat Menashe) 33 10 (30.3) 5.8 
Ein Yaakov (Western Galilee) 24 19 (79.1) 8.5 
Shetula (Western Galilee) 24 2 (8.3) 2.5 
Lapidot (Western Galilee) 30 2 (6.6) 11.8 
Kochav Hayarden (Jordan Valley)* 17 0 <2 
Kfar Szold (Hula Valley) 30 1 (3.3) 3† 
Sha’alabim (Gezer) 32 27 (84) 5.7 
Avi’ezer (Adulam)* 9 0 <2 
Binyamina (Haifa) 29 19 (65.5) 6.07 
Total no. samples 536 181 (34)  
*Heifers only. 
†Estimated average age provided by owner. 
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rates reported in CCHFV-endemic countries with 
confirmed human cases, such as Turkey (Türkiye) (7) 
and Pakistan (8). Consistent with prior publications 
linking older age with seropositivity (9), the age of the 

sampled animals from the 2 herds that were seronega-
tive was <2 years. Moreover, although all serum sam-
ples from the heifers (<2 years of age) of the Keshet 
herd (Golan Heights) were seronegative, subsequent 

Figure. Distribution of samples 
seropositive for CCHFV in study 
of serologic and molecular 
evidence of CCHFV in cattle and 
ticks, Israel, April 2024–February 
2025. Red dots represent 
seropositive beef cattle 
herds. Size of dots correlates 
with percentage of CCHFV 
seropositivity. Blue rectangles 
represent CCHFV seronegative 
herds. Black hexamer represents 
2 of 200 CCHFV seropositive 
wild animals that were tested. 
Map created by using ArcGIS 
software (Esri, https://www.esri.
com). CCHFV, Crimean-Congo 
hemorrhagic fever virus.
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sampling of older cows (3–15 years of age) in the herd 
revealed 100% positive serologic test results (Table). 
We also tested serum samples that were randomly 
collected from 200 wild animals dispersed through 
the country (including boars, foxes, jackals, ibexes, 
dogs, deer, oryxes, gazelles, and porcupines) dur-
ing 2023–2024. We found that only 2 samples, from 
ibexes (Capra nubiana) residing in the Negev Desert  
(southern Israel), were seropositive for CCHFV anti-
bodies (Figure).

We tested for CCHFV RNA in 227 ticks retrieved 
from 8 cattle herds and 51 ticks retrieved from wild-
life by using quantitative reverse transcription PCR 
targeting 2 regions of the small segment (10). Because 
we tested each tick individually, we determined a 
sample to be positive only when both regions were 
amplified. In addition, the positive samples were 
validated at an independent facility (The Central 
Virology Laboratory, Ministry of Health and Sheba 
Medical Center, Ramat-Gan, Israel). Of the 227 ticks 
from cattle, 23 (10%) samples collected from north-
ern Israel (Golan Heights and Western Galilee) were 
positive for CCHFV (Appendix Table 1). Likewise, 
among 51 ticks collected from wild animals (all sam-
pled from northern Israel), 7 (13%) were positive for 
CCHFV (Appendix Table 2). All ticks positive for 
CCHFV belonged to 2 genera, Hyalomma and Rhipi-
cephalus (Appendix Tables 1, 2). Sanger sequencing 
of the 181-bp (1,068–1,248 nucleotides at the small 
segment) amplicons of 10 samples, which we suc-
cessfully amplified by using endpoint reverse tran-
scription PCR (10), followed by phylogenetic anal-
ysis, indicated that the sequences clustered to the 
Asia-1 genotype (Appendix Figure).

We tested serum samples from 13 persons who 
had close contact with either CCHFV-positive ticks 
or seropositive cattle for the presence of CCHF IgG 
by using ELISA (Euroimmun, https://www.euro-
immun.com). All persons tested were seronegative. 
The study was conducted with the approval of the 
Shiba Medical Center institutional review board (ap-
proval no. 1601–24-SMC).

We present evidence of CCHFV circulation in Is-
rael, expanding the known geographic distribution of 
CCHFV in the Middle East. We have found serologic 
evidence of prior exposure to CCHFV in livestock 
and in wild animals; we also detected CCHFV in the 
ticks infesting them. Furthermore, the seroprevalence 
in the cows was found to be comparable to seropreva-
lence in CCHFV-endemic countries with proven hu-
man cases. In addition, the seropositivity prevalence 
in the cattle and the observation that cows <2 years of 
age were not seropositive suggest that the virus has 

been circulating for several years. Still, the route of in-
troduction remains unclear. Our results highlight the 
importance of raising public and clinical awareness 
of CCHF, especially among high-risk populations, 
despite the current absence of human cases.
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New drugs and regimens for treating tubercu-
losis (TB) have transformed the way in which 

healthcare providers manage multidrug-resistant 
(MDR) TB. Bedaquiline, delamanid, and pretomanid 
are among the newest drugs developed specifically 
for treating TB. Other drugs, like linezolid and clo-
fazimine, have demonstrated activity against My-
cobacterium tuberculosis and have therefore gained 
status as potential treatments for the disease. Health-
care professionals have reported excellent treatment 
outcomes in patients receiving those drugs, even in 
low-resource settings that have the highest burden 
of MDR TB (1,2). Resistance to those drugs, howev-
er, has been increasing faster than access to accurate 
laboratory resistance testing. Bedaquiline resistance 
is increasingly common and problematic, given the 
drug’s prominence in most treatment regimens for 
MDR TB. (3).

In 2016, physicians referred a man in his late 30s 
to the Botsabelo MDR TB referral hospital in Maseru, 
Lesotho, for suspicion of drug-resistant TB. The man’s 
only previous exacerbation of TB was 2 years earli-
er, when he received a standard treatment regimen 
of 4 first-line drugs. At that time, chest radiographs 
showed bilateral upper lobe infiltrates, more extensive 
on the right side; PCR testing with Xpert MTB/RIF 
assay (Cepheid, https://www.cepheid.com) showed 
resistance to rifampin. He had HIV infection (CD4 
115 cells/µL, viral load 20,000 copies/mL), which ap-
peared to be poorly managed because of inconsistent 
adherence to abacavir, lamivudine, and efavirenz, es-
pecially during episodes of binge drinking.

When the patient sought care in 2016, we per-
formed qualitative in vitro testing with GenoType 
MTBDRsl (Hain Lifescience, https://www.hain- 
lifescience.de), which showed no evidence of muta-
tions conferring resistance to fluoroquinolones or in-
jectables, so we started a standard treatment regimen 
for MDR TB: pyrazinamide, kanamycin, levofloxacin, 
prothionamide, cycloserine, and para-aminosalicylic 
acid (Figure, panel A). Clinical and bacteriologic re-
sponse was poor. Repeat testing with GenoType MT-
BDRsl showed resistance to fluoroquinolones but not 
to injectables; we adjusted the drug regimen at month 
10 to include bedaquiline and linezolid. At month 
14, we added delamanid and clofazimine. Neverthe-
less, sputum cultures were persistently TB positive. 
At month 19, BACTEC MGIT (BD, https://www.
bd.com) analysis of a sputum isolate sent to the South 
Africa National Institute for Communicable Diseases 
(NICD; Johannesburg, South Africa) revealed suscep-
tibility to all second-line TB drugs except moxifloxa-
cin (0.5 μg/mL).

A patient with extensively drug-resistant tuberculosis in 
Lesotho recovered successfully after failed treatment 
with bedaquiline, delamanid, linezolid, and clofazimine. 
Whole-genome sequencing and broth microdilution test-
ing results were not in agreement, illustrating the urgent 
need for studies that correlate phenotypic and genotypic 
resistance testing with clinical response.
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After month 29 of follow-up, the patient stopped 
attending the program, but he returned 8 months 
later, when his clinical condition worsened. Chest 
radiographs showed a large, right-sided middle lobe 
cavity, bilateral lymphadenopathy, and bilateral in-
filtrates. We consulted thoracic surgeons in Durban, 
South Africa, about resective surgery, but a right 
pneumonectomy was not an option because the left 
lung was also compromised.

In month 42, a sputum isolate sent to NICD con-
firmed resistance (BACTEC MGIT) to additional sec-
ond-line drugs, including levofloxacin, moxifloxacin 
(0.5 μg/mL), bedaquiline, linezolid, and clofazimine. 
The isolate analysis revealed the TB strain to be sus-
ceptible to moxifloxacin at 1.0 μg/mL; delamanid 
was not tested. We subsequently changed the pa-

tient’s drug regimen to prothionamide, cycloserine, 
para-aminosalicylic acid, delamanid, amikacin, me-
ropenem, and high-dose moxifloxacin (800 mg/d). 
We administered meropenem through a peripheral 
intravenous tube that was changed every few weeks. 
The patient improved clinically and bacteriologically, 
and he completed treatment in month 57, after 5 con-
secutive negative sputum cultures.

After the patient’s recovery, we sent sputum iso-
lates from month 19 and month 42 to NICD, where 
technicians performed whole-genome sequencing 
(WGS) analysis (Figure, panel B). We also sent subcul-
tures to the Institute of Tropical Medicine (Antwerp, 
Belgium) for MIC testing with broth microdilution 
(Figure, panel C). WGS revealed no resistance muta-
tions for any of these drugs in the month 19 sputum 

Figure. Data from patient with 
extensively drug-resistant 
tuberculosis with conflicting 
resistance testing results, 
Lesotho. A) Treatment regimen of 
the patient. B–C) Drug-resistance 
mutations (B) and MICs (C) of 
Mycobacterium tuberculosis 
isolates collected from the 
patient during months 19 and 
42 of treatment. Whole-genome 
sequence analysis for drug 
resistance was conducted at the 
South Africa National Institute 
for Communicable Diseases 
(Johannesburg, South Africa), 
and MIC testing with broth 
microdilution was conducted at 
the Institute of Tropical Medicine 
(Antwerp, Belgium). 
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sample, but the MICs of bedaquiline, clofazimine, 
and delamanid were above the breakpoints typically 
considered to be resistant (4). In the month 42 sputum 
sample, WGS found resistance mutations to bedaqui-
line and clofazimine, consistent with the MIC test-
ing, but there were multiple resistance mutations to 
delamanid, even though the MIC of delamanid was 
below the typical breakpoint for resistance. WGS and 
MIC testing were consistent for fluoroquinolones (re-
sistant) and linezolid (susceptible) in sputum samples 
from both months.

Complicating interpretation of WGS is the fact 
that many resistance mutations for the new and re-
purposed drugs have not yet been discovered. In the 
patient we treated, who was symptomatic and bac-
teriologically sputum positive for many months on 
a regimen containing bedaquiline, clofazimine, dela-
manid, and linezolid, the mutation conferring resis-
tance to fluoroquinolones, Asp94Ala, is well known, 
but none of the other mutations found (Figure, panel 
C) have been previously reported in the scientific lit-
erature as conferring resistance to bedaquiline/clo-
fazimine (Rv0678_Arg38Leu, Rv0678_Arg123Met) 
or delamanid (ddn_Pro96His, fbiA_Arg234Leu, 
fbiB_Pro361His, fbiB_Gly422Val) (5). We considered 
those to be true resistance mutations because they 
are located in relevant genes, and the clinical, bac-
teriologic, and radiologic evidence is consistent with 
resistance acquisition.

Even with new drugs and regimens, treating 
MDR TB will continue to be challenging. As both phe-
notypic and genotypic resistance testing for new and 
repurposed TB drugs continues to evolve, so must 
our understanding of how resistance testing corre-
lates with clinical response.
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To investigate local transmission of Orientia tsutsuga-
mushi by chiggers in North Carolina, USA, we tested 
remnant serum specimens from patients with eschar 
undergoing testing for suspected tickborne disease. 
We identified 11 persons with O. tsutsugamushi anti-
bodies, including 4 who were positive by both assays; 
none had severe clinical manifestations consistent with 
scrub typhus.
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Scrub typhus, caused by Orientia tsutsugamushi 
bacteria and transmitted by Trombiculid mites, af-

fects >1 million persons each year (1,2). Clinical dis-
ease is characterized by fever, headache, and eschars. 
Untreated, case-fatality rates for the disease can ex-
ceed 30% (2,3).

Most cases of scrub typhus occur in Asia and the 
Pacific. Although the vectors, commonly known as 
chiggers, are widely distributed across North Amer-
ica, no autochthonous (i.e., locally acquired) cases 
have been reported in the United States. In 2023, how-
ever, researchers identified O. tsutsugamushi in chig-
gers collected in North Carolina (4). To investigate 
potential transmission to humans in North Carolina, 
we sought to estimate the seroprevalence of O. tsu-
tsuguamushi antibodies and assess the clinical char-
acteristics of persons with evidence of exposure. We 
hypothesized that cases of eschar are more likely to 
be caused by endemic tickborne Rickettsiaceae, such 
as Rickettsia parkeri bacteria (5).

The protocols of the parent study have been 
published (6). In brief, we collected remanent serum 
specimens from adult patients undergoing testing for 
spotted fever group Rickettsia or Ehrlichia spp. bacte-
ria as part of routine care for acute febrile illness. For 
the purposes of this study, we selected serum speci-
mens from patients with documented eschar.

We performed serologic testing in parallel by us-
ing 2 commercially available kits. We performed all 
tests according to manufacturers’ instructions and 
ran the tests with the included positive and nega-
tive controls. We first tested samples by using IgM-
specific indirect immunofluorescence antibody (IFA) 
assays against O. tsutsugamushi (Fuller Laboratories, 
https://fullerlaboratories.com) (7). We diluted sam-
ples to a reciprocal titer of 1:64. In parallel, specimens 
underwent testing with the Scrub Typhus Detect 
ELISA-based assays that detect IgM and IgG (InBios 
International Inc., https://inbios.com). We diluted 
samples to a reciprocal titer of 1:100. The IgG ELISA 
kit instructions suggested an optical density (OD) 
cutoff of 0.37, but the IgM kit did not suggest a cut-
off. We applied the 0.37 OD cutoff to the IgG results 
but also applied several IgM and IgG OD cutoffs from  

existing literature (8,9) (Table 1). We estimated sero-
positivity and used the Clopper-Pearson exact meth-
od to calculate 95% CIs.

A total of 138 (5.3%) of 2,593 persons had an es-
char documented. Of those, 101 had an adequate 
sample volume. On the basis of the number of slides 
and kits available, we selected 87 (86.1%) samples for 
IFA and 92 (91.1%) samples for ELISA from 83 unique 
person; some persons had both acute and convales-
cent samples tested. Of the 83 persons, 35 (42.1%) had 
illnesses that had been classified as confirmed, prob-
able, or suspected cases of spotted fever group Rick-
ettsia (10) (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/31/11/25-0763-App.pdf).

By IFA result, we classified 18 (20.6%) of 87 sam-
ples as indeterminate (i.e., weakly positive). By ELISA 
result, 4 (4.3%) of 92 were positive for O. tsutsugamu-
shi IgM and 8 (8.9%) of 90 for IgG; no samples were 
positive for both. None of the 18 samples that were 
indeterminate by IFA were positive by ELISA. The 
8 samples IgG-positive by ELISA results underwent 
confirmatory IgG IFA testing at Fuller Laboratories 
(Appendix Table 2). We observed 50% (4 of 8) agree-
ment in IgG reactivity between ELISA and IFA results 
at an endpoint titer of 1:128.

Of the 11 persons with either a reactive IgG or 
IgM, 7 (63.6%) reported a tick bite. None of the clini-
cal encounters were associated with travel. Fever and 
myalgia were the most common clinical syndrome 
(Table 2). All patients were seen in outpatient set-
tings, and none were hospitalized.

Our study identified North Carolina residents 
with antibodies reactive against O. tsutsugamushi bac-
teria. However, those results must be interpreted cau-
tiously. The presence of antibodies does not indicate 
active infection but can be a marker of prior exposure. 
In addition, in a setting where transmission has not 
been previously reported, positive results are more 
likely to be falsely positive because of imperfect test 
performance. However, the presence of antibodies, 
especially when indicated by both assays, was unex-
pected and merits investigation.

Including only persons who had reactive anti-
bodies by both assays (n = 4), our estimate of IgG  

 
Table 1. Seropositivity estimates based on IgM and IgG ELISA at varying optical density thresholds in study of Orientia tsutsugamushi 
bacteria in patients with eschars and suspected tickborne disease, North Carolina, USA, 2020–2022* 

Test Optical density cutoff Sensitivity Specificity Positive, n = 92 
% Seropositive  

(95% CI) 
IgG ELISA 0.37 NR NR 8 8.7 (3.8–16.4) 
IgG ELISA (8) 1.0 97.5 60 1 1.1 (0.0–5.9) 
IgG ELISA (8) 1.6 91 75 0 0.0 (0.0–3.9) 
IgM ELISA (8,9) 0.6 96.4 82.7 2 2.2 (0.3–7.6) 
IgM ELISA (8) 0.492 97.1 79.1 4 4.3 (1.2–10.8) 
*NR, not reported. 
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seroprevalence is 4.3% (95% CI 1.2%–10.8%) but, de-
pending on the assay and cutoffs applied, might be 
as high as 8.9. However, if O. tsutsugamushi bacte-
ria were being locally transmitted, we would expect 
cases of severe illness, which we did not observe.

One limitation of this study is its reliance on 
serologic results and absence of contextual in-
formation, including travel histories and clinical 
outcomes. In addition, most patients did not have 
convalescent titers drawn, so we were unable to 
confirm cases.

We believe the current evidence does not sup-
port transmission of virulent O. tsutsugamushi 
strains in North Carolina. Further investigation, 
ideally by using molecular approaches from clini-
cal samples (e.g., eschar swab samples), is needed. 
Clinicians should maintain a high level of suspicion 
for R. parkeri rickettsiosis, the seroprevalence of 
which was nearly 10 times greater than O. tsutsu-
gamushi, when evaluating patients with arthropod-
associated eschars.
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Table 2. Demographic, clinical, and laboratory test results of persons with antibodies against Orientia tsutsugamushi in study of O. 
tsutsugamushi among patients with eschars and suspected tickborne disease, North Carolina, USA, 2020–2022* 

Person no. 
Age, 
y/sex IFA result 

ELISA 
result Tick bite Fever Headache Myalgia Rash 

SFGR 
classification 

Ehrlichia 
classification 

1 42/M IgG+ IgG+ Yes  X  X Probable Probable 
2 48/M IgG+ IgG+ Yes X X X  NAC Unknown 
3 66/M IgG+ IgG+ Yes  X X X NAC Probable 
4 55/F IgG+ IgG+ Unknown X X   NAC NAC 
5 76/F Negative IgG+ Yes     Probable Probable 
6 64/M Negative IgG+ Yes X  X  Probable NAC 
7 43/F Negative IgG+ Unknown     NAC Unknown 
8 60/F Unknown IgM+ Yes   X  NAC Probable 
9 44/M Negative IgM+ Unknown     Probable Unknown 
10 78/F Unknown IgM+ No X    Unknown NAC 
11 72/F Unknown IgM+ Yes X  X  Probable Probable 
*IFA, immunofluorescence antibody; NAC, not a case (i.e., did not meet Council of State and Territorial Epidemiologists criteria); SFGR, spotted fever 
group Rickettsia; Unk, unknown or not reported; X, sign or symptom present in patient. 
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Detecting and assessing declines in elusive or rare 
species can be difficult. Early identification of 

populations in decline can help accelerate interven-
tion strategies and reduce the likelihood of genetic 
bottlenecks, population extirpation, and trophic dis-
turbances of ecologically important species (1). Snake 
fungal disease (SFD) is caused by the fungal patho-
gen Ophidiomyces ophidiicola and affects a broad range 
of snake species (2), causing skin lesions as the fun-
gus invades tissues, sometimes leading to impaired 
movement, anorexia, and even death (3). Research-
ers have documented population impacts from SFD 
in 2 snake species (4,5), but the extent of mortality 
across snake species is likely underestimated due to 
the cryptic nature of snakes. We describe a multiyear 
mortality event associated with SFD in a rare species, 
the rainbow snake (Farancia erytrogramma), in Virgin-
ia and North Carolina, USA.

In spring 2019, regional biologists from the 
Back Bay region of North Carolina and Virginia re-
ported 6 deceased rainbow snakes. In spring of 2020, 
we found an additional 6 snakes in the same area  
(Figure 1, panel A). After those events, we gath-
ered additional records of dead rainbow snakes 
(Appendix Table 1, https://wwwnc.cdc.gov/EID 

1These authors contributed equally to this article.

We report mortality in rainbow snakes in Virginia and 
North Carolina, USA, linked to snake fungal disease 
caused by Ophidiomyces ophidiicola. During 2013–
2023, we observed 46 dead rainbow snakes with le-
sions indicative of snake fungal disease, noted elevated 
disease severity compared with other species, and re-
corded fewer live snakes over time.



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 11, November 2025	 2191

RESEARCH LETTERS

article/31/11/25-0547-App1.pdf) from the region 
and began regular surveys and sampling of rainbow 
snakes and other species for O. ophidiicola in 2020–
2023 (Appendix).

We captured and swabbed snakes in accordance 
with previously published protocols (6) and used 

sterile procedures for disinfecting equipment (Ap-
pendix). We extracted DNA from and tested samples 
using quantitative PCR (qPCR) to determine the pres-
ence of O. ophidiicola, according to established meth-
ods (6,7). To quantify lesion severity for all live-cap-
tured snakes, we used an approach integrating snake 

Figure 1. Encounters with dead and live snakes over time from a study of a mortality event in rainbow snakes linked to SFD, United 
States. A) Map of locations where dead Farancia erytrogramma rainbow snakes were observed during 2013–2023. Exact locations 
were jittered to obscure sensitive habitat. B) Stacked bar plot showing dead rainbow snakes found per kilometer in the Back Bay region 
of Virginia and North Carolina. Dead snakes characterized based on strength of evidence that they died from SFD: suspected, snakes 
with characteristic SFD lesions in photographs but no screening for Ophidiomyces ophidiicola performed; presumptive, snakes with 
characteristic SFD lesions, detection of O. ophidiicola, but no necropsies performed; confirmed, snakes with characteristic SFD lesions, 
detection of O. ophidiicola, and characteristic histologic lesions confirmed through histology; O. ophidiicola detected, snakes with no 
apparent lesions but tested positive for O. ophidiicola; no lesions, snakes with no apparent lesions in photographs and not tested for O. 
ophidiicola; unknown, snakes with no photographs of the dorsal and ventral sides. C) Number of live rainbow snakes encountered in the 
field per kilometer of transect surveyed with an incorporated 20-coverboard array during 2020–2023 (n = 19; zero-inflated Poisson log-
scale year coefficient = −0.482 ± 0.226; p = 0.033) (Appendix Table 3, https://wwwnc.cdc.gov/EID/article/31/11/25-0547-App1.pdf). Total 
kilometers surveyed per year represented above survey data points. Color shading corresponds to mean infection severity (red is more 
severe than orange) during sampling event when the species was detected. Gray indicates sampling events without live rainbow snakes 
detected. SFD, snake fungal disease.
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size, lesion size, and lesion progression (Appendix 
Table 2, Figure 1).

All dead rainbow snakes screened by qPCR (n = 
9) were positive for O. ophidiicola and had skin lesions 
characteristic of SFD (Figure 1, panel B). Necropsies on 
a subsample (n = 6) indicated all snakes examined had 
lesions consistent with O. ophidiicola infection, includ-
ing thickening of the epidermis by eosinophilic necrot-
ic cellular debris containing fungal hyphae. Snakes also 
had invasion by hyphae in deeper tissue, including the 
dermis (6/6) (Appendix Figure 2, panel A), underlying 
skeletal muscle (3/6), and in oral and nasal epithelium 
and tooth pulp (1/6). We also observed hyphae or fi-

brin thrombi within blood vessels in the dermis (5/6). 
Most snakes (4/6) were in good body condition, had 
large amounts of fat, and showed no signs of other se-
rious pathologic processes. We considered SFD as the 
ultimate cause of death in all 6 snakes. 

We also examined the number of live rainbow 
snakes captured over time using sampling data from 
standardized surveys conducted in 2020–2023 to as-
sess preliminary trends while accounting for effort 
(Figure 1, panel C). We found a general decrease 
in the probability of detecting live rainbow snakes 
over time (log-scale year coefficient = −0.482 ± 0.226;  
p = 0.033) (Figure 1, panel C; Appendix Tables 3, 4).

Figure 2. Variation in Ophidiomyces ophidiicola infection among snake species from a study of a mortality event in rainbow snakes 
linked to snake fungal disease, United States. Sampling results during spring (January−June) in 2020–2023 in the Back Bay watershed 
in Virginia and North Carolina. Black circles and error bars indicate mean lesion severity with 95% CIs. A) Each colored point represents 
an individual snake sampled and whether it was positive (1) or negative (0) for O. ophidiicola. Data points are slightly jittered for 
visualization purposes. B) Summed lesion severity values accounting for lesion size, lesion progression, and proportion of snake 
affected (Appendix, https://wwwnc.cdc.gov/EID/article/31/11/25-0547-App1.pdf). Snakes without lesions were omitted. 
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A broader comparison of O. ophidiicola preva-
lence and severity of infection among other snakes 
in the community revealed that rainbow snakes 
were among the most infected species (Figure 2): 
O. ophidiicola prevalence was 80.1% (95% CI 62.5%–
92.5%), and  log10 lesion severity was −1.71 (95% 
CI −1.94 to  −1.50) (Appendix). Several other snake 
species also had notably high prevalence of O. 
ophidiicola and did not differ greatly from rainbow 
snakes (Figure 2, panel A) but were not found dead 
as part of the ongoing mortality event. Although 
live rainbow snakes were rare within the broader 
snake community (total live captures 16.4% [95% 
CI 11.3%–23%]; n = 25/153), they were dispropor-
tionately represented among dead snakes (87.5% 
[95% CI 52.9%–97.8%]; n = 7/8) found during the 
same period (2020–2023).

Observing wildlife mortality without obvious 
cause is rare and can indicate a more serious prob-
lem (8). We documented mortality of F. erytrogramma 
snakes using photographic, molecular, and histologic 
evidence, providing support that infection with O. 
ophidiicola are likely responsible. Rainbow snakes are 
considered a species of conservation concern, and al-
though mortality in the species appeared to be ongo-
ing as of 2023, the full extent of population declines 
remains uncertain.

O. ophidiicola was likely introduced to the Unit-
ed States in the early 1900s, although new (and pos-
sibly more virulent) strains have emerged recently 
(9). Increases in rainbow snake mortality could 
be the result of the introduction of more virulent 
strains of O. ophidiicola or shifts in environmental 
conditions since 2014 (10), but it is unclear why 
rainbow snakes appear particularly susceptible to 
infection (Figure 2). Nonetheless, the observed epi-
zootic from a pathogen that has existed in North 
America for decades suggests SFD remains a threat 
to snake populations, which are a critical ecologic 
component of many ecosystems. Further research 
on the potential effects of O. ophidiicola would help 
clarify the impacts and trends of this disease on 
snake populations. Our study highlights the poten-
tial impact of disease-causing fungi such as O. ophi-
diicola on unmonitored, cryptic snake species like 
the rainbow snake.
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Dengue virus (DENV) is transmitted primarily 
by Aedes aegypti mosquitoes and is the most 

widespread arbovirus globally (1). DENV is classi-
fied into 4 serotypes, DENV-1–4, each comprising 
several genotypes and lineages (2). Secondary in-
fection with a heterologous serotype can increase 
disease severity through antibody-dependent en-
hancement (3).

In Africa, DENV incidence has risen sharply 
(4). Although malaria remains the dominant febrile 
illness, climate change might be increasing suit-
ability for Aedes mosquito–borne arboviruses in the 
continent. In Angola, dengue became a notifiable 
disease in 2017. Molecular surveillance has previ-
ously confirmed the circulation of DENV-1 (2013) 
(5), and DENV-2 (2018) (6). In April 2024, four sus-
pected dengue cases in Luanda Province reported 
to Angola’s Ministry of Health prompted an out-
break investigation.

We tested a convenience sample of 136 febrile 
patients (median age 33.5 years, interquartile range 
[IQR] 13–39 years) who visited 3 clinics in Luanda 
Province during April–November 2024. We tested 
residual diagnostic samples for DENV, chikungunya 
virus (CHIKV), and Zika virus (ZIKV) by using real-
time reverse transcription PCR (Taqman Arbovirus 
Triplex Kit; Thermo Fisher Scientific, https://www.
thermofisher.com/us/en/home.html.html) at the 
National Institute for Health Research under Ango-
la’s National Arbovirus Surveillance program and in 
accordance with the National Ethics Committee of the 
Ministry of Health.

Of 136 samples, 16 (11.8%) were positive for 
DENV (Figure; Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/31/11/25-1079-App1.pdf). 
Median cycle threshold was 29.7 (IQR 26.9–32.1),  

1These first authors contributed equally to this article.
2These senior authors contributed equally to this article.
3Members of the group are listed at the end of this article.

We detected dengue virus serotype 3 in 11.8% (16/136) 
of febrile patients in Luanda Province, Angola, during 
April and July 2024. Our genetic analyses reveal that 
dengue virus serotype 3 lineage III_B.3.2 probably was 
imported from the Americas into Angola in late 2022 and 
then spread through local transmission.
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and median patient age was 31.5 years (IQR 10.5–
40.5 years). None tested positive for CHIKV or 
ZIKV. Positive cases were geographically distrib-
uted across 3 municipalities in Luanda Province: Lu-
anda (9/16 [56.3%]), Viana (6/16 [37%]), and Tala-
tona (1/16 [6.3%]) (Appendix Table 1). We detected 
positive cases during April–July 2024 and detected 
no cases during August–November (dry season). 
Two positive case-patients required platelet trans-
fusion, consistent with severe dengue and possible 
secondary infection (Appendix Table). Climatic suit-
ability for Ae. aegypti mosquito transmission (index 
P, lagged +2 months) remained above 1 during Sep-
tember–July, confirming permissive conditions for 
transmission during the detection window (Figure; 
Appendix Figure 1).

We attempted sequencing of all 16 positive 
samples by using a multiplex PCR protocol on 

the Oxford Nanopore MinION platform (https://
nanoporetech.com) (Appendix). We recovered 6 
near-complete and partial DENV-3 sequences (me-
dian coverage 37.6%, IQR 21.5%–57.1%) (Figure; 
Appendix Table). All were classified as DENV-3 
lineage III_B.3.2. Lower cycle threshold values cor-
related with higher horizontal sequencing cov-
erage (r ρ  =  –0.44; p = 0.1) (Appendix Figure 2). 
Maximum-likelihood phylogenetic analysis showed 
Angola sequences clustering into a single clade 
(bootstrap  =  100) (Figure; Appendix). Molecular 
clock analysis estimated their common ancestor to 
be around late October 2022 (95% Bayesian CI April 
2022–March 2023) (Appendix Figures 4–6).

Phylogenetic analyses revealed that Angola se-
quences were more closely related to viruses from the 
Americas (Figure; Appendix Figures 4, 5). However, 
undersampling and inequities in sequencing capacity 

Figure. Maximum-likelihood 
phylogenetic tree for dengue 
virus serotype 3, lineage 
III_B.3.2, Angola. Tips are 
colored by country of infection. 
Luanda sequences are shown 
in red (Appendix Figures 5, 6, 
https://wwwnc.cdc.gov/EID/
article/31/11/25-1079-App1.pdf). 
Countries with <10 sequences 
are grouped as other and include 
Costa Rica (n = 7), Trinidad and 
Tobago (n = 7), Haiti (n = 4), 
Guyana (n = 3), Italy (n = 2), El 
Salvador (n = 2), Saint Lucia (n = 
1), Saint Martin (n = 1), Panama 
(n = 1), Niger (n = 1), and 
Venezuela (n = 1).
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could result in alternative epidemiologic scenarios, 
so we compared air passenger traffic into Angola 
(Appendix Figure 6) with lineage III_B.3.2 sampling 
intensity measured as the number of publicly avail-
able genomes for this lineage per million inhabitants 
in any given country where this lineage had been 
detected (according to GenBank data as of April 25, 
2025). We observed a moderate correlation (Pearson 
r = 0.55; p = 0.042), suggesting that countries with fre-
quent travel links, particularly Cuba, harbored close-
ly related strains. However, those findings should be 
interpreted cautiously given limited recent genomic 
DENV-3 data from several regions, including Brazil 
(Appendix Figures 7–9).

We document the emergence of DENV-3 lin-
eage III_B.3.2 in Luanda, Angola, where the lin-
eage probably was introduced from the Americas 
in late 2022, followed by local transmission across  
Luanda Province. Seasonal detection patterns 
aligned with climatic suitability for Aedes mosqui-
to–borne transmission.

The emergence of DENV-3 in Angola raises con-
cerns about disease severity given prior circulation of 
DENV-1 and DENV-2. In the absence of large-scale 
vaccination or vector-control programs, strength-
ening laboratory and clinical surveillance will be 
critical for outbreak detection and patient manage-
ment (6). The risk extends beyond Luanda Province, 
which accounts for 27% of the country’s 38 million 
residents (https://data.worldbank.org/indicator/
SP.POP.TOTL?locations=AO). Ae. aegypti mosquitos 
are widespread in the country (7), and climate pro-
jections indicate increasingly intense wet seasons in 
coastal Angola (8), further increasing the risk for ar-
boviral transmission.

Given Angola’s history of Aedes mosquito–borne 
outbreaks, including yellow fever (2015–2016) (9) and 
Zika virus (2016–2017) (10), investment in laboratory 
capacity, capacity retention, and vector surveillance 
is urgent. Improved preparedness will help to miti-
gate the risk for sustained DENV transmission and 
related public health consequences.

Members of the FEEVIR Consortium: Aracelli Acevedo 
Colina, Luís Miguel Costa, Rogério Diemba, Reginaldo 
Samuel, António Cassinda, and Domingos Catraio.
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Yellow fever is an infectious disease caused by an 
RNA virus of the genus Orthoflavivirus, family 

Flaviviridae (1). Yellow fever virus (YFV) is transmit-
ted to humans and nonhuman primates, the main 
vertebrate hosts, through bites of mosquitoes from 
genus Aedes in Africa and Haemagogus and Sabethes 
in the Americas. The sylvatic cycle occurs in both re-
gions, where vectors, breeding and living in forests, 
infect nonhuman primates. Human infection is acci-
dental (e.g., when persons enter the forest or stay at 
forest edges). The urban cycle, common in Africa, in-
volves transmission between Ae. aegypti mosquitoes 
and humans. In the Americas, the last urban trans-
mission occurred in the 1940s, when effective mass 
vaccination and vector-control campaigns were im-
plemented in cities (2).

During 2014–2023, Brazil’s main metropolitan re-
gions, including areas with dense, unvaccinated pop-
ulations, were affected by a major yellow fever epi-
demic, raising concerns about disease re-urbanization 
(3). In 2017, genetic studies confirmed a new wave 
spread to areas outside the Amazon rainforest (4).

In São Paulo State, the current yellow fever epi-
demic (2022–2025) has reached 45 municipalities (5). 
The northwest region, which has seasonal climate and 
fragmented forests, reported fewer human cases and 
epizootics than the eastern region (5). YFV circulation 
has been documented repeatedly in 2000, 2008, 2016–
2018, 2020, and 2024–2025 (5). In this northwest re-
gion, virus detection in secondary or potential vector 
species stands out, whereas in more forested regions 
with higher numbers of human cases and epizootics, 
Haemagogus sp. mosquitoes showed greater infectivi-
ty (6). We report results of an entomovirologic survey 
in Ribeirão Preto, São Paulo State, Brazil (≈700,000 
inhabitants), conducted after epizootics occurred in 
nonhuman primates.

On December 25, 2024, four howler monkeys (Al-
ouatta caraya) died in forest fragments on the Univer-
sity of São Paulo (USP) campus in Ribeirão Preto. Six 
days later, 2 more howler monkeys were found dead. 
All tested positive for YFV at the Adolfo Lutz Insti-
tute (São Paulo).

Following Brazil’s Ministry of Health guidelines, 
we conducted entomovirologic surveillance after con-
firmation of human or epizootic cases to characterize  

We detected yellow fever virus by using quantitative 
PCR in Aedes albopictus mosquitoes and isolated the 
virus in C6/36 cells in 4 of 18 pools, including 118 spec-
imens collected in an urban green area in São Paulo 
State, Brazil. Additional monitoring to detect shifts in 
transmission of this species is warranted.



2198	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 11, November 2025

RESEARCH LETTERS

the eco-epidemiologic context. During January 7–9, 
2025, four trained personnel collected adult mos-
quitoes by using hand nets and suction aspirators at 
ground level and from 10-m canopy platforms within 
forest fragments on the university campus during 9 
AM–4 PM. We cryopreserved samples in liquid nitro-
gen, sent them to the Pasteur Institute (São Paulo) for 
morphologic identification under cold conditions, and 
then pooled them by species. We tested 59 female pools 
(197 mosquitoes from 10 species of Aedini and Sabethi-
ni tribes) (Table) for YFV RNA by quantitative reverse 
transcription PCR (qRT-PCR) by using a broad-range 
flavivirus assay (7) and a YFV-specific assay (8).

Four pools tested positive for YFV and had high 
viral loads (cycle threshold [Ct] 19–22 for YFV pro-
tocol and 23–25 for pan-flavivirus protocol). We 
used Sanger sequencing to analyze all PCR products 
and confirmed YFV by using BLAST (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). All positive pools con-
tained only nonengorged Ae. albopictus mosquitoes,  

collected at ground level with hand nets during Janu-
ary 8–9, 2025 (Table).

To further confirm the virus viability, we per-
formed virus isolation in a Biosafety Level 2 labora-
tory at the USP Institute of Tropical Medicine by us-
ing Ae. albopictus mosquito C6/36 cells (Figure, panel 
A). We cultured cells at 28°C in 5% CO2 in Leibovitz’s 
L-15 medium with 5% fetal bovine serum. We filtered 
YFV RNA–positive pool samples (the entire bodies of 
the insects homogenized in Hanks’ balanced salt solu-
tion; GIBCO-BRL, https://www.thermofisher.com) 
through 0.22-μm membranes and inoculated them 
(100 μL of the filtrate) onto confluent C6/36 mono-
layers in 24-well plates. After 1-hour adsorption, we 
added 1 mL medium with 2% fetal bovine serum, 
1% streptomycin, and amphotericin B. We incubated 
cultures 5 days and then conducted 2 passages (P2, 
P3). We performed daily microscopic monitoring for 
cytopathic effects. We tested supernatants from P1–
P3 for YFV RNA by using qRT-PCR. Virus isolation 
succeeded in all 4 pools. Pool B3693 showed early 
cytopathic effects at P1 (Figure, panel B) and had a 
lower YFV qRT-PCR Ct than the inoculum. The other 
3 pools were positive at P2 (Figure, panel C). We con-
firmed virus isolation by observing cytopathic effects 
and the decreasing Ct values during passages.

Previous detections of YFV RNA in this spe-
cies showed only low viral loads (Ct >35), and no 
virus was cultured (6). Our data suggest that Ae. 
albopictus mosquitoes played a central role in virus 
transmission among nonhuman primates at USP 
Ribeirão Preto, given its high detection rate (4 of 18 
pools), abundance (55.7% of specimens), low Hae-
magogus sp. mosquito density, and no YFV found in 
Sabethes albiprivus mosquitoes (11 pools), a known 
secondary vector (9).

 
Table. Nonengorged adult female mosquitoes collected in 
entomovirologic surveillance for yellow fever virus from an urban 
green area (University of São Paulo, Ribeirão Preto campus), 
São Paulo State, Brazil, January 7–9, 2025 

Species 
No. 

mosquitoes 
Pools 

analyzed 
Positive 

pools 
Aedes albopictus 118 18 4 
Ae. scapularis 25 12 0 
Ae. serratus 11 5 0 
Ae. terrens 2 2 0 
Culex (Culex) spp. 15 0 0 
Haemagogus leucocelaenus 2 2 0 
Limatus durhamii 2 2 0 
Psorophora ferox 3 3 0 
Sabethes albiprivus 30 11 0 
Sa. glaucodaemon 1 1 0 
Sa. gymnothorax 1 1 0 
Sabethes spp. 2 2 0 
Total 212 59 4 

 

Figure. Optical microscopic analysis of C6/36 cell culture infected by yellow fever virus in Aedes albopictus mosquitoes from an urban 
green area (University of São Paulo, Ribeirão Preto campus), São Paulo State, Brazil. A) Mock (uninfected control cells). B) Yellow fever 
virus isolated in passage 1, five days postinfection. C) YFV isolated in passage 2, ≈10 days postinfection. Original magnification × 40.
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The confirmed vector competence of Ae. albopic-
tus mosquitoes for YFV under experimental condi-
tions (10), combined with our findings, highlights its 
potential epidemiologic role at the sylvatic–urban in-
terface. Our findings also underscore the importance 
of enhancing entomological surveillance in urban 
green areas to detect shifts in transmission dynamics 
early and prevent the re-urbanization of yellow fever 
in Brazil.
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Dengue virus (DENV) is the most widespread ar-
bovirus globally; its incidence has increased ten-

fold in the past 2 decades, largely driven by climate 
change and globalization (1). Although transmission 
is well documented in Southeast Asia and the Ameri-
cas, autochthonous emergence is increasingly report-
ed in nonendemic regions, including Europe.

We report 4 confirmed dengue fever cases in trav-
elers returning to Israel after visiting Sharm El-Sheikh, 
a desert resort city in South Sinai, Egypt, during 
April–June 2024. Sharm El-Sheikh has not previously 
been recognized as an area of dengue transmission, 
the arid environment of the Sinai Peninsula is con-
sidered unfavorable for the DENV primary vectors, 
Aedes mosquitoes.

The cases (Table) were unrelated; travel dates 
were nonoverlapping and accommodations varied 
and were located 3–25 km apart. Patients had typical 
dengue symptoms such as fever, headache, myalgia, 
and rash. All were hospitalized, received supportive 
care, and recovered. One patient exhibited meningeal 
irritation; cerebrospinal fluid testing results were un-
remarkable, although DENV serotype 2 (DENV-2) 
RNA was detected by quantitative real-time PCR (cy-
cle threshold 32.5). All samples were collected within 
1 week of symptom onset. Serum testing confirmed 
DENV-2 by multiplex quantitative real-time PCR (2); 
additional nonstructural protein 1 antigen and IgM/
IgG positivity was detected in some cases.

To explore the geographic origin of the DENV-
2 cases, we performed DENV whole-genome se-
quencing. We captured DENV-2 using specific 
whole-genome primers (https://grubaughlab.com/
open-science/amplicon-sequencing); we prepared se-
quencing libraries using Nextera-XT and ran them on 

the Illumina NovaSeq (https://www.illumina.com). 
We generated consensus sequences by mapping to 
the DENV-2 reference genome (GenBank accession 
no. NC_001474.2) and deposited resulting sequences 
into GenBank (Appendix Table, https://wwwnc.cdc.
gov/EID/article/31/11/25-0991-App1.xlsx). Use of 
the samples in this study was approved by the Sheba 
Medical Center Institutional Review Board (approval 
no. SMC-6190-19).

Samples yielded sufficient DENV-2 genome 
coverage, except in the case of patient no. 4 (possi-
bly because of high cycle threshold [34]), which was 
excluded. Phylogenetic analysis with global DENV-2 
sequences (n = 1,492) clustered the Israel sequences 
within the Cosmopolitan genotype. All 3 sequences 
formed a distinct cluster, sharing a common ancestor 
and differing by 32 mutations from the nearest global 
strain. The closest related sequences were from Paki-
stan. The only publicly available sequence geographi-
cally close to Sinai, from the United Arab Emirates in 
2023, clustered separately within another Cosmopoli-
tan lineage with strains from China, India, and Ban-
gladesh (Figure, panel A).

Our findings describe 4 confirmed DENV-2 infec-
tions in travelers from Sharm El-Sheikh, Egypt, a city 
in the arid Sinai Peninsula, previously considered un-
suitable for Aedes mosquitoes and without previous 
dengue reports. Genomic analysis showed clustering 
of cases, likely from a single outbreak, most closely 
related to strains from Pakistan. Aside from 1 United 
Arab Emirates 2023 sequence clustering separately, 
no recent data from Sinai are available, underscoring 
a major surveillance gap. Those results align with re-
ports of DENV-2 spread along the Red Sea and recent 
cases in Florence, Italy (8).

During the past 2 decades, Ae. aegypti mosquito 
populations have expanded in Egypt, especially along 
the Red Sea coast (Figure, panel B), correlating with 
dengue outbreaks. However, no entomologic data 
exist for Sinai. The arid climate challenges mosquito 
survival, but clustering of cases in 1 resort area sug-
gests local adaptation, possibly supported by urban 
microhabitats (9). Maritime and air travel might drive 

We report 4 dengue cases in travelers returning to Israel 
from Sharm-El-Sheikh, Egypt, all confirmed as dengue 
virus type 2 infections. Phylogenetic analysis showed 
clustering with strains from Pakistan. Our findings pro-
vide molecular evidence of dengue circulation in the 
Sinai desert, highlighting the need for increased aware-
ness among travelers and health authorities.

 
Table. Epidemiology and test results of patients in study of molecular evidence of DENV-2 emergence from travelers returning to 
Israel from the Sinai Peninsula* 
Characteristic Patient 1 Patient 2 Patient 3 Patient 4 
Patient age, y/sex 33/M 40/F 45/M 19/M 
DENV laboratory diagnostic analysis 
 Sample collection date 2024 Apr 22 2024 May 7 2024 Jun 5 2024 Jun 10 
 Serum quantitative real-time PCR DENV-2 (Ct 28) DENV-2 (Ct 26.5) DENV-2 (Ct 27) DENV-2 (Ct 34) 
 Serum EIA IgM Negative Negative Positive Positive 
 Serum EIA IgG Negative Negative Positive Negative 
 DENV nonstructural protein 1 antigen Positive Positive Negative Positive 
*Ct, cycle threshold; DENV, dengue virus; DENV-2, DENV serotype 2; EIA, enzyme immunoassay. 

 



repeated introductions of Ae. aegypti mosquitos and 
DENV into the Red Sea region. However, the pattern 
of DENV-2 outbreaks in Red Sea port cities support 
maritime transport as a key driver of spread (6,7,10). 
The daily ferries from Hurghada, where dengue re-
cently emerged, to Sharm El-Sheikh might be especial-
ly relevant (Figure, panel B). Genetic data from a 2019 
Jizan outbreak and strains from Saudi Arabia (1992–

2014) further suggest multiple introductions linked 
to an imported DENV-2 variant genetically similar to 
strains from Malaysia, Singapore, Korea, and China 
(6). Additional analyses from the DENV-2 strains iso-
lated in Saudi Arabia during 1992–2014 reveal strong 
clustering with viruses from countries that contribute 
the largest numbers of Hajj and Umrah pilgrims: Indo-
nesia, Pakistan, and India (10). Indeed, phylogenetic 
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Figure. Epidemiology, phylogeny, and geography 
of dengue virus (DENV) serotype 2 (DENV-2) 
circulation in the Red Sea region in study of 
molecular evidence of DENV-2 emergence 
from travelers returning to Israel from the Sinai 
Peninsula. A) Phylogenetic analysis of DENV-2 
whole-genome sequences. Phylogenetic tree 
was constructed using the samples from Israel 
sequenced in this study (n = 3) alongside global 
DENV-2 sequences from the past decade (n = 
1,492) available in the DENV-2 Nextstrain build 
(https://nextstrain.org/dengue/denv2/genome). 
The radial tree illustrates the global DENV-2 
genotypes, highlighting the Israel sequences (n 
= 3, circled) within the broader dataset. Nodes 
are color-coded by DENV genotype. The cluster 
marked by a black arc is magnified in the right 
portion. The rectangular tree focuses on the 
cluster containing the Israeli sequences (n = 
3), showing the genetic divergence within the 
group. Nodes are color-coded by the country of 
origin, and the number of mutations connecting 
the Israeli cluster to the nearest ancestor is 
indicated in parentheses. B) Dengue fever 
outbreak locations, including the current outbreak 
in Sharm El-Sheikh (star) and outbreaks reported 
in the region in recent years (black circles labeled 
by year): Jeddah 2006 (3), El-Quseir 2017 
(4), Port Sudan 2019 (5), Jizan 2022 (6), and 
Hurghada 2023 (7).



2202	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 11, November 2025

RESEARCH LETTERS

analysis shows that our dengue sequences are closest 
to recent strains from Pakistan. However, the scarci-
ty of sequences from Egypt and neighboring regions 
limits inference on viral origin, circulation, and distri-
bution, and observed variability suggests undersam-
pling and additional undetected cases.

This report of 4 cases over 3 months in differ-
ent localities of Sharm El-Sheikh suggests sustained 
DENV-2 transmission and emphasizes the importance 
of enhanced vector surveillance and control, providing 
an alert to public health authorities. The genetic data 
presented might help address gaps in regional DENV 
sequence reporting and contribute to understanding 
its molecular epidemiology and origins.
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This month’s cover features Grandma Moses’s 
painting May, Making Soap, Washing Sheep, 1870, 

a vibrant 1945 depiction of rural life by one of Amer-
ica’s most recognized folk artists. The painting typi-
fies the artist’s extraordinary ability to recall and il-
lustrate the many activities of farm life. Anna Mary 
Robertson (later fondly known as Grandma Moses) 
provides a window into the routines of a family farm, 

where human contact with animals occurred regular-
ly, interactions that can heighten the risk for transmit-
ting zoonotic diseases.

Anna Mary Robertson was born in 1860 in Green-
wich in upstate New York and grew up on a farm 
where she, along with her siblings, contributed to 
family chores. In her autobiography, My Life’s His-
tory, Moses recalled a happy childhood with limited 
schooling. She began working for neighbors for wag-
es at age 12 years. Although she was inclined to paint-
ing, Moses lacked the time to develop her artistic tal-
ent during her youth and married life.

Anna Mary married Thomas Salmon Moses, an 
agricultural laborer, in 1887. The couple spent about 
2 decades in Virginia’s Shenandoah Valley before 

Anna Mary Robertson (“Grandma”) Moses (1860–1961), May, Making Soap, Washing Sheep, 1870 (1945). Oil on Masonite, 17.24 
in × 23.94 in × 2 in/43.79 cm × 60.81 cm × 5.08 cm. Copyright © Grandma Moses Properties Co. New York. Digital image from the Kallir 
Research Institute, 156 W 56th St, New York, NY, USA.
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settling on a farm in Eagle Bridge, New York, near 
her birthplace. They named the farm Mount Nebo. 
Loneliness after her husband’s death in the late 1920s, 
arthritis (which hindered her ability to stitch embroi-
dery), and her sister’s urging probably motivated 
Moses, then a septuagenarian, to begin painting.

Tapping into her childhood experiences in a rural 
setting, Grandma Moses brought numerous authen-
tic details into each of her creations. For example, 
describing the painting that appears on this month’s 
cover, she wrote: “Back in the 1870s the farmers 
would always wash the sheep after a few hot days 
before shearing, and the wives would make up the 
year’s supply of hard and soft soap, used on wash 
day, and [for] house cleaning.” In producing soap on 
their farm from lanolin extracted from sheep’s wool, 
Moses and her family continued a practice dating 
back millennia. Evidence of this enduring method, 
combining animal fats with wood ash, can be found 
in various ancient texts from civilizations including 
Roman, Greek, and Egyptian.

Beginning in her late 70s, until well into her cen-
tennial year, Moses created more than 1,500 paint-
ings, a remarkable feat noted by the Smithsonian 
American Art Museum (Washington, DC). Her suc-
cess is largely attributed to Otto Kallir, an art deal-
er who, after escaping Nazi persecution in Austria 
in 1938, established Galerie St. Etienne (New York, 
New York). Kallir championed Moses’s work, begin-
ning with a pivotal 1940 exhibition. He meticulously 
cataloged her paintings and offered crucial insight 
into her creative process, writing in Grandma Moses 
American Primitive: “The pleasure [she] takes in mak-
ing a picture, the playful imagination. . . it remains 
always fresh and fascinating.” The catalog from an 
exhibit in the National Museum of Women in the Arts 
(Washington, DC) says that Moses rendered pleasant 
bucolic scenes and figures that evoked “a world that 
existed primarily in her imagination.”

Grandma Moses’s nostalgic art depicting “how 
it used to be” captivated audiences, leading to her 
widespread recognition beginning in 1940. An early 
New York Herald Tribune report on her October exhi-
bition at Galerie St. Etienne quickly popularized her 
nickname, “Grandma Moses,” solidifying her public 
persona. Her work became widely accessible and in-
stantly recognizable to millions of Americans, repro-
duced on holiday cards, dinner plates, and curtain 
fabrics. Her appearances on a Time magazine cover in 
1953 and a 1955 See it Now episode hosted by Edward 
R. Murrow further propelled Grandma Moses into 
her status as a national icon. Her artwork is held by 
major institutions, including the Galerie St. Etienne, 

the Smithsonian American Art Museum, the Metro-
politan Museum of Art (New York, New York), and 
the Bennington Museum (Bennington, Vermont), the 
last of which maintains the largest public collection 
of her paintings. In addition, her painting July Fourth 
(1951), a gift to President Harry S. Truman, is part of 
the White House collection.

In May, Making Soap, Washing Sheep, 1870, set 
against bucolic landscapes with rolling hills, the de-
piction of people and animals in a homestead envi-
ronment mirrors themes explored by the Emerging 
Infectious Diseases journal. The bonneted woman tend-
ing to a boiling cauldron evokes a bygone era when 
family chores included soapmaking and washing 
sheep before shearing. Nostalgic scenes such as this 
profoundly resonate, somewhat surprisingly, with 
topics addressed by Emerging Infectious Diseases.

Soap washes away not only dirt and grime but 
also invisible viruses and bacteria that are on skin. 
It does not kill microscopic pathogens, but the com-
bination of soap and water helps remove them, thus 
helping also to reduce illness or infection. “Soap and 
water and common sense are the best disinfectants,” 
according to a quotation attributed to Canadian phy-
sician William Osler, one of the “Big Four” founding 
professors of Johns Hopkins Hospital (Baltimore, 
Maryland) and sometimes referred to as the father of 
modern medicine.

On the other hand, in some instances, although 
less frequently, people washing sheep can inhale 
Bacillus anthracis, a spore-forming, drug-resistant 
bacterium associated with high fatality rates in hu-
mans and animals. This bacterium’s spores, however, 
typically enter the body of workers handling infect-
ed sheep, most commonly through carcasses, hides, 
wool, or contaminated soil, by way of a cut, scratch, 
or abrasion on the skin. Human contact with sheep, 
as shown in Grandma Moses’s work, also poses a risk 
for zoonotic diseases such as Q fever, a highly infec-
tious pathogen.

The presence of domestic fowl, which appear 
to be ducks or geese, visible near the house intro-
duces an array of other zoonotic risks. For example, 
Psittacosis (Chlamydophila psittaci), an atypical pneu-
monia, is transmitted to humans by inhaling aero-
solized dried droppings from infected birds, an oc-
cupational risk highlighted by outbreaks on duck 
farms. More broadly, the fowl might also harbor 
parasites, including various tapeworms and proto-
zoa. Furthermore, these birds pose a risk for viral 
diseases, most notably avian influenza (“bird flu”), 
such as the circulating H5N1 strain of highly patho-
genic avian influenza virus. The presence of that  
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virus is being actively monitored in domestic fowl 
and livestock across the United States.

In another vignette, chickens gather in front of 
a gray barn, near a man bent next to a small white 
structure, with a child in a maroon dress stand-
ing nearby. Backyard poultry and their eggs have 
been associated with outbreaks of emerging drug-
resistant strains of Salmonella infantis. Other animals 
present, including a barking dog and horses near 
the main house on the left, could, without proper 
precautions, increase the transmission of zoonotic 
agents such as Campylobacter bacteria and Giardia 
duodenalis parasites.

Grandma Moses’s naive style is unquestionably 
aesthetically pleasing and rewarding. Caution is pru-
dent because the farm landscape in the painting also 
represents a shared ecosystem for humans, domestic 
animals (including pets), and microbes. Within this 
space, known zoonotic pathogens are always pres-
ent, which underscores the need for integrated One 
Health surveillance and response.
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Upcoming Issue • Zoonotic Infections

Complete list of articles in the December issue at
https://wwwnc.cdc.gov/eid/#issue-327

• �Two Concurrent Outbreaks of Listeria monocytogenes 
Infections Linked to Packaged Salads, United States, 
2014–2022

• �Reemergence of Yellow Fever, Magdalena Valley, 
Colombia, 2024–2025 

• �Oral Transmission of Classical Bovine Spongiform 
Encephalopathy in ARR/ARR Sheep 

• �Silent Propagation of Classical Scrapie Prions in 
Homozygous 222K Transgenic Mice, Europe Mice 

• �Guinea Pig Model for Lassa Virus Infection of 
Reproductive Tract and Considerations for Sexual 
and Vertical Transmission 

• �Pregnancy Outcomes after Exposure to Tuberculosis 
Treatment in Phase 3 Clinical Trial, 2016–2020

• �Bat Reovirus as Cause of Acute Respiratory Disease 
and Encephalitis in Humans, Bangladesh, 2022–2023 

• �Haemophagocytic Lymphohistiocytosis associated 
with West Nile Virus Infection 

• �Healthcare Worker Attitudes and Perceptions toward 
Ebola Vaccine, United States, 2024 

• �Abnormal Prion Protein Nasal Swabs of Macaques 
Infected with Variant Creutzfeldt-Jakob Disease by 
Blood Transfusion. 

• �Persistent Infection in Harbor Seals Years after 
Phocine Distemper Virus Epizootics 

• �Macrolide Resistance and P1 Cytadhesin Genotyping 
of Mycoplasma pneumoniae during Outbreak, 
Canada, 2024–2025 

• �Highly Pathogenic Avian Influenza A(H5N1) Clade 
2.3.4.4b Virus Infection in Poultry Farm Workers, 
Washington, United States, 2024 

• �Novel Highly Pathogenic Avian Influenza (A)H5N1 
Virus, Argentina, 2025 

• �Human Infection by Zoonotic Eye Fluke 
Philophthalmus lacrymosus, South America 

• �Serological Evidence of Influenza D Virus in Black 
Donkeys, Northern China 

• �Mycoplasma pneumoniae Outbreak and Macrolide 
Resistance Detection Post COVID-19 Pandemic in 
Children, Ohio, US 

• �Trombiculiasis in 4 Dogs with Neurologic Signs,  
The Netherlands, 2024 

• �Enhanced Risk of Epidemic Cholera Transmission  
in Haiti

• �Carbapenem-Resistant Salmonella Typhi Infection in 
a Traveler Returning from India, Germany 2024 

• �Wild and Domestic Animal Exposure Among 
Deceased Persons Referred for Organ Procurement, 
United States D.W. McCormick

 • �Metatranscriptomic Identification of Trubanaman 
Virus in Patient with Encephalitis, Australia 

• �Pancreatic Schistosomiasis in People’s Republic of 
China, 2020–2024

• �Human Granulocytic Anaplasmosis in a French 
Northeastern Hotspot: a Retrospective Multicentre 
Study, 2012–2024
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To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-

ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing 
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to 
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award 
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award, 
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in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national 
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Article Title
Haematospirillum jordaniae Infections after Recreational  

Exposure to River Water, Pennsylvania, USA, 2020

CME Questions
1. Which of the following statements regarding 
previous findings of Haematospirillum jordaniae 
infection is most accurate? 
A. It is generally fast-growing on culture 
B. It is gram-positive 
C. It has affected women and men equally 
D. It has usually been diagnosed during the summer  

and fall 

2. What was the common exposure associated with 
H. jordaniae infection among 3 of the 4 patients in the 
current study? 
A. Exposure to farm animals 
B. Intravenous drug use 
C. Drinking unpasteurized milk 
D. Minor trauma in fresh water 

3. All of the following were laboratory abnormalities 
identified in all 4 cases of H. jordaniae infection in the 
current study except 
A. Elevated serum creatinine 
B. Thrombocytosis 
C. Neutrophilia 
D. Leukocytosis 

4. What were the outcomes of the 4 patients with  
H. jordaniae infection in the current study? 
A. The mortality rate was ~ 33% 
B. About half of the patients required surgical debridement 
C. Most patients required admission to the intensive  

care unit 
D. Patients experienced recovery with a combination of 

parenteral and oral antibiotics



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




